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Summary 

Bioprosthetic heart valve replacements have long been associated with inadequate durability in vivo, 

owing primarily to mechanical damage and calcification of the glutaraldehyde-fixed bovine 

pericardial leaflets (GLBP). Collagen fibres are the dominant load bearing constituent of GLBP, yet, 

there is no standardised pre-screening of GLBP leaflet fibre patterns for commercial devices.  The 

aim of this thesis was to further understand how the fibrous structural parameters of GLBP influence 

its fatigue and damage behaviour, to aid in improving the manufacture and design of next generation 

leaflets. 

To achieve this, both mechanical testing and computational investigations were conducted. Of note, 

it was found that collagen fibre alignment, in addition to orientation, is a key structural feature of 

GLBP, where samples with fibres highly dispersed (HD) in multiple orientations,  were found to have 

an inherently increased collagen content in comparison to GLBP with highly aligned fibres. A novel 

testing system was built to investigate the response of GLBP under low-strain fatigue bulge loading 

conditions at 150 mmHg, where samples with HD fibres accumulated significantly greater levels of 

permanent strain up to 60 million cycles, than GLBP with highly aligned fibres. This illustrated that 

the matrix-driven permanent set phenomenon of GLBP, which dominates its early-stage response in 

vivo, is mediated by underlying collagen fibre patterns. Moreover, experimental and computational 

studies revealed that highly crimped fibres were responsible for increased permanent strains in HD 

GLBP. Characteristically high levels of crimp protected fibres from load bearing; increasing the 

mechanical burden on the matrix, and consequently, tissue-level permanent strains in HD GLBP.  

Investigation of the variable fibre structures present in a GLBP patch in this thesis demonstrated that 

several fibre parameters must be controlled for in the manufacture of leaflets. Furthermore, the 

heterogenous delivery sites for these devices, in addition to the complex leaflet loading patterns in 

vivo, perhaps make GLBP unsuited to application in BHV leaflets. Leaflets with fibre patterns aligned 

to localised principal strain directions in vivo will likely provide improved outcomes, where leaflets 

made from GLBP are constrained to native pericardial fibre patterns.   



iii 
 

Acknowledgements 

Firstly, I would like to sincerely thank Prof. Caitríona Lally for her support, direction and guidance 

over the last four years. Her encouragement in every aspect of this project has been invaluable 

and I have learned so much from being in the Lally group. I would like to thank the Irish Research 

Council and Boston Scientific Corporation for making this work possible.  A sincere thank you to 

the Fulbright Commission and Prof. Michael Sacks for providing me the opportunity to pursue a 

fellowship at the University of Texas, at Austin. I would also like to thank Prof. David Taylor and 

Prof. Wei Sun for taking the time to read this thesis.   

There have been many great members in the Lally group during my four years, to all of whom I 

am very grateful, for offering help where possible and a relief from work when needed. A very 

special thank you to Dr. David Nolan, from whom I learned a great deal and whose generosity 

with his time made all the difference to this project.  

I would like to thank all the important contributors to this work, for their expertise and input. 

Of note, thank you to David O’Reilly, Paul Gunning, Peter O’Reilly and Brenton Cavanagh. I would 

also like to extend my gratitude to Gordon O’Brien, without whom, a large portion of this 

research would not have been possible.  

Outside of the lab, there are many friends and family I would like to thank for their support over 

the last four years. Ciara, Olwyn and Brooke, for always being available for a coffee, chat, or any 

kind of break. To my family; David, Maria, Mark and Chloë, for your encouragement and 

patience during my never-ending student years. Finally, I would like to thank Robbie for his love 

and endless support, for always being there, in and outside of work. 

  



iv 
 

List of Publications, Conference Proceedings and Awards 

First-author publications 

Whelan, A., Duffy, J., Gaul, R.T., O'Reilly, D., Nolan, D.R., Gunning, P.S., Lally, C., Murphy, B.P. 

(2018) ‘Collagen fibre orientation and dispersion govern ultimate tensile strength , stiffness 

and the fatigue performance of bovine pericardium’, Journal of the Mechanical Behaviour of 

Biomedical Materials. Elsevier Ltd, 90(August 2018), pp. 54–60. doi: 

10.1016/j.jmbbm.2018.09.038. 

Whelan, A., Williams, E., Nolan, D.R., Murphy, B.P., Gunning, P.S., O'Reilly, D., Lally, C. (2020)  

‘Bovine Pericardium of High Fibre Dispersion Has High Fatigue Life and Increased Collagen 

Content; Potentially an Untapped Source of Heart Valve Leaflet Tissue’, Annals of Biomedical 

Engineering. doi: 10.1007/s10439-020-02644-4. 

Whelan, A., Williams, E., Fitzpatrick, E., Murphy, B.P., Gunning, P.S., O'Reilly, D., Lally, C. (2020) 

‘Collagen fibre-mediated mechanical damage increases calcification of bovine pericardium for 

use in bioprosthetic heart valves’, bioRxiv. Cold Spring Harbor Laboratory, p. 

2020.10.21.347047. doi: 10.1101/2020.10.21.347047. 

Whelan, A., O’Brien, G., Szagdaj, A., O’Reilly, D., Lally, C. (2020) ‘Investigation into early stage 

fatigue-damage accumulation in glutaraldehyde-fixed bovine pericardium using a novel 

equibiaxial bulge inflation system’, Under review 

Co-author publications 

Campion, G., Hershberger, K., Whelan, A., Lally, C., Murphy, B.P. (2020) ‘A Biomechanical and 

Microstructural Analysis of Bovine and Porcine Pericardium for Use in Bioprosthetic Heart 

Valves’, Under review 



v 
 

Conference proceedings 

Whelan, A., Gaul, R.T., Gunning, P., Lally, C. (2017) ‘Investigation of Collagen Fibre Orientation 

in Bovine Pericardium’, Proceedings of the 23rd Annual Conference of the Section of 

Bioengineering of the Royal Academy of Medicine in Ireland. Belfast, Ireland. 

 

Whelan, A., Duffy, J., Gunning, P., Nolan, D.R., Murphy, B., Lally, C. (2018) ‘Collagen Fibre Angle 

and Dispersion Define Stiffness, Ultimate Tensile Strength and Long-Term Durability in Bovine 

Pericardium’, in Proceedings of the 24th Annual Conference of the Section of Bioengineering of 

the Royal Academy of Medicine in Ireland. Meath, Ireland. 

 

Whelan, A., Williams, E., Murphy, B., Gunning, P., Nolan, D.R., O’Reilly, D., Lally, C. (2020), 

‘Bioprosthetic leaflet durability: at the heart (valve) of the matter’, in Proceedings of the 26th 

Annual Conference of the Section of Bioengineering of the Royal Academy of Medicine in 

Ireland. Carlow, Ireland 

 

Whelan, A., Duffy, J., Cooney, G.M., Coffey, S., Gaul, R., Lally, C., Murphy, B. (2017), ‘Assessing 

the Effects of Calcification & Fibre Orientation in Bovine Pericardium’, in The 3rd Annual 

Meeting of the Heart Valve Society’, Monte Carlo, Monaco.  

 

Whelan, A., Duffy, J., Gaul, R.T., O’Reilly, D., Nolan, D.R., Gunning, P.S., Murphy, B.P., Lally, C. 

(2018), ‘Towards Improving the Durability of Bovine Pericardial Leaflets in Bioprosthetic Heart 

Valves’, in The 21st Sir Bernard Crossland Symposium, Dublin, Ireland 

 

Whelan, A., Williams, E., Duffy, J., Murphy, B.P., Gunning, P.S., Lally, C. (2019), ‘Bovine 

Pericardium Leaflet Failure: Investigating The Relationship Between Damage And Calcification’, 

in The 25th Congress of the European Society of Biomechanics, Vienna, Austria 



vi 
 

Awards  

Engineers Ireland Biomedical Research Medal at the 26th Annual Conference of the Section of 

Bioengineering of the Royal Academy of Medicine in Ireland. This medal is awarded to the best 

PhD-level biomedical engineering researcher in Ireland, and co-sponsored by DePuy Synthes 

(2020).   

1st place in the Student Awards at the European Society of Biomechanics Congress. This prize 

honours excellence in research at a young age (2019).  

Fulbright- Enterprise Ireland Fellowship for research collaboration in the University of Texas at 

Austin, with Professor Michael Sacks (2018).  

1st place in the Sir Bernard Crossland Symposium for Mechanical Engineering & related 

disciplines (2018). 

1st place in Early Researchers (all disciplines), 23rd Annual Conference of the Section of 

Bioengineering of the Royal Academy of Medicine in Ireland (2017). 

 

 



vii 
 

Contents 
Declaration ......................................................................................................................... i 

Summary ........................................................................................................................... ii 

Acknowledgements ......................................................................................................... iii 

List of Publications, Conference Proceedings and Awards .............................................. iv 

List of Figures ................................................................................................................... xi 

List of Tables ................................................................................................................. xviii 

Chapter 1 Introduction ..................................................................................................... 1 

1.1. Research Motivation ..................................................................................................... 1 

1.2. Objectives ...................................................................................................................... 1 

Chapter 2 Literature Review ............................................................................................. 3 

2.1. Cardiovascular System .................................................................................................. 3 

2.2. Aortic valve structure .................................................................................................... 4 

2.2.1 Aortic Stenosis ....................................................................................................... 6 

2.3. Treatment of Aortic Valve Stenosis............................................................................... 8 

2.3.1 Mechanical Valves ................................................................................................. 8 

2.3.2 Bioprosthetic heart valves .................................................................................. 10 

2.4. Bovine Pericardium ..................................................................................................... 24 

2.4.1 Collagen microstructure ...................................................................................... 25 

2.4.2 Structural characterisation .................................................................................. 26 

2.4.3 Mechanical Properties ........................................................................................ 34 

2.5. Computational Models................................................................................................ 43 

2.5.1 Fibre-based material models .............................................................................. 45 

2.5.2 Damage Models .................................................................................................. 48 

2.5.3 Permanent Set Models ........................................................................................ 54 

2.5.4 BHV computational studies ................................................................................. 60 

2.6. Summary ..................................................................................................................... 63 

Chapter 3 Collage fibre orientation and dispersion govern ultimate tensile strength, 

stiffness and the fatigue performance of bovine pericardium ...................................... 66 

3.1. Introduction ................................................................................................................ 66 

3.2. Materials & Methods .................................................................................................. 67 

3.2.1 Sample Preparation ............................................................................................. 67 

3.2.2 Small Angle Light Scattering (SALS) ..................................................................... 67 

3.2.3 Uniaxial Monotonic Tensile Loading ................................................................... 69 

3.2.4 Uniaxial Cyclic Tensile Loading ............................................................................ 69 



viii 
 

3.2.5 Scanning Electron Microscopy ............................................................................ 70 

3.2.6 Statistical Analysis ............................................................................................... 70 

3.3. Results ......................................................................................................................... 71 

3.3.1 SALS Analysis ....................................................................................................... 71 

3.3.2 Uniaxial Static Tensile Loading ............................................................................ 72 

3.3.3 Uniaxial Cyclic Tensile Loading ............................................................................ 74 

3.3.4 Scanning Electron Microscopy (SEM).................................................................. 77 

3.4. Discussion .................................................................................................................... 78 

Chapter 4 Bovine pericardium of high fibre dispersion has high fatigue life and 

increased collagen content ............................................................................................. 82 

4.1. Introduction ................................................................................................................ 82 

4.2. Materials & Methods .................................................................................................. 83 

4.2.1 Sample preparation and Small angle light scattering analysis ............................ 83 

4.2.2 Uniaxial Tensile Cyclic Loading ............................................................................ 85 

4.2.3 Second Harmonic Generation Imaging (SHG) ..................................................... 86 

4.2.4 Collagen content analysis.................................................................................... 87 

4.2.5 Statistical Analysis ............................................................................................... 87 

4.3. Results ......................................................................................................................... 88 

4.3.1 Sample Characterisation ..................................................................................... 88 

4.3.2 Uniaxial Cyclic Loading ........................................................................................ 88 

4.3.3 SHG Imaging ........................................................................................................ 91 

4.3.4 Collagen content analysis.................................................................................... 91 

4.3.5 Fixation technique comparison of two commercial-grade GLBP ........................ 94 

4.4. Discussion .................................................................................................................... 96 

Chapter 5 A novel custom-made multi-specimen rig to investigate the fatigue 

behaviour of collagenous tissue under physiological equiaxial bulge conditions ........ 101 

5.1. Introduction .............................................................................................................. 101 

5.2. Multi-specimen pressure inflation rig ....................................................................... 103 

5.2.1 System description ............................................................................................ 103 

5.2.2 Saline filling and sample positioning in the system .......................................... 105 

5.2.3 Application of stochastic speckle pattern ......................................................... 106 

5.2.4 Digital image correlation ................................................................................... 107 

5.3. System Verification testing ....................................................................................... 109 

5.3.1 Methods ............................................................................................................ 110 

5.3.2 Results ............................................................................................................... 110 

5.4. Discussion .................................................................................................................. 112 



ix 
 

Chapter 6 Investigation into early stage fatigue-damage accumulation in 

glutaraldehyde-fixed bovine pericardium using a novel equibiaxial bulge inflation 

system ........................................................................................................................... 115 

6.1. Introduction .............................................................................................................. 115 

6.2. Materials & Methods ................................................................................................ 116 

6.2.1 Multi-specimen pressure inflation rig ............................................................... 116 

6.2.2 Sample selection and preparation .................................................................... 116 

6.2.3 Digital Image Correlation Analysis .................................................................... 117 

6.2.4 Droop test ......................................................................................................... 118 

6.2.5 Uniaxial tensile tests ......................................................................................... 119 

6.2.6 Statistical Analysis ............................................................................................. 120 

6.3. Results ....................................................................................................................... 120 

6.3.1 Sample selection and preparation .................................................................... 120 

6.3.2 DIC Analysis of z-displacement over time ......................................................... 121 

6.3.3 SALS Analysis ..................................................................................................... 122 

6.3.4 Droop test ......................................................................................................... 123 

6.3.5 Uniaxial Tensile Tests ........................................................................................ 124 

6.4. Discussion .................................................................................................................. 126 

Chapter 7 Computational investigation of the influence of collagen fibre architecture 

on the low-strain permanent strain accumulation in commercial-grade GLBP ........... 132 

7.1. Introduction .............................................................................................................. 132 

7.2. GLBP Material Model Calibration.............................................................................. 132 

7.2.1 Material Model and equibiaxial bulge simulations ........................................... 132 

7.2.2 Collagen fibre crimp investigation .................................................................... 144 

7.2.3 Uniaxial permanent strain and unloaded fibre crimp ....................................... 151 

7.3. Fatigue-induced permanent set simulations ............................................................ 158 

7.3.1 Introduction ...................................................................................................... 158 

7.3.2 Methods ............................................................................................................ 159 

7.3.3 Results ............................................................................................................... 165 

7.3.4 Discussion .......................................................................................................... 170 

7.4. Investigation into BHV leaflet permanent set as a function of collagen fibre 

orientation ............................................................................................................................ 175 

7.4.1 Introduction ...................................................................................................... 175 

7.4.2 Methods ............................................................................................................ 175 

7.4.3 Results ............................................................................................................... 177 

7.4.4 Discussion .......................................................................................................... 182 



x 
 

7.5. Conclusion ................................................................................................................. 185 

Chapter 8 Final Discussion ............................................................................................ 186 

Chapter 9 Concluding Remarks ..................................................................................... 192 

9.1. Summary of key findings ........................................................................................... 192 

9.2. Future directions ....................................................................................................... 194 

References .................................................................................................................... 197 

Appendices .................................................................................................................... 225 

A Collagen fibre-mediated mechanical damage increases calcification of bovine 

pericardium ................................................................................................................... 225 

B Novel testing system drawings (see Chapter 5 for full description) ..................... 242 

C Native leaflet imaging ............................................................................................ 246 

D Non-destructive Imaging of commercial BHV leaflets .......................................... 248 



xi 
 

List of Figures 

Figure 1.1: (a) LotusTM Bioprosthetic heart valve, Boston Scientific Corporation, showing 

pericardial leaflets (yellow), mounted on metallic frame. (b) Tearing on leaflet (left) after 

mechanical fatigue damage and (c) calcification on explanted patient valve. Adapted from 

(Piazza et al. 2011) and (Dvir et al. 2018) ..................................................................................... 2 

Figure 1.2: Graphical summary of key research objectives .......................................................... 2 

Figure 2.1: Cross-section view of heart; showing the four chambers and four valves. ................ 3 

Figure 2.2: Cross-sectional view of aortic valve leaflet, showing fibrosa, spongiosa and 

ventricularis layers. Surface endothelial cells and internal interstitial cells are also shown. 

