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Abstract

Each year numerous balloon angioplasties (percataneansluminal coronary angioplasties — PTCA) are
performed on patients to alleviate the narrowirigr(ssis) of their arteries. Limitations of PTCAlide acute
occlusion or restenosis of the artery. To helw@nethese side effects from occurring, stentplreed within the
artery following PTCA. A stent is an expandabigyular, wire mesh device placed in the arteridsold them open
and restore normal blood flovl'he objective of this research was to determindehsibility of designing coronary
artery stent prototypes using rapid prototyping)(RFPthe design of a stent were feasible, theqiype of the stent
would be designed larger than its actual propostemthat the geometries and shape of the steltt beumore
clearly seen in a three-dimensional model. Ragidbtotyped stents could be a powerful tool foeegshers in
determining new stent geometries and the attachofairugs to stents. Both non-deployed and depld®@&maz-
Schatz stent models were created using RP. Thriowgktment casting, the models were then casvéndur and
electroplated to obtain a silver finish. A secasiteht design with movable parts was also madedw she
movement of the stent in one model.
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1. Introduction

Dotter first proposed stenting of arterial arteiie4969, but studies of stents in animals didbegin until the late
1980s. The first stents were made of memory naetdlin the shape of a coil; when certain torque aygdied their
diameter could change and allow for the deliverthefstent into the artery. Palmaz introducedctheept of a
stent mounted on a balloon and catheter and haal irésults of balloon-mounted stents in humansd85. The
premise of having stents placed in arteries wasdace the acute occlusions (closures) and resseraiss
associated with balloon angioplasties [1].

1.1 background

Stenosis of an artery is the narrowing or constricof the vessel's diameter. Within the coronartgries this is
usually caused by a build-up of fatty depositsqpkg) along the sides of the arteries’ walls. Tédsls to reduced
blood flow and a loss of oxygen and nutrients @mg\at the heart. This reduction of blood flowtihe heart can
result in coronary artery disease, myocardial gtfans, or other heart problems. The stenosib@ftteries can be
reduced with a variety of methods, two options gdialloon angioplasty and stent insertion.

1.1.1 percutaneous transluminal coronary angioplasty

Balloon angioplasty (percutaneous transluminal sarg angioplasty - PTCA) relieves the narrowinghef
coronary arteries. Fluoroscopy allows the physitt@aobserve the flow of blood throughout the hbegrinjecting a
dye into the patient’s blood that is visible byayrscanners. A guide wire is then inserted angath is navigated
to the stenosis of the artery with the use of thsoopy before PTCA is performed.

Once the guide wire is at the location of the s$&n@ balloon and catheter are inserted alongviteeand
navigated to the stenosis (Figure 1A). The balliednflated to its rated atmospheric pressuresifdesignated



amount of time (Figure 1B). During inflation ofetballoon the patient may feel some pressure in thest,

similar to that of a heart attack, or no pain mayfddt at all. As the balloon is inflated it corepses the plaque,
which has a waxy consistency, up against the wadlise artery so that the blood can once again ftothe heart.
The balloon is deflated and the pressure is allegias the balloon is then removed from the patiéfigure 1C)

2.

emaining Plague
Figure 1 Percutaneous Transluminal Coronary Angisty![2]

Some drawbacks to PTCA are the occurrences of aboajusion of the artery within 24 hours in approately
3% - 5% of patients and restenosis within severaitims in 20% - 40% of patients [3]. These redudige lead to
the use of stents in arteries that have becomeidedldue to a build up of plague.

1.1.2 stent and stent insertion

A stent is ofterplaced in an artery following PTCA to help elimiaatome of the drawbacks of the procedure. A
stent is an expandable, tubular, wire mesh devaeed in the arteries to hold them open and restormal blood
flow. Figure 2 illustrates a non-deployed (topdl aleployed (bottom) stenfThe stent is inserted using the same
procedure as PTCA, the only difference is thatstieat is crimped onto the balloon prior to the dadl and
catheter’s deployment (Figure 3A). At the sitahe stenosis, the balloon is expanded at a prefisaire
subsequently stretches the metal of the stens tlaistic limit. The stent is then able to renwien once the
balloon is deflated and removed from the artergFé 3B). The stent is left in place to hold ofemartery and
allow the blood to flow normally through the ves@eure 3C) [2].

