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Abstract

The aorta is the main artery of the human circulatory system. The principal aortic diseases
are aneurysms and dissections. The presence of these digsasan have a major impact on
the entire body circulation. Traditionally vascular diseases are treated with surgeries called
‘open surgery repair' (OSR). To overcome the high invasiveass of OSR, new techniques have
been developed. The endovascular aortic repair (EVAR) is a ew technology that allows to
treat patients with aortic aneurysms through the insertion of a stent-graft and the subsequent
isolation of the region a ected by the disease. A stent is an)pandable tube-like device that
is inserted into a natural conduit of the body to restore a digase-induced localized stenosis or
aneurysm. The EVAR is a treatment born for vascular diseasesf abdominal aorta, but now
the research eld is trying to extend its use to other vascula regions (e.g, thoracic aorta and
ascending aorta) but actually we do not have enough informdbn about the treated problem.
For this reason it is necessary to build and study few clinichcases analysed in the literature
understanding the proshtesis performance. The encountedeproblems in the use of implants
in these regions are mainly due to an adaptation of the deviceesign, originally projected
for other districts (e.g, stent implantation in the thoraci ¢ aorta with a design created for the
abdominal aorta). In addition, for implanted stent-graft can occour a device malapposition
in the aortic region, because they have to deal with anatomil reality much di erent with
respect their mechanical simpli cation (e.g, modelled aota mechanically as a 'straight pipe".
The available data for this study are relatively limited because, as already mentioned, it is
a relatively new procedure and design associated with the iptants are in constant change,
while the clinical studies evaluate the e ects of the stent 4 6 months / 1 year. This aspect
explains the parallel development of numerous aortic stengraft, made with special materials,
such as Nitinol, calledshape memory alloygSMA). It is necessary take into account several
parameters to determine the optimal design of the stent. Wedcused to analyse stent regions
most stressed by the pressure of the blood ow during the cardc cycle, to prevent or improve
the proper design and the mechanical characteristics of thetent in each patient.

In our study we focus on 74-year-old female, presented withreasympyomatic 5.5 cm pseudoa-
neurysm at the level of the distal anastomosis, 8 yr after asnding aortic repair for aneurysm.
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Endovascular exclusion of the pseudoaneurysm was plannedjth the use of a custom-made
stentgraft(Bolton Medical Inc., Sunrise,Florida,USA). From IRCCS San Donato Policlinic hos-
pital(Milan), and in particular by the department of vascul ar surgery, we had access to the
4D CT scans of the patient, in order to compare the ideal modelvith clinical reality. To
analyse the mechanical response of device we adopted a stwal nite element analysis.
Starting from its shape at rest, the stent is crimped €rimping) to be inserted within the
catheter and once on site is partially released as a functioof the artery diameter in which
it is positioned. In this phase, known asdeployment mechanical properties of the stent are
calculated. After several operations analysis of CT imageswhich are necessary to extract
the single ring from the TAC (segmentatior) and to match the reference system of the model
with the reference system of the implanted ring (ecord), we tried to deform the model of
the stent, reproducing the deformation of the implanted stat. The analysis are implemented
with Abaqus standard/explicit (Simulia Dessault Systems, Providence, RI, USA, v.6.12-1),
which use nite element analysis. To reproduce the super-aktic material response for stent
model, we adopted the Abaqus user material subroutine of thesuper-elastic model originally
proposed by Auricchio and Taylor [11] [12]. By analysing the @ images we noted a strong
correlation between the cardiac curve for an healthy patiehand the con guration variation,

in terms of distance, of the stent in di erent time instants. The variables analysed are the
maximum values at speci ¢ regions of the stent, where there r@ bends and where you have
the highest level of deformation. Despite a good overlap ofie two models, there are regions
that do not t perfectly. The values found are comparable with the data available in the
literature. This is a study with preliminary results that al low future analysis.



Real device Mesh crimping and | processing

deployment

Figure 1: The image shows the work ow followed throughout tre thesis. We started from the
real device, which is then modelled in Abaqus. After we applid the analysis stardard for the
stress and strain calculation and we nished with the analyss of the CT images for the the

ideal case with the real case comparison.



Vi



Sommario

L'aorta € il principale vaso arterioso del sistema circoladrio umano. Le principali patologie
legate all'aorta sono gli aneurismi, allargamenti non sidogici della parete vascolare, e le dis-
sezioni, dilaminazioni della tonaca del vaso con formaziendi un secondo lume detto 'falso
lume'. La presenza di queste patologie possono avere un intf@mimportante su tutta la cir-
colazione.

Tradizionalmente le malattie endovascolari vengono tratate con operazioni chirurgiche, dette
'‘Open surgery repair', altamente invasive. Attualmente smo state sviluppate nuove tecniche
per risolvere questo tipo di problematiche. Tra queste, il tattamento endovascolare mininva-
sivo (EVAR) & una nuova tecnologia che consente di trattare pzienti con aneurismi aortici
attraverso l'inserimento di stent-graft e il conseguente solamento della regione interessata
dalla patologia. Lo stent € una struttura metallica cilindrica a maglie che viene introdotta
nei vasi sanguigni e viene fatta espandere no a che il suo digetro € pari a quello del lume
in modo da escludere l'aneurisma. L'EVAR €& un trattamento ndo per patologie vascolari
dell'aorta addominale, ma attualmente si sta cercando di @sndere il suo utilizzo anche in
altre regioni vascolari, come l'aorta toracica e l'aorta asendente. L'EVAR si basa, dunque,
sull'uso di stent-graft che devono essere progettati per aontare condizioni anatomiche e di
sollecitazione ancora poco esplorate. Per questo motivo carre basarsi e studiare i pochi casi
clinici analizzati in letteratura e capire quali sono le sdecitazioni a cui va incontro la protesi.

| problemi riscontrati nell'utilizzo delle protesi in queste regioni sono dovuti principalmente
ad un adattamento del design del dispositivo, originariamete pensato per altri distretti (es.
impianto nell'aorta toracica di uno stent con un design realzzato per l'aorta addominale).
Inoltre gli stent-graft, una volta impiantati, non si appon gono correttamente nella regione
d'interesse, perché devono arontare delle realta anatonthe ben lontane dalle loro sempli-
cazioni meccaniche (es. aorta modellizzata meccanicam&n come un 'tubo dritto). | dati

a disposizione per questo tipo di studio sono relativamentéimitati perché, come gia detto,
si tratta di una procedura relativamente recente e i design ssociati alle protesi sono in con-
tinuo cambiamento, mentre gli studi clinici valutano gli e etti degli stent a 6 mesi/1 anno.
Da qui lo sviluppo parallelo di numerosi stent-graft aortid, realizzati con materiali partico-

VI
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lari, come il Nitinol, chiamati a memoria di forma (SMA). Si & reso necessario lavorare su
diversi parametri che possono concorrere alla determiname del design ottimale degli stent.
Tra questi si € posto I'accento sull'andare ad analizzare leegioni dello stent maggiormente
sollecitate dalla pressione del usso sanguigno durante #iclo cardiaco in modo da prevenire
o migliorare il corretto design e le caratteristiche meccaiche dello stent in ciascun paziente.
Il caso clinico analizzato nello specico & quello di una dama di 74 anni con uno pseudoa-
neurisma asintomatico di 5.5 cm. La paziente € stata sottopgia ad un intervento minivasivo
per escludere lo pseudoaneurisma con l'inserimento di undest realizzato su misura (Bolton
Medical Inc., Sunrise, Florida, Usa). Dall'ospedale politinico IRCCS San Donato (Milano),
in particolare dal reparto di chirurgia vascolare, abbiamoavuto accesso alle tomogra e com-
puterizzate 4D della paziente, per poter confrontare il modllo ideale con la realta clinica.
Durante lo sviluppo del modello si & cercato di riprodurre ladinamica a cui va normalmente
incontro uno stent, attraverso I'utilizzo di un‘analisi st rutturale agli elementi niti. Partendo
dalla sua forma a riposo, lo stent viene crimpato ¢rimping) per essere inserito all'interno del
catetere e una volta in loco viene parzialmente rilasciaton funzione del diametro dell'arteria
in cui viene posizionato. In questa fase, detta dideployment si sono calcolati i valori di stress
di Von Mises e di strain associati allo stent. Le tomogra e asiali computerizzate (TAC) del
post-operatorio, a disposizione per lo studio, non preseano la possibilita di poter calcolare
queste variabili, indispensabili per valutare e migliorae il design e i problemi precedentemente
discussi degli stent. Nasce cosi la necessita di ricrearediazione reale di azione ricostruendo
il modello dello stent con le stesse condizioni di posiziomaento e di deformaione della protesi
impiantata nella paziente. Dopo diverse operazioni di anddi di immagini TAC, necessarie per
poter estrarre il singolo ring dalla TAC (segmentaziong e per far coincidere il sistema di riferi-
mento del modello con il sistema di riferimento del ring impantato (registrazione), si € cercato
di deformare il modello dello stent riproducendo la deformaione dello stent impiantato. Lo
strumento attraverso il quale viene analizzato lo stent e ikoftware ABAQUS (Simulia Dessault
Systems, Providence, RI, USA, v.6.12-1), che sfrutta il maido agli elementi niti. Nello speci-
co per la modellizzazione del materiale dello stent viene tilizzata una particolare subroutine
implementata in ABAQUS basata sul modello proposto da Aurictio e Taylor [11].
Analizzando le immagini TAC si &€ notata una forte correlazime tra I'andamento della curva
sistolica di un paziente sano e la variazione, in termini di &tanza, della con gurazione dello
stent nei diversi istanti temporali. Le variabili analizzate presentano i loro massimi valori
in corrispondenza di speciche regioni dello stent, ovverdn presenza di curvature e di un
maggior livello di deformazione. Nonostante una buona soapposizione dello stent simulato,
rispetto alle immagini TAC, si sono evidenziate delle regini nelle quali la sovrapposizione non
e perfetta. | valori trovati sono comparabili con la letteratura presente.
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Chapter 1

Introduction

Endovascular treatment of the aorta by stent-grafting is receiving more and more attention,
since it is a promising method, less invasive than the alterative of traditional surgical repair.
From the introduction in the clinical eld in 1990, the aorti ¢ endografts were used for exclu-
sion of abdominal aortic aneurysms. These endografts haveebn used increasingly for treat
aneurysms, dissections, and traumatic ruptures of the aog with good results in the short and
medium term. Both pathological conditions can be treated ugig the endovascular technique.
This method is more convincing by the fact that the classic stgical treatment often involves
high pre-operative mortality, with serious complications. In this context, the integration of
clinical considerations with dedicated bioengineering aalysis, combining the vascular features
and the prosthesis design, might be helpful to plan the proaure and predict its outcome.
Starting from a brief anatomy introduction of aorta, aortic diseases and di erent medical
treatments will be described. At the end of the chapter, the am and the structure of this
thesis will be detailed.

1.1 Anatomical Point of view: aorta

The aorta, gure 1.1, is the largest artery in the human body, originating from left ventricle

of the heart and extending down to the abdomen, where it bifucates into two smaller arteries
(the common iliac arteries). The aorta distributes oxygenaed blood to all parts of the body
through the systemic circulation. The size of the aorta is diectly proportionate to the patients

height and weight. Its diameter may range from 3 cm (more thanan inch) to 1.2 cm (half an
inch). It is typically the largest in the aortic root and smallest in the abdominal aorta. In
anatomical sources, the aorta is usually divided into sevesections [13].

11
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Figure 1.1: Thoracoabdominal Aorta (Descending and Abdormal Aorta)

Aortic valve

The aorta starts with the aortic valve just below the rst bra nches of the aorta, the coronary
arteries. It is the most important valve of the heart and the most commonly replaced heart
valve. The aortic valve usually has three lea ets and commisures (tricuspid) but may also
have two lea ets and commissures (bicuspid aortic valve). e patient with bicuspid aortic
valve have a much higher chance to develop aneurysms and déssion (splitting or separating
of tissues) of the aortic root and the ascending aorta.

Aortic root

The aortic root is the segment above the aortic valve and bele the sinotubular junction. The

left and right coronary arteries - supplying the heart with oxygenated blood arise here from
the sinuses of Valsalva. Aortic root is typically aneurysméin many patients with connective

tissue disorder.

Ascending aorta

The ascending aorta is the segment between the sinotubulaupction and the largest aortic
branch vessel; the innominate (brachiocephalic) artery. Tis is the only portion of the aorta

that does not give any branch vessels. The ascending aorta ke most anterior (toward the

front of the body) portion of the aorta. Therefore, the most common symptom from the
ascending aorta and the aortic root is chest pain. This pain ray be confused with chest pain
associated with ischemic heart disease (coronary artery sitase).
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Aortic arch

The aortic arch (transverse aorta) is a short segment where ranch vessels to the head and
arms start. It has typically three branches: rst, the innominate (brachiocephalic) artery
supplies right arm and right portion of head and brain with oxygenated blood. Next, the left
carotid artery carries blood to the left head and brain. The hst branch vessel from the aortic
arch is usually the left subclavian artery supplying the lef arm with blood. There are many
anomalies of the aortic arch such as the bovine arch, where ¢ne are only two branch vessels o
the aortic arch. The operations involving the aortic arch usially require the body to be cooled
down using the heart-lung machine. This technique is callediypothermic circulatory arrest.
Alternatives are complex hybrid operations that usually donot require heart-lung-machine.