Adapted from (Menon and Lincoln 2018) ..................................................................................... 4 

Figure 2.3: Planar histological slice of aortic valve leaflet showing native circumferential and 

radial directions. Heterogenous collagen fibre structure is seen in black.  Adapted from (Sauren 

1981) ............................................................................................................................................. 6 

Figure 2.4: Calcified aortic valve, showing calcium attached to the aortic side of the valve 

leaflets. Adapted from (Salas et al. 2012) ..................................................................................... 7 

Figure 2.5: (a) Ball and cage MHV (Starr- Edwards Design, 1960), (b) St Jude Medical 15mm 

paediatric valve; Masters Series ................................................................................................... 9 

Figure 2.6: (a) Edwards Lifesciences Caprpentier-Edwards PERIMOUNTTM surgical valve, (b) 

Edwards Lifesciences SAPIEN 3TM valve (TAVR device) and (c) Medtronic Evlout RTM, CoreValve 

series (TAVR device). ................................................................................................................... 10 

Figure 2.7: Lotus Valve in the closed (a) and open (b) configuration, illustrating the flexion of the 

leaflets during diastolic and systolic phases of the cardiac cycle ............................................... 15 

Figure 2.8: (a) Leaflet torn along the commissure, from the free edge down to the belly region. 

(b) Large tear/hole in the belly-free edge region of the leaflet. Adapted from (Hamamoto et al. 

2017) and (Piazza et al. 2011), respectively. ............................................................................... 16 

Figure 2.9: M6 Heart Valve tester (AWT machine, Dynatek Labs) where devices can be seen 

during testing. A BHV is seen on the left, and mechanical valve on the right. (Adapted from 

Dantek Labs). ............................................................................................................................... 17 

Figure 2.10: Molecular Structure of Glutaraldehyde (Sigma Aldrich) ......................................... 20 

Figure 2.11: Calcified GLBP leaflets on BHV devices; (a) TAVR valve and (b) surgical valve. 

Adapted from (Dvir et al. 2018) .................................................................................................. 21 

Figure 2.12 : (a) Pericardium surrounding heart, (b) magnified cross-section view of interface 

between heart wall and pericardium, region indicated by black square in (a). Adapted from 

CORMedical Group, CA  and (Maisch 2018)................................................................................ 25 

Figure 2.13: (a) Collagen fibre structure; composed of a collagen fibril bundle, which in turn 

comprises the triple helix structure. (b) The J-shaped response of collagenous tissues under load, 

where I indicates the initial or toe-region response, followed by the gradual recruitment of fibres 

as they become straightened in II. III describes the final linear region of the response, when all 

fibres are straightened and load bearing. Adapted from (Ma et al. 2017). ................................ 26 

Figure 2.14: Haematoxylin & Eosin staining of BP (a) before and (b) after decellularisation. 

Masson trichrome showing collagen (blue) and cells (red), before (b) and (e) after 

decellularisation. Verhoeff staining showing elastin (black) and collagen (red), before (c) and (f) 

after decellularisation. Adapted from (Bielli et al. 2018). ........................................................... 28 

Figure 2.15: Confocal microscopy images of porcine pericardium collagen, probed with CNA35. 

To permit visualisation of the collagen, the CNA35 probe was labelled with the fluorescent dye 

(a) Oregon Green OG488) and (b) mCherry. Adapted from (Aper et al. 2014). ......................... 29 



xii 
 

Figure 2.16: SHG analysis of BP at increasing depth from the sample surface (left to right, 10 μm 

to 60 μm). Top row of images is BP sample when unloaded, where bottom row shows same 

sample under uniaxial extension (blue arrow indicates uniaxial load direction). Scale bar = 50 

μm. Adapted from (Alavi et al. 2013). ........................................................................................ 30 

Figure 2.17: SALS set-up of 1) HeNe laser, 2) focusing lens, 3) sample positioner, 4) scatter plate, 

5) CMOS camera. (b) Magnified view of sample help in grips, at sample positioner in 3. (Gaul, 

Nolan, and Lally 2017)................................................................................................................. 31 

Figure 2.18: Orientation index of porcine aortic valve leaflets, fixed under (a) 0 mmHg and (b) 4 

mmHg pressure. Low Orientation Index values indicate high fibre alignment, and high 

orientation index values indicate low fibre alignment. This figure demonstrates the ability of 

SALS to capture load-induced changes in collagen fibre organisation. Adapted from (Sacks et al. 

1997) ........................................................................................................................................... 32 

Figure 2.19: Bovine tendon shown in experimental raw image at (a) 0% strain an (b) 3% strain 

(arrows indicate applied strain direction). pSFDI measured mean fibre angle across sample at (c)  

0% strain, (d) 3% strain. Degree of anisotropy (DOA) measured across sample for (e) 0% and (f) 

3 % strain, where high DOA values indicate higher fibre alignment. (g) predicted intensity 

responses over sample area shown in red box, for increasing longitudinal strain of 0%, 1%, 2% 

and 3%. This figure demonstrates the capability of the pSFDI system to detect the increase in 

fibre alignment as the tissue sample is loaded parallel to the unloaded mean fibre orientation. 

Adapted from (Jett et al. 2020) ................................................................................................... 34 

Figure 2.20: Effect of (a) glutaraldehyde concentration and (b) exposure time to glutaraldehyde 

on ultimate tensile strength of GLBP.(Caballero et al. 2017; García Páez et al. 2003, 2007; Gauvin 

et al. 2013; Hiester and Sacks 1998a; Hülsmann et al. 2012; Maestro et al. 2006; Oswal et al. 

2007; Pasquino et al. 1994) ........................................................................................................ 37 

Figure 2.21 : (a) Normalised orientation index from 0 to 50 million cycles, (b) Collagen crimp 

period from 0, 20 and 50 million cycles. Adapted from (Sellaro et al. 2006) ............................. 38 

Figure 2.22: (a) Fatigue-induced permanent set at 30, 65 million cycles for PD and XD 

configurations. (b) Sample stretch under 1MPa equibiaxial load at 0, 30 and 65 million cycles for 

PD and XD configurations. Adapted from (Sun et al. 2004)........................................................ 40 

Figure 2.23: Flexural load set-up showing posts and bending bar; for three-point bending test. 

Measurements of deflection are taken in the (a) unloaded and (b) loaded configuration, with 

respect to the reference rod. Adapted from (Mirnajafi et al. 2005). ......................................... 42 

Figure 2.24: (a) Flexural rigidity at 0, 10, 25, 50 million cycles for porcine aortic valve leafleted 

flexed against and with natural cuspal curvature (FA and FW, respectively). (b) SALS plot for 

representative FA and FW sample at each time point. Adapted from (Mirnajafi et al. 2010). .. 43 

Figure 2.25: Stress decomposition from simulation of different tissue components; where black 

is the combined or tissue-level response. The graph shows that the fibre-ensemble stress term 

accounts for a significant portion of the overall stress. Adapted from (Sacks et al. 2015) ........ 47 

Figure 2.26: (a) Permanent set strain along the uniaxial loading direction and (b) reduction in 

fibre stiffness according to increasing cycle number, with model fit to experimental data. (Dong 

et al. 2020) .................................................................................................................................. 57 

Figure 2.27: (a) Model fit at 0, 20 and 50 million cycles for XD orientated fibre group in specimen 

PD and XD directions.  (b) Predicted permanent set of PD orientated fibre group in specimen PD 

and XD directions, using rate constant derived from (a). Red = experimental permanent set 

strain in XD direction, blue = experimental permanent set strain in PD direction. .................... 59 

Figure 2.28: (a) Maximum principal stress in leaflets at 0 cycles, based on fibre orientation. (b) 

Damage across leaflets at 9 M cycles after permanent set accumulation, based on fibre 

orientation. L1 = nearly isotropic fibre distribution, L2 = anisotropic fibre distribution, L3 = highly 



xiii 
 

anisotropic fibre distribution. Nominal = all three leaflets have the same fibre orientation (i.e. 

L1/L1/L1 etc.).  L1/L2/L3 = each of the three leaflets comprise one of the three fibre 

distributions). Adapted from (Martin et al. 2014). ..................................................................... 61 

Figure 3.1: SALS system; composed of HeNe laser, focusing lens, sample positioner, projection 

screen and camera (Gaul et al. 2017). ........................................................................................ 68 

Figure 3.2: Schematic illustrating specimen fibre orientation and resulting scattered light ellipse. 

(a) Cross-fibre specimen (XD), (b) Highly dispersed specimen (HD) and (c) Preferred-fibre 

specimen (PD). Note: the incident light scatters perpendicular to the collagen fibre orientation.

 ..................................................................................................................................................... 69 

Figure 3.3: Alignment scale & SALS contour plots for (a) HD, (b) XD and (c) PD specimen groups. 

(d) SALS Interrogation region of dog-bone specimens prior to tensile loading. Alignment values 

range from  0.9 to 0.5, or high to low, respectively. ................................................................... 71 

Figure 3.4: Stress-Strain curves for uniaxial tensile loading to failure. (a) XD group (b) HD group 

and (c) PD group. ......................................................................................................................... 72 

Figure 3.5: (a) UTS , (b) Stiffness values (c) Failure strains for each specimen group.  *p= <0.05, 

**p= <0.01, ***p=<0.001 and ****p= <0.0001 .......................................................................... 72 

Figure 3.6: (a) Cyclic loading results for XD and PD specimen groups p*= <0.05 (b) Change in 

specimen stiffness for XD and PD specimens p****=< 0.0001 .................................................. 74 

Figure 3.7: Weibull plot showing trend towards a higher probability of failure with increasing 

cycle number for the XD specimens and no trend towards failure for PD specimens. .............. 75 

Figure 3.8: Failure analysis of fatigued sample using Scanning Electron Microscopy. (a) Macro-

level micrograph image of frayed collagen fibres at fracture site of failed XD sample. Scale bar = 

1mm. (b) Single fibre-bundle consisting of many individual collagen fibrils (X). Scale bar= 200μm. 

(c),(d) Respective upper and lower portion of collagen fibre bundle spread at fracture site. Scale 

bar = 50μm. ................................................................................................................................. 77 

Figure 4.1:Representative SALS contour plots for one specimen from the three groups (XD, HD, 

PD). Colour indicates alignment (low to high; 0.5 to 0.9). White and black vectors indicate fibre 

angles at each location across region of analysis (6 mm x 1 mm). ............................................. 84 

Figure 4.2: Cycles completed for XD, HD and PD specimens (**p <0.01, ****p<0.0001). Note: No 

statistically significant difference was found between the HD and PD groups. ......................... 89 

Figure 4.3: SHG images of (a-c) HD (high fibre dispersion) specimens and (d-f) HA (highly aligned, 

i.e. XD/PD) specimens. Scale bar: 100 μm. ................................................................................. 91 

Figure 4.4: (a) Alignment values for HD and HA (i.e. XD/PD) groups, according to SALS analysis 

(see section 4.2), (b) Percentage collagen content of HD and HA groups, according to SHG image 

analysis (see sections 4.2.3 and 4.2.4) ........................................................................................ 92 

Figure 4.5: SALS analysis overlaid on GLBP patch (9 cm x 16 cm), where individual interrogation 

regions measure 1.8 cm x 2.5 cm. Scale bar on the right indicates collagen fibre alignment, from 

high to low values (0.9- 0.5, respectively).  Interrogation region labelling (a-x) correspond to 

fibre architecture detailed in Table 4.4....................................................................................... 93 

Figure 4.6: (a) UTS of XD, HD and PD specimens where *p < 0.05, ***p<0.001. (b) Stiffness values 

of XD, HD and PD specimens, where **p<0.01, ***p < 0.001. ................................................... 94 

Figure 4.7: Type ‘A’ is the GLBP tested in this study, and Type ‘B’ is the GLBP tested in Chapter 

3.   (a) UTS values for XD, HD and PD specimen groups for Type A and Type B tissue. (b) Cycles 

completed for XD and PD specimen groups for Type A and Type B tissue. (Note: t-test analyses 

were conducted between the two tissue types, for each specimen group; XD, HD and PD). .... 95 

Figure 5.1:(a) Plan view of testing system, where circular tissue specimens (white arrows, n=20) 

are arranged around the perimeter of the system, (b) Side-view of equipment, black dotted line 

indicates centre-line of the system, where the samples are located. Black arrows show the air 



xiv 
 

reservoirs. (c) Magnified isometric view, where individual specimen chambers can be seen 

(white arrows) ........................................................................................................................... 103 

Figure 5.2: (a) Plan view, with exhaust valve (white arrow) at entry point of air reservoir (black 

arrow) and (b) side view of system, where DIC tripod set-up can be seen to the left of the system 

(black arrow) ............................................................................................................................. 104 

Figure 5.3: (a) System moved from horizontal to upright position (blue arrow), (b)Plan view of 

system with samples placed in chambers (black arrows), blue arrows indicate rotation direction 

of the rig in x-y plane. ............................................................................................................... 106 

Figure 5.4: DIC camera views from (a) left and (b) right cameras. White box on (b) indicates area 

shown and magnified in (c). Scale bar = 2 mm ......................................................................... 107 

Figure 5.5: (a) Facet (centre marked in yellow) and grid (green boxes) shown on speckled tissue 

sample for DIC analysis, (b) magnified view of facet/grid, where speckles can be seen in black. 

Scale bar = 2 mm. (c) Mask applied to sample (blue), (d) z-displacement contour of sample after 

analysis, scale bar indicates magnitude of displacement spatially across sample. .................. 109 

Figure 5.6: Z displacement of GLBP specimen over 5 cycles; (a) loading frequency 1 Hz, DIC 

acquisition frequency 10 Hz, (b) loading frequency 1 Hz, DIC acquisition frequency 15 Hz, (c) 

loading frequency 1.5 Hz, DIC acquisition frequency 15 Hz, (d) loading frequency 2 Hz, DIC 

acquisition frequency 20 Hz. ..................................................................................................... 111 

Figure 5.7: (a) Valid grid points for increasing facet size in DIC analysis,  (b) Maximum Z-

displacement for increasing facet size, where red= 75 pixels, blue= 85 pixels, green = 95 pixels 

and black =105 pixels. ............................................................................................................... 112 

Figure 6.1:Representative SALS contour plots of fibre alignment and orientation (black vectors) 

across 15 x 15 mm region of interest, centred on 20 mm circular samples. (a) HD sample, (b) HA 

sample. Scale bar to right indicates SALS alignment values (low to high, or blue to yellow). Scale 

bar (white) = 2 mm. .................................................................................................................. 117 

Figure 6.2: Mock chamber to visualise and measure sample droop. (a) shows sample with no 

droop, and (b) with a droop height of 1.96 mm. Scale bar: 5 mm. Note: Droop is defined here as 

the unloaded residual height of tissue samples in the z-direction. .......................................... 119 

Figure 6.3: Maximum Z-displacement of (a) HD and (b) HA samples from 0M – 60M cycles (n = 6 

for each group) ......................................................................................................................... 121 

Figure 6.4: (a) Mean z-displacement normalised for sample thickness for HD and HA groups 

(n=6), (b) Percentage change of z-displacement of HD and HA samples with respect to 0M cycle 

z-displacement. (n = 6, HD = green, HA = purple) ..................................................................... 122 

Figure 6.5: (a) Mean SALS fibre alignment analysis of HD and HA  samples for each time point up 

to 60M cycles (n=4), (b) Alignment value for each sample in HD and HA groups up to 60M cycles 

(n=4, HD = green, HA = purple) ................................................................................................. 122 

Figure 6.6: Droop measurements for (a) HD, (b) HA samples and Permanent Strain for (c) HD and 

(d)  HA for 0M – 60M cycles (n=10). Note: Droop is defined as the unloaded residual height of 

tissue samples in the z-direction and permanent strain was calculated as a percentage increase 

in the sample diameter. ............................................................................................................ 123 

Figure 6.7: (a) Mean droop heights normalised for sample thickness for HD and HA samples, (b) 

Percentage increase in droop between time points (e.g. ‘10-20’ indicates percentage increase 

from 10M time point to 20M time point, etc.). n=10, *p < 0.05, **p < 0.01, ***p< 0.001. .... 124 

Figure 6.8: Stress-strain response of (a) XD, (b), HD and (c), PD specimens. The coloured 

specimens are those cut from the fatigued circular samples, and the black plots are the un-

fatigued samples from  Chapter 4 (n = 6 for each). There are n = 5 fatigued dogbones for XD and 

PD groups ((a) and (c), respectively). n = 10 for the fatigued HD group in (b) (coloured plots).

