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Abstract 

 

The increase in the average age of society leads, every year, to an increase in the number of patients requiring 

cardiovascular surgery. Many of these interventions are focused on the replacement of pathological heart 

valves, a cardiac surgery that leads to important impairment for the patient who undergoes sternotomy, 

extracorporeal circulation and cardio-pulmonary rehabilitation after surgery. This implies that elderly or high-

risk surgical patients are not eligible for this type of surgery. In the last twenty years a transcatheter valve 

replacement technique has been developed. This approach allows to implant through a catheter a valve 

prosthesis, significantly reducing the invasiveness of the surgery. In the last decade, numerous devices were 

placed on the market, indicating an increasing interest for this new methodology, enrolling more and more 

patients eligible for undergoing percutaneous surgery.  

This work focuses on the class of mechanically expandable devices and - in particular - on the LOTUS Edge 

device by Boston Scientific, designed to treat the aortic valve.. Under specific request by the clinicians of the 

Interventional Cardiology and Coronary Intensive Care Unit of IRCCS San Donato, directed by Prof. Bedogni, 

the implant of the considered prosthetic device in aortic roots of idealized geometry was carried out in order 

to study the effect of aortic annulus eccentricity and of calcifications on the device performance. Three 

different annulus eccentricities and four different levels of calcifications severity were considered, for a total 

of 12 simulations. Performance of the prosthesis was assessed in terms of stent-aortic root interaction area, 

paravalvular leakage and stress distribution on the aortic root. Finally, a patient-specific implant simulation 

was performed to test the behaviour of the device on real aortic root geometries.  

The work began with the CAD geometric reconstruction of the device, which was obtained by drawing the 

filament from which the stent is made, in its stress-free configuration, as a helix and, through mirror 

duplication, polar series replication and blend jointing operations, the geometry was obtained. The three 

conditions of eccentricity were generated by designing idealized aortic roots having elliptical annulus 

respectively with eccentricity index equal to 0 (perfectly circular), 0.25 (elliptical) and 0.5 (very elliptical). 

Spherical sectors of progressively greater volume were exploited to model the four calcium severities required 

by the study. 

A finite element model was developed using beam elements for the stent. Some preliminary computational 

tests were conducted to determine the type of elements most suitable for the purpose of the simulations. These 

tests led to the choice of the B31 elements present in the Abaqus library. For the finite element model, 

optimization was studied in order to achieve a reduced computational cost, compatible with clinical needs. To 

recreate the interactions between the filaments of the stent, join connectors were introduced, which allow to 
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maintain the rotational degrees of freedom but to constrain the relative displacements between the filaments 

near the intersections present on the stent. Since an explicit solver was adopted, it was necessary to introduce 

a semi-automatic mass scaling on the stent, scaling only the mass of the elements requiring a time increase of 

less than 5E-07s. The mass scaling value and the most suitable type of connectors (join or hinge) were 

identified through a compression test of the stent, evaluating any variations in the response to different mass 

scaling values. 

The LOTUS Edge implant procedure requires a first crimping step, a second free release step and a third 

compaction step. During the crimping, the device undergoes a reduction in diameter necessary to be able to 

insert it into the delivery catheter having a diameter of 20Fr (6.67mm) and modelled as a cylindrical surface 

which, by reducing its diameter, comes into contact with the stent and imposes deformation. The release step 

was obtained by progressively removing the constraint exerted by the catheter, allowing the prosthesis to 

expand, exploiting the superelastic properties of Nitinol, to interact with the aortic root. The compaction, a 

phase typical of mechanically expandable devices, was obtained by introducing in the model two rigid planes 

which, approaching each other up to a distance of 19mm, come into contact with two sets of nodes at the two 

ends of the stent, shortening it to the length of final deploy. 

The results of the simulations showed that LOTUS Edge is able to adapt well to the aortic annulus even in the 

presence of severe calcifications and very elliptical annuli, reducing the area between the stent and the annulus, 

thus reducing the paravalvular leak. The stent concentrates the stresses and the contact area with the aortic root 

in the annulus region, ensuring good anchoring and good compression of the native aortic valve leaflets against 

the walls of the aortic root. These performances were compared with those relating to other prosthetic devices 

analysed by the computational mechanics group of the University of Pavia. It has been shown that, despite an 

increase in the concentration and intensity of efforts in the annulus region, these efforts are not excessively 

more intense than those generated by self-expanding devices. In addition, when LOTUS Edge is implanted in 

very elliptical geometries, the variation in the contact area with the aortic root undergoes a minor reduction 

compared to other devices. 

A simulation on a real patient was conducted by studying a case of severe bicuspid aortic valve, comparing 

the performance of LOTUS Edge with that of Acurate NEO and Evolut R on the same aortic geometry. In 

accordance with what was concluded from the analyses on idealized aorta, it was shown that LOTUS Edge 

could be a good alternative for the treatment of this patient as it ensures a good area of interaction, 

conspicuously reduces the paravalvular leak and is able to compress calcifications present on the native aortic 

valve leaflets against the aortic root successfully. 

. 



 

 

 

Sommario 

Lôaumento dellôet¨ media della societ¨ porta, ogni anno, ad una crescita del numero di pazienti che necessita 

interventi di natura cardio-circolatoria. Tra questi interventi trova ampio spazio la sostituzione di valvole 

cardiache patologiche, un intervento di cardiochirurgia che comporta importanti disagi per il paziente che deve 

essere sottoposto a sternoctomia, circolazione extracorporea e riabilitazione cardio-polmonare dopo 

lôintervento. Questo implica che pazienti anziani o ad alto rischio operatorio non siano eleggibili  per questo 

tipo di intervento. Nellôultimo ventennio si  è sviluppata una tecnica di sostituzione valvolare transcatetere che 

consente, tramite un catetere, di posizionare una protesi valvolare per via percutanea riducendo 

significativamente lôinvasivit¨ dellôintervento. Nellôultima decade numerosi dispositivi sono stati immessi sul 

mercato, dato che indica un interesse della clinica ad operare tramite questa nuova metodologia, aumentando 

il numero di pazienti eleggibili per lôintervento percutaneo. 

Questo lavoro si concentra sulla classe dei dispositivi espandibili meccanicamente e ï in particolare - sul 

dispositivo LOTUS Edge di Boston Scientific, progettato per il trattamento della valvola aortica. Dietro 

specifica richiesta da parte dei clinici dellôIRCCS San Donato del reparto di cardiologia interventistica e terapia 

intensiva coronarica diretto dal Prof. Bedogni è stato effettuato un test di impianto del nuovo dispositivo 

protesico  in radici aortiche di geometria idealizzata in modo da poter studiare le performance del dispositivo 

a fonte di distorsioni dellôannulus aortico che lo rendono eccentrico e di calcificazioni. Sono stati considerati  

tre differenti eccentricità e quattro livelli di severità di calcificazioni per un totale di 12 simulazioni. Le 

performances sono state valutate in termini di area di interazione protesi-radice aortica, leak paravalvolare e 

distribuzione degli stress sulla radice aortica. Infine è stata effettuata una simulazione di impianto patient-

specific per testare il comportamento del dispositivo su una geometria reale di radice aortica. 

Il lavoro è iniziato con la ricostruzione geometrica CAD del dispositivo, che è stata ottenuta disegnando il 

filamento da cui è costituito lo stent, nella sua configurazione stress-free, come unôelica e tramite operazioni 

di duplicazione speculare, replicazione in serie polare e blend jointing si è ottenuta la geometria. Le tre 

condizioni di eccentricità sono state realizzare creando radici aortiche idealizzate aventi annulus ellittico 

rispettivamente con indice di eccentricità pari a 0 (perfettamente circolare), 0.25 (ellittico) e 0.5 (molto 

ellittico). Dei settori sferici di volume progressivamente maggiore sono stati sfruttati per modellare le quattro 

severità di calcio richieste dallo studio.  

Un modello agli elementi finiti è stato sviluppato utilizzando, per lo stent, elementi di tipo beam. Alcuni test 

sono stati condotti per determinare la tipologia di elementi più adatti per lo scopo della simulazione. Tali test 

hanno portato alla scelta degli elementi B31 presenti nella libreria di Abaqus. Per il  modello agli elementi finiti 

¯ stata studiata lôottimizzazione in modo raggiungere un costo computazionale ridotto e compatibile con le 

esigenze cliniche. Per ricreare le interazioni tra i filamenti sono stati introdotti dei connettori join, che 

consentono di mantenere i gradi di libertà rotazionali ma di vincolare gli spostamenti relativi tra i filamenti in 
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prossimità degli incroci presenti sullo stent. Avendo adottato un risolutore esplicito è stato necessario 

introdurre un mass scaling semi-automatico sullo stent, andando a scalare la massa dei soli elementi che 

richiedevano un incremento temporale minore di 5E-07 s. Il valore di mass scaling e la tipologia di connettori 

(join o hinge) più adatti sono stati identificati tramite un test di compressione dello stent, valutando eventuali 

variazioni nella risposta a differenti valori di mass scaling. 

La procedura di impianto di LOTUS Edge richiede un primo step di crimping, un secondo di rilascio libero ed 

un terzo di compattamento. Durante il crimping il dispositivo subisce una riduzione di diametro necessaria per 

poterlo inserire nel catetere di rilascio avente diametro 20Fr (6.67mm) e modellato come una superficie 

cilindrica che, riducendo il proprio diametro, entra in contatto con lo stent ed impone la deformazione.  Lo 

step di rilascio è stato ottenuto rimuovendo progressivamente il vincolo esercitato dal catetere, consentendo 

alla protesi di espandersi, grazie alle proprietà superelastiche del Nitinol, fino ad interagire con la radice 

aortica. Il compattamento, fase propria dei dispositivi espandibili meccanicamente, è stato ottenuto 

introducendo nel modello due piani rigidi che, avvicinandosi reciprocamente fino ad una distanza di 19mm, 

entrano in contatto con due set di nodi alle due estremità dello stent, accorciandolo fino alla lunghezza finale 

di impianto. 

I risultati delle simulazioni hanno evidenziato come LOTUS Edge sia in grado di adattarsi bene allôannulus 

aortico anche in presenza di severe calcificazioni ed annuli molto ellittici, riducendo lôarea interposta tra lo 

stent e lôannulus, quindi riducendo il leak paravalvolare. Lo stent concentra gli stress e lôarea di contatto con 

la radice aortica nella regione dellôannulus, assicurando un buon ancoraggio ed una buona compressione della 

valvola aortica nativa contro le pareti della radice aortica. Tali performance sono state comparate con quelle 

relative ad altri dispositivi protesici analizzati dal gruppo di meccanica computazionale dellôUniversit¨ di 

Pavia. Si è mostrato come, nonostante un aumento della concentrazione e dellôintensit¨ degli sforzi nella 

regione dellôannulus, tali sforzi non risultano eccessivamente pi½ intensi rispetto a quelli generati dai 

dispositivi auto-espandibili. Inoltre, quando LOTUS Edge è impiantata in geometrie molto ellittiche la 

variazione dellôarea di contatto con la radice aortica subisce una riduzione minore rispetto agli altri dispositivi.  

Una simulazione su reale paziente è stata condotta studiando un caso di severa bicuspidia aortica, confrontando 

le performance di LOTUS Edge con quelle di Acurate NEO ed Evolut R sulla medesima geometria aortica. In 

accordo con quanto concluso dalle analisi su aorta idealizzata, è stato dimostrato che LOTUS Edge poteva 

essere una buona alternativa per il trattamento di tale paziente in quanto assicura una buona area di interazione, 

riduce cospicuamente il leak paravalvolare ed è in grado di comprimere le calcificazioni presenti sui lembi 

della valvola aortica nativa contro la radice aortica con successo. 



 

 

 

 

Introduction 

Aortic stenosis is the most common valvulopathy [1] [2] and it is often generated by calcified degeneration of 

the aortic valve; calcium deposits prevent the valve from functioning properly. When severe, aortic valve 

stenosis must be treated surgically. The main alternatives are the open heart surgical replacement of the valve, 

particularly suitable for young patients, or the transcatheter aortic valve implant (TAVI), a minimally invasive 

treatment that performed with the beating heart, thus reducing the operative risk and the hospitalization time 

for the patient, and lowering the cost of the intervention for the national health system. The TAVI technique 

allows to implant inside the orifice of the native valve a prosthetic biological valve mounted on a stent that 

compresses the native valve against the aortic root wall, without the need to remove the native leaflets. Proper 

positioning of the prosthetic valve is crucial and has a significant impact on post-operative valve functioning. 

Mispositioning can lead to complications; the most common one is paravalvular leak, which consists in 

residual blood flow passing between the stent and the annular region of the aortic wall. Another complication 

consists in the risk of damaging the nervous conduction of the atrio-ventricular node and of the Hiss bundles, 

preventing the heart from developing the correct sinus rhythm [3]. Sometimes it can be difficult to properly 

anchor the prosthesis to the annulus. In case of mispositioning, the device is not well anchored to the annuls 

and it can leave the implant site pushed by the blood flow. To avoid this, it is common practice to oversize the 

device but, if excessive, oversizing can lead to annulus rupture.  

 

 

Figure 1: Intraoperative radiological images of valve positioning. Note the 

difficulty in accurately identifying the position of the annulus. 
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In this context, it is possible to develop computational models to study the behaviour of devices in particular 

experimental conditions, so to extrapolate information on the optimal positioning strategy and on the best 

device for the patient's pathology. 

This work is part of a collaboration between the Computational Mechanics & Advanced Material Group of 

University of Pavia and the Cardiology Unit of IRCCS Policlinico San Donato (San Donato, MI). Starting 

from specific requests from the surgeons, the aim of this work is to develop the CAD and Finite Element model 

of the Boston Scientific LOTUS Edge aortic valve prosthesis in order to predict the behaviour of this device 

by means of finite elements simulations into idealized aortic root geometries. Patient-specific implantation 

procedure has been investigated as well on a single case. Moreover, some tests have been carried out to 

optimize the simulation strategy balancing computational costs and results accuracy. 

Different approaches and methods have been developed over the years by different research groups to simulate 

transcutaneous interventions from stent implantation to valve prosthesis implantation. In this work the method 

proposed by the Compmech department of the University of Pavia was adopted. The comparison of the results 

obtained in this work with the literature is reported in the results section, where detailed comparisons were 

made through tables showing the results obtained as an extension of those already existing in the literature. 

Other important sources have been cited in the materials and methods section, to show the reader the 

alternatives proposed by the literature and how they have been verified, accepted or modified for this thesis 

work. 

 



 

 

 

1.Background 

This chapter introduces the problem of aortic valvulopathies with particular focus on stenosis and bicuspid 

aortic valve. The two main open-chest and transcatheter treatments are compared, highlighting their advantages 

and disadvantages, and introducing an overview of the main prosthetic devices currently on the market. In the 

second part of the chapter, the focus shifts to transcatheter aortic valve implantation by describing the class of 

mechanical-expandible devices and the LOTUS Edge prosthetic device. 

1.1 Aortic valvulopathies 

The aortic valve is the heart valve that connects the left ventricle to the aorta artery, ensuring a one-way flow 

of blood. This valve interrupts the passage of blood during the diastolic phase of the left ventricle, and allows 

the blood to be ejected into the Aorta artery in the systole phase. Aortic valve malfunction can compromise 

both proper valve opening in ventricular systole (preventing physiological flow into the aorta) and complete 

closure in ventricular diastole (leading to the onset of reflux).  

From an anatomopathological point of view, the alteration of the valve can originate from inflammatory 

processes of the endocardium of a rheumatic nature, or of an arteriosclerotic nature starting with small growths, 

due to edema of the subendocardial connective tissue and a thrombotic accumulation of platelets, leukocytes, 

erythrocytes, englobed in a fibrin network. Then follows the replacement by a sclerotic tissue that causes 

scarring that alters the morphology of the valve.  

