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(57) Abstract:  An annular
mesh expandable radially from
a compact diameter to a radially-
expanded deployed disposition
in which the mesh is capable of
sustaining a radially outwardly
directed resistive force even
when flexing its longitudinal
axis out of a straight line, the
mesh being composed of stenting
struts, the stenting struts being
arranged in a plurality of zig-zag
strings around the circumference
of the lumen, with occasional
connector struts joining adjacent
strings to create a closed
circumference unit cell between
two such connector struts and
two adjacent connected strings
there being a plurality of such
unit cells arranged in sequence
around the circumference
between said two adjacent
strings; and characterised in
that there is a non-constant
increment of strut length, serving
to displace along the longitudinal
axis each unit cell relative to the
circum{ erentially next adjacent
unit cell.
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Annular Mesh

Field of the Invention

This i1invention relates to an annular mesh that defines a

lumen that surrounds a longitudinal axis of the mesh, the

mesh beling capable of sustaining a radially outwardly

directed resistive force even while flexing in response to

externally applied forces that bend i1ts longitudinal axis out

_

of a straignt line, the mesh beilng composed of struts, the

P

struts defining a plurality of repeating unit cells each with

a closed periphery, a string of said unit cells providing

cach of a plurality of stenting loops that surround said

ilumen.

Background Arxrt

Such an annular mesh i1s the operative part of a bodily

R

prosthesis that i1s commonly known as a stent. The purpose o:
the stent is to maintain a bodily lumen patent and, to do

thig, the mesh of the stent must resist the radially inward

pressure of the bodily tissue that would otherwise close the

bodily lumen.

As usage of annular mesh stents becomes ever more

sophilisticated, the demands for the annular mesh to be

flexible, even while it resists radially inward pressure from

bodily tissue, also increase. Stent designers have found it
ci:

reguirements for the longitudinal axis of the mesh to bend

1)

ficult to increase flexibility (in response to

F

out of a straight line) while retaining adeguaite resistance

to radially inward forces on the mesh.

Readers will readily appreciate that improvements in stent

design could yvield annular meshes that are interesting for

application pevond bodily prostheses, whenever a combination
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of good resistance to radially inward force, and gococd bending

Flexikbility, 1is reguired. The present invention may have

applications bevond bodily prostheses and therefore the

definition of the present invention refrains from limitation

to stents.

Up to now, there have been two archetypal stent mesh designs,

F

the first exhibiting a sequence of stenting rings each of

which is a closed loop around the longitudinal axis. Adjacent

stenting rings need to be connected so as to maintain a

predetermined spacing between adjacent stenting rings along

the length of the stent. Individual stenting rings have

i 1)

iittle or no capacity to bend when the longitudinal axis o:

the annular mesh i1is urged by external forces into a bent

rather than a straight line, so the connectors between

adjacent stenting rings carxry most of the strain that allows

P

such bending. Increasing the number of connectors increases

the rigidity of the mesh, but an insufficient number of

connectors can prejudice the integrity of the mesh. In

aua

conseqguence, many of the connectors evident in commercial

stents are long and serpentine rather than short and

straight. For examples of ring stents, see for example US-B-
6770089, US2002/0116051 and WO pubklications 2005/06781l6,
96/26689, 99/55253 and 03/055414.

The other characteristic form of a stent mesh 18 the helical

stent, in which stenting struts proceed as zlig zags around a
spiral path from one end of the stent to the other.
Connectors may be provided at spaced intervals, between

o —

sugcessive turns of the spiral, for locational integrity of

the mesh. A spiral form mesh has inherently more flexibility,

and less registance to radially inwardly directed forces,

than 1s the case with a stack of clesed stenting lcops

'

arrancged transverse to the longitudinal axis of the annulus

- -
f—

of the stent., For examples of helical stents, see for
example, EP-A-1245203 and 870483, US Patents 6053840 and WO
publicationsg 2002/049544 and 01/01889.
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Considering both the “ring stent” and “helical stent”

categories, stenting loops advance around the circumference

piv'vs

of the stent lumen as a zig~zag of stent struts that

alternate with zones of inflection. Taking the line that is

' -
p—

the bisector of the angle between two adjacent struts of a

zig-zag loop, that bisector will likely lie parallel or near

=

parallel to the longitudinal axis of the stent lumen, in any

ring stent. Conversely, in any helical stent, that bisector

will likely lie at an angle to the longitudinal axis, that is

"

larger as the helical pitch of the stenting loops gets

ilarger.

Summary of the ITnvention

The present inventor recognized the advantages in retaining

F

something of the flexibility of the spiral stent mesh,

F

together with something of the radial force capability of

closed stenting loops. This he accomplishes by providing a

unit cell for the stent matrix, wnich resembles that of s

ring stent vyvet, when assembled into the stent matrix, vields

- g——
p—

a spiral wind of unit cells around the longitudinal axis of
Che stent.

The point can be i1llustrated by a chessboard. A ring stent is

like a rook (castle). The zig-zag stenting ring advances

arouné the circumference strictly perpendicular te the
longitudinal axis of the stent lumen. A helilical stent ig like
the bishop. He advances in a straight line again, but

—

slanting to the long axis of the lumen. Embodiments of the

present 1nvention exhibit a path of advance of the zig-zag

stenting loops like the way the knight moves - forwards, then

across, then forwards again.

