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Plaintiff, Advanced Cardiovascular Systems, Inc. (“ACS”), for its Complaint against
Defendants, SciMed Life Systems, Inc. (“SciMed”) and Boston Scientific Corporation (“BSC”),

alleges as follows:

JURISDICTION AND VENUE

1. This is an action for patent infringement which arises under the patent laws of the
United States, Title 35, United States Code. Jurisdiction in this Court is based on 28 U.S.C. §§
1331 and 1338(a). Venue is proper in this judicial district under 28 U.S.C. §§ 1391(b), (¢) and
1400(Db).

PARTIES

2. Plaintiff Advanced Cardiovascular Systems, Inc. is a California corporation having

its principal place of business at 3200 Lakeside Drive, Santa Clara, California 95054.

3. Defendant SciMed Life Systems, Inc., on information and belief, is a Minnesota
corporation with its principal place of business at One Scimed Place, Maple Grove, Minnesota.
SciMed is doing business and has carried out substantial trade and business within this judicial

district and throughout the State of California.

4. Defendant BSC, on information and belief, is a Delaware corporation having its
principal place of business at One Boston Scientific Place, Natick, Massachusetts 01760. On its
own and through its control of SciMed, BSC is doing business and has carried out substantial trade

and business within this judicial district and throughout the State of California.

CAUSE OF ACTION FOR PATENT INFRINGEMENT

5. United States Letters Patent No. 6,511,505 for VARIABLE STRENGTH STENT
(the “*505 patent”) was duly and legally issued to ACS on January 28, 2003, as assignee of the
inventors Daniel L. Cox and Timothy A. Limon, and ACS is the owner of all right, title and
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interest in and to the 505 patent. A true and correct copy of the 505 patent is attached to this

Complaint as Exhibit A.

6. United States Letters Patent No. 6,602,284 for VARIABLE STRENGTH STENT
(the “"284 patent”) was duly and legally issued to ACS on August 5, 2003, as assignee of the
inventors Daniel L. Cox and Timothy A. Limon, and ACS is the owner of all right, title and
interest in and to the '284 patent. A true and correct copy of the 284 patent is attached to this

Complaint as Exhibit B.

7. Stents of the type embodying the inventions claimed in the "505 and "284 patents
are used for the treatment of damaged, diseased, narrowed, or otherwise abnormal vessels in
human patients. The *505 and 284 patents, and the inventions covered thereby, have been and are

now of great value to ACS.

8. SciMed and BSC are infringing the "505 and 284 patents in this judicial district
and elsewhere throughout the United States, by making, using, offering to sell, and/or selling
within the United States and/or importing into the United States, the EXPRESS2 and EXPRESS?2
drug-eluting (TAXUS EXPRESS?2) stents which embody the inventions claimed in the 505 and
"284 patents, and/or by inducing or contributing to such infringement, all without authority or

license from ACS.

9. As a result of said infringement by SciMed and BSC, ACS has been damaged in an
amount to be determined at trial and has suffered and will continue to suffer irreparable injury

unless SciMed and BSC are enjoined.
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PRAYER

WHEREFORE, ACS demands judgment against SciMed and BSC as follows:

a. That SciMed and BSC have been and are infringing, contributing to the
infringement of, and actively inducing infringement of each of the *505 and "284 patents by
making, using, offering for sale, and/or selling the EXPRESS2 and TAXUS EXPRESS?2 stents;

b. That SciMed and BSC, their officers, employees, agents, servants and
attorneys, and all others in active concert of participation with them or under their authority be
preliminarily and permanently enjoined from making, using, offering for sale, selling, and
importing infringing stents and from otherwise infringing, contributing to infringement and
actively inducing infringement of the 505 and "284 patents;

C. For an accounting of damages to ACS arising from acts of infringement,
contributory infringement and active inducement of infringement by SciMed and BCS;

d. For an award to ACS adequate to compensate ACS for SciMed’s and BSC’s
infringement of the 505 and "284 patents, together with interest and costs in accordance with 35
U.S.C. § 284;

f. For such other and further relief as the Court deems just and proper.

Respectfully submitted,

FULWIDER PATTON LEE & UTECHT, LLP

DATED: August 13, 2003

Paul’D. O'Brien

Attorneys for Plaintiff
ADVANCED CARDIOVASCULAR SYSTEMS,
INC.
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DEMAND FOR JURY TRIAL

Plaintiff demands trial by jury of all issues in this action.

DATED: August 13, 2003

Respectfully submitted,

FULWIDER PATTON LEE & UTECHT, LLP

K. Fitzgerald

, I D. O'Brien
Attorneys for Plaintiff
ADVANCED CARDIOVASCULAR SYSTEMS,
INC.
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1
VARIABLE STRENGTH STENT

‘This application is a division o U.S. Scr. No. 09/877,305
{iled Jun. 7, 2001 now U.S. Pat. No. 6,468,302, which 1s a
division of U.S. Scr. No. 09/298,003 filed Apr. 22, 1999 now
U.S. Pat. No. 6,273,911.

BACKGROUND Ol THLE INVENTION

The present invention relates 1o expandable endoprosthe-
sis deviees, generally known as stents, which are designed
[or implantation in a paticnt’s body lumen, such as blood
vessels 1o maintain the pateney thercof. These deviees are
particularly uscful in the treatment and repair of blood
vessels after a stenosis has been compressed by percutane-
ous transluminal coronary angioplasty (PTCA), percutanc-
ous transluminal angioplasty (PTA), or removed by atheree-
lomy or other means.

Stents are generally ceylindrically-shaped devices which
function to hold open and sometimes expand a segment of
a blood vessel or other fumen such as a coronary artery. They
are particularly suitable for use to support the lumen or hold
back a dissceted wrterial lntug which cun occlude the fluid
passageway therethrough.

Avariety of deviees are known i the art for use as stents
and have included coiled wires ina varicty of patterns that
are expanded alter being placed intraluminally on a balloon
catheter; helically wound coiled springs manufactured from
an expandable heat sensitive melal; and self-expanding
stents inserted in a compressed state and shaped in a zigzag
pattern. One ol the difficulties encountered using prior art
stents involved maintaining the radial rigidity needed to hold
open a body tumen while at the same time maintaining the
longitudinal llexibility of the stent to facilitate its delivery
and accommodate the olten tortuous path of the body lumen.

Another problem arca has been the limited range of
expandability. Certain prior art stents expand only to a
limited degree due to the uneven stresses created upon the
stents during radial expansion. This necessilates providing
stents with a variety of diameters, thus increasing the cost of
manufacture. Additionally, having a stent with a wider range
of expandability allows the physician to redilate the stent if
the original vessel size was miscalculated.

Another problem with the prior art stents has been con-
traction ol the stent along its longitudinal axis upon radial
cxpunsion of the stent. This can cause placement problems
within the artery during expansion.

Various means have been desceribed to deliver and implant
stents. One method frequently deseribed [or delivering a
stent o a desited traluminal location includes mounting
the expandable stent on an expandable member, such as a
balloon, provided on the distal end ol an intravascular
catheter, advancing the catheter o the desired location
within the paticat’s body lumen, inflating the balloon on the
catheier o expand the stent into a permanent expanded
condition and then dellating the balloon and removing the
catheter.

What has been needed is a stent which not only addresses
the aforementioned problems, but also has variable strength,
yeb maintains exibility so that it can be readily advanced
through tortuous passageways and radially expanded over a
wider range ol diameters with minimal longitudinal con-
traction to accommaodaic a greater range of vessel diameters,
all with minimal longitudinal contraction. Certainly, the
expanded stent must have adequate structural strength (hoop
strength) 1o hold open the body lumen in which it is
expanded. The control of stent strength at specitic locations

N

20

40

45

o

55

6l

along the stent results in a highly customizable device
specifically adapted to the unique body lumen formaltion in
the patient.

One approach to the variable strength problem is t
increase strut thickness. This technique is disclosed it
co-pending application Ser. No. 08/943,992, filed Ocl. 3,
1997, by 'I" Limon and 'T. Tumlund, entitled “Stent Having,
Varied Amounts Of Structural Strength Along lis Length,”
whose cotire contents are hereby incorporated by reflerence.
Another approach is 1o vary the length or width of the strut
al a conslant strut thickness. The present invention is
dirceted to this approach.

SUMMARY OI TIIE INVENTION

The present invention is direeted to stents ol enhanced
longitudinal flexibility and configuration which permit the
stents 1o expand radially to accommodate a greater number
of different diameter vessels, both large and small; than
heretolore was possible. The stents of the instant application
also have greater llexibility along their longitudinal axis to
facilitate delivery through tortuous body lumens, but remain
highly stable when expanded radially, to maintain the
palency of a body lumen such as an artery or other vesscl
when implanted therein. The unique patterns of the stents ol
the instant invention permit both greater longitudinal llex-
ibility and enhanced radial expansibility and stability com-
pared 1o prior art stents.

Lach of the different embodiments of stents of the present
invention includes a plurality of adjacent ceylindrical cle-
ments which are generally expandable in the radial direction
and arranged in alignment along a longitudinal stent axis.
The cylindrical clements are formed in a varicty of serpen-
tine wave patterns transverse to the longitudinal axis and
conlain a plurality of alternating peaks and valleys. At least
one interconnecting member extends between adjacent
cylindrical clements and connects them to one another.
These interconnecting members tnsure minimal longitudinal
contraction during radial expansion of the stent in the body
vessel. The serpentine patlerns have varying degrees ol
curvalure in the regions ol the peaks and valleys and are
adapted so that radial expansion ol the cylindrical clements
are generally uniform around their circumferences during
expansion of the stents from their contracted conditions to
their expanded conditions.

The resulting stent structures are a serics ol radially
expandable cylindrical clements that are spaced longitudi-
nally close ¢nough so that small disscctions in the wall of a
body lumen may be pressed back into position against the
lumenal wall, but not so close as to compromise the longi-
tudinal Hexibility of the stent both when being negotiated
through the body Jumens in their unexpanded state and when
expanded into position. The serpentine patterns allow for an
cven expansion around the circumference by accounting for
the relative dilferences in stress created by the radial expan-
sion of the cylindrical elements. Each ol the individual
cylindrical elements may rotate slightly relative o their
adjacent cylindrical elements without significant
deformation, cumulatively providing stents which are flex-
ible along their length and about their longitwdinal axis, but
which are still very stable in the radial dircetion in order 1o
resist collapse aller expansion.

Lach of the stents of the present invention can be readily
delivered to the desired lumenal location by mounting it on
an cxpandable member, such as a balloon, of a delivery
catheter and passing the catheter-stent assembly through the
body lumen to the implantation site. A varicly of means for
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sceuring the stents to the expandable member of the catheter
for delivery to the desired location are available. It is
presently preferred to compress or crimp the stent onto the
unexpanded balloon. Other means (o sccure the stent to the
balloon include providing ridges or collars on the inflatable
member to restrain lateral movement, using bioabsorbable
temporary adhesives, or adding a retractable sheath to cover
the stent during, delivery through a body lumen.

The presently preferred structures for the expandable
cylindrical elements which form the steats ol the present
invention generally have a circumferential serpentine pat-
tern containing a plurality of alicrnating peaks and valleys.
The degrees of curvature along adjacent peaks and valleys
are designed 1o compensate for the stresses created during,
expansion of the stent so that expansion of cach of the peaks
and valleys is unilorm relative to one another. This particular
structare permits the stents 1o radially expand from smaller
lirst diameters o any number of larger second diameters
since stress 1s distributed more uniformly along the eyvlin-
drical c¢lements. This uniformity in stress distribution
reduces the tendeney of stress fractures in onc particular
region and allows high expansion ratios.

The dilferent stent embodiments also allow the stents (o
expand Lo various diameters Irom small 1o large o accom-
modate different-sized body lumens, without loss of radial
strength and limited contraction of longitudinal length. The
open reticulated structure of the stents results in a low mass
device. It also enables the perfusion of blood over a large
portion ol the artertal wall, which can improve the healing
and repair of a damaged arterial fining.

The serpentine patterns of the cylindrical clements can
have different degrees of curvature of adjacent peaks and
valleys 1o compensate for the expansive propertics of the
peaks and valleys. Additionally, the degree of curvature
along the peaks can be set to be different in immediately
adjacent arcas to compensale for the expansive propertics ol
the valleys adjacentto it The more even radial expansion of
this design resulls inoslents which can be expanded 1o
accommodaie larger diameters with minimal out of plane
twisting since the high stresses are not concentrated in any
one particular region of the pattern, but are more cvenly
distributed among the peaks and valleys, allowing them to
expand uniformly. Reducing the amount of out of plane
twisting also minimizes the potential for thrombus lorma-
tion.

