
 

DEVELOPMENT AND BIOMECHANICAL ASSESSMENT 

OF HEART VALVE REPLACEMENTS DESIGNED FOR IN 

UTERO DEPLOYMENT  

 

 

 

A Dissertation Presented to 

The Academic Faculty 

 

 

 

 

 

 

 

 

By 

 

Sanchita S. Bhat, M.S. 

 

 

 

 

 

 

 

In Partial Fulfillment 

Of the Requirements for the Degree 

Doctor of Philosophy in the School of Bioengineering 

 

 

Georgia Institute of Technology 

 

December 2023 

 

COPYRIGHT © 2023 BY SANCHITA S. BHAT



2 

 
 

 

DEVELOPMENT AND BIOMECHANICAL ASSESSMENT 

OF HEART VALVE REPLACEMENTS DESIGNED FOR IN 

UTERO DEPLOYMENT  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Approved by: 

 

Dr. Lakshmi Prasad Dasi, Advisor  

School of Biomedical Engineering       

Georgia Institute of Technology 

Dr. Rudolph Gleason 

School of Mechanical Engineering 

Georgia Institute of Technology 

 

 

Dr. Ajit P. Yoganathan 

School of Biomedical Engineering 

Georgia Institute of Technology  

 

Dr. Christopher K. Breuer 

Department of Pediatric 

Cardiovascular Surgery 

Nationwide Childrenôs Hospital 

 

 

Dr. Scott Hollister 

School of Biomedical Engineering 

Georgia Institute of Technology  

 

      Date Approved:   November 13, 2023 

 

 

 

 

 

 



iii  

 
iii  

 

 

 

 

 

 

 

 

 

 

 

 

To my parents ï Satish and Suman Bhat, my husband ï Nehal Kamat, and my parents ï 

Minal and Ram Kamat 

To the sacrifices you made, the support you always had for me. 

Hope I made you proud 

  



iv 

 
iv 

 ACKNOWLEDGEMENTS  
 

Nobody achieves anything alone. This was not possible without the constant support 

from my friends and family and the blessings from God. This work honors my parents, 

Satish and Suman who always stood by me, my passion to educate myself constantly, my 

will to strive for something better. Your support and blessings I will carry with me 

always. To my husband, Nehal, who moved to Georgia from Colorado to support me in 

this journey, always putting my needs before his. Your love and support has only made 

me stronger. To my bonus parents, Minal and Ram who constantly cheered me on, 

celebrated my successes and stuck by me during my failures. To Dimple, Mhantu, 

Mhave, my friends Disha, Sanjana, Nikita, Akshay, Rudra, Roshan and Divyani, who 

heard me struggle to be a better version of myself, for years, and always encouraged me. 

To my precious fur baby ï Bruce.  

 

Thank you to Dr. Dasi, for believing in me when I doubted myself. Thank you for the 

opportunities, the guidance, the support, the encouragement, and the mentorship. The 

relationships I have developed through the collaborations you encouraged ï have shaped 

my professional journey. Thank you to Dr. Yoganathan, who recruited me to be a part of 

the CFM family, a part of my life that I will carry with me forever. I am grateful for the 

opportunities you gave me, the mentors you chose for me, and the support you have 

shown me through the years. To Shelly Singh and Vahid Sadri, my teachers, my friends, 

my mentors. The knowledge you have imparted on me all these years, molded me to the 

engineer I am today. Your values continue to guide me in my journey. 



v 

 
v 

To my committee Dr. Scott Hollister, Dr. Rudolph Gleason, Dr. Christopher Breuer ï 

your teachings, inputs and guidance only strengthened my work and reiterated my 

passion for this study. To Dr. Aimee Armstrong and Dr. Tai Yiï your continued efforts 

and expertise have only polished my skills.  

 

To my friends in lab ï Beatrice, Keshav, Alan, Srujana, Shweta, Thangam, Jae, Huang 

and others. Thank you for your collaboration and support. You made work and group 

meetings, fun.  To my team of undergraduate mentees ï teaching you has been an honor. 

Katelynne Berland, Emma Hazenberg, Dharani Balakumar, Anna Farnan, Katherine 

Vietmeyer, Theodoros Zournatzis, Amina Ishrat, Julia Toma and others ï thank you, you 

are all hardworking, independent, dedicated scientists.  

 

 

  



vi 

 
vi 

TABLE OF CONTENTS  

ACKNOWLEDGEMENTS  iv 

LIST OF TABLES  ix 

LIST OF FIGURES x 

NOMENCLATURE  xv 

SUMMARY  xvi 

1 CHAPTER 1 ï INTRODUCTION  1 

2 CHAPTER 2 ï BACKGROUND  4 

2.1 Cardiogenesis 4 

2.2 Pulmonary Valve and Its Development 5 

2.3 Cardiac physiology 7 

2.4 Congenital Heart Defects 9 

2.4.1 Pulmonary Atresia 10 
2.4.2 Associated malformations 12 

2.5 Medical Management 13 

2.6 Surgical palliation 13 
2.6.1 Blalock-Thomas-Taussing (BTT) Shunt 16 

2.6.2 Bidirectional Glenn procedure 17 
2.6.3 Fontan Procedure 18 
2.6.4 One and a half ventricle repair 19 

2.6.5 Hybrid Procedures 21 
2.6.6 Late Valve Replacements 21 

2.7 Interventional therapies 23 

2.8 Patient outcomes 25 

2.8.1 Surgical palliation 25 
2.8.2 Interventional therapies 28 

2.9 Complications 29 

2.9.1 Surgical palliation 29 
2.9.2 Interventional therapies 30 

3 CHAPTER 3 ï HYPOTHESIS AND SPECIFIC AIMS  33 

4 CHAPTER 4 ï STUDY METHODOLOGY  36 

4.1 Specific Aim 1 ï   Materials and Software 36 
4.1.1 Mesh Generation 36 
4.1.2 Simulation parameters 37 
4.1.3 Simulation post-processing 38 
4.1.4 OPTEC Femtosecond laser cutter 39 



vii  

 
vii  

4.2 Specific Aim 2 ï Materials and Methods 41 

4.2.1 Degradation setup 41 
4.2.2 Biaxial testing setup 43 

4.3 Specific Aim 3 ï Materials and Methods 45 
4.3.1 Fetal Right Heart Simulator (FRHS) 45 
4.3.2 Leaflet Kinematics 47 
4.3.3 Accelerated Wear Testing 47 

5 CHAPTER 5 ï SPECIFIC AIM 1  49 

5.1 Overview 49 

5.2 Methods 51 
5.2.1 Study design 51 
5.2.2 Stent designs 52 

5.2.3 Mesh generation 53 
5.2.4 Simulations 54 

5.2.5 Prototype stent manufacturing 56 

5.3 Results 58 
5.3.1 Mesh independence study 58 

5.3.2 Simulations 59 
5.3.3 Stent manufacturing 85 

5.4 Discussion 86 
5.4.1 Stent manufacturing 86 
5.4.2 Finite Element Simulation Study 86 

5.5 Limitations 89 

6 CHAPTER 6 ï SPECIFIC AIM 2  91 

6.1 Overview 91 

6.2 Methods 91 

6.2.1 Study design 92 
6.2.2 Leaflet analysis 93 

6.2.3 Leaflet material manufacturing 94 
6.2.4 Leaflet attachment 95 
6.2.5 PCL Biaxial Testing 97 
6.2.6 In vitro fetal pulse duplicator 99 
6.2.7 PCL Accelerated Degradation 99 

6.2.8 Geometric Orifice Area (GOA) 101 

6.3 Results 102 

6.3.1 Leaflet analysis 102 
6.3.2 Leaflet material manufacturing 104 
6.3.3 Leaflet attachment 104 
6.3.4 PCL Biaxial Testing 105 
6.3.5 Leaflet Accelerated Degradation 107 



viii  

 
viii  

6.3.6 Geometric Orifice Area (GOA) results 111 

6.4 Discussion 113 

6.5 Limitations 117 

7 CHAPTER 7 ï SPECIFIC AIM 3  119 

7.1 Overview 119 

7.2 Methods 119 
7.2.1 Study design 120 
7.2.2 Hemodynamic performance characterization 121 

7.3 Results 123 
7.3.1 Hemodynamic testing 124 
7.3.2 Accelerated wear testing (AWT) 126 

7.4 Discussion 129 

7.5 Limitations 131 

8 CHAPTER 8 ï STUDY SUMMARY AND SIGNIFICANCE  133 

8.1 Stent Analysis and Applicability of Materials 133 

8.2 Novel Resolvable Valve Assembly and Mechanism of Degradation 135 

8.3 Performance Characterization 136 

9 CHAPTER 9 ï FUTURE DIRECTIONS  138 

9.1 Specific Aim 1 138 

9.2 Specific Aim 2 139 

9.3 Specific Aim 3 140 

10 CHAPTER 10 ï CONFERENCES AND PUBLICATIONS  142 

11 CHAPTER 11 ïFUNDING SOURCES AND COLLABORATORS  144 

APPENDIX A ï STENT SIMULATION SETUP  145 

APPENDIX B ï STENT LASER CUT PROTOCOL  158 

APPENDIX C ï PCL LEAFLET MANUFACTURING AND VALVE ASSEMBLY

 168 

APPENDIX D - PCL DEGRADATI ON PROTOCOL 172 

APPENDIX E ï PCL BIAXIAL TESTING PROTOCOL  174 

REFERENCES 177 

 

 



ix 

 
ix 

LIST OF TABLES  

Table 1: Materials and purpose of items used in SA1 ..................................................... 36 

Table 2: Materials and purpose of items used in SA2 ..................................................... 41 

Table 3: Computational matrix for simulations conducted on candidate stent designs ... 55 

Table 4: Stent performance characteristics for Design 1 (all materials) .......................... 61 

Table 5: Stent performance characteristics for Design 2 (all materials) .......................... 66 

Table 6: Stent performance characteristics for Design 3 (all materials) .......................... 72 

Table 7: Performance characteristics calculated as an average of 100 consecutive cardiac 

cycles............................................................................................................................... 124 

  



x 

 
x 

LIST OF FIGURES 

Figure 1: Cardiogenesis and development of the fetal heart 2 ........................................... 5 

Figure 2: The molecular pathways regulating endocardial cushion formation, 

endothelial-to-mesenchymal transition (EndoMT) and valve primordia growth. (A) 