In one empodiment of annular mesh in accordance with rthe

present invention, succegsive stenting loops are joined end-

il

to-end 1in a continuous spiliral around the longitudinal axis of
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the annulus, but the successive turns of the spiral are made

out of a plurality of unit cells, each with a closed

periphery. The closed cells contribute a greater capability

than a pure spiral stent to resist externally imposed

radially inwardly directed forces, while the spiral
architecture of the mesh contributes more flexibility than a

closed lcocop stent mesh. Not all struts that make up the

periphery of the unit cell share the same length. By
introducing a strut length increment within the periphery,

the i1nvention can e realised.

Thinking about conventional ring stents, typically all struts

in a unit cell have the same length. Ag for conventional

spiral stents, the struts typically exhibit a constant

incremental shift of the position of the struts along the

lengitudinal axis of the stent. In the present invention, the

veriphery of the unit cell 1s characterised by a departure

=

form this degree of uniformity.

Typically, in an annular mesh in accordance with the present
invention, there is a strut that is shared by two adjacent

unit cells, that strut contributing to the periphery of both

of the two adijacent cells. In one embodiment, each such strut

has a length directicon that is parallel to the longitudinal

axis. In other embodiments, the length direction of the strut

is not parallel to the longitudinal ax:is.

J—

Looking at the unit cells of prior art closed loop stenting

meshes, 1t 1s often possible to identify a unit cell that

exhibits mirror symmetry about a plane that includes the

longitudinal axis of the mesh. Typically, in the present

invention, the unit cell lacks such mirxror symmetry. Instead,

the unit cell of the present invenition typically exhibits

180° rotational syvmmetry about a rotational axis that is

perpendicular to the longitudinal axis of the annular mesh

r‘h “—

and also intersects the longitudinal axis of the annulus. In

I

stent strut matrices, simplicity is a desirable objective. If
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only for this reason, stent unit cells with 180° rotational

symmetyry are preferred.

Below 1s a detailed description of individual embodiments,

which helps to make this more clear.

The mesh of the present invention finds particular

application in a stent for transluminal implantation in a

body, and that stent may be, for example, a self-expanding

stent or a ballcon expansible stent. Conveniently, the

annular mesh 1s formed from a sheet-form workpiece and,

although that workpiece could be a flat sheet, it is

desirably in the form of a seamless tube. The art of creating

a stent mesh by cutting slits in a workpiece i1s by now guite
well known. Typically, a computer-controlled laser is

employed to cut slits 1n a seamless tubular workpiece held on

a J1ig and, typically, the slits are parallel to the long axis

of the workpiece.

While an annular mesh i1n accordance with the present

invention tvpically displays a single spiral of the unit

cells, that exhibits a pitch that corresponds to the length

g -

of the unit cell in the longitudinal axis direction of the

annulus, this need not be so. One envisages meshesg that

exhibit a double sgspiral, but this is unlikely to be

preferred, becauge of the constraints which such a design

imposes on the dimensions of the unit cell.

Degsirably, the spiral pattern mesh will exhibit connectors

e

reguilarly arranged around tThe circumference of the annulus

with the view to maintaining desired axial spacing between

succesgive adjacent turns of the spiral. Preferably, these

connectors are staggered circumferentially with respect to

the connectors joining the next adjacent pair of stenting

loops arcund the annulus, for optimising the balance between

L.l

"lexaibility and structural integrity. With the inherent

flexibility cof a spiral pattern, one envisages the
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using simple straight struts as connectors,

and not needing to resort to the lengthy or serpentine

connectors often found in prior art stent meshes. Simplicity

of design 1is always an advantage, and stent architecture is

no exception.

One way of recognising the hybrid nature of the stents

according to the present inventicon 1s to contemplate the

F.

orientaticon of

the bisector of the angle between the struts

that form any one zig-zag of the mesh. It will tend to be

parallel or near parallel to the longitudinal axls of the

stent lumen, more like a ring stent than a helical stent.

Yet, overall,

a helical patt

Loops.

p—
p—

the mesh of the present stents i1s recognisably

ern rather than a stack of closed stenting

The inherent flexibility and radial strength of the annular

mesh of the present invention will be useful not only forx

bare stents but also for the stent meshes used in gratts, or

other annular meshesg used in surgical tcocols such as wvascular

memprane,

filters, in which the mesh would be used to carry a filter

For a better understanding of the present invention and to

show more clearly how the same may be carried into effect,

reference will now be made, by way of example, to the

accompanying drawings.

These are incorporated herein and

constitute part of this specification. They i1llustrate

presently preferred embodiments of the invention and,

together with the general description above, and the detailed

description below,

invention.

101

Brie:

Degcription of the

sexrve Lo explaln the features of the

Drawings

Figs. 1 to 4

out

each show a view of an annular mesh, opened

fiat in a

radially expanded configuration;
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Fig. b shows a fragment of a laser cutting pattern on a

tubular workpiece laid out flat;

il

Fig. 6 shows at smaller scale the complete workpiece of

Fig. 5;

Fig. 7 1s a photograph of part of the Fig. &6 workpiece after

radlal expansion;

Fig. B8 18 a schematic representation of the strut pattern

F

of Fig 7; and

Fig. 9 is a diagram of the way three chess pieces more over a

chesshoardg.