The serpentine pattern of the individual eylindrical ¢le-
ments can oplionally be in phase which cach other in order
1o reduce conltraction of the stents along their length when
expanded. The cyhndrical elements of the stents are plasti-
cally deformed when expanded (except with NITi alloys) so
that the stents will remain in the expanded condition and
therelore they must be sulliciently rigid when expanded o
prevent the collapse thereol in use.

With steats formed [rom super-clastic nickel-titanium
(N1 alloys, the expansion occurs when the stress of
compression is removed. This allows the phase translorma-
tion from martensite back to austenite 1o occur, and as a
result the stent expands.

Alier the stents are expanded, some of the peaks and/or
valleys may, but nol necessarily, tip outwardly and embed in
the vessel wall. Thus, alter expansion, the stents might not
have a smooth outer wall surlace. Rather, they might have
small projections which embed in the vessel wall and aid in
retaining, the stents i place in the vessel. The tips projecting
outwardly and strut twisting are due primarily to the struts
having a high aspect ratio. [n one preferred embodiment, the

4

strut width is about 0.0035 inch and a thickness of about

0.0022 inch, providing an aspect ratio of 1.6. An aspect ratio

of 1.0 will produce less tipping and twisting.

The elongated interconnecting members which intercon-

5 neet adjacent eylindrical elements should have a transverse
cross-section similar o the transverse dimensions ol the
undulating components of the expandable cyvlindrical ele-

ments. The interconnecting members may be formed in a

unitary structure with the expandable cylindrical clements
10 formed from the same intermediate product, such as a

tubular ¢lement, or they may be formed independently and
mechanically secured between the expandable cylindrical
clements.
Preferably, the number and location of the interconnecting
15 members can be varied in order to develop the desired
longitudinal lexibility in the stent structure both in the
unexpanded as well as the expanded condition. These prop-
crlies are important (o minimize alteration of the natural
physiology ol the body lumen into which the stent s
implanted and to maintain the compliance of the body lumen
which is internally supported by the stent. Generally, the
greater the longitudinal flexibility of the stents, the casier
and the more safely they can be delivered 1o the implantation
site, especially where the implantation site is on a curved
scetion of a body lumen, such as a coronary artery or a
peripheral blood vessel, and especially saphenous veins and
larger vessels.

Following [rom the forcgoing proposition is that, in
general, the more interconnecting members there are
between adjacent cylindrical clements of the stent, the less
longitudinal flexibility there is. More interconnecting mem-
bers reduces flexibility, but also increases the coverage of
the vessel wall, which helps prevent tissue prolapse between
the stent struts. Such an approach to stent design is disclosced
i co-pending patent application Ser No. 09/008,300, filed
Jan. 16, 1999, by Daniel T.. Cox, entitled “ Flexible Stent And
Mcthod of Use,” whose entire contents are hereby incorpo-
rated by reference.

20
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‘The present invention in particular relates to the control of
stentstrength by varying the strut geometry along the length
ol the stent. By making the stent stronger or weaker in
different regions of the stent, the properties can be custom-
ized to a particular application. ‘The stent propertics that
45 could be altered include, but arc not limited to, the width of

cach strut, and/or the length of cach cylindrical clement or
ring at a constant strut thickness.

40

The variation of the strength ol the stent affects the
manner in which the slent expands. As expected, the wider
sy struts tend not to deform as casily as the narrower struts
during e¢xpansion, while the longer struts within the longer
cylindrical clements are better adapted to deployment in
larger diameter vessels. On the other hand, an arca with
shorter cylindrical clements tends to have greater radial
strength than an area with longer cylindrical elements, given
the same strut cross-sectional arca.

55

In a preferred embodiment, the present invention is
directed to a longitudinally flexible stent for implanting in a
body lumen and which is expandable [rom a contracted

60 condition to an expanded condition. The present invention
stent prelerably comprises a plurality of adjacent eylindrical
clements, cach cylindrical element having a circumference
extending around a longitudinal stent axis, being substan-
tially independently expandable in the radial direction,

65 wherein the plurality of adjacent cylindrical clements are
arranged in alignment along the longitudinal stent axis and
define a first end section, a second end section, and a center
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scetion therebeiween; cach cylindrical element having siruts
of a constant thickness formed in a gencerally serpentine
wave patlern transverse Lo the longitudinal axis and con-
taining alternating valley portions and peak portions; a
plurality of interconnecting members extending between the
adjucent cylindrical clements and connecting valley portions
ol adjacent eylindrical clements 1o one another; and wherein
the struts ol at least one cylindrical clement has greater mass
than the struts in other cylindrical clements.

‘e greater mass strut is achicved by increasing the length
of the strut, and/or increasing the width of the strut. On the
other hand, the greater mass strut is not achieved by increas-
ing strut thickness.

[n an exemplary embodiment, the present invention stent
has struts in the cylindrical clements in the center section
that have a greater mass than the struts in the cylindrical
clements in the first end scetion and the second end section.
The greater mass is achieved by increasing strut width
and/or increasing strul length.

[n another exemplary embodiment, the present invention
stent has struts in the cylindrical elements i the center
section and the sceond end section that have a greater mass
than the struts in the cyhindrical clements in the first end
scetion. ‘The greater mass struts is achicved by increasing
strut width and/or increasing strut length.

Sull another exemplary cmbaodiment ol the present inven-
ton stent includes struts in the first end section and the
sceond end section having greater mass than the struts in the
cylindrical clements in the center section. The greater mass
struts is achicved by increasing strut width and/or increasing
strut length.

Increasing or decreasing strut length in cach scction
changes the moment arm and conscquently the radial
strength of that section. Increasing or decreasing, strut width
ata constant strul thickness changes the cross-sectional arca
of the strut and the bending moment. Henee, a wider strut
has greater hoop strength and is more resistant (o bending,.

Other features and advantages ol the present invention
will beccome more apparent from the [ollowing detailed
description of the invention, when taken in conjunction with
the accompanying exemplary drawings.

BRIEI DESCRIPTION OF TIE DRAWINGS

FIG. Lis an clevational view, partially in scction, depict-
ing the stent embodying features of the present invention
mounted on a delivery catheter disposed within a vessel.

IIG. 2 is an clevational view, partially in scction, similar
Lo that shown in FIG. 1, wherein the stent is expanded within
a vessel, pressing the lining against the vessel wall.

I'1G. 3 is an clevational view, partially in section, showing
the expanded stent within the vessel aflter withdrawal of the
delivery catheter.

IIG. 4 is a perspective view of the stent in FIGS. 1-3 in
the expanded state.

FIG. 5 is an cenlarged partial view of an alternative
cmbodiment stent depicting the serpentine pattern with
varying, diameters at the peaks and valleys.

[IG. 6 s a plan view of an alternative embodiment
flattened stent of the present invention, which illustrates
nereased width of the struts in a center section in between
the first and sccond cad sections.

IIG. 7 is a plan view of an alternative ¢mbodiment
flattened stent of the present invention, which illustrates
increascd length of the eylindrical clements at the center and
sccond end sections.
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FIG. 8 is a plan view of a preferred embodiment flattened
stent of the present invention, which illustrates increased
strut width at the end sections.

FIG. 8A 1s a plan view of an alternative embodiment
flattened stent of the present invention, depicting alternating
long and short cylindrical ¢lements and straight portions
with relatively wider and narrower portions.

DETAILED DESCRIPTION OI° THE
PREFERRED EMBODIMENTS

Prior art stent designs, such as the Multibink Stent™
manufactured by Advanced Cardiovascular Systems, Inc.,
Santa Clara, Calif., include a plurality of cylindrical rings
that are connected by three connecting members between
adjacent cylindrical rings. Lach of the cylindrical rings is
formed of a repeating pattern of U-, Y-, and W-shaped
members, typically having three repeating patterns {forming
cach cylindrical ring. A more detailed discussion of the
confliguration ol the Multilink Stent™ can be found in U.S.
Pat. No. 5,569,295 (L.am) and U.S. PaL. No. 5,514,154 (1.au
¢t al.), whose contents are hereby incorporated by relerence.

Beyond those prior art stents, FIG. 1 illustrates an exem-
plary cmbodiment of stent 10 incorporating Teatures of the
present invention, which stent is mounted onto delivery
catheter 11, Stent 10 generally comprises a plurality of
radially expandable cylindrical clements 12 disposed gen-
crally coaxially and interconnceted by interconnecting
members 13 disposcd between adjacent eylindrical clements
12. The delivery catheter 11 has an cxpandable portion or
balloon 14 for ¢xpanding stent 10 within artery 15 or other
vessel. The artery 15, as shown in FIG. 1, has a dissceied or
detached lining 16 which has occluded a portion of the
arterial passageway.

The delivery catheter 11 onto which stent 10 1s mounted
1s essentially the same as a conventional balloon dilatation
catheter for angioplasty procedures. The balloon 14 may be
formed of suitable materials such as polycethylence, polycth-
ylene terephthalate, polyvionyl chloride, nylon and, ionomers
such as Surlyn® manulactured by the Polymer Products
Division of the Du Pont Company. Other polymers may also
be used.

In order for stent 10 1o remain in place on balloon 14
during delivery to the site of the damage within artery 15,
stent L is compressed or crimped onto balloon 14, A
retractable protective delivery sleeve 20 may be provided to
ensure that stent 10 stays in place on balloon 14 of delivery
catheter 11 and (o prevent abrasion of the body lumen by the
open surface of stent 10 during delivery to the desired
arterial location. Other means for sccuring stent 10 onto
balloon 14 also may be used, such as providing collars or
ridges on the ends of the working portion, i.c., the cylindrical
portion, of balloon 14. Each radially expandable cylindrical
clement 12 of stent 10 may be independently expanded.
Therefore, balloon 14 may be provided with an inflated
shape other than cylindrical, c.g., tupered, to lacilitate
implantation of stent 10 in a variety of body lumen shapes.

lu a prelerred embodiment, the delivery of stent 10 s
accomplished in the following manner. Stent 10 s first
mounted onto inflatable balloon 14 on the distal extremity of
delivery catheter 11 Stent 10 may be crimped down onto
balloon 14 to obtain a low profile. The catheter-stent assem-
bly can be introduced within the paticnt’s vasculature in a
conventional Seldinger technique through a sliding catheter
(not shown). Guidewire 18 is disposed through the damaged
arlcrial scction with the detached or disseeted lining 16, The
catheter-stent assembly is then advanced over guide wire 18

15




US 6,511,505 B2

7

within artery 15 untl steat 10 is dircetly under detached
lining 16. Bulloon 14 of catheter 11 is inflated or expanded,
thus expanding stent 10 against the inside of artery 18§,
which is illustrated in FIG. 2. While not shown in the
drawing, artery 15 is prelerably expanded slightly by the
expansion of stent 1 1o scat or otherwise embed stent 10 o
prevent movement. Indeed, in some circumstances during
the treatment ol stenotic portions of an artery, the arlery may
have to be cxpanded considerably in order to lacilitate
passage ol blood or other fluid therethrough.

While IFIGS. 1-3 depict a vessel having detached lining
16, stent 10 can be used for purposes other than repairing, the
lining. Those other purposes include, for example, support-
ing the vessel, redueing the likelihood ol restenosis, or
assisting in the attachment of a vascular gralt (not shown)
when repairing an aortic abdominal ancurysm.

In general, stent 10 serves o hold open artery 15 aller
cathicter 11 is withdrawa, as illustrated in FIG. 3. Duc to the
formation ol stent 10 Irom an clongated tubular member, the
undulating component of the cylindrical elements of stent 10
is relatively flat in a transverse cross-section so that when
stent 10 is expanded, cylindrical elements 12 are pressed
into the wall of artery 18 and as a result do not interlere with
the blood low through artery 15. Cylindrical clements 12 of
stent 10 that are pressed into the wall of artery 15 will
eventually be covered with endothelial cell growth that
further minimizes blood flow turbulence. The scrpentine
pattern ol cylindrical scctions 12 provide good tacking
characteristics 1o prevent stenl movement within the artery.
Furthermore, the closely spaced cylindrical elements 12 at
regular intervals provide uniform support for the wall of
artery 18, and consequently are well adapted to tack up and
hold 1u place small {laps or dissections in the wall of artery
15 as illustrated in FIGS. 2 and 3.

The stresses involved during expansion [rom a low profile
to an cxpanded profile are generally cvenly distributed
among the various peaks and valleys of stent 10, As seen in
the perspective view of FIG. 4, cach expanded cylindrical
clement 12 of stent 10 embodics the serpentine pattern
having a plurality of peaks 36 and valleys 30 that aid in the
cven distribution of ¢xpansion forces. In this exemplary
cmbodiment, intereonnecting members 13 serve (o connect
adjacent valleys 30 of cach adjacent cylindrical clement 12
as described above. The various peaks and valleys generally
have U, Y, and W shapes, i a repeating pattern to form cach
cyhindrical clement 12.