Endocardial cushion formation, (B) Myocardial signaling pathways and (C) proliferation 

of valve interstitial cells 4 .................................................................................................... 7 

Figure 3: The structure of the heart showing four chamber (two atria and two ventricles), 

along with four valves and the great arteries (aorta and pulmonary artery) (Image from 

Britannica Encyclopedia). ................................................................................................... 8 

Figure 4: The heart with an underdeveloped pulmonary artery, intact ventricular 

septum(PA/IVS) (Childrenôs Hospital of Philadelphia) ................................................... 10 

Figure 5:  Differences in anatomical abnormalities between PA/VSD and PA/IVS ï 

(reproduced from 6) ........................................................................................................... 11 

Figure 6: Flow chart demonstrating surgical strategies and interventions for neonates 

with PA/IVS. B-V repair = biventricular repair; 1.5 V repair = one and a half ventricular 

repair; UV repair = univentricular repair 13 ...................................................................... 14 

Figure 7: Suggested management strategies for morphological variants of pulmonary 

atresia and intact ventricular septum. ASD, atrial septal defect; BDG, bidirectional Glenn; 

PDA, patent arterial duct; PFO, patent foramen ovale; PV, pulmonary valve; RFV, 

radiofrequency valvotomy and balloon dilation; RV, right ventricle; RVDCC, right 

ventricle-dependent coronary circulation; RVOT, right ventricular outflow tract; TV, 

tricuspid valve; TR, tricuspid regurgitation; VCC, ventriculocoronary connections 14 ... 15 

Figure 8: Blalock-Thomas-Taussig Shunt (image from Blausen Medical) ..................... 16 

Figure 9: Figure showing schematic of Bidirectional Glenn procedure (sourced from a 

hand drawn figure in Wikipedia) ...................................................................................... 17 

Figure 10: Fontan surgical techniques: Classical atriopulmonary connection (A), Lateral 

tunnel (B), and extracardiac conduit (C) 15 ....................................................................... 19 

Figure 11: One and a half ventricle repair. Image taken from Children's Wisconsin...... 20 

Figure 12: A) surgical prosthesis options and 19 B) transcatheter pulmonary valve 

replacement options 20....................................................................................................... 22 

Figure 13: Illustration of a fetal aortic valvuloplasty performed using 18 G/19 G 

Hawkins Atkins needle, 0.014 inch coronary guide wire and Maverick coronary balloon 
22 ........................................................................................................................................ 23 



xi 

 
xi 

Figure 14: The 10-, 20-, and 30-year survival after the Fontan operation was 74%, 61%, 

and 43%, respectively 28 ................................................................................................... 26 

Figure 15: Incidence of each competing-risk outcome after initial PA/IVS intervention 29

........................................................................................................................................... 27 

Figure 16: Cardiac measurements before and after completely or partially successful 

fetal pulmonary valve intervention in 21 fetuses with pulmonary atresia with intact 

ventricular septum or critical pulmonary stenosis 26......................................................... 29 

Figure 17: Freedom from reinterventions after primary surgical or catheter opening of 

right ventricular outflow tract 31 ....................................................................................... 30 

Figure 18: Treatment and outcomes for all 25 patients admitted with a diagnosis of 

pulmonary atresia with intact ventricular septum (PA-IVS). (D/C = discharged) 33 ........ 31 

Figure 19: Ultrasound images during balloon dilation (white arrow) before and after fetal 

pulmonary valvuloplasty 34 ............................................................................................... 32 

Figure 20: Specific Aims and goals of thesis study ......................................................... 35 

Figure 21: Overview of finite element model and mesh generation. Zoomed in view of 

tetrahedral elements on stent frame .................................................................................. 37 

Figure 22: Workflow for simulating crimping and expansion of stent frame ................. 38 

Figure 23: Workflow for calculating stent performance metrics ..................................... 39 

Figure 24: OPTEC Femtosecond Laser setup .................................................................. 40 

Figure 25: FRHS showing degradation setup with en-face camera................................. 42 

Figure 26: Screengrab of LabJoy software used with CellScale Biotester 5000 to acquire 

biaxial testing data ............................................................................................................ 44 

Figure 27: PCL sample mounted on CellScale Biotester 5000 ....................................... 45 

Figure 28: FRHS used to study valve performance in the study ..................................... 46 

Figure 29: VDT-3600i Accelerated Wear Tester (as derived from BDC Labs) .............. 48 

Figure 30: Workflow and methodology of SA 1 - describing innovation at each 

developed method ............................................................................................................. 52 

Figure 31: Three candidate FTPVR stent designs each 5 mm in diameter and ~8 mm in 

height................................................................................................................................. 53 



xii  

 
xii  

Figure 32: Change of strut thickness from 0.18 mm to 0.38 mm and 0.44 mm to observe 

changes in stress distribution with strut width .................................................................. 56 

Figure 33: Stent engineering drawing (left) and OPTEC Femtosecond Laser setup (right) 

with red circle showing mounting region for tube (rotational stent cut) .......................... 58 

Figure 34: A) Showing mesh independence for Design 1 and B) showing mesh 

independence for Designs 2 and 3 .................................................................................... 59 

Figure 35: Design 1 simulated with ZnAl4 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 62 

Figure 36: Design 1 simulated with WE43 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 63 

Figure 37: Design 1 simulated with PCL showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 64 

Figure 38: Design 1 simulated with PLLA showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 65 

Figure 39: Design 2 simulated with ZnAl4 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 67 

Figure 40: Design 2 simulated with WE43 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 68 

Figure 41: Design 2 simulated with PCL showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 69 

Figure 42: Design 2 simulated with PLLA showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 70 

Figure 43: Design 3 simulated with ZnAl4 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 73 



xiii  

 
xiii  

Figure 44: Design 3 simulated with WE43 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 74 

Figure 45: Design 3 simulated with PCL showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 75 

Figure 46: Design 3 simulated with PLLA showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance ............................................................................................................... 76 

Figure 47: All designs showing crimped to expanded (top to bottom) simulated with 

ZnAl4 ................................................................................................................................. 78 

Figure 48: All designs showing crimped to expanded (top to bottom) simulated with 

WE43 ................................................................................................................................ 80 

Figure 49: All designs showing crimped to expanded (top to bottom) simulated with 

PCL ................................................................................................................................... 81 

Figure 50: All designs showing crimped to expanded (top to bottom) simulated with 

PLLA................................................................................................................................. 82 

Figure 51: Simulation results showing stress reduction in top (original design), middle 

(Design 2_V2) and bottom (Design 2_V3) ....................................................................... 84 

Figure 52: Prototyped stents (top to bottom) - Design 1, Design 2 and Design 3, 

indicating respective regions............................................................................................. 85 

Figure 53: Workflow and methodology for SA 2 - describing innovation at each 

developed method ............................................................................................................. 93 

Figure 54: A) setup conditions for flat PCL leaflets and B) setup for 3D leaflets with 

stationary elements (shown in red) ................................................................................... 94 

Figure 55: PCL leaflet manufacturing and assembly technique ...................................... 96 

Figure 56: Vacuum setup to ensure leaflet coaptation ..................................................... 97 

Figure 57: A) PCL accelerated degradation setup schematic; B) Real time camera 

recording during degradation experiment ....................................................................... 101 

Figure 58: Simulation results showing A) Stresses on 3D leaflets and B) Stresses on flat 

leaflet in diastole. Results shown in MPa ....................................................................... 103 

Figure 59: Assembled valve prototypes ......................................................................... 105 



xiv 

 
xiv 

Figure 60: A) Stress-strain behavior shown for all samples (average of group); B) 

Change in Young's Modulus with degradation time and C) Change in weight loss (%) 

with degradation time - all calculated for three cycles each of equibiaxial stretch for 

samples prepared as 0.75% PCL in chloroform .............................................................. 106 

Figure 61: A) Stress-strain behavior shown for all samples (average of group); B) 

Change in Young's Modulus with degradation time and C) Change in weight loss (%) 

with degradation time - all calculated for three cycles each of equibiaxial stretch for 

samples prepared as 5% PCL in chloroform................................................................... 107 

Figure 62: Stages in leaflet degradation (green lines represent the leaflet coaptation and 

red circles show regions of failure) ................................................................................. 109 

Figure 63: Three candidate valves post degradation showing leaflet failure and 

degradation ...................................................................................................................... 110 

Figure 64: Picture showing one valve before and after degradation with commissures (in 

red) intact ........................................................................................................................ 111 

Figure 65: GOA graphs for three valve prototypes ....................................................... 112 

Figure 66: Workflow and methodology of SA 3 - describing innovation at each 

developed method ........................................................................................................... 121 

Figure 67: Experimental setup of the FRHS .................................................................. 122 

Figure 68: A) Fetal valve testing chamber and B) FRHS test setup .............................. 123 

Figure 69: Flow waveforms for one representative FTPVR (left) and valve open and 

closure (right) .................................................................................................................. 125 

Figure 70: Images taken during durability testing showing initial leaflet tear and 

complete leaflet failure ................................................................................................... 127 

Figure 71: AWT Waveform showing valve meeting ISO-5840 standards (set for neonatal 

conditions)....................................................................................................................... 128 

Figure 72: AWT post-test valve showing tears and collapse of one leaflet .................. 128 

 

  



xv 

 
xv 

NOMENCLATURE

 
PAIVS ï Pulmonary Atresia/ Intact Ventricular Septum 

TEHV ï Tissue Engineered Heart Valve 

SVC ï Superior Vena Cava 

IVC ï Inferior Vena Cava 

ECM ï Extracellular Matrix 

LV ï Left Ventricle 

TR ï Tricuspid Regurgitation 

RV ï Right Ventricle 

BV ï Balloon Valvuloplasty 

PA ï Pulmonary Artery 

PVR ï Pulmonary Valve Regurgitation 

FRHS ï Fetal Right Heart Simulator 

WE43 ï Magnesium metal alloy 

ZnAl4 ï Zinc-aluminium alloy 

PCL - Polycaprolactone 

PLLA - Poly-l-lactic Acid 

  



16 

 
xvi 

SUMMARY  
 

Congenital heart diseases (CHDs) account for nearly one third of all congenital defects. 