Detailed Descxiption

It is convenient, for two dimensiconal drawing sheets,

representing an annular mesh matrix, To open the matrix out

and lay it flat on the plane of the drawing sheet. Thig has

been done, in each of the accompanving drawing Figures 1 to

4, 5, 6 and 8. The skilled reader will appreciate that each

of drawing Figures 1 to 4, 5, 7 and 8 shows only a

representative portion of the annular mesh, enough to reveal

the characteristic repeating unit cell so that the reader can

complete the rest of the annular mesh. In each case, the

longitudinal axis of the annular mesh extends horizontally

across the drawing page. Thus, for investigation of mirror

symmetry of one of the unit cells displayed 1in any of the

attached drawing sheet, one congiders gymmebtry across a plane

that extends perpendicular to the plane of the page, and lies

in the East~West direction. For rotational symmetry, the

relevant rotational axis 1is one that extends perpendicularly

— —_—

upwards out of the plane of the drawing page. After having

=

considered the drawings, and the identification of the

regpective unit cell, the reader will be able to determine
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and confirm that none of the i1llustrated unit cells displavs

symmetry across a mirror plane as thus defined but all of the

unit cells display 180° rotational symmetry about a

rotational axis extending perpendicularly upwards from the

piane of the drawing.

Looking firgt at drawing Figure 1, we can ascertain in the

S

drawing a portion of the mesh that i1ncludes four slanting

zig-zag strings of stenting struts, marked A, B, C and D. The

repeating unit cell i1s marked Ul and there are two such unit

cells needed Lo make up one complete turn around the

circumference of the annulus. The zig-zag strings A and B are

bridged by only two connector struts 10 and 12, it being

appreclated that strut 12 between strings A and B at the foot

of the page 1s the same as strut 16 between strings C and D

F

at the teop of the page of drawing Fig. 1 connecting zig-zag

strings C and D. Likewise, zig-zag strings C and D are

connected by only two struts 14 and 16.

The connector strxuts 18 and 20 that connect zlig-zag strings B
and C are circumferentially staggered relative to the struts

16, 12, 14 and 16 that make up parts of the periphery of the

unit cells 1n the next adjacent stenting loops, formed by

strings A and B and strings C and D respectively. There are

two unit cells Ul lving between zig-zag string B and zig-zadg

et

string C. One of those unit cells 1s evident, in full, in

Fig. 1. The other 1s just as much a closed periphery cell,

even though 1n Fig. 1 1t appears in two separate halves, both

with an incomplete periphery, and marked U2t at the top of

the page and UZb at the bottom of the page. In other words
Uzt + UZb Ul.

The drawing shows the annulus 1n a radlially expanded

disposition, ready to resist radially inwardly directed

forces tending to reduce the diameter of the lumen surrounded

by the annular mesh. Supposing that the mesh is

representative of the strut matrix of a transluminally
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delivered stent, one can imagine the disposition of the

struts shown in Fig. 1 when the gtrut 1s 1n a radially smail

transluminal delivery disposition, by compressing the strut

arrangement presented in Fig. 1, in a North-Socuth direction

on the drawing page (supposing North is at the top of the

page) . The skilled reader will appreciate that all of the
struts concertina or fold down to a disposition in which they

are lying more or less horizontally, East-West, on the

drawing page. One can further imagine how such a strut matrix

L.

can be made from a seamless tubular workpiece, by laser

cutting slits in the workpiece, to leave struts having the
wail thickness of the annular workpiece, all such slits, and
all such struts, having a length direction parallel to the

East-West longitudinal axis of the annular mesh shown in the

drawilng.

Tt will be evident that the design shown in Fig. 1 1s of unit
cells with shared boundaries, obviating the need for any

connector struts between adijacent unit cells that do not

o

themselves constitute a part of the closed periphery of one
or other unit cell of the matrix. One can imagine struts 18
an 20 as connectors, connecting like unit cells lving between

zig-zag strings A and B with end cells located between zig-

zag strings A and B. However, struts 18 and 20 are themselves

F

part of the closed periphery cof unit cells of the same form,

lving between zig-zag strings B and C.

Also evident from Fig. 1 is that not all the stenting struts

1in @ach zig-zag string A, B, C, D have the same length.

Struts such as strut 272 are notably short. In each unit cell
Ul, we can digcern two of the short struts 22. Rotating the
unit cell by 180° about a rotational axis perpendicular to
the plane of the page will bring each of the two short struts

L.

to the lcocation of the other ¢©f the two short struts in any

Pl

of the unit cellis.
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Turning to Fig. 2, presented i1s a unit cell that exhibits

around its periphery a larger number of struts than 1is

evident from the unit cell of Fig. 1. In Fig. 2, a string of

only three unit cells is needed to complete a circumference

o
el

of the annulus of the mesh. It will again be appreciated that

unit cell U3 has 180° rotational symmetry but not mirror

q

Imagining the mesh compressed in the North-

plane gsymmetry.

Scuth direction on the page, one can apprecilate that, in the

radially compressed disposition of the mesh, all slits and
all struts extend East-West on the page, parallel to the

longitudinal axis of the annulus.

The design of Fig. 3 differs from the designs of Fig. 1 and

Fig. 2 in that the adjacent loops of unit cells U4 are spaced

from each other longitudinally (East-West in the drawing) but

joined to each other longitudinally by connector struts 40,

prbm

of which there are four, spaced by equal intervals arcund the

P
e
—

circumference of the annulus. Compared to the unit cell Ul of

Fig. 1, each unit cell U4 has around 1lts periphery four more

stenting struts, two in each zlg-zag string. This extra zig-

zag 1in the circumferential length (North-South in the

drawing) of each unit cell U4 provides the scope for placing

connector struts 40 at locations intermediate the

circumferential end struts 42, 44 of each of the unit cells.

g—
-l

Interesting is that the cells of each stenting loop of four

unit cells U4 are ncoct circumferentially staggered relative Lo

the cells of the axially next adiacent gstring of unit cells

U4d. However, lving axially between the two shown strings of

F

unit cells U4 1s a string of 4 unit cells U5 that are alike

with each other but different from the unit cell U4d.