Descending thoracic aorta

The descending thoracic aorta starts with the last branch vesel o the aortic arch and ends
at the rst branch in the abdominal aorta; the celiac artery. The descending thoracic aorta is
the most posterior (toward the back of the body) portion of the aorta. Therefore, the most
common symptom from the descending thoracic aorta is back pa, and it may be confused
with back pain associated with back muscles, joints and nem pain. The descending thoracic
aorta has many branches that supply a portion of the spinal cal (the out-pouching of brain
within the spinal column). Therefore, any intervention involving this portion of the aorta has
the risk of spinal cord ischemic injury.

Abdominal aorta

The abdominal aorta branches to the intestine and the kidneg and divides into left and right
common iliac arteries. The branch vessels of the abdominaloata include the celiac artery,
the superior mesenteric artery, the left and right renal areries, and the inferior mesenteric
artery.

Thoracoabdominal aorta

The Thoracoabdominal aorta is the segment starting past thelast branch of the aortic arch
and ends with the abdominal aortic bifurcation into left and right common iliac artery.
1.2 Aortic diseases

Diseased aortic tissue is characterized by degeneration tife cells composing the aortic wall.
This diseased tissue is weak, lacking su cient elastic compnents to stretch and contract well.
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The rstindication of this abnormality may be a localized enlargement in the area of weakness.
When it reaches a certain size this enlarged area is referréd as an aneurysm. Aortic tissue
may also tear, even if the aorta is not enlarged. Tearing of th inner layer of the vessel wall
allows blood to leak into the middle layer of the aorta, sepaating the inner and outer layers.

This is called dissection.

1.2.1  Aneurysm

Three types of aortic aneurysms can be classi ed as:

Abdominal aortic aneurysm

An abdominal aortic aneurysm, gure 1.2.1 (a), is an enlargd area in the lower part of the
aorta, the major blood vessel that supplies blood to the bodyThe aorta, about the thickness
of a garden hose, runs from your heart through the centre of yor chest and abdomen. Because
the aorta is the body's main supplier of blood, a ruptured ab@minal aortic aneurysm can
cause life-threatening bleeding.

Thoracic aortic aneurysm

An aortic aneurysm, gure 1.2.1 (b), is an enlargement of a wakened area of the aorta.
Aneurysms which involve the ascending aorta, aortic arch ath descending thoracic aorta are
termed "thoracic aortic aneurysms." Aneurysms in these repns are prone to rupture once
they reach a certain size (see below). Fifty percent of patis who experience a rupture of a
thoracic aortic aneurysm die before reaching the hospital.Furthermore, surgical repair of a
ruptured thoracic aneurysm carries a 25-50% mortality as oposed to a 5-8% mortality when
such aneurysms are treated electively.

Thoracoabdominal aortic aneurysm

Thoracoabdominal aortic aneurysms, gure 1.2.1 (c), resulfrom continuous dilation of the
descending thoracic aorta extending into the abdominal ada.

1.2.2 Dissection

The aorta has many layers, as we can see in gure 1.3 .
" The intima, the innermost layer, provides a smooth surfacefor blood to ow across.

" The media, the middle layer with muscle and elastic bers, dlows the aorta to expand
and contract with each heartbeat.
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Figure 1.2: (a) Abdominal aortic aneurysms (AAA). (b) Thoracic aortic aneurysms (TAA).
(c) Thoracoabdominal aortic aneurysms.

" The adventitia, the outer layer, provides additional support and structure to the aorta.

Tunica intima:
endothelivm
that lines the
fumen of all
vessels

. — Tunica

Tunica media: adventitia:
smooth muscle coilagen
cells and elastic |\ fibers
fibers

Figure 1.3: Aortic layers : Intima, media, adventitia

Aortic dissection, gure 1.4, is a tear that develops in the hner layer of the aorta, causing blood
to ow between the layers. The layers then separate, interrpting the blood ow and possibly
causing the arterial wall to burst. Aortic dissection can bea life-threatening emergency, in

some situations requiring emergency surgery to repair or ptace the damaged segment of the
aorta.

Type A

Type A aortic dissections are the more common and dangerougpe of aortic dissection. These
dissections involve a tear in the ascending portion of the ata just where it exits the heart
or a tear extending from the ascending portion down to the desending portion of the aorta,
which may extend into the abdomen.
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Type B

This type of aortic dissection involves a tear in the descenidg aorta only, which may also

extend into the abdomen.

Mormal Aortn Type A Dissection  Type B Dissection

Figure 1.4: Comparison between healty aorta and di erent type of dissections
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1.3 Medical treatments

1.3.1 Open surgical repair

The decision to treat an aneurysm with surgery is determinedoy many factors, including:

" The presence of symptoms, including chest and back pain, ahpain in the jaw, neck
and upper back;

~ if the aneurysm is growing more than 1 centimetre (cm) for yar;

"~ signs of an aortic dissection, including sudden, severe ahp tearing pain in the chest or
back;

" the age of the patient and the patient's overall medical corition.

New evidence has shown that the size of the aneurysm in additin to a patient's height
plays an important role in the decision for surgery. The curent standard surgical treatment
of an aortic aneurysm is the open-chest approach, as shown igure 1.5. The main purpose of
open-chest surgery to treat a thoracic aneurysm is to replacthe weakened portion of the aorta
with a fabric tube, called a graft. Repairing an aortic aneulysm is surgically complicated and
requires an experienced surgical team. However, negleagrthe aneurysm presents a higher
risk.

Figure 1.5: Open Aortic Aneurysm Repair
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1.3.2 Endovascular aneurysm repair (EVAR)

A new procedure called Endovascular repair of aneurysms hdseen developed over the last
twenty years, gure 1.6. Endovascular means that surgery igerformed inside the aorta using
thin, long tubes called catheters. Through small incisionsn the groin, the catheters are used
to guide and deliver a stent-graft (SG) through the blood vesels to the site of the aneurysm.
This technique consists in excluding the aneurysm sac fromhe main stream circulation by the
Endovascular insertion of a SG via the femoral arteries. Anmrdovascular stent graft is a fabric
tube supported by metal wire stents (also called a sca old) hat reinforces the weak spot in
the aorta. By sealing the area tightly with your artery above and below the aortic aneurysm,
the graft allows blood to pass through it without pushing on the aneurysm. Endovascular
repair of aortic aneurysms is generally less painful and haa lower risk of complications
than traditional surgery because the incisions are smallerBesides EVAR is associated with
lower post-operative morbidity and mortality compared with the invasive traditional surgical
procedure to treat aneurysms. Endovascular aorta aneurysmrocedures also allow to leave
the hospital sooner and recover more quickly after your aog repair. However, SG durability
remains the principal issue.

Figure 1.6: Endovascular aortic repair (EVAR)

1.3.3 Stent-graft nite element method overview

The use of nite element analysis in stent-graft simulation is proposed by several papers in
literature. For example Petrini et al. [19], use the nite element method to understand the ef-
fects of di erent geometrical parameters (thickness, metkto-artery surface ratio, longitudinal

and radial cut lengths) of a typical diamond-shaped coronay stent on the device mechanical
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performance, to compare the response of di erent actual st# models when loaded by internal
pressure and to collect suggestions for optimizing the dese shape and performance. Pelton et
al. [28] studies Nitinol stent-graft performance in di erent Nitinol materials. Kleinstreuer et
al. [6] analyse the e ects of crimping, deployment, and cydt pressure loading on stent graft
fatigue life, radial force, and wall compliances for di erent types of realistic stent-grafts. De
bock et al. [25] present a study, detailing the virtual deplyment of a bifurcated stent-graft
in a abdominal aortic aneurysm model, using nite element méhod. In particular Auricchio
et al. [10, 12] in the rst article try to evaluate the perform ance of three self-expanding stent
designs in carotid artery and the second article describe #use of a custom-made stent-graft
to perform a fully endovascular repair in a patient with nit e element method. There are many
informations in literature about use in biomedical researh of aortic stent-graft. Starting from
those information we develop our study and describe thesisrganisation.

1.3.4 Thesis aim and organization

After a brief introduction that highlights the anatomical | ocation of the problem, the thesis
develops focusing on aortic endografts which are used in nimally invasive surgery to minimize

the rupture risk of dierent types of aneurysms. To achieve he endograft, materials with

peculiar mechanical properties are used. Despite of the gae commercial interest in this

topic, there is still the strong need of investigation tools focused on the optimization of
devices design. These tools, based on engineering methotaye to predict the behaviour of
the devices taking into account the material properties. Asseen previously in 1.3.2, the aortic
endograft is positioned in loco by using catheters. By devefing an endograft model, using
nite element analysis (FEA), is possible to predict and catulate stress and strain values in
the device after surgery, to evaluate which are the most stresed points that could lead to a new
surgery for the patient. The aim of this thesis is to develop a endograft model that reproduces
the same conditions of implantation and positioning obtaired by devices actually implanted.
This is made by using post-operative CT images, useful for th model realisation. Finite

elements analysis (FEA), result a valid tool to evaluate thedesign of devices and to predict
the material performance. In particular, Abaqus, one of themost used FEA commercial solver,
is used. The thesis is structured as follows:

" Chapter 2: this chapter is focused on the description of shape memory lays (SMA)
behaviour. Starting from the role of innovative materials in the technological progress,
SMA discovery and evolution will be described. In order to bre y explain the reasons of
the great success of SMA, their physical properties will be etailed. After that, a quick
overview of SMA application elds and literature references of Nitinol use for aortic
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stent-graft modelling will be discussed.

Chapter 3: endograft model development will be detailed, with particdar care to used
materials and method and FEA settings. In this chapter we stat studying the ring
kinematics trough catheter which represent the standard m#od used for idealising
stent-graft simulation.

Chapter 4. in this chapter we focus on medical imaging analysis and pr@ssing based
on segmentation, registration and wire centerline ring extaction. The mail goal is to
have comparable situation between ring model simulation ath CT images from patient.

Chapter 5: the study ends with results obtained from the analysis. To emluate stent

kinematics comparing post-precessed CT images, we develgpmethod that exploits

the use of a rigid surface (catether) to induce the deformatin characteristics of the
implanted device, starting from the undeformed model realied in Abaqus. We propose
a second approach that allows to de ne stresses imposed ondlstent during crimping

and deployment state through boundary conditions applied b the central nodes of the
undeformed model. Preliminary results are discussed.



Chapter 2

Shape memory alloys properties and
numerical modelling

This chapter describes the behaviour of shape memory alloSMA). Starting from the role
of innovative materials in the technological progress, SMAdiscovery and evolution will be
described. In order to brie y explain the reasons of the greasuccess of SMA, their physical
and mechanical properties will be detailed with particular attention to pseudo elasticity and
shape memory e ect.

2.1 An introduction of shape memory alloys

Shape memory alloys are special metal materials that have ebusive properties, two in partic-
ular: the capability to remember a speci c geometric macrosopic shape impressed by special
thermomechanical treatments, a phenomenon called Shape Mwry E ect (SME), and the
possibility of a 10% deformations, retrieving them compleg¢ly during the unloading phase,
without evidence of plasticity phenomena, properties know to Superelasticity (SE). Both
of these properties are due to a transition of thermoelastienartensitic phase, which can be
or induced by a temperature change or by a state of stress ageon the material. In fact,
depending on the temperature and imprinted stress, such matials may present two di er-
ent crystallographic phases, said austenitic phase and minsitic phase: the transformation
of the one into the other are responsible of the properties mviously mentioned. The rst
to discover the transformation associated with the shape mmaory alloy in a metal were two
researchers, Chang and Read in 1932. They noted the reversity of the martensitic trans-
formation in an alloy based on AuCd metallographic observabns and variation in resistivity
of the material [16]. Subsequently, a similar behavior was liserved in 1938 in a CuZn alloy
(brass) at the Massachusetts Institute of Technology, but he o cial shape memory alloys

21
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recognition took place only thirty years later, in 1962, wha Buehler [9] and his collaborators
at the laboratories of the NOL (U.S. Naval Ordnance Laboratay) accidentally discovered the
shape memory alloy NiTi-based system while they were workin on a project on a material
resistant to corrosion and high temperatures. Since then lgan the rst studies on this class
of materials and, in particular, on the Nitinol (an acronym of nickel, titanium and NOL). In
the following decades shape memory alloys became the sultfj@é considerable scienti ¢ and
commercial interests, so that a large number of products, ksed on these materials, were used
in mechanical and chemical engineering, medicine and otheseveral activities. Since the 80's,
these materials have been investigated deeper for macrogio properties to understending
their complex transformation mechanism (martensitic transformation). Thanks to their lower
cost compared to NiTi alloys, recently copper-based alloyssuch as ternary alloys CuzZnAl and
CuAlINi,were developed. The properties of these materialsra very di erent from each other:
the NiTi alloys, for example, have a higher deformation for he shape memory e ect of the (up
to 10% compared with 5% of copper based alloy), are more therafly stable, have excellent
resistance to corrosion and stress corrosion. Moreover, éhgreater mechanical strength allows
the use for the realization of mechanical joints and sealingand the corrosion resistance, as
well as the biocompatibility, such that these can be used inte biomedical eld. The best
properties of NiTi alloys have meant that these remained, haever, the most studied and
applied.