Patients born with complex congenital cardiac anomalies often require heart valve 

replacements in their lifetimes. These replacements are usually limited by issues related to 

durability, patient-prosthesis mismatch and lack of surgical options. Other ways to correct 

congenital cardiac defects are surgical palliation usually carried out in stages. These 

surgeries are extremely invasive and carry high risk to the patient. Over time, there has 

been investigation into providing a permanent solution to heart valve replacements in 

children. Hence, the use of tissue engineering in this application is critical. Bioabsorbable 

materials serve as scaffold like structures to allow for cell penetration, leading to neo-tissue 

growth. Neo-tissue is developed using the patientôs own cells, and therefore eradicates the 

susceptibility of severe rejection possessing the ability to grow, repair and remodel. Fetal 

tissue is extremely regenerative and is known for its plasticity, therefore attempts have 

been made to restore biventricular healthy anatomy in utero by balloon valvuloplasty. A 

lot of patients that undergo this procedure develop re-atresia or re-stenosis, bringing them 

back to the diseased population. Therefore, this study aims to combine the knowledge on 

heart valve engineering and apply that toward fetal population. The development of such a 

tissue engineered heart valve replacement will eliminate the need for repeat interventions 

and serve as a permanent solution. Given the few durable options for pediatric patients, 

this study will improve the feasibility of developing such a device right from the 

manufacturing to the testing stage. This critical integration of heart valve and tissue 
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engineering may be the first step to the solution that is needed to reverse ventricular 

hypoplasia and eliminate single ventricle anomalies. 
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1  CHAPTER 1 ï INTRODUCTION  

 
The heart is the first organ to develop in vertebrates during the gestational stage. 

During the process of cardiogenesis in pregnancy, several complex genetic processes that 

respond to mechanical and chemical stimuli contribute to the healthy development of the 

heart. First, a linear heart tube forms in the embryonic stage, and then develops into the 

complete cardiac structure with atria, ventricles and valves by day 50.  During any of these 

developmental stages, genetic, epigenetic, or environmental factors can lead to mutation 

and hence catastrophic disease outcomes. Congenital heart diseases account for nearly one 

third of all congenital defects and require surgical repair or medical management.  

Pulmonary atresia with intact ventricular septum (PA/IVS) is one type of extremely 

rare congenital heart defect that occurs in 1% of total heart defects. In this defect, the 

pulmonary valve is underdeveloped and atretic leading to hypoplasia of the right side of 

the heart and limiting flow through the right ventricle and main pulmonary artery. Many 

of these patients require single ventricle palliation, due to the inability of the right ventricle 

to support the pulmonary circulation. Single ventricle palliation typically requires three 

surgeries with the third surgery being the Fontan procedure. Single ventricle palliation 

although successful initially, eventually subjects patients to significant morbidity and early 

mortality. Nearly all will eventually require heart transplantation. Other patients with 

PA/IVS can have a biventricular repair, but most will need a pulmonary valve replacement 

in the adolescent or adult years. These pulmonary valve replacements are engineered from 

biocompatible materials, but they will become dysfunctional over time and require 
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replacement, leading to multiple open-heart surgeries or transcatheter procedures. 

Bioprosthetic surgical and transcatheter valves can become dysfunctional, due to stent 

fractures, degeneration, somatic outgrowth, thrombosis, endocarditis, and calcification.  

Attempts have been made to restore normal flow dynamics and allow for 

remodeling of the heart for biventricular circulation in utero, using minimally invasive 

techniques such as balloon valvuloplasty of the fetal pulmonary valve. In this procedure, a 

needle is inserted through the motherôs abdomen and uterus and into the fetal chest wall 

and right ventricle. It is then used to cross the atretic pulmonary valve into the main 

pulmonary artery. A small balloon is passed through the needle and used to perform a 

balloon valvuloplasty across the pulmonary annulus.  Performing fetal valvuloplasty can 

reverse the ventricular hypoplasia and allow a biventricular circulation, but most of these 

patients will go on to ultimately require postnatal valve replacements over their lifetimes. 

In addition, some patients have restenosis and even re-atresia of the pulmonary valve in 

utero after valvuloplasty.  

In an attempt to prevent restenosis, re-atresia, and repeated future valve 

replacements, a completely bioresorbable tissue engineered heart valve can be engineered 

and deployed using similar techniques as the balloon valvuloplasty technique. In fact, the 

tissue engineering field has developed multiple alternative techniques to create better 

biomaterials for cardiac applications. Using these techniques, heart valves can be made 

from scaffold-like structures that provide the mechanical environment for the patientsô cells 

to grow over it, thus constructing a replacement valve in vivo. The unique environment of 

the fetus and the fetal milieu may serve as an excellent host for tissue engineering concepts, 
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because of the large number of progenitor cells. Over the past decade, fetal valvuloplasty, 

particularly of the aortic valve, has demonstrated the plasticity and regenerative capacity 

of the fetal heart. 

Therefore, this study aims to develop an alternative fetal transcatheter pulmonary 

valve replacement (FTPVR) with a novel sutureless technique to mount leaflets, thus 

eliminating premature catastrophic failure of valves, for use in endovascular repair in utero. 

The biomechanical analysis of various stent designs will incorporate metallic as well as 

polymeric materials and provide, for the first time, a comprehensive insight into 

engineering a fetal sized valve with available materials and the challenges surrounding the 

process. The unique and novel way to develop leaflets will be used for the first time to 

develop a functional valve and then evaluated for its spatial degradation capabilities. The 

optimal valve design will be used to investigate the in vitro performance and flow profiles 

of the developed prototype. 

In the longer term, the ability to replace a stenotic fetal heart valve with a living 

autologous tissue engineered heart valve (TEHV) could, for the first time, enable the 

creation of a strategy that aims to prevent single ventricle heart disease in PA/IVS and 

provide a fully functional pulmonary valve from the neonatal period and onward.  
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2 CHAPTER 2 ï BACKGROUND  
 

2.1 Cardiogenesis 

  

The heart is formed from embryonic cells called as mesodermal germ layer cells 

that differentiate into mesothelium, endothelium and the myocardium. Mesothelium forms 

the epicardium and endothelium forms the endocardium and the blood vessels 1. 

Two endocardial tubes form at day 19, which converge toward each other to form 

the linear tube at 22 days (approximately). This primitive heart tube has five distinct 

regions (top to bottom) ï truncus arteriosis, bulbus cordis, primitive ventricle, primitive 

atrium and sinus venousus. The truncus arteriosis form the great arteries (aorta and 

pulmonary) and the sinus venosus form the right atrium, sinoatrial node and coronary sinus. 

The bulbus cordis develops into the right ventricle and the primitive ventricle develops into 

the left ventricle. Finally, the primitive atrium becomes the front part of the left and right 

atria along with their appendages. The cardiogenesis process is shown in Figure 1. 
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Figure 1: Cardiogenesis and development of the fetal heart 2 

 

By day 23, cardiac looping begins. The bottom portion curves in a clockwise 

direction, and the atrium folds towards the top and finishes its growth on day 28. At this 

stage, there is no septum or a dividing wall between the left and right side of the heart. 

During weeks 4-5, the septal wall develops dividing the left and right atria, and then the 

left and right ventricle with each atrium and ventricle being separated by a valve. 

  

2.2 Pulmonary Valve and Its Development 

 

The pulmonary valve maintains unidirectional flow between the right ventricle and 

the pulmonary artery. The right atrium receives blood from the superior and inferior vena 

cava (SVC and IVC) and then this blood enters the right ventricle (RV) through the 

tricuspid valve. The RV then pumps it to the lungs via the pulmonary valve (PV) for 
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oxygenation. In a healthy individual, the pressures in the pulmonic circulation are much 

lower than the systemic circulation. In the fetus however, the pressures in the pulmonic 

and systemic circulations are almost equal. This due to high alveolar vasoconstriction in 

the lungs which are constricted in the absence of air. There are certain fetal structures that 

shunt the blood between both sides ï known as the foramen ovale and the patent ductus 

arteriosis 3, which in a healthy baby, close soon after birth. To understand the pathogenesis 

of the pulmonary valve and structures of the heart, we have to delve deeper into valve 

morphogenesis. 

There are several molecular pathways that regulate valve development. Structures 

known as endocardial cushions form due to promotion of hyaluronan. After these 

endocardial cushions become populated with mesenchymal cells, the valve primordia 

(what will eventually become leaflets) elongate and stratify into mature leaflets (Figure 2).  
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Figure 2: The molecular pathways regulating endocardial cushion formation, 

endothelial-to-mesenchymal transition (EndoMT) and valve primordia growth. (A) 

Endocardial cushion formation, (B) Myocardial signaling pathways and (C) proliferation 

of valve interstitial cells 4 

  

The layers of the leaflets on the inside (fibrosa) consist of transcription factors which 

are activated by the turbulent oscillatory blood flow. On the contrary, the laminar flow on 

the ventricularis side activates the transcription factors in that region. Eventually, during 

postnatal development, the valve primordia remodel into the healthy leaflets with three 

distinct layers of stratified extracellular matrix (ECM).  

 

2.3 Cardiac physiology 

 

A healthy heart is a muscle that pumps blood to all the organs of the body, as well as 

serve as the powerhouse of the circulatory system. Each day, the heart beats ~100,000 times 

and pumps 1,800 gallons of blood. The structure of the heart is divided into two main sides 
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ï the right (pulmonary circulation) and the left (systemic circulation) as shown in Figure 

3. The right atrium is the collecting chamber or reservoir that collects deoxygenated blood 

from the vena cavae (inferior vena cava and the superior vena cava) from the lower and 

upper extremities of the body. The blood is then pumped to the right ventricle through the 

tricuspid valve. Once the right ventricle is filled, it contracts and expulses blood to the 

pulmonary artery via the pulmonary valve, and then ultimately to the lungs. The heart 

pumps against a pressure gradient and is therefore able to effectively maintain said gradient 

through contraction (systole) and relaxation (diastole). 

 

Figure 3: The structure of the heart showing four chamber (two atria and two 

ventricles), along with four valves and the great arteries (aorta and pulmonary artery) 

(Image from Britannica Encyclopedia). 
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The left atrium receives the blood that has been oxygenated in the lungs. The blood 

is then sent to the left ventricle, via the mitral valve. The left ventricle contacts and builds 

up a large pressure, which causes the aortic valve to open, and it then pumps the blood to 

the rest of the body through the aorta. The left ventricle is stronger, as it needs to sustain 

high pressures in order to pump against a resistive load (afterload). The aorta is a robust 

vessel that consists of branches that allow blood to be taken to the upper and lower body. 

