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A STENT WJfu A NEGATIVE SPRING CONSTANT 

Background Of the Tnven1ion 

There are several kinds of stents on the market with either palloon 

expandable or self expanding function. Balloon expandable stems are generaliy made 

from a material that can easily be plastically defonned into tvvo directions. Before 

insertion, the stent is placed around the balloon :section :.t 1he dis~l end of a ce.theter and 

pxe:ssed together to reduce the outer dimensfons. 

As soon as the stent is brought into the body in the proper axi"aJ position it 

can be expsnded and thereby plastically defonned by pwnping up 1he balloon. Jn 1his 

final positlon, the stent is at it"s largest diameter and should function to supp:ort the 

s:urrounding :tissue, pieventing an undesired shape change ·into a muc~ smA}lei: di~_eter~·.. . . ... 

· at least locally. 

Therefore,. the stent needs to ha,·e sufficient rigidity in the radial direction. 

but also some flexibility in the axial direction when it is in the final position. FurtheT, the 

amount of material slaoul d be as small as possjblc and in tl1e inner surface of tl_i~. s~e:n.t 

should not obstruct the flow through the channel (e.g .• for blood) or cause too mu~h 

· turbulence. 

Problems that gener:ally occur with these stcnts are as follows: After. 

compressing the Stent to its smallest dfameter ErOUnd the balloon, the stent will 3]'\Ya.ys 

have some elastic spring back to a slight~y lmger diameter, which can cause problems 

·when the catheter is brought into the patient's body. In addition, the axial friction 

between balloon.and stent can become so small "that the~tcnt sHps off the catheter. 

Furtherr a larger size stent is typiei-ally a disadvantage. 

A further problem is tbe so called recoil of these stents. This means that 

~~er expansion by the balloon pres~ure, the outer diameter will alway~ become slightly 

Snlal)er aS ~OOn aS the baJloOll iS deflated, This OCg?'CC Of TCCOiJ Call be flS rfU.lCh SS l Qo/o, 

which can cause.migration of the stcnt. 

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 catneter by some extern.a] means. An example of 

this type is a stent that is held in its cons~ed state by a delivery sheath, that is removed 

at the moment that the stent should deploy to jts nntuml form. 

Some of these stents are made of shape memory material with either . · 

superelastic behavior or temperature sensitive triggering of the e.xpansion function. 

A disadvantage uf these self-expanding stents is the need for ~he deliv.ery 

sheath; causing a larger insert.ion tliwneter. The removal of the sheath nlso requires a 

· sheath retr.sclion mechanism, which has to ~ nctivo.ted at the proxim3l. end. 

Most stcnts ofbotb types further have the disadva.11tage of relatively large . 

length change during exp.ans.ion and a poor hydrodynamic behavior because of the shape 

of the metal wires or struts. · 
Another disadvantage of some stents is the positive spril,lg rate, which 

' means that further expansion can only be achieyed by higher balloon pressure. 

. . .: . ~The .c0nstruction of pnor sterits is 'fypfoa.U.y" made hl such a way that the .... ·······:o.•11.';'I···:· 

external forces. working on the stent in the radial d.irection. merely cause bendjng forces 

on the struts or wires of the structure. 

For example, a unit cell of a Palmaz.Schau~stcnt. as produced by Jo~on . 
. . . 

& Johnson Inteiveµtional Systems or the ACT One Coronary stent, produced by ........ 

Progressive Angioplasty Systems, Inc. brus in its coliripsed condition a flat, rectangular 

shape· a,nd in its cxpamfod coi:i-dition a more Qr less diamond-shaped fonn with alnl<?~t 

straight struts (Paimaz-Sch_atz) or more curved stn.1ts (ACT-One). 

The shape of the unit cell of such stents is typically symmetrical with four. 

struts eacb having the same cross $CcUOn. In adqition. the loading of the cell in the axial 

direction will typically cause an elastic or plastic dcfo~1fon of all of the struts, . 

resulting in an elongation of the unit cell in the axial direction. 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. 

Summazy Of the Inventinn 

In this pa.tent application a new type of srent i!\ described with a unit cell. 

having a negative spring rate and a ~ista.ble :function. Such a u~t 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 ieast 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 direction. 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 section is • 

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 mo~e. 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. 

