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A STENT WITH A NEGATIVE SPRING CONSTANT

Background Of the Invention

There are several kinds of stents on the market with either balloon
expandable or self expanding function. Balloon expandable stems are generally made
from a material that can easily be plastically deformed into two dircctions. Beiore
insertion, the stent is r")laccd around the balloon scotion et the distal end of a cetheter and

pressed together 10 reduce the outer dimensions.

As soon as the stent is brought into the body in the proper axial position it
can be expanded and thercby plastically deformed by pumping up the balloon. In this
final posiébn, the stent is at its largest diameter and should function 10 support the

surrounding tissue, preventing an undesired shape change into a much smaller, diameter,. . ..

- at Jeast locally.

Therefore, the stent needs to have sufficient rigidity in the radial direction,
but also some fexibility in the axial direction when it isin the final position. Further, the
amount of materizl shonld be as small as possiblc and in the inner surface of the stent -

should not obstruct the flow through the channcl (é.g., for blood) or cause too much.

* turbulence.

Problems that generally occur with these stents are as follows: After.
compressing the stent 10 its smallest diameter around the balloon, the stent will always

have some clastic spring back to a slightly lasper diameter, which can cause problems

‘when the catheter is brought into the pétient’s body. In addition, the exjal friction

between balloon and stent ¢an become so small that ithe stent slips off the catheter.

Furthér, a larger size stent is typically a disadvantage.
A further problem is the so called recoil of these stents. This means that

after expansion by the baltoon pressure, the outcr diameter will alwavs become slighuy
smaller as soon as the batoon is deflated. This degres of recoil can be as much as 10%,

which can cause.migration of the stent.
A different type of stent is'made of a more or less elastically expanding
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structure, which has to be held on the catheter by some external means. An exampie of
this type is a stent that is held in its constrained state by a delivery sheath, that is removed
at the moment that the stent should deploy to jts natural form.

Some of these stents are made of shape memory material with either
superelastic behavior or temperature sensitive triggering of the expansion function.

A disadvantage of these sc]f-_expanding stents is the need for the delivery

sheath; causing 2 larger insertion diameter. The removal of the sheath also requires 2

. sheath retraction mechanism, which has to be activated at the proximal end.

~ Most stents of both Types further have the disadvantage of relatively large
length change during’ expans: on and a poor hydrodynamzc behavior because of the shape
of the metal wires or struts. - o _'
Another dlsadvantan'c of some stents is the positive spring rate, which
mcans that further expansxon can only be achieved by higher balloon pressure.
" The construction of § prior stents is fypically made i in such a way that the .
e;'temal forces, working on the stent in the radnal direction, mercly cause bending forces

on the struts or wires of thc structure. ) _ _
' For example, a unit cell of a Palmaz-Schaz.stent, as produced by Johnson

& Johnson Intewe;monal _Systems or the ACT One Coronary stent, produced by .
Progressive Angioplasty Systems, Inc. hasin its coliapsed condition a flat, rectangular

shape-and in its expanded conditiona more or less dismond-shaped form with almost

_ straxght strats (Palmaz-Schatz) or more curved struts (ACT-One).

. The shape of the unit cell of such stents is typically symmetrical with four
struts each having the same cross section. In addition, the loading of the cell in the axial
direction will typically cause an elastic or plastic deformation of all of the struts, .

 resulting in an elongation of the unit cell in the axial dircction. These unit cells have a
" positive spring rate. In stents based upon these unit cells the stability against radial

pressure is merely dependent on the bending strength of the struts and their connections.

Sum of the vention
In this patent application a new type of stent is descnbcd with & umt cell,

having a negative spring rate and a b;stable function. Such a unit cell can also be used in
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.other medical applications. This means that it has two configurations in which it is stable

without the need for an external force to hold it in that shape. The unit cell is formed
using at least two different sections. One section is less pliable than the other one and
acts a relatively rigid support that hinders the shape change of the more pliable section in
one directic;n. In the other direction the pliable section can be deformed, but because of

the opposing force from the rigid section, the stability of the pliable or flexible sectionis *

_strongly increased.

External forces in a direction perpendicular to the most pliable section are

distributed to the rigid section and the cross section of the pliable section is merely

loaded in compression mode. This makes the construction much stronger than prior
stents. -In prior stents, all struts have generally the same cross section and mechanical
properties and are merely used in the bending mode.
o The construction of a stent, based upon this unit cell results in an
éi)pa}atus, that can.easily be elastically compressed around the balloon by finger pressure.
. " Belowa cgrtain critical diameter, the present stent snaps further to a

stable, smallest diameter, thus holding the deflated balloon firmly on to the surface of the

cathetér, with an insertion diameter that is as small as possible. An additional sheath is

not required, but may be used forextra safety. -

After the stent has been brought into the patient's body at the proper axial
position, the balloon can be inflated until the stent reaches its critical elastic equilibrium
diameter. Slightly above this diameter the stent automatically expands further to its final -
largest diameter, where it reaches its maximum stability against radial pressure. The
design enables a constant length large expansion ratio, a reliable expandability and/or a
small surface ratio.

A further embodiment of this invention is the possibility of a kind of
stepwise expanding stent with a range of stable diameters.

Another part of the invention is a stent with several external diameters
along its length, to adapt as good as possible to the shape of the body cavity where it is
placed. |

Another part of the invention is the possibility to modify the stress and

strain pattern in the unit cell by means of a heat treatment in such a way, that the force



4

displacement characteristic of this unit cell becomes asymmetricai or even exhibits a
monostable instead of a bistable function, cithér with the expanded diameter or the
collapsed diameter being the most stable condition.