Two main types of valvopathies can therefore be defined: stenosis (Figure 2) and insufficiency. Stenosis is a 

narrowing of the size of the valve orifice that implies a reduction in blood flow [3]. Insufficiency is the inability 

of the valve to oppose reflux in the diastolic phase. 

 

Figure 2 Aortic stenosis [4]. 
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Another disease affecting the aortic valve consists in bicuspid valve (Figure 3). In physiological conditions the 

aortic valve is tricuspid, that is, it has three independent leaflets that open by pressure gradient. In the 

pathological situation instead, two leaflets are welded together. The genesis can be congenital due to an error 

during valvulogenesis in foetal development or it can be acquired, in which two leaflets fuse together due to 

calcifications and the formation of fibrotic tissue. 

 

 

Figure 3 Healthy and bicuspid aortic valves 

1.2 Restore the valve functionality 

If the symptoms produced by the malfunctioning valve (severe BAV) become evident or there is a high risk of 

developing aortic dissection it is necessary to intervene on the valve to correct it. There are two main kind of 

replacement options: 

¶ Surgical removal of the existing valve and replacement with an artificial valve (SAVR = Surgical 

Aortic Valve Replacement). 

¶ Adding an artificial valve, without removing the existing one (TAVI ). 

1.2.1 Surgical Aortic Valve Replacement  

SAVR is performed under general anaesthesia and consists of replacing the damaged aortic valve with a 

biological or mechanical prosthesis. The patient is anesthetized and connected to the heart-lung machine for 

assisted extracorporeal circulation. Surgeons place the venous return cannula in right atrium or vena cava to 

collect blood returning from the peripheral circulatory system to the heart. After being heated and oxygenated, 

the blood is reintroduced into the patient through a cannula usually placed in the ascending aorta. Once the 

extracorporeal circulation is partially started, the patient's heart is stopped by an injection of potassium, the 

aorta is severed in the ascending tract and clamped at the released end. Heparin is added to the blood pumped 



Chapter 1: Background 

_____________________________________________ 

 

17 

 

into the patient to prevent blood clots. The circulation is diverted from the heart, which is stopped to allow the 

removal of the native valve. Once the valve has been removed, the prosthetic valve (Figure 4) is implanted, 

the artery is closed and circulation is reactivated. Following the surgery, the patient is hospitalized in intensive 

care unit before being transferred to the cardiology department and subsequently entrusted to cardiac 

rehabilitation.  

 

Figure 4 Examples of prosthetic devices. A) Caged ball valve: this valve ï 

actually no more used ï was one of the first attempts of valvular prosthesis. B) 

A bi-leaflets mechanical valve, the two leaflets pivot, following the blood flow, 

opening and closing the valve. C) Tilting disk mechanical valve. A disk is 

constrained to move tilting on a pivot, opening and closing the orifice. D) 

Biological valve. The leaflets are made in biological tissue like bovine 

pericardium and sutured to a metal scaffold to give the shape. E) Polymeric 

valve. This kind of valves is under research, only few prototypes are available 

but they are not ready to clinic usage yet. 

 

In recent years there have been important evolutions of prosthetic valve devices (Figure 4). The first attempts 

were made with Starr-Edward prostheses consisting of a silicone ball free to move inside a metal cage. This 

type of valve was abandoned as it had bad hemodynamic, causing significant turbulence and did not ensure a 

good closure/opening. Subsequently, some prostheses (currently the standard) were introduced: the graphite 

leaflets coated with pyrolytic carbon are anchored to a Dacron ring to allow them to be sutured on the annulus 

deprived of the native valve. These prostheses, currently the most durable, have a life that can reach 20-30 

years. On the other hand, they have poor fluid dynamics and produce large pressure drops, requiring a lifetime 

anticoagulant therapy for the patient. The biological prostheses, introduced later, have a fluid dynamics 

comparable to the physiological one but, being manufactured with biological materials of animal origin, they 

have a limited duration (10-15 years) and can undergo calcifications. The latest front of research in this field 

are polymeric prostheses. These, still in development, can combine an almost physiological fluid dynamics 
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with a long material life. Additionally, manufacturing a polymer valve is significantly less expensive than 

pericardium suture or pyrolytic carbon coating. 

1.2.2 Transcatheter Aortic Valve Implantation  

TAVI  procedure allows the replacement of the damaged valve without having to remove the original one, 

which is instead compressed against the aortic walls by the prosthesis itself or by valvuloplasty. The new valve 

consists of a biological valve constructed of specially treated bovine or porcine pericardium mounted on a 

stent. Depending on the physiognomy and predisposition of the patient and his aorta, five different TAVI 

approaches can be applied (Figure 5 [5]): transfemoral TAVI, where the right or the left femoral artery is 

ascended with a catheter up to the aorta, the transapical TAVI, which uses a mini-thoracotomy between the 

fifth and sixth intercostal spaces to cross the mediastinum and reach the annulus by perforating the cardiac 

apex, the transaortic approach is done reaching the ascending aorta from a right mini-sternotomy with the 

delivery catheter. A perforation of the aorta is performed and the valve is replaced. The last two approaches 

reach the aortic valve annulus through the subclavian artery. The difference between a subclavian approach 

and the transaxillary approach is that in the former the catheter is directly inserted in the subclavian artery, in 

the latter the subclavian artery is reached through the axillary artery (often the left axillary artery). The standard 

approach is the transfemoral one, other approaches are performed when is not possible to go up the aorta artery 

due to stenosis or unregular aortic root geometries. 
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Figure 5 Approaches used for transcatheter aortic valve implantation. A) The 

transfemoral approach. B) The transapical approach. C) The transaortic 

approach. D) The subclavian approach. E) The transaxillary approach. Picture 

from [5]. 

1.2.3 Transfemoral TAVI 

The transfemoral TAVI allows you to reach the aortic valve by inserting a catheter into the lumen of the 

femoral artery after making an incision on the wall of this at the level of the inguinal fold. In this way, it is 

possible to go up the aorta retrograde up to its root and to be able to place the stent. Depending on the patient's 

condition, the intervention can take place in one (step 2 only) or two steps.:  

1. (optional) Valvuloplasty: Used to open the native aortic valve and prepare the implantation of the new one. 

The catheter used is equipped with a balloon, which is inflated to compress the native aortic valve against 

the walls of the Aorta.  
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Figure 6 Valvuloplasty to push the defective valve on t aortic root wall. 

 

2. Implantation of the valve prosthesis: the delivery catheter, at the end of which the prosthesis is compressed, 

is used in the crimping procedure. 

 

Figure 7 Deploy of the valve. The deployment catheter is retracted along a 

guide and the device is free to expand. 

1.2.4 Which intervention to choose? 

The substantial differences between surgical and transcatheter replacement lead to distinguish some 

advantages and some disadvantages of each technique compared to the other. The surgical technique, the 

current standard for the treatment of the majority of patients, is an operation that requires opening the 

mediastinum and connecting the patient to the heart-lung machine. This approach requires the patient, at the 

end of the surgery, to be hospitalized for several weeks, the first of which in intensive care. The implantation 

of a mechanical valve requires, due to the nature of the prosthesis, an anticoagulant therapy that the patient 

must continue for life. Although it is a very expensive technique even at the level of the national health system, 
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it represents the standard as the duration of the mechanical or biological valve implanted through this technique 

is vastly superior to that through TAVI. If the patient has a high operative risk and cannot undergo SAVR, it 

is possible to adopt the TAVI approach, which guarantees minimal invasiveness, does not require opening the 

mediastinum and the heart, and is done under local anaesthesia. This involves a few days of hospitalization for 

the patient and does not require that a lifetime anticoagulant therapy be started. Despite these great advantages 

the TAVI is not the standard as the duration of the biological valve mounted on the stent is less than the 

mechanical ones. 

According to the ESC [6] (European Society of Cardiology) guidelines, the age of the patient acts as the main 

discriminator between the SAVR (Surgical Aortic Valve Replacement) and TAVI approach. Keeping in mind 

that, where possible, open heart surgery is preferable, the European Society of Cardiology provides tables that 

guide the assessment of operative risk (Table 22 determining factors for the choice of TAVI / SAVR). 

 

Figure 8 The graphics show how recommended the two interventions are 

according to the patient's age. Note that the TAVI approach is recommended 

for elderly patients, while open heart surgery remains the best alternative for 

younger patients. 

 

The advanced age of the patients makes transcatheter surgery preferable: there are no major problems on the 

duration of the biological valve, and the operational risk is significantly reduced. A case-control study [1], 

conducted on 1000 patients of each age group for two years, showed, for elderly patients, a discrepancy of 45 

deaths between the deceased treated with SAVR (242) and those treated with TAVI (197). Among elderly 

patients who needed anticoagulant treatment after surgery, those treated with TAVI are 252 fewer. 
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For young patients, under the age of 65, the intervention of SAVR is preferable. The life span of the biological 

valve mounted on the stent does not cover the life expectancy of a young patient and they should undergo other 

interventions to replace the valve that deteriorates over time. 

The guidelines can be summarized in the following figures (Figure 8 and Figure 9): for patients with a life 

expectancy of less than one year there is no benefit from any intervention and the patient is entrusted to 

palliative care. 

 

Figure 9 Decision-making process for the approach to the patient with 

symptomatic severe aortic stenosis (AS). Where possible, open heart surgery 

is preferable. LVEF = Left Ventricular Ejection Fraction. 
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In addition, the guidelines emphasize that open heart surgery is preferable rather than transapical TAVI, which 

is the best solution only for patients at high operational risk for whom the transfemoral approach cannot be 

used. 

 

Figure 10 Approaches recommended by the guidelines. 

 

Summarizing the results [7]: 

Á Over 85: in patients with a low life expectancy, in whom long-term valve deterioration is not a major 

problem, the benefits of TAVI are evident. 

Á Age group 65-85 years: the benefits may be less obvious, especially due to the risk of valve deterioration 

and the need for reoperation. 

Á Under 65: Younger individuals, for whom valve life may be extremely important, ñmay prefer surgical 

replacement to TAVI, or even a mechanical valve to a bioprosthesis. Finally, those in whom it is not possible 

to perform a transfemoral TAVI are unlikely to consider a transapical approach, which is associated with 

a higher rate of stroke and probably mortality compared to surgical replacement ò. [1] 

Therefore, the patients eligible for TAVI surgery would be: 

Á Elderly patients with too high operative risk 

Á Patients who, although not of advanced age, are inoperable by valve replacement surgery 
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Á Patients also of non-advanced age who are not operable with valve replacement heart surgery due to 

contraindications to open heart surgery. Such contraindications consist of serious comorbidities (e.g. 

severe respiratory failure, advanced liver cirrhosis, Paget's disease), particular malformations (e.g. 

porcelain aorta), presence of patent aorto-coronary bypass. 

Once you have chosen to carry out the intervention via TAVI, you have to choose the type of device. The 

factors that complicate the implant the most are: geometry of the annulus (elliptical) and the presence of 

calcifications.  

1.2.5 Complications after TAVI procedure 

TAVI is a surgical intervention so it is associated with some risks. Among these are more frequent: 

atrioventricular blocks (4/8%) which needs a permanent pacemaker implant, vascular complications (5%), 

cerebral ischemic events (2%), bleeding, coronary complications (1%), valve displacement (1%), cardiac 

perforation, aortic insufficiency (rarely severe), renal insufficiency with possible dialysis, allergic reactions to 

the contrast medium (iodized contrast medium), death (1%) [8]. Other complications are due to the permanence 

of the stent in the aortic root. The stent attempts to impose a new shape on the vessel in which it is applied by 

generating a radial force in contact with the wall of that vessel. The imposed radial force strongly depends on 

the relative size of the stent and vessel. A stent undersized for the treated vessel will generate a too weak radial 

force, failing to counteract the stenosis phenomenon and could undergo migration. Conversely, a stent that is 

too large for the treated vessel will exert excessive force on it, which will cause atrioventricular block (due to 

the compression of the bundle of His) and aortic injury and rupture. Coronary circulation starts from Valsava 

sinuses, around 12 mm above the native valve so, a misplaced valve, can cause coronary occlusion and 

myocardial infarction. Furthermore, in the case of valve-in-valve implants or in bicuspid conditions, the benefit 

for the patient may not be significant as the device fails to open sufficiently to restore flow through the stenotic 

valve. This condition also occurs when the prosthesis is undersized and is called prosthesis mismatch. An 

inadequate sizing of the prosthesis, the presence of massive calcifications and not perfectly circular aortic roots 

can cause the prosthetic stent to not match perfectly with the annulus, generating a paravalvular or transvalvular 

flow. 

1.3 Stents used for TAVI valve prostheses 

Stents are devices used in surgery to restore the correct blood flow through a stenotic vessel or, if coupled with 

a valve prosthesis, through a heart valve. In this work, Transcatheter Aortic Valve Replacement (TAVI) is 

investigated. 
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Stentôs behaviour is strongly linked to the geometry and to the material. A crucial role in stents design is to 

fulfil some requirements like resistance against elastic recoil, resistance to fatigue due to the pulsatile flow, 

size minimization (to ensure that it can be reduced in size until it reaches the diameter of the delivery catheter), 

low thrombogenicity and high biocompatibility [9]. 

The devices used for TAVI procedures are composed of a stent and a biological valve in bovine or porcine 

pericardium sutured into the stent. Stents can be self-expandable or balloon-expandable, depending on whether 

they are able to expand autonomously by exploiting the super-elastic effect of Nitinol or they require the plastic 

deformation imposed by an inflating balloon (Figure 11). 

Three main classes of stents are treated in this section:  

- Balloon-expanding stents. 

- Self-expanding stents. 

- Mechanical-expanding stents. 

 

 

Figure 11 Some prothesis used for TAVI. Some stents are balloon expandable 

and some other self-expandable. A) Edwards Lifesciences Sapien 3 Valve 

(Edwards Lifesciences, Irvine, California); B) Medtronic CoreValve Evolut R 

(Medtronic, Minneapolis, Minnesota); C) Symetis Acurate neo Valve 

(Symetis, Ecublens VD, Switzerland); D) JenaValve (JVT Research & 

Development Corporation, Irvine, California); E) St. Jude Medical Portico 

Valve (St. Jude Medical, St. Paul, Minnesota); F) Direct Flow Medical Valve 

(Direct Flow Medical, Inc., Santa Rosa, California); G) Medtronic Engager 

Valve (Medtronic, Minneapolis, Minnesota); H) Boston Scientific Lotus Valve 

(Boston Scientific, Marlborough, Massachusetts).  
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The firsts (Figure 13) are made in materials with a high plasticity, able to maintain the deformed configuration 

imposed by the expansion of a balloon (e.g. Gold, Cobalt-chromium alloys, magnesium). They are supplied 

by the manufacturer in a closed tubular-shaped configuration with a diameter that allows them to be inserted 

into a delivery catheter. A polymeric or silicone balloon is inserted in the centre of the tubular hole. When the 

surgeon reaches the implant position he inflates the balloon with a saline solution. The balloon increases in 

volume until it touches the stent, deforming it by plasticity until the desired diameter. 

The mechanical behaviour strongly depends on the design. Some stents are manufactured from a tubular lamina 

by laser cutting. This kind of geometry allows high resistance but is inelastic. Another technique is to connect 

many flat sheet coils with gaps between the structs (Figure 12). This allows high flexibility but a lower 

resistance. [10] 

 

Figure 12 Coiled stents (up) and tube cutting stents (down). Picture from [11] 

 

 

Figure 13 balloon-expandable valve Sapien 3 (Edwards Lifesciences) [12]. In 

the figure, a balloon inflated with a saline solution imposes a radial force on 

the stent capable of deforming it until it reaches the diameter that allows 

adhesion to the patient's aortic root. 
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Self-expandable stents (Figure 14) are both mesh or laser-cut stents made in a super-elastic material (e.g. 