The construction of a stent, bas~d upon this unit cell results in an 

apparatus, that can:easily be elastically compressed around the balfocm by finge:r.pre_~s.ui:e. · 

· Below a certain critical diameter, the present stent snaps further to a 
. . 

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

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

not required, but may be used for·extra sB.feiy; · · · 

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 itreaches 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 



.. ·c . ·~ 

4 

displacement characteristic of this unit cell becomes asymmetrical or even exhibits a 

monostable instead of a bistable function, either with the expanded diameter or the 

coUapsed diameter being .the most stable condition. 

Another embodiment of the invention is the modification of the geometry 

of the cross section of some struts to achieve the symmetric or asymmetric bistable or 

monostable force against displacement characteristics of a uni~ 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 difected to the use of the inventive stents in 

conjunctfon with inventive·expander rings to join together tWo vessels. 

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

biposition'al unit cell and uses for the same, i17- particular, to prevent incontinence. . 

· . -- .··Th¢:"iriventi0il is.also directed to multistable cells and their use in medieal•.-"···.::· · ·, < 
devices. 

Description of the Construction.· · 

The construction of the present stent includes a series 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, mechanically connected sections with different mechanical 

behaviors. One section acts as a relatively rigid support for the more flexible 

counteracting section. The more flexible section is responsible for most, if not all, of the 

expansion of the stent. There are several ways lo 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 ofsintering ofprealloyed powder. 

A further method is making the stent from a tubular shaped starting 

material, with a pattern of slits or slots made in the wa11 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. I; 

Fig. 3; 

Fig. I shows the principle of a bistable mechanism; 

Fig. 2 shows the force-displacement characteristic of the mechanism of 

Fig. 3 shows another bistable mechanism with an asymmetric bistability; 

Fig;.4 shows the force-displacement characteristic of the mechanism,of 

. Fig .. 5ashows an inventive tubqlar stent in the stable, fully collaps~~t 

·:configuration;•;._ ... , .. ~-:~ .:: - - -··:,·:··' ··· · -· · ': ..... ··· 

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>7shows the part ofthe.stent of Fig. 6 near its elastic bistable 

equilibrium position; 

Fig. 8 shows the part.. of ihe steJ)t 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 collapsed 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; 



6 

Fig. 14 shows the expansion ring of Fig. 13 in contracted state; 

Fig. 15 shows an inventive stent joining two vessels together and further 

secured with inventive expansion ringst the stent exterior to the vessels; 

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

Fig. 17 shows an.inventive stentjoiningtwo vessels together, the stent 

interior to the vessels; 

Fig. 18 shows two vessels joined together with an inventive expansion 

ring and a clamp 

Fig. 19 shqws a bistable valve in the closed position; 

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

i~·1g. 21 a shows a multistable cell in the fully contracted sta1e; 

Fig. 21b sho\\.'S the multistable cell of fig. 2la in the fully expanded state; 

Fig. 22a shows another multista?lc cell in the fully con~cted state; 

F~g. z+b shows: .the .multista~l.~ ,cell of F~g. 22a. in the fully e.xpande~. state; 

Fig. 23 shows several unit cells as sho'Wn in Figs. 2la.bjoined together 

and in ~e fully expanded ·state; 

. Fig. 24a shows several unit cells as show1?. in Figs. 22a.,b joined togc;:ther 

and in the contracted state; 

. Fig. 24b shows the interconnected cells of Fig. 24a in fully expanded 

state; 

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

expanding; and 

Fig. 24d shows several strips of i1:1tercormected cells as in Figs. 24a,b 

joined together and in the process of expanding. 

J')etailed Description of the Drawings 

Fig. l shows the principle on which the s'tent is based, Fig. la shows a rod 

I with a length L, which is compressed in its axial direction unit; it reaches its buckling 

stn:s. ... Then the central part of the rod will bend out in a sidewards djrection. either to 

position.2- or·3 (dashed lines in Fig. lb). When the a.'Cial displacement L of the ends of 

the roo is held stable by extem11l clamps 4. it is possible to move the central section of 
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the rod between the two stable positions 2 and 3. This movement is in a direction X. 