2.2 SMA properties

The main SMA properties are:

~ Pseudoelasticity (PE):capability to recover strains after stress-induced large deforma-

tions;
~ Shape memory e ect (SME): capability to recover plastic strains after an heating process;
These principal properties are linked with other important properties:
" Kink Resistance;
~ Constant Unloading Stresses;
" Biocompatibility;

" Hysteresis;

~ Fatigue Resistance.
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2.2.1 Superelasticity, pseudoelasticity and SME

One of the most important SMA properties is the superelastity phenomenon: the object
considered is subjected to large deformations (up to about@®s of is original length), within a
characteristic temperature range, and it recover them. Wha the deformation recovery follows
a linear stress-strain diagram, the right term is pseudoelsticity (Fig.2.1 on the right), while,
if the recovery follows a non-linear diagram, the phenomenois called superelasticity (2.1 on
the left).

c O

-

Figure 2.1: Stress-strain curves for a specimen in Austend Phase, with a temperature be-
tween A; and My4. Within this range of temperature, also for martensitic transformation
stress-induced, the material presents a pseudoelastic @tit) or superelastic (left) behavior.

Both PE and SME e ects are strongly related to the martensitic transformation (MT). This
phenomenon is a di usionless phase transformation in sol&l in which atoms move cooper-
atively, often by shear-like mechanism. The transformatim from one structure to the other
one does not occur by diusion of atoms,but by shear lattice @stortion. This particular
phenomenon is associated with the crystallographic orgamation of SMA, characterized by a
two-solid phases structure:

" Austenitic phase: characterized by an high symmetric crygallographic structure. This
phase is stable at high temperatures ( T3A;, austenite nish transformation tempera-
ture).

” Martensite phase: stable at temperatures T<M¢, with Ms nish transformation tem-
perature. This phase presents a low symmetry structure.

As show in gure2.2 the progress of transformation inside tie material in the transition from

austenite to martensite occurs along an interface that a ets a single plane of atoms at a
time. To each individual atom is required a movement such as ot to generate the breaking
of chemical bond. As shown in gure 2.3, in the origin of the dagram is the martensite
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Figure 2.2: Two-dimensional schematization of the phase &ansformation from austenite to
martensite, where a) is fully austenite and d) fully martenste. As shown in c), the atomic
displacement occurs over short distances, such as not inva the breaking of chemical bonds.

phase. Under isothermal conditions, subjecting the matedl to a load (stress) growing, we
can see a type of transformation called detwinning, in whictthe crystal structure is arranged
according to the preferential directions of atomic lattices. Loading the specimen at a constant
temperature, remains a permanent deformation. The high termerature causes a displacement
of the atoms, the di erent forms of the martensitic state, sdtling in a regular and compact
grid, as possible: the result is a cubic rigid provision to catred body (austenitic phase) and,
from the macroscopic point of view, it attends to the recovey of the original shape of the
SMA sample.

The martensite in region A has the same structure of martens$é in region B, but exhibits
di erent orientation. This assumption suggests that martensite can exist in two di erent con-
gurations: stress-free martensite, characterized by a tinned multi-variant crystallographic
structure, not related to any macroscopic deformation, andstress-induced martensite, charac-
terized by a typical detwinned con guration with a single variant crystallographic structure,
which aligns variants along a predominant direction, henceassociated with macroscopic de-
formation. It is important to remark that the martensitic tr ansformation in SMA consists
mainly in a shear, without volume change [20][16]. The transion between di erent phases
is the key to fully describe the behaviour of SMAs, and is cleathat all the phenomenons
are ruled by the strong connection between mechanical e est(loadings) and thermal e ects
(change in temperature).
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Figure 2.3: Thermomechanical cycle in a diagram load-strartemperature representative of

the memory one way e ect.

2.2.2 Kink resistance

Kink resistance or, more appropriately, crush recoverabity, is an important feature of NiTi-
NOL, even more than PE and SME in some applications. When stras are locally increased
beyond the plateau strain, stresses in- crease markedly. Thcauses strain to partition to the
areas of lower strain, instead of increasing the peak straiitself. This phenomenon can be
very dangerous for devices performances, and it is not uncamon in steel devices. In NiTi-
NOL devices, kinking, or strain localization, is preventedby creating a more uniform strain
than could be realized with a conventional material. This pioperty is widely used in medical
applications, especially in laparoscopic surgery, wherehe ability to lead the device through
side branches or around sharp bends is vital.

2.2.3 Constant unloading stresses

The loading/unloading curves for SMA materials are essendllly at for a high range of defor-
mations. This feature opens way for the realization of medial devices that are able to achieve
a constant force in correspondence with a very wide range ofefbrmations. In fact stresses
observed in a NiTINOL device are, for a wide range of strainstemperature-driven and not
strain-driven as in conventional materials.



26 2. Shape memory alloys properties and numerical modelling

martensite

parent phase

martensite

parent phase

Figure 2.4: A schematic model of martensitic transformatia.

2.2.4 Biocompatibility

This feature is obviously related to medical application aml can be roughly de ned as the
ability of a material to be not rejected by the human body. Biocompatibility is directly
related to the corrosion behaviour of the material in a speced solution and the tendency
for the alloy to release potential toxic ions. Experimental studies, generally indicate that
Nitinol has extremely good biocompatibility. This is due to the tendency of Nitinol surfaces
to be covered with TiO, oxides with only a minor amount of nickel under normal condiions
(Corrosion Resistance). TheTiO» layer has a double purpose:

" Increase in the stability of the surface layers by protecthg the bulk material from cor-
rosion;

~ Creation of a chemical barrier against Nickel oxidation, potentially toxic for the organ-
ism.

2.2.5 Hysteresis

One of the more unusual features that are found in Nitinol is he presence of a marked
hysteresis in stress. In most materials, in fact, the stresgrows linearly with the increase of
the deformation during the process of loading, and decreasdollowing the same path during
the discharge process (Fig.2.5) Nitinol behaves di erent}: after an initial phase in which the
stress increases linearly with the deformation, it has a phse in which the strain grows very
little in front of a large deformation (plateau load). The end of this plateau is in correspondence
of a deformation equal to about 8%. At this point, the stress garts growing linearly with the
deformation. If at the end of plateau begins downloading, tie stress decreases rapidly before
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Nitinol

Stress

Figure 2.5: Comparison between the stress-strain diagramf dNitinol (in red) and that of steel
(in blue).

settling on a unloading plateau, which has a value signi catly lower than that of the load

(also 25%). The presence of this hysteresis so accentuatad,exploited in the self-expanding
stent. The force exerted by the stent on the vessel is low butfithere are contractions of the
vessel or compressions external, the stent manifests a reince to deformation much higher.

2.2.6 Fatigue resistance

It is well known that Nitinol o ers exceptional fatigue resistance in high strain, strain-
controlled environments, while it may well fatigue rapidly in stress-controlled environments-
Practically speaking, most fatigue environments in the bog involve irregular cyclic motion

against highly compliant tissue, and thus are a combinationof stress and strain-control. Fa-
tigue is also complicated by the superposition of a mean stss or strain on top of the cyclic
component. As example of NiTINOL fatigue study,the rotary bending fatigue properties of
medical-grade Nitinol wires were investigated under condions of 0.5 10% strain amplitudes
to a maximum of 10’ cycles. The results from this study provide insight into the behaviour
of Nitinol under fully reversed fatigue conditions for three compositions, two surface con
ditions and three test temperatures. It was further observe that the strain amplitude to

achieve 107-cycles increases with both decreasing test tperature and increasing transfor-

mation temperature. Fatigue behaviour was not, however, songly in uenced by wire surface
condition[3].

2.3 Nitinol

In 1962 is the discovery of the properties of nickel-titanim alloy, which has since known
by the acronym of Nitinol, in honour of the laboratory where the scientist working at the
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time of discovery (Naval Ordinance Laboratory in White Oak in Maryland). Over the past
three decades, the binary alloys of Ni-Ti have been studiedhibroughly and today are shape
memory alloys most important from the commercial point of view, thanks to the excellent
performance in terms of shape memory and superelasticity afie good mechanical properties.
The shape memory alloy is a Ni-Ti binary intermetallic and eqiatomic compound. The
excellent biocompatibility combined with high resistanceto corrosion, have made NiTi alloys
practically the only materials perfectly tolerated by the human cells and able to work in
harmony with the body. Indeed, even in patients allergic or ensitive to nickel, the risk of
reaction is practically zero, thanks to the strong intermetllic bond that unites rmly the item
to Ti. The corrosion resistance of Nitinol, as well as the Tian and other steels, is related
to the ability of the material to become covered spontaneoug one stable layer of titanium
dioxide (TiO2): This process takes the name of passivation.he Ni-Ti alloy also possesses
characteristics that can be activated electrically by Jouk e ect: when an electric current
passes through it, it generates su cient heat to induce a phae transformation. For some
years now the cost of production of the material went decreasg and increasing availability of
commercial alloys, thereby the preconditions for the dissaination of the material in di erent
technological areas.

2.3.1 Nitinol biomedical applications

Shape memory alloys, and in particular NiTi alloys, are chaacterized by two unique be-
haviours, thermally or mechanically activated: the shape nemory e ect and pseudo-elastic
e ect. These behaviours, due to the peculiar crystallograpic structure of the alloys, assure
the recovery of the original shape even after large deformains and the maintenance of a con-
stant applied force in correspondence of signi cant displeements. These properties, joined
with good corrosion and bending resistance, biological anthagnetic resonance compatibility,

explain the large di usion, in the last 20 years, of SMA in the production of biomedical devices,
in particular mini-invasive techniques. In this work a detailed review of the main applications

of NiTi alloys in dental, orthopaedics, vascular, neurologcal, and surgical elds is presented.
However, it is fundamental to remember that the complexity d the material and applica-

tion requires a strict collaboration between clinicians, agineers, physicists and chemists for
de ning accurately the problem, nding the best solution in terms of device design and accord-
ingly optimizing the NiTi alloy properties. NiTi-based all oys (with 48 52% in weight of Ni)

associate shape-memory and pseudo-elastic e ects, whiclieacharacterized by large plateau
and stress hysteresis, with good workability in the martenige phase and good resistance to
corrosion and fatigue; accordingly, nowadays most of SMA déces are produced with these
alloys. Their use in biomedical applications is also suggtsd by their good biocompatibility
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E ects
Fields of application Pseudoelasticity ShapeMemory E ect
Mechanical shape recov- Heat-induced shape recov-

ery/wide plateau/constrained
recovery

ery/constrained
recovery

Orthodontic eld

Orthopedic eld

Vascular eld

Neurosurgical Field
Surgical eld

Wires, palatal arches, distrac-
tors, endodontic les
Intraspinal  implants, in-

tramedullary nails

Venous lters, devices for clos-
ing ventricular septal defects,
self-expandable vascular stents,
de-
vices to treat valvular diseases

stent-graft,percutaneous

Coils, stents, microguidewires

Wires

Staples or plates, devices for
correcting scoliosis, spinal ver-
tebrae spacer, intramedullary
nails, devices for physiotherapy
Venous lters, devices for clos-
ing ventricular septal defects

Mini-invasive surgical instru-
ments

Table 2.1: Sketch of the main NiTi applications in the biomedcal eld according to SMA

properties.[27]

and excellent magnetic resonance and computer tomographyompatibility. [1, 27, 24, 27, 22]

Moreover, the mechanical behaviour of NiTi is more similar o biological tissue response[26]

if compared with that of other metallic materials commonly used for biomedical devices, as

stainless steel 316L and chromium-cobalt (Cr-Co) alloys. Me device production procedure

may strongly in uence material characteristics; for this reason it is important to specify for

which application the material is prepared. Medical NiTi alloy applications includes:

" Orthodontic applications. The rst application of NiTi in

the biomedical eld dates

back to 1975 when Dr. Andreasen from lowa University made therst implantation

of an orthodontic device exploiting the pseudo-elastic prperty of the alloy. [2] NiTi

wires, which are in austenitic phase at the temperature of te buccal cavity, have been

successfully used for years in xed orthodontic treatment vith multibrackets. In par-

ticular, pseudoelasticity is exploited for generating costant force, after positioning of

the wire into the brackets, for wide dental movements. The shpe memory e ect, and
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in particular the constraint recovery e ect, is exploite d for producing wires that are
in martensitic phase during the positioning into the buccal cavity: deformed during the
insertion into brackets, they try to recover the original undeformed shape whenever the
patient ingests hot food or drinks. Because the recovery is pvented, the wires exert
light forces on the teeth for the entire period in which the tamperature is above the
normal values. Pseudoelastic behaviour is also exploite@if producing orthodontic dis-
tractors, which are used for solving the problem of teeth owerowding in the mandible
district: after a mandibular symphyseal distraction oste@enesis,the device is applied in
order to produce an expansion of the mandible. Also in this cse the use of SMA as-
sures tensile forces nearer to the physiological values amtnstant in time. These forces
create stress conditions that improve the tissue growth andhence teeth movement into
the correct position.