Nitinol, a Nichel-Titanium alloy composed in approximately equal percentages) that allows, after large 

deformations, the full recovery of the original shape. No balloons are needed for this procedure but two 

characteristics of Nitinol can be exploited to make the stent recover its original shape. The first feature is the 

shape memory, the second the super elasticity.. The shape memory stents are able to memorize one or more 

configurations by exploiting the transition between a martensitic and an austenitic phase. This allows the stents 

used for the TAVI to be able to memorize a precise shape (i.e the implant configuration) and to recover it even 

if widely deformed. Super elastic devices are crimped (crimping is the reduction of the diameter of the stent) 

to fit a delivery catheter, i.e. a device able to carry the stent through a vessel until the delivery site (i.e. aortic 

root for TAVI). Once in the correct position the delivery catheter is removed and the stent is free to expand.  

 

Figure 14 Self-expanding valve. CoreValve (Medtronic Inc., MN, USA) [13]. 

The delivery catheter is withdrawn, allowing free expansion of the device into 

the aortic annulus.  

 

More recently, a third category of stents used for TAVI has been introduced: mechanically expandable valves 

(Figure 15). LOTUS Edge (Boston Scientific) is also part of this type. These devices have a particular design 

that allows the free-expansion exiting the delivery catheter and a successive mechanical shortening associated 

with a radially enlargement increasing the rigidity of the Nitinol frame. This behaviour allows the mechanically 

expandable devices to be repositionable, preventing device malposition. This kind of devices shows better 

outcomes in terms of device failure and paravalvular leakage but, on the other hand, is associated to augmented 

rates of permanent pacemaker implant in high-risk patients [14]. Wire-based stents are not obtained by laser-

cutting but are made up of a Nitinol filament repeatedly intertwined with itself to form a mesh that can be with 

open or closed ends. 
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Figure 15 Mechanical-expandable devices. On the left the deploy step, on the 

right the locking step. LOTUS Edge (Boston Scientific) 

 

1.4 Boston Scientific LOTUS Edge 

The LOTUS Edge device consists of a Nitinol stent and a bovine pericardium biological valve. The stent 

structure has a single filament repeatedly intertwined on itself in a criss-cross pattern to form a tubular mesh. 

Even if it is a single filament closed at both ends by a radiopaque marker, in order to understand its geometry, 

it is possible to break down the stent into 15 filaments obtained by replication in polar series that intertwine. 

Like all self-expandable devices for TAVI, Lotus Edge must be crimped in order to be inserted into the 

deployment system, for this reason it is built in a superelastic material: Nitinol. The use of this material ensures 

superelasticity and biocompatibility. Boston Scientific  LOTUS Edge is completely repositionable. In fact, once 

released from the deployment catheter, it remains connected to three mandrels which ensure the possibility of 

repositioning, moving the delivery system. 

 

Figure 16 Lotus Edge valve anchored to the delivery system. 
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The deployment system is articulated with the stent through three commissures, each composed of two parts: 

one sutured to one end of the stent, and the second anchored to the other end of the stent through a mobile 

suture, that is a filament that connects the stent with the commissure, but does not weld them, allowing greater 

degrees of freedom to the stent. Until the device is fully implanted, three mandrills lock the device to the 

delivery system, allowing the physician to move it, positioning it in the target position. The target position is 

the one intraoperatively judged optimal by the operator, and it is patient-specific; the pre-operative prediction 

of the best position is very difficult, because many relevant variables become evident only in the surgical field. 

A clear example is provided by the angle with which the catheter reaches the annulus which depends on the 

path followed and on the whole geometry of the patient's femoral artery. During the positioning phase both 

ends are moved towards the centre of the stent, so that a final length of 19 mm is reached. In order to reduce 

the paravalvular leak, the device is equipped with an adaptive seal, an elastic coating capable of filling the 

interstices that can form between the stent and the native valve. For the computation of the radial force this 

does not affect the stresses, therefore it was not included in the model.  

In order not to damage the annulus during the positioning of the prosthesis, the delivery system is equipped 

with a friction mechanism that intervenes if the radial forces are excessive, preventing further strain on the 

implant site. However, this mechanism could give problems in case an implant has to be performed on a patient 

with very rigid walls (massive presence of calcium) or in case of bicuspid. The preoperative CT scan showed 

an abundance of calcium and fibrotic tissue, which could cause problems with the delivery system, but this did 

not happen and the implant was successful. 

 

 

Figure 17 LOTUS Edge's three different sizes. 

 

LOTUS Edge is available on the market in three different sizes (Figure 17), in order to best fit the size of the 

patient's native annulus. The sizes are calibrated to avoid the size gap: there is a correspondence between the 

diameter of the annulus and the external diameter of the prosthesis. The model to implant is that whose 
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diameter is equal to the annulus one. However, in case of patients with bicuspid valves, a smaller prosthesis 

can be chosen, since the bicuspid flaps could not be completely compressed against the wall. 

1.5 Technical specifications of LOTUS Edge 

LOTUS Edge smallest sizes has a diameter of 23 mm, the medium a diameter of 25 mm and the larger of 27 

mm. Each size is recommended for particular annulus and LVOT dimensions measured before the surgery 

through CT scan (Table 1).  

 

Table 1 This table correlates valve sizes and anatomical dimensions measured 

by CT scan. LVOT: Left Ventricular Outflow Tract; SOV: Sinus of Valsalva. 

 

The repositioning mechanism of the device uses the joining of three pieces. The posts are connected though a 

ñmovable sutureò to the ventricular end of the stent. The mobile suture allows to have rotational degrees of 

freedom between the stent and the anchoring system. The buckles are located on the aortic end of the stent. 

Once locking occurs, the buckles accept the joints of the posts, locking them at a fixed distance of 19 mm, 

whatever is the size of the prosthesis. Finally, to ensure that the shape is maintained over time, three collars 

are added to lock the buckles to the posts (Figure 18). 
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Figure 18 Deployment system, detail of the mandrels and dimensions of the 

prosthesis in the different phases of the implant. Picture from [15]. 

 

1.6 Finite element analysis of transcatheter aortic valve implant 

Finite Elements Method - The finite element method (FEM) is a numerical method aimed to finding an 

approximate solution to a problem driven by partial differential equations (PDEs). The solution is reached by 

subdividing the computational domain into finite elements by meshing the system. This method allows to 

locally approximate the continuum system governed by differential equations into a discrete system governed 

by algebraic equations, once the initial conditions as well as the relevant loading and kinematic boundary 

conditions (BCs). Through a variational approach, the approximate solution is found by minimizing an error 

function. The response of the modelled system in terms of displacement is calculated at the nodes, i.e., specific 

points at the boundary between adjacent elements. The corresponding strains and stresses are then evaluated 

at integration points within each element; their values are then interpolated over space to yield the complete 

distribution of strains and stresses over the whole system. Being an approximated method, the choice of the 

correct geometric and modelling approximations becomes crucial.  

 

FEM in the biomedical field - Finite element method is a powerful tool in the biomedical field, allowing for 

virtual experiments, comparisons and predictions without using animal models or experiments on humans, 

thus bypassing these ethical problems they entail. In the field of interest of this study, it is possible to simulate 

how a device (i.e., LOTUS Edge) fits into different aortic root geometries differing to different extents from 

the perfect circularity of the stent. This information can be complemented by the corresponding stress 

distributions, which are clinically relevant; e.g., an inhomogeneous radial stress determines important 

deviations from circularity.  
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The results of a computational analysis strongly depend on the adopted assumptions and modelling strategies. 

Thus, absolute computational results may not be always and fully representative of the detailed structural 

mechanics of the real system. However, results obtained through computational simulations are often valid 

when dealing with comparative studies between different scenarios, as for, e.g., the comparison of different 

devices virtually implanted in the same anatomy. In the future, FEM analysis could be used as clinical routine 

investigation to simulate the implantation of different devices on a patient, to determine which prosthesis better 

fits the patient anatomy. The process would start from the analysis of preoperative radiological images (e.g., 

CT scan, 3D Echocardiography) and, using a database of devices and a FEM calculation software, it would 

produce 3D models of the various intervention possibilities.  

1.7 Biomedical engineering: a powerful ally for the clinician 

Over the last few years the Computational Mechanics and Advanced Material Group leaded by Prof. Auricchio 

of the Università degli Studi di Pavia has a close collaboration with the Interventional Cardiology and Coronary 

Intensive Care Unit of the IRCCS Policlinico San Donato, directed by Prof. Bedogni. This unit is particularly 

skilled on TAVI interventions. The central aim of the collaboration is the verification of clinical hypotheses 

through engineering simulations to improve the indications on the types of devices to be used according to the 

patient's pathological characteristics. Several studies have already been published thanks to this fruitful 

collaboration. 

 The studies conducted in this thesis work arise from a specific request from surgeons: studying the behaviour 

of different devices in particular implant conditions. Regarding this work, the collaboration was articulated by 

providing the department with a LOTUS Edge device to be able to perform the modelling and I was allowed 

to attend the implant surgery at the surgery room of the polyclinic in order to identify the main procedures to 

be replicated during the modelling. 
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2.Methods 

2.1 Pre-processing 

This section deals with the geometric construction of the instances present in the model, which is one of 

the preliminary steps leading to the numerical simulations, which were run in Abaqus/Explicit 2019 

(Simulia, Dassault Systèmes, Providence, RI, USA). 

2.1.1 Workflow 

 

Figure 19 Workflow for LOTUS Edge FE model reconstruction. The 

reconstruction begins with the 3D modelling carried out through 

Rhinoceros then, through Abaqus, the instances have been discretized 

through an appropriate mesh. The meshes were modified via Matlab to 

model the crosses between the filaments. Finally the corrected mesh 

was imported again in Abaqus where the boundary conditions were 

defined and the analysis was run 

 

The workflow (Figure 19) starts from the 3D modelling of the LOTUS Edge. The 3D modelling was 

carried out using the CAD drawing software Rhinoceros 5.0 (McNeel & associates, Seattle, WA, USA). 

A helix, mirrored and replicated in a polar series 15 times, was used to model the wire. Subsequently 

the geometric model was exported in STEP1 format and imported into Abaqus/CAE  for the generation 

of a mesh of 2-node beam elements. These are defined so that at the intersection of two struts of the 

stent, i.e., of two counterrotating filaments, a single node I present and shared between four elements 

that insist on it. In order to account for the actual kinematic constraints between overlaying filaments, 

the mesh is then edited through an ad hoc Matlab code (Mathworks Inc, Natick, MA, USA): at each 

intersection between filaments, the node is duplicated so that the original node acts as a bridge between 

the two elements of the overlying filament, and the duplicated one as a bridge between the two elements 

of the underlying filament. 

 

1 ñSTandard for the Exchange of Product model dataò o ñISO10303ò 
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Figure 20 To properly understand what the Matlab script does, consider 

two intersecting filaments divided into 2 BEAM elements each one. On 

the black node (figure on the left) four beam elements  meet. By this 

way the DOFs of an element are linked to the DOFs of the other three 

elements. The Matlab code duplicates the central node in order to link 

only the DOFs of the elements laying on the same filaments. The two 

duplicated nodes were linked by a join connector. 

 

 Since the override between the two filaments is not modelled but an intersection was introduced, it is 

necessary to assign a mutual kinematic constraint to these nodes, so that they have consistent 

translational degrees of freedom while rotations around the radial axis are kept free. The Matlab code, 

in addition to creating the junction nodes, is able to create JOIN connectors between these nodes, in 

order to satisfy the required kinematic constraints. Once the mesh update is finished, it is imported back 

into Abaqus as an INP file, so that it can be passed to the explicit solver to conduct the FE analysis. 

2.1.2 Geometric model of the LOTUS stent 

The LOTUS Edge prosthesis is available on the market in three sizes, named according to the diameter 

obtained once implanted. The sizes have a diameter of 23, 25 and 27 mm. It was chosen to model the 

prosthesis with size 27 mm because a sample of this size was provided by the suppliers. The modelling 

was carried out in the 'unsheating' (stress-free, Figure 21) configuration as showed in Figure 18. Once 

this model has been obtained, it is possible to proceed with the subsequent crimping (fully sheathed 

configuration), deployment and locking ('locked' configuration) analyses. 
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Figure 21 The LOTUS Edge size 27 device in its three configurations: 

fully sheathed (crimped), unsheathing (stress-free) and locked (fully 

deployed). For each configuration the stent measurements are reported. 

The device, in the stress-free configuration, has a diameter of 24mm 

while, once implanted, it reaches a diameter of 27mm.. 

 

The CAD model was obtained using Rhinoceros, a software for CAD design, using a helix of height 40 

mm, diameter 24 mm (the diameter of the unsheating configuration was used). 

The prosthesis was modelled as a single strand (Figure 22.A), then mirrored (Figure 22.B) and replicated 

in a circular series, to obtain the final stent (Figure 22.B) . A blend joint was inserted at the end points 

of the subsequent filaments, in order to smooth the cusp created by mirroring the filament. Once 

imported into Abaqus, the properties of a BEAM were attributed to the filament. 

The intersections were subsequently modelled in Abaqus using 'Joint Connectors', connectors that 

impose a kinematic constraint, allowing cardan movements. [16]  

The decision to not 3D model the crosses between the filaments (one that passes above and one below) 

was made by carrying out some qualitative tests on the device available in the laboratory. It was observed 

that both in compression and in uniaxial traction, the position of the intersections varied following the 

lengthening or shortening of the stent, but there was no relative sliding between the two filaments. This 

evidence motivated the generation of a kinematic constraint between the two filaments in the finite 

element model, which would lock the relative positions of the two filaments at the point of contact, but 

which would allow rotations around the 3 axes. In this regard, a Matlab2 code was written, which, by 

 

2 Engineering software produced by MathWorks. 
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acting on the Abaqus INP file, allows to set two nodes, belonging to two different filaments, in the same 

intersection. 

 

Figure 22 A) Single filament obtained through a helix (top and side 

view). B) Mirrored filament (side view); on the upper cuspid a blend 

fillet  was applied. C) Circular series replication of helix-shaped 

filaments to generate the final stent  geometry (top and 3). 
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2.1.3 Idealized geometric model of the aortic root 

 

Figure 23 A) Geometric model of the idealized aortic root, depicted 

with the corresponding computational grid (3D view) [17]. B) Key 

dimensions of the model and sketch of the three variants of the annulus, 

with eccentricity index equal to 0, 0.25, 0.5, respectively. C) ventricular 

view of the three variants of the entire model, emphasizing the 

geometry of the annulus. 

 

In order to obtain computational results of general validity, a simplified and standardized geometry was 

assumed for the aortic root, instead of building a patient-specific model from the medical imaging of a 

specific patient. This choice allows to rule out the influence of peculiar anatomical details, if any, whose 
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quantification is out of the scope of this work and that can instead be a confounding factor. Instead, 

starting from the standardized model allowed for having full control on the changes in eccentricity of 

the annulus varies and in degree of calcification when producing variants of the model, so to compute 

the corresponding changes in the distribution of contact forces and stresses. The aortic root is obtained 

merging a cylinder (outflow tract), a spere (valve and Valsalvaôs Sinuses) and an elliptic cylinder 

(LVOT) (Figure 23 A) Geometric model of the idealized aortic root, depicted with the corresponding 

computational grid (3D view) .A). The dimensions assumed for the three compartments are depicted in 

Figure 23 A) Geometric model of the idealized aortic root, depicted with the corresponding 

computational grid (3D view) .B; a constant thickness of 2.5 mm was assumed [18] [19] [20], firstly 

because the geometry is idealized, secondly because it has been proven that the vessel wall thickness 

induces negligible effects on the deformed valve configuration [18].  

According to [17], an eccentricity index (EI) has been defined to describe the eccentricity of the native 

annulus.  