During expansion, double-curved portions (W) 34 located
in the region of the valley where interconnecting members
13 are connected have the most mass and accordingly are the
stiffest structure during deformation. In contrast, peak por-
tions (U) 36 are the least still, and valley portions (Y) 30
have an intermediate stiflness.

By allocating the amount of mass to spectlic struts, it is
possible 1o create a stent having variable strength with
greater strength at the high mass arcas. Given a stent having
a4 constant thickness in its siruts, the ncreased mass is
accomplished by inereasing the width of the strut and/or
ereasing the length of the strut. The {ollowing exemplary
embodiments apply this theory.

FIG. 6 is a plan view ol exemnplary embodiment stent 10
with the structure flatiened out into two dimensions 10
lacilitate explanation. Stent 10 can be viewed in I1G. 6 as
having, three sections; namely, first and second end sections
31A and 3B, respectively, and center section 31C. As is
shown, first end scction 31A has interconnecting members
13 in cach double-curved portion (W) 34, thereby providing

20

30

)

60

8

maximum support at that end of the stent. First ¢nd section
31A may optionally have connected thereto cenler section
31C as shown. But in an alternative cmbodiment (not
shown), center section 31C may have the same number of
interconnecting members 13 with the same cylindrical cle-
ment design as first end section 31A or sceond end section
31B. One may therefore think of this alternative embodi-
ment as having center section 31C completely omitied.

The FIG. 6 embodiment incorporales stent strut 17 in cach
cylindrical clement 12 at lirst end scction 31A and sccond
cend section 318 that have a narrow width as comparced to the
broader or wider strut width of stent strut 19 in center section
31B. As explained earlier, this construction can be viewed
from a mass-bascd approach. In particular, at 4 constant strut
thickness and with the presence of wider struts 19, cach
cylindrical element 12 in center section 31C has a greater
mass than the cylindrical clements in cither the first or
sccond end sections 31A, 31B.

The wider struts 19 concentrate more radial or hoop
strength at the center of steat 10. This design is cspecially
well suited Lo a very focal lesion in which a gradual
transition to the normal artery is desired.

In the exemplary embodiment of F1G. 6, cach cylindrical
clement 12 in center section 31C includes preferably three
interconnecting members 13 to connect double curved por-
tion (W) 34 of one cylindrical clement 12 to valley portion
(Y) 30 ol an adjacent cylindrical element 12, 1n the exem-
plary embodiment shown in FIG. 6, interconnecting mem-
bers 13 within center section 42 are preferably spaced 120
degrees aparl.

Each cylindrical element 12 is made up ol three repeating
serpentine wave pallern sections with valley portion (Y) 30,
peuk portion (U) 36, and double curved portion (W) 34.
Valley portion 30 and peak portion 36 each has a generally
single radius ol curvature. Valley portion 30 is connected to
interconnecting member 13 and bridges 1o double curved
portion 34. Interconnecting members 13 are preferably
straight.

Cylindrical clement 12 found within second c¢nd scection
31B has repeating serpentine wave palterns with vatley
portion (Y) 30 and peak portion (U) 36, but no double curve
portion (W) 34. Of course, the difference is the omission of
interconnecting members 13 in sceond end section 311 to
connect the cylindrical clements to yet another adjacent
cylindrical clement. Although contemplated but not shown,
there can be more than onc cylindrical element 12 in sccond
end section 31B.

Interconnecting members 13 may be aligned axially in
cvery other cylindrical clement 12, as shown in IFIG. 6, or
they may be stapgered depending on the design’s bending
requircments. Indeed, the present invention controls stent
flexibility by using the number of intcrconnecting members
between cylindrical elements ol the slents. Generally
speaking, the more interconnecting members there are
between cylindrical elements of the stent, the less longilu-
dinal flexibility there is. So more inlerconnecting members
reduces llexibility, but increases the coverage of the vessel
wall which helps prevent tissue prolapse between the stent
struls.

In summary, it is contemplated that the number of cylin-
drical clements within first and second cend scctions 31A,
3113, and center section 31C be varied as nceded. The
numbers and locations of interconnecting members 13 may
be varicd as needed too.

In a preferred embodiment stent 50, shown in a [latiened,
plan view of I'1G. 8, the opposite tu the stent design shown
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in FFIG. 6 could be applied. Here, center section 52C has
narrow struts 54 and wider struts 56 are found in first end
seetion 52A and sceond end section 521,

‘This preferred embodiment stent 50 could be used 1o give
extra supporl or radial strength at the ends of the stent since
the ¢nds are not supported by an adjacent cylindrical cle-
ment. Favoring such an approach are some existing balloon
cxpandable stent designs that start expanded al the cnds of
the stent before the center when deployed. 1f modified 1n
accordance with the preferred embodiment, such stents
would cxpand more consistently or homogencously along
the length of the sient.

Aside from strut widths, the overall strut pattern of stent
50 in IIG. 8 is similar 1o the embodiment shown in FI1G. 6.
Stent 50 is formed from individual rings or cylindrical
clement 58 that are linked by interconnecting members 60,
Luch ring or cylindrical clement 58 is comprised of a
serpentine wave pattern made up ol valley portions (Y’s) 62,
double curved portions (W’s) 64, and peak portion (U’s) 66.
Intcrconneeting member 60 prelerably joins valley portion
(Y) 62 ol one cylindrical clement 58 1o double curved
portion (W) 64 of the adjacent cylindrical element 8. There
are prelerably three interconnecting members 60 spaced 120
degrees apart and joining cach pair of adjacent cylindrical
clements 58. Of course, the number and locations of inter-
connecting members 60 joining cylindrical clements 58 can
be changed as required.

In the preferred embodiment, peak portion (U) 66 has
optional strut segment 68 shaped like a loop or bulb. Strut
scgiment 68 may have a constant or variable curvature (o
alleet expansion stresses and uniformity, the details of which
are explained below in connection with FIG. 5.

FI1G. 7 is @ plan view of alternative embodiment stent 21
flattened into a two-dimensional plane for the sake of
illustration. Again from a mass based approach, the present
ivention stent 21 has struts 22 in the cylindrical clements in
center seetion 23C and sceond end section 238 that have a
greater mass Lthan struts 24 in the cylindrical elements in first
end section 23A. Looking at the exemplary embodiment of
FIG. 7 a bit diflerently, the drawing also depicts the present
invention stent 21 including struts 22 in the cylindrical
clemients i center section 23C having the same mass and
ocencral shape as struts 22 in the eylindrical clements in
sceond end section 231.

To achieve the greater mass at a constant thickness, struts
in cach cylindrical clement in center section 23C have a
greater length than the struts in the cylindrical elements in
firstend section 23A. Alternatively, struts in cach cylindrical
clement in center section 23C and second end section 2313
preferably have a greater length than the struts in the
cylindrical clement in first end section 23A. As such, each
cylindrical element in center section 23C or in second end
scetion 23B has a greater mass than a cylindrical element in
first end scetion 23A.

The embodiment of FIG. 7 uses the strut length to control
the radial strength of steat 21. The struts in cylindrical
clements in first end scetion 23A are shorter with a shorler
moment arm and thercfore stronger than the long struts in
center section 23C or second end section 238, In cflect, the
radial strength of stent 10 is reduced by the increased
moment arm in scctions 23C and 2318.

Such a design could be used lor ostial lesions in which the
region al the ostivm requires more strength than the area
away from the ostivm. The present invention stent in a
balloon expandable embodiment is also well suited for use
in suphenous vein gralts, because the distal end of stent 21
would open first and trap any plaque from lowing down-
streani.
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The arrangement of the interconnecting members 13, and
the repeating serpentine wave palterns with valley portion
(Y) 30, peak portion (U) 36, and double curve portion (W)
34 is similar to the embodiment shown in FIG. 6. Naturally,
there can be more or [ewer cylindrical elements 12 than that
shown in [irst and second ¢nd sections 23A, 238 und center
scetion 23C. The number and locations of interconnecting
members 13 can also be varied as needed to adjust longi-
tudinal rigidity of stent 21.

In an alternative embodiment as shown in [FIG. 8A, the
increased strut length concept of FIG. 7 can be incorporated
into the strut pattern shown in FIG. 8. In such a stent, the first
and sccond high mass c¢nds have long struts lor reduced
radial or hoop strength while the center section has shorter
length struts. As used herein, cylindrical ¢lements and rings
arc used interchangeably, mterconnecting members and
liuks arc used interchangeably, and center section and third
section are used interchangeably. Relerring Lo the embodi-
ment of F1G 8A, an unexpanded stent 70 is formed of rings
or ¢ylindrical elements 71 which arc connecled by links or
interconnecting members 72. The cylindrical clements are
arranged in a first end scction 73, a second end section 74,
and a center section 75. Each of the cylindrical clements is
formed in a generally serpentine wave patiern 76 as shown
in FIG. 8A, and the curved portions of the wave paltern are
connected by generally straight portions 78. Lach cylindrical
clement has at least one U-shaped member 77. As with the
other embodiments, a W-shaped member 79 is formed by at
least one of the cylindrical clements and one of the inter-
connecting members, and a Y-shaped member 80 is formed
by at least one of the eylindrical clements and one ol the
interconnecting members. In this embodiment shown in a
(lattened configuration, the cylindrical clements are con-
nected together and arranged along the longitudinal sient
axis. In tubular form, cach cylindrical element has a cir-
cumference extending around the longitudinal stent axis. In
IF1G. 8A, the inlcreonnecting members cxtend substantially
parallel to the longitudinal stent axis. As can be scen,
intcrconnecting members 81 have a length that is longer than
cylindrical elements 82. Similarly, interconnecting members
83 have a length that is shorter than cylindrical clements 84.
The generally straight portions of the cylindrical element in
the first end section 73 or the sccond end section 74 has a
length 85 that is longer than the length 86 of gencerally
straight portions of the cylindrical element in the center
scction 75. Longitudinal llexibility is achicved at least in
parl by varying the widths ol the various portions of the
cylindrical elements. For example, the generally straight
portions 87 in the first cnd section or the second end scction
are wider than the gencrally straight portions 88 in the center
section.

As best scen in IF1G. 4, because of the mass involved with
the present invention stent designs, double curved portion
(W) 34 is the stiflest structure and peak portion 36 is the least
still structure, which account Tor the dillerent stresses arising
during expansion. Also, the least stll structure, peak portion
36, is positioned between double curved portion 34 and
valley portion 30, which are comparatively stilfer structures.

To even oul the stresses, peak portion 36 in an alternative
cmbodiment optionally has dillerent curvatures at regions 32
and 33, as scen in IG5, Region 33 has a larger radius than
region 32 and expands more casily. Since region 32 is
adjacent the stiffer arca of double curved portion 34, both
repgion 32 and double curved portion 34 expand more
uniformly and more cvenly distribute the expansion stresses.
Further, valley portion 30 and double curved portion 34 have
dilferent diameters o even out the expansion [orces in
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relation to peak portion 36. Due to the unique structure as
deseribed, the shortcomings of the prior art, which include
oul of plane twisting ol the metal, are avoided. These
differing degrees of curvature along peak portion 36 allow
[or the more even expansion of the cylindrical clement 12 as
a whaole.

Stent 10 of FIGS. 1-6 has an cxpansion ratio from the
crimped to ¢xpanded configuration in the range of about, for
example, 1.0 to 5.0, while maintaining structural integrity
when expanded. As depicted in FIG. 4, alter expansion of
stent 10, portions of the various cylindrical clements 12 may
wrn outwardly, forming small projections 38 that embed in
the vessel wall. More preciscly, tip 39 of peak portion 36 Lilts
outwardly a sulficicnt amount upon expansion of stent 10 to
cmbed Into the vessel wall thus helping sccure unplaonted
stent 10 Upon expansion, projections 38 create an ouler
wall surface oo stent 10 that is not smooth. On the other
hand, while projections 38 assist in sccuring, stent 10 in the
vessel wall, they are not sharp so as to cause trauma or
damage to the vessel wall.

Tips 39 projecting outwardly and strut twisting are duc
primarily 1o the struts having a high aspect ratio. In one
preferred embodiment, the strut width 1s about 0.0035 inch
and a thickness ol about 0.0022 inch, providing an aspect
ratio of 1.0. An aspect ratio of 1.0 will produce less tipping
and Lwisting.

The dimensions of any ol the {oregoing exemplary
cmbodiments can be selected to achieve optimal expansion
and strength characteristies lor a given stent. The number of
bends in cach eyvlindrical element, as shown in FIGS. 6, 7
and 8 for example, can also be varied.