 

2.4 Congenital Heart Defects 

 

A healthy heart prevents the mixing of oxygenated and deoxygenated blood from 

both sides, allowing for blood to maintain its oxygen content and perfuse the organs leading 

to proper organ function. Arterial blood oxygenation is usually between 95-100% and a 

value below 90% is considered to be unhealthy and low. 

However, many mutations and events in the cardiogenesis phase can lead to 

congenital heart defects, particularly ones that lead to little to no blood flow, restricting the 

heartôs abilities to sustain life. In particular, valve disease usually takes form of stenosis 

where blood flow is obstructed or regurgitating flow where the valve leaks retrograde flow. 

Histologically, these diseases are recognized by abnormal valve structure specifically with 

ECM composition. Valve disease can lead to underdevelopment and often stenosis of the 

valve and proximal structures. One such serious valve malformation is pulmonary atresia 

(PA). 
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2.4.1 Pulmonary Atresia  

 

Pulmonary atresia (PA) is a malformation of the pulmonary valve in which the 

valve opening fails to develop, leading to no communication between the right ventricle 

and the pulmonary artery (Figure 4). Therefore, no blood gets to the lungs to get 

oxygenated, and the baby will show signs consistent with cyanosis and shortness of breath. 

Since the pulmonary valve is atretic and obstructive, the pulmonary artery does not develop 

as a result.  

 

 

Figure 4: The heart with an underdeveloped pulmonary artery, intact ventricular 

septum(PA/IVS) (Childrenôs Hospital of Philadelphia) 

 

PA includes a wide spectrum of malformations with vast morphological 

heterogeneity is generally divided into two main categories ï PA with intact ventricular 

septum (PA-IVS) and PA with ventricular septal defect (PA-VSD) (Figure 5). In the case 
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of PA-VSD, along with an atretic PV there is also a septal defect between the ventricles. It 

is debated whether it is a separate CHD or a severe form of Tetralogy of Fallot (TOF) 5, 

PA-IVS (which will be the focus of this study), means that only the PV is atretic, and the 

septal wall is intact. PA-IVS is very rare, accounting of less than 1% of total defects.  

 

Figure 5:  Differences in anatomical abnormalities between PA/VSD and PA/IVS ï 

(reproduced from 6) 

 

In case of PA-VSD, the disease presents with associated defects such as tricuspid 

atresia, TOF etc. In PA-IVS all components of the RV can be affected including the RV 

itself and the tricuspid valve. Patients with presence of a tricuspid valve, right ventricle, 

and no symptoms of right ventricle-dependent coronary circulation are candidates for 

biventricular repair, whereas others have to undergo single-ventricle palliation. Overall, 

the survival of pulmonary atresia with intact ventricular septum patients is reported to be 

as low as 50% at 5 years 7.  

The genetic expression patterns for both of these related defects, although falling 

under the same umbrella of CHDs, are very different. Understanding the molecular 

mechanisms that influence the propagation of these diseases can help in early diagnosis, 

prevention, therapeutic and guide interventional therapies. Previous work has shown that 
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manifestation of complex CHDs arises from accumulation of rare mutations, copy number 

variants and common variants in developmental genes 8. It has been widely considered that 

the accumulations of copy number variants, single-gene, mutations such as GDF1 and 

MTHFR, environmental factors may affect the PV, pulmonary artery and RV 

morphogenesis 6.  

 

2.4.2 Associated malformations 

 

Pulmonary Atresia can be associated with several malformations such as 9 -  

1. Hyploplastic right heart syndrome (HRHS) ï In this rare cyanotic defect, the right 

side of the heart (right ventricle, tricuspid valve and pulmonary valve/artery) are 

underdeveloped, leading to the left ventricle being the only pumping chamber. As 

a result of the hypoplastic right side, the lungs do not get enough blood to 

oxygenate, and therefore can causes issues on the left side as well.  

2. Tricuspid Atresia ï In this defect, the tricuspid valve is either too small or does not 

exist. As a result, blood cannot travel through the right ventricle. It is often 

associated with PA and transposition of the great arteries.  

3. Tetralogy of Fallot ï This is a catastrophic CHD which is truly a combination of 

four CHDs ï VSD, pulmonary stenosis, misplaced aorta and RV hypertrophy. As a 

result, there is little to no oxygen-rich blood perfusing the organs and is fatal left 

untreated.  
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4. Coronary arterial abnormalities 10 ï PA-IVS can cause issues in the ventricular-

coronary arterial communications, due to the hypertensive RV thar forces blood 

through the intramyocardial sinusoids of the RCA. 

 

2.5 Medical Management  

 

Patients when diagnosed with PA-IVS, are prescribed prostaglandin therapy 

postnatally. Sometimes, subsequent intubation and mechanical ventilation may occur as a 

consequence. This treatment is done to maintain the arterial duct as a stable source of 

pulmonary blood flow prior to surgical palliation and maintain the patency of the ductus 

arteriosis. This atrial communication is necessary to ensure light-right shunting of systemic 

venous return ï and to maintain the ductus arteriosis as the sole source of pulmonary blood 

flow 11. 

 

2.6 Surgical palliation 

 

 

PA-IVS presents with a heterogenous morphology and therefore a uniform surgical 

approach is not feasible. The degree of hypoplasia of the RV and tricuspid valve have been 

used to assign the infants to single ventricle or biventricular repair tracks 12. During the 

neonatal period, the initial palliation includes pulmonary valvotomy, RV outflow tract 

(RVOT) reconstruction or balloon valvuloplasty.  

The first line of action is to relieve the patient of cyanosis. There have been 

preferences to conduct transpulmonary valvotomy to RVOT reconstructions due to its 

reduced damage to the RV and no dependence on cardiopulmonary bypass (CPB). In cases 
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of PA-IVS accompanied by tricuspid valve (TV) regurgitation, often leads to fetal demise 

due to extremely low pressures and severely hypoplastic anatomy. On the other hand, PA-

IVS with a relatively normal TV do not develop adverse hemodynamics. Figure 6 shows 

a flowchart demonstrating surgical strategies and interventions for neonates diagnosed with 

PA/IVS. 

 

Figure 6: Flow chart demonstrating surgical strategies and interventions for neonates 

with PA/IVS. B-V repair = biventricular repair; 1.5 V repair = one and a half ventricular 

repair; UV repair = univentricular repair 13 

 

2D echocardiography is a readily available resource and along with prenatal cardiac 

screening, about 86% of patients get diagnosed before birth 11. Patients are then diagnosed 

for intervention ï either catheter based or surgical interventions. However due to the 

varying complexity and heterogeneity in the onset of disease in patients, there is no single 

procedure that is effective for all patients. Biventricular repair is an option; however, its 
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applicability is determined by various factors such as TV size and function, RV anatomy 

etc. Chikkabyrappa et al 14 had proposed the general guidelines for treatment, as 

highlighted below in Figure 7:  

 

Figure 7: Suggested management strategies for morphological variants of pulmonary 

atresia and intact ventricular septum. ASD, atrial septal defect; BDG, bidirectional 

Glenn; PDA, patent arterial duct; PFO, patent foramen ovale; PV, pulmonary valve; 
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RFV, radiofrequency valvotomy and balloon dilation; RV, right ventricle; RVDCC, right 

ventricle-dependent coronary circulation; RVOT, right ventricular outflow tract; TV, 

tricuspid valve; TR, tricuspid regurgitation; VCC, ventriculocoronary connections 14 

 

2.6.1 Blalock-Thomas-Taussing (BTT) Shunt 

 

The BTT Shunt procedure is a palliative treatment used to improve the blood flow 

to the lungs in conditions such as pulmonary atresia, tricuspid atresia, pulmonary stenosis 

etc. It is a closed heart minimally invasive procedure carried out through an incision on the 

ribcage and a small tube Polytetrafluroethylene (PTFE) is attached to one of the sections 

of the vessel, to the pulmonary artery making a direct connection between the aorta and the 

lungs (mimicking the ductus arteriosis, which is present in the fetal stage but closes at birth) 

as shown in Figure 8. This improves oxygen saturation and relieves cyanosis. This shunt 

is temporary and can be used upto six months, after which it will need to be replaced to 

match for size. The child will remain on anticoagulants. 

 

Figure 8: Blalock-Thomas-Taussig Shunt (image from Blausen Medical) 
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This procedure is usually followed by a staged operation to remove the pulmonary 

obstruction and close ventricular defects with a patch.  

 

2.6.2 Bidirectional Glenn procedure 

 

The bidirectional Glenn (BDG) is a surgical procedure performed to create superior 

cavopulmonary anastomosis (connecting the superior vena cava to the right pulmonary 

artery) as shown in Figure 9. It is performed in patients with a single functional ventricle 

ï left or right. This procedure helps eliminate the volume load that a single ventricle has to 

take for both and simplify the final Fontan operative procedure.  

Patients who require a BDG have complete mixing of the systemic and pulmonary 

circulation.  

 

Figure 9: Figure showing schematic of Bidirectional Glenn procedure (sourced from a 

hand drawn figure in Wikipedia) 
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This is a time sensitive procedure and will not be effective if the pulmonary 

hypertension increases as the blood has to flow to the lungs without resistance. This 

procedure is a modified form of the original operation and supplies blood to both lungs, 

hence bi-directional. This is done after the removal of the BTT shunt or pulmonary artery 

banding.  

 

2.6.3 Fontan Procedure 

 

The Fontan procedure is the last of the staged surgeries, and it is designed to direct 

the deoxygenated blood directly to the lungs, so that the only functional ventricle is tasked 

with pumping blood to the body to sustain life. In this stage, the blood from the inferior 

vena cava is directed to the pulmonary artery and it also relies on low resistance from the 

lungs, since there is no ñpumpò to push the blood for oxygenation (Figure 10).  