perpendicular to the original length axis A-A of the rod. AU positions between the stable 

positions 2 and 3 are unstable. ln Fig. lb the central part of the rod has to rotate over an 

angle ~ before the rod can be moved in direction X. f jg. lC shows a second order 

cwvature in rod 1, which occurs when the rotation over angle p is opposed by clmnpmg 

the central part of rod J and mainta:ining this part parallel to the axis A·A 

Fig. 2 shows the force F as a function of displac.cment X, with X 

di5played in the horizonal direction. The rod is moved from the upper 2 to the lower 3 

stable position of Fig. I. The force increases :rapidly from zero to Fmax. At Uiat rnoment 

the ~nset of either the first or second order cun-a.ture of Fig. 'lb and le is rea.chec!. F1.u-ther 

displacement in direction X c~st!l 1C:is force, becnuse this. spring sy~m has a negative . 

spring rate. The force even becomes zero in 1be mid position and .further movement 

' 
occurs automatically. It can be seen in Fig. 2.that the system is completely symmetrical 

o.nci the forec i\~~ded to. ~ove back from the. ldWer- to tlfo up~ position has the, San)~·• 

characterrstie. 

Fig. 3 shows rod 5, which will have an asymmeuical force displace~c:r1t 

charac:ceristit; because it already has a preset curvarure, even in the \lnloaded po~t;iQn, 

where th~ length is already L-~L. This can be nchicvc:d ~y prior -plastic 4cfo~atiQ~, h~a.t 
. . 

treaqncnt or the tLt;e of an asymmetrical geometry of the cross section.of the rod (not .· 

shown). The ?od 5 in Fig. 3 can be mounted between m•o clamps on a length.L -· .6.L, a.nd 

.if it is elastically defonned in the same way as the I~"ld in Figs lb and le. it Will have a 

different stress distribution in the cross section in end position 2 and 3. com.pared to the 

rqd of Fig. I. This means that the rod has become a preforcnt W'Jonded stable position, 

shown in Fig. 3. 

Fig. 4 shows the asymmetrical force-displacement.charac.1eristic of the 

precurved rod of Fig. 3. The initial displacement from lbe stable upper position needs a 

starting force Fl and if the rod is in its stable lov.rer position the starting force in the 

opposite directfon is only F2, being smaller than FL Force F2 can be made es small as 

dcsjred,. even zero or negative, but needs tl.,. ha~e a positive value if stability of the lower 

position is required. 

Figs. Sa and Sb show the general appearance of an inventive tubular stcnt 
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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 fonned from a first relatively 

rigid segment 52-(66 in Fig. 5b) and a second relatively flexible segment 54 (68 in Fig. 

5b),joined together at ends 70 and 72. Second relatively 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 switch:ed directly from a fully contracted to a fully expanded configuration or vice. 

versa. 

Fig. 6 (corresponding to inset 6 in Figure 5b) ~hows a small pan of a stent 

such as that shown in Figs .5 which uses the bistable function of a unit cell, according to 

!._ ·:. •· , .... ·.·,-' • · ·' the pr~s·eiit"irtventibn.· The,drawing·sh~ws··~ hoti2:ont~I-Iin~ A;.A~·which·is paraHel -to the 

ce~tral axis of the stent. There are two series of sinusoidal segments with distinct size 

(see also Fig. 9 for an overView). The segments 7 and 9 have a relatively large cross 

section. Only seginent_ 9 is shown entirely. ·The segments 9 _and IO have a relatively 
. . . . 

smaller cross section, and here only ·segment 8 is entiiely shown. The segments are 

interconnected for example welded, at jofots 11 and 12. 

·Because of the difference between the cross section of segment 8 and 9. 

the defof1llation force of segment 8 is much lower than for segment 9 .. Therefore, 

segment 9 can be considered as a relatively rigid clamp, like the clamps 4 in Fig. lb 

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, described in Fig. I or 

rod 5, described in Fig. 3. This combination of segments 7 and 8 or 9 and I°O 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 

strengths 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 to use the same material, like a meta4 for all 1hc segments but 

selectively strengthen (e.g., by heat treating) those segments that DCCd to be rigid. lt 

should be noted that heat treatment will not strengthen all materials. Nitinol, for example 

~mes more pliable as a result of heat treatment. This prnpercy ofNitinol can be 

exploited, however, to render one section ofNitinol more pliable relative to a second, 

non-heat·treated section ofNitinol. 

Fig. 7 shows the same part of the stent (as depfoted in Fig. 6) neu the 

elastic equilibrium position. Segment 8 bas been def9rmed into the direction X, caused 

by force F, but segment 9 has almost its original shnpc, because oi its larger rigidity. 