In many ol the drawing figures, the present invention steat
is depicted flat, in a plan view for case of illustration. All of
the embodiments depicted herein are cylindrically-shaped
stents that are generally formed from tubing by lascr cutting
as desceribed below.

Onc important feature of all of the embodiments of the
present invention is the capability of the stents 10 expand
from a fow-profile diameter to a diameler much greater than
herctofore was available, while still muintaining structural
inlegrity in the expanded state and remaining highly lexible.
Due 10 the novel structures, the stents of the present inven-
tion cach have an overall expansion ratio of about 1.0 up to
about 4.0 times the original diameter, or more, using certain
campositions of stainless steel. For exanple, a 3161 slain-
less steel steat of the invention can be radially expanded
from a diameter of 1.0 unit up to a diameter of about 4.0
units, which delorms the structural members beyond the
clastic limit. ‘Fhe stents still retain structural integrity in the
expanded state and will serve o hold open the vessel in
which they are implanted. Materials other than stainless
steel (3161) may afford higher or lower expansion ratios
without sacrificing structural integrity.

The stents of the present invention can be made in many
ways. However, the preferred method of making the stent is
10 cut a thin-walled wbular member, such as stainless steel
tubing to remove portions ol the tubing in the desired pattern
for the stent, leaving relatively untouched the portions of the
metallic wbing which are to form the sweat, his preferred 1o
cut the tubing in the desired pattern by means of a machine-
controlled lascer.

‘The wbing may be made of suitable biocompatible mate-
rial such as stainless steel. FThe stainless steel tube may be
alloy-type: 3101 8S, Special Chemistry per ASTM F138-92
or ASTM I'139-92 grade 2. Special Chemistry of type 3161
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per ASTM I1138-92 or ASTM 191139-92 Stainless Steel for
Surgical Implants in weight pereent.

Carbon (C) 0.03% max.
Manganesc (Mn) 2.00% max.
Phospharous (P) {025% max.
Sulphur (S) 0.010% max.
Silicon {Si) 0.75% max.

17.00-19.00%

13.00~15.50%
2.00-3.00%
0.10% max.
0.50% max.
Balance

Chromium (Cr)
Nickel (Ni)
Molybdenum (Mo}
Nitrogen (N)
Copper (Cu)

Iron (Fe)

The stent diameter is very small, so the wbing from which
it is made must necessarily also have a small diameter.
‘Iypically the stent has an outer diameter on the order of
about 0.00 inch in the uncxpanded condition, the same ouler
diameter of the tbing from which it is made, and can be
expanded to an outer diameter of 0.2 inch or more. The wall
thickness of the tubing is about 0.003 inch.

Generally, the wbing is put in a rotatable collet fixture ol
a machine-controlled apparatus for positioning the twbing
relative 1o a laser. According to machinc-cncoded
instructions, the tubing is then rotated and moved longitu-
dinally relative to the laser which is also muachine-
controlled. The lascr selectively removes the material from
the tubing by ablation and a paticra is cut into the tube. The
tube is therctore cut into the discrete patiern of the finished
slent.

The process ol cutting a pattern For the stent into the
tubing generally is automated except Tor loading and unload-
ing the length of tubing. For example, a patlern can be cut
in tubing using a CNC-opposing collet fixwre lor axial
rotation of the length of wbing, in conjunction with CNC
X/Y table to move the length of tubing axially relative 1o a
machine-controlled laser as described. The entire space
between collels can be patterned using the CO,, Nd or YAG
lascr sct-up of the foregoing example. The program for
control of the apparatus is dependent on the particular
configuration used and the pattern to be ablated in the
coding,.

Cutting a fine structure (0.0034 inch web width) requires
minimal heat input and the ability to manipulate the tube
with precision. 1 is also necessary to support the tube yet not
allow the stent structure to distort during, the cutling opera-
tion. kn order to suceesslully achieve the desired end results,
the entire system must be conligured very carchully. "Fhe
tubes are made of stainless steel with an outside diameter of
0.060 inch 10 0.100 inch and a wall thickness of 0.002 inch
to 0.008 inch. These tubes are fixtured under a laser and
positioned utilizing a CNC 1o generate a very intricate and
precise pattern. Due to the thin wall and the small gecometry
of the stent patiern (0.0035 inch typical strut width), it is
necessary to have very precise control of the laser, its power
level, the focused spot size, and the precise positioning of
the lascr cutting path.

In order 1o minimize the heat input into the stent structure,
which prevents thermal distortion, uncontrolled burn out of
the metal, and metallurgical damage due to excessive heat,
and thereby produce a smooth debris-free cut, a Q-switched
Nd/YAG, typicully available from Quantonix of Hauppauge,
N.Y,, that is frequency-doubled 10 produce a green beam at
532 nanomclers is utilized. Q-switching produces very short
pulses (<100 nS) of high pcak powers (kilowalts), low
energy per pulse (£3 mJ), at high pulse rates (up 1o 40 kliz).
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The Irequency doubling of the beam from 1.06 microns 10
0.532 microns allows the beam to be focused 1o a spot size
that Is two times smaller, therefore increasing the power
density by a factor ol four tuncs. With all of these
paramelers, it is possible 1o make simooth, narrow cuts i the
stainless steel tbes in very line geometrics without dam-
aging the narrow struts that make up the stent structure.
Henee, the sysiem of the present invention makes it possible
to adjust the laser parameters 1o cut narrow kerf width which
will minimize the heat input into the material.

The positioning of the tubular structure requires the use ol
precision CNC cequipment such as that manufactured and
sold by Anorad Corporation. In addition, a unique rotary
mechanism has been provided that allows the compuler
program 1o be written as if the pattern were being cut from
a {lat sheet, This allows both circular and linear inlerpolation
1o be utilized in programming,

The optical system which cxpands the original lascr
beam, delivers the beam through a viewing head and Tocuses
the beam onto the surlace ol the tube, incorporales a coaxial
pas jet and nozzle that helps o remove debris (rom the kerf!
and cools the region where the beam interacts with the
material as the beam cuts and vaporizes the metal. It is also
necessary 1o block the beam as it cuts through the top surface
of the wbe and prevent the beam, along with the molien
metal and debris from (he cut, from impinging on the
opposite surface of the tube.

In addition to the laser and the CNC positioning
cquipment, the optical delivery system includes a beam
expander to increase the laser beam diameter, a circular
polarizer, typically in the Torm ol a quarter wave plate, Lo
climinate polarization cllects in metal cutting, provisions for
a spatial [iller, a binocular viewing head and locusing lens,
and a coaxial gas jet that provides lor the introduction of a
gas stream that surrounds the focused beam and is directed
along the beam axis. The coaxial gas jet nozzle (0.018 inch
1.1 Is centered around the focused beam with approxi-
mately 0.010 inch between the tip of the nozzle and the
wbing. The jet is pressurized with oxygen at 20 psi and is
directed at the tube with the focused laser beam exiting the
tip ol the nozzle (0.018 inch dia.). The oxygen reacts with
the metal to assist in the cutting process very similar 1o
oxyacetylene cutting. The locused luser beam acts as an
ignition source and controls the reaction ol the oxygen with
the metal. tn this manoer, it is possible to cut the material
with a very line kerl with precision.

In order 1o prevent burning by the beam and/or molten
slag on the tar wall of the wibe LD, a stainless steel mandrel
(approx. 0.034 inch dia.) is placed inside the tube and is
allowed 1o roll on the bottom of the tube as the pattern is cut.
This acts as a beam/debris barrier protecting the far wall 1.D.

Alternatively, this may be accomplished by inscrting a
sceond tube inside the stent tube which has an opening to
trap the excess encrgy in the beam which is transmitted
through the kerf along which collecuing the debris that is
¢jected from the laser cul kerf. A vacuum or positive
pressure can be placed in this shiclding tube to remove the
collection of debris.

Another technique that could be utilized to remove the
debris from the kerl and cool the surrounding material
would be 1o use the inner beam blocking tube as an inlernal
vas jet. By scaling one end of the tbe and making a small
hole in the side and placing it dircetly under the focused
lascr beam, pas pressure could be applied creating a small jet
that would force the debris out ol the laser cut kerf from the
inside out. This would climinaie any debris from forming or
collecting on the inside ol the stent structure. [t would place
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all the debris on the outside. With the use of special
protective coatings, the resultant debris can be casily
removed.

In most cases, the gas utilized in the jeis may be reactive
or non-reactive (inert). I the case of reactive gas, oxygen or
compressed air 1s used. Oxygen is used in this application
since it oflers more control of the material removed and
reduces the thermal elfects of the material itselll Inert gas
such as argon, helium, or nitrogen can be used to climinate
any oxidation ol the cut material. The result is a cut edge
with no oxidation, but there is usually a tail of molten
malerial that collects along the exit side of the gas jet that
must be mechanically or chemically removed after the
cutting operation.

The culting process utilizing oxygen with the [incly
locused green beam results in a very narrow kerl
(approximately 0.0005 inch) with the molten slag
re-solidifying along the cut. This traps the cut-out scrap ol
the pattern requiring [urther processing. In order to remove
the slag debris from the cut allowing the scrap o be removed
[rom the remaining stent pattern, it is necessary to soak the
cut wbe in a solution of 1ICL lor approximately cight
minutes at a temperature ol approximalely 55 degrees C.
Before it is soaked, the tube is placed in a bath of alcohol/
water solution and ultrasonically cleaned for approximately
one minute 1o remove the loose debris left Irom the cutiing
operation. After soaking, the tube 1s ultrasonically cleaned in
the heated HCL for one to four minutes depending upon the
wall thickness. To prevent cracking/breaking of the struts
attached to the matenal left at the two cnds of the steat
pattern due¢ o harmonic oscillations induced by the ultra-
sonic cleaner, a mandrel is placed down the center of the
tube during the cleaning/scrap removal process. At comple-
tion of this process, the stent structures are rinsed 1in waler.
They are now ready for clectropolishing.

The stents are prelerably electrochemically polished in an
acidic aqueous solution such as a solution of ELECTRO-
GLO #300, sold by the LELECTRO-GLO Co., Inc. in
Chicago, 111, which is a mixture ol sulfuric acid, carboxylic
acids, phosphates, corrosion inhibitors and a biodegradable
surlace active agenl. The bath temperature is maintained at
about 110-133 degrees 1% and the current density is about 0.4
1o about 1.5 amps per in®. Cathode to anode arca should be
at least about two Lo one. The stents may be lurther treated
i desired, for example by applying a biocompatible coating.

Direct laser cutting produces edges which are essentially
perpendicular 1o the axis of the laser cutting bearn, in
contrast with chemical etching and the like which produce
patiern edges which are angled. Hence, the laser cutling
process of the present invention essentially provides stent
cross-scctions, [rom cul-to-cut, which ar¢ squarc or
rectangular, rather than trapezoidal. The resulting stent
slructure provides superior perlormance.

The stent tubing may be made of suitable biocompatible
material such as stainless steel, titanium, tantalum, super-
elastic (nickel-titanium) Ni'lt alloys and cven high strength
thermoplastic polymers. The stent diameters are very small,
so the tubing from which it is made must nccessarily also
have a small diameter. For PCTA applications, typically the
stent has an outer diameter on the order of about 1.65 mm
(0.065 inches) in the unexpanded condition, the same outer
diameter of the hypotubing [rom which it is made, and can
be expanded to an onter diameter of 5.08 mm (0.2 inches) or
more. The wall thickness of the tubing is about 0.076 mm
(0.003 inches). For stents implanted in other body lumens,
such as P'IA applications, the dimensions of the wbing are
correspondingly larger. While it is preferred that the stents
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be made from laser cut tubing, those skilled in the art will
realize that the stent can be laser cul from a flat sheet and
then rolled up in a eylindrical configuration with the longi-
tudinal edges welded o form a cylindrical member.

[0 the inslance when the stenls are made {rom plastic, the
implanicd stenl may have 1o be heated within the anterial site
where the stents are expanded to lacilitate the expansion of
the stent. Onee expanded, it would then be cooled 1o retain
its expanded state. The stent may be conveniently heated by
heating the fluid within the balloon or the balloon itsclf
directly by a known method.

The stents may also be made of materials such as super-
clastic (sometimes called pscudo-clastic) nickel-titanium
(NiTi) alloys. In this casc the stent would be formed full size
but deformed (e.g. compressed) 1o a smatler diameter onto
the balloon of the delivery catheter to facilitate intraluminal
delivery 1o a desired intraluminal site. The stress induced by
the deformation transforms the stent from an austenile phase
1o a martensite phase, and upon release of the force when the
stent reaches the desired otraluminal location, allows the
stent to expand due W the transtormation back to the more
stable austenite phase. Further details of how NiTTi super-
clastic alloys operate can be found in U.S. Pat. Nos. 4,665,
906 (lervis) and 5,067,957 (Jervis), incorporated herein by
reference in their entirety.