 



19 

 

 

Figure 10: Fontan surgical techniques: Classical atriopulmonary connection (A), Lateral 

tunnel (B), and extracardiac conduit (C) 15 

  

2.6.4 One and a half ventricle repair 

 

Surgical strategies for patients with a functionally or anatomically borderline single 

ventricles include high risk biventricular repair (subject to early mortality) plus a Fontan 

procedure (subject to late mortality) 15. One and a half ventricle repair (1.5 VR) is 

performed where there is presence of a small pulmonary ventricle and a dilated or poorly 

functioning pulmonary ventricle (Figure 11).  
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Figure 11: One and a half ventricle repair. Image taken from Children's Wisconsin 

 

This procedure was first performed in 1982 in 22 patients as a combination of 

biventricular repair and BDG. It reduces the volume load on the right ventricle and the 

pulmonary circulation receives the full cardiac output through both the right ventricle and 

superior vena cava. Thus, this procedure creates a modified in-series circulation with no 



21 

 

left-right or right-left shunting. So effectively, this approach allows the maintenance of 

equal pulmonary and systemic flows. 

 

2.6.5 Hybrid Procedures 

 

Due to the heterogeneity of PA-IVS, repair or palliation strategies can vary widely, 

depending on the severity of disease ï from single ventricle palliation to complete 

biventricular repair. In addition to those techniques described prior, a hybrid approach 

combining surgical access with transcatheter intervention has been recently described 7,16. 

The purpose of this hybrid approach is to avoid neonatal cardiopulmonary bypass (CPB), 

mitigate technical failure due to disease complexity in the transcatheter approach and lower 

complication rates.  

The hybrid procedure is believed to be a good alternative to percutaneous based 

therapy for selected neonates with PA-IVS (not severe hypoplasia of the RV). 

 

 

2.6.6 Late Valve Replacements 

 

Despite several advances in surgical repair over the past 6-7 decades, majority of 

patients who receive shunts and staged procedures continue to experience residual 

hemodynamic and electrophysiological abnormalities 17. Additionally, initial rehabilitation 

of the RV requires decompression which is followed by significant pulmonary 

regurgitation (PR).  The response of the RV in patients with PA-IVS to chronic volume 
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load leads to late pulmonary valve replacements after initial repair and significant reduction 

in PR 18. 

Current options for adults for surgical and transcatheter pulmonary valve 

replacements are shown in Figure 12. Although there are several surgical options for 

patients born with congenital heart defects, these are all invasive and require long recovery 

times. Additionally, these are palliative and do not provide long term solutions. Eventually, 

the patients require heart transplant or medical devices that aid in healthy cardiac function. 

 

Figure 12: A) surgical prosthesis options and 19 B) transcatheter pulmonary valve 

replacement options 20  
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2.7 Interventional therapies 

 

Transcatheter pulmonary valve perforation followed by balloon dilation of the valve 

is a technique used for patients with PA-IVS in utero. According to the American Society 

of Echocardiography, a complete fetal echocardiogram of suspected CHD is recommended 

between 18-24 weeks of gestation 21. Most CHDs are diagnosed within this period, and 

interventions are planned around the 2nd or 3rd trimester. The balloon valvuloplasty (BV) 

procedure is done on fetuses around 22 weeks of gestation to avoid complications and 

improve imaging.  An illustration of the BV procedure is shown in Figure 13. 

 

 

Figure 13: Illustration of a fetal aortic valvuloplasty performed using 18 G/19 G 

Hawkins Atkins needle, 0.014 inch coronary guide wire and Maverick coronary balloon 
22 
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BV is a fetal cardiac intervention performed for patients with PA-IVS associated 

with hypoplasia of the RV, TV and RVOT. The hypothesis for the success of this procedure 

is that the dilation of the PV will allow antegrade flow through the RV, potentially 

stimulating the right heart growth and function. Although there have been technical 

successes with this procedure for aortic and pulmonary stenosis, there has been limited to 

no increase in ejection fractions, and very little change in end-diastolic volume 23.  

There have been several studies conducted over the past decade or so, evaluating the 

efficacy of this procedure in fetuses and its outcomes. Some of the studies have been 

summarized below for reference: 

1. Tworetzky et. al 24 evaluated this PV dilation in ten fetuses ï four procedures were 

technically unsuccessful and six were successful. The TV annulus, RV length and 

PV annulus grew significantly in babies after birth. 

2. Devangondi et. al 25 looked at long-term outcomes of BV for PV stenosis by 

evaluating cumulative incidence of moderate PR and risk of reintervention. In the 

10-year outcome data, >60% of patients developed moderate PR.  

3. Tulzer et. al 26 investigated immediate effects and outcomes of in utero BV. Out of 

23 patients treated, 15 had PA-IVS. No fetal death occurred post procedure and 

immediately after the procedure, RV/LV length ratio, TV/MV annular diameter 

ratio, RV filling time and TR velocity improved significantly or remained constant. 

Two fetuses had unsuccessful interventions.  

4. Pang et. al 27 evaluated the experience and outcome of the BV procedure in the first 

five cases in China in 2019. Overall, the opening of the pulmonary valve improved.  
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2.8 Patient outcomes  

 

2.8.1 Surgical palliation 

Fontan palliation patient outcomes have improved since the surgery was first 

performed, decades ago. A study conducted by Pundi et.al 28, provides an overall 

assessment and long-term outcomes of Fontan patients up to 40 years after palliation 

(Figure 14). Overall survival at 10, 20, and 30 years after surgery were 74, 61 and 43 

percent respectively and 10-year survival rates can be seen more recently with 

approximately 70% and 90% survival rates in surgeries performed before 1990 and after 

2001 respectively.  
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Figure 14: The 10-, 20-, and 30-year survival after the Fontan operation was 74%, 61%, 

and 43%, respectively 28 

 

In a study conducted for patients with PA/IVS, eligible patients underwent neonatal 

surgery or catheter based interventions 29. Among the survivors of hospitalization (around 

80% patients), there were 99 deaths and 10 transplants. Among patients with transplant, 

the 20-year survival rate increased from 66% for definitive repair to 98% with biventricular 
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repair. This study indicated that transplant free survival for patients with PA/IVS is poor 

due to significant infantile mortality (Figure 15). And due to the long wait times for a 

donor heart, a lot of these patients succumb to the disease or during bridge to transplant 

options.  

 

Figure 15: Incidence of each competing-risk outcome after initial PA/IVS intervention 29 

Eventually, in cases of late pulmonary valve replacement, although there is no 

mortality, patients with PA/IVS had significant TR and also had tricuspid valve repairs 18. 

Although tricuspid valve repair may improve degree of regurgitation, TR tends to recur, 

indicating that these patients may need multiple valve replacements in their lifetime.  
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2.8.2 Interventional therapies 

In patients undergoing interventions, outcomes after RV decompression in infants 

was examined and concluded that patients with PA/IVS that undergo this procedure have 

a high reintervention burden (although some do achieve biventricular circulation) 30. 

Degree of baseline tricuspid regurgitation maybe a marker to identify outcomes. 

In patients with critical pulmonary stenosis or PA/IVS, fetal balloon valuloplasty 

showed acutely good results with enlarged RV and increased filling (Figure 16), five out 

of nine fetuses became biventricular however two still had undetermined circulation 

outcome 26. Most likely if they did turn out to have univentricular circulation like two 

patients in this cohort, they would have to resort to staged surgery and valve replacements.  
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Figure 16: Cardiac measurements before and after completely or partially successful 

fetal pulmonary valve intervention in 21 fetuses with pulmonary atresia with intact 

ventricular septum or critical pulmonary stenosis 26. 

 

In most cases where in-utero valvuloplasty procedures have been performed and 

have been technically successful, there has been limited or no increase in ejection fraction 

and only a small change in ventricular end diastolic volume, but the period over which the 

fetuses were studied prenatally was short, leaving undetermined long term outcomes and 

complications 23. 

 

2.9 Complications 

 

2.9.1 Surgical palliation 

 

In a fifty-five year follow up study by Shi et. al 31, neurodevelopmental problems 

were found in 17.5% (7/40) of PAIVS patients and 7% (5/71) patients with pulmonary 
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stenosis. Only 20% of patients were free from re stenosis, spanning over 30+ years, as 

shown in Figure 17. 

 

 

Figure 17: Freedom from reinterventions after primary surgical or catheter opening of 

right ventricular outflow tract 31 

 

2.9.2 Interventional therapies 

 

In 33 newborns who underwent perforation of the pulmonary valve with PA/IVS, 

Agnoletti et. al 32, describes that there were six deaths in total with seven nonfatal 

complications. At a median follow-up of 5.5 years (range 0.5 to 11.5), survival was 85% 

and freedom from surgery was 35%. Five patients, four of whom had neonatal surgery, 
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underwent a partial cavo-pulmonary connection. In a similar study conducted in newborns 

by McLean et.al 33, showed that balloon valuloplasty rarely obviates the need for further 

intervention or surgery, as only about 36% patients were weaned off of initial 

prostaglandins without surgery (Figure 18).  

 

Figure 18: Treatment and outcomes for all 25 patients admitted with a diagnosis of 

pulmonary atresia with intact ventricular septum (PA-IVS). (D/C = discharged) 33 

 

When this procedure was performed in fetuses and followed for 2.5 years by Luo 

et. al 34 as shown in Figure 19, it was noted that BV rapidly improved development of the 

RV in utero and slowed down after birth, the tricuspid valve seen to develop better 

postnatally. Persistent bradycardia was seen in four out of seven fetuses, and two were 

terminated succumbing to the bradycardia and one due to RV dependent coronary 
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circulation. Another fetal case study by Galindo et. al 35 showed that although there was a 

significant improvement in fetal hemodynamics acutely after BV, follow up scans at 34 

weeks detected significant restenosis and circulatory failure leading to risky, premature 

delivery. An immediate postnatal valvuloplasty successfully completed the ultimate 

objective of biventricular repair. 

 

Figure 19: Ultrasound images during balloon dilation (white arrow) before and after fetal 

pulmonary valvuloplasty 34 

 

Thus, it has been demonstrated in multiple studies that although short term palliative 

approaches exist for PA/IVS, ultimately a long-term solution is needed to alleviate the 

adverse effects of PA. Pediatric patients outgrow heart valve replacements in 7.5 years 36, 

and this warrants the need for long term replacements, ideally tissue engineered 

replacements, that can grow with the patient and reduce the need for future 

reinterventions.  
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3 CHAPTER 3 ï HYPOTHESIS AND SPECIFIC AIMS  

 
Congenital heart diseases (CHDs) account for nearly one third of all congenital defects 

37. Patients born with complex congenital cardiac anomalies leading to single ventricle 

physiology are often treated with existing options which are palliative and not curative 38. 