ὉὍ ρ
ίὬέὶὸὩίὸ ὥὼὭί

ὰέὲὫὩίὸ ὥὼὭί
  

From a clinical point of view an annulus can be defined ñellipticalò if EI > 0.25. In order to simulate 

different eccentricity condition, three geometric models of the aortic root were developed, respectively 

with a EI value of 0, 0.25 and 0.5 (Figure 23 A) Geometric model of the idealized aortic root, depicted 

with the corresponding computational grid (3D view) ..B-C). To these three conditions are added as 

many conditions of calcium anchored on the wall. The combination of these conditions leads to 12 

models, then 12 simulations. 

2.1.4 Geometric model of the LOTUS delivery system 

As described in the background section, the Boston Scientific Lotus Edge device uses a particular 

deployment system that allows for the repositioning of the device during surgery, which allows for 

positioning the delivery catheter, retracting it on the guide to allow the Nitinol stent to self-expand, and 

for locking the axial dimension of the stent. In the model, the delivery catheter is modelled as a hollow 

cylinder discretized with 4740 4-node quadrilateral surface elements with reduced integration 

(SFM3D4R element type from Abaqus library). The catheter and the stent within are assumed already 

positioned in the aortic valve orifice. The catheter inner surface is in contact with the stent.  
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2.1.5 Calcium geometric model 

Following suggestions directly coming from the clinicians, three progressively more severe 

configurations of the calcium deposit were modelled: the deposit was modelled as a portion of sphere 

or ellipsoid leaning on the aortic root. The geometrical features of the three configurations are reported 

in Figure 24. 

 

Figure 24 Three calcium situations, increases the severity from left to 

right. Measures are referred to the aortic root with E.I. =0 and they 

change slightly between the different aortic roots as they must be 

tangent to them at each point on the lower face. 

 

2.2 Material properties 

This section describes the rationale that led to the choice of material models and simulation conditions, 

as well as the preliminary tests run to create a numerically stable and computationally efficient model. 

2.2.1 Mechanical properties of the Nitinol alloy (Nitinol) 

Nitinol is an alloy of Nickel and Titanium in proportion of about 50%. Nitinol has peculiar mechanical 

properties that allow it to exhibit both shape memory (SME) and superelasticity (SEE) behaviour. These 

characteristics mean that it can withstand deformations greater than 10%, almost completely recovering 

the original configuration. It has a high resistance to corrosion, which ensures biocompatibility. It is 

known that nickel can cause allergic reactions. This, in Nitinol, is avoided thanks to the formation of a 

layer of titanium oxide, which isolates the nickel from the biological environment ensuring excellent 
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biocompatibility [21]. Furthermore, this alloy is able to bear significant stresses, in the order of 400 

MPa. [22] To behaviour of Nitinol is inherently linked to its Thermoelastic Martensitic Transition 

(TMT); the material can be presented in two forms, an austenitic one, stable at high temperatures, and a 

martensitic one, stable at low temperatures. The transition from one form to another is not a phase 

transition (no discontinuity) and can be induced by: 

- Temperature variations. 

- Variations in mechanical stress. 

Both temperature and stress driving forces can modify the structure of the material, allowing for the 

transition from one shape to another. This transition is exploited both in the shape memory effect and in 

the superelasticity. [22] 

Austenitic phase - The austenitic phase is stable at high temperatures. The material is rigid and difficult 

to deform. The network is regular, with cubic symmetry with a centered body (BCC), as shown in the 

Figure 25. Above the temperature Af, the phase of the material is only austenite. 

Martensitic phase - In the martensitic phase the reticulum is distorted but not broken (Figure 25). This 

means that the periodic cells of the network are skewed and arranged in a zig-zag pattern, according to 

what is called a multivariant, as more variants of the original cubic periodic cell are now present in the 

network (Figure 25). This configuration gives the material great deformability and flexibility .  

Switching to austenite can be done by raising the temperature. This allows for the shape memory effect 

typical of Nitinol. In fact, by subjecting martensite to deformation it is possible to give the material a 

specific shape. If this shape is maintained and the temperature is raised, the reticulum re-settles in the 

martensitic phase, but without changing shape. The transformation does not happen instantaneously but, 

depending on the temperature, it is possible to have intermediate configurations in which the two phases 

coexist. 

  

Figure 25 Austenite (left) and Martensite multivariant (right) 
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2.2.1.1 Shape memory 

The shape memory propriety allows the material to memorize one or more spatial configurations; the 

material can be switched between these by temperature variation. Once the Nitinol alloy is formed, it is 

transformed in the austenitic phase and processed. Once the desired shape has been set, the annealing 

phase follows, in which the device is subjected to high temperatures and then immediately moved to 

cold water. In this way the imposed shape is "memorized". By repeating the procedure multiple times it 

is possible to memorize more than one shape. To describe this behaviour is possible to define four 

temperatures: 

- Ms ï Temperature at which martensitic transformation begins. 

- M f ï Temperature at which martensitic transformation ends. 

- As ï Temperature at which austenitic transformation begins (inverse transformation). 

- Af ï Temperature at which austenitic transformation ends (inverse transformation). 

 

Figure 26: Transformation between austenitic and martensitic phase. 

Transformation driven by temperature (left) and stress (right). [22] 

2.2.1.2 Superelasticity 

The key feature of Nitinol for use in the cardiovascular field is superelasticity, which allows for 

deformations of more than 10% and for complete recovery of the original configuration once the load is 

removed (Figure 27). Superelasticity allows for crimping the stents, thus massively reducing its diameter 

so that it can be introduced into the delivery catheter and into the patientôs femoral artery up to the 

implant site, i.e., the orifice of the native aortic valve. Once there, the device can be accurately positioned 

via the deployment system. 
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Figure 27 Transformation strain-induced and superelastic behaviour. 1) 

A load is applied and the material elasticly deforms. 2) the austentite-

to-martensite transformation begin. In this step the energy is used to 

drive the transformation, so a plateau in the stress-strain graph is 

showed. 4) Once the transformation is completed the load is removed. 

5) After a linear elastic recoil, the reverse martensite-to-austenite 

transformation occurs. 6)At the end of the cycle the initial shape is 

obtained. Picture from [21]. 
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2.2.1.3 Constitutive modelling of Nitinol 

The stress-strain response of Nitinol for finite elements is modelled through the ñSuperelasticò 

constitutive model integrated in Abaqus material model library. The associated constitutive parameters 

were taken from literature [9] and are reported in Table 2.  

Parameter Description Value 

ʍ Mass Density 6.7e-9 [Tonn/mm3]  

%! Austenite Young Modulus 35877 [MPa] 
ʉ! Austenite 0ÏÉÓÓÏÎȭÓ 2ÁÔÉÏ 0.33 [-]  
%- Martensite Young Modulus 24462 [MPa] 
ʉ- -ÁÒÔÅÎÓÉÔÅ 0ÏÉÓÓÏÎȭÓ 2ÁÔÉÏ 0.33 [-]  
 צ
, Transformation strain 0.0555 

ʎ,
3 Start of Transformation (Loading) 489 [MPa] 

ʎ%
, End of transformation (Loading) 572 [MPa] 

ʎ5
3 Start of transformation (Unloading)  230 [MPa] 

ʎ5
% End of transformation (Unloading) 147 [MPa] 

ʎ#,
3  Start of transformation in compression (Loading). - 
T Reference Temperature 22 [°C] 
Ћʎ

Ћ4
5

 ЋʎȾЋ4 unloading 6.7 

Ћʎ

Ћ4
,

 ЋʎȾЋ4 Loading 6.7 

6צ
, Volumetric transformation strain. - 

Table 2: Nitinol material model parameters. 

2.2.1.4 Transverse shear stiffness 

The stent was discretized into beam elements, whose cross-section is not defined by the node 

connectivity, but is assumed circular, with an extent defined by the user. As such, the shear response of 

the cross section is driven by the transverse shear stiffness assigned to the elements, which can be 

manually set or automatically computed by the solver. If manually set, the transverse shear stiffness 

must be calculated, according to Abaqus userôs guide, as: 

ὑ ὯὋὃ with ‌ ρȟς 

With k=0.89 for circular sections, G = 13488 [MPa] is the shear modulus of Nitinol and A is the cross-

sectional area of the wire of the stent.  

Two preliminary tests consisting in the simulation of the regional radial compression of the stent were 

performed to compare the two options (Figure 28); in the first test, the transverse shear stiffness was 
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manually set equal to 848.5, 848.5 MPa, and in the second one the solver calculated it. There are no 

tangible differences between the results yielded by two analyses, indicating that the solver correctly 

estimates this parameter. 

 

 

Figure 28 Compression test with transverse shear stiffness specified 

(left) and calculated by the solver (right). 

2.2.2 Material model of the aortic root tissue 

Aortic root material tissue is assumed to be linear elastic with a Youngôs modulus of 2 MPa and a 

Poissonôs ratio of 0.45. A recent study [18] compared four different strategies to model the stress-strain 

behaviour of aortic root tissue in the simulation of TAVI: as a perfectly rigid material, as an isotropic 

linear elastic (LE) material, as a non-linear isotropic hyperelastic (HE) material, and as an anisotropic 

Holzapfel-Gasser-Odgen (HGO). The study verified that HE or HGO material models with fiber 

families describe more precisely the real behaviour of the aortic root. However, the same study 

demonstrated that the final geometry of the stent implanted in the aortic root modelled with LE material 

is comparable with configurations obtained with HE and HGO models. Therefore, for the purposes of 

this work, the use of LE material was considered sufficient as the study aims to compare the performance 

of the stent in different geometries and to compare different stents, leading to a considerable advantage 

in terms of computation time .  

2.2.3 Material model of calcium 

According to [23], a very stiff material (like hydroxiepatite) has been modelled by a linear elastic model 

with E = 60 GPa and ’ = 0.3. 
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2.3 Model optimization and stabilization 

Some preliminary analyses were performed before the final set of simulations in order to stabilize and 

optimize the model. This allows to make a treatment and a comparison as complete as possible on 

different strategies and techniques of finite element modelling available for the purposes of this work. 

These studies were conducted because Explicit Finite Elements Analysis requires long time to perform. 

A correct parametersô definition and some optimization studies are necessary to allow the simulation to 

perform into acceptable time. 

2.3.1 Mesh convergence analysis 

Every instance into the model needs to be discretized into finite elements. On the one hand, increasing 

the number of elements allows to obtain more precise results, because smaller elements better capture 

infinitesimal space variations. On the other hand, it requires a longer computational time. In fact, the 

use of an explicit solver, as Abaqus/Explicit, has to cope with the Courant criterion; the computational 

expense increases with the number of time increments, which in turn increases as the smallest element 

size in the mesh decreases. A trade-off is thus necessary. The proper mesh size was identified via mesh 

convergence analysis. The stent was stretched axially by 10% of the total length, by imposing a 

prescribed axial displacement at end while preventing axial displacements at the opposite end (Figure 

29). An additional point was constrained in the other two directions to prevent stentôs migration during 

the simulation. Nitinol material was used.  

 

 

Figure 29: Uniaxial test. On its left end the stent was loaded with a 

traction boundary condition, on its right end, it was constrained locking 

axial displacements. 

 

Seven different mesh densities were considered. For each simulation two parameters were evaluated: 

the maximum value of the von Mises equivalent stress (MISESMAX) [24] and the reaction force at the 
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constrained end of the model (REACTION FORCE) [16] (Table 3). As is possible to see from Figure 

30, a convergence in results was obtained for meshes with at least 10650 elements.  

 

CASE 

SIZE 

[mm] 

# 

elements 

CPU 

time  

[s] 

MISESMAX  

[MPa] 

RF  

[N]  

ɝ MISESMAX 

from reference 

[%] 

ɝ RF from 

reference  

[%] 

1 2 2280 641.22 25.23455429 0.042642266 45.95831517 0.002114102 

2 1 3240 987.96 44.80453873 0.042561751 4.04773023 0.19092442 

3 0.5 5970 1570.8 45.63222122 0.042607352 2.27518628 0.083987526 

4 0.25 10650 2757.6 46.26044083 0.042641882 0.929807024 0.003013906 

5 0.125 21750 6722.5 46.51338196 0.042642508 0.388114678 0.001546265 

6 0.0625 42150 10648 46.63516617 0.042643078 0.127304686 0.000209663 

7 0.03125 83850 24500 46.6946106 0.042643167 0 0 

Table 3: Convergence analysis results. The thicker mesh was 

considered as reference and it is highlighted in yellow. The green line 

indicates the selected mesh size. 

 

 

Figure 30: MISESMAX (left panel) and REACTION FORCE (RF, 

right panel) computed by increasingly refined meshes. 

2.3.2 Beam element type 

When the geometry has a largely preponderant dimension over the others, it is possible to use beam 

elements. A rule of thumb [24] suggests, as a check to assess if beam elements are suitable, that the 

largest dimension of the section must be less than 1/10 of the characteristic axial dimension of the beam. 



Chapter 2: Methods 

_____________________________________________ 

 

47 

 

"Axial characteristic dimension" does not mean the length of the element, but the distance between 

geometric landmarks (e.g., large modification of the section, length of the filament). In the case of the 

LOTUS Edge it is possible to apply the beam theory as the filament diameter is 0.3 mm and the filament 

length is far longer than 3 mm. It is possible to instruct Abaqus to calculate the engineering properties 

of the wire at the beginning of the analysis or during the analysis. The pre-calculation of these properties 

is particularly suitable for materials with linear elastic behaviour, while the calculation during the 

analysis is required for materials with non-linear behaviour, such as Nitinol. These properties are 

calculated on an array of points distributed on the filament section according to the type of section used. 

In this case, the filament has a circular cross-section; therefore, these points are distributed over the 

cross-section as indicated in the Abaqus documentation, the solver uses (Figure 31) 3 points radially, 8 

circumferentially (17 total; trapezoidal rule). Integration point 1 is situated at the centre of the beam and 

is used for output purposes only. It makes no contribution to the stiffness of the element; therefore, the 

integration point volume (IVOL) associated with this point is zero. 

 

 

Figure 31 Section point of integration. 

 

Two main families of beam elements are available in Abaqus library (Figure 32).  

- Euler-Bernoulli-type beams. These do not account for transverse shear deformations. A section originally 

normal to the axis of the beam, remains normal for all the simulation. These elements are only available 

in Abaqus/Standard and do not require the transverse shear stiffness specification.  

- Timoshenko-type beams. These account for transverse shear deformations and come in two versions:  

o B31: a two nodes linear beam element. 

o B32: a three nodes quadratic beam element. 
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Figure 32 a) the slender elements, of the Euler-Bernoulli type, do not 

maintain the section of the filament (in red) always perpendicular to the 

axis of the filament. b) The beams with Timoshenko formulation, on 

the other hand, calculate the deformation of the section 

 

Some guidelines to choose the correct beam element type are indicated in the Abaqus Userôs Manual.  

¶ First-order, shear-deformable beam elements (B21, B31) should be used in any simulation that includes 

contact. 

¶ If the transverse shear deformation is important, use Timoshenko (quadratic) beam elements (B22, B32). 

¶ If the structure is either very rigid or very flexible, the hybrid beam elements (B21H, B32H, etc.) available 

in Abaqus/Standard should be used in geometrically nonlinear simulations. 

¶ The Euler-Bernoulli (cubic) beams (B23, B33) available in Abaqus/Standard are very accurate for 

simulations that include distributed loading, such as dynamic vibration analyses. 

¶ Structures with open, thin-walled cross-sections should be modelled with the elements that use open-

section warping theory (B31OS, B32OS) available in Abaqus/Standard. 

According to previous studies on Nitinol beams [16] [9], B31 elements were chosen. To verify this 

hypothesis a test was run by simulating the transversal compression of the stent as discretized into B21 

and B31 elements. 