While the invention has been illustrated and described
herein in terms of fts usc as intravascular steats, it will be
apparent Lo those skilled in the art that the stents can be used

in other instances in all vessels in the body. Since the stents -

of the present invention have the novel feature of expanding
to very large diameters while relaining their structural
integrity, they are particularly well suiied for implantation in
almost any vessel where such deviees are used. This leature,
coupled with limited lougitudinal contraction ol the stent
when they are radiully expanded, provide a highly desirable
support member for all vessels in the body. Other modifi-
cations and improvements may be made without departing,
[rom the scope of the invention.
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What is claimed is:

1. A longitudinally flexible stents, comprising:

a plurality of rings aligned along a longitudinal axis;

a firsl end section, a sccond end section, and a third

section disposed therebetween;

at least one ring in each ol the first end section, the sceond

end section, and the third scction;

the at least one ring in the first end section and the sceond

end section having a first length;

the at least one ring of the third scction having a sccond

length;
the first length being greater than the second length;
the at least one ring of the first end section and the second
end section having a strut width relatively wider than a
strut width of the at least one ring of the third section;

the rings being interconnected by lincar links that are
parallel to the longitudinal axis; and

the at least oue ring of the third section having U-shaped

members and W-shaped members and at least one ring
ol the first end section and the second end section
having U-shaped members and Y-shaped members.

2. The stent of claim 1, wherein three links connect
adjacent rings.

3. The stent of claim 1, wherein the rings have struts, the
mass of all of the struts in any onc ring of the first end
scction and the second end scction is less than the mass of
all of the struts in the at least onc ring of the third scction,

4. The stent of claim 1, wherein the U-shaped members
having a first curved portion and the W-shaped members
having a second curved portion, the first curved portion
being smaller tham the second curved portion.

5. 'T'he stent ol claim 1, wherein the linear links connect
a curved portion of the W-shaped member o a valley portion
ol the Y-shaped member.

6. The stent of claim 1, wherein a portion of any of the
U-shaped members, the Y-shaped members, or the W-shaped
members form projecting edges when the stent is expanded.
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57 ABSTRACT

An expandable stent for implantation In a body lumen, such
as an artery, is disclosed. The stent consists of a plurality of
radially expandable cylindrical elements gencerally aligned
on a common longitudinal stent axis and interconnected by
one or more Interconnecting members placed so that the
stent 1s {lexible in the longitudinal dircction. The strength of
the stent at a center section or at cither end can be varied by
increasing the mass of the struts forming cach cylindrical
clement 1 that center section or end seetion relative to the
lower mass struts in the remaining sections of the stent.
Increasing the mass of the struls can be accomplished by, lor
a given strut thickness, increasing the width of the strut, or
increasing the length of a evlindrical clement.
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1
VARIABLE STRENGTH STENT

This is a divisional application of divisional application
having U.S. Ser, No. 09/877,305, filed Jun. 7, 2001 now U.S.
Pat. No. 6,468,302, which is a divisional of U.S. Scr. No.
09/298,063, filed Apr. 22, 1999, which issued as U.S. Pal.
No. 6,273,911, all of whose contents are hereby incorporated
by referencee.

BACKGROUND OF THE INVENTION

The present invention relaies o expandable endoprosthe-
sis devices, generally known as stents, which are designed
for implantation in a paticnt’s body lumen, such as blood
vessels to maintain the patency thereol. These devices are
particularly usclul in the weatment and repair of blood
vessels after a stenosis has been compressed by percutance-
ous transluminal coronary angioplasty (PT'CA), percutanc-
vus transluminal angioplasty (PTA), or removed by atherce-
omy or other means.

Stents are generally eylindrically-shaped devices which
function to hold open and sometimes expand a segmeant of
a blood vesscel or other lumen such as a coronary artery. They
are particularly suitable for use to support the lumen or hold
back a dissceted arterial lintng which can occlude the fluid
passageway thereibrough.

A variety of devices are known in the art for use as stents
and have included coiled wires in a varicty of patterns that
are expanded after being placed intraluminally on a balloon
catheter; helically wound coiled springs manufactured from
an cxpandable heat sensilive metal; and self-expanding
stents inseried in a compressed state and shaped in a zigzag,
pattern. One ol the difficultics encountered using prior art
stents involved maintaining the radial rigidity needed to hold
open a body lumen while at the same time maintaining the
longitudinal flexibility of the stent to facilitate its delivery
and accommodate the often tortuous path of the body fumen.

Another problem arca has been the limited range of
expandability. Certain prior art stents expand only to a
limited degree due to the uneven stresses created upon the
stents during radial expansion. This necessitates providing
stents with a varicty of diamcters, thus increasing the cost of
imaunulacture. Additonally, having a stent with a wider range
ol expandability allows the physician to redilate the steot iff
the ariginal vessel size was miscaleulated.

Another problem with the prior art stents has been con-
traction of the stent along its longitudinal axis upon radial
cxpansion of the stent. This can cause placement problems
within the artery during expansion.

Various means have been described o deliver and implant
stents. One method frequently deseribed lor delivering a
stent to a desired imraluminal location includes mounting
the expundable stent on an expandable member, such as a
balloon, provided on the distal ¢nd of an intravascular
catheter, advancing the catheier to the desired location
within the paticnt’s body lumen, inflating the balloon on the
catheter to expand the stent to a permanent expanded
condition and then dellating the balloon and removing the
catheler.

What has been needed is a stent which not only addresses
the alorementioned problems, but also has variable strength,
vet maintains flexibility so that it can be readily advanced
through tortuous passageways and radially expanded over a
wider range of diameters with minimal longitdinal con-
traction 1o accommodate a greater range of vessel diameters,
all with minimal longitudinal contraction. Certainly, the
expanded stent must have adequate structural strength (hoop
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strength) to hold open the body lumen in which it is
expanded. The control of stent strength at specific locations
along the stent results in a highly customizable device
specilically adapted to the unique body lumen [ormation u
the paticat.

One approach to the variable strength problem is 1«
increase strul thickness. This technique is disclosed i
co-pending application Ser. No. 08/943,992, filed Oct. 3,
1997, by T. Limon and T Turnlund, catitled “Stent Having
Varicd Amounls Of Structural Strength Along his Length,”
whose cnlire conlents are hereby incorporated by reference.
Another approach is o vary the length or width of the strut
al a constant strut thickness. The present invention is
directed to this approach.

SUMMARY OF THLE INVENTION

The present invention is directed to stents of enhanced
longitudinal flexibility and configuration which permit the
stents to expand radially to accommodate a greater number
of different diameter vessels, both large and small, than
heretolore was possible. The stents of the Instant application
also have greater {lexibility along their fongitudinal axis to
[acilitate delivery through tortuous body lumens, but remain
highly stable when cxpanded radially, to matntain the
patency of a body lumen such as an artery or other vesscl
when implanted therein. The unique patterns of the stents off
the instant invention permit both greater longitudinal llex-
ibility and enhanced radial expansibility and stability com-
pared 10 prior art stents.

Each of the different embodiments of slents of the presenl
invention includes a plurality ol adjacent cylindrical cle-
ments which are generally expandable in the radial dircetion
and arranged in alignment along a longitudinal stent axis.
The cylindrical elements are formed in a varictly ol scrpen-
tine wave patterns transverse to the longitudinal axis and
contain a plurality ol alternating peaks and valleys. At least
one 1aterconnecting member extends between  adjacent
cylindrical elements and connects them to one another.
‘These interconnecting members insure minimal longitudinal
contraction during radial expansion of the stent in the body
vessel. ‘The serpentine patterns have varying degrees of
curvature in the regions of the peaks and valleys and are
adapted so that radial expansion ol the cylindrical clements
arc generally uniform around their circumferences during
cxpansion of the stents from their contracted conditions to
their expanded conditions.

The resulting stent structures are a serics ol radially
cxpandable cylindrical clements that are spaced longitudi-
nally close enough so that small disscetions in the wall of a
body lumen may be pressed back into position against the
lumenal wall, but not so close as to compromise the longi-
tudinal flexibility of the stent both when being negotiated
through the body lumens in their unexpanded slate and when
expanded into position. The serpentine patterns allow lor an
cven expansion around the circumicrence by accounting for
the relative dillerences in siress created by the radial expan-
sion of the cylindrical elements. Each of the individual
cylindrical clements may rotate slightly relative 1o their
adjacent cylindrical c¢lements without significant
deformation, cumulatively providing stents which are tlex-
ible along their length and about their longitudinal axis, but
which are still very stable in the radial direction in order to
resist collapse afler expansion.

Each ol the stents of the present invention can be readily
delivered to the desired lumenal location by mounting it on
an cxpandable member, such as a balloon, of a delivery
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catheter and passing the catheler-stent assembly through the
body lumen to the implantation site. A varicty of means for
seeuring the stents to the expandable member of the catheter
for delivery o the desired location are available. Tt is
presently preferred to compress or crimp the stent onto the
unexpanded balloon. Other means to secure the stent Lo the
balloon clude providing ridges or collars on the inflatable
member 1o restrain lateral movement, using bioabsorbable
temporary adhesives, or adding a retractable sheath to cover
the stent during, delivery through a body lumen.

The presently preferred structures for the expandable
cvlindrical clements which form the sients of the present
invention generally have a circumfcerential scrpentine pat-
tern conlaining a plurality of alternating peaks and valleys.
The degrees of curvature along adjacent peaks and valleys
are designed to compensate for the siresses created during
expansion of the stent so that expansion of cach ol the peaks
and valleys is uniform relative to one another. This particular
structure permits the stents to radially expand from smaller
first diamelers 1o any number of larger sceond diamelers
since stress is distributed more uniformly along the cylin-
drical clemeats. This uniformity in stress distribution
reduces the tendency of stress fractures in one particular
region and allows high expansion ratios.

The different sient embodiments also allow the stents to
expaud to various diameters from small 10 large to accom-
modate different-sized body lumens, without loss of radial
strength and limited contraction ol longitudinal length. The
open reticulated structure of the stents results ina low mass
device. I also cnables the perfusion of blood over a large
portion of the arterial wall, which can improve the healing
and repair of a damaged arierial lining.

The serpentine patterns ol the cylindrical ¢lements can
have different degrees ol curvature of adjacent peaks and
valleys to compensate for the expansive propertics of the
peaks and valleys. Additionally, the degree of curvature
along the peaks can be sel to be dillerent in timmediately
adjucent areas to compensate lor the expansive propertics of
the valleys adjacent to it The more even radial expansion of
this design results in slents which can be expanded to
accommodate Targer diameters with minimal out of plance
wwisting since the high stresses are not concentrated in any
one particular region of the patiern, but are more evenly
distributed among the peaks and valleys, allowing them to
expand uniformly. Reducing the amount of out of planc
twisting also minimizes the potential for thrombus lorma-
tion.

The serpentine pattern of the individual cylindrical cle-
menis can optionally be in phase which each other in order
1o reduce contraction of the stents along their length when
expanded. The cylindrical elements ol the slents are plasti-
cally deformed when expanded (exeept with Ni'lT alloys) so
that the stents will remain in the expanded condition and
therefore they must be sufficicatly rigid when expanded (o
prevent the eollapse thereof in use.

With stents formed  from super-clastic aickel-titanium
(Ni't1) allovs, the expansion oceurs when the stress of
compression is removed. This allows the phase transforma-
tion from martensite back to ausleniie (o oceur, and as a
result the stent expands.

Aller the stents are expanded, some of the peaks and/or
valleys may, but not necessarily, tip outwardly and embed in
the vesscl wall. Thus, afier expansion, the stents might not
have a smooth outer wall surface. Rather, they might have
small projections which embed in the vessel wall and aid in
retaining the stents in place in the vessel. The tips projecting
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outwardly and strut twisting are due primarily to the struls
having a high aspcct ratio. In one preferred embodiment, the
strut width s about §.0035 inch and a thickness of about
0.0022 inch, providing an aspect ratio of 1.0. An aspect ratio
of 1.0 will produce less tipping and twisting,.

‘The clongated interconnecting members which intercon-
neel adjacent cylindrical clements should have a transverse
cross-scction similar (o the transverse dimensions ol the
undulating components of the expandable cylindrical cle-
ments. The interconnecting members may be formed in a
unitary structure with the expandable cylindrical clements
formed from the same intermediate product, such as a
tubular element, or they may be formed independently and
mechanically sceured between the expandable cylindrical
clements.