Over the past decade, several clinical trials evaluating the utility of fetal valvuloplasty have 

demonstrated plasticity and regenerative capacity of the fetal heart 39,40. Performing fetal 

valvuloplasty reverses the ventricular hypoplasia, however most patients still require 

repeated postnatal valve replacements. A possible solution to avoiding repeat surgeries can 

be integrating tissue engineering with heart valves to develop a tissue engineered heart 

valve (TEHV). Fetal valve replacement with a TEHV will serve as a scaffold and provide 

the opportunity to restore flow and biventricular heart function with a living neovalve 

created from an individualôs own cells. Therefore, the objective of this study is to design a 

TEHV for fetal deployment to overcome the current lack of biodegradable valves that do 

not accommodate for growth of the patient. The overall hypothesis is that improved 

understanding of the biomechanics of manufacturing and testing of biodegradable 

materials, can help engineer fetal sized TEHVs and guide future transcatheter device 

interventions. 

This TEHV will allow possible restoration of flow, enable reversal of ventricular 

hypoplasia, and restore biventricular anatomy. Towards this overarching goal, this current 

study will focus on the following specific aims: 

   

Specific Aim 1: Design, manufacture and analyze stent characteristics using metals 
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and polymers 

In this aim, prototypes of three candidate designs will be subject to finite element analysis 

to evaluate the use of bioresolvable metallic and polymeric materials to potentially 

manufacture these design prototypes. The hypothesis is that the structural integrity 

throughout the degradation of the stent in vivo will be dictated by the design and analysis 

process and the understanding of its behavior during deployment can affect valve 

performance in vivo. 

 

Specific Aim 2: Design, manufacture and characterize biodegradable polymeric 

leaflet material 

In this aim, a biodegradable polymeric leaflet material will be manufactured and assembled 

on the stent prototypes from Specific Aim 1. The assembly will be done using sutureless 

techniques. Degradation will be established using an in vitro model to show relative 

degradation patterns. Tensile tests will be conducted before and after degradation to look 

at change in material properties. The hypothesis is that degradation rates can be controlled 

in different regions of the leaflet material depending on material concentration and 

attachment techniques supplementing the stentôs structural support. 

 

Specific Aim 3: Perform in vitro flow analysis of established design prototypes 

In this aim, the prototype valves will be tested in an in vitro pulsatile fetal right heart 

simulator and accelerated wear tester (AWT) to establish device performance. The 

hypothesis is that the downstream flow behavior, hemodynamics and durability of the valve 
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prototypes will be favorable following the analyses of Specific Aims 1 and 2. 

 

The completion of this work will yield insights into (1) the biomechanical 

properties and considerations in developing a fetal size heart valve replacement (2) 

alternative valve assembly techniques that can overcome potential premature failure of 

valves and (3) fetal sized valve performance and downstream fluid profiles. 

Figure 20 shows a schematic for the outline of the thesis study. 

 

 

Figure 20: Specific Aims and goals of thesis study
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4 CHAPTER 4 ï STUDY METHODOLOGY  

 
In this section, all supplies, equipment and techniques for the study are described. 

4.1 Specific Aim 1 ï   Materials and Software 

 

Objective - Design, manufacture and analyze stent characteristics using metals and 

polymers 

 

The prototype stents were manufactured and simulated using the supplier materials, 

software and services as listed in Table 1. 

Table 1: Materials and purpose of items used in SA1 

 Vendor/Software Item/purpose 

1 Vascotube LLC 5mm x 0.15mm L605 cobalt-chromium tubing 

2 OPTEC Femotsecond 

Laser 

Georgia Tech Petit Nanoelectronics Manufacturing Core Facility 

3 Altair Hypermesh Meshing software to discretize stent designs for simulations 

4 ABAQUS Finite element modeling software to simulate crimping and balloon 

expansion of valve 

 

4.1.1 Mesh Generation 

 

The stent models were meshed using tetrahedral C3D4 elements (Figure 21). Mesh 

sizing was achieved after conducting mesh independence studies. Designs 2 and 3, had a 

total of ~4.5 ï 5 million elements. Design 1 had a total of 3.3 million elements. Mesh sizing 

was varied across the 3 designs to best incorporate stress distributions in each stentôs 
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unique features. Trial and error simulations were run to ensure no elements are overlapping, 

erroneous, or failing. The balloon was meshed with quadrilateral elements 0.3 in size.  All 

meshing was performed in Altair Hypermesh (Altair, Troy, MI).  

 

 

Figure 21: Overview of finite element model and mesh generation. Zoomed in view of 

tetrahedral elements on stent frame 

 

4.1.2 Simulation parameters 

 

The stent was position in between a cylinder that depicted a crimper. The cylinder was 

displaced inward until the stent was crimped on the balloon to ~2-3 mm (or up until the 

crimped stent did not interfere with the deflated balloon). A displacement type boundary 

condition was applied to this simulation. The cylinder was modeled as a homogenous shell, 
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and a high modulus and density was applied to it. The stents were modeled as their 

respective material, with values derived from literature 41-46. 

 In the expansion simulation, the balloon was first compressed to around ~1.5 mm 

and the crimped stent from the previous simulation was imported and adjusted on the 

balloon. The balloon was then expanded until the stent was back to its original size of 5 

mm diameter. Then, the balloon was deflated to about 10% of its total volume, to allow for 

stent recoil and foreshortening, as shown in Figure 22.  

 

 

Figure 22: Workflow for simulating crimping and expansion of stent frame 

 

4.1.3 Simulation post-processing 

 

Results were analyzed and stent geometry files were exported to get pre crimp, 

crimped and post-expansion geometries. Length and radii were calculated three times in 

each geometry, and averaged. 
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 For dog boning, a line was drawn through the center of the geometry and a cut plane 

was established at the center of this line. Two other cut planes were aligned at the proximal 

and distal end (defined arbitrarily). Distances were calculated and averaged between these 

planes, and a dog boning ratio was achieved. Figure 23 shows a schematic of the 

differences in radii and length that can be observed in such a simulation. 

 

 

Figure 23: Workflow for calculating stent performance metrics 

 

4.1.4 OPTEC Femtosecond laser cutter 

 

The Georgia Tech Optec Femtosecond laser is an OPTEC WS-Flex USP system 

that uses a femtosecond laser to process practically any material through ultra-short laser 

pulses photo-ablation (Figure 24). The ultra-short laser pulse is effective on polymers, 

metal, ceramics, glass, single crystals, and polymorphic crystals. Materials are ionized by 

the laser pulse and removed from the surface in a plasma cloud, leaving a clean surface at 
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the interaction site. Contrary to typical thermal laser operations, the femtosecond laser is 

not as sensitive to wavelength absorption and therefore offers minimum thermal, creating 

a no heat-affected zone on the part. The laser has a wavelength of 1030 nm and an Infinite 

Field of View (IFOV). The minimum spot size is 14 µm for the settings used in this study 

and the laser head is capable of moving the X and Y stage to up to 300 mm in either 

direction.  

The laser consists of both a 2 dimensional as well as a rotational cut. An appropriate 

collete was selected from the set (ranging from 0.5mm ID to 5mm ID). The tube was cut 

into a shorter length for simplicity and mounted at the rotational cut stage. Through trial 

and error, an appropriate laser power was selected (95%) and a pulse width of 3 was 

selected.  A pulse duration of -215 ms was used, with a 4 W default power setting. The 

rotational cut was set to move 200 mm/second. Using a zoom focus on the camera, the 

cross hair for the laser beam was set at the origin, and the zoom was fine tuned to obtain 

the correct Z coordinate. After setting X,Y,Z, the parameters were set as origin. 

 

Figure 24: OPTEC Femtosecond Laser setup 
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4.2 Specific Aim 2 ï Materials and Methods 

 

Objective: Design, manufacture and characterize biodegradable polymeric leaflet 

material 

 

Leaflet material was obtained and leaflets were manufactured using the following materials 

as listed in Table 2. 

Table 2: Materials and purpose of items used in SA2 

 Vendor Item/purpose 

1 Sigma Aldrich Polycaprolactone (PCL) pellets 

2 VWR Chloroform 

3 Amazon Spray Gun 

4 VWR Blades to cut the valve 

5 VWR Sodium hydroxide  

6 VWR Petri Dish 

7 VWR  Test tubes 

8 Cell Biaxial tester Biaxial testing system 

 

4.2.1 Degradation setup 

 

Sodium hydroxide (NaOH) is a common reagent used for polymer degradation. As 

such, it makes for an excellent way to simulate degradation on the bench, and analyze the 

prototype. For this study, a 2 M solution of NaOH was prepared. The molar mass of NaOH 

is 40 g, and therefore 80 g of NaOH was mixed with deionized (DI) water to create 2 L 
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working fluid. This was not matched for viscosity, as the sole purpose was to observe valve 

behavior. 

 

Figure 25: FRHS showing degradation setup with en-face camera 

 

A Nikon D3400 camera was mounted at the viewing window adjacent to the fetal 

right heart simulator (FRHS) to capture en-face images of the valve, as shown in Figure 

25. The camera was equipped with a Nikon ED AF Micro NIKKOR 200 mm lens and a 2x 

magnifier to improve spatial resolution. Videos were recorded for the duration of the 

experiment, and then manually looked at frame by frame, to capture changes in leaflet 

motion. Since the medium was highly basic, any in-flow transducers were not used to avoid 
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damage. A manual pressure gauge was used to measure transvalvular pressures and a clamp 

on flow probe (ME 20 PXL, Transonic Systems Inc, Ithaca, NY) captured flow for the 

duration of the experiment.  

 

4.2.2 Biaxial testing setup 

 

 The CellScale BioTester 5000 was operated for multiphase test cycles. 

Temperature control allowed for the testing temperature to remain at body temperature of 

37 degrees Celsius. After which the thermostat was turned off for the duration of the set 

up.. A high-resolution CCD camera provided synchronized video tracking and analysis. 