The view from any unit cell U4, looking along the

longitudinal axis of the annulus, i1s of other unit cells U4,

located (in the drawing) due East and due West of the viewing

position, without any circumferential stagger towards the

p—

North or the Scuth. Neverthelegs, by virtue of the different

P
p—

length struts, any particular peak point of inflection 46
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faces 1in the longitudinal direction of the annulus a valley
48 between two struts 50 and 52 of the next adjacent unit

cell linked by the connector strut 40. Thus, the arrangement

of unit cells and connector struts i1s relatively simple {all

struts are cut sgtralght) vef the “peak-to-valley”

configuration in the radially expanded disposition shown in

gurkn
mamal

Fig. 3 has the merit that flexing of the annular mesh, when

the longitudinal axis 1s bent out of a straight line, does

not have the tendency to bring peaks like peak 46 into face-

to-face contact with equivalent peaks on a next adjacent
stenting loop but, rather tends to bring them down into a

valley such as valley 48. Such a configuration is

particularly attractive Lo have, on the inside of the bend,

when the annular mesh is being deformed arcund a tight

radiug.

Tt will also be appreciated by skilled readers that although

struts 40 are on a line that slants relative to the

longitudinal axis of the annulus, when the mesh 18 in the

expanded disposition as shown in Fig. 3, that same strut 490,

1n the radially compact disposition of the mesh will be

parallel to the longitudinal axis. Again, the mesh of Fig. 3

F

1s one that can be made from a seamless tubular workpiece by

F

cutting slitg all parallel to the long axis of the tube, to

create struts all parallel to the long axis of the tube,

which only depart from such a parallel (East-West in Fig. 3)

direction, when the mesh is radially expanded up into the

opened out zig-zag configuration to be seen from Fig. 3.

Again, this i1is a win for simplicity, this time in the slit-

and strut-cutting part of the manufacturing process,

Finally, the unit cell of Fig. 4, U6 is not unlike the one

presented in Fig. 2. The most evident difference ig the

orientation of the strut 50 that 18 shared between two

—

adjacent unit cells of the stenting loop. Although the

connector strut 50 i1is slanting to the long axis of the

annulus when viewed 1n the expanded configuration of Fig. 4,
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I}

I

once again, concertina compression North-South of the mesh of

Fig. 4 down to the radially compact disposition in which an

annular workpiece can pe slitted to provide the strut seen 1n

Fig. 4 will bring strut 50 into an orientation in which it is

- -

parallel to the East-West longitudinal axis of the annulus of
the Fig. 4 mesh.

Tt will be appreciated that the unit cells of Figs. 2 and 4

share with those of Fig. 1 the characteristic that the

peripheral stenting struts of each unit cell (except

connector strut 50), are shared with the adijacent unit cell

ﬁb

lyving respectively East and West of the unit cell seen 1in

Fig. 4, that 1s, next adjacent in the longitudinal direction

of the annulus of the megh. Struts 50 are connectors, but

also struts contributing to the closed periphery of a unit

cell US. There are no connectors in the annular meshes of any

of Figs. 1, 2 and 4 which are not algo gtruts that are part

Vi

of the periphery and closed circumference of a unit cell of

the matrix.

Although the various unit cells of Figs. 1-4 have been

degcribed individually, 1t 1s intended that various

combinations of the regpective unit cells of Figs. 1-4 be

utilized for a stent framework. For example, a stent

framework can e constructed, in sequence, unit cellg of

Figure 1 connected to the unit cells of Figure 2, which are

P
-

connected te the unit cells of Figure 3, which are also

connected to the unit cells of Figure 4, i1i.e., Figl-Figd-

Fig2-Fig3, Fig4-Figl-Fig2-Fig3 and so on in at least 24
ok

——

Frferent permutations.

Attention i1s now directed to drawing Figs. 5 to 8. Fig. 6

shows a stent matrix from one end to the other, laid out

flat. Fig. 5 shows a middle portion of the length of the

Fig. 6 stent matrix. Thus, features of the repeating stenting

strut matrix will be described by reference te Fig. 5, where

the dimensions are bigger, whereas features visible only at
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the ends of fthe stent matrix will be described by reference

to Fig. 6.

Looking at Fig. 5, we see a multitude of slits that are
lineay and varallel to the longitudinal axis of the stent

lumen, each stenting strut having a constant width in the

circumferential direction ¢f the matrix. For clarity, only

one of the gstruts 110 has a lead line and reference number,

oy

only one of the laser cut slits 112 and in only one location,

reference W, the characteristic circumferential width of the

stenting strut as indicated.

Overall, the matrix displays a slanting or helical pattern,

in that each seguence of stenting struts alternating with

proints of 1nflection 114, 1s seen to lie between notional

slanting lines S1 and S2Z that lie at an acute angle to the

longitudinal axis of the matrix. By contrast, a so-called
“ring stent” would display stenting rings between two

notional lines that are perpendicular to the longitudinal

axis of the stent.

Fach of the inclined zig-zag stenting loops 18 joined to the

adiacent stenting loop by connector struts 116 that are seen

to have a circumferential width of 2W and that extend across

the slanting lines S1 and 82 with a length direction parallel

to the long axis of the stent. As can be see, there are four

such connector struts 116 in each turn of the stenting loop

around the axis of the matrix. It 1s part of the advantage of

the invention that 1t can vield stents with a high

flexibility even through stenting lcops are connected by a

plurality of simple short straight axial connectors.