Preferably, the number and location of the interconnecting
members can be varied in order 10 develop the desired
longitudinal flexibility in the stent structure both in the
unexpanded as well as the expanded condition. ‘These prop-
ertics are important to minimize alteration ol the natural
physiology of the body lumen into which the stent is
implanted and to maintain the compliance ol the body fumen
which is internally supported by the stent. Generally, the
greater the longitudinal flexibility of the stents, the casicr
and the more safely they can be delivered 1o the implantation
site, especially where the implantation site is on a curved
section ol a body lumen, such as a coronary artery or a
peripheral blood vessel, and especially saphenous veins and
larger vessels.

Iollowing trom the foregoing proposition is that, in
general, the more interconnecting members there are
between adjacent cylindrical clements of the stent, the less
longitudinal flexibility there is. More interconnecting mem-
bers reduces flexibility, but also increases the coverage ol
the vessel wall, which helps prevent tissue prolapse between
the stent struts. Such an approach to steat design is disclosed
in co-pending patent application Scr. No. 09/008,366, lled
Jan. 16, 1999, by Daniel L. Cox, entitled “Flexible Stent And
Method of Usc,” whose entire contents are hereby incorpo-
raled by reference.

The present invention in particular relates to the control of
stent strength by varying the strut geomelry along the length
of the stent. By making the stent stronger or weaker in
different regions of the stent, the propertics can be custom-
ized to a particular application. "The stent propertics that
could be altered include, but are not limited to, the width of
each strut, and/or the length of cach cylindrical clement or
ring at a constant strut thickness.

The variation of the strength of the stent aflects the
manner in which the stent expands. As expected, the wider
struts tend not Lo deform as easily as the narrower struts
during ¢xpansion, while the longer struts within the longer
cylindrical celements are better adapted (o deployment in
larger diameter vessels. On the other hand, an arca with
shorter cylindrical clements tends to have greater radial
strength than an arca with longer cylindrical clements, given
the same strul cross-scectional arca.

In a preferred embodiment, the present mvention s
dirccied to a longitudinally flexible stent for implanting in a
body lumen and which is expandable from a contracted
condition to an expanded condition. The present invention
stent prelerably comprises a plurality of adjacent cylindrical
elements, cach cylindrical ¢lement having a circumference
extending around a longitudinal stent axis, being substan-
tially independently expandable in the radial direction,
wherein the plurality of adjacent cylindrical clements are
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arranged in alipnment along the longitudinal stent axis and
define a first end section, a second end section, and a center
seetion therebetween; cach eylindrical element having struts
ol a constant thickness formed in a generally serpentine
wave patlern transverse Lo the longitudinal axis and con-
taining alternating valley portions and peak portions; a
plurality of interconnecting members extending between the
adjacent cylindrical clements and connecling valley portions
ol adjacent cylindrical elements to one another; and wherein
the struts of at least one cylindrical clement has grealer mass
than the struts in other cylindrical clements.

The greater mass strut is achicved by increasing the length
ol the strut, and/or increasing the width of the strut. On the
other hand, the greater mass strut is not achicved by increas-
ing strut thickness.

In an exemplary embodiment, the present invention stent
has struts in the eylindrical clements in the center section
that have a greater mass than the steuts in the cylindrical
clements in the first end section and the second end section.
‘The greater mass is achieved by increasing strut width
and/or increasing strut length.

In another exemplary embodiment, the present invention
stent has struts i the eylindrical clements in the center
scetion and the second end section that have a grealer mass
than the struts in the eylindrical clements in the first end
scetion. The greater mass struts is achieved by increasing
strut width and/jor inercasing strut length.

Still another exemplary embodiment of the present inven-
tion stent includes struts in the first end section and the
second end seetion having greater mass than the struts in the
cylindrical clements in the center section. The greater mass
struts is achicved by increasing strut width and/or increasing
strut length.

Increasing or decreasing strut length in cach section
changes the moment arm and consequently the radial
strength of that section. Increasing or decreasing strut width
at a constant strut thickness changes the cross-sectional arca
of the strut and the bending moment. encee, a wider strut
has greater hoop strength and s more resistant to bending,.

Other features and advantages of the present invention
will become more apparent from the following detailed
deseription of the invention, when taken in conjunction with
the accompanying exemplary drawings.

BRILF DESCRIPTION OF TTHE DRAWINGS

FIG. 1 is an clevational view, partially in scction, depict-
g the stent embodying features of the present invention
mounted on a delivery catheter disposed within a vessel.

I'1G. 2 is an clevational view, partially in scetion, similar
to that shown in FIG. 1, wherein the stent is expanded within
a vessel, pressing the lining against the vessel wall.

[1G. 3 is an clevational view, partially in section, showing
the expanded stent within the vessel alter withdrawal of the
delivery catheter.,

I'TG. 4 is a perspective view ol the stent in FIGS. 1-3 in
the expanded state.

FIG. 5 18 an enlarged partial view of an alternative
cmbodiment stent depicting the serpentine pattern with
varying diamcters at the peaks and valleys.

I1G. 6 1s a plan view of an alternative embodiment
flattened stent of the present invention, which illustrates
increased width of the struts in a center section in belween
the first and sceond end sections.

[1G. 7 1s a plan view of an alternative embodiment
flattened stent of the present invention, which illustrates
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increascd length of the cylindrical elements at the center and
second end scctions.
F1G. 8 is a plan view of a preferred embodiment llattened
stent of the present invention, which illustrates increased
strut width at the end sections.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 8A is a plan view of an alternative embodiment
flattened stent of the present invention, depicting allcrnating
long and short cylindrical clements and straight portions
with relatively wider and narrower portions.

Prior art stent designs, such as the Multil.ink Sten
manufactured by Advanced Cardiovascular Systems, luc,,
Santa Clara, Calil,, include a plurality of cylindrical rings
that arc connected by three connecting members bebween
adjacent cylindrical rings. Each ol the cylindrical rings is
formed ol a repeating pattern of U-, Y-, and W-shaped
members, Lypically having three repeating patierns forming
cach cylindrical ring. A more detailed discussion of the
configuration of the MuliiLink Stent™ can be found in U.S.
Pal. No. 5,569,295 (Lam) and U.S. Pat. No. 5,514,154 (Lau
ct al.), whose contents are hereby incorporated by reference.

Beyond those prior art stents, FIG. 1 illustrates an exem-
plary embodiment ol stent 10 incorporating Leatures of the
present invention, which stent is mounted onto delivery
catheter 11, Stent 10 generally comprises a plurality of
radially ¢xpandable cylindrical elements 12 disposed gen-
crally coaxially and interconnccted by interconnecting
members 13 disposed between adjacent cylindrical clements
12. The delivery catheter 11 has an expandable portion or
balloon 14 for expanding stent 10 within artery 15 or other
vessel. The artery 15, as shown in FIG. 1, has a dissceted or
detached lining 16 which has occluded a portion of the
arterial passageway.

‘The dehivery catheter 11 onto which stent 10/ 1s mounted
is essentially the same as a conventional balloon dilatation
catheter for angioplasty procedures. The balloon 14 may be
formed of suitable materials such as polycethylene, polyeth-
ylene terephthalate, polyvinyl chloride, nylon and, ionomers
such as Surlyn® manulactured by the Polymer Products
Division of the Du Pont Company. Other polymers may also
be used.

t ™

In order for stent 10 1o remain in place on balloon 14
during delivery to the site of the damage within artery 185,
stent 10 is compressed or crimped onto balloon 14. A
retractable protective delivery slecve 20 may be provided to
ensure that stent 10 stays in place on balloon 14 of delivery
catheter 11 and to prevent abrasion ol the body lumen by the
open surface of stent 10 during delivery (o the desired
arterial location. Other means for securing stent 10 onto
balloon 14 also may be used, such as providing collars or
ridges on the ends ol the working portion, L.e., the cylindrical
portion, of balloon 14. Each radially expandable cylindrical
clement 12 of stent 10 may be independently expanded.
Theretore, balloon 14 may be provided with an inllated
shape other than cylindrical, c.g., tapered, o facilitate
implantation of stent 10 in a varicty ol body lumen shapes.

In a preferred embodiment, the delivery of stent 10 s
accomplished in the following manner. Stent 10 s first
mounted onto inflatable baltoon 14 on the distal extremity of
delivery catheter 11. Stent 10 may be crimped down onto
balloon 14 to obtain a low profile. The catheter-stent assem-
bly can be introduced within the patient’s vasculature in a
conventional Seldinger technique through a stiding catheter
(not shown). Guidewire 18 is disposcd through the damaged
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arterial seetion with the detached or dissected lining 16. The
catheter-stent assembly is then advanced over guide wire 18
within artery 15 until steat 10 is directly under detached
lining 16. Balloon [4 of catheter 11 is inflated or expanded,
thus expanding stent 10 against the inside of artery 185,
which is illostrated o FIG. 2. While not shown in the
drawing, artery 15 is preferably expanded slightly by the
expansion of stent 10 to scat or otherwise embed sient 10 10
prevent movement. Indeed, in some circumstances during
the treatment of stenotic portions of an artery, the artery may
have 1o be expanded considerably in order 1o facilitate
passage of blood or other fluid therethrough.

While FIGS. 1-3 depict a vessel having detached lining
16, stent 10 can be used for purposces other than repairing the
lining. Those other purposes include, for example, support-
ing the vessel, reducing the likelihood of restenosis, or
assisting in the attachment of a vascular gralt (not shown)
when repairing an aortic abdominal ancurysn.

In general, stent 10 serves 1o hold open artery 15 after
calheter 11 is withdrawn, as illustrated in FIG. 3. Due to the
formation of stent 10 [rom an elongated tubular member, the
undulating component ol the cyvlindrical clements ol stent 10
is relatively flat in a transverse cross-section so that when
stent 10 is expanded, cylindrical clements 12 are pressed
into the wall of artery 15 and as a result do not interfere with
the blood flow through artery 15. Cylindrical clements 12 of
stent 10 that are pressed into the wall of artery 15 will
eventually be covered with endothelial cell growth that
further minimizes blood Ilow turbulence. The serpentine
pattern ol eylindrical sections 12 provide good tacking
characteristics 1o prevent stent movement within the artery.
Furthenmore, the closely spaced cylindrical clements 12 at
regular intervals provide uniform support for the wall of
artery 15, and consequently are well adapted Lo tack up and
hold in place small laps or disscctions in the wall of artery
15 as illustrated in FIGS. 2 and 3.

The stresses involved during cxpansion from a low profile
to an c¢xpanded prolile are gencrally evenly distributed
among the various peaks and valleys of stent 10. As seen in
the perspective view ol IIG. 4, cach expanded cylindrical
clement 12 of stent 10 embodics the serpentine paltern
having a plurality of peaks 36 and valleys 30 that aid in the
cven distribution of ¢xpansion lorces. In this exemplary
cmbodiment, interconnecting members 13 serve 1o connecl
adjacent valleys 30 of cach adjacent cylindrical clement 12
as deseribed above. The various peaks and valleys generally
liave U, Y, and W shapes, 1o a repeating pattern to form each
cylindrical clement 12.

During ¢xpansion, double-curved portions (W) 34 located
in the region ol the valley where interconnecting members
3 are conncected have the most mass and accordingly are the
stiflest structure during deformation. In contrast, peak por-
Lions (U) 36 are the least sufl, and valley portions (Y) 30
have an intermediate stiffness.

By allocating the amount of mass to specific struts, it 1s
possible to create a stent having variable strength with
greater strength at the high mass arcas. Given a stent having
a conslant thickness in its struts, the increased mass 1s
accomplished by increasing the width of the strut and/or
mercasing the length of the swut. The following exemplary
cmbodiments apply this theory.

I1G. 6 is a plan view ol exemplary embodiment stent 10
with the structure flattened out into two dimensions 1o
lacilitate explanation. Stent 10 can be viewed in FIG. 6 as
having three scctions; namely, first and sccond end sections
31A and 311, respectively, and center section 31C. As is
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shown, first end section 31A has interconnecting members
13 in cach double-curved portion (W) 34, thereby providing
maximum support at that end of the stent. First end section
31A may optionally have connected thereto center section
31C as shown. But in an alternative embodiment {(not
shown), center section 31C may have the same number of
interconnecting members 13 with the same cylindrical cle-
ment design as first end section 31A or second end seclion
31B. Onc may therefore think of this aliernative cmbodi-
ment as having center section 31C completely omitted.

The FIG. 6 cmbodiment incorporaltes stent strut 17 in cach
cylindrical element 12 at first end section 31A and sccond
end scction 311 that have a narrow width as compared to the
broader or wider strut width of stent strut 19 in center section
31B. As explained carlicr, this construction can be viewed
from a mass-based approach. In particular, at a constant strut
thickness and with the presence of wider struts 19, cach
cylindrical clement 12 in center section 31C has a greater
mass than the cylindrical elements In either the first or
second end scections 31A, 3113,

The wider struts 19 concentrate more radial or hoop
strength at the center of stent 10. This design is especially
well suited o a very focal lesion in which a gradual
transition to the normal artery is desired.