BioTester 5000 uses a software called LabJoy. It is divided into two modules, a data 

collection module and a review and analysis module. The data collection module is used 

to set test parameters, enable specimen loading and testing, and monitor test progress. An 

example testing window is shown below in Figure 26. 
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Figure 26: Screengrab of LabJoy software used with CellScale Biotester 5000 to acquire 

biaxial testing data 

 

 In the first protocol, a constant equibiaxial ratio of deformation was applied 

(F11:F22) = 1.1:1.1 for 3 cycles. The next 4 protocols applied 3 cycles each, of axial 

deformation of varying ratios of F11 to F22 equal to 1.033:1.1, 1.02:1.1, 1.1:1.033, and 

1.1:1.02, respectively. Figure 27 shows mounted sample being tested mounted to size 22 

tine. 
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Figure 27: PCL sample mounted on CellScale Biotester 5000 

 

4.3 Specific Aim 3 ï Materials and Methods 

 

Objective: Perform in vitro flow analysis of established design prototypes 

 

4.3.1 Fetal Right Heart Simulator (FRHS) 

 

All studies were performed using a FRHS. The FRHS comprises of a closed-loop 

pulsatile system that simulates physiological hemodynamic conditions of the fetal heart, 

not taking into account the patent ductus arteriosis (PDA) and distal pulmonary artery. For 

all testing, the working fluid had a density of 1060 kg/m3 and was a 36% glycerin-water 

mixture and matched the kinematic viscosity of blood and preserve in vivo flow 

characteristics.  
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Figure 28: FRHS used to study valve performance in the study 

 

Fluid flow within the FRHS (Figure 28) was driven by a piston pump (ViVitro 

Labs Inc. Victoria, Canada). A tissue valve was fixed upstream of the piston pump acted 

as the tricuspid valve. A clamp-on ultrasonic flow probe (ME 25 PXN, Transonic Systems 

Inc, Ithaca, NY) was used to measure flow rates and compute the cardiac output. The 

prototype valve was mounted into the pulmonary chamber and placed downstream of the 

piston pump as the test section. Catheter based Millar pressure transducers (Millar, 

Houston, TX) were placed in the right ventricle, and downstream of the annulus of the fetal 

valve. A compliance chamber and resistance check valve simulated the compliance and 



47 

 

resistance of the cardiovascular system and were placed downstream of the pulmonary 

valve. The compliance of the great artery can be controlled by controlling the volume of 

air in the compliance chamber. The resistance valve controlled the loopôs pressures. The 

outputs of the pressure transducers and flow probes were connected to a data acquisition 

system (DAQ, National Instruments, Austin, TX). The data acquisition system consisted 

of a modular compact system, equipped with an analog input modules (NI-USB 6218) for 

pressure and flow monitoring and recording. The DAQ system was controlled by a custom 

written LabVIEW (National Instruments, Austin, TX) program. 

 

4.3.2 Leaflet Kinematics  

 

Leaflet kinematics were assessed through en-face high-speed imaging with a 

CMOS camera (Phantom VEO-340L; Vision Research Inc, Wayne, NJ) camera fitted to a 

Nikon 200mm macro lens system (Nikon, Melville, NY). The lens was additionally 

equipped with a 2x magnifier to increase spatial resolution of the images.  

Images were acquired at a rate of 24 frames per second for four cardiac cycles and 

processed by two independent users. An in-house code was used to process these images. 

For each valve (total N=3), geometric orifice area (GOA) was averaged between three 

cardiac cycles for the same valve and then averaged between users.  

 

 

4.3.3 Accelerated Wear Testing 
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A manufactured prototype valve was placed in the Accelerated Wear Tester (BDC 

Laboratoriesô VDT-3600i) shown in Figure 29 and subjected to pulmonic load of 25 

mmHg at a pulse rate of 15Hz and pulmonary differential pressure of 10 mmHg as per 

ISO-5840 standards. There are no standards for valve testing in fetal conditions, therefore 

neonatal pulmonary conditions were used to test the prototype.   

The valve was placed into a silicone holder and attached with a soft clay to secure the 

valve in place and ensure it remains taut during the AWT.  

  

 
 

Figure 29: VDT-3600i Accelerated Wear Tester (as derived from BDC Labs) 
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5 CHAPTER 5 ï SPECIFIC AIM 1  

 

 
Purpose ï To design, manufacture and understand biomechanical behavior of fetal 

sized transcatheter valve stents 

 

Hypothesis ï Design of stents and their biomechanics will help guide valve assembly 

techniques and leaflet attachment techniques ïeducating on valve performance 

 

5.1 Overview 

 

Resolvable stents have been used in a multitude of applications for example coronary 

stents and ductal stenting applications. They have been manufactured with metal alloys and 

polymers, some serving an advantage over the other depending on the application. 

Previous fetal studies have utilized nitinol and zinc-alloy stents 47-49. The former does 

not have the capacity to grow, the latter faced some challenges in terms of leaflet 

attachment and durability. Therefore, this study to analyze the comprehensive stent 

behavior and implications of design on stent behavior, will help educate future iterations 

to create valves for the fetal application. These valves are very small, nearly 1/5th the size 

of traditional adult valves, and therefore need specifically catered analyses to understand 

its behavior. They simply cannot be treated as smaller version of adult valves. 

 Over the last two decades or so, polymeric and metallic materials have been 

studied as potential candidates for degradable vascular stents 46,50-59. Two metal alloys and 

two polymers, all biodegradable in nature, were simulated for this study. Although 
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numerous metals have been explored for their applications in bioresorbable stents, in recent 

years the research has shifted towards zinc based biodegradable materials because of its 

promising biodegradability and adaptability to tissue regeneration. Zinc is the second most 

abundant transition metal in the human body and plays a critical role in cell proliferation 

as well as in the immune and nervous system. Zinc also has the appropriate degradation 

rate required for metals and there have been studies published in the past which have 

introduced zinc is an outstanding candidate for stent application 51,60.  

 In addition to zinc, a common magnesium alloy, WE43 was used. Magnesium 

alloys have good degradation behaviors and have shown great promise in their stent 

applications. Magnesium supports tissue and artery healing, regeneration and are less likely 

to invoke an adverse response due to it being an essential mineral in human metabolism. 

As such, these materials have significant radial resistance as well as good biocompatibility 

with an adequate degradation property suited for stent applications 42,54. 

 Looking at polymers, Poly-l-lactic Acid (PLLA) is a widely utilized wide 

incredible polymer because it can hydrolyze to a natural byproduct under physiological 

conditions. PLLA consists of an additional methyl group, therefore undergoes slower 

hydrolysis and has a prolonged degradation time (>24 months). Itôs high tensile modulus 

and ductile properties make it an essential polymeric candidate 61. This material has been 

explored in commercial coronary bioresolvable stents as well (eg. ABSORB bioresorvable 

vascular scaffold (BVS) by Abbott Vascular). There have been some issues using pure 

PLLA stents but with surface treatment, they have shown to have better biological 

effectiveness and promote greater the endothelialization 62. For the purposes of this study, 

material properties from pure PLLA were used to establish a baseline which can be 
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explored further. PCL has become the potential material candidate for a large quantity of 

medical applications because of its ductility biodegradability and biocompatibility 44. Its 

long degradation time has been regarded as a good candidate for stent applications. PCL 

has been used in its pure form for multiple biodegradable applications and composite 

materials with PCL have been used to create stents as well 63. 

 

5.2 Methods 

 

5.2.1 Study design 

 

This study was designed to understand the behavior of various metals and polymers 

to guide future deployment strategies for these novel valves. These prototypes are 

extremely small, therefore it was imminent to understand biomechanical loading ï for 

example stress distributions highlighting possible areas of premature failure as well as stent 

parametrics such as dog boning ratio, foreshortening and recoil. These metrics will help us 

determine which materials to explore moving forward, and which designs are best to host 

these materials.  

A computational study was conducted with zinc-aluminium4 (ZnAl4), WE43, PCL 

and PLLA. A variation of metals and polymers was used in attempts to highlight the 

differences or similarities, if any, between the two. The complete computational matrix is 

given in Section 5.2.4. A workflow and methodology summary of SA1 is shown in Figure 

30. 

 



52 

 

 

Figure 30: Workflow and methodology of SA 1 - describing innovation at each developed 

method 

 

 

5.2.2 Stent designs 

 

 The stent designs were constructed in house. Design 1 (as shown in Figure 32) was 

inspired by the pilot study, to encapsulate the simple design elements for a cylindrical 

balloon expandable stent. The strut thickness was modeled to be 0.15 mm. The stent was 

5 mm in diameter and ~8 mm in height. The pilot study showed that the cyclic diastolic 

loads were causing high stresses on the sutures holding the leaflet material to the stent. 

This could setup the valve for catastrophic failure.  

 Therefore, as described in Specific Aim 2, the leaflet attachment techniques 

evolved, and a more transcatheter aortic valve replacement (TAVR) like stent design was 

developed to test leaflet attachment techniques on various designs, such as Designs 2 and 

3.  A commissural guard introduced between two commissures acted as a buffer to 

distribute diastolic load that may otherwise bend and fracture the commissures.  
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 Design 3 was developed as an iteration to Design 2, with rounder edges and a 

simpler commissural guard in an attempt to observe the distribution of the crimping loads 

on a curved edge rather than a sharp edge. The commissures and strut thicknesses were 

varied for each design, with the hypothesis that the degradation rate could be controlled in 

the future.  The three candidate FTPVR designs are shown in Figure 31. 