Fig. 8 shows ~e same unit cell cf the stent of .figs. 6-7 after it bas been 

pressed thtough the elastic equilibrium ~osirion~ It automatically sn~ps jnto its stable . 

position of Fig. 8. This snapping force can be strong enough to hold a deflated balloon 

right on the cailieter shaft (not shown). d_epending on the mechanical characteriStics (e.g ... 

· ., ... the sm:ngth)ofthe-m.ot~ri.~l(~)u..sec;i_t9_mak~ th~ . .SCgll.l~ts. With the geoIIJetry-~1own in,: . : 
.. 

. .. ·. :· .. . ..................... .. .. ., '. . .. 

these figures, the segments 8 snd 9 fit close together. trucing up a minimum amount of 

space wh~n the St!=nt is in its smallest ~table diameter. 

Fig. 9 shows a section of the stent of Figs. 5, flattened for illustrative 

purposes, $bowing ~evcral flc~jble segments in the collapsed stable shape (segments 14, 
. . . . . ' . 

. . : . . •. ~ . 

_ 18 and 20) and one segment element 16 in the expanded stable shape. Segm~nts l 3, ~ 5. 
. . ; ..... . 

17.·~d 19 are relatively rigid segments and substantially mainusin their original shape. 

The distance between tW<? relatively rigitj. segments is shown as (h) ill the collapsed 

stable shape and (H) in the expanded stable shap~. The \•aloe of the displ~ent (H·h) 

in the direction X depends on the height of an e~panded unit cell or amplitude of the 

segments and the size of the connecting joints. The described pan of the Stent is shown 

as a flat surface~ but it may be clear 1hat a cylindrical stent such ns that sho'm 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 along the joints 21 and in a flattened condition. 

The range of stable diameters of the stcnt changes v.ith the value (H-h)/"T.:, 

cnc-h time that a flexible segment snaps from the collapsed stable position to the 

'expanded stable position. The Testilt is a stent with an extremely rigid 'Surface at all 

.diameters being able to witllstand the ext~l 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 iinit cells from their neighbor unit cells, for example,.by cutting 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 sforits 100 aligned lengthWise end·to end and connected with flexibility joints· 

I 04 having the same or a different geometry or configuration as the joints forming 

individual .. unit cells. 

, ·, :_;... ._ ·_··. ,,· · : :The-scope ofth.cd-iiveniionshcruid:foC1ude all fypes ofmateri~. one·ot ,; 

the most interesting materials is supetelastic Nitinol, because of its large elastic strain, 
. . . 

well defined stress values, caused by their plateau stresses and the' possibility tO define 

the desired curvature ·into the metal by means ~fa heat treatment~ ,A stent of Nitinol can 

be made by forming slits or slOts in a tUbe, while in its collapsed or smaller stable 

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

on this tool to define the expanded stable diameter as the unstrained shape. 

In a more general sense, the present invention is directed to a device . 

having a plurality of s:table configurations. The device 'is comprised of a plurality of 

interconnected multistable cells. The cells include one or more relatively rigid sections 

and one or more relatively flexible seetions 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 communication 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 djstance 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 ofthe cell. The cells themselves are consJ:rUcted and arranged so 

that the device itself is at least bistable and possibly multistable. One such device. a 

cylindrical stent having two or more configurations wi1h an initial diameter size and a 

final larger diameter si:r..e hns been described above. However, multistable stents are also 

·contemplated. Thus~ for example, a stent may be constructed in which the cells are 

designed and arranged to provide arangeofdismeters in step-wise fashioµ. One such 

way this may be accomplished wol1ld be to employ several different 't)'pes ... of cells in the 

· stent. each type of cell having a different-spring constant so that depending on_1he 

amount of force used. the stent w9uld assume a different diameter. Such a stent in a 

partially apanded state is shown schematically in Fig. 11. A partially expanded stent is 

. shown genetciUy.:at 120~ ... :'fhe ste~t is .. compris~d:of relatively pgid segmentS 123,.127, . , ..... 
• 

• . . . . . • • . -- • • .• , • !": -~ • .•. - - .•. - ..... - • ~ .... 

131 and 135 which substantialiy maintain their original shap~ and relatively flexible . 

segments-125~ 129, and 1~3. The segments ~e interconnec~ed. with joints 12~. ~s 

de.picted,.first flexible clements 1·25, nnd 133 are in an expanded configuration:while 

second fl~ible clement 129 i.s in a contracted configuration_. By applying a ~~ia:Jly , 

outward or-µingential fore~ flexible element 129 mny be flip~d to its ft~lly expanded . 
. . ' . - . 

configuration resulting in a stent (no1 shown) \\.'ilh a larger diameter. As shown in Fig. 