Another embodiment of the invention is the modification of the geometry
of the cros.s section of some struts to achieve the symmetric or asymmetric bistable or
monostable force against displacement characteristics of a unit cell.

Another part of the invention is the use of one or more unit cells in other
medical applications such as, for example, an expander or a clip, either to spread a body
cavity open or to clamp or hold a body part or some body tissue.

_ The invention is also directed to the use of the inventive stents in
conjunction with inventive expander rings 1o join together two vessels.

The invention is also directed to a bistable valve having a snap-actién

bipositional unit cell and uses for the same, in particular, to prevent incontinence. -

- “The'irivention i$ also-directed to multistable cells and their use ifi miedical .~ <l

devices.

Description of the Construction.: |
| ' " The construction of the present stent includes a seriés of elements with-an
arrangement of unit cells that enable the stability in a special way. Each unit cell exists
. out of at least two distinct, mechaniéally connected sections with different mechanical
behaviors. One section acts as a relatively rigid support for the more flexible
, counteracting section. The rﬁore flexible section is responsible for most, if not all, of the
expansion of the stent. There are several waysto manufacture a stent based upon this
principle and it can be made from several materials, like polymers, composites,
conventional metals or shape memory alloys with superelastic behavior or with
. temperature sensitive behavior.
It can be made from an arrangement of wire or strip, welded together at
specific places. Another possibility is metal deposition in the desired pattern onto a
substrate or the use of sintering of prealloyed powder. ' |
A further method is making the stent from a tubular shaped starting

material, with a pattern of slits or slots made in the wall by means of etching, grinding,
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cutting (e.g., with a laser, water, etc.), spark erosion or any other suitable method. The
pattern can also be made in a flat plate and then welded, brazed or crimped to a more or

less cylindrical shape or a cylindrical mid section with two conical ends with larger

diameters.

Brief Description of the Drawings

Fig. 1 shows the principle of a bistable mechanism;
Fig. 2 shows the force-displacement characteristic of the mechanism of
Fig. 1;
'Fig. 3 shows another bistable mechanism with an asymmetric bistability;.
Fig: 4 shows the force-displacement characteristic of the mechanism-of
Fig. 3;
' .Fig.5ashows an inventive tubular stent in the stable, fully collapsed.
" :configurationj= - . . e
' Fig. 5b shows an inventive tubular stent in the stable fully expanded
configuration; . _ -
. Fig. 6 shows a part of a stent with one bistable unit cell, drawn in the
- stable expanded shape; . . - - .
. Fig.-7 shows the part of the stent of Fig. 6 near its elastic bistable. -
equilibrium position; o
Fig. 8 shows the part of the stent of Figs. 6 and 7 in its stable collapsed
“shape; and '
Fig. 9 shows a larger section of the stent of Figs. 6 and 8, showing some
unit cells in the cdllapsed shape and some unit cells in the expanded shape. '
Fig. 10 shows an inventive stent formed of a plurality of smaller inventive
stents joined together with flexible connectors.

Fig. 11 shows a partially expanded inventive stent having more than one

type of bistable unit cell;
| Fig. 12 shows an inventive stent having a range of diameters along its

length;

" Fig. 13 shows an inventive expansion ring in expanded state;
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Fig. 14 shows tht} expansion ring of Fig. 13 in contracted state;

Fig. 15 shows an inventive stent joining two vessels together and further
secured with inventive expansion rings, the stent exterior 10 the vessels;

Fig. 16 shows a cross-sectional view of Fig. 15 along section line 16-16

Fig. 17 shows an inventive stent joining two vessels together, the stent
interior to the vessels; _

Fig. 18 shows two vessels joined together with an inventive cxpansion
7ing and a clamp

Fx;,. 19 shows a bistable valve in the closed posxnon,

Fig. 20 shows the bistable valve of Fig. 19 in the open position;

Fig. 21a shows a multistablé cell in the fully contracted state; _

Fig. 21b shows the muliistable cell of Fig. 21a in the fully expanded stare;

Fig. 22a shows another muhistable cell in the fully contracted state;

Fig. 22b shows the muhistable cell of I‘xg. 223 in the fully cxpandcd state;

Fig. 23 shows several unit cells as shown in Figs. 21a.b joined together
and in the fully cxpanded state;

Fig. 24a shows several unit cclis as shown in Figs. 22a,b joined 1ogéther
and in the contracted state; o S

_Fig. 24b shows the mxcrconnccted cells of Fig. 24ain fully cxpaﬁdqd
staie; _ o

~ Fig.24c shows the imerconnected units cells of Fig. 24a in the process of

expanding; and "

Fig. 24d shows several strips of interconnected cells as in Fxgs 24a b

joined together and in the process of expanding.

Detailed Descripti { the Drawings

Fig. 1 shows the principle on which the stent is based, Fig. 1a shows arod
] with 2 lenath L, which is compressed inits axial direction unit; it reaches its buckling
stress. Then the centra) part of the rod will bend out in a sidewards direcﬁoﬂ, either to
position 2 or3 (dashed fines in Fig. 1b). When the axial displacement L of the ends of
the rod is held stable by extemnal clamps 4, it is possible to move the central section of
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the rod between the tovo stable positions 2 and 3. This movement is in 2 direction X,
perpendicular to the original .length axis A~A of the rod. All positions between the stable
positions 2 and 3 are unstable. In Fig. Ib the central part of the rod has to rotate over an
angie p before the rod can be moved in direction X. Fig. 1C shows a second order
curvature in rod 1, which occurs when the rotation over angle B is opposed by clamping
(he central part of rod ] and maintaining this part parallel to the axis A-A.