2.3.3 Preliminary test to choose the element type 

A compression test is a mechanical test which consists in compressing the stent between two planes, 

discretized into solid shells (SFM3D4R elements from Abaqus library) (Figure 33) BCs were imposed 

on the stent to prevent migration and on the planes to model the compression. The lower plane was 

encastred while the upper plane was shifted downwards to reduce the stent diameter by 50%.  
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Figure 33 Compression test experimental setup. Two rigid planes are 

progressively brought closer up to a distance equal to half the diameter 

of the stent. The stent is constrained on the left side (orange karts) to 

prevent slipping. 

 

 

 

 

 

Figure 34 Comparison between B31 (left) and B32 (right) elements on 

compression test. 
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 B31 elements B32 elements 
MISESMAX [MPa] 379.5 357.5 

USER TIME [s] 30944 63713 

Table 4 Comparison between B31 and B32 mesh elements. 

 

As reported in Figure 34Error! Reference source not found. and in Table 4, the use of quadratic 

elements (B32) does not significantly change the results of the analysis which, however, require about 

twice the time to be completed. Therefore, it makes sense for this work to use B31. 

2.3.4 Mass scaling 

ABAQUS/Explicit solver uses an explicit central differences scheme, that is conditionally stable. The 

condition of stability is  

ɝὸ
ς

‫  
 

Where ɝὸ is the time-step increment and ‫  is the max eigenfrequency of the assembled mesh. It is 

possible to better describe this stability requirement using the Courant-Friedrichs-Lewy condition. 

ɝὸ  with ὧ  

Where c is the propagation speed of a dilatational stress wave through the material, ὒ is the element 

smallest geometric dimension, ‗ and ‘ are Lameôs constants and ɟ is the density [25]. Under those 

conditions, the equation imposes that the time increment of the solver must be smaller than the time 

required for a deformational wave to run through the smallest element in the model. This implies that a 

model with very small elements requires a very small time increments, so huge time to perform the 

calculation. Mass scaling allows to modify the density (hence, the mass) of the model by a factor Ὢ. 

Increasing artificially the mass by a factor Ὢ has repercussions with an increase in the width of the 

interval equal to Ὢɝὸ, according to: 

ὒ

Ὁ
”z Ὢ

Ὢz ɝὸ 

The mass scaling rationale is well shown by those formulas: an increase in density causes a reduction 

of the wave speed propagation, so it is possible to increase the time-step ɝὸ.  
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The analyses that require the use of Abaqus/Explicit are of two types: quasi-static and dynamic. In quasi-

static analysis the inertial forces appearing in the model must be negligible, or at least very small. 

Therefore, impacts cannot be modelled, but only static contacts. Dynamic analyses are used to model 

those situations in which inertial forces play an important role. The application of mass-scaling varies 

according to the type of analysis to be simulated. In quasi-static analyses, since there is no dependence 

on the speed of application of the load, it is possible to simply decrease the simulation time (step-time), 

without the results undergoing significant variations. This method allows to decrease the computational 

time. In dynamic analyses, the speed of application of the load is important, therefore it is not possible 

to alter the simulation time too much. It is therefore necessary to increase the amplitude of the time 

increments of the explicit solver by mass scaling. Two ways are available to perform mass-scaling: 

Fixed mass scaling: 

¶ On all elements in quasi-static analysis. 

¶ On a few elements in dynamic analysis. 

¶ Only once at the beginning of the step. 

¶ It is indicated by specifying a factor or a minimum increment. 

Variable mass scaling. 

¶ At the beginning of the step and during the same, with the frequency set by the user. Excessive frequency 

slows down the analysis. 

¶ The minimum accepted time increment is specified, the density of the elements that do not respect it is 

automatically scaled by Abaqus. 

 

To roughly estimate the amplitude of a target increment it is possible to calculate the target increment 

by reducing the Nitinol to an elastic material and proceeding as follows. 

ɝὸ ὒ
”

Ὁ
 

Considering Nitinol: 

- ” φȢχz ρπ  

- Ὁ ὃόίὸὩὲὭὸὩσυψχχ ὓὖὥ 

- ὒ Ὢὶέά ὃὦὥήόίȟίάὥὰὰὩὶ ὩὰὩάὩὲὸπȟρωυ άά 

ɝὸ πȟρωυzρπάᶻ
φȟχz ρπ ρzπ

ὯὫ
ά

συψχχρzπ
ψȟτσzρπ ί 
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This is the maximum possible time increase. The analyses were run imposing a minimum time increment 

of 5E-07 and the density was scaled accordingly via variable mass scaling, so to cope with the large 

deformations and the multiple sources of non-linearity in the analyses. 

2.3.5 Connector Elements 

Modelling contact in Abaqus/Explicit requires lots of increments of the explicit solver. This is reflected 

into an increase of computational expense. When a stent is crimped or deformed, its wires interact with 

each other through contact. The standard procedure to model this behaviour is to define a self-contact 

(general contact) between the stent and itself. A recent study [16] compared new strategies to model the 

interaction between the wires. A common approach is to replace the contact definition with some 

connector elements, which are available in Abaqus to mutually and selectively constrain the degrees of 

freedom (DOFs) of two nodes. These are briefly described in the next paragraphs. 

Join connectors - Join connectors constrain the translational degrees of freedom of two nodes (Figure 

35). When used in combination with "gimbal" they can allow cardanic rotational movements. From 

Abaqusô documentation: the JOIN connection makes the position of node b equal to that of node a. If 

the two nodes are not coincident initially, the Cartesian coordinates of node b relative to node a are 

fixed. If rotational degrees of freedom exist at node a, the local directions corotate with the node. 

 

Figure 35 Join + Cardan diagram. 
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Hinge connectors - Hinge allows, in addition to binding translational degrees of freedom, to constrain 

rotational degrees of freedom, allowing only for rotations around an axis. When two filaments cross 

each other it is assumed that they do not slip together and that a mutual rotation around the radial axis 

of the stent is allowed for. This allows for the intersection to be modelled as a hinge (Figure 36). It is 

very important to define a local reference system to specify the axis of the allowed rotation. To do this, 

a cylindrical reference system has been defined, setting the direction on which to allow the rotations as 

rho (Figure 37). 

 

Figure 36 Hinge diagram. Considering a Cartesian triad, the hinge 

connector allows rotations along a principal axis (e1) by blocking 

rotations around e2 and e3. 

 

 

Figure 37 Crossing of two filaments, a hinge connector is inserted 

between them. A local reference system has been defined: rotations are 

allowed on rho axis. 

 

Connectors usage - Applying connectors is useful to model the relative displacement of bulk nodes, 

but it can be misleading at the ends of the stent. During the crimping procedure, the wires slip slightly 

between each other. Connectors impede this behaviour from being modelled, leading the ends of the 

stent to fallacious configurations. As postulated in the literature [16], join connectors lead to a "more 

open" configuration while Hinges lead to a "more closed" configuration (Figure 38). 
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Figure 38 Comparison between general contact algorithm, hinge 

connectors and join connectors. Picture from [16]. 

 

Connectors application is strongly related to the goal of the simulation. The weak point of this modelling 

strategy is not being able to model the interaction between the filaments, which therefore are not affected 

by their mutual contact. This can lead, in particular for very large deformations, to interpenetration of 

the filaments. Indeed, during the locking step, it is necessary to activate contact between the filaments 

(General contact algorithm of Abaqus), as in this phase the stent is axially compressed and the 

interpenetration of the threads would lead to incorrect results. Experiments to define the type of 

connector and mass scaling were performed and are described in the following. 

2.3.6 Preliminary test to choose the connector type 

Transversal compression of the stent was simulated to test the behaviour of the two different kind of 

connectors. Six analyses were run to compare the use of join connectors and hinge connectors. Each 

connector was tested with three different levels of mass scaling (target increment = 1E-07, 1E-06, 1E-

05). The simulations were set as when testing different types of beam elements (section 2.3.3). 

A simple qualitative analysis of the deformed geometries (Table 5, Table 6) shows that the two 

connectors behave in a substantially different way. The join connectors lead the stent to an unrealistic 

hourglass shape. This result seems unaffected by the amount of mass scaling within the considered range 

of scaling factors. On the other hand, hinge connectors do not lead to the aforementioned hourglass 

deformed shape of the stent, but make the whole stet overly stiff, as highlighted by the widespread high 

values of von mises stress. Also, the response of the model changes as a target increment equal to 10-5 

is set for the mass scaling. The TAVI procedure to be simulated requires that the device be stressed with 

very large deformations. The excessive stiffness given by the hinge connectors would lead the 
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simulation either to fail or to give results of dubious validity. Since compression is a very different type 

of stress from the one that occurs on the prosthesis during the crimping phase, it was preferred to 

maintain a safety margin on the results and adopt a mass scaling of 5E-07 s. Accordingly with previous 

studies [16], for subsequent analyses, join connectors with a mass scaling of 5E-07 were chosen. 
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CONNECTOR 
TARGET 

INCREMENT [s] 
RESULTS 

JOIN 1E-07 

 

JOIN 1E-06 

 

JOIN 1E-05 

 

Table 5 Compression test results for JOIN connectors.  
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CONNECTOR 
TARGET 

INCREMENT [s] 
RESULTS 

HINGE 1E-07 

 

HINGE 1E-06 

 

HINGE 1E-05 

 

Table 6 Compression test results for HINGE connectors 



 

 

 

3.Simulations setup 

After introducing in Chapter 2 the key features of the finite element model (e.g., Lotus stent, idealized 

aortic geometry) and the preliminary analyses to define some finer aspects of the simulation setup, this 

chapter describes the simulations used to evaluate the behaviour of the Lotus stent in terms of device 

performance within idealized geometries of aortic root with different degrees of annulus ellipticity and 

calcifications. In the following of this chapter, firstly the simulation steps and the analysis setup are 

described, then the procedures carried out for the post-processing of the results are introduced. 

3.1 Discretized model and physical properties. 

LOTUS Edge stent - As previously mentioned, the wires of the Lotus stent were discretized into linear 

B31 beam elements, with characteristic length of 0.2 mm and circular section with radius of 0.15 mm, 

with an automatic computed transverse shear stiffness. The beam cross-section orientation, that is a 

vector orthogonal to the section of the filament (t), was set to the default value of (0.0, 0.0, -1.0) in 

cartesian coordinates.  

Aortic root - The aortic root geometry was discretized into 42904 4-node linear tetrahedral elements 

(C3D4) with characteristic dimension of 1mm. 

Calcifications ï Three different severities of calcifications were introduced in the model. Each type has 

been developed in 3 different shapes to be able to adapt to the three different eccentricities of the aortic 

root. However, all calcifications were discretized using 10-nodes modified quadratic tetrahedron. 

(C3D10M) with characteristic dimension of 0.6mm. 

Delivery Catheter ï The delivery catheter, designed as a cylinder, was discretized by 3588 4-node 

quadrilateral surface element with reduced integration (SFM3D4R) having characteristic dimension of 

1.5mm. 

Aortic root, delivery catheter and LOTUS Edge stent were positioned so to be mutually co-axial. The 

proximal end of the delivery system and of the stent were positioned 8mm into the left ventricle with 

respect to the aortic annulus, i.e., the intersection between the sphere and the elliptical cylinder 

reproducing the LVOT (Figure 39).  

The LOTUS Edge, the aortic root and the calcifications were assigned the mechanical properties 

described in sections 2.2.1, 2.2.2, 2.2.3, respectively. The delivery catheter, as modelled as a rigid 

surface, has no assigned material, but only a density equal to 7E-09 ὝέὲὲȾάά . 
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Auxiliary structures - To model the locking of the stent, two rigid planes were introduced in the model: 

these were 50 mm in linear size, were both centred with respect to the axis of the root and positioned 2 

mm proximally and 52 mm distally from the end of LVOT, respectively (Figure 39). As a result, the 

two planes are 50 mm apart along the root axis. No physical property was assigned to the two planes, as 

these are not required for rigid bodies in Abaqus. They were meshed by 2500 4-node 3-D bilinear rigid 

quadrilateral discrete rigid elements (R3D4). 

As reported in Boston Scentific guidelines, to properly implant the prosthetic device, it is necessary to 

enter the left ventricle 8 mm with the delivery system. This distance was calculated from the point 

closest to the LVOT of each aorta geometry considered. This process meant that different geometries 

required different movements for the planes that manage the compacting phase. By indicating with "LV 

plane" the plane that moves from the left ventricle towards the annulus and with "Aorta plane" the plane 

that moves from the aortic arch towards the annulus, the Table 7 summarizes the movements of the 

planes, so that they are at a mutual distance of 19 mm at the end of the locking step. 

ROOT Aorta Plane [mm] LV plane [mm] 

EI = 0 -21 10 

EI = 0.25 -23 8 

EI = 0.5 -23.5 7.5 

Table 7 Movements of the two rigid planes. 

 

 

Figure 39 The assembly of the model. The delivery system, containing 

the crimped device, is positioned 8mm inside the annulus (implantation 

depth). The figure show the assembly cut on the y plane. 
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3.2 Simulation strategy 

In order to replicate as faithfully as possible the crimping and deployment of the LOTUS device as 

performed in the real clinical procedure, the simulation is divided into an initial step followed by 3 steps 

which correspond to the 3 clinical operations of crimping, deployment and locking. 

Step 0: Initial  - The initial step introduces the model geometry and assembly, no contact definition is 

activated. Boundary conditions on the stent and on the aortic root prevent migration. In particular, the 

displacement DOFs on the  two extremities of the aortic root were constrained and the end of the stent 

proximal to the left ventricle was locked on the axis of the stent. No load is applied. 

 

 

Figure 40 stent-catheter interaction in crimping step. The catheter, 

reducing its diameter, comes into contact with the stent placed inside it. 

The right end of the stent is constrained by blocking movement along 

the stent axis. 

 

 Step 1: Crimping  ï A cylindrical reference frame, co-axial with the stent, is defined. By imposing a 

set of radial displacements applied to every node, the catheter diameter is reduced in 1s to a final 

diameter of 20Fr (which correspond to 6.7mm). As a consequence, the stent within is crimped owing to 

contact between the stent and the catheter (Figure 40). Delivery catheter-stent contact is modelled 

through the Abaqus GC (General Contact) algorithm. Hard contact is used to simulate the mechanical 

interaction orthogonal to the contact surface; a frictionless mechanical interaction is assumed tangential 

to the contact surface, so that sliding between the catheter and the stent is allowed for [18]. Stent self-

contact is activated through the same contact model. The final result is reported in Figure 41. 
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Figure 41 Crimping of the device. Initial configuration (UP) and 

crimped configuration (DOWN). The figure shows the reduction in 

diameter that is obtained downstream of the crimping procedure. The 

delivery system was graphically isolated from the assembly to allow for 

better visualization. 

 

Step 2: Deployment ï This step lasts 2 s. Contact between the stent and the inner surface of the aortic 

root, and between the root and the calcifications, is activated. The newly defined contacts are modelled 

with the same GC parameters used in Step 1. When calcifications are present, these are coupled to the 

underlying aortic root surface by a coupling constrain which lock the DOFs of the nodes on the lower 

face of the calcium instance with the nodes of the aortic root wall laying under the calcium  Once the 

calcium is introduced into the model is necessary to model the interaction between calcium and the root: 

also this situation does not require interaction parameters different from the previous ones. The catheter 

is widened again up to an inner diameter of 25mm by a displacement boundary condition on all catheter 

nodes. The contact between the stent and the delivery system is maintained. As a consequence, the 

delivery catheter becomes larger than the aortic root with no interaction with the root itself, since no 

root-delivery catheter contact is defined; the stent expands owing to the superelastic effect of Nitinol 

and comes into contact with the aortic root and the calcifications (Figure 42).  

 

Figure 42 Stent-root interaction during deploy step. During this step, 

the contact between the aortic root and the free-to-expand stent is 

activated. In calcium-containing simulations, calcium-to-root and stent-
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to-calcium contacts are also introduced. In the configuration shown in 

the figure, the stent has been released from the catheter and touches the 

aortic root. 