It can also be seenn that there are “holeg” 118 in the matrix,

that is, through apertures in the stent wall, of substantial

open area, even in the as cut matrix, which holes also span

the slant line 81, S§2 and lie between twe adiacent stenting

pu—
wal

loops. These holes 118 arise during the laser cutting of the
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stent matrix, after the laser has cut all around the

periphery of hole 118. See our own earlier WO 2001/032102 ftor

o rr
—

a description of the creation of similar holes.

Tmportantly, each stenting loop 120 that lies between two

slanting lines, for example S1 and SZ2, exhibits loop portions

with a constant length of laser cut 112 and stenting strut

am
pu—

infiection

110. Furthermore, these cuts, struts and points o:

114 present an appearance of part of a ring stent with its

stenting loops perpendicular to the long axis of the stent.

They are interspersed by occasional, shorter than usual

struts 122 that are contiguous with a connector strxrut 116.

The skilled reader will appreciate that the response of a

strut to any particular applied bending stress depends on the

lencth of that strut.

Before leaving Fig. 5 it is important to note that every

gl

point of inflection 114 is facing “head-on” a point of

inflection of the next adiacent stenting loop, elther across

a gap 118 or indeed “nose-to-nose” as at 124.

Moving to Fig. &, we see in particular an architecture at

cach end of the stent, between the slanting architecture of

the main length of the stent and the end stenting rings 130,

F

one at each end of the stent. Connecting the glanting

architecture to the perpendicular end ring are four connector

gt

struts distributed evenly around the circumference of the

lumen, but these four struts, 132, 134, 13¢ and 138 are of

different lengths and widths. The reader will appreciate that

F

the meeting of a spiral pattern and a perpendicular end ring

ig necegsarily goling to give rise to “holes” between the

slanting and perpendicular architecture that are

unsymmetrical. The holes 1in the present case are referenced

140, 142, 144 and 146. Hole 140, in particular, is relatively

large in the axial direction.
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Turning now to drawing Figures 7 and 8, we see the Fig. 5 and
6 matrix 1in expanded disposition, as it would be when working
to hold radially open a bodily lumen. Fig. 7 is useful

gu'wr

because 1t 18 a photomicrograph of a real embodiment, so¢ that

F

1t gives an impregsion of the way 1n which shorter struts

bend less than longer ones. Fig. 8 1s schematic and does not

show this reality. Its suggestion that every strut is

inclined at the same constant angie to the longitudinal axis

of the stent lumen, in the expanded configuration, is not the

realility. Neither dcoes Fig.8 preserve the relative scale of

the length difference between the regular strut length 110

and the occasional “special” strut length 122. In reality, as

seen in Fig. 7 and Figs. 5 and 6, the occasional short strut

1s nearly as long as the normal strut 110. However, Fig. 8 1is

useful in showing how points of inflection 114 nc longer face
@ach other head on, across a short axial gap. At those
locations where the polnts of 1nflection would be “nose-to-

g

nose” especially on the ingide of a bend when the stent 1ig

bent into a banana shape, as might happen in normal use 1n

peripheral vascular applications, we see the points of

inflection to be circumferentially staggered relative to each

other so that there i1s a minimal risk of them impacting nose-

Jare

to-nose, on the inside of the bend, in use of the stent.

Notably, the presence of distinct “*holes” 118, in Figs. 5 and

6 1is no longer apparent in the stenting disposition of Figs.

7 and 8. Instead, these zig-zag strut paetterns give every

pu—

appearance of providing uniform cover for the entirety of the

bodily lumen to be stented, without any longer any “holes”

through which bodily tissue can easily pass.

It should also be noted that the huge increase in

circumferential length, on moving from the as cut

configuration of Fig. 5 to the working disposition of Figs. 7

and 8 has the effect of bringing the slant angle (81, S2)

back much closer to perpendicular to the long axis of the

lumen. Whereas the cut pattern of Fig. 5 looks strikingly
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helical, the strut pattern being displaved in Figs. 7 and 8

looks much closer to that of a ring stent with axially

It will appreciated

spaced, discrete, endless stenting loops.

that the greatest radial force that can be generated by a
particular stent architecture 1s when the zig-zag loops are

arranged in endless loops, discrete, and in a stack spaced

along the axis of the stent. Fig. 7 18 quite a close

approximation to this i1ideal.

Figure 8 serves anclther useful purpose, to render more easily

visible the hybrid (intermediate between “ring” and “spiral”

e

stent) nature of the embodiment.

We see 1in the strut matrix a plurality of nodes 160, where

three struts end, cone of which 18 a connector strut 116. In

this embodiment each node 160 1s also a point of inflection
114 between a regular stenting strut 110 and one of the

occasional shoerter struts 122.

Let us examine the zig-zag string o©f stenting struts that

includes the three leg nodes 160A, B, C and D. Each portion

p

of the zlig-zag string, between any two adjacent nodes A-B, B-

C, C-D, 1s & portion of a stenting ring that 1s orientated

perpendicular to the stent axis. Each circumferential portion

o
L

A to B, B toC, C to D 18 axially stepwlse oiifgset from 1its

neighbour portions, the step occurring at the three leg node.