" Fig, 2 shows the force F as a function of displaccment X, with X
displayed in the horizonal direction. The rad is moved from the upper 2 to the lower 3
stable posmon of Fig. 1. The force increases mpldlv from zero to Fmax. Atthat moment
the onset of either the first or second order cutvature of F:g b and lc is reached. Further
dlsplacemcnt in direction X costs lcss foree, because thxs spring system has a negative .
spring ratc. The force even becomes zero in the mid position and finther movement
occurs auzomahcally. Jtcan be seenin I‘xg. 2 that the system is completely symmetrical -
" and the forée Acéded to fm’we ‘back: from the lower 1o the npper position has the same ..
characteristic. _ _

Fig. 3 shows rod 5, which will have an asymmetrical force displacement
characteristic; because it already has a pi'eset curvature, even in the unloaded posidon,
where the iength is already L-AL. This can be achieved by prior plastic deformation, heat
treamment or the use of an asymmerrical geometry of the cross section of the rod :_(.not B
shown). The 1od 5 in Fig. 3 can be mounted between two clamps on 'a length L - AL, and-
ifitis elastically deformed in the same way as the rod in Figs Ib and Ic, it will have a
different stress distribution in the cross section in end position Z and 3, compared 1o the
red of Fig. ]. This means that the rod has become a preferent unloaded stable position,
shown in Fig. 3.

. Fig. 4 shows the asymmetrical force-displacement characteristic of the
precurved rod of Fig. 3. The initial displacement fram the stable upper position needs a
starting force Fl and if the rod is in its stable lower position the starting force in the
opposite ditection is only F2, being smaller than F1. Force F2 can be made es small as
desired, even zero or negative, but needs to have a positive value if stability of the lower
position is required.

Figs. 5a and 5b show the general appearance of an inventive tubular stent
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in fully contracted and fully expanded configuration respectively. The stent, in its fully
contracted: state shown generally at 50 and in its fully expanded state shown generally at
60, is comprised of a plurality of interconnected bistable unit cells (shown in the
expanded state at 64 in Fig. 5b). The bistable unit cells are formed from a first relatively
rigid segment 52.(66in F ig. 5b) and a second relatively flexible segment 54 (68 in Fig.
5b), joined together at ends 70 and 72. Second relaﬁvely flexible segments 68 are
interconnected with adjacent relatively rigid members 66.- Adjacent cells in the
longitudinal sense (the longitudinal axis is denoted by reference numeral 75) are joined at
ends 70 and 72. By applying a uniform radially outward or inward force, the stent may

be swrtched directly from a ﬁrlly contracted to a fully expanded conﬁguranon or vice.

' versa

Fig. 6 (corresponding to inset 6 in Figure 5b) shows a 'small part of a stent
such as that shown in Figs .5 which uses the bistable function ofa unit cell, according to
- the present 1nvent1on “The drawing’ shows'a horrzontal fife A-A whrch is parallel to the
central axis of the stent. ‘There are two series of sinusoidal segments with distinct size
(see also Fig. 9 for an overvrew) The segments 7 and 9 have a relatively large cross
section. Only segment 9 is shown ennrely ‘The segments 9 and 10 have a relatively
: smaller cross sectnon, and here only segment 8 is entlrely shown. The segments are
interconnected for example welded, at joints I and 12. R
| ‘Because of the difference between the cross section of segment 8 and 9
the deformauon force of segment 8 is much lower than for segment 9. Therefore
segment 9 can be consrdered as a relatively ngrd clamp, like the clamps 4 in Fig. 1b -
opposing relative displacement between the joints 12 in the axial direction, parallel to
axis A-A. In contrast, segment 8 acts as a flexible rod, like rod 1, deser'ibed in Fig. 1 or
rod 5, described in Fig. 3. This combination of segments 7 and 8 or 9 and 10 defines a
unit cell, acting as a bistable spring system with a force-displacement curve F-X like the
described curves of Fig 2 and 4, depending on the unloaded condition and geometry of
the segments. Alternatively, instead of using segments or struts of different diameter, the
segments can have the same diameters (i.e., cross sectional area) and exhibit different
stren_gths or rigidity and still accomplish the same effect. One way to obtain such

differences in strength or rigidity would be to use different materials for the segments.
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Another way would be 0 use the same material, like 2 metal, for all the segments but
selectively s:xengxhen (e.g-, by heat wealing) those segments that nced to be rigid.. It
should be noted that heat trearment will not strengthen all materials. Nitinol, for example
becomes more pliable as a result of heat treatment. This property of Nitinol can be
exploited, however, 1o render one section of Nitinol more pliable relative to a second,
non—heat-t,rcatcd section of Nitinol.

Tig. 7 shows the same part of the stent (as depicted in Fig. 6) neer the
elastic equilibrium position. Segment 3 has been deformed into the direction X, caused
by force F, but segment 9 has almost its original shape, because of its larger rigidity.

Fig. 8 shows the same it cell of the stent of Figs. 6-7 after it has been
presscd through the elastic equilibrivm position, It automatically snaps into its stable
position of Fig. 8. This snapping force can be strong enough to hold a deflated balloon
tight on the catheter shaft (not shown), dzpending on the mechanicz] characteristics (¢.g-»

'the strength) of the material{s) used 1o make the segments. AVith the geometry shownin . ... -

1hcse figures, the segments 8 and 9 fit close together. takmg up 2 minimum amount of
space when the stent is in its snallest stable diameter.