Figure 2.7: SMA orthodontic distracters. [27]

Orthopaedic applications. The stress generated by SMA, wkn the shape recovery is
constrained during heating fromM; to A; , is exploited for fracture treatment by using
orthopaedic staples or plates.[15] The device (Figure 2.&J), characterized by a tempera-
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ture A¢ lower than that of the body, is deformed in the martensitic phase T M <A
) and hence inserted into the body where the fracture is prese. The body temperature
induces the shape memory e ect; because of the constraineéaovery, the plates induce
a constant stress, consequently joining the two fractured jgces. NiTi rods are also in-

(a) (b)

Figure 2.8: Fig.(a) NiTi plate for mandible fracture, Fig.(b) spinal vertebrae spacer. [27]

A~

serted in devices for correcting scoliosis; in this case, ¢hconstrained recovery is used for
modifying vertebrae relative position; It has also been prposed [1] to exploit the shape
memory e ect (Figure 2.8 (b) for designing a spinal vertebra spacer with a rounded
shape to be used on behalf of the damaged inter-vertebral dis By exploiting the mate-
rial's high deformability in martensitic phase, it is possible to modify the device shape
for facilitating the insertion between the vertebrae where being that the temperature is
higher than A , the device recovers to its original shape. Another recent@plication of
SMA in the orthopaedic eld refers to SMA foams. Porous NiTi, characterized by low
density, high surface area, high permeability, high strenth (important to prevent defor-
mation or fracture), relatively low sti ness (useful to minimize stress shielding e ects),
high toughness (essential to avoid brittle failure), and bya shape-recovery behaviour
(facilitating implant insertion and ensuring good mechantal stability within the host
tissue), is particularly interesting for osteointegration processes.

Vascular applications. Besides the orthodontic eld, the SMA devices are broadly ap-
plied in the vascular one. In particular, the introduction of the shape memory alloys
boosted the development of mini-invasive techniques whertéhe pathology is treated by
the percutaneous insertion of the device rather than surgal intervention. The rst vas-

cular SMA application was the venous Simon Iter (Figure2.9) used to prevent emboli
in patients unable to tolerate anticoagulants. It can be in®rted thanks to the shape
memory e ect.[17] The device is produced in the open con guation with a NiTi alloy
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having A; equal to the body temperature, which depicts it in the martersitic phase
at ambient temperature. Thus, during the crimping of the device on the catheter, a
residual deformation is present as-consequence of themartsitic transformation from
multi-variant to single-variant phase, which allows the device to be closed and easily
placed in the catheter. A saline solution ows in the cathete to keep the temperature
low during its insertion into the body. When the catheter is in position, the lter is re-
leased, the saline solution is stopped and the body heat indes the martensite-austenite
transformation with recovery of the device's original shag. The lter is now able to
block the possible clots of the blood stream. In literature,it is possible to nd a vari-
ety of dierent Iters [4] which use the pseudoelastic e ect; similarly in this situation,
the open con guration at ambient temperature is already in astable austenitic phase;
the crimped device, as soon as it is released in the body, re®ss to its original open
con guration. NiTi alloys are also used in numerous applicéions of the self-expandable
vascular stents.2.10 Stents are metallic nets (built by neans of laser cutting stainless
steel, Cr-Co, or NiTi alloy tubes) which open a stenotic vessl (obstructed by atheroscle-
rotic deposits), therefore allowing restoration of the blad stream to peripheral tissues.
For the NiTi stent, the stenting procedure consists of: (i) aimping the stent into the
catheter in the austenitic phase (Af is lower than body tempeature) by means of a
protective sheath, (ii) insertion of the catheter as statedabove and (iii) removal of the
sheath and expansion of the stent which tries to recover itsriginal shape thereby enlarg-
ing the stenotic vessel. During this phase, the inverse trasformation from martensite to
austenite occurs, which is due to the martensitic instabiliy at a temperature higher than
Af . The advantage of the self-expandable stent with respecto the stainless steel one is
that it does not need balloon expansion which possess the kis of further damage of the
vascular tissue due to its in ation, it does not require an ower-expansion to account for
the elastic recoil, and, when positioned, it exerts on the aery a constant force (due to
the plateau) unless the artery does not try to occlude the deice. Self-expandable stents
are used to treat atherosclerotic lesions in the coronary &eries, the carotid arteries,
and in the peripheral arteries, such as the iliac and femoraarteries. Another successful
application of the NiTi alloys is the use of the stent-graft for the treatment of abdominal
aortic aneurysms (AAA) [14]. For the treatment of this pathology, in conjunction with
classical surgical techniques, Endovascular techniquewith the percutaneous insertion
of stent-graft, gained popularity. This means that the stert-graft is easily crimpable on
a catheter, su ciently exible during the insertion phase, and able to recover its original
shape anchoring to the aorta once it has been positioned cauttly. All of these features
are present in the pseudoelastic behaviour of the NiTi allog. A recent and very promis-



2.3. Nitinol 33

ing eld of SMA application is related to the stenotic and regurgitant cardiac valves [8].
The use of mini-invasive techniques allows the surgeon to deice, in a signi cant way,

the risks of the procedure. For this reason, there are di erat companies which are de-
veloping percutaneous devices to treat mitral, pulmonary,and aortic valvular diseases.

(@) (b)

Figure 2.9: Fig.(a) Venous lter: Simon lIter, Fig.(b) Exam ple of SMA stents: (top right)
coronary stent, (top left) carotid stent, (bottom left) fem oral stent [27].

Figure 2.10: Example of stent-graft in NiTi alloys.[7]

~ Neurosurgical applications. Nowadays, NiTi alloys in theneurosurgical eld [9] are used
for producing three types of devices: (1) coils, (2) stentsrad (3) microguidewires. Coils
are devices used for the treatment of cerebral aneurysms, vdh are localized dilations
of the intra-cranial arteries. Coils are wires that are pogioned into the aneurysm as a
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Figure 2.11: CoreValve aortic valve http://www.medtronic .com/corevalve/ous/index.html.

ball to induce clotting or thrombotic reaction within the an eurysm that, if successful,
will eliminate the risk of rupture. Stents are also used for he treatment of intra-cranial

atherosclerotic disease. The stent treatment aims to rec@r the original blood ow where
there is a narrowed lumen. Moreover, microguidewires useaif stent positioning may
be made of NiTi with the advantage of obtaining a higher stran recovery and torsion
resistance as well as a better stress distribution (due to th plateau in the stress-strain
curve), which reduces the guidewire bending problems.

Figure 2.12: NiTi self-expandable neurosurgical stent (Ererprise Vascular Reconstruction
Device; Cordis Corp., Miami Lakes, FL) [27].

2.4 Nitinol literature

The aim of the present work is to investigate Nitinol behaviair by considering the in uence of
the various used parameters from di erent authors. We used BAQUS/Standard (v.6.12-1)
nite element analysis package, in combination with Abaqususer-de ned material subrou-
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tine (UMAT), to perform material material behaviour and to d etermine local stresses and
strains in a cube with nitinol material. At rst we created a 1 x1x1 mm cube subjected to
tension-compression uni-axial test in x direction ( gure 213), using di erent parameters

which characterize Nitinol behaviour, from several literdure papers.

A

y
1cm

1cm

z

Figure 2.13: cube subjected to tension-compression uniatitest in x direction

2.5 Pelton at al. 2013

In this article Pelton et all. [3] analyse the rotary bending fatigue properties of medical-grade
Nitinol wires under conditions of 0.5 10% strain amplitudes to a maximum of 10’ cycles. Self-
expanding Nitinol stents are initially strained 6 10% duri ng crimping, and insertioned into a
catheter delivery system, with a partial strain release wih deployment into the diseased vessel.
The stent is then subjected to multi-axial cyclic deformations with combinations of mean strain
(from stent/vessel oversizing) and strain amplitude (from cardiac cycles and musculoskeletal
motions). In contrast, the outer bers of the endodontic wires are subjected to alternating
compressive and tensile strains with a (nominal)net zero-man strain for many thousands
or even millions of cycles. We used this paper as reference see the characteristic Nitinol
stress-strain curve. The purpose of their research, therefe, is to report an investigation of
the rotating bending fatigue characteristics of shape memy and pseudoelastic medical-grade
Nitinol wires as part of a larger investigation of Nitinol fatigue behaviour. Starting from
those information we use nitinol characteristic parametes from this paper to analyse nitinol
behaviour.
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Figure 2.14 shows the uni-axial stress-strain propertiesni tension and compression at
T=22°C, T=37°C and T=60°C. We used only 15 constants to run UMAT subroutine in
ABAQUS Standard. The curves show the expected di erences inlastic modulus and plateau
stress with increasing test temperature. Figure 2.15 prowdes the stress-strain and stress-
temperature curves, while 2.2 lists the Nitinol material paameters.

Abaqus superelasticity UMAT constants Extracted values

Austenite elasticity (MPa) 51437
Austenite poisson ratio 0.33
Martensite elasticity (MPa) 21588
Martensite poisson ratio 0.33
Transformation strain 0.037
d /dT loading (MPa/°C) 5.1
Start transformation loading (MPa) 494
End transformation loading (MPa) 557
Reference Temperature (°C) 22
d /dT unloading (MPa/°C) 5.1
Start transformation unloading (MPa) 336
End transformation unloading (MPa) 311
Start transform stress compression (MPa) 755
Volumetric Transformation strain 0
Number of annealing steps 0

Table 2.2: ABAQUS UMAT Parameters.

2.6 Other references

Nitinol behaviour was analysed also for two other literature articles, only for traction. De
Bock et all. [25] in their study details the virtual deployment of a bifurcated stent graft in a
abdominal aortic aneurysm model, using nite element methal with silicone as SMA material.
Kleinstreuer et al. [6] present a nite element analysis of tibular, diamond-shaped stent graft
under representative cyclic loading conditions for abdonmial aortic aneurysm repair. They
studied the e ects of crimping, deployment and cyclic presare loading on stent-graft fatigue
life, radial force and wall compliance for realistic but di erent nitinol materials and grafts.
The curves were plotted at T=22°C, to compare the di erencesbetween parameters used
by authors. As show in Fig.2.3,the various parameters implmented determine the di erence
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Figure 2.14: Pelton Review. Compare Nitinol behaviour for E22°, T=37° and T=60°

37

representation of the curve. In De Bock at al. article the d /dT loading and unloading therms

were missed [6],[25].

Abaqus superelasticity UMAT constants De Bock 2012 Kleinsteuer 2008 Pelton 2013

Austenite elasticity (MPa) 35850 51700
Austenite poisson ratio 0.3 0.3
Martensite elasticity (MPa) 13950 47800
Martensite poisson ratio 0.3 0.3
Transformation strain 0.0532 0.063
d /dT loading (MPa/°C) - 6.527
Start transformation loading (MPa) 480 600
End transformation loading (MPa) 640 670
Reference Temperature (°C) 22 37

d /dT unloading (MPa/°C) - 6.527
Start transformation unloading (MPa) 270 288
End transformation unloading (MPa) 200 254
Start transform stress compression (MPa) 480 900
Volumetric Transformation strain 0 0.063
Number of annealing steps 0 0

51437

0.33

21588

0.33

0.037

5.1
494
557

22

5.1
336
311

755

Table 2.3: ABAQUS UMAT Parameters by di erent authors.
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Figure 2.15: Nitinol material properties (from ABAQUS Nitin ol UMAT). Nitinol parame-

ters based on the uni-axial behaviour (from ABAQUS Nitinol UMAT)) where E Austenite
elasticity, a Austenite Poisson's ratio, Eyy Martensite elasticity, \ Martensite Poisson's
ratio, - Transformation strain, ( =T )_ loading, J Start of transformation loading, E
End of transformation loading, To Reference Temperature( =T )y unloading, 5 Start of
transformation unloading, § End of transformation unloading, cL® Start of transformation
stress during loading compression as a positive value\L, Volumetric transformation strain,

Na Number of annealing to be performed during the analysis. [6]
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Figure 2.16: Compare Nitinol behaviour for T=37° by di erent authors.
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Chapter 3

Endograft Model Kinematics

3.1 Introduction

Despite traditional open-surgery remains the gold standat to treat aortic pathologies, the
use of minimally invasive endovascular techniques is rapig arising in the recent years as a
valuable alternative. In particular, endovascular aortic repair (EVAR) is getting predominant
to treat patient with acute type B dissections and aortic aneurysms. One of the problems
after the application of a self-expanding endograft in site is to analyse where the stresses
are concentrated, to see which are the most stressed devicegions due to the cardiac cycle.
So the next step is to develop a nite element analysis (FEA),relying on a multidisciplinary
approach aimed at designing and optimizing patient-specic tailored prosthesis and procedure.
Moving from such considerations, in the present study we callate stress-strain values in
characteristic stent regions with a nite element model andwe compare results with those
from post-operative computed tomography (CT) images. Stating from its shape at rest, the
stent is crimped to be inserted within the catheter and once o site is partially released as a
function of the diameter of the artery in which it is positioned. In this phase (deployment) the
values of von Mises stress and strain associated with the steare calculated. The numerical
analysis is clearly non-linear, involving large deformathn and contact; the settings of contact
parameters is an important step for simulation convergence The software used for nite
element analysis is Abaqus/Standard and the steps followedor analysis are explained in
details below. The reduction and enlargement of the diameteof the ring are obtained with a
contact analysis with a rigid surface ( catheter).