The same can be discerned in the other drawing figures but
the schematic representation of Fig. 8 makes it a little

easler to recognise. Making, i1n Fig. 8, the short struts 122

- e
P--..

eCLr.

exaggeratedly shorter also helps to reveal the e:

Looking at Fig. 8 and concentrating on a unit cell with a

2 noges, one can

el

circumference that displays 6 three 1

v

recognise two pairs of nodes defining the corners of the unit

cell at each circumferential end of the cell, In unit cell

170, for example, ncodes 160B and 160D are each a member of

gt

such a palr. Part way along each of the two long sides of the
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cell 1s a further three leg node 160C and 160CE. In the middle
portion of 170H of the length of the unit cell 170, the left

hand (in the drawing) wall of the cell above node 160E ig
stepped axially to the left at node 160E, but the right hand

wall does not do so until node 160C. Thus, the portion 170H
1L18. But 1t does not look much like a

corregponds to a “hole”
“hole” in the “real 1life” photograph of Fig. 7 because the

differential bending performance of the different length
struts are compensating for the effect, and thereby tending
to “fi1ll” the hole with stent strut zig-zag portions. This is

an incidence of serendipity, a happy unanticipated co-

incidence which enhances the performance of the design.

The stent sitrut matrix designg of the present invention lend

themselves to covered stent embodiments, gsuch as stent

grafts. The “holes” 118 can offer good possibilities for

—

bonding together, across the stent wall, films or membranes
{such as of expanded PTFE) that lie radially within and

outside the stent annulus. The state of the art i1s replete
with teachings how tfto apply coatings to stenis but a stent

matrix in accordance with this invention offers possibilities

not available with prior art stent strut matrices.

M-

The lavout of struts in the real life expanded configuration

{such as shown in Fig. 7) can pe managed by somehow
restraining the struts on a 7ig, in the lavyvout desired,
during heat-setting of the stent shape which is to be

“remembered” by 1fs shape memory alloy. This can be done, for
by heat-setting the stent matrix on a mandrel which

example,
has been engraved with the desired stent pattern. The struts

are accommodated in the troughs of the engraving, during the

heat-getting step.

9 of the drawings, and the reference

-4

Finally we turn to Fig.
earlier 1n this description teo the way i1n which pieces move

on a chessgboard. Looking at the diagram of Fig. 9, length
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along the stent lumen is indicated by the X-axis L, whereas

—

movement arcund the circumference of the stent lumen 1is

indicated by progress along the Y-axis marked C. For a ring

stent we use the svmbol for the chess piece called the “rook”

or “castle” and this of course is a line that 1s

nerpendicular to the long axis of the stent and that extends

simply all the way around the circumference. Likewlse, a

helical stent, like a spiliral wire that “unwinds” when placed

in a bodilv lumen (the original “Dotter” prosthesis) can be

represented by the symbol for a “bishop” chess piece, that
moves sidewavs as much as 1t moves up and down the

chessbheoard, but always in a stiralght line.

By contrast, the “knight” chess piece follows a distinctive

path that can be characterised as “two steps forward and one

step across” {the knight has other possibilities such as “two

steps across followed by one step backwards” but for the

purposes of the present description we need not concern
oursgelves with these other possibilities. Important to stress
is that the present invention seeks tCo take the best of both
the ring stent and the gpiral stent, and t¢ do this by
building stenting loops that, in one sense, advance around

the circumference in a direction perpendicular to the stent

axls while, in another sense, spiralling arcund the lumen. To

do this, the zig-zag loops can advance for a circumferential

portion perpendicular to the axis and then step axially

sidewavys, before resuming their advance, for another small

-

portion of the circumference, perpendicular to the

longitudinal axis of the annuius. See Figs. 5 and 6.

The aim to achieve the “bhest of both worlds” 1s of course to

achieve the radial force of a ring stent with the flexibility

rim

of a spiral stent. Intuitively, one can see from Fig. 7 that

p—
aanl

the embodiments of the present inventiocn probably do provide

a high proportion of the gstenting force of a ring stent. When

it comes to flexibility, one can also intuitively see from

Figs. 7 and 8 that bending the stent into a banana shape 1s
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probably going to be achievable without foo much local

overstressing of the material of the stent, even to the

P

extent of allowing points of inflection of the zig-zag

stenting rings to pass by each other as they enter the

substantially triangular spaceg available between two struts

of the adjacent stenting ring, the impact of points of
inflection, nose~to-nose being generally avolded.

In this way, stents according to the present inventilon o:

pur—
—

..i.l

=

the possibility of achieving, simultaneously, both a high

radial stenting force and a high telerance of bending after

placement i1in the body.

Where undulations are embodied 1n the form of zlig-zag struts,

p—
masd

the zig~zag struts may include a repeating pattern made of an

i

unit of

"our generally linear members that extend obligue to

|

the longitudinal axis tTo intersect each other at three apices

spaced apart circumferentially and axiaelly. Also, the

prosthesis can utilize not only the circumferential bridges

but also other bridge configurations in combination.

Alternatively, the bridge directly connects a peak of one

Jr—

circumferential section to another peak of an adjacent

circumferential section. In vyet another alternative, the

bridge may connect a peak of one circumferential section to a

P

trough of an adjacent circumferential section.

-Ty

In a further

alternative, the bridge can connect a trough of one

gl

pribm

circumferential section to a Trough of an adjacent

circumferential section., Moreover, the undulations can be

wave—-like in pattern. The wave-like pattern can also be

generally sinusoidal in that the pattern may have the general

fForm of a gine wave, whether or not such wave can be defined

by a mathematical function. Alternatively, any wave-~like

forms can be emploved so long as it has amplitude and

displacement. For example, a sguare wave, saw tooth wave, or

any applicable wave-like pattern defined by the struts where

the struts have substantially equal lengths or unegual

lengths. And as used herein, the term “implantable
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prosthesis” 18 intended to cover not only a bare stent but

also coated, covered, encapsulated, bio-resorbable stent or

any portion of similar stents.