11. cells 138 are larger than cells 136 even in the contracted state. First tlexible elements 

125 and 133 are characterized by a different degree of flexibility than second flexibl~ . 

clem.cpt 129. 

Another forin of stcnt, as shown generally at 150 in scheniatic Fig. r 2, bas 

an first diameter at a first end 152, a second diameter at a second end 154 and one (or 

more) intermediate diameters in a region 156 between fir.1L end 152 and second end 154, 

the intermediate diameter differing from the iii-st and second diameters. The 

interconnected cells in such a stent. as show11 generally at 150 in Fig. 12 may all have the 

same force constant and hence be openable aU at once witl1 the application of the 

necessary force or 1here. may be several different types of cells, each with their own force 

· constant In order to acJijeye 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 ~nfigurations. The method comprises the 

steps of applying 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 second 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, ~mechanical device on or in the.catheter, a heat source where the cell~ can be 

induced to change states By.heating or any otper suitable expandi~g m~Rl:l:~·. Xll.e.st~nt ·· ·' 

may be applied to the balloon in the first stable configuration or may be applied in the 

second stable (expanded)-configuration ~uring the applying step. In the latter case 

... · . .''. .·. · · · -· · -- · · · radially inwetd··~ressfil.e;may-'be app"fied::to~:the-·sterit SO as 1~ ·mge th~. St~nt jptOJh¢ :fU"S~ ;: ~ ,· 

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

states, the steritmay be applied to the balloon in an intermediate stable state in which the . 

diameter of the stentis ihtetmediate between the diameter in the first state.and the . · 

diameter· in the s~cond state~' Agairi, the stent may be locked on the expandi~g means by 

further applying a radially inward pressure. 

·A further object of the invention is the use of a single bistable unit cell as 

an expander (expansion ring), th~t can be brought into a narrow place and then tri_ggered 

to snap back in:to 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 ends. First end 258 of first member254 is connected to first end 270 of 

second member 266 and second end 262 of first member 254 is connected to second end 

. 274 of second mell1ber 266: Fig. 14 depicts the expansion ring of Fig. 13 in its 

contracted state: Second member 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 such a clip it may be desfrable to define the 

··:. ~. : ·· .. '..· 
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coilapsed stable shape as the unstrained shape~ because the collapsed stable· shape has to 

be the most stable one. In the collapsed state, the clip would resemble the coUapsed 

expansion ring of Fig. 14.- A triggering means WQuld be used in c'?njunction with tbe 

clamp to sy.ritch the bistable loop from .one state to another. The "triggering means may be 

pneumntic, hydmulic, mechnnicru, thermal or electromechanical means. Pxamples·of 

such triggering means include a human hand app1ying force to the bistable loop, and the 

application of heat to 1he loop. Other triggering means in?lude pulling on the devic~ 

ptlShing on the device, bending the rigid section of the device or releasing a restraint 

holding the flexible member in place. 

Another pan o.f tbe present invention involves. constructions between one 

··or more ring-shaped elCJJicnts according to the prescnt.inYert~OD, Combined with a . 

tubulur .sleeve 1hnt is reinforced or held open with such elements. ~ exnmple is o so-

. c.alled graft stentmade o~ a poly~.er with one o.r more expansion rings. ··The expansion 

rings xµ~y ~~~ist (>ftb,e. above-described b.i-s~ble cells~<Tlie surfuce·~fthe:steni ·: · ·· ... ,_ .- -

comprises a skin mounted on "the expansion rings. In.mounting· the skin. the skin may 

surround, be in or between.the expansion rings. The skin may be human or animal skin, 

~a polymeric material or miy. othcl:" suit.abtc bi9-compa:tj.ble material ... Such a stent may 

cemprise one or more expan#pn -rings, such~ ~first expansion ring at a first end of the · 

stent and a second expansion ring at a second end of the stei.:ii. The stent may be of . 

constant diameter along jts length or may have a first diameter at the first end and a· 

second diameter at the second end. 