 .................................................................................................................................................. 125 



xv 
 

Figure 6.9: (a) Ultimate tensile strength, (b) Stiffness and (c) Failure strain for XD, HD and PD 

fatigued specimens. **p < 0.01, ***p < 0.001. n = 10 for HD, n = 5 for XD and PD. ................ 125 

Figure 6.10: (a) Ultimate tensile strength, (b) Stiffness and (c) Failure strain for XD, HD and PD 

specimens. Solid bars are the unfatigued samples from Chapter 4 (n = 6), while the striped bars 

are the fatigued samples cut from the circular samples in the current study; n = 10 for HD, n = 5 

for XD and PD. **p < 0.01, ***p < 0.001, ****p < 0.0001. ....................................................... 126 

Figure 7.1: Plan-view of quarter geometry used for bulge inflation simulations. Boundary 

conditions on geometry edges are shown in orange. The outer curved perimeter is pinned (U1 

= U2 = U3 = 0), where the x-plane is restricted in U2 and the y-plane in U1, to enforce symmetry.

 ................................................................................................................................................... 136 

Figure 7.2: FE fit for HD material parameters (red). Shown here for (a) average HD curve and (b) 

all HD uniaxial tests to failure (n=6). Fit RMSE (root mean square error): 0.0052. .................. 137 

Figure 7.3: FE fit for PD material parameters (red). Shown here for (a) average PD curve and (b) 

all HD uniaxial tests to failure (n=6). Fit RMSE (root mean square error): 0.0025. .................. 138 

Figure 7.4: (a) Z-displacement of HD (green) and HA (purple) FE simulations, using the calibrated 

material properties listed in Table 7.1. Experimental average for HD and HA groups are also 

shown on plot (o and x, respectively). FE simulation result for (b) HD properties and (c) HA 

simulation.................................................................................................................................. 138 

Figure 7.5: (a) Z-displacement from FE- simulations utilising the uniaxially-calibrated material 

properties listed in Table 7.2. The colour of each data point corresponds to one set of material 

parameters listed in Table 7.2. Black dotted line shows mean z-displacement of HD samples at 

0 cycles, from Chapter 6 (3.10 ± 0.61 mm). (b) shows maximum z-displacement for simulation 

with μ = 1.6 MPa and 𝑘1 = 0. .................................................................................................... 140 

Figure 7.6: (a) Z-displacement of HD and HA bulge inflation simulation (green and purple, 

respectively). ‘x’ indicates experimental average for HD group, ‘o’ indicates HA experimental 

average. (b) Deformed geometry of quarter circle after bulge load applied in z-direction. Red 

dot and circle indicate node from which z-displacement was extracted. ................................ 141 

Figure 7.7: Representative SHG images of (a,b) each of ‘HD1’ and ‘HD2’ samples, which had the 

highest level of droop across the study (2.5 mm and 2.47 mm, respectively). (c) unloaded control 

for samples HD1 and HD2. (d) Shows ANOVA result (not significant) between the three samples 

(from a,b,c), with 15 measurements per sample. Schematic shows example calculation for fibre 

crimp, where the fibre length is illustrated in purple (𝐿𝑓)and the length between the two fibre 

end-points in yellow (𝐿0); crimp = 𝐿0𝐿𝑓. Scale bar 100 μm. ................................................... 147 

Figure 7.8: Fibre crimp measurements (a) HD and HA groups, broken into those with droop and 

no droop (n=2). Fibre crimp scatter plots for (b) HD and (c) HA samples, with black dots showing 

fibre crimp values from specimens with no droop at 50M cycles. With 15 measurements per 

sample, and n=2 with droop/no droop, each scatter plot has 60 data points. *p < 0.05, ***p 

<0.001, ****p> 0.0001. ............................................................................................................. 148 

Figure 7.9: (a) Fibre crimp values for samples with/without droop at 50 M cycles, independent 

of original fibre alignment grouping (i.e. HD/HA), n=4 with 15 measurements per sample. (b) 

Scatter plot of fibre crimp values for samples with/without droop, n=4 with 15 measurements 

per sample. The scatterplot contains 120 data points. ............................................................ 149 

Figure 7.10: (a) Unloaded fibre crimp, (b) stress-strain curves, (c) permanent strain values for 

n=6 samples in XD, HD and PD groups (red, green and blue, respectively). Note: 15 fibre crimp 

measurements per sample; 90 measurements for XD, HD and PD groups. ***p <0.001, ****p < 

0.0001. Average 𝑟2 value of fits to final curve for permanent strain interpolation: 0.994 ± 0.003.

 ................................................................................................................................................... 153 



xvi 
 

Figure 7.11: Representative SHG images of (a) XD, (b) HD and (c) PD specimens. Scale bar = 200 

μm. SHG was completed along the dogbone gauge length at 20X magnification, prior to 

mechanical testing. ................................................................................................................... 154 

Figure 7.12: (a) Plan and (b) isometric views of the quarter circle geometry, showing partition 

into two sections through the thickness. The curved outer region (yellow) is assigned in-built 

material model, where the main geometry section (green) was assigned the user-defined 

material to calculate permanent set. ....................................................................................... 161 

Figure 7.13: Comparison over 3M cycles of (a) Maximum z-displacement, (b), Maximum Principal 

stress-strain, (c) Plastic stress in the geometry with no material partitioning (blue), and with 

material partitioning (pink). Material partitioning here refers to the allocation of the in-built 

material model for the elements along the curved edge of the geometry; i.e. such that they did 

not accumulate permanent set, while all remaining elements were allocated the UMAT 

describing permanent set accumulation. ................................................................................. 166 

Figure 7.14: Simulation results from calibration of γ, (a) Unloaded droop after 10M cycles, (b) 

Droop at each cycle number up to 10M cycles (average experimental result shown in green, 1.01 

± 0.55 mm). Black arrow and box in (a) show element from which measurements are recorded; 

i.e. at the location of maximum deformation (as was completed experimentally in Chapter 6, 

Section 6.2.3). ........................................................................................................................... 167 

Figure 7.15: Comparison of Abaqus/Explicit HD  simulation (black) to simplified 

Abaqus/Standard HD simulation (limited to one direction of pressure application, z > 0, i.e. 

‘Inflation Only’, green), for 10 M cycles. (a) Stress-strain response for elements experiencing 

maximum deformation, (b) Z-displacement and (c) Plastic Stress from 0 to 10M cycles. Note: as 

the HD material properties have been reduced to the isotropic GLBP matrix, plastic stress in the 

11 and 22 directions are equal, for equibiaxial bulge loading. ................................................. 168 

Figure 7.16: Comparison of HD (green) and HA (purple) simulations, using the simplified inflating 

pressures only (i.e. z > 0), up to 20M cycles. (a) Stress-strain response under 150 mmHg for HD 

and HA, at 0 and 20M cycles. (b) Unloaded droop at each time point, (c) Plastic stress, shown 

for the 11 and 22 directions for HA material properties (where highly aligned fibres in 11 

direction introduce anisotropy). Plastic stress for HD material properties is equal in 11 and 22 

directions, as the loading is equibiaxial and the material properties are isotropic when reduced 

to the matrix only. (d) Peak z-displacement at each time point, up to 20M cycles. Note: 

Permanent set model inputs are the same for both simulations, but the material properties 

differ. ......................................................................................................................................... 169 

Figure 7.17: (a) Single leaflet measuring 20 mm in diameter, (b) BHV assembly with three 

leaflets. Pinned boundary condition shown in orange. ............................................................ 176 

Figure 7.18: Schematic showing leaflet fibre patterns assigned for three material places in planar 

configuration for (a) XD, (b) HD and (c) PD. .............................................................................. 177 

Figure 7.19: Contour of Maximum Principal Strain across leaflets, under 120mmHg (a) XD, (b) 

HD and (c) PD material cases, as per Table 7.5. Peak strains are located at the commissures for 

all three materials. .................................................................................................................... 178 

Figure 7.20: Vector plots of maximum principal strain directions across full leaflet for (a) XD, (b) 

HD and (c) PD materials, at commissure of (d) XD, (e) HD and (f) PD materials and belly region 

for (g) XD, (h) HD and (i) PD materials. Red and blue boxes in (a-c) indicate locations of 

commissure and belly region elements shown in (d-f) and (g-i), respectively. 11-22 shows local 

element orientation. ................................................................................................................. 179 

Figure 7.21:  Contour plots of peak equivalent strain for (a) XD, (b) HD and (c) PD material 

properties, at 1M cycles. Highest peak equivalent strains are located at the commissures for all 

three cases. ............................................................................................................................... 180 



xvii 
 

Figure 7.22: Permanent set parameters after 1M cycles in the belly region. (a) Softening 

parameter 𝐷𝑠 =  1𝑁𝑡𝑜𝑡, (b) Plastic stress in the local leaflet 11 and 22 directions for XD, HD 

and PD cases. (c) shows six elements from which permanent set parameters were measured in 

the belly region (red). ............................................................................................................... 181 

Figure 7.23: Permanent set parameters after 1M cycles at a commissure. (a) Softening 

parameter 𝐷𝑠 =  1𝑁𝑡𝑜𝑡 and (b) Plastic stress in the local leaflet 11 and 22 directions for XD, 

HD and PD cases. (c) shows six elements from which permanent set parameters were measured 

at a commissure (red). .............................................................................................................. 182 

  



xviii 
 

List of Tables 

Table 2.1: Structural valve deterioration definition, (Dvir et al. 2018) ....................................... 14 

Table 2.2: Uniaxial Monotonic Experimental Data in the Literature .......................................... 35 

Table 3.1: Mean Angle and Eccentricity Values for each specimen category (Uniaxial Static 

Testing)........................................................................................................................................ 73 

Table 3.2: Mean Angle and Eccentricity Values for each specimen category (Cyclic Testing) ... 76 

Table 4.1: Specimen grouping classification. (* Angle is given with respect to loading direction)

 .................................................................................................................................................... 85 

Table 4.2: Mean angles and alignment values for XD, HD and PD specimens (Uniaxial cyclic 

loading; see section 4.2.2) .......................................................................................................... 88 

Table 4.3: Specimen parameters and cycles completed for uniaxial cyclic loading detailed in 

Section 4.3.2................................................................................................................................ 90 

Table 4.4: Mean collagen fibre angle and alignment values for interrogation regions on GLBP 

patch (n=24) ................................................................................................................................ 93 

Table 4.5: Specimen parameters for uniaxial monotonic loading detailed in Section 4.3.5. ..... 95 

Table 7.1: Material parameters for PD and HD cases. RMSE values for fit with respect to average 

of n=6 experimental tensile tests to failure .............................................................................. 137 

Table 7.2: Colour-coded list of parameters calibrated for the HD group, which fit within the 

upper and lower bounds of the n=6 experimental curves. ...................................................... 140 

Table 7.3: SALS summary for XD, HD and PD samples. Values are given as mean ± standard 

deviation. Mean fibre angle is given with respect to uniaxial load direction. Alignment ranges 

from 0.5-0.9, low to high alignment, respectively. n = 6 .......................................................... 152 

Table 7.4: Permanent Set Model inputs, calibrated to average experimental HD droop at 10M 

cycles ......................................................................................................................................... 167 

Table 7.5: Material model parameters for XD, HD and PD GLBP, angle is given with respect to 11 

direction in Figure 7.17(a), schematic of three material cases is shown in Figure 7.18 . ......... 176 

Table 7.6: Permanent set model parameters, as defined in Section 7.3.2.2 ............................ 177 

 



1 
 

Chapter 1 Introduction 
 

1.1. Research Motivation 

Aortic valve stenosis (AS) is the most common form of valvular heart disease in developed 

countries, where its prevalence increases with age. As such, it is expected that up to 1.3 million 

patients in Europe and 1 million US patients will develop severe symptomatic AS by 2025, with 

this figure doubling by 2050 (Morís, Pascual, and Avanzas 2016).  If left untreated, severe 

symptomatic patients are associated with a life expectancy of 2 years (Otto 2000). Overcoming 

many of the limitations associated with traditional mechanical valves, bioprosthetic heart valve 

replacements (BHV) are at present the most popular treatment choice for eligible patients, with 

over 250 000 procedures since 2007 (Morís et al. 2016). However, these devices have been 

associated with limited and inadequate durability in patients since their invention. Mechanical 

fatigue and calcification have been identified as the primary causes of premature device failure, 

both of which occur specifically in the glutaraldehyde-fixed bovine pericardial leaflets (GLBP, 

see Figure 1.1) (Butterfield and Fisher 2000; Dvir et al. 2018; Grunkemeier et al. 2000; Sacks, 

Merryman, and Schmidt 2009; Sacks and Schoen 2002; Schoen 2008; Schoen et al. 1987; 

Siddiqui, Abraham, and Butany 2009; Singhal, Luk, and Butany 2013; Zilla et al. 2008). A more 

comprehensive understanding of these failure phenomena is necessary to improve the longevity 

and performance of these devices in patients, through informing the design of next generation 

BHVs.  
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Figure 1.1: (a) LotusTM Bioprosthetic heart valve, Boston Scientific Corporation, showing 

pericardial leaflets (yellow), mounted on metallic frame. (b) Tearing on leaflet (left) after 

mechanical fatigue damage and (c) calcification on explanted patient valve. Adapted from 

(Piazza et al. 2011) and (Dvir et al. 2018). 

Experimental and computational studies in the literature reveal several fundamental GLBP 

material behaviours that are particularly relevant to its use in BHV leaflets. Most significantly; 

the markedly different stress-strain response of GLBP in cases where the mechanically-

dominant collagen fibres are aligned perpendicular or parallel to an applied load, where the 

latter is much stiffer (Sellaro 2003; Sellaro et al. 2006; Sun et al. 2004). In addition to this, the 

irreversible fatigue-induced behaviour within the non-collagenous component of GLBP, which 

is responsible for the development of a tissue-level permanent strain under low, or physiological 

loads (Martin et al. 2014; Tam et al. 2017a). It is also known that while glutaraldehyde treatment 

significantly stiffens and stabilises pericardial tissue, it also serves to exacerbate calcification 

accumulation in vivo (Golomb et al. 1987; Lee 2009). Although previous studies in the literature 

provide fundamental insights into the collagen-mediated response of GLBP tissue under fatigue 

conditions, this data is limited to GLBP characterised to one of two mean fibre orientations; 

highly aligned cross fibre (XD) or preferred fibre (PD) groups (Mirnajafi et al. 2005; Sacks and 

Chuong 1998; Sellaro 2003; Sellaro et al. 2006; Sun et al. 2004). Furthermore, these studies have 

not been conducted on GLBP equivalent to that used in a patient device; which has been 

exposed to glutaraldehyde for a much greater time period (Caballero et al. 2017; García Páez et 
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al. 2002; Mirnajafi et al. 2005; Pasquino et al. 1994; Sacks and Chuong 1998; Sánchez-Arévalo 

et al. 2010; Sellaro et al. 2006; Sun et al. 2004).  

With continued evidence of the inadequate durability of BHV leaflets in vivo, there remains a 

substantial paucity of knowledge and data relating the underlying structure to the tissue-level 

performance. The difficulties associated with long-term and physiologically relevant 

experimental set-ups have resulted in computational models becoming an essential tool in the 

continued advancement of next generation BHV designs (Martin and Sun 2013). There have 

been several recent advancements in this area, yet, there remains difficulties in translating 

material models to finite element analysis (FEA), for example the optimisation-based model by 

Zhang and Sacks and the uniaxial stress formulation by Dong and co-authors (Dong et al. 2020; 

Zhang and Sacks 2017).  

It is also important to note the current manufacturing techniques of BHV leaflets; where  

collagen fibre architecture quantification is not required nor standardised (International 

Standards Organisation 2013). Thus, while it is widely accepted that collagen fibres will 

ultimately govern the mechanical performance of GLBP leaflets in vivo, this is not accounted for 

in the device design. This presents more issues when considering the harvesting of leaflet 

geometries from full GLBP patches. If the collagen fibre orientation and alignment does not fall 

into one of the two extreme cases studied in the literature, there is no knowledge of the 

mechanical properties of that leaflet. Further investigation of the mechanical properties of the 

variety of collagen fibre architectures within a full GLBP patch would provide a more 

comprehensive database of the available and possible leaflet fibre structures employed in 

patient devices.  