Rio~active agents can be added to the prosthesis (e.g.,

elther by a coating or via a carrier medium SsSuch as

resorbable polymers) for delivery to the holt's wvessel or

duct. The bio-active agents may alsc be used to coat the

entire stent. A material forming the stent or coupled to the

stent may include one or more (a) non-genetic therapeutic

agents, (b) genetic materials, (¢} cells and combinations

thereof with (d) other polymeric materials.

(a) Non-genetic therapeutic agents include anti-

thrombogenic agents such as heparin, heparin derivatives,

urokinase, and PPack (dextrophenvlalanine precline arglnine

chloromethylketone); anti-proliferative agents such as

enoxaprin, angiopeptin, or monoclonal antibodies capable of

blocking smooth muscle cell proliferation, hirudin, and

acetylsalicvlic acid; anti-inflammatorv agents such as

dexamethasone, prednisolone, ccorticosterone, budesonide,

estrogen, sulfasalazine, and mesalamine;

antineoplastic/antiproliferative/anti-mictic agents such as

paclitaxel, 5-fluorouracil, cisplatin, wvinblastine,

vincristine, epothilones, endostatin, angiostatin and

thymidine kinase i1nhibitors; anesthetic agents such as

lidocaine, bupivacaine, and ropivacaine; anti-coagulants, an

RGD peptide-containing compound, heparin, antithrombin

compounds, platelet receptor antagonists, anti-thrombin
antibodilies, antil-piatelet receptor antibodies, aspirin,
prostaglandin inhibitors, platelet inhibitors and tick

antiplatelet peptides; vascular cell growth promotors such as

growth factor inhibitors, growth factor receptor antagonists,

transcriptional activators, and translational promotors;

vascular cell growth inhibitors such as growth factor

innibitors, growth factor receptor antagonlsts,

transcriptional repressors, translational repressors,
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replication inhibitors, i1nhibitory antibodies, antibodies

directed against growth factors, bifunctiocnal molecules

consisting of a growth factor and a cytotoxin, bifunctional

moilecules consisting

cholesterol-lowering

which interfere with

F

of an antibody and a cytotoxin;

agents; vasodilating agents; and agents

endogenous vascoactive mechanisms,

(b) Genetic materials lnclude anti-sense DNA

RNA, DNA coding for,

and

anti-sense RNA, tRNA or rRNA to replace

defective or deficient endogenous melecules, angiogenic

factors including growth

fibroblast growth factors,

factors such as acidic and bagic

vascular endothelial growth factor

epidermal growth factor, transforming growth factor alpha and

beta, platelet-derived endothelial growth factor, platelet-

derived growth factor, tumor necrosis factor alphsa,

hepatocyvte growth factor and insulin like growth

factor, cell

cycle inhibitors including CD inhibitors, thymidine kinase

=

{“WTK”} and other agents useful for interfering with cell

proliferation the family of bone morphogenic proteins

(“BMP's”),BlViiP-2,

(OpP-1), BMP-8, BMP-S

BMP-3, BMP-4, BMP-5, BMP-6 (Vgr-1),

BMP -~/

, BMP-10, BMP-1, BMP-12, BMP-13, BMP~14,

']
p—

BMP-15, and BMP-16.

provided as homodimers, heterodimers, or combinations

thereof, alone or together with other meoclecules.

Alternatively or, in

addition, molecules capable of inducing

F-

Degsirable BMP's are any of BMP-2, BMP-3,
BMP-4, BMP-5, BMP-6 and BMP-7. These dimeric proteins can be

an upstream or downstream effect of a BMP can be provided.

Such molecules include any of the “hedgehog” proteins,

DNA’s encoding them.

(c) Cells

can be of human origin {(autologous

allogeneilc) or from an animal source (xenogeneic),

genetically engineered i1if desired to deliver protelins o:

interest at the deployment site.

in a delivery medila.

or The

oI

aad

The cells may be provided

The delivery media may be formulated as

needed to maintain cell function and viability.

(d) Suitable polymer materials as a coating or the

base material may include polycarboxylic acids,

cellulosic
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polyvmers, i1ncluding cellulose acetate and cellulose nitrate,

gelatin, polyvinvlpyrrolidone, cross-~linked

polyvinylpyrrolidone, polyvanhydrides including maleilc

anhyvdride polvmers, polvamides, polvyvvinyl alcohols,

P

copolyvmers of vinyl monomers such as EVA, polyvinyl ethers,

polyvinyl aromatics, polyethylene oxides, glycosaminoglycans,

polysaccharides, polivesters including polyvethvlene
terephthalate, polvacrylamides, poivethers, polyether

sulfone, polycarbonate, poivaikylenes incliuding

polvpronyvlene, polyethylene and high molecular weight

polyvethylene, halogenated polivalkylenes including

polvtetrafluoroethylene, polvyvurethanes, polyorthoesters,
proteins, polypeptides, silicones, siloxane polymers,
polylactic acid, polvglycolic acid, polycaprolacitone,
polvhydroxybutyrate valerate and blends and copolymers

thereof, coatings from polymer dispersions such as

polyurethane dispersions (for example, BAYHDRQOL® fibrin,
collagen and derivatives thereof, polysaccharides such as

celluloses, starches, dextrans, alginates and

derivatives, hvaluronic acid, sgualene emulsions.