Expanded Stent  Inflated Balloon

Figure 3 Stent Insertion [2]




1.2 rapid prototyping

Rapid prototyping (RP) is a process that allowslffiercreation of a prototype from a three-dimensi@omputer
model. One type of RP technology is the steremdjtaphy apparatus (SLA). In this process a UMdulblet) laser
is used to create successive cross sections oé@-timensional model. A platform is placed inteas of liquid
photopolymer (epoxy resin). Each layer of the nhégleured by the UV laser and as each layer isdtine
platform drops down as the part is built layer upsyrer, following a three-dimensional computer fifegure 4).
The SLA is highly accurate, the dimensions of medelrying 0.002 to 0.005 inches, and is used faispghat
contain complex geometries and intricate detaith@ir design [5].
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Figure 4 SLA Process

1.3 investment casting

Investment casting allows the manufacture of iatdadesigns using metals that may not be possibéerapid
prototyping machine. A mold is first made of a eré&l that can be melted away, such as wax; thisipdipped
into slurry that coats the mold and is allowed typ. dThis process is repeated until the originat pas a significant
amount of coating surrounding it. Once this thiessis achieved, the part is placed in an overttenthner wax is
melted out. Into the void created by the melted,lae desired metal is then poured into the sloroyd that
remains. Once the metal has cooled, the outatyshibroken and the original wax part is cast spacific metal

[6].
1.4 objective

The objective of this research was to determindahsibility of designing coronary artery stenttotgpes using
RP. If the design of a stent were feasible, tlotqtype of the stent would be designed larger ttgaactual
proportions so that the geometries and shape aftémd could be more clearly seen in a three-dimaatmodel.

2. Stent Properties

While no ideal stent has been created, there ame sbaracteristics that all stents must achievees@&
characteristics include biocompatibility, mechahm@perties, safety, and compatible deployment [&{ this time
all these characteristics cannot be obtained simetiusly due to conflictions between some of tlopgnties.
Throughout the years, the characteristics haverheaoore achievable with drug-coated and drug-ejgtents,
but some complications remain.

2.1 biocompatibility

A stent needs to be biocompatible, especially bittod, and should not have an adverse reactidmetbaody once
it is implanted into the patient; ideally the stembiologically inert. This biocompatibility depds upon the stent’s
composition and surface characteristics, texturd,cemistry. The biocompatibility ensures norethbogenicity
(no blood clots) and no intimal proliferation (iease/build up in the number of cells of the endi@thlayer) [7].



2.2 mechanical properties

A stent needs to have enough elasticity, flexipilénd trackability to be navigated to the cororemgries so that it
does not become lodged in the arteries and induegad kinking, which can lead to abrupt closurg [Stainless
steel and nitinol are common metal alloys thatueed for stents; they are chosen due to theirtfikityi and a high
mechanical stability that ensures that the steamisbe crimped onto the balloon and successfullaerded in the
artery to withstand elastic recoil [8].

An incorrect stent/artery ratio can lead to intimpedliferation and thus leads to late restenosihefstented artery.
Once inserted into the artery, the stent needave the correct expansion ratio and radial stretwgthithstand the
pressures induced by the blood flowing throughcibrenary arteries [7]. Also a consideration isadbwial size of
the stent, which varies depending upon the art@ri@dich it is being placed. Stent are usualllyanfew
millimeters in length, due to the small size ofamary arteries. Figure 5 displays a stent ini@tab a penny.

Figure 5 Stent and Penny

2.3 safety

Stents are used to prevent the restenosis ofe@stéd ensurthis, the stent needs to be thin enough so it does
disrupt the smooth intimal lining of the arteriéBhe internal diameter of the stent needs to bataiaied so long-
term patency of the coronary arteries is achievits patency allows for the restoration of noriwialod flow in
the stented artery [7].

2.4 compatible deployment

A stent needs to be navigable along the guide tth®the site of the stenosis and must be easlyprecisely
inserted through the blood vessels leading to daethThe stent needs to be deployable on a lovilpratheter
system (balloon and catheter used for PTCA) withanadaptations to the current apparatus. Thé stest be
precisely delivered to the site of the stenosisaawlirately deployed once there. The expansitieo$tent needs
to have a diameter suitable to the size of thea(stent/artery ratio) so that it will be a stablgport for the artery
without the risk of migration of the stent withimet vessel [7].

3. Stent Prototypes

In researching different types of coronary artdents, a Palmaz-Schatz stent was chosen to be etbdet to its
widespread use in hospitals and to numerous joamtiales pertaining to studies conducted on thigigular stent.

3.1 SLA prototypes

To begin the process of creating a stent, a thimestsional computer file needed to be created thithdesign of
the stent. It was decided to have two differeatsimodels, depicting both the non-deployed andoged state of
the Palmaz-Schatz stent. Since the shape of¢hediffers in the two different states, one maslelld not be
sufficient to show the change in shape of the stftat its deployment into a coronary artery. The different
models could more accurately portray the chandbeoftent’s shape as it was deployed into patieotsnary
arteries. The SLA machine was chosen to creatprtitetypes due to its high accuracy with intricdétails and
complex geometries, much like those associated stétht designs.