Another key consideration for the inadequate performance of bioprosthetic leaflets lies in their 

comparison to native valve leaflets. This can be broken into two primary areas; mechanical 

properties and microstructure. It is known that the stiffness of GLBP is at least an order of 
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magnitude greater than that of native leaflets (Caballero et al. 2017; Oomen et al. 2016). 

Furthermore, studies in the literature advocate that the ideal choice for a BHV leaflet, is that 

with fibres orientated predominantly in the native circumferential direction (Hart et al. 1998; Li 

and Sun 2010a; Smuts et al. 2011). This, however, does not align with the fibrous structure of 

native leaflets (Oomen et al. 2016; Sauren 1981). In addition to this mismatch, it is critical to 

consider the delivery sites for these devices. Though computational models demonstrate that 

the primary loading directions on leaflets is that of circumferential, this typically arises from 

simulations using ideal geometries (i.e. perfectly circular valve orifices). Yet, AS patients will 

likely present with non-circular orifices, for which the subsequent loading pattern is 

unpredictable and varies from patient to patient (Gunning et al. 2015; Gunning, Vaughan, and 

Mcnamara 2014).  

In order to further advance the modelling of GLBP, increased experimental data from 

mechanical testing in complex loading scenarios, in addition to the inclusion of commercial-

grade GLBP specimens with fibre architectures different to XD/PD groups is essential. Informing 

next generation computational frameworks with a more complete experimental database will 

provide an investigative tool for the quantification of the long-term performance of GLBP 

leaflets as a function of different collagen fibre orientations. Fundamentally, this will enable the 

identification of mechanically-optimal leaflet fibre patterns. Using this computational tool in 

conjunction with a non-destructive optical method, BHV leaflets of specific fibre orientations 

and alignments can be harvested from identified regions on a full GLBP patch.
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1.2. Objectives 

The fundamental goal of this thesis is to experimentally and computationally investigate the 

collagen fibre-mediated fatigue behaviour of commercial-grade GLBP, where this is not 

restricted to the traditional XD/PD fibre classifications. Mechanical testing will include a 

multiaxial loading scenario, to enable examination of GLBP under a more physiologically-

relevant environment. This information will be used to inform an FEA computational framework, 

in order to identify the unique mechanical characteristics associated with GLBP of high fibre 

alignment and high fibre dispersion. Ultimately, these studies will provide insights into the most 

mechanically suitable leaflet structure for use in BHV leaflets. A graphical summary of the key 

research objectives in this thesis is given in Figure 1.2. 

1. Quantify the static mechanical properties of commercial-grade GLBP according to the 

unloaded collagen fibre architecture. 

2. Investigate fatigue properties of commercial grade GLBP, as a function of collagen fibre 

orientation and alignment, and determine if a correlation to collagen content exists. 

3. Explore the fatigue response of commercial-grade GLBP under a physiologically-

relevant complex loading scenario, to determine the accumulation of permanent set and 

changes in collagen fibre organisation 

4. Based on the previous experimental data, implement a computational model to 

simulate the fatigue-induced irreversible changes in GLBP, according to collagen fibre 

architecture.  
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Figure 1.2: Graphical summary of key research objectives. 
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Chapter 2 Literature Review 
 

2.1. Cardiovascular System 

The cardiovascular system is a network of organs and vessels which delivers nutrients and 

oxygen to every part of the body by means of blood flow. At the focal point of the cardiovascular 

system is the heart, which itself is composed of a pair of valved muscular pumps; the left and 

right sides (Strandring 2008). On the left side, the mitral valve lies between the atrium and the 

ventricle, while the tricuspid valve separates the right atrium and ventricle. Located at the 

ventricular orifice of the aorta and pulmonary artery, are the aortic and pulmonary valves, 

respectively (see Figure 2.1). Each of the four chambers open and close fully in response to 

pressure changes during systole and diastole. Systole involves contraction of the myocardium, 

coupled with a rotation or twist. From this contraction, the pressure increases and reaches a 

critical threshold, at which point the aortic valve (AV) opens. Next, blood is ejected from the 

heart and the left ventricle is emptied. During diastole, the myocardium relaxes, and the heart 

again fills with blood. Closure of the mitral and tricuspid valves signifies the start of the systolic 

phase, while closure of the aortic and pulmonary valve marks the end of this phase. 

 

Figure 2.1: Cross-section view of heart; showing the four chambers and four valves.  
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2.2. Aortic valve structure 

Positioned between the left ventricle and the aorta (see Figure 2.1), the aortic valve facilitates 

unidirectional blood flow to the aorta; from which blood is delivered to every organ in the body. 

Here, three semilunar leaflets open and close during systole and diastole to cyclically pump 

blood into the aorta. Each of these three leaflets are supported by the three sinuses of Valsalva 

and consist of a cusp-shaped region, with a top edge (often called ‘free margin’) and a base. A 

thickened area on the leaflet proximal to the free edge ensures that all three leaflets remain in 

the coaptated configuration during diastole. The aortic valve leaflets can be described by three 

layers, the fibrosa, spongiosa and ventricularis, as shown in Figure 2.2 (Menon and Lincoln 

2018).  

 

Figure 2.2: Cross-sectional view of aortic valve leaflet, showing fibrosa, spongiosa and 

ventricularis layers. Surface endothelial cells and internal interstitial cells are also shown. 

Adapted from (Menon and Lincoln 2018).  

Positioned on the aortic side of the leaflet is the fibrosa, where the ventricularis is located on 

the ventricular side. Finally, the spongiosa lies between the former and the latter (see Figure 

2.2). As suggested by its name, the fibrosa is very fibrous in structure, and accordingly has a 

rough and heterogeneous outer surface. Collagen fibres are the primary constituent of this layer 
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and are understood to optimise the load bearing of the leaflet across each cardiac cycle. 

Conversely, the ventricularis is comprised predominantly of elastin fibres, which are responsible 

for maintaining the shape and form of the leaflet. Finally, the spongiosa consists of 

glycosaminoglycans and proteoglycans, which cushion and control the stress and shear 

deformation between the fibrosa and ventricularis during loading.  

 

Structures called commissures attach the leaflets to each other, which in-turn connect to the 

aortic wall. The sinuses of Valsava protrude out from the aortic wall, behind each of the three 

leaflets. A discontinuous annulus is formed from the basal attachment of the leaflets, anchoring 

the structure to the aorta. Figure 2.3 illustrates the heterogeneous collagen fibre organisation 

in native aortic valve leaflets, which allows them to optimally distribute the load-induced 

stresses during the diastolic and systolic phases of the cardiac cycle.  Myofibroblasts are the 

primary cell population in AV leaflets, which possess both smooth muscle and fibroblast 

characteristics (Taylor, Allen, and Yacoub 2000). The functionality of this heterogenous 

interstitial cell population are known to dictate the quality and quantity of the extra-cellular 

matrix components, such as collagen and elastin (Merryman et al. 2006). Consisting of multiple 

phenotypes, the valve cell population synthesize multiple types of valvular ECM molecules and 

enzymes such as matrix metalloproteinases (MMPs), and their inhibitors (TIMPs). These pay a 

critical role in the functionality of the leaflet, in mediating the continuous ECM remodelling and 

repair process. It has been suggested that leaflet interstitial cells produce a cyclical force that 

enhances valvular function or adaptation to altered hemodynamic forces (Kershaw et al. 2004). 

Furthermore, it was found that cell contraction significantly increases leaflet stiffness when 

flexed against the natural leaflet curvature, and only minorly increases stiffness when flexed 

with the natural curvature. This implies that the layer-dependant effect is likely due to different 

constituents between fibrosa and ventricularis layers (Merryman et al. 2006).  
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With the heterogeneous fibrous structure of the native aortic valve leaflet, care must be taken 

in defining its mechanical properties. Two key studies report the stiffness of human aortic valve 

leaflets, in the circumferential and radial direction, where the stiffness is defined as the final 

linear region of the stress-strain response. Both studies report the stiffness in the 

circumferential direction as approximately 15 MPa and 2 MPa in the radial direction (Balguid et 

al. 2007; Mavrilas and Missirlis 1991). At failure, the ultimate tensile strength was reported as 

2.6 MPa for the circumferential direction, and 0.42 MPa for the radial direction. The 

corresponding ultimate strains were 21.9% and 29.8% for circumferential and radial 

orientations, respectively. Whilst these mechanical properties highlight the high degree of 

mechanical anisotropy of native valve leaflets, it is important to note that the loading 

environment in vivo is complex and multi-directional, and as such the off-axis fibrous structure 

of the leaflets is likely a key feature of their mechanical viability in vivo (see Figure 2.3).   

 

Figure 2.3: Planar histological slice of aortic valve leaflet showing native circumferential and 

radial directions. Heterogenous collagen fibre structure is seen in black.  Adapted from (Sauren 

1981). 

2.2.1 Aortic Stenosis  

Aortic valve stenosis describes a disease state in which the AV becomes dysfunctional; the 

primary consequence of which is obstruction of blood flow through the AV. Disease progression 

results in increased leaflet thickening and calcification, which reduces flexibility and mobility 
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under loading. Additionally, formation of calcium clusters (nodules) cause the leaflet to bulge 

outwards towards the aortic wall, restricting systolic outflow (see Figure 2.4). 

 

Figure 2.4: Calcified aortic valve, showing calcium attached to the aortic side of the valve 

leaflets. Adapted from (Salas et al. 2012). 

The manifestation of AV calcification is understood to be an active cellular biological process, 

whereby the cells in the layers of the valve leaflet become altered (Schoen and Levy 2005). It is 

possible that mechanical stresses induce transformative processes of the native cell population, 

differentiating them into osteoblasts, which develop and accelerate calcification. Interestingly, 

it was reported in a study of stenotic AVs, 10.9% to 13% of valve contained bone formation 

(Mohler et al. 2001; Steiner et al. 2007). Aortic stenosis is categorised as mild, moderate or 

severe. This grading is determined based on 3 parameters which are measured by Doppler 

echocardiography; aortic jet velocity, mean pressure gradient and orifice area. Aortic jet velocity 

is measured from the narrowest orifice during systole and a direct measure of stenosis severity. 

As such, it is the strongest predictor of clinical outcomes. Unfortunately, the classic clinical 

manifestations of aortic stenosis do not present until late-stage aortic stenosis (Vahanian and 

Otto 2010). Angina, syncope and heart failure are the primary clinical indications of AV stenosis, 

while patients typically report reduced exercise tolerance and exertional dizziness (Vahanian 

and Otto 2010) . It is estimated that 12.4% of the US population over the age of 75 suffer from 
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AS (Osnabrugge et al. 2013). Without intervention, the patient survival rate is approximately 

20% at 5 years post-diagnosis (Lester et al. 1998). Although surgical replacement is the only 

effective treatment of severe AV stenosis, many patients may be deemed unsuitable for surgical 

intervention, or refuse surgical options themselves (Nadir, Wei, and Elder 2011). Such patients 

can undertake medicinal treatment, along with other measures such as reduction of 

accelerating factors (Cary and Pearce 2013). Mechanical or bioprosthetic heart valves are the 

two options for patients who proceed with AV replacement.  

 

2.3. Treatment of Aortic Valve Stenosis 

2.3.1 Mechanical Valves  

The first total aortic valve replacement procedure took place in 1960, with a caged-ball valve 

(Harken et al. 1960). Thick Lucite struts formed the cage, with a machined ring orifice, inside 

which was the compression-moulded silicone-rubber-ball (Matthews 1998). Mechanical heart 

valves’ (MHVs) design and materials have advanced since their conception, where current 

commercial devices typically consist of a bi-leaflet design, made entirely of pyrolytic carbon 

(Gott, Alejo, and Cameron 2003). These two disc-like structures replace the original monoleaflet 

design (ball and cage, see Figure 2.5). The leaflets are enclosed by a polyester sewing ring, which 

acts as the attachment point between device and native valve orifice.  Recently, the US Food 

and Drug Administration (FDA) approved the first valve for use specifically in paediatric patients, 

measuring 15mm in diameter (see  Figure 2.5 (b)). Up to this, the smallest MHV device on the 

market measured 19 mm. 



9 
 

 

Figure 2.5: (a) Ball and cage MHV (Starr- Edwards Design, 1960), (b) St Jude Medical 15mm 

paediatric valve; Masters Series. 

Due to the thrombogenicity of MHV materials, coupled with high shear stress around the hinge 

points and backflow jets, blood through the valve can become damaged and clotting-pathways 

activated (Head, Çelik, and Kappetein 2017). Thus, patients who have received a MHV are 

required to take lifelong anti-coagulant therapy post-operatively. The continuous use of these 

therapies makes the use of MHVs un-appealing to patients and clinicians alike. Although the 

occurrence of thrombosis is reduced with anti-coagulation medicinal treatment, patients 

remain at risk of developing clots. Additionally, increased anti-coagulant consumption can lead 

to increased risk of bleeding (Shoeb and Fang 2013). However, the major advantage of MHVs is 

their resistance to wear and structural deterioration in vivo. In-turn, the necessity for 

reoperation is low and MHVs are generally recommended for patients under 60 years of age 

(Baumgartner et al. 2017). A recently published study which completed a comprehensive 

analysis of clinical trials and post-operative survival rates, concluded that currently there is no 

evidence for supporting lowering this age threshold under 60 years (Head et al. 2017). It was 

also observed that there has been an increase in use of bioprosthetic valves for patients 

between the ages 50-70. It is also important to note that the delivery procedure for MHVs is 

extremely invasive; requiring open surgery. Thus, the procedure itself excludes more high-risk 
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patients from receiving this treatment. The invention of bioprosthetic heart valves has 

overcome a number of the negatives associated with MHVs.  

2.3.2 Bioprosthetic heart valves 

The first-in-man implantation of a bioprosthetic heart valve (BHV) was successfully completed 

in 2002. Delivered percutaneously, the device consisted of three bovine pericardial leaflets 

mounted on a balloon expandable stent (Cribier 2002). This procedure marked the beginning of 

transcatheter aortic valve replacement techniques (TAVR), which have since made significant 

progress and advancements. After numerous clinical trials which enrolled high-surgical-risk 

patients, two BHVs first received CE marks in 2007. Commercial BHV devices generally consist 

of pericardial leaflets (porcine or bovine), mounted onto a metallic frame (see Figure 2.6 (b,c)). 

Glutaraldehyde-fixed bovine pericardium (GLBP) is employed in 6 of 9 currently CE-marked 

patient BHV devices (Rotman et al. 2018). Collagen fibres are the dominant load bearing 

component of pericardial tissue, comprising approximately 90% of the tissue protein content 

(Schoen, Isao, and Levy 1986). Stented BHV devices are delivered percutaneously, via TAVR 

techniques. There are also several stentless BHVs; which consist of pericardial leaflets attached 

to a sewing ring (see Figure 2.6(a) for example). As these devices cannot be crimped down for 

TAVR delivery, these BHVs are delivered through open surgery techniques.   

 

Figure 2.6: (a) Edwards Lifesciences Caprpentier-Edwards PERIMOUNTTM surgical valve, (b) 

Edwards Lifesciences SAPIEN 3TM valve (TAVR device) and (c) Medtronic Evlout RTM, CoreValve 

series (TAVR device).  
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A primary advantage of BHVs over MHVs is their improved hemodynamic performance, 

meaning patients do not require lifelong anticoagulant therapy. Additionally, the TAVR 

procedure is significantly less invasive that open surgery, which in turn results in reduced 

recovery time (Head et al. 2017). There are several important considerations in the selection of 

prosthesis for a patient. Firstly, the age of the patient is critical. If the patient is under 50 years 

of age, a MHV is advised due to the concerns over long-term BHV durability. Patients over the 

age of 70 are typically more suited to BHVs, owing to the less invasive delivery procedure. 

Finally, for patients between the ages of 50-70, either a BHV or MHV can be used. Here, the 

choice of prosthesis depends on the individual’s surgical risk level. Randomized clinical trials 

have demonstrated that BHVs are not inferior to the traditional MHV, in outcomes of patients 

who are eligible for both (Head et al. 2017).  