-· The present invention is also directed to a stcnt ha'1ng an unexpanded 

configuration and an expanded configuration, an~ comprising a plurality of generally 

longitudinal, wave-like first members characterized by a first wavelength, and having 

peaks and troughs and a plurality of generally longitudinal wave-like second members 

characterized by a second wavclen~ and having peaks and troughs. The wavelen_gths 

of the tlrst and ~econd longitudinal members are substantially equal. The second 

memb~ arc capable of stably assuming two positions. a first position corresponding to 

the .unexpanded configuration in which the first and second members are in pllsse arid a 

second position correspondirig to the expanded configuration, in which the first and 

second members are 180° out of phase. The flI'St members are more rigid than the 

·~~.·· 
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second members. The fll'St and second longitudinal members are disposed on the surface 

of the :stent such that the longirudinal first and second members alternate. In the 

unexpanded state, each peak of each first member is connected to one adj~cent peak of a 

second member in a region of attachment and each tro~gh of each first member is 

attached to one adjacent trough of a second member in a region of attachment, as can be 

seen from- .f'ig. 9. The regions of attachment are separated along 1he longitudinal 

· direction by one wavelength. TI1e so described stent can be snappea from the 

unexpanded configuration to the expanded configuration by applying a radially outward 

force and similarly can be snapped from the expanded to me unexpanded co~guration 

by -applying n radially inviard force. While such slents may be used int~l to a boclily 

vessel, ;~.may also be used external to vessels to join two vessels together. 

The invention also contemplates a method of joming together two vessels 
' 

comprl~ing the steps of delivering an inventive stent in an unexpanded ~on:fi_guration in a· 

'first st~bie state' to a bOdily Sit~~ ~pand~g the stent to.~ ~econd.stable· State; ·1h~"di_atneter· ·>: < :. · 

of1he stent in the Jec6n~ stable state exceeding that of the vessels to be joined and 

placing the stcnt over the vessels to be joined~ ·The stent may thei.1 be contracted to- a 

·third ~ble state, the stent in the 1hlfd stable st~te having a: diameter-intermediate 

betWeen the diameters of the steht in the Wle.."CpaDded state and in the second s~blcstate. 

The stent may further be secured to the vessel with the aid of one or more of the abov~­

desoribed expansion rings (~bistable loop). One or more expansion rings., such as that 

depicted in Figs. 13 and 14 or sm.all clamping stents (such as that formed from the strip 

-sbown·in Fig. 23)may be delivered to each side of the stent in a contracted st~~~ ru~ 

deployed so as to clamp th~ ve-ssels betWeen the ring(s). Multiple rings m17y be used for 

additional clamping. As shown generally at 300 jn Fig. 15. a first vessel304 and a 

second vessel 308 are joined together with inventive stent 312. V cssel 304 overlaps stent 

312 in a firstover111p region 316 whi1e vessel 308 overlaps Stent 312 in a second overlap 

?Cgion 320. Vessel 304 is clamped between expansion ring 324 (shown in the expanded 

state) and stent 312 while vcs:sel·308 is clamped between expans:on ring 328 (shown i:n 

the unexpanded st.ate for illustrative pu1pOses only) and stcnt 312. the dotted lines 

associaied with expansion ring 322 illustrate expansion ring 328 in :its expanded state. It 

should be additionally noted that Fig. 15 )llovides a cur-away view of vessels ·mowing 
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the rings con~ned 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 another embodiment, as shown in Fig. 17, a first vessel 404 and a 

second vessel 408 are joined together by a 'stent 412. Ffrst end 416 of stent 412 rests in 

vessel 404 while second end 420 ofstent412 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 may protrude from one of the vessels and the second end of 

the stent m~y extend _over the. second vessel. Again~ clamps and ~xpansion .ri.I?-gs may be 

used to further secure the stent to the vessels. . 
'.. . .. Jn ~other eip.bodiment, as sho"?VD in Fig. 18, vessel 454 and v~ssel_ 4:58 

ai:e held :together by ~--~?'Pansi-On ring462 internal to th~ :vesset·and a c1Qlllp466; :-:' .' . . . - , .... '· · · · ···.·~ .. 

consisting 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 bo~h. may be · 

~replaced by a·suitable supportsu:ch as a·rigid collar. ·····:· .. ... :· :·~ .. '· .. ·:: ····· ...... _. ~ ~ :· ........ ~··: .. ;' . 