41
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3.2 Finite element method (FEM)

3.2.1 Overview of the method

The nite element method (FEM) is a generalized procedure ofcontinuum problems posed
by mathematically de ned statements. It consists on a groupof numerical techniques able to
compute approximate solutions of partial di erential equations as well as integral equations.
In FEM for structural analysis, the system geometry is divided into a number (often large)
of discrete elements. These discrete elements are joined bytities called nodes. The set of
nodes and nite elements is called the mesh. The number of aleents for unit of length or
area is called mesh density. In a stress analysis, the nodesplacements are the fundamental
variables that a Finite Element solver, like Abaqus, calcuates. Once the nodal displacements
are known, the stresses and strains in each nite element cabe determined easily. Nodal
displacements can be obtained following two approaches:

~ Implicit method. In this approach, the equilibrium equati ons need to be solved simulta-
neously to obtain the displacements of all the nodes. This guirement is best achieved
by matrix techniques; therefore, the internal and external force contributions can be
written as matrices. This system of equations can then be sedd to obtain values of
the unknowns nodal displacements. At this point is trivial to nd the strain values and,
passing through the constitutive relations, to calculate te stresses in all the elements. It
is important to note that implicit FEM requires to solve the e quations system at the end
of each solution increment. Moreover, the resolution with a implicit method requires
the creation of the global sti ness matrix and its inversion,

explicit method. In contrast to implicit methods, an expli cit method does not require
the simultaneous solving of an equations system or the caltation of a global sti ness
matrix. Instead, the solution is advanced kinematically from one increment to the next.

The choice between the two approaches can be guided by seviei@asons. For example, implicit
methods result more e cient to solving smooth non linear problems; on the other hand, explicit
methods are the clear choice for a wave propagation analysisn the middle, there is a wide
variety of problems well suited for both the approaches, tyjxcally static or quasi-static problems
with complex contact issues. For these problems, implicit wy shows an absolute stable
scheme, but can results in an high number of iterations and goputational cost. Concerning
to explicit method, they do not require to determine the soldion for the whole model at
each increment, so the analysis can be more e cient. On the dter hand, explicit approach
needs particular care for the dynamic control, such as kinét-internal energy ratio (for quasi-
static analyses), that can reduce the time increment and thgrocedure can be less e cient.



3.2. Finite element method (FEM) 43

Concerning on the computational cost the explicit method, fiows a proportional relationship
between computational cost and the number of elements and aughly inversely proportional
relationship with the smallest element dimension. Mesh renement, therefore, increases the
computational cost by increasing the number of elements andeducing the smallest element
dimension. For the implicit method, computational cost prediction is more di cult in reason

of the problem-dependent relationship between element corctivity and solution cost. Using
the implicit method, experience shows that for many problens the computational cost is
roughly proportional to the square of the number of degreesfdreedom. The explicit method
shows great cost savings over the implicit method as the modisize increases, as long as the
mesh is relatively uniform. Fig.3.1 shows a qualitative corparison of cost versus model size
(in terms of degrees of freedom) using the explicit and imptiit methods. For many models the
number of elements is so high that an explicit approach is thenly way to get the simulation
results in a relatively short time.

Figure 3.1: Qualitative comparison between implicit and eylicit methods in terms of compu-
tational cost.

3.2.2 Abaqus software

Abaqus (Simulia, Dassault Systems, Providence, RI, USA) is suite of powerful engineering
simulation programs, based on the nite element method, tha can solve problems ranging
from relatively simple linear analyses to the most challenmpg nonlinear simulations. Abaqus
contains an extensive library of elements that can model viually any geometry. It has an
equally extensive list of material models that can simulatethe behaviour of most typical
engineering materials including metals, rubber, polymerscomposites, reinforced concrete,
crushable and resilient foams, and geotechnical materialsuch as soils and rock. Designed
as a general-purpose simulation tool, Abaqus can be used ttusly more than just structural
(stress/displacement) problems. It can simulate problemsn such several areas as heat trans-



44 3. Endograft Model Kinematics

Figure 3.2: Abaqus interface

fer, mass di usion, thermal management of electrical compoents (coupled thermal-electrical
analyses), acoustics, soil mechanics (coupled pore uidsgss analyses), piezoelectric analysis,
electromagnetic analysis, and uid dynamics.

Abaqus o ers a wide range of capabilities for simulation of inear and nonlinear applica-
tions. Problems with multiple components are modeled by asxiating the geometry de ning
each component with the appropriate material models and spefying component interactions.
In a nonlinear analysis Abaqus automatically chooses appmriate load increments and conver-
gence tolerances and continually adjusts them during the aalysis to ensure that an accurate
solution is obtained e ciently. The Abaqus nite element sy stem includes:

" Abaqus/Standard is a general-purpose analysis product that can solve a wide range
of linear and nonlinear problems involving the static, dynanic, thermal, electrical, and
electromagnetic response of components. Abaqus/Standagblves a system of equations
implicitly at each solution increment. In contrast, Abaq us/Explicit marches a solution
forward through time in small time increments without solving a coupled system of
equations at each increment (or even forming a global sti nes matrix);

" Abaqus/Explicit is a special-purpose analysis product that uses an explicit dynamic
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nite element formulation. It is suitable for modeling brie f, transient dynamic events,
such as impact and blast problems, and is also very e cient fo highly nonlinear problems
involving changing contact conditions, such as forming simlations;

~ Abaqus/CAE, an interactive environment used to create nite element models, submit
Abaqus analyses, monitor and diagnose jobs, and evaluateséts;

~ Abaqus/Viewer, a subset of Abaqus/CAE that contains only t he postprocessing capa-
bilities of the Visualization module.

A complete Abaqus analysis usually consists of three distit stages:
" Preprocessing;
~ Simulation;
"~ Postprocessing;

As shows in gure 3.3, Abaqus/CAE is a complete Abaqus envirament that provides a
simple, consistent interface for creating, submitting, maitoring, and evaluating results from
Abaqus/Standard and Abaqus/Explicit simulations. Abaqus/CAE is divided into modules,
where each module de nes a logical aspect of the modeling press; for example, de ning the
geometry, de ning material properties, and generating a meh. As you move from module
to module, you build the model from which Abaqus/CAE generaks an input le that you
submit to the Abaqus/Standard or Abaqus/Explicit analysis product. The analysis product
performs the analysis, sends information to Abaqus/CAE to dlow you to monitor the progress
of the job, and generates an output database. Finally, you us the Visualization module of
Abaqus/CAE (also licensed separately as Abaqus/Viewer) toread the output database and
view the results of your analysis.

3.2.3 Server information: cineca

The used server to perform the analysis of Abaqus is calledreca. Founded in 1969 (as the
Interuniversity Consortium for Automatic Computation Nor th-Eastern Italy), today CINECA
- Interuniversity Consortium is the largest computing center in Italy, one of the most impor-
tant in the world. Operating under the control of the Ministr y of Education, University and
Research, provides support to the activities of the scientt community through supercom-
puting and its applications, develops systems managemenbf university administrations and
the Ministry of Education, designs and develops informatio systems for public administra-
tion , health and business. One very important goal of Cinecds supporting scienti ¢ and
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technological research with computational tools. To this @al we make available the most
modern and e ective System Software and programming envinoments in addition to a large
and etherogeneous library of Scienti ¢ Application Softwae for di erent disciplines. Eurora

Figure 3.3: Abaqus analysis ow.

3.3 Simulation strategy

Despite the fact that endografting is a complex procedure caracterized by several steps,
this study focuses mainly on thecrimping and deploymentendoprosthesis : consequently, we
include only the following parts in our simulation:

" catheter model, gure 3.4;

" endoprosthesis model, gure 3.5;

Figure 3.4: Cylindric surface representation used for the atheter model.
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(a) (b)

Figure 3.5: Fig.(a): Real device. Fig.(b): Final nite element model (only central ring).

3.3.1 Preprocessing: creating the model with Abaqus/CAE

In this section we discuss how to use Abaqus/CAE to create theentire model for this sim-
ulation. Abaqus/CAE is divided in di erent modules and each of those is used to built the
model. The rst step in creating the model is to de ne its geometry.

Part

In the create dialog box we create two parts:
~ central ring of the 3D stent;
"~ cylindrical rigid surface (catheter).

The stent has been realized taking advantage of the modulasi of its components. Starting
from a simple parts of it, it was possible to reproduce its pats as to realize the entire central
ring. The diameter of the ring was 38mm, the same diameter aseal device. We modelled
the stent as a 3D deformable, extruded solid. To pass from ptear stent con guration to
three-dimensional stent con guration it was necessary to ge a script in Matlab that should
convert the coordinates of the nodes in the planar con guraion in three-dimensional ones.
To model the catheter we used a cylinder with 40mm of diametermore than stent diameter
because at the beginning the two parts must not come into comtct. The catheter is modelled
as a rigid body de ned by a surface obtained by sweeping a cyldrical section. In gure 5.4
we can see the planar stent and 3D stent representation.
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Figure 3.6: Planar stent (left) and 3D stent (right) representation.

Material and section properties

The next step in creating the model involves de ning and asgining material and section
properties to the part. Each region of a deformable body mustefer to a section property,
which includes the material de nition. To reproduce the super-elastic material response for
stent model, we use the Abaqus user material subroutine of #hsuper-elastic model originally
proposed by Auricchio and Taylor [11] [12]. The adopted Nitol constitutive parameters are
those reported in the Table 3.1. The section assigned for ateis solid homogeneous.

Assembly and step modules

An assembly contains all the geometry included in the nite dement model. Each Abaqus/CAE
model contains a single assembly. The assembly is initiallgmpty, even though we have al-
ready created a part. We will create an instance of the part inthe Assembly module to include
it in our model. In our analysis we include both stent and cylndrical rigid surface, because our
goal is analyse them together. Since interactions, loadsnd boundary conditions can be step
dependent, analysis steps must be de ned before these can bpecied. For this simulation
we will de ne a single static, general step. In addition, we vill specify output requests for
your analysis. These requests will include output to the ouput database (.odb) le. In this
case we create two step:

~ crimping step: in this step we simulated the diameter redudion of the stent, representing
the moment when the stent is inserted within the catheter. The time period is 1 second,
the initial increment size is 0.001 s and minimum isl 10 11s.

" deployment step: in this step we simulated the diameter erdrgement, which represents
the time when the stent is released from the region involvedni aortic disease, to isolate
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Abaqus superelasticity UMAT constants Extracted values

Austenite elasticity (MPa) 51 700
Austenite poisson ratio 0.3
Martensite elasticity (MPa) 47 800
Martensite poisson ratio 0.3
Transformation strain 0.063
d /dT loading (MPa/°C) 6.527
Start transformation loading (MPa) 600
End transformation loading (MPa) 670
Reference Temperature (°C) 37
d /dT unloading (MPa/°C) 6.527
Start transformation unloading (MPa) 288
End transformation unloading (MPa) 254
Start transform stress compression (MPa) 900
Volumetric Transformation strain 0
Number of annealing steps 0

Table 3.1: ABAQUS UMAT Parameters.

it. The used parameters are the same as the previous step. $m we will use the
visualization module to post-process the results, we mustpecify the output data we
wish to have written to the output database le. Default hist ory and eld output

requests are selected automatically by Abaqus/CAE for eactprocedure type. In this
case we selected only stress, strain and displacement vabrlas.

Interaction

We used the interaction module to de ne and manage constraits between regions of a model.
In this case we used contact to impose stent deformation fronarimping to deployment. The
contact between two surfaces is very hard for convergence alysis, and parameters must set
precisely to have convergence. The interaction type is sumte-to-surface. Surface-to-surface
contact interactions describe contact between two deformale surfaces or between a deformable
surface and a rigid surface. A contact interaction propertycan de ne tangential behaviour
(friction and elastic slip) and normal behavior (hard, soft, or damped contact and separation).
In addition, a contact property can contain information about damping, thermal conductance,
thermal radiation, and heat generation due to friction. A contact interaction property can be
referred to by a general contact, surface-to-surface conts or self-contact interaction. The
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contact properties are:

~ tangential behaviour: the friction formulation is penalty, the fraction of characteristic
surface dimension is 0.005 and the friction coe cient was inposed to 0.