Three companies dominate the market in commercially available TAVR devices; Edwards 

Lifesciences (Irvine, CA, USA), Medtronic (Minneapolis, MN, USA) and more recently, Boston 

Scientific (St. Paul, MN, USA). Edwards Lifesciences have paved the way  for TAVR performance 

and prognosis with their bovine pericardial BHVs, of which the SAPIENTM range has recently been 

shown to have better outcomes than open surgery in low risk patients (PARTNER 3 Trial, (Webb 

et al. 2014)). Unlike the nitinol EvolutTM and Lotus EdgeTM designs, the SapienTM frame is made 

from cobalt-chromium, meaning it must be balloon expanded (see Figure 2.6 (b)). Newer 

generations of the SapienTM device have incorporated design changes to reduce its profile for 

delivery, where these newer designs also demonstrate a decrease in 30 day mortality (Todaro, 

Picci, and Barbanti 2017; Webb et al. 2014). The Lotus Edge SystemTM from Boston Scientific 

recently gained CE-marking and FDA approval after its predecessor; the Lotus ValveTM, was 

voluntarily removed from the market after issues with the delivery system. The Lotus Edge 

SystemTM is associated with the lowest paravalvular leakage (PVL) across all CE-marked TAVR 

devices, where the device is fully repositionable and retrievable (Asch et al. 2018; Seigerman, 

Nathan, and Anwaruddin 2019).  An addition of new Depth GuardTM technology, which reduces 
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valve depth during deployment, has resulted in a 50% reduction of post-operative permanent 

pacemaker requirement in comparison to the original Lotus Valve SystemTM (Seigerman et al. 

2019).  However it must be noted that previous rates of pacemaker requirement were 

significantly higher than that of other commercial TAVR devices (32.5 % vs 8.9-15.2%, (Todaro 

et al. 2017)).  

Medtronic’s Evolut RTM device comprises porcine pericardial leaflets, mounted on a self-

expanding nitinol frame (see Figure 2.6 (c)). Refined from previous designs, the Evolut RTM is 

fully repositionable, and has demonstrated noninferiority to open surgery. PVL and pacemaker 

requirement rates remain similar to those associated with previous design iterations, and to 

that of competing TAVR devices on the market (Kalra et al. 2017; Popma et al. 2017; Todaro et 

al. 2017). However, Evolut RTM is associated with one of the lowest 30-day mortality rates 

(similar to that of the SapienTM device), yet the highest rates of aortic regurgitation and 

major/disabling stroke (Kalra et al. 2017; Popma et al. 2017).  

2.3.2.1. Device Requirements 

There a number of device requirements associated with prosthetic heart valve devices. 

Primarily, the device must be capable of withstanding an extremely high number of cycles in 

vivo; in the order of hundreds of millions. They must not illicit an immune response and must 

match the patient’s native valvular orifice diameter. Numerous other requirements have been 

previously defined, however the majority of these are now outdated with more recent 

advancements in technology (Harken 1989). 

BHVs meet many of the aforementioned requirements, yet there remains concern pertaining to 

the long-term durability of these devices. This is partly due to a paucity of long-term patient 

data and reported premature failures. Failure owing specifically to the dysfunction of the 

pericardial leaflets has been reported as a contributing factor, or in some cases, a cause of valve 

failure (Siddiqui et al. 2009; Vesely 2019). The two primary failure modes of BHV leaflets are 
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mechanical fatigue and calcification, where the relationship between these two degenerative 

mechanisms are not fully understood. Mechanical fatiguing of the leaflets is attributed to the 

constant loading of the BHVs, where 1 year in vivo equates to approximately 40 million loading 

cycles. However, physiological load levels are very low in comparison to the ultimate tensile 

strength of pericardial tissue. Thus, there is likely another contributing factor in the 

manufacturing of BHV leaflets that gives rise to their sub-optimal long-term performance in 

patients. Glutaraldehyde treatment of the leaflets is known to exacerbate calcification, yet it is 

the only FDA approved and CE-marked sterilising and crosslinking treatment for the leaflets 

(Golomb et al. 1987; Lee et al. 2017; Vesely 2019).    

2.3.2.2. Structural valve deterioration 

Until recently, several definitions and descriptions of structural valve deterioration (SVD) 

existed. In 2018, Dvir et al. formulated a standardised definition of SVD, which is classified 

according to severity, from stage 0 – stage 3  (see Table 2.1, (Dvir et al. 2018)).  

This description and classification were formed based on an extensive review of failed BHV 

cases. Here, SVD is defined as ‘deterioration of the leaflets or supporting structures resulting in 

thickening, calcification, tearing, or disruption of the prosthetic valve materials with eventual 

associated valve hemodynamic dysfunction, manifested as stenosis or regurgitation’.  SVD most 

commonly occurs approximately 8 years post-operatively, with a high increase in cases of SVD 

after 10 years. Onset of early SVD is attributed to numerous factors, such as young patient age, 

abnormal calcium metabolism and renal failure. Although the processes underpinning 

progression of SVD are not currently known, they are detectable from operational and 

morphological changes in the leaflets. In turn, this arises from tissue calcification and 

mechanical fatigue. Both calcification and tears have been observed on clinically explanted 

valves  (Butterfield and Fisher 2000; Grunkemeier et al. 2000; Sacks and Schoen 2002; Schoen 

2008; Schoen et al. 1987; Siddiqui et al. 2009; Singhal et al. 2013; Zilla et al. 2008).  
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Table 2.1: Structural valve deterioration definition, (Dvir et al. 2018) 

 

2.3.2.3. Mechanical fatigue of leaflets 

With each heartbeat, the aortic valve is required to fully open and close, in-order to supply blood 

to the aorta, and prevent regurgitation during the filling process. The loading imposed upon the 

leaflets during these cardiac cycles is extremely non-uniform, where the leaflets are flexed in 

both the open and closed configuration (see Figure 2.7).  

Stage Definition Evidence 

Stage 0 No significant changes from 

immediate post implantation 

Mean gradient < 20 mmHg. No leaflet 

abnormality 

Stage 1 Morphological leaflet 

abnormality, no significant 

hemodynamic changes 

Leaflet calcification, thickening or new 

kinematics 

Stage 2S Moderate stenosis > 10 mmHg gradient increase, coupled 

with decrease in EOA 

Stage 2R Moderate regurgitation If the main component is paravalvular, 

it is not SVD 

Stage 2RS Moderate regurgitation and 

stenosis 

Evidence for both moderate 

regurgitation and stenosis present 

Stage 3 Severe regurgitation or stenosis Presence of regurgitation and stenosis 

more severe than moderate 

classification  
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Figure 2.7: Lotus Valve in the closed (a) and open (b) configuration, illustrating the flexion of the 

leaflets during diastolic and systolic phases of the cardiac cycle. 

Firstly, the diastolic phase lasts for a longer time period than systole, thus the leaflets are in the 

open and coaptated position for unequal amounts of time. Leaflet loading can be broken into 

three dominant regimes; flexural loading during opening (diastole-systole), shear stresses as the 

blood is ejected from the heart, and finally tension when the leaflets have returned to their 

coaptated position (Sacks et al. 2009). Additionally, loading across the leaflet is multidirectional, 

resulting in spatially distributed localised strains. It is estimated that stresses can be as high as 

3.17 MPa during systole, and 1.17 MPa in diastole (Abbasi et al. 2016).  

Not only is the loading pattern extremely complex, but BHVs are subjected to this approximately 

80 times per minute (average heart rate of 80 bpm), for over 20 years, equating to more than 

800 million cycles (Bouten, Driessen-Mol, and Baaijens 2012). As such, mechanical fatigue of 

GLBP leaflets is a primary failure mode for BHVs in vivo. This inadequate durability remains a 

contraindication for their widespread use, especially in younger patients (Baumgartner et al. 

2017). 
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Figure 2.8: (a) Leaflet torn along the commissure, from the free edge down to the belly region. 

(b) Large tear/hole in the belly-free edge region of the leaflet. Adapted from (Hamamoto et al. 

2017) and (Piazza et al. 2011), respectively.  

Tearing and rupture of leaflets have been identified in failed explanted patient BHVs, at known 

regions of high stress, such as the commissures (see Figure 2.8 (a), (Martin et al. 2014)). Thus, it 

is not surprising that certain design features are known to reduce long-term durability. For 

example, the Ionescu-Shirley valve was taken off the market due unacceptable durability; 

correlated to the leaflet suture hole located at the top of the post (Brais et al. 1985). For this 

reason, newer BHV designs typically comprise a more flexible stent, to mitigate the stresses 

induced on the leaflets. Interestingly, the Carpentier-Edwards Perimount valve (which 

comprises a non-metallic sewing ring) is estimated to have a survival time of 19 years, where 

there have been few cases of early leaflet failure (Dvir et al. 2018). In those cases, GLBP 

heterogeneity was identified as the root cause of premature leaflet degeneration (Fleisher, 

Lafaro, and Moggio 2004). Interestingly, this is supported by the computational study by Martin 

et al., where poorer outcomes were observed for valves composed of leaflets with mismatched 

fibre patterns, in contrast to those with consistent fibre patterns across the three leaflets 

(Martin et al. 2014).  Furthermore, in an earlier study by Sun and co-authors, SALS analysis of 

commercial BHV leaflets which had been excised from the frame, revealed inconsistent fibre 

patterns between leaflets (Sun, Abad, and Sacks 2005).   
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It is important to note that ISO-5840 does not require the mechanically-dominant collagen fibre 

architecture to be controlled for or pre-screened in the manufacture of commercial GLBP 

leaflets (International Standards Organisation 2013). Thus, it is possible that reported 

occurrences of unexpected mechanical leaflet failure derive from the uncontrolled harvesting 

and mounting of leaflets on BHVs, in which the underlying collagen fibre architecture is not 

suited to the localised principal loading directions in vivo. Crimping and subsequent balloon or 

self-expansion of TAVR BHVs is also known to inflict localised damage on the underlying collagen 

fibres (Amahzoune et al. 2012; Zegdi et al. 2011). This process may render particular regions on 

the leaflets unable to withstand the constant cyclic loading in vivo. It also must be noted that 

leaflet damage and tearing is not exclusive to TAVR valves, where surgical BHVs have also been 

shown to develop significant tissue tears (see Figure 2.8).  

2.3.2.4. Accelerated Wear Testing 

Current guidelines for the assessment of BHV durability heavily rely on accelerated wear testing 

(AWT). Although subject to its own limitations, AWT provides an insight into the performance 

of GLBP, when mounted on a BHV frame.  

 

Figure 2.9: M6 Heart Valve tester (AWT machine, Dynatek Labs) where devices can be seen 

during testing. A BHV is seen on the left, and mechanical valve on the right. (Adapted from 

Dantek Labs).  
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AWT involves the loading of BHVs at transvalvular pressure levels, which opens and closes the 

leaflets, while simultaneously subjecting the metallic frame to cyclic compressive loads. ISO 

5840-3: ‘Cardiovascular implants —Cardiac valve prostheses Part 3: Heart valve substitutes 

implanted by transcatheter techniques’ states that all valves must undergo AWT, at a minimum 

of 200 million cycles to meet regulatory requirements. Notably, this is the only long-term 

experimental data required in submission for commercial device approval.  A variety of 

companies offer AWT equipment, which can test both BHVs and mechanical valves (see Figure 

2.9) 

 

The end-point of AWT assessments is a visual inspection for defects and cracks at a global level. 

As such, the leaflet kinematics is not a factor in passing or failing an AWT test.  Although AWT 

offers a means to subject BHVs to physiologically-relevant cycle numbers in a shorter time frame 

(typically operated at 12-16 Hz), pressurising the leaflets at these elevated speeds is not without 

its disadvantages. Conducting AWT at 16 Hz requires the leaflets to both open and close 16 

times per second. A common issue associated with such conditions is the ‘shelving’ of leaflets. 

As suggested by its name, a shelf can develop on the leaflet at the region where the belly of the 

leaflet bends up towards the free edge1. As such, the belly remains static and the free edge 

flutters during loading. AWT remains the only experimental assessment required for commercial 

BHV leaflets for use in patients, yet the accelerated speeds produce loading regimes on the 

leaflets that are vastly different to that in vivo, and consequently unrealistic leaflet motion.  

 

Another primary limitation associated with AWT is that it is not standardised or controlled; ISO 

5840-3 does not outline testing parameter requirements, but rather each device manufacturer 

is to outline their individual testing procedure (International Standards Organisation 2013). This 

introduces a difficulty for comparing AWT outcomes between different BHVs, as the stroke 

 
1 Personal communication with R&D Engineer, Boston Scientific Corporation 
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volume, frequency and testing equipment are all subject to variation, based on the kinematics 

of a particular device.  

 

Dynamic failure mode (DFM) studies are also conducted to shorten study time frames, where 

an elevated load is employed to induce failure earlier (> 300 mmHg). Here, it is assumed that 

the failure mode is the same as would be under physiological conditions; but that the elevated 

loads will expose the weakest component of the device in a shorter time frame.   

 

Mechanical fatigue of GLBP leaflets has long been identified as a root cause for BHV failure in 

patients. There remains a lack of understanding as to the fatigue mechanics of this tissue, which 

can be correlated to two primary deficiencies in the field. Firstly, difficulties associated with 

long-term experimental set-ups that subject GLBP to complex loading patterns analogous to 

that of in vivo. Secondly, a paucity of comprehensive fatigue-damage material models, which 

can be employed in computational simulations that can effectively replicate in vivo 

environments. (Note: The mechanical properties of GLBP are discussed in detail in Section 2.4.3 

and computational GLBP material models are discussed in Section 2.5). 

2.3.2.5. Calcification 

2.3.2.6. Glutaraldehyde treatment 

Glutaraldehyde (GL) is a member of the aldehyde family and is most commonly used to crosslink 

free amines in proteins (chemical formula: OHC(CH2)3CHO, see Figure 2.10). This mechanism 

results in low immunogenicity levels, as cell membrane protein remnants are also cross-linked. 

The specific cross-linking mechanism of GL incorporates a Schiff-base reaction, where the bonds 

formed from such reactions are known to be unstable at room temperature. In turn, this means 

that the cross-links formed in GL-fixed BP (GLBP) leaflets can undergo hydrolysis in vivo, and this 

will continuously happen under physiological cyclic loading conditions (Zhang and Sacks 2017). 

It was recently suggested that the scission-healing process of glutaraldehyde bonds is 
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responsible for the accumulation of permanent strain in the non-collagenous component of 

GLBP (Zhang and Sacks 2017). This is an important behaviour of GLBP, whereby the low-load 

response is dominated by the GLBP matrix, and as such, the early stage tissue-level changes of 

BHV leaflets in vivo will likely be dominated by a matrix-induced permanent set   (Zhang and 

Sacks 2017).  

 

Figure 2.10: Molecular Structure of Glutaraldehyde (Sigma Aldrich). 

BP is treated with GL prior to cutting the leaflet geometries, as it sterilises, stabilises and cross-

links the tissue. GL is also inexpensive, readily available and highly soluble in aqueous solution 

(Jayakrishnan and Jameela 1996). GL crosslinks the collagen BP to the extent that it is resistant 

to collagen degrading enzymes, namely collagenase (Umashankar, Mohanan, and Kumari 2012).  

However, it has been widely-known for over three decades that GL treatment promotes and 

accelerates calcification of BHV leaflets (Golomb et al. 1987), and that there is a quantitative 

relationship between GL treatment and calcium deposition (Lee 2009). It is also not surprising 

that it has been shown that mechanical stress promotes calcification, with regions of high 

mechanical stress in the leaflet exhibiting increased calcium deposits  (Thubrikar et al. 1983). 

2.3.2.6.1. Calcification of BHV leaflets 

Calcification of the pericardial leaflets is recognised as one of two primary failure modes for 

BHVs in vivo, and has been identified on explanted TAVR and surgical BHVs (see Figure 2.11). 

Structural valve deterioration is classified according to increasing levels of stenosis and 

regurgitation, owing to the presence of calcification and/or leaflet damage (Dvir et al. 2018). As 
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such, leaflet calcification is a critical indicator of prostheses deterioration in patients. The 

literature in this area is both limited and contradictory; where some 

studies propose that mechanical damage induces and accelerates tissue calcification (Berbacca 

et al. 1992; K. Liao et al. 2008; Thubrikar et al. 1983).  

However, other studies suggest that these are two completely independent mechanisms in 

BHV leaflets (Sacks and Schoen 2002; Vesely, Barber, and Ratliff 2001a). It is also important to 

note that these studies have been conducted on both porcine aortic valve and bovine pericardial 

leaflets, which have markedly different microstructures (Berbacca et al. 1992; K. Liao et al. 

2008; Sacks and Schoen 2002; Thubrikar et al. 1983; Vesely et al. 2001a).   

 

Figure 2.11: Calcified GLBP leaflets on BHV devices; (a) TAVR valve and (b) surgical valve. 

Adapted from (Dvir et al. 2018). 