, The invention also contemplates a method ofjoiningtogether 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 stable 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 to a bistable valve. The valve, as 

shown generally al 600 in Fig. 19 includes n snap-action biposjtiori.al unit cell shown 

generally at 604 l<>cated within a conduit 606. Snap·action bipo~itlonal unit cell 604 

consists of a (substantially arcuate) !lexible member 608 hav.ing a fast end 612 and a 

·second end 616. First end 612 is in communication wit."1 a triggering m~ans 620 which is 

supported, jn tum· by a suppon 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. Suppon means 624 and stop surface 628 must be 

~fficiently rigid to hold :flexible member 608 in place and must be more rigid than · · 

fleX:ible member 608. Stop surface 628 extends substantially obliquely across conJuit 

606 in oblique regions 630 and hac; a opening 63:i within in longitudinaJ region 634 to 

allow the flow there'through 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 

~th~ri)O~sihle orientaiions ofiiie ·o~ng:and·$topsUirace. Valve closure member 640; · 

ac:ruated between open and closed positions by flexible member 608, is constructed and 

. arranged so as to block th~ flow of fluid 1hro1igh opening 632 when flexibie m~mtx:r 608 

is in the closed position. When flexible member 608 is in the open .J?osition, as depicted 

in Flg. 20_vatve closure ~ember 640 no longer obstructs opening 632. thereby -allowing 

the flow of fluid thercthrough. 

While trigg_ering means 620 may be any suit.ab}~ mechanical. hydraulic. 

p~eumatic, or thermal based trigger k."lo\vn in t~e art at present or in the future. ·in a 

preferred embodiment, triggering means 620 5s a piezocl.ectric element: In operation~ if 

the piez,oclement shown in Fig. 19 at 62~ is not .activated, valve closure member 640 is 

closed. Activation ofpiezoelement 620, as shO"\\'n in Fig. 20 causes a small shorteni:lg in 

the longitudinol length (denoted by Y ill Fig. 15) of piezoclement 620 which in rum 

releases flexible member 608 from its first position. With member 608 released, valve 

.closure member 640 fa free ·to open under the pressure transmitted from the fluid. 

Member 608 assumes a second. inverted, position, as depicted m Fig. 20. 'While the fluid 

pressure rmiintains member 608 in its: $lecond position. even in the ah!;ence·ofany fluid. . . 

member 608 remains in its second position, as depicted in Fig. 20 if the.triggering is 

turned off and piezoelement 620 assume:S"its original length. Valve closuremember.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. 

~e valve depicted in Figs. 19 and 20 may be applied to medical and.non­

~edical devices. It is, in particular, an aim of the present invention to apply the inventive • 

bistable valve to the control of urinary incontinence. In a patient 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. A.though the valve in the default st~te is closed, the valve may be tri~gered 

when-the bladd~r is full, to void the bladder. Upon voiding the bladder,-the valve may be- -
. . . . 

triggered again to close it. Another such application is to employ the inventive valve in 
: 

conjunction with- a shunt .. The shunt may be activated by triggering the device· an~ 

similarlymay·b_ecl0$¢d-bytriggering,the.(i~yice.· ',_.-:_:,_•.-' ·: .. -. ,,..-2<·-

·0fcourse f:be valve may be-used in other medical and non-medical 

applications as well. 

- -_-In addition to the bistable unitcells disclosed above, bistable unit cells -: 

- aiid"more" generally, multistable unifcells of other shapes· are also contemplated by the --

present inventiOn. Figs. 21 a and 21 b are schematic representations of another --

embodiment of ail inventive hinged multistable cell in its contracted and .expanded states. 

respectively. The contracted cell, shown generally at 700, and the exp~ded cell, shown 

generally at 705, consist of four interconnected relatively rigid members. Two-side . 

members 709 are connected to opposite ends ofl:op 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 may 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 ex:parided 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 riot 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 mem.bers 762 are connected to 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 1U1 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 

deforma~le and may be fixedly attached to the members or integral with the members. 

The hexagonal unit cell exhlb~ts multiple stable states. In addition to the fully expanded 

and fully contracted states shown in Figs. 22a and 22b, the hexagonal cell can also 

,achieve ~o intermediate stable configurations in which only one qft~e i"."o· ~pper sid.~. 

'mcinbers 762 is collapsed inward along\vith top member 754 . 

The abov~ described hinged multistable·cells may be used in any of the. 

above discussed ~pplications e.g. to form stents~ clamps, clips, expander rings, .bistable 

valves. 