Fig. 9 shows a section of the stent of Figs. 5, flartened for illustrative
. purposes, showmg several ﬂcxxblc scgments. in the collapsed stable shape (scgments 14,
18 and 20) and one segment element 16 in the expanded stable shape. Scgments 13, 15
17,-and 19 are relatively rigid segments and substannaily maintsin their original shnpc
The distance between two relatively rigid segments is shown as (b) in the collapscd
stable shapc and (H) in the expanded stable shape The value of the displacement (H-h)
in the direction X depends on the height of an expanded unit cell or amplitude of the
segments and the size of the connecting joints. "The described part of the stent is shown
as a flat surface, but it may be clear that a cylindrical stent such as that shown in Figs. 5
is shaped if segments 13 and 20 are directly connected to reach other with joints 21. In
other words, the stent is shown separated atong r the joints 21 and in 2 flattened condition.

The range of stable diameters of the stent changes with the value (H-h)/=,
cach time that a flexible segment snaps from the collapgcd stable position to the
‘expanded stable position. The sesilt is a stent with an extremely rigid surface at all

.diameters being able to withstand the extémnal forces better than with conventional stents.
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In the length direction, the flexibility of the stent can be increased by disconnecting
several unit cells from theit neighbor unit cells, for exampie,'by cﬁtting the center of one
or more joints while maintaining the several joint pieces as joints.

. Another method to increase flexibility is to change the geometry of
several sections of the unit cells in the length direction from the relative flexible to the
relative rigid shape several times along the total length of the stent. In other words,
referring to Fig. 9 one or more or each of the segments 13 - 20 could be constructed with
larger and smaller diameter (or otherwise flexible and rigid) sections which alternate

after each joint 21.

Another possibility, as shown in Figure 10 is the use of a series of short

multistable stents 100 aligned lengthwise end to end and connected with flexibility joints

* 104 having the same or a different geometry or configuration as the joints forming

mdlvxdual unit cells.-

_ © “"The scope of the invention should’ mclude all types of material. ‘Oneof
thé most interesting materials is superelastic Nitinol, because of its large elastic strain,
well defined stress v'él"ueé, caused by their plateau stresses and the possibility to define

the desired curvature into the metal by means of a heat treatment. -A stent of Nitinol can

- be made by forrmng slits or slots in a tube, whlle in its collapsed or smaller stable

“diameter. The slotted tube is then expanded by a separate shaping tool and heat treated

on this fbdl to define the expanded S_table diameter as the unstrained shape.

In a more general sense, .th_e present invention is directed to a device . . . .
having a plurélity of stable conﬁgﬁratidris. The device'is Compriscd ofa pluraiity of
interconnected multistable cells. The cells include one or more relatively rigid sections
and one or more relatively flexible sections interconnected so as to define a cell structure
in the form of a multistable spring system having a plurality of stable configurations. In
a preferred embodiment, the cells comprise a first arcuate member having first and
second ends and a second arcuate member having first and second ends, the first end of
the first member in comrﬁunication with the first end of the second member, and the

second end of the first member in communication with the second end of the second

 member. It should be noted, however that members need not be rigorously arcuate.

Other shaped members, including relatively straight members are contemplated-as well.
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The invention, in particular, contemplates bistable cells, that is cells
having two stable configurations. In one such cell, the distance between corresponding
points on the first and second sections is larger in the first stable state of the cell than in
the second.stable state of the cell. The cells themselves are constructed and arranged so .
" that the device itselfis at least bistable and possibly multisiable. One such device, a
* cylindrical stent having two or moré configurations with an initial diameter size and a
final Jarger diamcter size has been described above. However, multistable stents are aiso
‘contemplated. Thus; for example, a stent may be constructed in which the cells are
designed and arranged to provide a range of diameters in step-wise fashion. One such
way this may be accomplished would be to employ several different types of cells in the -
' stent, cach type of call having a different spring constant so that depending on the
amount of force used, the stent would assurne a different diameter. Sucha stentina
partially expanded state is shown schematically in Fig. 11. A partially expanded stent is
' shown generallyat 120:-The stent is.comprised:of rclauvely ng1d segmcnts 123,127,

131 and 135 which substantmlly maintain their original shape, and relativety ﬂexxb!c
segments-125, 129, and 133. The segments are interconnected, with joints 122. As

. depicted, first flexible clements 125, and 133 are in an expanded contiguration while

. second ﬂc.x:bh. clement 129 isina oomracted configuration. By applymg aradially .
outward or tangential force, flexible elemem 129 may be flipped to its fully expanded .
configuration resulnng in a stent (not shown) witha largcr diameter. Asshownin Flg
11, cells 138 are larger than cells 136 even in the cantrected state. FltSt flexible elements
125 and 133 are charactenzed bya different degrcc of flexibiliry than second flexible .

clement 129, .
Another form of stent, as shown generally at 150 in schematic Fig. 12, has

an first diameter at a first end 152, a second diameter st 2 second cnd 154 and one (or
more) intermediate diameters in a{ region 156 between first end 152 and second end 154,
the intermediate diameter differing from the fivst and second diamcters. The
interconnected cells in such a stent, as shown generally at 150 in Fig, 12 may all have the
same force constant and. hence be openable alf at once with the application of the
necessary force or there may be several different types of cells, each with their own force

- constant. Tn order to achicve the multiplicity of diameters, cells of differing sizes may be
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used. In one embodiment of this type of stent, the first and second diameters are the
same ‘while in another embodiment, the first and second diameters differ.