As GL remains the only sterilising and crosslinking agent approved for use in commercial devices,  

there have been numerous efforts to inhibit in vivo calcification of GLBP by means of anti-

calcification treatment (Tam et al. 2017b). Successful strategies have included pre-treatment 

with alcohol, diphosphonates, dopamine-modified alginates and hyaluronic acid (Hu et al. 2019; 

Johnston, Schoen, and Levy 1988; Ohri et al. 2004; Vyavahare et al. 2000). In 2007, St. Jude 

Medical Inc, (St. Paul, MI) received FDA approval for their EpicTM valve, which incorporated 

LinxTM anti-calcification technology, which is also used in their PorticoTM and TrifectaTM devices. 

It was found that the EpicTM prosthesis was noninferior to other commercial valves in the mitral 
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position, but not superior (Nakazato et al. 2019). Of note, the PorticoTM IDE trial was suspended 

by the FDA, due to high levels of thrombosis, and as such this device is not yet FDA approved. 

With this, Edwards Lifesciences® received CE-marking for their surgical INSPIRIS RESILIATM BHV, 

where the leaflets have been treated with an anti-calcification solution. The first of this new 

generation of BHVs was implanted in 2017, and as such it is not yet known if the anti-calcification 

treatment enhances long-term prosthesis durability in vivo.  

 

It is reported that free aldehyde groups, owing to the glutaraldehyde treatment, in combination 

with circulating calcium and phospholipids result in a passive calcification process in vivo (Chen, 

Schoen, and Levy 1994). Although elastin and collagen fibres can serve as binding sites for 

calcium, increased calcification potential by means of glutaraldehyde treatment is attributed to 

two other principal mechanisms; the creation of free aldehydes and the devitalisation of native 

mesothelial cells (Bailey et al. 2003; Levy et al. 1983; Schoen et al. 1985). Free aldehydes are 

perfectly suited to calcium ion bonding, while glutaraldehyde treatment modifies 

the phosphorous-rich structures in mesothelial cells, where the majority of calcification 

specifically occurs in these devitalised cells (Dunn and Marmon 1985; Schoen and Levy 2005; 

Valente, Bortolotti, and Thiene 1985). Thus, decellularisation of pericardial tissue prior to 

treatment with glutaraldehyde could serve to reduce in vivo calcification; where it has been 

shown this is possible without compromising the mechanical properties (Oswal et al. 2007). 

Decellularised BP is also an appealing material for use in tissue engineered prosthetics; offering 

a highly collagenous, thin, flexible and abundant material (Bielli et al. 2018; Pagoulatou et al. 

2012).  

 

It has also been observed that excessive calcification is often found in areas of high stress on 

explanted BHV leaflets, yet the mechanism promoting localised elevated calcium volumes is not 

understood (Berbacca et al. 1992; K. K. Liao et al. 2008). Additionally, it has been reported that 
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calcification of BHV leaflets is greater in younger patients (Schoen and Levy 2005). Again, this is 

not fully understood. Calcification contributes to the premature failure of BHVs, by reducing its 

functionality and durability. In turn, this contributes to the factors recommending younger AS 

patients receive a mechanical heart valve, as evident in the 2017 ESC/EACTS Guidelines for the 

Management of Valvular Heart Disease (Baumgartner et al. 2017).  

 

Calcification of leaflets can result in significantly sub-optimal performance of BHVs in 

patients. Clusters of calcium deposits result in highly localised stress concentrations, 

while calcification in general reduces the mobility and flexibility of the leaflets moving from 

systole to diastole (Dvir et al. 2018; Sturla et al. 2016). The inability of GLBP leaflets to fully 

open increases the systolic gradient across the valve, thereby reducing valve effective orifice 

area (EOA) and thus the volume of blood ejected from the heart.  For diastole, the inability to 

fully coapt results in regurgitation, causing valvular insufficiency. Amongst others, 

these occurrences are classified clinically as evidence of a degenerative and dysfunctional 

BHV  (Dvir et al. 2018). 

 

2.3.2.6.2. Alternative crosslinking techniques 

Alternative crosslinking techniques to GL have also been reported, although not used in the 

manufacture of commercial leaflets. Tam et al. have recently developed a novel crosslinking 

technique for BHV leaflets, which is called the ‘TRI’ technique (Tam et al. 2015). This method 

utilises three chemicals, and begins with treatment in 0.5 mM neomycin trisulfate solution in 2-

(N-morpholino) ethanesulfonic acid (MES) buffer for 1 h. The solution is then removed and 

leaflets are incubated in a 30 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 6 

mM N-hydroxysuccinimide (NHS)/0.05% PGG solution. This work was motivated by the fact that 

GL treatment involves a Schiff-base reaction (see Section 2.3.2.6), leaving the extracellular 

matrix (ECM) of the tissue unstable. Crosslinking via the TRI method was found to crosslink 
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collagen to the same level as GL treatment, as well as stabilising ECM components. Additionally, 

this technique also resulted in reduced levels of tissue calcification when compared to that of 

GLBP, again, this is a critical factor in the manufacture and in vivo response of GLBP (Tam et al. 

2015). 

A photooxidative technique for crosslinking collagen is used clinically to treat keratoconus 

(Raiskup-Wolf et al. 2008). This method involves administration of a riboflavin solution to the 

affected area, and subsequent exposure to UV-light. Free radicals in the riboflavin are activated 

by the UV light, and act as cross-linkers to the free amines of the collagen fibres. Crosslinking 

via UV methods is not as aggressive as with GL treatment, however it is important to note the 

difference in mechanical properties between GLBP and native valve leaflets. Although it has 

been shown to increase with age, the stiffness of native leaflets in the circumferential direction, 

is in the order of 200-400 kPa (Oomen et al. 2016). This is multiple orders of magnitude less than 

GLBP. As native leaflets are optimised according to in vivo conditions, it is possible that BHV 

leaflets which are manufactured to mimic the mechanical properties of native leaflets would 

provide superior outcomes than current commercial devices. Crosslinking techniques that do 

not stiffen BP to the same extent as GL may be more suitable for BHV leaflets, while a reduced 

tendency for calcification induction is also a beneficial factor. 

2.4. Bovine Pericardium 

Pericardium is a sac of tissue that surrounds and protects the heart. It is composed of three 

layers; the serosa, fibrosa and epicardial connective layer. Mesothelial cells are the main 

constituent of the serous layer, which itself comprises the visceral and parietal pericardium (see 

Figure 2.12). The fibrosa layer is thicker than the serous, and predominantly composed of 

heterogeneously orientated, wavy collagen bundles. Finally, the epicardial layer connects the 

pericardial sac to the pericardiosternal ligaments. It is reported that bovine pericardium (BP) 

has a higher collagen content than porcine pericardium; possibly contributing to its increased 
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use in clinical settings (K. Liao et al. 2008; Wiegerinck et al. 2016). It must also be noted, that 

the structure of BP is vastly different to that of native aortic valve leaflets (see Section 2.2 for 

description).  In addition to its use in BHV leaflets, bovine pericardium has been employed in a 

number of surgical treatments, such as vascular grafts and duraplasty (Filippi et al. 2001; Li et 

al. 2011). Treatment of this planar, highly collagenous material (> 75% collagen), with 

glutaraldehyde serves to stabilize and crosslink the underlying collagen, while also reducing its 

antigenicity to sterilize the tissue (Li et al. 2011) (see Section 2.3.2.6).  

 

Figure 2.12 : (a) Pericardium surrounding heart, (b) magnified cross-section view of interface 

between heart wall and pericardium, region indicated by black square in (a). Adapted from 

CORMedical Group, CA  and (Maisch 2018). 

2.4.1 Collagen microstructure 

Collagen comprises almost one quarter of all the protein in most animals and is the mechanically 

dominant component of many biological tissues such as blood vessels, tendons and 

pericardium. The collagen molecule consists of three polypeptide chains, called α chains, 

organised into triple helical structures that form fibrils (Bhattacharjee and Bansal 2005). 

Collagen provides pericardial tissue with its mechanical integrity, where the recruitment of 

collagen during mechanical loading results in its characteristic non-linear stress-strain response 
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(see Figure 2.13, (Baaijens, Bouten, and Driessen 2010)). Additionally, the orientation of fibres 

in BP with respect to the loading direction is a critical factor in determining its mechanical 

response, the same for which can be said for all fibrous materials. However, it is possible that 

the lack of collagen fibre characterisation in commercial BHV leaflets has contributed to the 

mechanically inadequate performance and subsequent premature failure of leaflets reported 

clinically (Cremer et al. 2015; Hamamoto et al. 2017; International Standards Organisation 2013; 

Rodriguez-Gabella et al. 2017).  

 

 

Figure 2.13: (a) Collagen fibre structure; composed of a collagen fibril bundle, which in turn 

comprises the triple helix structure. (b) The J-shaped response of collagenous tissues under load, 

where I indicates the initial or toe-region response, followed by the gradual recruitment of fibres 

as they become straightened in II. III describes the final linear region of the response, when all 

fibres are straightened and load bearing. Adapted from (Ma et al. 2017). 

 

 

2.4.2 Structural characterisation 

In order to relate the underlying collagen fibre structure to the mechanical performance of 

collagenous tissues, an optical tool which quantifies fibre orientation and alignment is 
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necessary. Furthermore, to quantify the collagen structure prior to a mechanical test, a non-

destructive technique is required. Understanding the structure-function relationship is essential 

for developing structurally-based computational material models, and for the continued 

improvement of medical devices.  

2.4.2.1. Histological methods 

Histological techniques remain the gold-standard for measurements of microstructural 

components of soft tissues. Fixed tissue samples are dehydrated with ethanol, embedded with 

paraffin and sliced onto slides for analysis with microscopy. With the availability of several 

histological stains, different tissue proteins such as collagen (picrosirius red) and elastin 

(Verhoeff), in addition to cellular components (e.g. H&E) can be selectively dyed and visualised 

(see Figure 2.14). Once the slides have been prepared, the stained structural constituents can 

be viewed with microscopy techniques, such as Brightfield or Polarized Light Microscopy (PLM). 

Brightfield microscopy is the most rudimental form of microscopy, relying on the absorption of 

a light source and illumination. PLM is more advanced, where the birefringence of collagen 

fibres is utilised to obtain structural information. The source light is passed through two 

polarising lenses, where collagen fibres aligned with the first polarising lens, and as such also 

pass through the second analysing lens, will be visible, and fibres not aligned with the lenses will 

not be visible. In addition to measuring collagen fibre orientations, histological techniques are 

very useful for determining the presence of microstructural components. This is especially 

useful to determine the successful removal of specific structural constituents, while preserving 

the remaining components. In the case of bovine pericardium, this is most commonly for the 

removal of native cells, in anti-calcification treatment strategies (Bielli et al. 2018).  
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Figure 2.14: Haematoxylin & Eosin staining of BP (a) before and (b) after decellularisation. 

Masson trichrome showing collagen (blue) and cells (red), before (b) and (e) after 

decellularisation. Verhoeff staining showing elastin (black) and collagen (red), before (c) and (f) 

after decellularisation. Adapted from (Bielli et al. 2018).  

However, as histological slicing is destructive, it is not suited for application in structural 

quantification prior to mechanical testing. As such, it is not possible to measure the unloaded 

fibre organisation with this technique. Furthermore, it is not possible to quantify real time load-

induced fibre structural changes. Spatial correlations with histological techniques are also 

difficult, due to sectioning of the sample into 5 – 10 μm slices. Finally, histology is a very time-

consuming process, due to the extensive tissue preparation required.  

 

2.4.2.2. Confocal Microscopy 

Confocal laser scanning microscopy increases optical resolution when compared to traditional 

fluorescence microscopy. This non-destructive technique permits imaging of specific 

components of living or fixed tissues, by means of immunofluorescence. In the case of 

fluorescence microscopy, the entire sample is flooded evenly with the light source, which can 

cause the background or periphery of the region of interest to be unfocused. In contrast, 
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confocal microscopy uses a pinhole to block out-of-focus light. By focusing the laser at a specific 

point of the tissue, at a particular depth, the pinhole allows only the fluorescence from this point 

to enter the light detector. The sample is imaged in a raster scan, at one single plane. Repeating 

this at different depths creates a z-stack of the tissue structure through the thickness. It must 

be noted, however, that confocal microscopy is subject to depth limitations, especially in thicker 

tissues (Nwaneshiudu et al. 2012). Images are captured at the μm scale, while the raster scan 

enables the creation of composite images at the mm scale. Although not destructive, a 

fluorescent probe is required to image a specific biological structure. One such probe used to 

visualise collagen is CNA35, which has been shown to offer improved visualisation of newly 

synthesised collagen in living tissues (see Figure 2.15) (Krahn et al. 2006). Previous studies have 

also used CNA35 for real-time assessment of indentation-induced changes in collagen fibres 

(Cox et al. 2008).  

 

Figure 2.15: Confocal microscopy images of porcine pericardium collagen, probed with CNA35. 

To permit visualisation of the collagen, the CNA35 probe was labelled with the fluorescent dye 

(a) Oregon Green OG488) and (b) mCherry. Adapted from (Aper et al. 2014). 

2.4.2.3. SHG  

Second harmonic generation is a form of non-linear microscopy, in which an incident beam is 

used to generate a second harmonic light, permitting visualisation of specific biological 

structures. Two excitation photons interact with the tissue and are combined into a single 

emitted photon at half the wavelength of the original incident photons. Again, the birefringence 
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of biological structures is perfectly suited for this microscopy technique. Unlike confocal 

microscopy, a probe or marker is not required to image structural components. Instead, the 

autofluorescence of constituents, such as collagen,  is utilised in this imaging modality. Both 

fixed and live tissues can be imaged with SHG, where the images are in the order of microns. A 

tiled scan expands the field of view to larger areas, where a z-stack allows for analysis through 

the sample thickness. SHG is a very high-resolution microscopy technique, which is subject to 

less depth limitations than that of confocal microscopy. This non-interfering optical tool lends 

itself to real-time structural analysis when integrated with mechanical testing equipment, which 

has been effectively demonstrated in previous studies of BP, see Figure 2.16 (Alavi et al. 2013). 

Although SHG permits visualisation of collagen fibre structural parameters, such as crimp 

period, density and orientation at extremely high resolution, its primary limitation is scan times 

associated with larger interrogation regions. For the case of GLBP leaflets, the leaflet can 

measure upwards of 750 𝑚𝑚2. Thus, the time frame for completing a thorough SHG analysis 

through the depth of the leaflet geometry would be in the order of days. Nonetheless, it is a 

very useful tool for experimental studies to relate collagen fibre organisation to mechanical 

performance. 

 

Figure 2.16: SHG analysis of BP at increasing depth from the sample surface (left to right, 10 μm 

to 60 μm). Top row of images is BP sample when unloaded, where bottom row shows same 

sample under uniaxial extension (blue arrow indicates uniaxial load direction). Scale bar = 50 

μm. Adapted from (Alavi et al. 2013). 
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2.4.2.4. Small Angle Light Scattering 

Small angle light scattering (SALS) is a non-destructive optical tool for measuring collagen fibre 

orientation and alignment. Unlike microscopy techniques where biological components are 

directly visualised, a scattered light image is obtained by passing a laser through the sample (see 

Figure 2.17). From the elliptical distribution of the scattered light, structural parameters such as 

orientation and alignment can be derived. Another difference between this technique and that 

of microscopy, SALS is not conducted at specified depths within the tissue, but is a transmissive 

optical tool. This technology is based on single-slit diffraction theory; where photons of light will 

change direction due to the objects they encounter (Sacks, Smith, and Hiester 1997). Based on 

this, the objects (in this case, collagen fibres) must be within an order of magnitude of the 

incident laser wavelength. With a laser beam in the order of 100μm, the mean orientation and 

alignment of a group of fibres is obtained. This is repeated in a raster scan across the sample’s 

region of interest, to obtain the global fibrous structure. 

 

Figure 2.17: SALS set-up of 1) HeNe laser, 2) focusing lens, 3) sample positioner, 4) scatter plate, 

5) CMOS camera. (b) Magnified view of sample help in grips, at sample positioner in 3. (Gaul, 

Nolan, and Lally 2017). 