” normal behaviour: the pressure-overclosure is set to hardontact (classical Lagrange

multiplier method of constraint enforcement in an Abaqus/Standard analysis), the penalty
is the constraint enforced method and the sti ness scale fdor is 0.01.

" geometric properties: the out-of-plane surface thicknes or cross-sectional area is set to
1.

The penalty method approximates hard pressure-overcloser behaviour. With this method

the contact force is proportional to the penetration distance, so some degree of penetration
will occur. Advantages of the penalty method include:

" Numerical softening associated with the penalty method ca mitigate overconstraint
issues and reduce the number of iterations required in an ahgis.

" The penalty method can be implemented such that no Lagrangeamultipliers are used,
which allows for improved solver e ciency.

Boundary conditions

For our analysis boundary conditions set are:

" Displacement/rotation with cylindrical coordinates imp osed of two superior stent node
to prevent the stent from moving in the rho direction;

" Displacement/rotation with cylindrical coordinates imp osed of eight superior stent nodes
to prevent the stent from moving in the zeta direction;

"~ Displacement/rotation with cylindrical coordinates imp osed to cylindrical rigid surface
to allow displacement during the analysis. In the rst step the catheter was crimped
with a imposed displacement set as -13 mm on the radial direitin, to crimp the stent

and in the deployment stent con guration was imposed a disphcement set as -5 mm, to
enlarge the stent diameter.

Mesh de nition

The Mesh module allows we to generate meshes on parts and asddies created within
Abaqus/CAE. Various levels of automation and control are awailable so that we can create a
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mesh that meets the needs of your analysis. As with creatingarts and assemblies, the pro-
cess of assigning mesh attributes to the model such as seedsnesh techniques, and element
types is feature based. As a result we can modify the parametrs that de ne a part or an
assembly, and the mesh attributes that you speci ed within the Mesh module are regenerated
automatically. The catheter surface was meshed with 3750 tiee-dimensional, 4-node surface
elements with reduced integration (SFM3D4R) and the stent nodel was meshed with 120075
nodes and 102400 8-node linear brick element (C3D8).

3.3.2 Results

The numerical analysis is non-linear, involving large defonations and contact; we use Abaqus/
Standard ( Simulia, Dassault Systemes, Providence, RI, USAas nite element solver. In our
simulation strategy, as already proposed in di erent studies [12] [10], the endograft deformation
is driven by the con guration change of the catheter, impose by displacement boundary
conditions on its nodes, determined as the di erence betwaea starting and nal catheter
con guration for each simulation step. In particular, the simulation consists of two main
stages:

~ Endograft crimping. Starting from a straight con guratio n the catheter is gradually
crimped following the endograft centerline and leading to he endograft deformation;

~ Endograft deployment. From the crimped con guration, the catheter is re-enlarged and
the endograft expands.

As we can see in gure 3.8 and 3.7, the von mises values are coangble to literature
[10, 12]. We abtained comparable values from literature atsfor strain, visualised in gure 3.11.
We can analyse the stress mean distribution during crimpinganalysis and deployment step
respect with number of meshed elements, gure 3.9. With resgct Auricchio et al. paper[10]
von mises stress calculated in this section are comparabl&leinstreuer et al. [6] found stress
values lower than ours, but is not speci ed in which step analsis they are performed. As
we can see in the gure 3.9, the stress values associated withe deployment steps are lower
compared to the values of the stress in crimping step, as we p&cted. The number of items
associated with higher values of stress in crimping and degyment are comparable. The
considerations can be made for logarithmic strain values,t®wn in gure 3.12. In this case
the number of elements are higher for strain values in deplaoyient step,for logarithmic strain
values between 0 and 0.005.

The presented approach is the standard used method in the Hrature to evaluate the stress
and strain values in aortic stent-graft before and immediatly after implantation of the device.
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Figure 3.7: Crimping analysis steps (left to right). Stressvalues are calculated for maximum

crimping state.

In this case it is an approach entirely ideal. The next step igoing to analyse the postoperative
CT images and from these extract the needed information to gérom an idealized analysis to
an more realistic 'patient-speci ¢' analysis . By positioning our model as the implanted stent,
through a roto-translation, we reached the starting condiion in order to analyse CT images.
Once obtained the same experimental conditions of the implated device, we can analyse the
stresses to which it is subjected and in which regions thesdresses are most concentrated.
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Figure 3.8: Deployment analysis steps(left to right). Stress values are calculated for maximum
deployment state.
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Figure 3.9: Histogram of von mises stress distribution dung crimping step and deployment
step, compared to number of elements which have those stresalues in 8 characteristic inte-
gration points for each element. The stress values are plat as the mean for each integration
point and are calculated in MPa units. The number of elementsare normalised respect with
maximum number of elements.
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Figure 3.10: Crimping analysis steps (left to right)with logarithmic stran values.

Figure 3.11: Deployment analysis steps with logarithmic siain values.
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Figure 3.12: Histogram of logarithmic max. principal strain distribution during crimping
step and deployment step, compared to number of elements wihi have those strain values
in 8 characteristic integration points for each element. Tle strain values are plotted as the
mean for each integration point and are calculated in MPa urtis. The number of elements are
normalised respect with maximum number of elements.



Chapter 4

Medical imaging analysis and
processing

In our study we focus on patient-speci ¢ simulation. The patent studied is a 74-year-old
female, presented with an asympyomatic 5.5 cm pseudoanewsm at the level of the distal
anastomosis, 8 yr after ascending aortic repair for aneurys; medical history included hyper-
tension and atrial brillation. Because the patient declined a new sternotomy and the anatomy
of the lesion was suitable, endovascular exclusion of the @sdoaneurysm was planned, with
the use of a custom-made stentgraft(Bolton Medical Inc., Sunse,Florida,USA). In order to
compare the simulation prediction with the post-operative reality, as said in chapter 3, we
need the 3D graft-aorta simulation after the implantation procedure.

Next step is to perform various operations with analysis of ® CT images, which are necessary
to extract the single ring from the CT (segmentatior) and to match the reference system of
the undeformed model with the reference system of the implaad ring (registration), we tried
to deform the undeformed model reproducing the deformatiorof the implanted stent.

4.1 Images set-up

Post-operative CT images have been collected for researchugposes, prior informed consent,
thanks to IRCCS San Donato polyclinic hospital (Milan)[12]. The images were acquired with
equipment 64-slice CT with Siemens De nition, with bolus of contrast agent concentration to
400 mgl/iodine. The capture window high dose from 30% to 70% othe RR interval of the
cardiac cycle. We used 20 post-processing DICOM CT imagesoin patient with the following
characteristics:

" dimension: x=512mm, y=512mm, z=317mm);

55
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~ voxel spacing: x=0.6191mm, y=0.6191mm, z=1mm;
"~ intensity range: min -1024, max 3071 HU;

slice thickness: 1mm;

" best diastole: 67% with a thickness of 0.65 mm

" best systole: 33% with a thickness of 0.65 mm

4.2 Image segmentation

Segmentation [18] of medical images is the task of partitiang the data into contiguous regions
representing individual anatomical objects. This task plags a vital role in many biomedical
imaging applications: the quanti cations of tissue volumes, diagnosis, localization of pathol-
ogy, study of anatomical structure, treatment planning, partial volume correction of functional
imaging data, and computer-integrated surgery. The goal ofegmentation is to simplify and/or
change the representation of an image into something that isnore meaningful and easier to
analyse. Image segmentation is typically used to locate obgts and boundaries (lines, curves,
etc.) in images. More precisely, image segmentation is therpcess of assigning a label to
every pixel in an image such that pixels with the same label sfre certain visual characteris-
tics. The result of image segmentation is a set of segments dh collectively cover the entire
image, or a set of contours extracted from the image. Each ofhe pixels in a region are
similar with respect to some characteristic or computed prperty, such as colour, intensity, or
texture. Adjacent regions are signi cantly di erent with r espect to the same characteristics.
The image partitioning level depends of the problem consided and segmentation should end
when the object of interest has been found. From a practical pint of view and in relation to
our objectives, we can divide the segmentation procedures ithe following categories:

" Manual segmentation:  plan to manually draw the outline of the image portion you
want to assign a speci c label.

Automatic segmentation: automatically divide the image into regions that show
similar characteristics to them and di er from each other for the same characteristics.
This type of segmentation is typically based on algorithms &le to partition the image
into a number of sets.

Semi-automatic segmentation : represent a compromise between the two previous
techniques. In this approach requires a modest interactiorwith the user, which is
required to set some parameters of the algorithm. In this cas to solve our problem, it
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iS necessary use an automatic segmentation for preliminargteps, to extract the vessel
part in which the stent is. After that, by using the manual segmentation, it is possible
separate and segment the endograft, without vessel.

In literature there are described many software enabling te semi-automatic segmentation,
but the one used in our work is the ITK-Snap software, descried below [21].

4.2.1 ITK-Snap software

ITK-Snap (http://www.itksnap.org ) is an open source software that allows you to perform
manual and semi-automatic segmentation of anatomical strotures from medical images with
three-dimensional content. The segmentation is performedby active contours method and
the setting of parameters is facilitated by a dedicated usemterface. It is possible to perform

manual segmentation of images by a contours tracking tool othe regions to be segmented.
The main interface, show in gure 4.1, is intuitive and easy b use. It was, in fact, the intention

of the developers making software that was easy to use everr fgsers that do not belong to the

branch of engineering. The interface allows the visualizédn of the axial images and sagittal
and coronal reconstructions: a fourth window allows we to vew 3D reconstruction at the

end of the segmentation. On the left side of the interface, aesies of toolboxes allow we to
interact with the images and execute both manual and semi-aomatic segmentation, whose
procedures are explained brie y below.

Manual segmentation

For each slice of the stack containing the structure of integest, you perform the following steps:

" It outlines the contour of the structure to be segmented. The contour must necessarily
be closed.

" It accepts the contours: all pixels inside the contours ardabelled.

After performing the above steps on all slices, we can run theolume rendering of the anatom-
ical structure, by a surface-based techniques that realigethe extraction of geometric infor-
mation from volumetric data, result of the segmentation pracess. Each segmented body, can
be exported individually as a surface mesh in .stl format. A éature that has made ITK-Snap
optimal also for the objectives of this work, as will be discgsed later. This allows to interact
with each frame as a separate, also giving the opportunity tgerform volumetric calculations.
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Figure 4.1: ITK Snap software interface. Viewing of segmemtd TAC images. In the window
in the lower left Endograft volume rendering.

Semi-automatic segmentation

The software allows to perform even the semi-automatic segemtation, through a wizard. The
following pictures are the steps of the procedure for the seirautomatic segmentation of the
aortic endograft, object of study in this thesis. The rst step is to de ne a ROI (Region of
Interest), which encloses the structure to be segmented (see Figure2d. Next, the user must
choose between two di erent realization way of &eature image which is an image that contains
the characteristics of the original image to be used to guidéhe segmentation algorithm.

" Intensity regions. Is based on the pixels intensity. In this case the user must @perly
set the parameters of a thresholding function through a speal interface, as shown in
gure 4.3. The operation is carried out interactively, allowing the user to verify the
coverage of the area to be segmented. The parameters of thenfition must be set so
that in the feature image is assigned a positive value to alllie pixels belonging to the
structure to be segmented, and a negative to the others.

Images edges. Is based on the image edges de nition. In this case the user rat
properly set the parameters function that allows to determhe which intensity it is nec-
essary to use for the structure contours. The function will e applied to the gradient
image, in which they highlighted the edges of the structures The feature image, in this
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Figure 4.2: ROI de nition for endograft segmentation.
case, assigns value close to 0 to the pixels of similar inteisto that of the edges of the

structure, and values close to 1 to the pixels to the regionsfauniform intensity. In this
case it was important to exact only endograft pixels among tle aorta surface.

Figure 4.3: Pre-processingof the image based on théntensity regions.
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Next, the user must place one or moreseedswithin the region to be segmented as show in
gure 4.4. These seeds are the starting point of the evolutio of the segmentation algorithm,
guided by the image features made with one of the previous miebds. The algorithm evolves

Figure 4.4: Arrangement of seed within the area to be segmeadl.

in three dimensions, as long as the user does not stop the pmss manually (the algorithm
does not, in fact, a stopping criterion): the user can contrbthe parameters of evolution, even
if it requires an accurate knowledge of the mathematics behd the algorithm. The algorithm
implemented in the original version of the software is basedn the segmentation 3D method
called active contours in which the structure to be segmented is identi ed by one ormore
contours that evolve over time. The segmentation results ishow in the gure 4.5.

Regarding our analysis, we focused mainly on the central rop of the stent. The information
obtained from it can be subsequently extended to all rings othe stent, due to the modularity
of the components. For this reason, as we can see in gure 4.@e next step concerns the
central ring extraction from the images segmented of the emte stent.
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Figure 4.5: Segmentation results.