  

Step 3: Locking ï This step lasts 1s. The two auxiliary planes interact with the nodes at the proximal 

and distal end of the stent, respectively. The interaction is a surface-node type between the rigid body 

(the plane) and the two sets of nodes. The two planes do not interact with the aortic root as they are 

moved towards the mid-section of the stent by imposing an axial displacement to the respective 

reference points (whose definition is mandatory when rigid bodies are defined in Abaqus), so to obtain 

a stent length of 19 mm, which, in the real device, is the target length for every device size (Figure 43).  

 

Figure 43 During the locking step, two rigid planes are used to bring 

the two ends of the stent closer together, until the fixed implant length 

of 19mm is reached. 

3.3 Energy check 

Using mass scaling techniques to speed up the analysis leads to a modification of the inertia of the 

components of the model. This reflects in an alteration of nodal accelerations and hence of the time-

dependent the kinetic energy of the elements subjected to mass scaling. It is good practice to check if 

these alterations are significant; a rule of thumb suggests that the ratio between kinetic energy and 

internal energy should be <5%, if not during fast transient motions. Since mass scaling was mainly 

applied to the stent, the energy check was performed only on the elements belonging to that instance, 

by operating on the history outputs of the simulation. Figure 44 shows the time course of internal energy 

(ALLIE) and kinetic energy (ALLKE ), as well as of the ALLKE / ALLIE ratio  for the stent. The latter 

is always <5% after an initial instability, related to the discontinuity that occurs during crimping at the 

onset of the catheter-stent contact. 
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Figure 44: energy check for the stent elements. Time course of the 

Internal Energy (ALLIE, top left), of the Kinetic Energy (ALLKE, top 

right), and of their ratio (ALLKE/ALLIE, bottom left and bottom right, 

where a zoom in is depicted). 

3.4 Post-processing 

The purpose of this analysis is to evaluate the performances of LOTUS Edge devices as a function of 

the eccentricity of the aortic root and the presence of calcium on the wall. As previously explained 

(section 2.1.3), 12 simulations were run on as many variants of the main model, so to explore the effect 

of aortic annulus eccentricity and of calcification severity. 

3.4.1 Stent-root interaction area comparison  

A first useful parameter to quantitatively evaluate how a transcatheter valve prosthesis anchors to the 

surface of the aortic annulus is the contact area between the stent and the aortic root. This measure, 

chosen to allow for a comparison with previous works in literature [17] [18] [19] [26] [27] [28] [29], 

evaluates the extent of the interaction between the stent and the wall of the LVOT and of the aortic root 

(Figure 45).  
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Figure 45 Comparison of contact area between different EI without 

calcium. From the left: EI = 0.5, EI = 0.25, EI = 0. Red areas indicates 

root elements in contact with the stent.  

 

At the end of each simulation the values of the contact pressure (CPRESS General Contact Domain) on 

the aortic root were saved in a report file. The elements characterized by a non-zero CPRESS value were 

selected and the cumulative extent of their surfaces belonging on the inner wall of the aortic root was 

computed in the deformed configuration through an ad hoc Matlab script. 

3.4.2 Von Mises Equivalent Stress. 

The equivalent von Mises stress („ ) is computed as: 

„
ρ

Ѝς
„ „ „ „ „ „ φ† † †  

In this work, „  was used to identify the areas of the aortic wall  that are most prone to be damaged by 

the strong axial force of the stent. To this aim, at the end of each simulation the Von Mises stress at each 

integration point of the aortic root was printed on a report file, which was processed by an ad hoc Matlab 

code to eliminate outliers and to focus the investigation to the elements belonging to the LVOT, since 

in other areas „  was negligible . 

3.4.3 Paravalvular orifice area (PVOA) 

As explained in chapter 1.2.5, a rather common complication in TAVIs is paravalvular leak (PVL). In 

this project, PVL was not measured directly, since purely structural analyses were run, and PVOA was 

computed as surrogate measure. The PVOA was defined as the area between the stent and the aortic 

root, generated by imperfect adhesion, as evaluated in a short axis cross section of the aortic root.  
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Figure 46 Slice acquired to evaluate PVOA 

 

PVOA was quantified through the ImageJ image processing software. Evaluation begins by exporting a 

cross sectional plane of the aortic root and of the stent virtually implanted within (Figure 46), where the 

gap between the stent and the aortic root can be seen. Two points on the aortic root are selected and their 

distance is calculated to be able to create a correspondence between the units of measurement of Abaqus 

(mm) and Imagej (pixel). Once saved, this image is imported into ImageJ where, using the "set scale" 

command, the above-mentioned correspondence is set. The image is then subjected to the separation of 

the chromatic channels (split channels) to work in monochrome and, by applying a threshold, it is 

transformed into a binary image where white pixels only correspond to the gap. Binarization allows to 

work with the "turned on" pixels and evaluate, through the "analyse particles" function, the areas formed 

by the incomplete apposition of the stent to the aortic root (Figure 47). The measurement, as described 

in the previous chapter, is rather complex and it is prone to errors. First of all, the point at which the 

slice is acquired for the measurement of the paravalvular orifices; depending on the depth at which the 

measurement is made, the leak will be more or less broad as the subsequent intertwining of the stent 

contributes to occluding this orifice. All measurements were carried out in "worst case" conditions, so 

the resulting value is an overestimation of the real paravalvular leak. Furthermore, in the real device 

there is an "adaptive seal" which is interposed between the stent and the annulus, in order to minimize 

the leak. A possible improvement of the work could focus on improving the reliability and accuracy of 

these measures. 
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Figure 47 Paravalvular orifice area on the slice acquired (left) and on 

the binary image processed (right).



 

 

 

4.Simulations results 

The computational expense of simulations was evaluated in terms of ñUser timeò and ñWallclock timeò. The 

former is the time spent by each process of Abaqus/Explicit into the kernel of the operative system (LINUX), 

the latter is the time spent by the entire analysis, as measured by a stopwatch. Their respective average values 

were 172534 s and 173500 s (i.e., around two days) for each analysis running on 10 CPUs.  

4.1 Comparison of LOTUS implantation in different root geometries and 

different calcifications 

To make a meaningful comparison between the different implant conditions tested for the LOTUS valve, it is 

necessary to keep in mind the encumbrance exerted by the presence of calcium. The first level of calcification 

is quite small while the third is largely broad. This causes the first level of calcification to act as an almost 

pointed protrusion. The third level of calcification is very broad, so the stent adapts well on it, reducing the 

paravalvular leak and the area of contact with the aortic root, settling largely on the calcium. This hypothesis 

is confirmed by the results of the simulations: the aortic root deployment with maximum calcium severity 

shows a low area of interaction (Table 8) between stent and aortic root and a decrease in the PVOA (Table 

11), while is maximum for the smaller calcium. 

Contact Area □□  EI = 0 EI = 0.25 EI = 0.50 

No calcium 345.37 454.58 292.83 

Calcium level 1 367.28 459.44 327.54 

Calcium level 2 351.52 465.44 371.12 

Calcium level 3 304.09 259.60 373.79 

Table 8 Contact area in different aortic roots and calcium. 

 

The implant in huge elliptical geometries does not bring the LOTUS Edge device to a decrease in the contact 

area. On the other hand, points of intense stress are detected with an increase in stress in the LVOT compared 

to more circular geometries (Table 9, Table 10). In the ideal conditions, i.e., with a circular native annulus and 

with no calcification, the maximum „  is equal to 102 kPa. This value is increased by annulus eccentricity 

and calcifications, up to 459 kPa, which is the value observed for the maximum annulus eccentricity considered 

and calcification level 2.   
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 EI = 0 EI = 0.25 EI = 0.50 

No calcium 

   

Calcium 

level 1 

   

Calcium 

level 2 

   

Calcium 

level 3 

   

Table 9 LOTUS Edge implant into different conditions of EI and calcium 

severity. 
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LOTUS Edge EI = 0 EI = 0.25 EI = 0.50 

Ɑ╥╜[MPa]  AVG MAX  AVG MAX  AVG MAX  

No calcium 0.0277 0.1023 0.0350 0.1555 0.0484 0.2859 

Calcium level 1 0.0287 0.1503 0.0330 0.2001 0.045 0.3236 

Calcium level 2 0.0297 0.1489 0.0339 0.2259 0.042 0.4591 

Calcium level 3 0.0266 0.1468 0.0121 0.1629 0.0416 0.3417 

Table 10 Von Misesô stress distribution in different aortic roots and calcium 

 

The real advantage of mechanical-expandable devices is the reduction of PVL. Their implantation mechanism 

allows the stent to adhere homogeneously to the annulus, minimizing retrograde flow also when huge 

calcifications are present. From Table 11 and Figure 48 it can be seen that PVOA, i.e., the area available to 

PVL, is minimal. 

 

 

Figure 48 Top view highlights the PVL into three different calcium severities 

for EI = 0 aortic root. From left to right: No calcium, calcium level 1, calcium 

level 2 and calcium level 3. Calcium is highlighted in orange, the root in blue 

and the stent in grey. 

 

PVOA □□  EI = 0 EI = 0.25 EI = 0.50 

No calcium 0 1.216 0.497 

Calcium level 1 7.199 3.999 5.044 

Calcium level 2 4.549 2.115 3.844 

Calcium level 3 0 1.925 0.735 

Table 11: Paravalvular orifice area (PVOA) measured for different EI and 

calcium severity 
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4.2 Stress distribution on the stent 

 

Figure 49 Von Mises stress distribution countur plot on the stent. In the figure 

only EI = 0.5 is reported. From left to right: No calcium, calcium level 1, 

calcium level 2 and calcium level 3. 

 

The distribution of stress was also evaluated on the stent, in order to highlight where the stresses are 

concentrated. From Figure 49 it can be seen how the stress peaks are located near the interactions with the root 

and with the calcifications. Very intense stresses are also present at the ends of the stent, as this is where the 

locking mechanism of the device acts. Table 12 shows that the presence of calcium does not significantly alter 

the average stress on the device, however it creates variations in the maximum stress, creating peak stress 

concentrations near the calcifications. In particular, in accordance with the results for the stresses on the wall, 

it is the first level of calcium that generates the greatest efforts due to its protruding form. Important variations 

of the mean stress can be found with the increase in eccentricity. In fact, calculating the average by grouping 

the data by eccentricity, an increase of about 10MPa is observed for each increase in eccentricity. 

LOTUS Edge EI = 0 EI = 0.25 EI = 0.50 

Ɑ╥╜[MPa]  AVG MAX  AVG MAX  AVG MAX  

No calcium 99.97 301.26 107.55 341.07 120.50 341.51 

Calcium level 1 102.50 350.01 109.40 348.47 121.06 381.23 

Calcium level 2 104.08 338.34 110.35 346.72 122.58 344.23 

Calcium level 3 110.53 342.46 109.04 339.82 120.69 389.16 

AVG GROUP 104.27 109.09 121.21 

Table 12 Maximum and average Von Mises stress on the stent. The grey line 

highlights the medium stress average value for each group of eccentricities.  
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4.3 Comparison of performance of LOTUS Edge valve against 

CoreValve, CoreValve Evolut R, Portico and Acurate NEO 

In this section, a comparison between the outcomes of this study and results previously obtained in the thesis 

research group (CompMech Group, University of Pavia) for the stents of other devices for TAVI are shown. 

The comparison herein presented expands the comparison started in article [17], in which the Portico valve 

prostheses (St. Jude Medical, St. Paul, MN, USA), the CoreValve Evolut R (Medtronic, Minneapolis, MN, 

USA), the CoreValve (Medtronic, Minneapolis, MN, USA) and Acurate NEO (Boston Scientific, 

Marlborough, Massachusetts) were compared. To this purpose, only idealized geometries without calcium 

were evaluated.  

  



Chapter 4: Simulations results 

_____________________________________________ 

 

72 

 

 

Stent-root interaction area  

VALVE  EI = 0 EI = 0.25 EI = 0.5 

Portico 

   

Evolut R 

   

CoreValve 

 
  

Acurate NEO 

   

LOTUS Edge 

   

Table 13 Contact area: Comparison between different devices.  
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Von Mises Stress 

VALVE  EI = 0 EI = 0.25 EI = 0.5 

Portico 

   

Evolut R 

   

CoreValve 

   

Acurate NEO 

   

LOTUS Edge 

 
0 0.13 MPa 

 
0 0.15 MPa 

 
0 0.28 MPa 

Table 14 Von Mises stress: comparison between different devices.  
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Paravalvular Orifice Area 

VALVE  EI = 0 EI = 0.25 EI = 0.5 

Portico 

   

Evolut R 

   

CoreValve 

   

Acurate NEO 

   

LOTUS Edge 

   

Table 15 Paravalvular orifice area for different devices and different EIs.Stent-

root interaction area   
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Unlike other transcatheter prostheses, the LOTUS Edge concentrates the interaction with the aortic root at the 

annulus and LVOT areas, without leaning on the aortic root wall and on the Valsalva sinuses. This is 

highlighted in the Table 13, where the contact areas between the stent and the aortic root are indicated in red. 

In the case of LOTUS Edge it is possible to note how the contact area is homogeneously distributed over the 

entire perimeter of the annulus even for geometries with a marked eccentricity index (EI). Indeed, for the aortic 

root with EI = 0.5, the Evolut, Portico and CoreValve transcatheter prostheses come into contact with the 

annulus at the minor axis of the ellipse, leaving a large gap at the margins along the major axis. A smaller 

contact area could lead to device migration issues. Concerning LOTUS Edge, the locking and repositioning 

procedure should ensure stability to the prosthetic device. As reported in Table 16, LOTUS Edge shows a 

contact area between the stent and the aortic root numerically comparable with others devices. The main 

difference is that this contact area is concentrated in the annulus and in the LVOT instead of distributed on the 

aortic wall.  

Contact area άά  Portico Evolut R CoreValve Acurate NEO LOTUS 

EI = 0 236.8 512.3 742.4 422.5 345.4 

EI = 0.25 380.5 551.4 834.3 415.2 454.6 

EI = 0.5 284.3 397.2 570.2 277.6 292.8 

Table 16 Comparison of stent-root contact area between different devices. 

4.4 Von Mises stresses  

In all the geometries analysed, the stresses produced by the expansion of the LOTUS Edge on the aortic wall 

are lower, although comparable, as compared to the stresses previously computed for the other prostheses. A 

distinctive feature of the LOTUS Edge seems to be the fact that the stresses generated in the aortic wall are 

uniformly distributed between the annulus and the LVOT (Table 14). Indeed, although we are dealing with 

elliptical geometries, the massive stresses tend to reshape the annulus leading it towards greater circularity. In 

Table 17 values of Von Misesô stresses are reported comparing the LOTUS Edge to the other devices. 

Excluding the Acurate NEO from the comparison, as it generates a weak radial force, is possible to notice that 

the fact that the LOTUS Edge concentrates its stresses in the annulus does not generate a maximum stress 

higher than self-expandable devices. 

 

„ Ⱦ„  [kPa] Portico Evolut R CoreValve Acurate NEO LOTUS 

EI = 0 10/74 38/162 29/134 30/90 28/102 

EI = 0.25 19/104 49/201 36/107 27/80 35/156 

EI = 0.5 38/367 112/514 103/416 42/120 48/286 

Table 17 Average and maximus Von Mises's stress on the aortic wall. 
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4.5 Paravalvular orifice area (PVOA) 

As shown in Table 18, in absence of calcifications the LOTUS Edge device ensures, through its characteristic 

deployment mechanism, a very small PVOA, often much smaller as compared to the one computed for the 

other devices. Differences become more evident as a progressively more elliptical profile of the native annulus 

is considered.  

 

PVOA άά  Portico Evolut R CoreValve Acurate NEO LOTUS 

EI = 0, No Calcium 0 0 0 0 0 

EI = 0.25, No calcium 6.2 1.8 0 0 1.2 

EI = 0.5, No calcium 8.6 12.0  11.7 1.1 0.5 

Table 18 PVOA comparison between different devices in the absence of 

calcifications. 