3.1.1 Palmaz stent prototype

A Palmaz-Schatz stent is merely three Palmaz stemtsected by two struts. The red arrows in Figuiredicate
the Palmaz stents and the blue arrows indicatsttbes. Since a prototype of a stent had nevem besde on the
SLA, just one section (a Palmaz stent) was firsigteed as a sample for fabrication (Figure 7). fidveeprototypes
created on the SLA are shown in Figure 8. Thegbypts were sized at 2 inches by 0.5 inches in eliam
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Figure 8 Stent Pr

Figure 6 Palmaz-Schatz Stent Figure 7 Palteat ototypes

3.1.2 non-deployed Palmaz-Schatz prototype

Once the non-deployed Palmaz models were succlyssfahted, files were designed with the entire-deployed
Palmaz-Schatz stent (Figure 9). An enlarged vieane of the added struts is shown in Figure 10e fion-
deployed model was scaled so that each Palmazmigitin was 3 and 1/3 inches and each strut wamghes in
length; overall the stent was 10 and 2/3 incheS/Byinches in diameter. The SLA prototype is shawRigure 11.

Figure 9 Non-Deployed Figure 10 Added Strut Figure 11 SLA Palmaz-Schatz
Palmaz-Schatz Stent Prototype (Non-Degald




3.1.3 deployed Palmaz-Schatz prototype

A file was then created for the deployed Palmanmtstimce the geometry of the stent changed fronangular
segments to hexagonal segments (Figure 12). Avkethen created with the entire deployed Palnthed3 stent
(Figure 13). An enlarged view of one of the add&dts is shown in Figure 14. The non-deployed ehogs
scaled so that each Palmaz stent portion was 8hgsnand each strut was 0.167 inches in lengthab ke stent
was 10.234 inches by 1 and 1/3 inches in diamétbhe SLA prototype is shown in Figure 15.
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3.1.4 movable Palmaz prototype

In addition to the non-deployed and deployed modéthe Palmaz-Schatz stent, a movable model wsigmied.
The impetus for this creation was to be able toatestrate the movement of the stent, rather therthesform
before and after deployment in the coronary arteffiégure 16). This model would be able to mowerfithe non-
deployed to the deployed shape of a Palmaz stent.

Figure 16 Non-Deployed (bottom) and Deployed (8pA Palmaz-Schatz Prototypes

A Palmaz stent was made to determine if the movatatotype would work and the stent would bend appately
at the joints. Figure 17 illustrates the Palmantstéth the three parts of the movable model indidaby the colors
red, blue, and green. Figure 18 shows the indaligieces that were used to create the movablg sthith
consisted of a cross piece and two different lesgtdments. The cross piece (Figure 18A) is 0.2&%es high
and 0.556 inches long at a curvature of 30 degr8egment 1 (Figure 18B) has a width of 0.2125eésdmnd a
height of 2.44375 inches. Segment 2 (Figure 1&G8)ehwidth of 0.2125 inches and a height of 2.h2has. All
pieces had a thickness of 0.1445 inches. The b&za of the stent is 8.5 inches by 2.125 indhediameter to
maximize the ability to see the movement of thatstd he movement of the stent is due to a scredwam holding
together each intersection of the various piedd®e movable stent is shown in its expanded forfigure 19.
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Figure 17 Palmaz Stent Figure 18\iollial Pieces Figure 19 Expanded
with colored pieces ApSs Piece, B: Segment 1, C: Segment 2 Movablefypst

3.2 Investment Casting

Many tubular stents, such as the Palmaz-Schatzatemade of stainless steel. Therefore, it vezsdéd to cast
the SLA non-deployed and deployed stent prototypesetal to make them stronger and more durablee Stents
are currently being cast by the Rapid Prototypiegt€r. They will be cast in Everdur, a coppecsifi alloy that is
corrosive resistant and has high strength andensé [9]. Due to Everdur’s copper coloring, thens prototypes
will then be electroplated to obtain a silver fmt® represent a stent made of stainless steel.

4. Conclusions

The feasibility of creating a coronary artery stesing RP was proven with the successful creatidgheocoronary
artery stent prototypes. Both non-deployed andoyep stent prototypes of the Palmaz-Schatz stent /wmade
using the SLA and these parts are currently beasg io Everdur and electroplated. There was theessful
creation of a movable Palmaz stent. With largenmas of the stents, doctors would be able to stheiv patients
what was placed into their arteries and how thetsteuld hold their arteries open. The larger ni®deay also be
useful for researchers in determining new geonwefaethe stents and what patterns of the stentlmeayore
efficient for attaching drugs to the drug-coated drug-eluting stents.
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