Figure 4.6: Extraction of stent central ring from image segnented.

4.3 CT images registration and centerline extraction

The main goal of this section is to get the CT image registeredvith respect to the central
ring model and the centerline of central ring, for each framestarting from the segmented and
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registered image. To get the centerline data is important tocalculate the deformed model
from CT images and compare results. This can be accomplisheatrough the use of a software
called VMTK .

4.3.1 VMTK: The tool

VMTK (http://www.vmtk.org/ ) is a collection of libraries and tools for 3D reconstructia,
geometric analysis, mesh generation and surface data analg for image-based modelling of
blood vessels. Born as a result of Luca Antiga's post-doc timat Robert Research Institute in
2003, continued trough several years, with a few developmeibursts along the way. VMTK
is composed:

" C++ classes (VTK and ITK -based algorithms)

~ Python classes (high-level functionality - each class is acript). Python is a programming
language that lets you work more quickly and integrate your gstems more e ectively.

~ PypeS - Python pipe-able scripts, a framework which enable VMTK scripts to interact
with each other.

In this work VMTK is used for geometric analysis, and in particular, to regisgtr CT images
and simulation model and to compute the centerline from the ing.

CT Images Registration

The next goal is to match the reference system of the Abaqus nael, with the reference
system of the CT images. In order to make this transformationit is necessary to use the
VMTK Registration tool. For simplicity we go to apply a roto- translation to CT images, in
such a way as to bring their reference system, with the coordate system of the model in
Abaqus. The command line we used to register a surface to a mence surface using the ICP
algorithm is: vmtkicpregistration -i le FRAME.stl -0 le FRAME icp.stl - rle SIM.stl where:

" SIM.stl is the reference surface,modelled by Abaqus.
" FRAME .stl is the input surface, before registration.

" FRAME icp.stl is the output registered surface.

The ICP ( Iterative Closest Point) algorithm match two surfa ces. The core of the algorithm
is to match each vertex in one surface with the closest surfacpoint on the other, then apply

the transformation that modify one surface to best match theother (in a least square sense).
This has to be iterated to get proper convergence of the surées. In gure4.7 we can see the
registration result. To read more about ICP see the appendi.
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Figure 4.7: Result of ICP registration between the undeforred model (white) and CT image
(blue).

Centerlines extraction

Centerlines are powerful descriptors of the shape of vesselor stent, in this case. Although
the concept of what a centerline is more or less intuitive, tleir mathematical de nition is not
unique. A lot of methods have been proposed in the literaturdor the computation of cen-
terlines both from angiographic images and 3D models. The gbrithm implemented in vmtk
deals with the computation of centerlines starting from suface models, and has the advantage
that it is well characterized mathematically and quite stable to perturbations on the surface.
Brie y, centerlines are determined as weighted shortest pdis traced between two extremal
points. In order to ensure that the nal lines are in fact central, the paths cannot lie anywhere
in space, but are bound to run on the Voronoi diagram of the vesel model. There is a huge
literature on Voronoi diagrams, however, as a rst approximation, we can consider it as the
place where the centres of maximal inscribed spheres are deed. A sphere inscribed in an
object is said to be maximal when there is no other inscribedmhere that contains it. So, for
every point belonging to the Voronoi diagram, there is a sphe centred in that point that is
a maximal inscribed sphere (the information relative to theradius is therefore de ned every-
where on the Voronoi diagram). Centerlines are determined @ithe paths de ned on Voronoi
diagram sheets that minimize the integral of the radius of maimal inscribed spheres along
the path, which is equivalent to nding the shortest paths in the radius metric. They way
this is done is by propagating an wave from a source point (onendpoint of the centerline)
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using the inverse of the radius as the wave speed and recordirthe wave arrival time on all
the points of the Voronoi diagram, and then backtracking theline from a target point (the

other endpoint of the centerline) down along the gradient ofarrival times. The script that

allows to compute centerlines in vmtk isvmtkcenterlines It takes in input a surface and spits
out centerlines, the Voronoi diagram and its dual, the Delawmay tessellation (or, better, the
subset of the Delaunay tessellation internal to the surface

The command to calculate the centerlines of central ring, fo each frame, is: vmtkcenter-
lines ifileFRAME:stl ofileFRAMEcl:vtp A render window will pop up, asking to
specify points on the surface that will act as source points.At the end, we will have our
centerline, as we can see in g. We can look at the results in i way: vmtksurfacereader

Figure 4.8: VMTK centerline reconstruction.

ifileFRAME:stl pipevmtkcenterlines  pipevmtkrenderer  pipevmtksurfaceviewer
opacity0:25 Before to do that, it is necessary to open the structure. This$ possible thanks
an other open source software calledParaview. ParaView (http://www.paraview.org ) is
an open source multiple-platform application for interactve, scienti ¢ visualization. It is an
application built on top of the Visualization Tool Kit (VTK) libraries. Paraview allows the
visualization of three-dimensional geometries and the exaition of a large number of analysis



Figure 4.9: Clip Iter applied to the ring using Paraview.

Figure 4.10: Opened structure after Paraview manipulation.
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4.4 Results

4.5 Endoprosthesis dynamics: real implanted device

Analysing the CT images processed in 20 di erent time instats, it is possible to evaluate the
movements of the stent, during time. An interesting evaluaton can be considered comparing
the rst frame with the others and analysing how the distance between frames changes. In
this case we can see in gure 4.11 that the distance from rstfame to fourth and ve frames is
maximum, also compared with systolic peak. We can also compa graphic with characteristic
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Figure 4.11: In this graphic we compare the distance betweemst frame and the others from
CT images with characteristic systolic curve (the rst frame with the second, the rst with
the third frame and so on) to see if there is a correlation bet@en the two curves. The x axis
represent the normalised time and y axis has normalised presre from a characteristic systolic
curve in healthy patient, compared to normalised distance bthe stent during di erent frames.

systolic curve, to see that in correspondence of the systolpeak we have the smallest distance
between the frames as we can see in gure 4.12. An interestingvaluation is to see if frames
are all necessary to analyse stent kinematics during cardéecircle. In the gure we emphasized
the frames that have a higher variability and which constitute the most important frames for
the analysis of the kinematics of the implanted device.
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Figure 4.12: In this graphic we compare the distance betweefntames couples from CT images

(the rst frame with the second, the second with the third and so on) to see if there is a

particular trend. The x axis represent the normalised time and y axis represents the distance

of the con gurations of the stent in di erent time instants.
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Chapter 5

Numerical and qualitative results

In this chapter, we proposed an alternative approach compad to the standard analysis, based
on the boundary conditions imposed on the central nodes of #stent. Then we will compare
the results obtained in the two cases. To reproduce the realdhaviour of the stent from the

CT images, an another approach was developed.

5.1 First approach: centerline analysis

An other used method to evaluate stress and strain values isotpass from undeformed model
con guration to rst time instant CT images con guration ap plying boundary condition,
obtained from catheter analysis, only to central ring nodes Before to do this step is necessary
to use the approach with a small stent part, and after to exter the procedure to entire ring.
The used software is Abaqus Standard.

5.1.1 Preliminary steps of work

By considering the initial stent con guration, without appl ied loads, the rst goal is to deter-
mine labels and coordinates of centerline nodes. This step e ected by using the wire curve
(2D), from which the stent is built. From the stent portion, t hrough a simple script in Matlab,
it is possible to derive the coordinates of the nodes and theabels of the central curve.
The Matlab script works loading two documents .txt.; the rst one with wire nodes and the
other with the solid stent nodes. The script calculates the derence of nodes coordinates from
the wire curve and from the stent, and select only the nodes tat have the minimum distance
between them. These nodes selected represent the centraldes of the stent.

After that, central nodes of a stent portion were determinedand a deformation analysis
was performed. At the end of the analysis we had the central rates of the stent before and
after the application of loads. The di erence of the coordirates of the nodes before and after

69
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Figure 5.1: ABAQUS. Central nodes of stent

the analysis, allows to de ne the displacement of the centranodes.

To verify the correctness of the model, the displacement vaks previously calculated were
used as boundary conditions (BCs) and applied only to centrahodes of the stent in the initial
con guration, undeformed, with the goal of nding the con g uration deformed. As show in
gure 5.3 the results of the two analysis are perfectly compeable and similar. As expected
the values of Von Mises stress are di erent because in the itscase, the boundary conditions
were applied only to the central nodes, while in the second gre the load was applied to the
entire structure. After working with small stent portion, n ext goal was to consider the stent

Figure 5.2: ABAQUS. von Mises stress calculated by applying deformation analysis at initial
con guration of stent(a) and by applying BCs of central nodegb). The stress values represent
the interval values assumed by the model during the analysis

as formed by its repeated equal portions. In gure 5.4 we canee the planar stent and 3D
stent representation. With the same procedure used for a st& portion, we found the central
nodes (coordinates and labels), both for planar and rolledtent. T

To verify the von Mises and displacement values accuracy, wealculated the error between the



5.1. First approach: centerline analysis 71

Figure 5.3: ABAQUS. Displacement calculated by applying a déormation analysis at initial
con guration of stent (a) and by applying BCs of central nodes(b). The displacement values
represent the interval values assumed by the model during & analysis.

results obtained by applying a deformation analysis at inital stent con guration compared
with others obtained by applying central nodes boundary coditions. In this analysis we
decided to save 10 values of stress and strain evenly distribled over the time interval in
which the analysis is carried out and only these 10 values wercompared, as we can see in the

following table 5.1.

Frame number Error values

0,000006156
0,000012491
0,0000191
0,000029165
0,000037729
0,0000465
0,0000557
0,0000646
0,000073207
0,000080965

© 00 N O O A W N PP

[
o

Table 5.1: Error values.
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Figure 5.4: Planar stent, 3D stent representation and cental nodes set of 3D stent con gura-
tion.

5.1.2 Simulation strategy: from undeformed model to crimpi ng and de-
ployment state

Starting from previously results, next step is to reproducethe same stress and strain val-
ues obtained by catheter displacement control analysis andnpose them on wire centerline.
Through Abaqus it is possible to obtain as output displacemat values calculated for all ring
nodes at specic time instant. By using a script in Matlab we daived the displacements
coordinates only for the wire centerline nodes and we used &m as boundary conditions to
those nodes. To create a new input le with displacement appéd to central nodes, every time
instant frame output is an input step for the next analysis. The goal is to obtain similar re-
sults in the two analysis by applying boundary conditions oty on the wire centerline, without
using catheter. This strategy is necessary because we havaly post-operative CT images
with the device positioned in loco and partially crimped, sothe only informations we can use
to compare results, and to work on, is the endograft cententie and the contact with catheter.
The crimping and deployment analysis step are shown below: #Awe can see in gure 3.8 and
5.5 the maximum von Mises stress values are similar.

5.1.3 Crimping: comparison between stress and strain value S

As said before, crimping state is one with highest stress vaés, due to is considerable reduction
in diameter. In this case is interesting evaluate the stent gess and strain condition even



5.1. First approach: centerline analysis 73

Figure 5.5: Crimping and deployment analysis steps by apping Boundary conditions to wire
centerline (left to right, up to down). The stress values repesent the interval values assumed

by the model during the analysis.

before the release of the device in the patient. We can analgsthe di erences between the
two approaches: use of rigid surface as catheter to induce ¢hstent diameter variation, and
the other one obtained with displacement boundary conditims applied to central nodes of the
ring. As we can see in gure 5.6, this is the step with highest gn mises stress values, due to

Figure 5.6: Von Mises stress values during crimping analysiwith two approaches.

strong stent diameter reduction inside the catheter. The hjjhest stress value (3.728 GPa in
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analysis with catheter and 3.719 GPa in the other one) is theame in the two analysis, but is

referred to few nodes with respect the total. So in the same atysis conditions ( geometry,

materials, mesh) we can use both in the same way to have the samesults. We also analysed
logarithmic strain values (LE Max.Principal) to evaluate if, in this case either, it is possible
compare results of two approaches. As show in gure 5.7 the LEesults are similar in the two

cases. This leads us to think that getting expected results sing one or the other method is
nearly equivalent.

Figure 5.7: Logaritmic strain values during crimping analysis with two approaches.

5.1.4 Deployment:comparison between stress and strain val ues

Deployment state is another critical step associated with he release in the aneurysm of the
self-expandable stent. In this case either, we evaluate vomises stress and logarithmic strain
to compare results from two approaches used in the stent kimeatics analysis. In this case

Figure 5.8: Von Mises stress values during deployment anadjs with two approaches.

both, the values of stress that those of strain, are similaras previously. For von mises stress
the smallest value is the same in both analysis (2.603 MPa faratheter case and 2.372 MPa
for centerline analysis), the highest stress values is prest in analysis without contact re-
spect with catheter analysis (413.4 MPa in the left gure and473.5 MPa in the right gure).
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Figure 5.9: Logarithmic strain values during crimping analsis with two approaches.