In the exemplary embodiment of I'LG. 6, cach cylindrical
clement 12 in center scction 31C includes preferably three
interconnecting members 13 to connect double curved por-
tion (W) 34 of one cylindrical clement 12 to valley portion
(Y) 30 of an adjacent cylindrical clement 12, In the exem-
plary embodiment shown in FIG. 6, inlerconnecting mem-
bers 13 within center section 42 are preferably spaced 120
degrees apart.

Each cylindrical element 12 is made up ol three repeating
serpentine wave pattern sections with valley portion (Y) 30,
peak portion (U) 36, and double curved portion (W) 34.
Valley portion 30 and peak portion 36 cach has a generally
single radius of curvature. Valley portion 30 1s connected to
interconnecting member 13 and bridges to double curved
portion 34. Interconnecting members 13 are prelerably
straight. All of the alorementioned structures preferably lic
within center section 31C. The ¢ylindrical clement construc-
tion is repeated for first and second end sections 31TA and
31B.

Cylindrical clement 12 found within sceond end section
3118 has repeating serpentine wave patterns with valley
portion (Y) 30 and peak portion (U) 36, but no double curve
portion (W) 34. Of course, the difference is the omission of
interconnecting members 13 in sccond end section 318 to
conneet the cylindrical elements to yet another adjacent
cylindrical ¢lement. Although contemplated but not shown,
there can be more than one cylindrical element 12 1n second
end section 31B.

Interconnecting members 13 may be aligned axially in
every other cylindrical clement 12, as shown in '1G. 6, or
they may be staggered depending on the design’s bending,
requirements. Indeed, the present inveation conirols stent
{lexibility by using the number of interconnecting members
between cylindrical clements ol the stents. Generally
speaking, the more interconnecting members there are
between eylindrical elements of the stent, the less longitu-
dinal flexibility there is. So more interconnecting members
reduces llexibility, but increases the coverage of the vesscl
wall which helps prevent tissuc prolapse between the stent
slruts.

In summary, it is contemplated that the number of cylin-
drical clements within first and sccond end scctions 31A,
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318, and center section 31C be varied as needed. The
numbers and locations ol interconnecting members 13 may
be varied as needed 100,

In a preferred embodiment steat 50, shown in a lattened,
plan view of F1G. 8, the opposite to the stent design shown
in FIG. 6 could be applicd. Here, center section 52C has
narrow struts 54 and wider struts 56 are found in lirst end
seetion 52A and second cud section 5213,

This preferred embodiment stent 50 could be used (o give
extra support or radial strength at the ends of the stent since
the ¢nds are not supported by an adjacent cylindrical ele-
ment. Favoring such an approach are some existing balloon
expandable stent designs thal start expanded at the ends of
the stent before (he center when deployed. 11 modified in
accordance with the preferred embodiment, such stents
would expand more consistently or homogencously along
the length of the stent.

Aside from strut widths, the averall strut patiern of slent
50 in FIG. 8 is similar to the embodiment shown in [F1G. 6.
Stent 50 is formed {rom individual rings or cylindrical
clement 58 that arc linked by intereonnecting members 60,
LEach ring or cylindrical clement 58 is comprised of a
serpentine wave pattern made up ol valley portions (Y's) 62,
double curved portions (W’s) 64, and peak portion (U’s) 66.
Interconnecting member 60 preferably joins valley portion
(Y) 62 of one cylindrical clement 38 to double curved
portion (W) 64 ol the adjacent cylindrical clement 38. There
are preferably three interconnecting members 60 spaced 120
degrees apart and joining cach pair of adjacent cylindrical
clements 538, Of course, the number and locations ol inter-
connecting members 60 joining cylindrical clements 58 can
be changed as required.

In the preferred embodiment, peak portion (U) 66 has
optional strut segment 68 shaped like a loop or bulb. Strut
scgment 68 may have a constant or variable curvature to
allect expansion stresses and uniformity, the details of which
are explained below In connection with [F1G. 5.

FIG. 7 is a plan view of aliernative embodiment stent 21
flattcned nto a two-dimensional plane for the sake of
illustration. Again from a mass bascd approach, the present
invention stent 21 has struts 22 in the cylindrical clements in
center scction 23C and sccond end scetion 231 that have a
greater mass than struts 24 in the cylindrical elements in first
¢nd section 23A. Looking at the exemplary embodiment of
I'1G. 7 a bit differently, the drawing also depicts the present
invention stent 21 including struts 22 in the cylindrical
clements in center section 23C having the same mass and
pencral shape as struts 22 in the cylindrical clements in
sceond end section 2313,

To achicve the greater mass at a constant thickness, struts
in cach cylindrical clement in center section 23C have a
greater length than the struts in the eylindrical clements in
first ¢nd seetion 23A. Aliernauvely, struts in cach cylindrical
clement in center seetion 23C and second end section 2313
preferably have a greater length than the struts in the
cylindrical clement in first cod section 23A. As such, cach
cylindrical ¢lement in center section 23C or in sceond end
scetion 231 has a preater mass than a cylindrical clement 1in
first cnd scetion 23A.

The embodiment of FIG. 7 usces the strut lenglh to control
the radial strength of sicat 210 The struts in eylindrical
clements in first end scection 23A are shorter with a shorter
moment arm and therelore stronger than the long struts in
center section 23C or sccond end section 23B. In clfect, the
racial strength of stent 10 is reduced by the increased
moment arm in sections 23C and 23B.
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Such a design could be used for ostial lesions in which the
region at the ostium requires more strength than the arca
away from the ostium. The present invention sient in a
balloon c¢xpandable embodiment is also well suited for use
in saphenous vein gralts, because the distal end of stent 21
would open first and trap any plaque Irom lowing down-
stream.

The arrangement of the Interconnecting members 13, and
the repeating serpentine wave patterns with valley portion
(Y) 30, peak portion (U) 36, and double curve portion (W)
34 is similar to the embodiment shown in FIG. 6. Naturally,
there can be more or fewer cylindrical ¢lements 12 than thal
shown in first and second end sections 23A, 2318 and cenler
section 23C. The number and locations of inicrconnecting
members 13 can also be varied as needed 1o adjust longi-
tudinal rigidity of stent 21.

In an alternative embodiment as shown in F1G. 8A, the
increased strut lengib concept of FIG. 7 can be incorporated
into the strut pattern shown in F1G. 8. Tn such a steal, the lirst
and sccond high mass cnds have long struts for reduced
radial or hoop strength while the center section has shorier
length struts. As uscd herein, cylindrical clements and rings
arc usced interchangeably, interconnecting members and
links arc used interchangeably, and center scction and third
seetion are uscd interchangeably. Referring to the embodi-
ment of FIG. BA, an unexpanded stern 70 is lormed of rings
or cylindrical clements 71 which are connected by links or
interconnecting members 72, The cylindrical ¢lements are
arranged in a frst end scction 73, a second end section 74.
and a center section 75. Each of the cylindrical clements is
formed in a generally serpentine wave pattern 76 as shown
in F1G. BA, and the curved portions of the wavce pattern arce
connected by generally straight portions 78. Lach cylindrical
clement has at least one U-shaped member 77. As with Lhe
other embodiments, a W-shaped member 79 is formed by at
lcast one of the cylindrical elements and one ol the inter-
connecling members, and a Y-shaped member 80 is formed
by at least onc ol the cylindrical clements and one of the
interconnecting members. o this ecmbodiment shown in a
flattened configuration, the cylindrical clements are con-
nected together and arranged along the longitudinal stent
axis, In tubular form, cach cylindrical clement has a cir-
cumfcerence extending around the longitudinal stent axis. In
FIG. BA, the interconnecting members extend substantially
parallel to the longiudinal stent axis. As can be seen,
interconnecting members 81 have a length that is longer than
cyhndrical elemcents 82. Similarly, interconnecting meaibers
83 have a length thacis shorter than eylindrical clements 84.
The generally straight portions of the cylindrical clement in
the first end section 73 or the second end section 74 has a
length 85 that is longer than the length 86 of gencrally
straight portions ol the cylindrical clement in the center
scetion 75. Longitudinal flexibility is achicved at least in pan
by varying the widths of the various portions of the cylin-
drical elements. For example, the generally straight portions
87 in the first end section or the sceond end section are wider
than the generally siraight portions 88 in the center section.

As best seen in FIG. 4, because of the mass involved with
the present invention stent designs, double curved portion
(W) 34 is the stiffest structure and peak portion 36 is the least
stifl structure, which account for the diflerenl stresses arising
during expansion. Also, the least sufl structure, peak portion
36, is positioned between double curved portion 34 and
valley portion 30, which are comparatively stifler structures.

To cven out the stresses, peak portion 36 in an alternative
embodiment optionally has different curvatures at regions 32
and 33, as seen in I'1G. 5. Region 33 has a larger radius than
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region 32 and cxpands more casily. Since region 32 is
adjacent the stiffer arca of double curved portion 34, both
region 32 and double curved portion 34 ¢xpand more

Lurtlicr, valley portion 30 and double curved portion 34 have
different diameters 10 ¢ven out the expansion forees in
relation to peak portion 36. Duc to the unique structure as
described, the shortcomings of the prior art, which include
out of plane 1wisting of the meral, are avoided. These
dilfering degrees ol curvature along peak portion 36 allow
for the more ¢ven expansion of the eylindrical clement 12 as
a whole.

Stent 10 of FIGS. 1-6 has an cxpansion ratio {rom the
crimped (o expanded configuration in the range of about, for
example, 1.0 10 5.0, while maintaining siructural integrity
when expanded. As depicted in FIG. 4, after expansion of
stent 10, portions of the various cylindrical elements 12 may
s outwardly, forming small projections 38 that cmbed in
the vessel wall. More precisely, tip 39 of peak portion 36 tilts
outwardly a sufficicnt amount upon ¢xpansion ol stent 10 to
cmbed into the vessel wall thus helping sceure implanted
stent 10. Upon expansion, projections 38 create an outer
wall surface on stent 10 that is not smooth. On the other
hand, while projections 38 assist in securing stent 10 in the
vessel wall, they are not sharp so as 1o cause lrauma or
damage 1o the vessel wall.

Tips 39 projecting outwardly and strut twisting are due
primarily Lo the struts having a high aspect ratio. In one
preferred embodiment, the strut width is about 0.0035 inch
and a thickness ol about 0.0022 inch, providing an aspect
ratio ol 1.6. An aspect ratio of 1.0 will produce less tipping
and twisting.

The dimensions of any of the foregoing exemplary
cmbodiments can be sclected 1o achieve optimal expansion
and strength characteristics for a given stent. The number of
bends in cach eylindrical clement, as shown in FIGS. 6, 7
and 8 for example, can also be varied.

In many of the drawing figures, the present invention stent
is depicted flat, in a plan view for case ol ilustration. All of
the embodiments depicted herein are cylindrically-shaped
stents that are generally formed From tubing by laser cutling
as described below.

One important feature of all of the embodiments of the
present invention is the capability of the stents to expand
from a low-profile diamelter to a diameter much greater than
heretofore was available, while still maintaining structural
integrity in the expanded state and remaining highly flexible.
Duc to the novel structures, the stents of the present inven-
ton cach have an overall expansion ratio of about 1.0 up (o
about 4.0 times the original diameler, or more, using certain
compuositions of stainless steel. For example, a 3161 stain-
less steel stent of the vention can be radially expanded
from a diameter of 1.0 unit up to a diameter of about 4.0
units, which deforms the structural members beyond the
clastic limit, The stents still retain structural integrity in the
cxpanded state and will scrve 1o hold open the vessel in
which they are implanted. Malerials other than stainless
steel (3161) may alford higher or lower expansion ratios
without sacrificing structural integrity.

The stents ol the present invention can be made in many
ways. However, the preferred method of making the stent is
o cut a thin-wailed tubular member, such as stainless steel
tubing to remove portions ol the tubing in the desired pattern
for the stent, leaving relatively untouched the portions of the
metallic tubing which are to form the stent. 1tis preferred to
cut the wbing m the desired pattern by means of a machine-
controlled laser.
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The tubing may be made of suitable biocompatible mate-
rial such as stainless steel. The stainless steel lwbe may be
alloy-lype: 3161 SS, Special Chemistry per ASTM F138-92
or ASTM I'139-92 grade 2. Special Chemistry of type 3161,
per ASTM [F138-92 or ASTM F139-92 Stainless Steel for
Surgical Implants in weight pereent.

0.03% max.
2.00% max.
023% max.
0.010% max.
0.75% max.
17.00-19.00%
13.00-15.50%
2.00-3.00%
0.10% muax.