 

Comparisons were made between LOTUS Edge, CoreValve and Portico also with reference to scenarios with 

calcifications (Table 19), since data for the two last devices were available from previous studies of the 

CompMech research group for EI = 0 and EI = 0.25 [27]. From the values shown in the Table 19 it can be seen 

that the PVOA values are significantly lower for the LOTUS Edge. This is due to its characteristic locking 

mechanism, which enables a better anchoring to the aortic root wall. The stent deforms less and presses the 

calcium against the aortic root wall. 

 

PVOA άά  LOTUS Portico CoreValve 

EI = 0, No Calcium 0 0 0 

EI = 0, Calcium level 1 7.1 22 21 

EI = 0, Calcium level 2 4.5 23 35 

EI = 0, Calcium level 3 0 39 39 

    

EI = 0.25, No calcium 1.2 6.2 0 

EI = 0.25, Calcium level 1 3.9 35 35 

EI = 0.25, Calcium level 2 2.1 32 16 

EI = 0.25, Calcium level 3 1.9 26 17 

Table 19 PVOA comparison between LOTUS, Portico and CoreValve.



 

 

 

 

5.Patient specific TAVI with LOTUS Edge valve 

The aim of this section is to simulate the TAVI procedure in a patient-specific setting to expand the analysis 

of the Lotus Edge obtained with idealized geometries. In particular, a bicuspid aortic valve (BAV) case was 

considered. Severe BAV can be assimilated to a case of a very elliptical aorta since the fusion of two leaflets 

causes the orifice of the valve to be highly elliptical and the leaflets to be hypomobile during the opening 

phase. As a result, a TAVI in this scenario would require the expansion of the stent in a narrow and elongated 

orifice. Also, the fusion of the leaflets can be complemented by large leaflet calcifications that make the leaflets 

hyper-rigid, causing the stents used for TAVI not to expand properly.  

Also in this case, the performances of the LOTUS Edge stent were compared with those of the Acurate NEO 

and Evolut R which were already included in a recent work [27]. The three devices (i.e., LOTUS Edge, Acurate 

NEO and Evolut R) with different characteristics in terms of geometry, conformability and radial force were 

compared on the model of a 79 years old patient with acquired type I raphe-type BAV who underwent TAVI 

procedure at IRCCS Policlinico San Donato. Patientôs characteristics are listed in Table 20. In particular, in 

the clinical procedure, this patient was submitted to TAVI with implantation of an Evolut R size 29 valve. Two 

additional valves (i.e., Acurate NEO and Lotus) were considered for the comparative simulations. 

 

Age / 

gender 

Annulus 

diameter 

max/min 

[mm] 

Implanted 

valve 

(reality)  

Alternative 

valve 1 

Alternative 

valve 2 

Aortic 

angle 

[°]  

Calcium 

Score 800* 

[□□ ] 

Implantation 

depth [mm] 

79/M 25.1/21.6 Evolut R 29 Acurate Neo M  Lotus 27 31 536 NCC:4.4,  

LCC: 10.4 

Table 20 Characteristics of the enrolled patient undergoing TAVI. *amount of 

calcium extracted adopting a segmentation threshold of 800 Hounsfield Units. 

NCC: non-coronary cusp; LCC: left-coronary cusp 

 

The workflow to set up a patient-specific simulation  starts with two important blocks: the first one aims at the 

geometric reconstruction of the stent (see Chapter 2 of this thesis for LOTUS Edge, see [28] for Acurate NEO 

and Evolut R), the second one to the geometric reconstruction of the patient-specific aortic root complex. 
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5.1 Native aortic root reconstruction 

The technique developed at CompMech group (University of Pavia) and already described in [26] was 

followed to reconstruct the geometry of the patient's aortic root. The workflow (as illustrated in Figure 50) 

takes as input the pre-operative cardio-synchronized CT scan (Siemens Somatom Definition, Siemens, 

Erlangen Germany) of the 79 years-old male patient. CT scan parameters were the following: acquisition 

voltage 120 kV, slice thickness 1 mm, pixel spacing 0.82x0.82 άά  and reconstruction matrix 512x512 pixels. 

The images were acquired during the diastolic phase and imported into the open source Vascular Modelling 

Toolkit (VMTK) software for the extraction of the geometries of the aortic root wall and calcium in STL 

format. Semi-automatic gradient-based segmentation procedure with colliding fronts initialization was adopted 

to extract the aortic root wall. The STL file of the aortic wall was then elaborated using an in-house Matlab 

code which reconstructs the outer profile of the aortic root wall. According to [26] a thickness of 2.5 mm was 

assigned to aortic root wall. IGES file was then imported into Abaqus software as solid part and meshed with 

a mesh size in the order of ρπ tetrahedral elements (C3D4) characteristic dimension 0.7 mm. 

Then, starting from the CAD model of the aortic root wall, Rhinoceros (McNeel & associates, Seattle, WA, 

USA ) software was adopted to create the native leaflets (see Figure 51). In particular, nine reference points 

defining the leaflets attachment lines and commissures lines were identified on the aortic root. Leaflet 

dimensions of the free margins were measured by 2D transthoracic ultrasound images of the patient under 

consideration. Leaflets surface was then imported into Abaqus as 4-node shell elements with reduced 

integration (S4R) and a uniform thickness of 0.5 mm was assigned [26]. 

The calcific deposits were extracted from CTA images by means of semi-automatic gradient based 

segmentation procedure with threshold initialization (Hounsfield Units >800) and converted into solid parts 

with VMTK libraries. An in-house Matlab script was then adopted to create an Abaqus INP file. Calcifications 

were meshed with approximately 6*10^4 linear tetrahedral elements (C3D4) with characteristic dimension 0.5 

mm. 

 

Figure 50 Patient-specific aortic root and calcium reconstruction workflow. 
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Figure 51 Main steps of aortic root geometric model reconstruction. 

5.2 Material models  

The material models used are the same as those used for simulations in the idealized aorta. The three prosthetic 

devices were modelled with Nitinol, the aortic root with a linear elastic material with a Young's modulus of 2 

MPa, Poisson's ratio of 0.475 and density of ςz ρπὑὫzὰ . Leaflets were modelled by an elastic isotropic 

material with E = 1Pa, ’= 0.45 and density ρȢρz ρπὑὫzὰ . Calcium is modelled as a linear elastic material 

with a Young's modulus of 10 MPa a Poisson's ratio of 0.35 and a density of 2000 ὑὫȾά . 

5.3 Simulation workflow 

The simulation procedure follows the steps already described for the analysis in the idealized aortic roots 

(Chapter 0). An initial crimping phase where no contacts between the stent and the aortic root are activated 

was followed by the deployment phase. During this step, in addition to the contact definitions already included 

in the idealized procedure (Sub-chapter 3.2), also the contact between the leaflets and the aortic root and 

between the stent and the leaflets was modelled. The same contact formulation described for the idealized 

models was adopted. A kinematic constraint technique, the coupling constrain in Abaqus library between the 

calcium blocks and the a set of nodes on the leaflets, was adopted to define the interaction between leaflets 
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and calcifications with the aim of allowing the latter complying with the leaflets during the simulation 

procedure.  

The deploy catheter was positioned into the aortic root with an implantation depth suggested by the clinicians 

so that, once expanded, the end of the stent is close to the annulus. In Table 20 distance between the proximal 

end of the crimped stent and the lower point on NCC and LCC are reported. This positioning lead to an 

implantation angle between the stent and the aortic root axis of 9deg. During the deployment phase, the nodes 

belonging to the inferior margin of the stent were constrained in the longitudinal direction to prevent stent 

migration. The top and bottom edges of the aortic root wall were constrained, too. 

The deployment phase was followed by a third step simulating the locking of the Lotus device to impose a 19 

mm axial extent of the stent.  

A semi-automatic mass scaling (dt=1e-08) was defined on the stentôs elements to speed-up the analysis. The 

ALLKE/ALLIE ratio was monitored over the whole duration of the simulation to ensure that it remains less 

than 5%, preventing inertial undesired effects.  

Also in this case, post-processing of the simulation outcomes was computed to evaluate the performance of 

the implanted device in terms of stent-root interaction area, Von Mises stress distribution over the aortic root 

wall and paravalvular orifice area (PVOA). The calculation of the PVOA was performed on a slice orthogonal 

to the aortic root axis (Figure 52).  

 

Figure 52 PVOA measurement of LOTUS Edge implanted in a patient-specific 

aortic root. An S cutting plane was defined. 
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5.4 Results and discussions 

. Simulation outcomes after deployment and locking are depicted in Figure 53. 

 

Figure 53 A) deployment; B) locking phase. Aortic root is in red whereas 

calcifications are yellow coloured. 

 

Simulation outcomes of the LOTUS Edge device were compared with the behaviour of the Acurate NEO and 

of the Evolut R which were already investigated by Finotello et al. [28]. In Figure 54 simulation outcomes of 

the three devices are presented.  

 

Figure 54 Final deploy of the three devices in the same aortic root. Red box 

highlights the results produced in the present thesis work. 
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Figure 55 and Table 21 the summarize the results of the simulations for the three devices highlighting the 

distribution of Von Mises stresses on the aortic root wall. For the LOTUS Edge and the Evolut R it was possible 

to notice a greater stress concentration in the annulus region in correspondence of the calcific deposits, which 

were compressed against the walls of the native aortic root (see distribution of calcified blocks as depicted in 

Figure 54) probably due to the greater radial force exerted by these devices. Conversely, the Acurate NEO 

device, by exerting a lower radial force, did not show a uniform pattern of stress distribution with lower values 

of mean and maximum stress.  

This hypothesis is also supported by the data relating to the stent-root interaction area. In fact, it was noted that 

Evolut R and LOTUS Edge were able to adhere with greater area to the aortic root (Table 21).  

 

Figure 55 Von Mises stress distribution on the aortic root for the three cases 

under investigation. Red box highlights the results produced in the present 

thesis work. 
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Von Mises stress (mean/max) [kPa/kPa] Stent-root interaction area [□□ ] 

Lotus Acurate NEO Evolut R Lotus Acurate NEO Evolut R 

0.04/0.33 0.02/0.21 0.04/0.35 246 226 251 

Table 21 Numerical outcomes of Von Mises stress and stent-root interaction 

area. 

 

Comparative results in terms of paravalvular leak are shown in Figure 56. Worst results were found in case of 

Acurate NEO device (6.3 mm2), followed by the Evolut R (2.1 mm2) and Lotus (1.2 mm2). 

Acurate NEO device adapted better to the elliptic geometry of the annulus, however in such a patient-specific 

geometry, which is characterized by very huge and rigid calcifications, the device failed on ñpushingò the 

calcium blocks on the aortic root wall preventing the correct restoration of transvalvular blood flow. In this 

regard, the LOTUS Edge valve did a better job, thus providing a better coverage of the annulus. The final result 

was an overall smaller PVOA. 

In particular, taking into consideration the results previously reported in Table 15, it can argued that Acurate 

NEO is better suited than Evolut to strongly elliptical aortic roots. However, although BAV can be assimilated 

to strong eccentricity, in this patient-specific case which is characterized by a strongly calcified and irregular 

annulus, Acurate NEO is not able to adapt well to the shape of the annulus as it failed on ñpushingò the calcium 

blocks outwards. 

 

Figure 56 Cut on S plane for the three devices. PVOA values are reported for 

each device in άά . Red box highlights the results produced in the present 

thesis work. 
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In conclusion, based on the comparative results presented in this chapter, we can argue that, even though the 

patient was treated in the clinical practice with a Evolut R device, also the LOTUS Edge stent could be 

considered a good option for this clinical case.  

Moreover, the results of this chapter highlight the importance of conducting patient-specific simulations as the 

success of TAVI procedures depends not only on the device which is deployed but also on the specific anatomy 

in which the stent is inserted. 



 

 

 

6.Conclusions and further scenarios 

The expansion of the pool of patients eligible for TAVI in recent years has led to studying how different 

devices behave in anatomical conditions that are particularly far from ideal, in order to verify whether to 

include additional patients in percutaneous treatment. In this thesis work, a computational model has been 

developed capable of simulating the implantation of LOTUS Edge in idealized geometries with different 

eccentricities and different severity of calcifications. Finally, a patient-specific study was conducted to 

simulate the response of the prosthetic device in a real aortic root geometry. Studies were then conducted 

aimed at stabilizing and optimizing the model which led to a reasoned choice of element type, mesh size, 

connector type. The performance of the device were evaluated in terms of: contact area between stent and 

aortic root, distribution of stresses on the aortic root (evaluating the average and maximum values in the LVOT 

region) and in terms of paravalvular orifice area. 

 

Conclusions: LOTUS Edge in different conditions on EI and calcium severity - The results of the 

simulations carried out by implanting LOTUS Edge in 3 different conditions of eccentricity and 4 conditions 

of calcifications, showed that the presence of calcium significantly alters the behaviour of the prosthesis. In 

fact, calcium, modelled as a very rigid material, causes deformation of the stent.  

If for the aortic roots with EI = 0 and 0.25, as calcium severity increases, the contact area between stent and 

the aortic root decreases, for the aortic root with EI = 0.5 the behaviour is opposite, as the combination of 

strong eccentricity and very large calcifications causes the stent to be compressed against the aortic wall, 

increasing the contact area. 

The ability to adapt to very elliptical geometries, however, leads to an increase in the average and maximum 

stresses concentrated in the annulus in relation to the perfectly circular geometry. Considering the case without 

calcifications, the increase in the eccentricity of the aortic root brings the maximum stress from a value of 

0.1MPa (EI = 0) to a value of 0.3 (EI = 0.5), tripling the stress. The maximum „ πȢτυωρὓὖὥ was found 

with EI = 0.5 and calcium level 2.  

The great advantage of using mechanical-expandable devices is found by analysing the data relating to the 

PVOA. Indeed, these devices are able to adapt well even to irregular geometries with massive calcifications. 

The paravalvular leak is increased due to very protruding calcified conditions until a value of 7.2άά (i.e., 

calcium level 1) respect to no calcium ideal condition. Low PVOA were found in calcifications that sit well 

on the aortic root  with a maximum value of 0άά  (i.e., calcium level 3). 
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Conclusions: LOTUS Edge behaviour compared to other devices ï Simulations showed how Acurate NEO 

and LOTUS Edge are able to concentrate stresses and adherence to the aortic root in the annulus region, 

ensuring a stable point for anchoring the device. Moreover, LOTUS Edge is able to distribute homogeneously 

the contact area on all the annulus perimeter and shows a minor reduction in the contact area when implanted 

in very elliptical geometries. However, if only the contact area value is considered, without considering the 

variation between perfect ideal conditions (No football, EI = 0) and the other situations, Evolut R and 

CoreValve show the largest contact area values, as they anchor not only on the annulus but also lean on the 

ascending tract of the aortic root. 

As previously described, LOTUS Edge creates intense efforts in the annulus in conditions of strong 

eccentricity. From the comparison with the other devices it has been noted that these efforts are not more 

intense than those generated by the others, they are sometimes smaller and more distributed. CoreValve, Evolut 

R and Portico devices, on the other hand, show stress peaks concentrated in a small area, leading to potential 

damage to the aortic root. 

From the analyses in idealized geometries it emerges that LOTUS Edge and Accurate NEO have the most 

effective stent in reducing the paravalvular leak among those considered in the analyses. Evolut R and 

CoreValve work well until an EI = 0.25, after that threshold the PVOA moves from 0-1.8άά  to 12άά . 

Portico valve shows a huge PVOA also for EI = 0.25. Under those considerations is safe to conclude that 

LOTUS Edge is the most effective prosthetic device to reduce paravalvular leak when eccentricity of the aortic 

root is strong or in the case of BAV. However, the implants should be checked under patient-specific 

conditions, in order to assess whether the stresses produced on the annulus are excessive or acceptable. 