The present invention is also directed to a method of implanting an
expandable stent having a plurality of stable configurations. The method comprises the
steps of ap;.:lying the stent to an expanding means on a catheter, delivering the stent to a
desired bodily location, expanding the expanding means so as to expand the stent from a
first stable configuration to a desired second stable configuration, the éecond stable
configuration having a larger diameter than the first stable configuration, and deploying
the expanded stent at the desired bodily location. The expanding means may be a
balloon, a mechanical device on or in the catheter, a heat source where the cells can be
induced to change states by heating or any other suitable expanding means. The stent.
may be applied to thie balloon in the first stable configuration or may be applied in the
second stable (expanded) configuration during the applying step. In the latter case
. -radlally inward pressure may-be applied to.the stert so as to'urge the stent into. the first ;.

stable conﬁguranon to snap it onto the catheter. Where the stent has additional stable

" states, the sterit may be apphed to the balloon in an intermediate stable state in which'the .

diameter of the stent'is intermediate between the diameter in the first state and the -
diameter in the second state.’ Agaln the stent may be locked on the expanding méans by

further applymg a radlally mward pressure

"A further object of the mvenuon is the use of a single bxstable unit cell as
an expander (expansmn ring), that can be brought into a narrow place and then triggered
to snap back into its expanded stable shape ' As shown in Fig. 13 an expansion ring
shown generally in its expanded state at 250 consists of a first rigid member 254 having
first 258 and second 262 ends and a second more flexible member 266 having first 270 -
and second 274 eﬁds. First end 258 of first member 254 is connected to first end 270 of
second member 266 and second end 262 of first member 254 is. connected to second end

1274 of second member 266. Fig. 14 depicts the expansion ring of Fig. 13 in its
contracted state. Second m.ember 266 is seen to be in a second stable position.

Another object of the invention is the use of a single bistable loop (unit
cell) as a clip, that can be used to clamp on an artery, fallopian tube or any other body

part, to close or hold it for some time. For sucha clip it may be desirable to define the
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collapsed stable shape as the unstrained shape, because the collapsed stable shape has 10
be the most stable one. In the collapsed state, the clip would resemble the coliapsed
expansion ring of Fig. 14. A -t.riggcn'ng means would be used in conjunction with the
clamp to switch 'the bistable Joop from one state to another. The 'triggez:lng means may be
pneumstic, hydraulic, mechanical, thermal or electromechanical means. Examples-of -
such triggering means include a human hand applying force to the bistable loop, and the
application of heat to the loop. Other triggering means include pulling on the device,
pushing on the device, bending the rigid section of the device or rel easing a restraint
holding the flexible member in place.
Another part of the present invention involves constructions between ene’

“é1 more ring-shaped clemierits according to the present invention, combined with a -
tubulur sleeve that is reinforced or held open with such elements. An example is a so-

called graft stent made of a polymer with one or more expansion rings. - The expansion -
.. rings may consist of the above-described bi-stable cells.: The surface-of the steny . -+ **

: cbmpriscs a skin mounted on the expansion rings. In mounting the skin, the skin may

- surround, be in or between’ the expansion rings. The sl;in may be huinan or animal skin,

:d polymeric material or any. other suitable bio-compatible material. Such a stent may.

i " cémprisc one or more expansion rings, such as a first expansion ring at 2 first end of the " .
stent and ésécond'cxpansion Ting ata second end of the stent. "The stent may be of : .
constant diameter along its length or may have a first diameter at the first end and a-
second diameter at the second end. '

- The presem invention is also directed to a 'stcmlhaving an unexpanded -
configuration and an expanded configuration, and comprising a plurality of generally
longitudirial, .wavé-likc first members characterized by a first wavelength, and having
peaks and troughs and a plurality of generally longitudinal wave-like sccond members
characterized by a second wavclength, and having peaks and toughs. The wavelengths
of the tirst and second longitudinal members are substantially equal. The second
members arc capable of stably assuming two positions, a first position corresponding to
the unexpanded configuration in which the first and second members are in phase anid a
second pbsiﬁon corresponding 1o the expanded configuration, in which the first and
second members are 180° out of phase. The first members are more rigid than the -
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second members. The first and second longitudinal members are disposed on the surface
of the stent such that the Jongirudinal first and second members alternate, In the
unexpanded state, each peak of each first membc;' is connected 10 oné adjacent peak of a
second member in a region of attachment and each trough of each first member is
attached to one adjacent wough of a second member in a region of attachment, as can be
seen from Fig. 9. Thé regions of atlachment are separated along the Jongirudinal

" direction by one wavelength. The so described stent can be snapped from the

uncxpanded configuration to the expanded configuration by applying a radially outward
foree and similarly can be snapped from the expanded 10 the unexpanded configuration
by applying a radially inward force. While such stents may be used inicmal 102 bodily-
vessel, it may also be used extemnal to vessels to join two vessels together.

The invention also contemplates a method of joining together two vessels

compr'smg the steps of dchvenng amr inventive stent in an unexpanded configuration ina’

‘first stable statcto'a bodﬂ)' site; e‘xpandmg the stent to a second stable-stzite, the:diafmeter PETTA E

of'the stent in the second stable state exceeding that of the vessels to be joined and
placing the stent over the vessels to be joined. The stent may then be contracted 10-a

“third stable state, the stént in the third steble state having a diameter-intermediate

between the diameters of thé steint in the unexpanded state and in the second stable:state.
The stent may further be secured to the vessel with the aid of one or more of the above-

described expansion rings (a bistable .lobp'_). One or more expansion rings, such as that -

'depicted in Figs. 13 and 14 or small clamping stents (such as that formed from the strip
.shown-in Fig. 23) may be delivered to each side of the stent in 2 contracted state and |

deployed so as 1o clamp the vessels between the ring(s). Multiple rings may be used for
additional clamping. As sﬁown generally at 300 in Fig. 15, a first vessel 304 and a
second vessel 308 are joined together with inventive stent 312. Vessel 304 overlaps stent
312 in & first overlap region 316 while vessel 308 overlaps stent 312 in a sécond overlap
region 320. Vessel 304 is clamped between expansion ring 324 (shown in the expanded
state) and stent 312 whilc vessel-308 is clamped between expansion ring 328 (shown in
the unexpanded state for illustrative purposes only) and stent 312, the éottcd lines
associated with expansion ring 328 illustrate expansion ring 328 in its expanded statc. It
should be addiﬁonaﬂy noted that Fig. 15 provides a cu-away view of vessels showing
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the rings contained therein. Fig. 16 shows a cross-sectional view of Fig. 15 along section
line 16-16. Vessel 304 is shown sandwiched between stent 312 and expansion ring 324.