Carbon ()
Manganese (Mn)
Phosphorous (P)
Sulphur (8)
Silicon (Si)
Chromium (Cr)
Nickel (Ni)
Molybdenum (Mo)
Nitrogen (N}

Copper (Cu) 0.50% max.
Iron (Fc) Balance

The stent diameter is very small, so the tubing from which
it is made must neeessarily also have a small diameter.
Typically the stent has an outer diameter on the order of
about 0.06 inch in the unexpanded condition, the same outer
diameler of the tubing from which it is made, and can be
cxpanded to an outer diameter of 0.2 inch or more. The wall
thickness of the tubing is about 0.003 inch.

Generally, the tubing is put in a rotatable collet fixture of
a machine-controlled apparatus for positioning the tubing
relative to a laser. According to machine-cncoded
instructions, the tubing is then rotated and moved longitu-
dinally relative to the laser which is also machine-
controlled. The laser sclectively removes the material from
the twbing by ablation and a pattern is cul into the tube, The
tube is therefore cut into the discrete patiern ol the finished
stent.

The process of cutting a pattern for the stent into the
tubing geacrally is automated exeept for loading and unload-
ing the length ol tubing. or example, a patiern can be cut
in tubing using a CNC-opposing collet fixture for axial
rotation of the length of tubing, in conjunction with CNC
X/Y table to move the length of tubing axially relative to a
machine-controlled laser as described. The entire space
between collets can be patlerned using the CO,, Nd or YAG
laser sct-up of the forcgoing example. The program for

s control of the apparatus is dependent on the particular

configuration used and the patiern (o be ablated in the
coding,.

Cutting a line structure (0.0034 inch web width) requires
minimal heat input and the ability to manipulate the tube
with precision. It is also necessary o support the tube yet not
allow the stent structure to distort during the culting opera-
tion. In order to successfully achiceve the desired end results,
the cntire system must be configured very carclully. The
tubes are made ol stainless steel with an outside diameter off
0.060 inch 10 0.100 inch and a wall thickness ol 0.002 inch
to 0.008 inch. These tubes are fixtured under a laser and
positioned utilizing a CNC to generate a very intricate and
precise pattern. Due (o the thin wall and the small geometry
ol the stent pattern (0.0035 inch typical strul width), it is
necessary Lo have very precise control ol the laser, its power
level, the Tocused spol size, and the precise positioning of
the laser cuting path.

In order to minimize the heat input into the stent structure,
which prevents thermal distortion, uncontrolled burn out of
the metal, and metallurgical damage duc 10 exeessive heat,
and thereby produce a smooth debris-free cut, a Q-switched
Nd/YAG, typically available from Quantonix ol llauppauge,
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N.Y., that is {requency-doubled to produce a green beam at
532 nanometers is utilized. Q-switching produces very short
pulses (<100 n8) of high peak powers (kilowaits), low
encrgy per pulse (£3 ml), at high pulse rates (up to 40 kT1z).
The frequency doubling of the beam from 1.00 microns to
0.532 microns allows the beam o be Tocused (o a spot size
that is two times smaller, therclore increasing the power
density by a factor of four times. With all of these
paramcters, it is possible (o make smooth, narrow cuts in the
stainless steel wbes in very fine geometries without dam-
aging the narrow struts that make up the stent structure.
lcnee, the system of the present invention makes it possible
1o adjust the laser parameters Lo cut narrow kerf width which
will minimize the heat input into the material.

‘Ihe positioning of the tubular structure requires the use of
precision CNC cquipment such as that manufactured and
sold by Anorad Corporation. In addition, a unique rotary
mechanism has been provided that allows the computer
progeam o be written as if the pattern were being cul from
a Nat sheet. This allows both circular and linear interpolation
o be utilized in programming.

The optical system which cxpands the original laser
beam, delivers the beam through a viewing head and Yocuses
the beam onto the surlace of the tube, incorporates a coaxial
gas jel and nozzle that helps to remove debris [rom the kerf
and cools the reglon where the beam interacts with the
material as the beam cuts and vaporizes the metal. His also
neeessary 1o blocek the beam as it cuts through the top surface
of the wbe and prevent the beam, along with the molten
metal and debris from the cut, from mpinging on the
opposite surface of the tube.

In addition to the laser and the CNC positioning
cquipment, the optical delivery system includes a beam
expander (o increase the laser beam diameter, a circular
polarizer, typically in the form of a quarter wave plate, to
climinate polarization cffects in metal cutting, provisions for
a spatial filter, a binocular viewing head and focusing lens,
and a coaxial gas jet that provides for the introduction of a
gas stream that surrounds the focused beam and is directed
along the beam axis. The coaxial gas jet nozzle (0.018 inch
1.D) is centered around the focused beam with approxi-
maltely 0.010 inch between the tip of the nozzle and the
bing. The jet is pressurized with oxygen at 20 psi and is
dirceted at the wbe with the focused laser beam exiting the
tip ol the nozzle (0.018 inch dia.). The oxygen reacts with
the metal 1o assist in the culling process very similar (o
oxyuacelylene cutting. The focused laser beam acls as an
ignition source and controls the reaction of the oxygen with
the metal. In this manner, it is possible to cut the malerial
with a very line kerf with precision,

In order to prevent burning by the beam and/or molten
slag on the far wall of the tbe LD a stainless steel mandre!
(approx. 0.034 inch dia.) is placed inside the tube and is
allowed to roll on the bottom of the tubce as the paticrn is cul.
This acts as a beam/debris barrier protecting the far wall 1.D.

Alternatively, this may be accomplished by inscrting a
sceond tube mside the stent tube which has an opening to
trap the excess enerpy in the beam which s transmitted
through the kerl along which collecting the debris that is
cjected [rom the luser cut kerl. A vacuum or positive
pressure can be placed in this shiclding tube to remove the
collection of debris.

Another technique that could be utilized to remove the
debris from the kerfl and cool the surrounding material
would be 1o use the inner beam blocking tube as an internal
gas jet. By scaling one end of the tbe and making a small
hole in the side and placing it directly under the focused
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laser beam, gas pressure could be applied creating a small jet
that would force the debris out of the laser cut kerf from the
inside out. This would climinate any debris from forming or
collecting on the inside of the stent structure. It would place
all the debris on the outside. With the use of special
prolective coatings, the resultant debris can be casily
removed.

In mosl cases, the gas utilized in the jels may be reactive
or non-reactive (inert). In the case of reactive gas, oxygen or
compressed air 1s used. Oxygen is used in this application
since it offers more control of the material removed and
reduces the thermal effeets of the material itsclf. Incrt gas
such as argon, helium, or nitrogen can be used to eliminate
any oxidation of the cul malterial. The result is a cut edge
with no oxidation, but there is usually a tail of molicn
malerial that collects along the exit side of the gas jet that
must be mechanically or chemically removed alter the
culting vperation.

The culting process ulilizing oxygen with the lincly
focused green beam results in a very narrow kerf
(approximately 0.0005 inch) with the molien slag
re-solidifying along the cut. This traps the cut-out scrap of
the pattern requiring further processing. In order o remove
the slag debris from the cut allowing the scrap to be removed
from the remaining stent pattern, it is necessary 1o soak the
cut tube in a solution of HCL for approximately cight
minutes al a temperature of approximately S5 degrees C.
Before it is soaked, the tube is placed in a bath of alcohol/
water solution and ultrasonically cleaned for approximately
one minute to remove the loose debris lelt from the culting
operation. After soaking, the tube is ultrasonically cleancd in
the heated HCL for one to four minutes depending upon the
wall thickness. ‘1o prevent cracking/breaking ol the struts
attached 0 the material left at the two ends of the sient
pattern due to harmonic oscillations induced by the ultra-
sonic cleaner, a mandrel is placed down the center of the
be during the cleaning/scrap removal process. Al comple-
tion of this process, the stent structures are rinsed in walcr.
They are now ready for clectropolishing.

The stents are preferably electrochemically polished in an
acidic aqueous solution such as a solution of ELECTRO-
GLO #300, sold by the ELECITRO-GIL.O Co., Inc. in
Chicago, 111., which is a mixture ol sulfuric acid, carboxylic
acids, phosphales, corrosion inhibitors and a biodegradable
surface active agent. The bath temperature is maintained at
about 110~133 degrees . and the current density is about 0.4
to about 1.5 amps per in?. Cathode 1o anode arca should be
at least aboul two to one. The stents may be further (reated
il desired, for example by applying a biocompatible coaling.

Direct laser cutting produces edges which are essentially
perpendicular o the axis of the laser cutting beam, in
contrast with chemical ctehing and the like which produce
patiern cdges which are angled. Thenee, the laser cutting
process of the present invention essentially provides stent
cross-scctions, from cut-to-cut, which are square or
rectangular, rather than trapezoidal. The resulting stent
structure provides superior performance.

The stent tubing may be made of suitable biocompatible
material such as slainless steel, titanium, tantalum, super-
clastic (nickel-titanium) NiTi alloys and even high strength
thermoplastic polymers. The stent diameters are very small,
so the tubing from which 1t is made must necessarily also
have a small diameter. For PCTA applications, typically the
stent has an outer diamelter on the order of about 1.65 mm
(0.065 inches) in the unexpanded condition, the same outer
diameter of the hypotubing from which it is made, and can
be expanded to an outer diamelter of 5.08 mm (0.2 inches) or
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more. The wall thickness of the tubing is about 0.076 mm
(0.003 inches). For stents implanted in other body lumens,
such as PTA applications, the dimensions of the tubing arc
correspondingly larger. While it s preferred that the stents
be made from laser cut tubing, those skilled in the art will
realize that the stent can be laser cul from a Mal sheet and
then rolled up in a cylindrical configuration with the longi-
tudinal edges welded (o l[orm a cylindrical member.

In the instance when the stents are made [rom plastic, the
implanted stent may have to be heated within the arlerial site

where the stents are expanded o facilitate the expansion of

the stent. Once expanded, it would then be cooled 1o retain
its expanded state. The stent may be conveniently heated by
heating the fluid within the balloon or the balloon itself
directly by a known method.

The stents may also be made of materials such as super-
clastic (sometimes called  pscudo-clastic) nickel-titanium
(NITI) alloys. In this case the stent would be formed [ull size
but delormed (e.g. compressed) W a smaller diameler onto
the balloon of the delivery catheter to fucilitate intraluminal
delivery (o a desired intraluminal site. The stress induced by
the deformation translorms the stent from an austenite phase
to a martensite phase, and upon release of the lorce when the
stent reaches the desired intraluminal location, allows the
stent 1o expand duc to the transformation back to the more
stable austenite phase. Further details ol how Ni'l1 super-
clastic alloys operate can be found in U.S. Pat. No. 4,605,
906 (Jervis) and U.S. Pal. No. 5,007,957 (Jervis), incorpo-
rated herein by reference i their entirety.

While the invention has been illustrated and described
hercin in terms of its usce as intravascular stents, it will be
appurent Lo those skilled in the art that the stents can be used
in other instances in all vessels in the body. Since the stents
ol the present invention have the novel feature of expanding
o very large diameters while retlaining their structural
integrity, they are particularly well suited for implantation in
almost any vessel where such deviees are used. This feature,
coupled with limited longitudinal contraction of the stent
when they are radially expanded, provide a highly desirable
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supporl member for all vessels in the body. Other modifi-
cations and improvements may be made without departing
from the scope of the invention.

What is claimed is:

1. A longitudinally flexible and unexpanded stent, for
implanting in a body lumen and expandable from an unex-
panded condition (o an expanded condition, comprising:

a plurality of cylindrical elements, cach cylindrical ele-
ment having a circumlerence extending around a lon-
gitudinal stent axis, wherein the plurality of cylindrical
clements are arranged along the longitudinal stent axis
and have a first end section, a second end scetion, and
a cenler section therebelween;

cach cylindrical clement formed in a generally serpentine
wave patiern and having generally straight portions;

a plurality of interconnecting members extending sub-
stantially parallel to the longitudinal stent axis connect-
ing the cylindrical elements together;

al least one of the cylindrical elements and one of the
interconnecting members being configured 1o form a
W-shaped member and al least one ol the cylindrical
clements and one of the interconnecting members being,
configured to form a Y-shaped member;

wherein at least some ol the inlerconnecting members
have lengths longer than at least some axial lengths of
the cylindrical clements and at least some ol the
interconnecting members have lengths shorter than at
least some axial lengths of the cylindrical elements;

whercin the generally straight portions of a cylindrical
clement in at least one ol the lirst end section and the
second end section have greater Iength than the gener-
ally straight portions of al least one cylindrical ¢lement
in Lhe center scction; and

the generally straight portions in the first end section and
the sccond end section have widths that are wider than
the generally straight portions in the center scction.
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