The primary advantages of SALS analysis is that it is relatively fast, inexpensive, and has a large 

field of view (order of centimetres). SALS has been used in a number of studies on tissues 

including calfskin and scar tissue, and was first used by Sacks et al. to determine fibre orientation 

and alignment in bovine pericardium (Ferdman and Yannas 1993; Kronick and Buechler 1986; 

Sacks et al. 1997).  This work was later extended to measure load-induced changes in collagen 
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fibre organisation in bovine pericardium and porcine aortic valve leaflets, in addition to fixation-

pressure induced changes in porcine aortic valve leaflets (see Figure 2.18, (K. L. Billiar and Sacks 

2000; Sacks et al. 1997)) . Importantly, these studies found a change in fibre orientation to align 

along the load direction, offering an insight into the structure-function behaviour of bovine 

pericardium (K. L. Billiar and Sacks 2000). As SALS is a transmissive technique, it is often not 

suited to more thick and opaque soft tissues, where arterial tissue has previously been sectioned 

to conduct a SALS analysis (Haskett et al. 2010). It is also possible to reduce tissue opacity with 

use of a clearing solution, such as glycerol (Williams et al. 2009). More recently, SALS analysis 

was used to determine load-induced structural changes in carotid arterial tissue where the 

intima and adventitial layers were removed, while the mechanically-dominant medial layer 

remained (Gaul et al. 2018, 2017) .  

 

Figure 2.18: Orientation index of porcine aortic valve leaflets, fixed under (a) 0 mmHg and (b) 4 

mmHg pressure. Low Orientation Index values indicate high fibre alignment, and high 

orientation index values indicate low fibre alignment. This figure demonstrates the ability of 

SALS to capture load-induced changes in collagen fibre organisation. Adapted from (Sacks et al. 

1997). 
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2.4.2.5. Polarised spatial frequency domain imaging 

A recently developed wide-field, reflectance-based imaging modality is polarised spatial 

frequency domain imaging (pSFDI). This tool capitalises on the birefringence of collagen fibres 

to measure collagen fibre orientation and alignment, by combining polarized light imaging with 

spatial frequency domain imaging (Goth et al. 2016; Jett et al. 2020; Yang et al. 2015). Both the 

light approaching the sample and the light reflected pass through the same polarizer at a 

specified angle. This is repeated from 0° through to 180°, where the birefringence causes a 

variation in the captured light intensity. The maximum intensity recorded over the domain 

correlates to the mean fibre angle in the sample. Imaging depth is controlled by altering the 

spatial frequency, which also serves to reject highly diffuse photons reflected from the sample. 

pSFDI and SALS are very similar non-destructive optical tools; they are both inexpensive, fast 

and can be conducted over large fields of view. As such, they are both particularly suited for use 

in GLBP leaflets (which can measure upwards of 750 𝑚𝑚2).   For other collagenous tissues that 

may be too opaque or thick for SALS analysis, pSFDI offers an alternative means of determining 

the global fibre orientation and alignment. A primary difference between SALS and pSFDI is that 

SALS is a transmissive technique, whereas samples are imaged at specified depths in pSFDI. This 

technique was first published by Yang and co-authors, which included collagen fibre 

quantification across a full porcine aortic valve leaflet (Yang et al. 2015). More recently, a fully 

integrated mechanical testing and pSFDI set up was established to determine real-time changes 

in collagen fibre architecture under load (see Figure 2.19, (Jett et al. 2020)).  
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Figure 2.19: Bovine tendon shown in experimental raw image at (a) 0% strain an (b) 3% strain 

(arrows indicate applied strain direction). pSFDI measured mean fibre angle across sample at (c)  

0% strain, (d) 3% strain. Degree of anisotropy (DOA) measured across sample for (e) 0% and (f) 

3 % strain, where high DOA values indicate higher fibre alignment. (g) predicted intensity 

responses over sample area shown in red box, for increasing longitudinal strain of 0%, 1%, 2% 

and 3%. This figure demonstrates the capability of the pSFDI system to detect the increase in 

fibre alignment as the tissue sample is loaded parallel to the unloaded mean fibre orientation. 

Adapted from (Jett et al. 2020). 

 

2.4.3 Mechanical Properties 

There are several studies in the literature which mechanically test and report mechanical 

properties of BP. However, the findings typically disagree. The discrepancies between studies 

are due to several factors, including length of glutaraldehyde treatment, glutaraldehyde 
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concentration, and fibre orientation quantification.  This is further complicated by the 

differences in testing protocols, including cyclic loading and monotonic loads to failure. As GL 

treatment serves to crosslink the native collagen and thus stiffen BP, the exposure time during 

fixation is an important determinant in mechanical properties, where specimens exposed to GL 

for longer time periods are likely to exhibit a much stiffer response under loading.  

2.4.3.1. Static Loading 

Table 2.2: Uniaxial Monotonic Experimental Data in the Literature 

Author  Year  UTS (MPa)  Stiffness (MPa)  Failure Strain (%)  

Pasquino et al.  1994  16.8 ± 3.8  --  50.4 ± 10.4  

Duncan & Boughner  1998  --  11.9 ± 4.3  --  

Garcia Paez et al.  2003  7.16 ± 2.97  --  --  

Maestro et al.  2006  11.5 ± 4.6  --  --  

Oswal et al.  2007  9 ± 4.45  77 ± 23  36.228 ± 9.02  

Garcia Paez et al.  2007  34.36 ± 12.4  49 ± 29  --  

Sanchez-Arevalo et al.  2010  --  63(90°), 

70 (45°), 105 (0°)  

--  

Gauvin et al.  2012  25  190  25  

Bai et al.  2012  15.05 ± 4.5  21.67 ± 11.69  --  

Hulsmann et al.  2013  6  10  --  

Caballero et al.  2017  21.087  

± 4.144  

110.714  

± 30.284  

44.9 ± 6.2  

 

Table 2.2 illustrates the variability of reported BP mechanical properties in the literature. For 

example, in the study by Hülsmann et al., BP was fixed in a 0.6% GL solution for 48 hours and 

specimens cut in the base-apex direction (Hülsmann et al. 2012).This resulted in the lowest 
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reported ultimate tensile strength (UTS) of all the studies, as well as the lowest stiffness value. 

Conversely, Garcia Paez et al. reported the highest UTS value, where the specimens in that study 

were also cut in the base-apex direction and fixed with 0.6% GL, but for 24 hours (García Páez 

et al. 2007). Additionally, in an earlier study published by Garcia Paez et al., the GLBP specimens 

were prepared with an identical process as above, but the UTS was five times lower, and 

accordingly the second lowest value published to date (García Páez et al. 2003). Fibre patterns 

across the native pericardial sac are heterogenous, which is likely due to localised principal 

loading directions on the sac in vivo (Hiester and Sacks 1998a). Thus, the absence of pre-

screening for fibre orientation is likely responsible for the discrepancies between some of the 

studies in  Table 2.2. 

 

Finally, in the experiments conducted by Gauvin et al., the tissue was fixed for seven days in 

0.6% GL, and this resulted in the highest reported stiffness value, and second highest UTS 

(Gauvin et al. 2013). The results in this study would indicate that an increased exposure time to 

GL increases the tissue stiffness, but this trend was in fact the opposite in the studies by 

Hulsmann et al. and Garcia-Paez et al. (García Páez et al. 2003; Hülsmann et al. 2012). Across all 

the studies, there is no evidence of a trend between both UTS and GL concentration or UTS and 

GL exposure time (see Figure 2.20). It is important to note the majority of studies in the 

literature conducted testing on in-house fixed tissue, i.e. fresh tissue acquired from an abattoir 

and fixed in-house for 1-7 days (Caballero et al. 2017; García Páez et al. 2002, 2003, 2007; Gauvin 

et al. 2013; Hülsmann et al. 2012; Mirnajafi et al. 2005; Pasquino et al. 1994; Sacks and Chuong 

1998; Sánchez-Arévalo et al. 2010; Sellaro et al. 2006; Sun et al. 2004). In contrast, commercial-

grade tissue is fixed for a significantly longer time-frame2.  

 
2 Personal communication with R&D Engineer, Boston Scientific Corporation 



37 
 

 

Figure 2.20: Effect of (a) glutaraldehyde concentration and (b) exposure time to glutaraldehyde 

on ultimate tensile strength of GLBP.(Caballero et al. 2017; García Páez et al. 2003, 2007; Gauvin 

et al. 2013; Hiester and Sacks 1998a; Hülsmann et al. 2012; Maestro et al. 2006; Oswal et al. 

2007; Pasquino et al. 1994). 

Whilst a range of GLBP mechanical properties have been reported in the literature, it is critical 

to compare these values to those of native aortic valve leaflets. As BHVs serve to replace a 

dysfunctional native valve, it is reasonable to hypothesise that replicating the mechanical 

properties and behaviour of native leaflets would provide the best outcomes in AS patients. It 

is difficult to make this comparison directly, due to the range of values reported, but it is evident 

that GLBP overall, is much stiffer than native valve leaflets. The stiffness of native human aortic 

valve leaflets was reported as approximately 15 MPa in the circumferential direction, and 

approximately 2 MPa in the radial direction, where GLBP stiffness values range from 10-110 

MPa ((Balguid et al. 2007; Mavrilas and Missirlis 1991), see Table 2.2). Another key difference 

between prosthetic GLBP leaflets and that of native aortic valve leaflets lies in the tissue macro-

structure. Native valve leaflets comprise three very distinct layers, with three unique structures 

and compositions (see Section 2.2). Each of these distinct layers play a role in the mechanical 

response of the leaflets to the different stages of the cardiac cycle. In contrast, BP is a relatively 

homogenous, smooth planar tissue. It is described by two faces, fibrous and serous, but there 
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is no clear distinction between them through the depth of the tissue. It is possible that these 

key differences between GLBP tissue and native valve leaflets contribute to the commonly 

reported inadequate outcomes of commercial BHV leaflets.  

2.4.3.2. Dynamic Loading and the Permanent Set Phenomenon 

Few studies in the literature have conducted cyclic loading of GLBP, which is likely due to the 

high cycle numbers required to determine the physiologically relevant long-term loading 

response (i.e. > 15 years). To induce tissue fatigue in a more feasible timeframe, elevated 

frequencies or supraphysiological loads are often employed.   

 

Sellaro et al. conducted cyclic loading of GLBP at a peak stress of 500 kPa and loading frequency 

of 22 Hz (Sellaro et al. 2006). The purpose of this study was to determine the mechanisms behind 

the response of GLBP under different loading directions, thus the loading here was uniaxial cyclic 

loading. Small angle light scattering was used to optically pre-sort the test specimens according 

to collagen fibre architecture. Specimens were categorised as those with collagen fibres 

orientated parallel to the load (PD), or those with fibres aligned perpendicular to the load (XD).  

 

Figure 2.21 : (a) Normalised orientation index from 0 to 50 million cycles, (b) Collagen crimp 

period from 0, 20 and 50 million cycles. Adapted from (Sellaro et al. 2006). 

This study consisted of three time points; 0, 20 and 50 million cycles. When loaded in the XD 

configuration, it was observed that the dominant response to loading was that of fibre 
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reorientation. This also occurred when loaded under PD conditions, while an increase in fibre 

crimp period was also observed (see Figure 2.21). 

To the author’s knowledge, Sacks and Chuong published the first study of pre-sorted GLBP 

biaxial testing (Sacks and Chuong 1998). An increase in specimen consistency as well as 

mechanical anisotropy was found for specimens which were pre-stretched before GL treatment 

(Sacks and Chuong 1998). This finding is perhaps unsurprising, as the fibres re-orientated 

towards the applied pre-stretch direction, and then were fixed by GL in that new configuration; 

thus increasing the anisotropy of the tissue. Sun and co-authors also conducted static biaxial 

loading of GLBP, where the samples were harvested from commercial BHV leaflets and imaged 

prior to testing with SALS (Sun et al. 2005). Under the 1 MPa load, extensional strains ranged 

from 6% to 15%. As the authors note, this is likely due to differences in collagen fibre 

orientations between samples, which was also evident from the accompanying SALS analysis. 

The low sample number in this study (n=6) was attributed to the research objective; to validate 

a computational framework of a BHV under quasi-static loading. 

The static biaxial test was extended by Sun and co-authors, where GLBP was uniaxially cyclically 

loaded at an elevated peak stress of 1 MPa and frequency of 30 Hz, with intermittent static 

biaxial testing conducted at 0, 30 𝑥 106  and 65 𝑥 106  cycles  (Sun et al. 2004). it was found that 

there was a permanent elongation in the PD direction after loading (7.1%) and a permanent 

shortening in the XD direction (7.7%), after 65 𝑥 106 cycles (see Figure 2.22 (a)). This difference 

in the response of the two fibre directions further illustrates the importance of fibre orientation 

in GLBP, where the elongation and stiffening in the PD direction is attributed to tissue 

anisotropy; a combination of load-induced collagen uncrimping and the recruitment of fibres 

orientated close to the PD direction. The lack of fibres orientated perpendicular to the load in 

PD samples resulted in contraction and increased compliance (see Figure 2.22(b)). This data was 

later re-examined by Zhang and Sacks after the emergence of new knowledge on the nature of 

a Schiff-base reaction associated with glutaraldehyde crosslinking (Zhang and Sacks 2017). From 
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this, it was identified that the permanent set occurred specifically in the GLBP matrix, and it was 

the permanent elongation in the tissue samples that convected the collagen fibres, causing 

them to uncrimp. There was no evidence of structural damage in the collagen fibres, and while 

collagen fibre reorientation was identified as an explanation for the tissue mechanics in the 

original study, data on intermediate collagen fibre orientation was not presented. This study 

and the subsequent material model developed is discussed in Section 2.5.3.  Note: permanent 

set describes the presence of a residual strain under zero load, and as such is an irreversible 

change in the tissue.  

 

Figure 2.22: (a) Fatigue-induced permanent set at 30, 65 million cycles for PD and XD 

configurations. (b) Sample stretch under 1MPa equibiaxial load at 0, 30 and 65 million cycles for 

PD and XD configurations. Adapted from (Sun et al. 2004) . 

This study by Sun and co-authors has served as the primary source of long-term data in the field 

since its publication in 2004, and has been used in numerous computational studies for material 

calibration (Martin et al. 2014; Sacks et al. 2006; Sacks, Zhang, and Wognum 2015; Zhang and 

Sacks 2017). Although this study, and that by Sellaro et al., provide key insights into the collagen-

mediated behaviour of GLBP under fatigue loading, the tissue in question is not commercial-

grade GLBP. This is a critical factor in the use of this experimental data in the calibration of 

computational material models of commercial GLBP leaflets (where commercial-grade GLBP is 
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significantly stiffer due to increased glutaraldehyde fixation). To develop accurate 

computational simulations for BHV leaflets, the mechanical performance of commercial-grade 

GLBP must be quantified under different fibre orientations. It is also important to note that in 

the aforementioned studies, only specimens of high fibre alignment were reviewed, thus there 

remains no understanding of the performance of GLBP specimens with disorganised and 

dispersed fibre architecture; which is found anatomically (Hiester and Sacks 1998a). 

Biaxial loading of GLBP was also conducted by Liao et al. with the purpose of assessing its effect 

on the orientation of fibres (Liao et al. 2005). Primarily, it was found that equibiaxial loading did 

not initiate reorientation of fibres, but reorientation was observed under a strip biaxial stretch 

(analogous to a uniaxial test, where one direction is loaded and the other held at zero strain). 

Furthermore, reorientation occurred at around 15% global level strain, which the authors 

interpreted as fibre-level changes occurring up to this point, where the collagen molecule re-

orientation and load bearing takes over (Liao et al. 2005) . 

Uniaxial and biaxial loading environments provide fundamental insights to the relationship 

between fibre orientation and load direction, but it must be noted that these are simplified in 

comparison to that of in vivo loading regimes.  To meet this knowledge gap, Mirnajafi et al. 

conducted flexural loading of native BP and GLBP, as a function of collagen fibre orientation 

(Mirnajafi et al. 2005). Rectangular specimens were fixed at either end, and a bending moment 

was applied to the centre (i.e. a three-point bending test, see Figure 2.23).  
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Figure 2.23: Flexural load set-up showing posts and bending bar; for three-point bending test. 

Measurements of deflection are taken in the (a) unloaded and (b) loaded configuration, with 

respect to the reference rod. Adapted from (Mirnajafi et al. 2005). 

It was concluded that both native and fixed specimens were stiffer when loaded in the XD 

direction than in the PD direction. Unsurprisingly, GLBP had an increased flexural rigidity when 

compared to native BP. Possibly the most important finding from this study is that the 

relationship between curvature and bending moment was non-linear for GLBP, but has 

previously reported to be linear in native aortic leaflets (Mirnajafi et al. 2005). 