In ahother embodiment, as shown in Fig. 17, a first vessel 404 and a
second vessel 408 are joined together by a stent 412. Firstend 416 of stent 412 rests in
vessel 404 ;Nhile second end 420 of stent 412 rests within vessel 408. Optional clamps
(such as a small portion of a collapsible inventive stent shown later in strip form in Fig.
23) 424 and 428 residing on the outside of vessels 404 and 408 clamp the stent to the
vessel. Additional clamps may be used as needed. | _ _

In another embodiment, a combination of the embodiments of Figs 15 and
17, the first end of the stent ma}_fl protrude from one of the vessels and the second end of
the stent may extend over the. se@nd vessel. Again, clamps and _éxpa_nsion rings may be
used to further secure the stent to -the vessels. |

' _ In another embodiment, as shown in Fig. 18, vessel 454 and vgs_sél_ 458

are held together by an.expansion ring 462 internal to the vessel:and a_c_-_la_'mp; 466, ;<o e

cohsisting of, for example, a small section of collapsible stent, the stent chosen so that - .

. the diameter of the stent in a collapsed state affords a snug fit with vessels 454 and 458
“and expansion ring 462. Either the expansion ring or the clamp, but.not both, may be -

‘replaced by asuitable suppoit such as arigid collar. . s g e e g s

. . The invention also contemplates a method of joining together two vessels
comprising the steps of delivering an inventive stent in an unexpanded configuration in a
first stable state to a bodily site, placing two bodily vessels over the stent and expanding ..
the stent to a second étable state, the diameter of the stent in the second stable state.
exceeding that of the vessels to be joined. The diameter of the stent in the second stable
state is preferably chosen so that the vessels fit snugly over the stent. The delivery of the
stent may be accomplished by delivering the stent in an unexpanded configuration
through a bodily vessel and subsequently expanding the stent to rest snugly in the vessels
to be joined (where a portion of the stent resides in a vessel), or by expanding the stent
to its most expanded state, placing the stent over the vessel and then contracting the stent
to an intermediate state over the vessel. The collars and expansion rings mentioned
above may similarly be delivered. Alternatively, the stent, collars and expansion rings

may be delivered by surgically exposing the vessel in question.
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. The present invention is also-directed 10 a bistable valve. The valve, as
shown generally at 600 in Fig. 19 includes a snap-action bipositional unit cell shown
generally at 604 located within 2 conduit 606. Snap-action bipositional unit cell 604
consists of a (substantially arcuate) ﬂexiblé member 608 hév-ing afirstend612and a

.second end 616. Firstend 612 is in communication with a triggcring means 620 which is
supported, in Tum' by a support means 624 emerging from the inner surface of conduit '
606. Second end 616 of flexible member 608 is anchored to stop surface 628 which
extends across conduit 606. Support means 624 and stop surface 628 must be
sufficiently rigid to hold flexible member 608 in place and must be more rigid than - -
flexible member 608. Stop surface 628 extends subsxamiélly obliquely across conduit -
606 in oblique regions 630 and has 4 opening 632 within in longitudina) region 634 to -
allow ihe fiow therethrough of a fluid. Although opening 632 is oriented along the
longitudinal axis 636 of conduit 606, those of ordinary skill in the art will recognize
othcr posszble orientations of the oPemng ané stop surface.  Valve closure member 640, -
acmated between open and closed positions by flexible member 608, is constructed and

- arranged so as 10 block the flow of fluid through opening 632 when flexible mcrnbcr 608

is in the closed posmon. When flexible member 608 is in the open position, as depicted

in Fig 20 'valve ¢losure member 640 no longer obstructs opening 632, thereby allowing -~ -

' the flow of fluid therethrough.

While triggering means 620 may be any snitable mes.hamca.l hydraulic,
pneumatic, or thermal based trigger known in the art at present or in the fowre, in a
' px'eferred.emhcidimtml, tripgering means 620 is a piczocl_cctrid element: Inoperaton, if
the piezoclement shown in Fig. 19 at 620 is not ncﬁvated, valve closure member 640 is
closed. Activation of piezoelement 620, as shown in Fig. 20 causes a small shortening in
the longitudinat length (denoted by Y in Fig. 15) of piezoelement 620 which in turm
releases flexible member 608 from its first position. With member 608 released, valve
closure member 640 is fice to open under the pressure wansmitted from the fluid.
'Mcmhv.cr 608 assumes a second, inverted, position, as depicted in Fig. 20. While the fluid
pressure _mnima'ins member 608 in its second position, even in the absence of any fluid.
member 608 remains in its second position, as depicted in Fig. 20 if the.triggering is
turned off and piezoelement 620 assumes'its original length. Valve closure member-640
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may be closed again, in the absence of fluid, by a subsequent triggering of piezoelement
620 allowing member 608 to transition to its second (closed) position which is the
preferred position of member 608. Member 608 has been treated to receive a preferred
position as shown in Fig. 3.