 

Figure 31: Three candidate FTPVR stent designs each 5 mm in diameter and ~8 mm in 

height 

5.2.3 Mesh generation  

 

The computer aided design (CAD) models of said stent designs were created in 

Solidworks (Dassault Systèmes, Vélizy-Villacoublay, France). These models were then 

imported into Altair Hypermesh (Altair Hyperworks) to discretize for simulations. In 

general, a tetrahedral mesh was used to achieve results. A volume mesh was used to capture 

all deformations within the body of the structure. The balloon was meshed with 

quadrilateral membrane elements to a target element size of 0.3 mm. 

https://www.google.com/search?newwindow=1&sxsrf=APwXEdfr8O6IHNpw03-0q_2r0OZtaj2itg:1687485223654&q=Dassault+Syst%C3%A8mes&si=AMnBZoFk_ppfOKgdccwTD_PVhdkg37dbl-p8zEtOPijkCaIHMjEU_WqAH-iki7uy2V3pLSGMgyfnxHZlqxL_toM1bIVtX7kZkFhCXsEEUmlXd5rBgPEkvb0Y59RtSAYi_VdyxFC2m6F60iwc-VtIZtOT6gXTW3cWN2Dqr7uP2ShNqvqxJGxPTVfWpJesjYbiLf5M40j4xhzUIXdRBbP5tg6U5-aBcdc5u54yZ5xTXNOGzyrowzSyfo1ak_RG_Ay5bLq3SqWdAWFVgE4k4-V6bKLjY05Dik8IJQ%3D%3D&sa=X&ved=2ahUKEwjL6caqpNj_AhWim2oFHS66AQQQmxMoAXoECHoQAw
https://www.google.com/search?newwindow=1&sa=X&biw=604&bih=690&sxsrf=APwXEdcYczAunBLuyXb4rHe_QiPUyb2mMA:1687485232684&q=V%C3%A9lizy-Villacoublay&si=AMnBZoEofOODruSEFWFjdccePwMH96ZlZt3bOiKSR9t4pqlu2PrvJHtCusmFhggOReBbOHrsfhiNCButvtg2Kvyb2Cl3frbfHhYAFMS6xjx3p2ti4KcdTFmV0D22d7ZwW2WQQWi1kvggromjL_OljdvpmQuTLBtrrZFG6uKLvmxlFpiVB_TpCzNdGSEfFKp719II0SDsITfFQi66wqxpah03fZ-lj7bupA%3D%3D&ved=2ahUKEwiK-u2upNj_AhXgnGoFHapgDh4QmxMoAXoECC4QAw
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5.2.4 Simulations 

 

 A step-by-step guide to simulation setup, including the material properties etc., 

can be found in Appendix A. The simulations were performed using ABAQUS 2021 

(Dassault Systems, Johnston, RI, USA), which is a finite element solver based on structural 

deformations. The stent was modeled using defined elasticity and density, and the balloon 

was modeled with an elastic material model both determined previously from benchtop 

experiments and previous publications 64,65.  

 The stent was crimped by displacing an external cylinder in the negative radial 

direction until it reached a diameter of ~2-3 mm. The balloon (modeled using dimensions 

of the NuMed Tyshak Pediatric balloon of 5 mm diameter) was crimped by applying 

vertical length force profiles in the negative radial direction followed by circumferential 

forces. This was following similar methodology which was been used previously 65. The 

stent was then expanded using a balloon volume flux, which corresponded to a set total 

nominal volume, then deflated to allow for any recoil. The volume was tuned iteratively 

until the final stent diameter matched the desired stent expansion.   

 Each stent design was evaluated for four materials previously described. Each 

design-material group had three simulations which would be used to look at qualitative 

stress distributions, and quantitative metrics ï dog boning ratio, foreshortening and recoil, 

as described below: 

 

(1)                                    Dog boning =  

(2)                                    Foreshortening (%) =   x 100 
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(3)                                    Recoil (%) = 
  

 
  x 100 

 

Where R, L and D are radius, length and diameter respectively. A computational matrix is 

shown in Table 3. 

Table 3: Computational matrix for simulations conducted on candidate stent designs 

Design ZnAl4   WE43 PCL  PLLA  

Design 1  S1.1 S1.2 S1.3 S1.4 

Design 2  S2.1 S2.2 S2.3 S2.4 

Design 3  S3.1 S3.2 S3.3 S3.4 

 

To investigate the effects of strut thickness on reduction of stresses, additional 

simulations were conducted with Design 2, ZnAl4 material. At the leaflet belly region, the 

thickness of the stent was varied from the original of 0.18mm to 0.38 mm (Design2_V2) 

and 0.44 mm (Design2_V3) as shown in Figure 32. 
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Figure 32: Change of strut thickness from 0.18 mm to 0.38 mm and 0.44 mm to observe 

changes in stress distribution with strut width 

 

5.2.5 Prototype stent manufacturing  

 

 A 5 mm x 0.15 mm L605 cobalt-chromium alloy tube was purchased from 

Vascotube (Vascotube, Germnay). The tube was cut using an OPTEC Femtosecond Laser 

available for use by training at the Petit Nanoelectronics and Machining Core Lab via the 

Shared User Management Systems. The laser consists of both a 2 dimensional as well as a 
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rotational cut. An appropriate collete was selected from the set and the tube was mounted 

and arranged appropriately, to ensure that the tube is parallel to the laser X crosshair, and 

is immovable. The precision laser requires no movement, and has an error tolerance of 19 

µm. After the cut began, the laser runs through as many iterations as defined in the setup 

stage (in this case, 100) to cut through the thickness of the material. In the CAD software, 

all individual struts were joined using the ójoinô command, to ensure optimal displacement 

of the rotational stage. The program was initiated and an observation window on the 

software allowed to observe the progress of the cut. Depending on the precision focus of 

the laser, each cut took between 1 hour to 3.5 hours. After which, each cut was first cleaned 

with a microfiber towel and then with isopropyl alcohol (IPA) to ensure that any debris 

that are still on the frame are cleaned before leaflets are attached. A detailed procedure for 

setup and laser cutting is described in Appendix B. The 2D drawing of the valve and the 

laser setup stage is shown in Figure 33. 
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Figure 33: Stent engineering drawing (left) and OPTEC Femtosecond Laser setup (right) 

with red circle showing mounting region for tube (rotational stent cut) 

 

5.3  Results 

 

5.3.1 Mesh independence study 

 

A mesh independence study was performed with four total number of elements, 

ranging from 100,000 to 5 million. Von mises stresses (MPa) were evaluated at the same 

point for all simulations, and the most optimum size and computational time was chosen. 

For Designs 2 and 3 (due to the similar nature of the design), a total of 4.4-5 million 

elements were chosen for simulation. For Design 1, a total of ~3.3 million elements were 
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chosen. Figure 34 shows the dependence of stress (MPa) on total number of elements for 

all designs. 

 

 

Figure 34: A) Showing mesh independence for Design 1 and B) showing mesh 

independence for Designs 2 and 3 

 

5.3.2 Simulations 

 

The results from the qualitative and quantitative analysis of stress distribution in 

the three candidate designs, with their four candidate materials are presented below: 
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5.3.2.1 Design 1 

 

In Design 1 in the ZnAl4 simulations, we observed that the highest stresses during 

crimping were around 225 MPa, which reduced to 200 MPa during expansion and 

deflation. These stresses were observed at either the top tip of the design element or the 

stent struts as shown in Figure 35. The ultimate tensile strength (UTS) of this alloy is 

around 270 MPa so these values were within the limit, and less likely to break.  

Looking at the same design with the WE43, we observed that the highest stress is 

were around 190 MPa which decreased to around 150 and down to 50 MPa for expansion 

and deflation respectively (Figure 36). The UTS of this alloy is around 250 MPa, therefore 

this design may be optimal as from stress distributions alone, it seems like there is less 

likelihood of failure during deployment.  

Looking at Design 1 PCL simulations (Figure 37), the higher stresses at the 

crimping stage around 40 MPa which relatively remained the same during expansion and 

reduced to 13 MPa at deflation. These high stresses were also observed near the junction 

and struts as seen in figure and were above the UTS of the material (16 MPa). This indicates 

that PCL may not be a good candidate for this design. 

In the Design 1 PLLA simulations as shown in Figure 38, the higher stresses were 

around 289 MPa, which is significantly higher than any other material in this design group. 

The expansion decreased the stresses to around 300 MPa and deflation reduced it further 

to around 65 MPa. Overall, all these high stresses were observed at the junction of the two 

struts which could be high critical points although, these values lie within the UTS of the 
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material (6.7 GPa). On average, in design 1, PLLA might be a good material to implement 

due to its optimal qualitative distribution of loads.  

Looking at these values quantitatively, as shown in Table 4, ZnAl4 had the highest 

foreshortening value as compared to the other materials. PLLA had more recoil than other 

materials and PCL had the lowest recoil in the group. Dog boning was approximately the 

same across all metals and polymers. 

 

Table 4: Stent performance characteristics for Design 1 (all materials) 

Material  Foreshortening (%) Recoil (%) 
Dog boning 

Side 1 Side 2 

ZnAl 4 10.640 -0.268 0.012 0.013 

WE43 12.194 0.132 -0.029 0.001 

PCL 12.116 -2.060 0.022 0.032 

PLLA  12.676 -3.270 0.042 0.017 
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Figure 35: Design 1 simulated with ZnAl4 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance 
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Figure 36: Design 1 simulated with WE43 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance 
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Figure 37: Design 1 simulated with PCL showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance 
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Figure 38: Design 1 simulated with PLLA showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance 
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5.3.2.2 Design 2 

 

In Design 2, ZnAl4 performed adequately well with the stresses being close to but 

still less than the UTS in the crimping stage, and being at the bottom of the stent rather 

than this junctions (Figure 39). However, during expansion and deflation the stresses 

exceeded the UTS slightly, and this can be modified by increasing the thickness of the 

stents in further iterations. The highest stresses what observed at the crimping stage of 

WE43 on the curve of the stents. These stresses were higher than the alloyôs UTS, 

indicating that this design is not suitable for this alloy (Figure 40).  

Similarly with PCL as shown in Figure 41, the stresses exceeded the UTS greatly, 

with maximum stresses being around 80 MPa and the UTS being around 16 MPa. This 

design is also not suitable for PCL. PLLA performed favorably in this design, with the 

values being under the critical limit for failure (UTS) as shown in Figure 42. 

Looking at these values quantitatively (Table 5), foreshortening was high in this 

design overall, with values exceeding 10% for all material except the ZnAl4. Recoil was 

higher in zinc and PCL as compared to WE43 and PLLA with the former being around 

2.2% and the latter between 0.5 - 0.8%. Dog boning was generally low for this design in 

all materials. 

Table 5: Stent performance characteristics for Design 2 (all materials) 

Material  
Foreshortening 

(%) 
Recoil (%) 

Dog boning 

Side 1 Side 2 

ZnAl 4 -13.714 0.401 -0.011 -0.043 

WE43 1.280 0.337 0.005 -0.001 

PCL 10.186 -0.068 0.001 0.001 

PLLA  -0.621 0.611 -0.013 -0.013 
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Figure 39: Design 2 simulated with ZnAl4 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance 
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Figure 40: Design 2 simulated with WE43 showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance 
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Figure 41: Design 2 simulated with PCL showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance 
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Figure 42: Design 2 simulated with PLLA showing - crimped (top), expanded (middle) 

and deflation (bottom) instances with highlighted high stress and maximum stress regions 

for each instance  
























































































































































































