 

Conclusions: LOTUS Edge behaviour in patient-specific simulation - The patient-specific analysis studied 

a clinical case of severe BAV by comparing the implantation of three devices: LOTUS Edge, Acurate NEO 

and Evolut R. All devices shows similar stent-aortic root interaction area. Accurate NEO produces very little 

stress on the calcifications, not ensuring correct anchoring of the device while LOTUS Edge and Evolut R 

engender the same mean and maximum stress. The three devices were compared in terms on PVOA and 

LOTUS Edge manifest the smaller area between the stent and the calcified leaflets. This study confirmed the 

considerations advanced at the end of the analysis in idealized geometries and suggested that LOTUS Edge 

was the best prosthesis for the patient under study. 

 

Further scenarios - This work could be expanded by adding to the comparison the TAVI prosthetic devices 

currently available on the market not yet included in the study and the devices that will be introduced in the 

future. The model could be enriched by adding the aortic valve leaflets (present only in the patient-specific 

model) and the adaptive seal. Furthermore, the choice of metrics for this work was bound to the choices made 
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for works previously present in the literature, in order to allow the comparison of results between different 

devices. One possible development is to improve these metrics, for example by normalizing the stent-aortic 

root contact area to the overall aortic root area, which varies with eccentricity. The estimate of the PVL can 

also be improved, both by introducing a fluid dynamics analysis that allows to evaluate the real PVL, and by 

sampling the cross section of the aortic root axis with more slices, in order to reconstruct the volume interposed 

between the stent and the aortic root. In addition, the patient-specific analysis could be repeated by studying 

different implantation depths and angles to find the best implant position for the patient and compared with 

post-operative CT scan in order to verify matching between the simulations and the realty. For this purpose, 

the simulation system could find stable use in clinics to study the more complex cases that require TAVI in 

order to improve the surgical outcomes. 
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Appendix 

A. Some determining factors for the choice of aortic valve replacement 

procedure. 

 

Table 22 determining factors for the choice of TAVI / SAVR3 
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B. Matlab Scripts 

Main script: mesh_lotus.m 

% Mesh BOSTON LOTUS 

% Duplicates intersection nodes 

% Generation of two different iverlapping filaments 

 

filename = 'new_inp.inp'; 

nodes_1 = load('nodes_1.txt'); 

elem = load('elem_1.txt'); 

name_instance = 'LOTUS_stent-1'; 

nnodes = size(nodes_1,1); 

nelem = size(elem,1); 

 

% new files 

name_file1 = 'new_nodes'; 

name_file2 = 'new_elems'; 

name_file3 = 'new_assembly'; 

name_file4 = 'conn_elems'; 

name_file_connectors = 'new_connectors'; 

fid1 = fopen(name_file1,'wt'); 

fid3 = fopen(name_file3,'wt'); 

fid4 = fopen(name_file4,'wt'); 

fid_connectors = fopen(name_file_connectors,'wt'); 

 

% Crossing nodes 

crossing_file = 'crossing.txt'; 

fid5 = fopen(crossing_file,'r'); 

 

%Run script to import crossing nodes list 

crossing_import;  

crossing= reshape(crossing,1,[]); 

crossing = sort(crossing); 

crossing(crossing==0) = []; 

nodes_crossing = crossing; 

count = 1; 

lab_el = elem(end,1)+1; 

lab_n = nodes_1(end,1)+1; 

 

for i = 1:length(nodes_crossing) 

  node_crossing = nodes_crossing(i); 

 [elem1] = find(elem(:,2)==node_crossing); 

 

3 CABG = coronary artery bypass grafting; CAD = coronary artery disease; EuroSCORE = European System for Cardiac 

Operative Risk Evaluation; LV = left ventricle; SAVR = surgical aortic valve replacement; STS = Society of Thoracic 

Surgeons; TAVI = transcatheter aortic valve implantation. 
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  [elem2] = find(elem(:,3)==node_crossing); 

   

  % find overlapped nodes 

  % no need to duplicate the intersection node and redefine the elems 

  

  a = find(nodes_1(:,2)==nodes_1(node_crossing,2)); 

  if isempty(a)==0 

   a = setdiff(a,node_crossing); 

    b = find(nodes_1(a,3)==nodes_1(node_crossing,3)); 

    b = nodes_1(a(b),1); 

    if isempty(b)==0 

      c = find(nodes_1(b,4)==nodes_1(node_crossing,4)); 

      c = nodes_1(b(c),1); 

      if isempty(c)==0 

       string_a = num2str(node_crossing); 

        name_set1 = ['N' string_a]; 

        name_set3 = [name_set1 '_CNS']; 

        ic = num2str(count); 

        name_constraint = ['Constraint-' ic]; 

        string_b = num2str(c); 

        name_set2 = ['N' string_b]; 

        fprintf(fid3,'%s\n',['*Nset, nset=' name_set1 ', internal, instance=' name_instance]); 

        fprintf(fid3,'%d%s\n',node_crossing,','); 

        fprintf(fid3,'%s\n',['*Nset, nset=' name_set2 ', internal, instance=' name_instance]); 

        fprintf(fid3,'%d%s\n',c,','); 

        fprintf(fid3,'%s\n',['*Surface, type=NODE, name=' name_set3 ', internal']); 

        fprintf(fid3,'%s%d\n',[name_set1 ','], 1); 

        fprintf(fid3,'%s\n',['*Coupling, constraint name=' name_constraint ', ref node=' name_set2 ', surface=' name_set3]); 

        fprintf(fid3,'%s\n','*Kinematic'); 

        fprintf(fid3,'%d%s%d\n',1,',', 1); 

        fprintf(fid3,'%d%s%d\n',2,',', 2); 

        fprintf(fid3,'%d%s%d\n',3,',', 3); 

        fprintf(fid4,'%d%s%d%s%d\n',lab_el,',',node_crossing,',',c); 

        count = count+1; 

        lab_el = lab_el+1; 

        end 

    end 

  end 

  if length(elem1)==2 

    e1 = elem1(1); 

    e3 = elem1(2); 

    e2 = elem2(1); 

    e4 = elem2(2); 

    e = [e1 e2 e3 e4]; 

    v1 = [nodes_1(elem(e1,2),2)-nodes_1(elem(e1,3),2) nodes_1(elem(e1,2),3)-nodes_1(elem(e1,3),3) Χ 

    nodes_1(elem(e1,2),4)-nodes_1(elem(e1,3),4)]; 

    v1 = v1/norm(v1); 
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    v2 = [nodes_1(elem(e2,2),2)-nodes_1(elem(e2,3),2) nodes_1(elem(e2,2),3)-nodes_1(elem(e2,3),3) Χ 

    nodes_1(elem(e2,2),4)-nodes_1(elem(e2,3),4)]; 

    v2 = v2/norm(v2); 

    v3 = [nodes_1(elem(e3,2),2)-nodes_1(elem(e3,3),2) nodes_1(elem(e3,2),3)-nodes_1(elem(e3,3),3) Χ  

    nodes_1(elem(e3,2),4)-nodes_1(elem(e3,3),4)]; 

    v3 = v3/norm(v3); 

    v4 = [nodes_1(elem(e4,2),2)-nodes_1(elem(e4,3),2) nodes_1(elem(e4,2),3)-nodes_1(elem(e4,3),3) Χ 

    nodes_1(elem(e4,2),4)-nodes_1(elem(e4,3),4)]; 

    v4 = v4/norm(v4); 

    p2 = v1*v2'; 

    p3 = v1*v3'; 

    p4 = v1*v4'; 

    p = [e2,p2;e3,p3;e4,p4]; 

    p = sortrows(p,2); 

    elem(e1,2) = lab_n; 

    elem(p(end,1),3) = lab_n; 

    string_a = num2str(node_crossing); 

    name_set1 = ['N' string_a]; 

    name_set3 = [name_set1 '_CNS']; 

    ic = num2str(count); 

    name_constraint = ['Constraint-' ic]; 

    string_b = num2str(lab_n); 

    name_set2 = ['N' string_b]; 

    fprintf(fid3,'%s\n',['*Nset, nset=' name_set1 ', internal, instance=' name_instance]); 

    fprintf(fid3,'%d%s\n',node_crossing,','); 

    fprintf(fid3,'%s\n',['*Nset, nset=' name_set2 ', internal, instance=' name_instance]); 

    fprintf(fid3,'%d%s\n',lab_n,','); 

    fprintf(fid3,'%s\n',['*Surface, type=NODE, name=' name_set3 ', internal']); 

    fprintf(fid3,'%s%d\n',[name_set1 ','], 1); 

    fprintf(fid3,'%s\n',['*Coupling, constraint name=' name_constraint ', ref node=' name_set2 ', surface=' name_set3]); 

    fprintf(fid3,'%s\n','*Kinematic'); 

    fprintf(fid3,'%d%s%d\n',1,',', 1); 

    fprintf(fid3,'%d%s%d\n',2,',', 2); 

    fprintf(fid3,'%d%s%d\n',3,',', 3); 

     

    % Connectors 

    Connector_index= nodes_crossing(i); 

    fprintf(fid_connectors,'%s\n',[num2str(connector_index) ', LOTUS_STENT-1.',num2str(node_crossing),', LOTUS_STENT-
1.',num2str(lab_n)]); 

    fprintf(fid4,'%d%s%d%s%d\n',lab_el,',',node_crossing,',',lab_n); 

    count = count+1; 

    lab_el = lab_el+1; fprintf(fid1,'%d%s%6.9E%s%6.9E%s%6.9E\n',lab_n,',',nodes_1(node_crossing,2),',' Χ 

    ,nodes_1(node_crossing,3),',',nodes_1(node_crossing,4)); 

    lab_n = lab_n+1;  

   end 

  end 

 

fid2 = fopen(name_file2,'wt'); 

fprintf(fid2,'%s\n','*Element, type=B31'); 
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for iel=1:nelem 

  fprintf(fid2,'%d%s%d%s%d\n',iel,',',elem(iel,2),',',elem(iel,3)); 

  end 

fclose(fid1); 

fclose(fid2); 

fclose(fid3); 

fclose(fid4); 

fclose all; 

 

% Function to write new inp with corrected mesh 

write_new_inp(filename); 
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Script: crossing_import.m  

% Import data from text file 

% Setup the Import Options and import the data 

opts = delimitedTextImportOptions("NumVariables", 16); 

 

% Specify range and delimiter 

opts.DataLines = [1, Inf]; 

opts.Delimiter = ","; 

 

% Specify column names and types 

ƻǇǘǎΦ±ŀǊƛŀōƭŜbŀƳŜǎ Ґ ώϦ±ŀǊbŀƳŜмϦΣ Ϧ±ŀǊbŀƳŜнϦΣ Ϧ±ŀǊbŀƳŜоϦΣ Ϧ±ŀǊbŀƳŜпϦΣ Ϧ±ŀǊbŀƳŜрϦΣ Ϧ±ŀǊbŀƳŜсϦΣ Ϧ±ŀǊbŀƳŜтϦΣ Ϧ±ŀǊbŀƳŜуϦΣ Χ 

"VarName9", "VarName10", "VarName11", "VarName12", "VarName13", "VarName14", "VarName15", "VarName16"]; 

opts.VariableTypes = ώϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣ ϦŘƻǳōƭŜϦΣΧ 

 "double", "double", "double", "double", "double"]; 

 

% Specify file level properties 

opts.ExtraColumnsRule = "ignore"; 

opts.EmptyLineRule = "read"; 

 

% Specify variable properties 

ƻǇǘǎ Ґ ǎŜǘǾŀǊƻǇǘǎόƻǇǘǎΣ ώϦ±ŀǊbŀƳŜмϦΣ Ϧ±ŀǊbŀƳŜнϦΣ Ϧ±ŀǊbŀƳŜоϦΣ Ϧ±ŀǊbŀƳŜпϦΣ Ϧ±ŀǊbŀƳŜрϦΣ Ϧ±ŀǊbŀƳŜсϦΣ Ϧ±ŀǊbŀƳŜтϦΣ Ϧ±ŀǊbŀƳŜуϦΣΧ 

 "VarName9", "VarName10", "VarName11", "VarName12", "VarName13", "VarName14", "VarName15", "VarName16"], "FillValue", 0); 

 

% Import the data 

crossings = readtable("crossing.txt", opts); 

crossings = table2array(crossings); 

clear opts 
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Function: write_new_inp.m 

 

function [] = write_new_inp(filename) 

name_file6 = filename; 

fid12 = fopen(name_file6,'wt'); 

 

%% Reading of previous created files. 

% Old nodes 

file_old_nodes = 'nodi_1.txt'; 

fid11 = fopen(file_old_nodes,'r'); 

 

% New elements 

file_new_elements = 'new_elems'; 

fid7 = fopen(file_new_elements,'r'); 

 

% New nodes 

file_new_nodes = 'new_nodes'; 

fid8 = fopen(file_new_nodes,'r'); 

 

% Connectors 

file_connectors= 'new_connectors; 

fid10 = fopen(file_connectors,'r'); 

 

% Crossings 

file_crossings = 'incroci.txt'; 

fid_crossings = fopen(file_crossings,'r'); 

 

%% Heading 

%fprintf(fid12,'%s\n',['*Coupling, constraint name=' name_constraint ', ref node=' name_set2 ', surface=' name_set3]); 

fprintf(fid12,'%s\n','*Heading'); 

fprintf(fid12,'%s\n','** Job name: mesh_size_2 Model name: create_mesh'); 

fprintf(fid12,'%s\n','**');  

fprintf(fid12,'%s\n','** PARTS'); 

fprintf(fid12,'%s\n','**');  

fprintf(fid12,'%s\n','*Part, name=lotus_edge'); 

fprintf(fid12,'%s\n','*Node'); 

 

%fprintf(fid7,'%s\n',['*Coupling, constraint name=' name_constraint ', ref node=' name_set2 ', surface=' name_set3]); 

 

%Old nodes 

while(1) 

  tline=fgetl(fid11); 

  if ~ischar(tline) 

     break 

  end 

  fprintf(fid12,'%s\n',tline); 

end 
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%New nodes 

while(1) 

  tline=fgetl(fid8); 

  if ~ischar(tline) 

     break 

  end 

  fprintf(fid12,'%s\n',tline); 

end 

 

% Elements 

while(1) 

  tline=fgetl(fid7); 

  if ~ischar(tline) 

     break 

  end 

  fprintf(fid12,'%s\n',tline); 

end 

 

%Assembly 

fprintf(fid12,'%s\n','*End Part'); 

fprintf(fid12,'%s\n','**');  

fprintf(fid12,'%s\n','** ASSEMBLY'); 

fprintf(fid12,'%s\n','**');  

fprintf(fid12,'%s\n','*Assembly, name=Assembly'); 

fprintf(fid12,'%s\n','**');  

fprintf(fid12,'%s\n','*Instance, name=LOTUS_stent-1, part=lotus_edge'); 

fprintf(fid12,'%s\n','*End Instance'); 

fprintf(fid12,'%s\n','**');  

fprintf(fid12,'%s\n','*Element, type=CONN3D2'); 

 

while(1) 

  tline=fgetl(fid10); 

  if ~ischar(tline) 

     break 

  end 

  fprintf(fid12,'%s\n',tline); 

end 

 

fprintf(fid12,'%s\n','*Connector Section, elset=crossing_elements); 

fprintf(fid12,'%s\n','Join,'); 

%fprintf(fid12,'%s\n','*Elset, elset= crossing_elements, instance=LOTUS_stent-1'); 

fprintf(fid12,'%s\n','*Elset, elset= crossing_elements, internal'); 

 

while(1) 

  tline=fgetl(fid_crossing); 

  if ~ischar(tline) 

     break 
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  end 

   

  fprintf(fid12,'%s\n',tline); 

end 

fprintf(fid12,'%s\n','*End Assembly'); 

fclose all; 

end 

 

 