The valve depicted in Figs. 19 and 20 may be apphed to medxcal and non-
medical devices. It is, in particular, an aim of the present invention to apply the i inventive *
bistable valve to the control of urinary incontinence. Ina patiexit with incontinence, the
above described valve may be implanted in the urethra using any suitable means
including the use of the above-described expansion rings to clamp the valve to the
urethra. Although the valve in the default state is closed, the valve may be triggered
when the bladder is full, to v01d the bladder Upon voiding the bladder, the valve may be-
tnggercd again to close it. Another such apphcatmn is to employ the mvennve valve in -

con_]unctlon with a shunt.. The shunt may be activated by triggering the device'and

‘Of course the valve may be used in other medxcal and non-medical
applications as well. _ R
- -In addition to the bistable unit cells disclosed above, bistable unit cells :
“and more generally, multistable unit ‘cells of other shapes are also contemplated by the -
‘present invention. Figs. 21a and 21b are schematic representations of another .
embodiment of an inventive hinged multistable cell in its contracted and expanded states,
respectively. The contracted cell, sﬁown generally at 700, and the expanded cell, shown
generally at 705, consist of four interconnected relatively rigid members. Two side ..
members 709 are connected to opposite ends of top member 713 via hinges 715. Side
‘members 709 are connected at their opposite ends to opposite ends of bottom member
717 via hinges 719. Preferably, the hinges are elastic or plastically deformable. The
hinges ﬁaay be fixedly attached to the side, top and bottom members or may be integral
with these members. In the latter case, the hinges may be formed by removing material
from the cell in the region of the hinges so that the hinges are thinner or have a different
geometry from the side, top and bottom members. In the process of transitioning from
the expa.tided to the collapsed state, bottom member 717 opens slightly. The cell of Figs.

21a,b also has two additional intermediate states in which one or the other (but not both)
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.of side members 709 and top member 713 are collapsed downward.

A hexagonal hinged multistable unit cell is shown schematically in Fig.
22a in the collapsed state and in Fig. 22b in the expanded state. The cell, shown
generally at 750, consists of top member 754 and bottom member 758, and upper side
members 762. Two upper side merr;‘bers 762 are connected o opposite ends of top
member 754 via hinges 756. Upper side members 762 are connected to bottom member ’
758 via hinges 768. Bottom member 758 is shaped like a ‘U’ with the two uprights of the
"U' modified to lie at oblique angles with respect to the bottom part of the 'U'. As with
the previously discussed inventive cells, hinges 756 and 768 may be elastic or plastically
deformable and may be fixedly attached to the members or integral with the members.

| The hexagonal unit cell thlblts multiple stable states. In addition to the fully expanded

. and fully contracted states shown in Figs. 22a and 22b, the hexagonal cell canalso |

- i:a.chleVe two mtennedlate stable conﬁguratlons in which only one of the two upper side -
| members 762 is collapsed inward along thh top member 754 T L S

The above described hmged multistablecells may be used in any of the,
above discussed applxcatlons e.g. 10 form stents, clamps, clips, expander rings, bistable
valves. | o

' In one such appllcatxon a nng or stent is formed of the hinged cells of
Figs.2]a and 21b “As shown in Fig. 23 a series of unit cells of the type depicted in Figs.
21 are _)omed together so that the top member of a cell forms portion of the bottom .
member of an ad_;oxmng cell. As depicted, top member 814 of cell 810 forms a portion of
bottom element 818 of lcel.l 820. Similarly, top member 824 of cell 828 forms a ponion
of bottom element 832 of cell 836. Although the ring or stent in Fig. 23 has been cut for
illustrative purposes, the two ends 840 and 844 are normally joined together with a
poﬁion of lower member 848 of cell 852 serving as an upper member for cell 856. The
ring so formed has a range of stable stable states including a fully expanded state and a
fully contracted state. Where the individual cells .are made identically, only the fully
expanded states may be accessed by the application of a uniform radially outward force
to the stent in the fully contracted 'state. It may serve as a clamp or collar, an expansion
ring or a stent. Larger stents may be formed by interconnecting a plurality of such rings.

Similar products may also be formed from other multistable units cells.
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Figs. 24a and 24b illustrate one such ‘possibilify schematically in which hexagonal unit
cells such as those shown in Figs. 22a, b may be joined 1ogether to fomi- aring: The top
member 884 of each cell 880 is joined with a the bottom portion 886 or modified 'U*
shaped bottom member 890. Although shown in strip form in Figs. 24a and 24b, end 894
can be joined to end 898 10 form a ring. The strip of Fig. 24a is shown in fully expanded
© state in Fig. 24b. Adjacent cells 880 are seen in their expanded state. For the sake of
completeness, the hinges are designated 902. Fig.24c shows one cell 920 in the process

. of expanding and one already expanded cell 924. The cells 920 and 924-are joined at
bottom member 928 and 10p mgmﬁer 932. Hinges are shown at 936, Multiple strips may
‘also be joined together so as to form a stent whose length is a multiple of the length of
the unit cell. In such a casc, upper side miembers of adjacent cells would be joincd
together. This is illustrated in Fig. 24d which, like Fig. 24¢ shows cells 9340 in the
e‘(panded state and cells 944 in the. process of expanding. Upper side members 948 are |

'shown by dashéd lines. Adj acem strips of mtcrconnected cells 952:are joined. togelher by | ORI

upper side members 948 as well as by oblique regions 956 of bottom membets 960.
It should be noted that the inventive devices of the present application
niay be used on a temporary basisocrona pcrmancnt basis in the body. Thus, for |
' emmplc, permanent stents and clamps are comcmplated, as are removablc stents aﬁd
clamps. , '
| It should further be noted thatin expandxng some of the mvent:ve
- multistable cells, there 12y be components of expansion/contraction in x direction
perpcndlcular to the direction of the force apphcd to expand the cells.
Finally, for the purposes of this application, the term mulhstable is

intended to include 'bistable'.
In the described drawings and text only some examples of different .

embodiments have been given. While the stents of the present invention can appear
similar to prior stents, the mechanical results are completely different due to the special
combination of a rigid sect_ion and a.more flexible section in the same unit cell. Of
course there are, beside the illustrated sinusoidal shape many other possible basic shapes
for the unit cells, with similer characteristic behavior.