For logarithmic strain is the same situation seen for streswalues. This di erence in values
in the two cases may be due to the application of displacemestto the central nodes that
implies a greater stress condition of particular regions. Tis is demonstrated analysing the
most stressed regions in gure 5.10. In general the ring is mie stressed in catheter analysis,
because of deformation imposition by catheter, but the stres values are highest in specic
regions of the ring in the second analysis. In literature Kaistreuer et al. [6] found comparable

Figure 5.10: Von mises stress distribution in catheter anaisis (left) and centerline analysis
(righ).

logarithmic strain values with respect our study, while von mises stress values are highest in
our work, with respect the paper.

We tried to apply displacements to the nodes of the centerlia of the ring in order to induce
the displacement of the stent from the undeformed con guraion to the rst frame deformed
con guration, but this still represents a limitation of thi s approach as a possible future devel-
opment. So we developed another approach to evaluate the sigs induced in these devices.
The method is explained below.
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5.2 Second approach: catheter analysis

The analysis made during the study were implemented with Abgus Standard, as said in
3.2.2. In this section we tried to pass from the stent con guation released in the artery, to
deformed con guration of the rst CT image. The problem is highly non-linear, with large
displacements and deformations and Abaqus Standard do notsaure the analysis convergence.
For this reason we tried to run this analysis with Abaqus Expicit. The di erence between
two methods are described in section 3.2. Abaqus explicit d&s not require the simultaneous
solving of an equations system or the calculation of a globadti ness matrix. Instead, the
solution is advanced kinematically from one increment to tle next. The deformation of the
stent is induced by the deformation of the rigid surface thaks to the contact between the
two. As said before, analysis by the contact is an extremely @licate analysis which guarantee
the convergence only for particular values of the parameterset (e.g, time step: 0.1).

5.2.1 Simulation strategy: from crimping to deformed state

One possible solution to evaluate stress and strain valuesdm undeformed model to CT
images is to create di erent rigid cylindrical surfaces:

~ rst surface: undeformed structure, gure 5.11 (a);
" second surface: crimped structure, gure 5.11 (b);
" third surface: deformed structure as rst CT image, gure 5.11 (c) .

The analysis is divided in two step: the rst step allows the passage of the stent from the
undeformed con guration to the crimped con guration (diam eter reduction) and the second
step switches from the crimped to the deformed con gurationof the rst frame of the CT im-
age. The deformation of the stent is determined applying a diplacement control analysis to
the undeformed cylinder, in which each node of the cylinders associated with a displacement
value given by the di erence of nodes coordinates from undefmed cylinder to the crimped
cylinder. In addition to the boundary conditions associatal with the cylinder nodes, displace-
ment/rotation boundary conditions are applied of lower nodes of the stent (we considered a
node for each lower end of the stent), going to x the value of heta in a cylindrical coordinate
system, to avoid any rotation of the stent. In the second stepwe put also displacement/
rotation boundary conditions to superior nodes of the stentwith coordinates from the same
labelled nodes in rst deformed con guration. During secord step of the analysis the upper
nodes of the ring will bring exactly the same position of the pper nodes of the deformed
con guration derived from CT images. In the gure 5.12 we cansee the rst CT image in
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Figure 5.11: from left to right. Rigid surfaces used for coraict analysis to deform the stent from
undeformed con guration (a) to crimping con guration (b) a nd from crimping con guration
to rst CT image con guration (c).

which we highlighted lower nodes (black) and upper nodes (. The coordinates of the nodes
are extracted from the centerline of each frame previouslyaiculated (section 4.3.1).

As shown in gure 5.13 during the analysis we pass from the catition of crimping in which
the diameter of the stent is reduced, to the condition in whid, by applying the coordinates
values of the upper nodes of the rst frame, the stent is defaned in such a way congruent
to the real condition. Through these steps we obtained a goodverlap of the released stent
compared to deformed con guration. Despite this good ovedp, by applying boundary condi-
tions at the upper nodes we do not have a perfect match. To asse the accuracy of the results
compared to the reality, we calculated the distance betweeithe corresponding points in the
two con gurations (gure 5.14). As we can see in the gure, the regions of the stent, whose
nodes have the greater distance with respect to the CT, are thse in which there is the greatest
deformation of the stent, which makes more di cult the overl ap of two stents. The distance is
calculated from VMTK software, 4.3.1 with the command: vmtksurfacedistance -i le SIM.stl
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Figure 5.12: CT image considered for the deformation analys of the stent. Upper nodes
(red) and lower nodes (black) are highlighted. The lower nods are blocked along theta cylin-
drical coordinate to avoid rotations, and to upper nodes wemposed, as boundary conditions,
coordinates values from upper nodes of this frame.

Figure 5.13: Crimping step and deformation step. Compariso between modelled stent and
real implanted device. The arrows in the left image indicatehow we moved the nodes of
interest to go from the crimped con guration, the deformed @n guration.

-rle FRAME 1 icp.stl -o le SIM dist.stl -distancearray Dis tanceArrayName. Where:
~ SIM.stl: is the rst surface reader;
FRAME 1 icp.stl: is the second surface reader;

~ SIM dist.stl: is the surface writer;

"~ distancearray DistanceArrayName: name of the array wherethe distance of the input
surface to the reference surface has to be stored.

5.2.2 Stress and logarithmic strain results

In this section we analysed von mises stress and logarithmgtrain at the end of the analysis,
in deformed distribution. As we can see in gure 5.15, von Miss stress is greater in the regions
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Figure 5.14: The image represents the distribution of the ditance into the stent simulated,
compared to the implanted stent after the analysis of contat The highest values of distances
are at the nodes more deformed stent, as expected. The distem is calculated in millimetre.

of the stent where there are bends and in particular the regios most stressed are those most
deformed. This is demonstrated also in literature with seveal papers[10, 6, 25]. Regarding
the values associated with the logarithmic strain ( gure 516), the high strain locations are the
curvatures of the stent [28, 23, 5], in particular, where is lhe highest deformation of the stent.
We rescaled the values of stress and strain in order to make ¢hresult displayed, turning the
guantitative analysis in a qualitative analysis of the resuts. We plotted stress and logarithmic
strain valalues for crimpong and deployment step. As we cane in the gure 5.17, the stress
values associated with the deployment steps are lower compl to the values of the stress in
crimping step, as we expected. The number of items associatevith higher values of stress
in crimping and deployment are comparable. The consideratins can be made for logarithmic
strain values, shown in gure 5.18. In this case the number oklements are higher for strain
values in deployment step,for logarithmic strain values b&veen 0 and 0.005.

Figure 5.15: Von mises values calculated during the analysi The stent gure is referred to
the last frame of the second step. The values are calculated MPa.
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Figure 5.16: Logarithmic max principal strain calculated during the analysis. The stent gure
is referred to the last frame of the second step. The values arcalculated in millimetres. The
red rectangle highlights the regions with a high value of defrmation in the stent.
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Figure 5.17: Histogram of von mises stress distribution dung crimping step and deployment
step, compared to number of elements which have those stregalues in 8 characteristic inte-
gration points for each element. The stress values are plat as the mean for each integration
point and are calculated in MPa units. The number of elementsare normalised respect with
maximum number of elements.
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Figure 5.18: Histogram of logarithmic max. principal strain distribution during crimping
step and deployment step, compared to number of elements wth have those strain values
in 8 characteristic integration points for each element. Tle strain values are plotted as the
mean for each integration point and are calculated in MPa urtis. The number of elements are
normalised respect with maximum number of elements.
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Chapter 6

Conclusions

The present study focused primarily on a new technique for nmimally invasive endovascular
treatment of aortic aneurysms. The search for an optimal stet design occurred through nite
element structural analysis which was able to evaluate dege performance, such as von mises
stress and logarithmic strain, to analysing the performanes of implanted stent, during the
cardiac cycle.

The study was developed from a speci ¢ clinical case, whicheferred to the EVAR procedure
and presented an incorrect apposition of the stent. Startiig from this condition, we tried to in-
vestigate set of variables that could provide information dout the mechanical condition of the
implanted stent. Since it is an approach born to treat abdomnal aortic aneurysms, in order
to extend its use in the thoracic and ascending aorta, is nessary to modify the design of the
stent and make it congruent with the anatomical region in whih it is placed. The information
about those problems in literature are few and the standard pproach used for the calculation
of these variables provides the modelling of the stent and agid surface (simulating catheter)
through an analysis using contact condition, which has allwed the development of dynamic
crimping and deployment to which is normally encounter the sent before being inserted into
the patient, and after its release in the vascular region.

It has been demonstrated that nite element analysis can be avalid method to investigate
several aspects of stenting procedures, such crimping an@éployment kinematics in stent sim-
ulation. Von mises stress and logarithmic strain analyseddr this approach have comparable
values from literature. Starting from these results we analsed the CT images of the patient
in order to bring together the ideal case with the clinical rality. A preliminary analysis of
CT images in relation to the cardiac characteristic curve sbwed an interesting correlation
between the systolic peak and the maximum displacement of #h stent during this peak. We
have also seen that it is su cient to consider only the framesthat have a greater variation
during the cardiac cycle in order to characterize the behawdur of the stent described above.
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Through the analysis of medical images we brought the defored con guration of the stent,
achieved through nite element analysis, to the deformed co guration of the CT image in
order to evaluate the performances of the stent in the real .

The results analysis show that the deformation of the stent$ not uniform, but depends on
the anatomy in which the stent is inserted. Furthermore, by analysing the values of von
Mises stress and logarithmic strain in the deformed con guation we noted that the points of
highest stress are those in which the stent is bend, and in ptacular where it has reached the
highest deformation. We tried to develop another approach bsed on displacements applied
to the central nodes of the stent, relative to the centerline in order to obtain the same results
obtained through the analysis with the contact. This analyss has been developed for the two
main steps (crimping and deployment) and we saw that the treds of the variables analysed
were comparable with the standard analysis. The next step ahis approach is to pass from re-
leased stent con guration into the aorta to the deformed CT image, with particular attention
to use parameters that are likely to lead to the convergencefdhe method.

6.1 Limitations and future works

The study analysed in this thesis is an experimental approdt to evaluate real medical and
biomedical situations. Despite the preliminary results, here are many limitations that need to
be studied in greater depth in each of their part and analysedn order to improve the overall
outcome of the analysis.

The rst concerns the used material for the stent realisation. We do not know the properties
of the speci ¢ material used for the prosthesis. This represnts a limitation to achieving the
desired results, because we do not have the full knowledge alf of its properties and character-
istics, it is more di cult to predict the mechanical behavio ur. A possible future development
would be to perform the analyses carried out with di erent materials from Nitinol, look for
correlations or di erences in behaviour and be able to corretly predict the outcome.
Another improvement concerns the methods of image segmertan. During the process of
segmentation, it was possible to modify the result working xel by pixel. Even if the imple-
mented image processing step provided a good performancégtin uence of the segmentation
and registration methods is still not clear, and further investigations are required. In partcular,
we have to assess the impact of segmentation parameters onetmal results of the simulation.
The model design do not include the use of polyester coatindyut the focus was only on the
nitinol central ring. A possible future work is to develop the analysis with the complete model
device in all its parts to see if some variable changes its vaés or if the model has a di erent
mechanical behaviour. In addition, we analysed only the r¢ frame of the twenty available.
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A future development could be going to analyse the stress lels in all frames and make a
qualitative analysis on the variation of Von mises stress ad the logarithmic strain during

time.
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Appendix A

lterative closest point algorithm (ICP)

The ICP algorithm ( http:www.wisegai.com/2012/11/07 /what-is-icp-iterati ve-closestpoint )
is used to minimize the di erences between two clouds of pots of the same object from two

di erent scans. The rst step of the algorithm is to nd corre spondence between the points

of two clouds, each of which is taken as reference and the othas the target, the gure can
explain the concept. ICP algorithm is based on the assumptio that the two closest points are

also the corresponding closer where you plan to have the mimum Euclidean distance. Since

p(X, Y, Z) target point and g (X, Y, Z) reference point, the Euc lidean distance is de ned as

the segment joining the two points p and q according to the law

\
u

p X0
dip;a = dag;p= (m p)?+(k p2)2:i(oh  pn)?= t (g p1)?) (A1)
i=0

At this point, found the corresponding points, less than appoximations, we need to de ne
the function to be minimized by the method of least squares. Te target surfaces to be
aligned properly will be translate and rotate and the transbrmation  will be a function of
roto-translation. Using the algebraic matrices, rotation in 3D space may be represented by a
matrix product between the points x and the rotation matrix R . The translation, however,
will be calculated as the sum vector of the pointsx and the translation vector t. So it will be
assumed that the reference surface which is to be transforrdewith the function:

(X Source) = R source) 4 ¢ (A.2)

It calculates the di erence between the target and the refeence, after the transformation:

Xitarget (Xitarget) — Xitarget (R(Xi)source +1) (A.3)
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Finally, for the whole cloud points, we can calculate the toal error in this way:

X
argmingy = —  (x;)@98  (RxOUC® + t)
i=0

(A.4)
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