In. one such application a ring or Stent is formed of the hinged cell~ of ·. 

Figs. 21a and 2lb. As shown in Fig. 23, a series of unit cells of the type depicted in Figs. 

21 are joined together so that the top member of a cell forms a portion of the bottom 

member of an adjoining cell. As depi~ted, top member 814 of cell 810 fonns a portion of 

bottom element 818 of cell 820. Similarly, top member 824 of cell 828 fonns a portion 

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 

portion 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 ·possibility schematically in which hexagonal unit 

cells such as those shown in Figs. 22a.. b may be joined together to form a ring.- The top 

member 884 of each cell 880 is joined with a 1he bottom portion 886 or modified 'U' 

shaped bottom member 890. Although shown in strip fonn in Figs. 24a and 24b, end 894 

can be joined to end 898 to lb.rm a ring._ The strip of Fig. 24a is shown in fully expanded 

state jn Fig. 24b. Adjacent cells 880 are seen in their expanded state. F<>r the sake of 

completeness, the.hinges are designated 902. Fig. 24c ~hows -One ~ell 920 in the process 

of e."'tpanding and one already expanded cell 924. The cells 920 and 924· are joined at 

bottom member 928 and top member 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 

1he unit cell. In such ·a case, upper s_ide: members of c1djac~t cells would be joined 

together. This is illustrated in Fig. 24d which, like Fig. 24c shows cells 940 in the 

• 
e.'Cpanded state and cells 944 in the. process of expanding. Upper side members. 948 are 

-~own by dashed lines. Adjac~ smps of interconnected cells 952~~ joint:d.tog~t.ller .l?Y. .. , .. 

ttPJ'er side members 948 as well as by oblique regions 956 of bottom members 960. 

It should be noted that the inventive devices of the prescnC application 

J?iay be used on a temporary basis or on a pcnna11ent basis in the body. Thus, for 

example, permanent stents· ~nd clamps a.re c_ontcmplated, as are removable ste11ts, and 

clamps. 

It should further be noted tha~ j,.,. expanding some of the inventive 

multistable cells, there rnay be components of expansion/contraction in u direction · 

perpendicular to the di:rec::tion oftbe force applied to expand the cells. 

Fimlly, for the purposes of this application. the term 'Jnultistable' is 

intended to include 'bistable'. 

In 'the described dra.wings and te>.1: only some examples of different 

embodiments have been given. While the stents of the present invention ~an appear 

similar to prior !tents, the :mcchonical results are completely different due to the spe-cial 

combination of a. rigid scc~on and a.more flexible section ,in the same ":!nit cell. Of 

course there are, beside the illustrated sinusoidal ~hape many other possible basic shapes 

for the unit cells, with similer characteristic behavior. 

From the above disclosure. of the general principles oft.he present 

. =-~ ., . 
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invention and the preeeding detailed description, those skill~ in this art will readily 

.. 
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comprehend the various modifications to which the present invention is susceptible. It is 

intended for the coverage of the present 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, and at least first and second 

stable states, the cells in the second state 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. 
' 1111111111111 111111111111 1111 

* C L M S * 

2. The stent of claim 1 wherein 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 

stable states, including a first stable state in which the 

stent is characterized by a first diamet.er 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 

I lllllll lfllll llllHllll II llll support for the cell, and 
* C L M S * 

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 sec·ond 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 cross-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 stable states, the stent having 

different diameters in some of the stable states, the s~ent 

comprised of a plurality of bistable cells of two. or 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 second 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. I 1111111111111 11111 1111111 1111 
* C L M S * 

14. The stent of claim 13 wherein the first 

arcuate members de-fi·rie a plurality· of generally 

longitudinal, first wave-like members characterized by a 

first wavelength, and having peaks and troughs and 

the second arcuate·members,define a plurality of generally 

longitudinal second wave-like members 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 

component. 
t 1111111111111'1111111111111111 

* 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 re la ti vely 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 elastic.~lly 

· deformable· ·hirige· 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.b~ 

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 dispo~ed 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 con~ecting the bottom and top 

segments, the first and second.segments of substantially 

equal length, the cell symmetric about an axis that bisects 

·the top and bottom segments~ : . ··! 

111111~ 1111~ 11~111111111111 
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 seginents of substantially 

equal length, the unit cell symmetric about an axis that 

bisects the top and bottom segments. 