From the above disclosure of the general principles of the present



20

. ‘ sk3 i i aIt ‘"i]] readil y



21-

comprehend the various modifications to which the present invention is susceptible. It is
intended for the coverage of the presént application to include different geometries,
different constructions and different combinations of one or more materials to obtain the

same basic mechanical behavior as exhibited by the above described examples.
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Claims:

1. A stent comprising a plurality of cells
defining a tubular surface, énd at least first and second
‘stable states, the cells in the second stéte encompassing a
larger area than the cell in the first state, the cells
characterized by a negative spring constant, the cells

constructed and arranged so that the stent is characterized

by a plurality of stable states.. . - f- , ,","c”"i”m!”ms'","'_

2. The stent of claim l_wﬁerein the cells are

bistable having first and second stable shapes.

3. .The stent of-claim 2 wherein the cells are
arranged and disposed -such that the stent has at-least two
stabie states, including a first stable state in which the
stent is characterized by a first diameter and a second.
stable state in which the stent is characterized by a second
diameter, the second diameter larger than the first

diameter.

4. The stent of claim 2 further having a third
stable state, the third stable state having a third diameter

different from the first and second diameters.
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5. The stent of claim 2 wherein the cells are

formed from at least two different segments:

a first segment which acts as a relatively rigid
NI oo o e s, e
a second segment which is more pliable than the
first segment, the second segment capable of existing
in two distinct states, a first contracted state
corresponding to the first stable state of the cell and
a second expanded state corresponding to the second
stable state of the cell, the first and second segments

fixedly connected one-to the other.

6. . The stent of claim 5 wherein the cells are
constructed and arranged so that the stent has two stable
states, a contracted state having a first diameter and an
expanded state having a second diameter larger than the

first diameter.

7. The stent of claim 5 wherein the first and
second segments are formed of the same material, the first
segment having a first cross-sectional area and the second
segment having a second croés—sectional area larger than the

first cross-sectional area.
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8. The stent of claim 5 wherein the first and
second segments are made of different materials, the
material of the first segment-being more rigid than the
material of the second segment.

9. The stent of claim 5 wherein the first and
second segments are made of the same material, the first
segments being strengthened by heat treating so as to

increase the rigidity of the first segments.

10. The stent of claim 5 having a uniform
.diameter and having three or more stable states, -the -

diameter of the stent differing in each stable state.

. 11. The stent of claim 5 constructed and arranged:
to have three or more stabie states, the stent having
different diameters in some of the stable states, the stent
comprised of a plurality of bistable cells of twotor more. .
types, the cell types requiring different amounts of force

to expand.

12. The stent of claim 1 wherein the plurality of

cells comprise a plurality of multistable loops.

13. The stent of claim 12 wherein each one of the

multistable loops comprises a first arcuate member having
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first and second ends and a second arcuate member having
first and second ends, the first end of the first member
coupled to the first end of the second member, and
the second end of the first member coupled to the second end
of the seéond member,
wherein the second member is more pliable than the

first, the second member capable of assuming a first stable

position and a second .stable position. : ll"l"”"l"l"""ll””"‘
. * ¢ L H. s *

14. The stent of claim 13 wherein the first

arcuate members define a plurality of generally
longitudinal, first Wave—like members characterized by a
first Qavelength, and having peaks and troughs and

the secornd arcuate members:define a plurality of generally
longitudinal second wave—like memberé characterized by a
second wavelength, and having peaks and troughs, the second
wavelength substantially equal to the first wavelength, .the -
second members capable of stably assuming two positions, a
first position corresponding to the unexpanded configuration
in which the first and second members are in phase and a
second position corresponding to the expanded configuration,
in which the first and second members are 180° out of phase,

the first members more rigid than the second members.
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15. A stent as in claim 1 wherein the cells are
expandable from the first so the second stable state, the

expansion having a tangential component and an axial

. N
* c L M . S *

16. The stent of claim 1, further comprising at

least one unit cell including at least four relatively rigid
segments, each relatively rigid segment having.a first end
and a second end, each first end connected to a second end

of an adjacent segment by a plastically or elastically

- deformable ‘hinge and each second end connected-to a first- - -~

end by a plastically or elastically deformable hinge so as
to formed a closed cell, whereby the unit cell can be
" switched between a first stable fully collapsed shape and a

second stable fully expanded shape.

17. The stent as in claim 16 wherein the fully
collapsed configuration has a first area and the fully
expanded configuration has a second area larger than the

first area.

18. The stent as in claim 16 wherein the unit
cell has:

a top segment;
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a bottom segment, the bottom segment including a
portion that is substantially parallel to the top segment,
the parallel segment having first and second ends, and two
oblique portions that are disposed at oblique angles
relative to the parallel portion, each oblique portion
situated at an end of the parallel portion;

a first segment connecting the bottom and top segments

and a second segment connecting the bottom and top
segments, the first and second. segments of substantially

equal length, the cell symmetric about an axis that bisects
,—\

e o e s gy

19. The stent as in claim 18 wherein the unit
cell assumes a hexagonal shape in its expanded state.-
20. The stent as in claim 16 wherein the unit
cell has:
a curved top segment;
a bottom segment, the bottom segment substantially
parallel to the top segment,
a first segment connecting the bottom and top segments
and a second segment connecting the bottom and top
segments, the first and second segmenfs of substantially
equal length, the unit cell symmetric about an axis that

bisects the top and bottom segments.