Polvacrylic acid, available as HYDROPLUS® (Roston Scientific
Corporation, Natick, Mass.}, and described in U.S. Pat. No.

5,091,205, the disclosure of which 1s hereby incorporated

herein by reference, is particularly desirable. Even more

desirable 18 a copolymer of polylactic acid and

polycaprolactcone.

Ju—
el

While the invention hag been desgcribed 1n terms of particuliar

variations and i1illustrative figures, those of ordinary skill

in the art will recognize that the invention is not limited

to the variations or figures described. In addition, where

methods and steps described above i1ndicate certain events

occurring 1n certain order, those of ordinary skill in the

art will recognize that the ordering of certain steps may be

modified and that such modifications are in accordance with

]

the variations of the invention. Additionally, certain o:

i 1}

the steps may be performed concurrently in a parallel process
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when possible, as well as performed sequentially as described
above. Therefore, to the extent there are variations of the
invenktion, which are within the spirit of the disclosure or
equivalent to the inventions found in the claims, it 1s the

intent that this patent will cover those variations as well.
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Claims

1. An annular mesh that defines a lumen that surrounds a

longitudinal axis of the mesh, the mesh being expandable

radially from a compact diameter pre-deployment disposition
to a radially expanded deployed disposition in which the mesh
1s capable of sustaining a radially outwardly directed
resistive force even when flexing in response to externally
applied forces that bend 1ts longitudinal axis out of a
straight line, the mesh being composed of stenting struts,
the stenting struts being arranged in a plurality of zig-zag
strings around the circumference of the lumen and the
bisector ¢of the angle between the zig-zag stenting struts
that form any one zig-zag of the mesh being parallel or near
parallel to the longitudinal axis with occasional connector
struts joining adjacent strings of stenting struts thereby to
create a closed circumference unit cell between two such
connector struts and two adjacent connected strings of
stenting struts there being a plurality of such unit cells
arranged 1in sequence around the circumference between said
two adjacent strings of stenting struts; and
characterised in that:

there 1s a non-constant increment of strut length,
within the portion of each of the two said zig-zag string of
stenting struts bounding any one said unit cell said non-
constant increment serving to displace along the longiltudinal
axis each unit cell bounded by said zig-zag string relative
to the circumferentially next adjacent unit cell bounded by

the same zig-zag string.

2. Mesh as claimed 1n claim 1, which 1s a stent for a lumen

of the human or animal body.
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3. Mesh as claimed in any one of claims 1 and 2, wherein the
length of the struts of each said zig-zag string portion is
constant, except for one strut 1in each one of the two
portions, which 1s shorter than the other struts of the said

portion.

4. Mesh as claimed in any one of claims 1 and 2, wherein the
length of the struts of each said zig-zag string portion is
constant, except for two struts in each one of the two
portions which are shorter than the other struts of the said

portion.

5. Megsh as c¢laimed 1in any one of claims 1 and 2, wherein the
1ncrement of strut length between any two adjacent struts
within each one of the two zig-zag string portions of said
unit cell 1s finite and constant, except for an axial
offsetting 1ncrement that lies between one and only one
adjacent pair of struts of the said one string, which
offsetting 1increment 1s different from said constant

increment.

6. Mesh as claimed 1in any one of claims 1 and 2, wherein the
increment of strut length between any two adjacent struts
within each one of the two zig-zag string portions of each

unit cell 1s finite and constant, except for an axial

offsetting 1increment that 1ll1es between two and only two
adjacent pairs of struts of the portion, which offsetting
increment 1is different from said constant increment, and not
necessarily the same for both of the only two adjacent pailrs

of struts.

7. Mesh as claimed in any one of claims 1 to 6, in which the
mesh of struts is compatible with manufacture out of a
seamless tube, by slitting the tube, through 1ts wall

thickness with a multiplicity of slits.
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8. Mesh as claimed in claim 7, wherein most or all of the
slits are strailght.

9. Mesh as claimed in claim 8, wherein the straight slits are

parallel to the long axis of the tube.

10. Mesh as claimed in any one of claims 8 and 9, wherein the

connector struts are also formable by slitting the tube.

11. Mesh asg claimed In claim 10, wherein connector struts are

straight.

12. Mesh as claimed in c¢laim 11, wherein the straight

connector struts are parallel to the long axis of the tube.

13. Mesh as claimed in any one of claims 1 to 12, wherein the
zig-zag strings face each other, 1n the compact pre-
deployment disposition peak to peak vyet, upon radial
expansion to the deployed disposition, these facing peaks of
the =zig-zag strings move circumferentially away from the
facing relationship and into a non-facing, peak-to-valley,
relationship thereby enhancing the bending flexibility of the

expanded mesh.

14. Mesh as claimed in any one of claims 1 to 13, wherein
each saild string of stenting struts exhibits a plurality of
circumferentially spaced apart three leg nodes, where a
connector strut merges with the zig-zag string, the portion
of the zig-zag string between two such nodes being oriented
perpendicular to the longitudinal axis, whereby the nodes

correspond to steps where the zig-zag strings advance axlally

along the longitudinal axis.

15. Mesh as claimed in claim 14, wherein the closed
circumference of each said unit c¢ell including six said

nodes.
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16. Mesh as claimed 1n any one of claims 1 to 15, wherein the
unit cells axially one side of one of the zig-zag strings and
the unit cells on the other axial side of the string are

alike.

17. Mesh as claimed 1n any one of claims 1 to 15, wherein the
unit cells axially one side of one of the zig-zag strings are
of one form, and those on the other side of that 2zig-zag

string are of another form.
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