 

Another notable fatigue study in this area was conducted by Mirnajafi and co-authors, however 

it must be noted that it was conducted on porcine aortic valve leaflets (Mirnajafi, Zubiate, and 

Sacks 2010). Using an in-house cyclic flexural testing rig, strip samples were harvested along the 

belly region of the porcine leaflets and loaded up to 50 million cycles. While this study did not 

employ GLBP, it offers insight into the response of collagen under flexural fatigue conditions, 

where fibre delamination occurred as early as 10 million cycles, with no significant change in 

fibre orientation (quantified with SALS, see Figure 2.24 (b)). As with other fatigue studies which 

quantified tissue changes, most changes occurred here up to 10 million cycles with a much 
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slower rate of damage accumulation thereafter, this is evident in the analysis of flexural rigidity 

at each time-point up to 50 million cycles (see Figure 2.24 (a)).  

 

Figure 2.24: (a) Flexural rigidity at 0, 10, 25, 50 million cycles for porcine aortic valve leafleted 

flexed against and with natural cuspal curvature (FA and FW, respectively). (b) SALS plot for 

representative FA and FW sample at each time point. Adapted from (Mirnajafi et al. 2010). 

 

2.5. Computational Models 

Computational models overcome the difficulties associated with GLBP and BHV leaflet long-

term experimental set-ups, where the performance of GLBP can be assessed in a significantly 

more practical time. Yet, there remain several challenges associated with computational 

simulations. A comprehensive understanding of the structure-function relationship between 

the mechanically dominant collagen fibres, low-strain matrix response and macroscale GLBP 

behaviour is critical for the development of realistic material models. Although there are 

numerous studies on GLBP studies in the literature, few of these were conducted on optically 

pre-sorted samples or on commercial-grade GLBP. As such, using this data to calibrate models 

of BHV leaflets will likely produce results that are not representative of commercial BHVs. 

Material models which describe the fatigue behaviour of GLBP are also essential for in vivo 

simulations, where the damage accumulation is markedly different to that of other collagenous 

tissues.  
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Damage models in the literature typically focus on the event of a supraphysiological load (e.g. 

expansion of a stent against a vessel wall or aneurysm growth), which exceeds a certain strain-

mediated damage condition for the tissue; leading to irreversible changes. In contrast, the 

damage associated with GLBP BHV leaflets is fatigue-induced; where the loads are very low in 

comparison to the stiffness of the tissue, but the extremely high number of cycles in a complex 

pattern causes degeneration of the tissue. In the case of GLBP leaflets, there are two primary 

modes of damage, which can be viewed as irreversible material changes; one for each of the 

primary tissue constituents. Permanent set is the primary damage mode of the GLBP tissue 

matrix, while a reduction in stiffness is the primary damage mode of the collagen fibres. In order 

to simulate the long-term behaviour of GLBP leaflets in vivo, both load-induced phenomena 

must be captured. Several models in the literature describe the damage of collagen fibres under 

loads that exceed their elastic strain threshold. Yet, there are few models that describe the 

anisotropic fatigue-induced permanent set of the isotropic GLBP tissue matrix. As discussed in 

section 2.4.3.2, it is known that the GLBP matrix is specifically responsible for tissue-level 

permanent set under cyclic loading conditions, due to the nature of the glutaraldehyde bonds 

formed during BP fixation. Furthermore, it is expected that after approximately 60 million cycles, 

when the matrix permanent set ceases to progress, collagen fibre damage will then dominate 

as the primary mode of damage.  

 

Computational approaches for BHVs can be broken into three major areas; structural material 

models (SM), computational fluid dynamics (CFD) and coupled fluid-structure interaction (FSI). 

Structural mechanics can in-turn, be de-coupled into quasi-static and dynamic analysis.  

CFD techniques involve moving boundaries across the duration of the cardiac cycle, where the 

structural domain is defined as a flow boundary condition.  FSI models are more sophisticated 

than CFD, as the blood flow is coupled to the structural domain of the valve. FSI is also necessary 
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to improve our knowledge of the shear stresses imposed on leaflets due to fluid motion, as well 

as fluid velocity and flow vortex implications. Yet, in order to perform accurate CFD and FSI 

simulations, an effective SM model which captures the fundamental stress-strain behaviour of 

GLBP is required.  As outlined by Zakerzadeh et al., quasi-static SM models are very suited to 

the study of  the BHV leaflet fatigue, as fatigue occurs in the tissue predominantly when it is in 

the fully loaded configuration (Zakerzadeh, Hsu, and Sacks 2017). Quasi-static SM models allow 

for simulations of the time evolving mechanical response to this high tensile load, when it is 

applied repeatedly to the leaflets.  

2.5.1 Fibre-based material models 

The most common choice of material model for biological tissues is that first developed by 

Holzapfel et al. for arterial tissue (Holzapfel, Gasser, and Ogden 2000). For this incompressible 

model, the strain energy ψ is defined as a function of a volumetric component (𝐽), one isotropic 

isochoric component (I1, tissue matrix, see Equation 2) and two anisotropic isochoric 

components (I4 𝑎𝑛𝑑 I6, for two fibre families in arterial tissue, see Equation 1). Structural 

parameters such as collagen fibre angle and dispersion are included in the formulation, in 

addition to the fibre stiffness (𝑘1) and the degree of stress-strain non-linearity  (𝑘2), as such, 

this material model is considered a more structural constitutive model.  

𝛹(𝐽,  𝐶,  𝑎04,  𝑎06) = 𝛹vol(𝐽) + 𝛹iso(J,  𝐶) + 𝛹aniso(𝐶,  𝑎04,  𝑎06) 1 

Finite element implementation of this model typically involves the replacement of the original 

Lagrange Multiplier with an isotropic hydrostatic stress term, specified through a user-defined 

bulk modulus. However, as detailed by Nolan et al., the modified version of the original 

incompressible model to be slightly compressible, does not correctly model the mechanical 

behaviour of an anisotropic compressible material (Nolan et al. 2014). With this, an updated 

version of the original HGO model was formulated, in which the fourth invariant is used in its 

full form (see Equation 3). 



46 
 

𝛹vol(𝐽) =
1

2
𝜅0(𝐽 − 1)

2,  𝛹iso
̅̅ ̅̅ ̅(C) =

1

2
𝜇0(I1 − 3) 

2 

𝛹𝑎𝑛𝑖𝑠𝑜(𝑪,  𝒂𝟎𝟒,  𝒂𝟎𝟔)  =
𝑘1

𝑘2𝑖=4,6
∑{𝑒𝑥𝑝[𝑘2(𝐼𝑖  −  1)

2]  −  1} 
  3 

Unlike the previous structural model by Holzapfel et al., the Fung model is a phenomenological 

description of the strain energy of a hyperelastic material. The Fung model was one of the first 

models used for pericardial tissue, and has since been used in several studies (Abbasi et al. 2016; 

Kim et al. 2008; Li and Sun 2017; Martin et al. 2014; Sun et al. 2003, 2005; Sun and Sacks 2005). 

In this model, in-plane bending is ignored, and plane-stress is assumed. The strain energy 

function is defined as follows: 

𝑊 = 
𝑐

2
(𝑒𝑄 − 1) 

Where 𝑄 = 𝑎1𝐸11
2 + 𝑎2𝐸22 

2 + 2𝑎3𝐸11𝐸22 + 𝑎4𝐸12 
2 +  2𝑎5𝐸11𝐸12 +  2𝑎6𝐸12𝐸22 

4 

Constants c and a are material constants, and E is the Green-Lagrange strain tensor (see 

Equation 4). Widespread use of the original Fung model in finite element simulations has been 

limited due to stability issues, but many material models have been developed based on the 

generalised Fung expression. Sacks and Chuong proposed a new Fung-type model based on the 

two extremes of fibre orientation observed in experimental tests, where stiffness differences 

were exhibited between PD and XD directions, see Equation 5 (Sacks and Chuong 1998). 

𝑊 = 𝑏0 [ 𝑒𝑥𝑝 (
1

2
𝑏1𝐸𝑃𝐷

2 ) + 𝑒𝑥𝑝 (
1

2
𝑏1𝐸𝑋𝐷

2 ) + 𝑒𝑥𝑝(𝑏3𝐸𝑃𝐷𝐸𝑋𝐷) − 3 ] 
5 

With increasing knowledge and understanding of the influence of the tissue microstructure on 

the mechanics of biological tissues, there has been a move towards structurally based material 

models. More recently, Sacks and co-authors developed a novel fibre-ensemble model, to 

describe the behaviour of exogenously cross-linked soft tissues (Sacks et al. 2015). This model 

incorporates the recruitment of fibres during increasing load, which is dictated by their original 

slack stretch. As such, this recruitment of fibres is gradual, due to a beta distribution of unloaded 
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fibre slack stretches. Interactions between fibres, in addition to interactions between the GLBP 

matrix and fibres, are also simulated at the fibre-ensemble level by an exponential term.  

𝑆 = 𝑆𝑐 + 𝑆it + 𝑆𝑚 6 

 

 

Figure 2.25: Stress decomposition from simulation of different tissue components; where black 

is the combined or tissue-level response. The graph shows that the fibre-ensemble stress term 

accounts for a significant portion of the overall stress. Adapted from (Sacks et al. 2015). 

Interestingly, decomposing the stress response between matrix, fibres and interactions, it was 

found that under certain loading scenarios, the interaction term often dominated the behaviour 

of GLBP. When calibrated to mechanical testing of GLBP, this novel structural model suggests 

that the formation of crosslinks dramatically enhanced the bonding between and within fibre 

𝑆 =
𝜙c𝜂𝑐

λ1
𝑡 ∫ Γ1[μΓ′σΓ′θ1]

θ1

𝐷1 (μ0, σ0, 0λlb0λub,
1

0
λ[θ0(θ1)], 𝑥) 

           (
λ1
𝑡

𝑥
− 1)𝑑𝑥(𝑛0⊗𝑛0)dθ1} 

 

+ϕc∫ ∫ Γ(α)Γ(β) [𝑑0𝑑1(λαλβ
βα

− 1)ed1(λαλβ-1)
2

[
λβ

λα
(𝑛0⊗𝑛0)

λα
λβ
(𝑚0⊗𝑚0)]] dαdβ 

 

         +(1 − 𝜙c)(𝜇𝑎(𝐼1 − 3)
𝑎−1 + 𝜇𝑏(𝐼1 − 3)

𝑏−1)(𝐼 − 𝐶33C-1) 7 
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groups, as opposed to stiffening the collagen fibres or matrix (see Figure 2.25, (Sacks et al. 

2015)). However, a limitation with this model is the high number of calibrated variables 

required; 15 in total (see Equation 7). 

 

2.5.2 Damage Models 

There are a number of damage models published in the literature, however, the damage 

mechanism in these models is very different to that of the early stage fatigue-induced damage 

experienced by BHV leaflets. These commonly used damage formulations are typically strain or 

energy driven, whereby a critical threshold is exceeded (i.e. supraphysiological) and the tissue 

manifests this in a reduction in stress. These models are nearly all phenomenological, and based 

on continuum damage mechanics. In contrast, BHV leaflets are subjected to physiological 

loading conditions, and accumulate damage due to the fatigue environment. This also presents 

a unique case whereby damage is not defined in the traditional sense as collagen rupture and 

material failure, but rather a reduction in mechanical viability and overall sub-optimal 

performance of GLBP leaflets. It has already been shown that the presence of permanent set in 

the tissue accounts for any detectable changes up to 60 million loading cycles, and that this 

phenomenon ceases to increase by this timepoint (Zhang and Sacks 2017). With the 

establishment of a stabilized and new reference configuration, it is likely that the collagen 

fatigue process will now be the dominant mechanism responsible for progressive and 

irreversible changes in the tissue. Ultimately, the fatiguing of GLBP due to continued cycling 

leads to damage accumulation and a loss of its mechanical properties and integrity.  

 

Prior to examining both fatigue and damage models in the literature, it is first necessary to 

distinguish between fatigue and damage. These two terms are often used interchangeably, 

when in fact they describe different irreversible phenomena. Fatigue behaviour describes the 

response of a material to continued cyclic loading, whereby the mechanical properties of the 
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material deteriorate as a function of time. Fatigue can be understood as a form of damage, 

where progressive structural degeneration occurs due to the cyclic loading a material is 

subjected to. In classic fatigue descriptions, this fatigue process progresses towards material 

failure and is often defined by a 'S-N' curve. The American Society for Mechanical Engineering 

defines fatigue life as the number of loading cycles a material can endure before a specified type 

of failure occurs. For the purpose of BHV leaflets, we are not strictly referring to material failure 

in a traditional sense (i.e. initiation and progression of cracks). Although visible tears in clinically 

explanted valves have been observed (Hamamoto et al. 2017; Martin et al. 2014; Zilla et al. 

2008), failure of BHV leaflets can also be described as dysfunction or divergence from their initial 

kinematics, which can occur independently of tears. Thus, the fatigue process with which this 

thesis is concerned is fatigue-induced damage, which occurs in both the tissue matrix and 

collagen fibres.  Specifically, permanent set accumulates in the tissue matrix due to continued 

low-load dynamic loading, and stress-reducing damage occurs in the collagen fibres.  

The model formulated by Natali et al. describes the inelastic behaviour of periodontal ligament 

(PDL), which is composed of matrix and collagen fibre components (Natali et al. 2003). This 

elasto-damage model represents damage accumulation in the PDL when large strains are 

experienced, leading to the rupture of fibres. The progression of damage is strain-driven, where 

it is calculated as a function of the evolutionary strain state. The implementation of damage is 

equivalent to other studies, where the stress function is composed of both matrix and fibres, 

with each constituent multiplied by a stress reduction factor.  This model is later extended to 

include a variable representing the remaining number of collagen fibres, due to the level of 

damage at the peak strain. In this case, the number of failed collagen fibres (𝑁𝑓) are normalised 

by the total density of fibres (𝑁) orthogonal to the mean fibre orientation (see Equation 9, 

(Natali et al. 2005)). 

𝑆 = 2𝑔𝑚(𝐷𝑚)
𝜕(𝑈𝑚 +𝑊�̃�)

𝜕𝐶
+ 2𝑔𝐹(𝐷𝐹)

𝜕𝑊𝑓

𝜕𝐶
 

8 
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𝐷𝑓 = 
𝑁𝑓

𝑁
 

9 

In turn, this is used as a limiting factor to control the maximum stretch the tissue can reach, due 

to a reduced collagen fibre network. In an effort to formulate a more structurally-motivated 

material model, the unloaded crimped configuration of the collagen fibres is also incorporated. 

With the inclusion of this, it is possible to distinguish between the microscopic fibre stretch and 

macroscopic tissue stretch. Additionally, this is related to the elasto-damage model by a stretch-

control value (𝜆𝑚𝑎𝑥) which dictates the stretch value at which all of the Gaussian-distributed 

fibres will rupture, corresponding to the overall critical tissue stretch value (Equation 10). 

𝑁𝑓(𝜆𝑚𝑎𝑥) = ∫
𝑁

√2𝜋𝑠

𝜆𝑚𝑎𝑥

𝜒

𝑒𝑥𝑝 |−
(𝑥 − �̅�)2

2𝑠2
| d𝑥 

10 

 The authors note the strain-rate dependence of the experimental results, indicating that model 

extension to viso-elastic phenomena is necessary for more complete characterization. This is 

completed in later work, where the same elasto-damage approach is used in analytically and 

validated against tendon experimental results (Natali et al. 2005). As with application to the 

periodontal ligament, the proposed model presents a good fit to the experimental values. The 

primary difference between these studies, however, is that a finite element simulation was 

executed for PDL experimental validation, whereas an analytical model was employed for the 

purpose of tendon validation. The final addition to this model involves the adaptation of the 

Helmholtz free energy function to include viscous effects; as it is noted by the authors that visco-

elastic effects cannot always be considered negligible (Natali et al. 2008). Again, the stress 

formulation is decoupled for hyperelastic and visco-elastic components. However, as with most 

damage formulations, the damage occurs only in the anisotropic component of the tissue, and 

as such is not suitable for use in simulating the permanent set accumulation in the isotropic 

GLBP matrix.   
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Pena presents a very comprehensive structural constitutive model to describe the deformation-

induced inelastic phenomena of soft fibrous tissues (Peña 2011). Unlike many previous works in 

the area of damage in fibrous biological materials, this work describes the accumulation of so-

called 'softening' effects under loading-unloading conditions. Softening is used in the literature 

to describe a number of different mechanical behaviours, and in this context it describes Mullins 

effect and permanent set. Decoupling the strain energy function in to its volumetric and 

isochoric components, only strain invariants that are directly related to deformation are 

included in measurements of inelasticity. Although the strain energy function can be described 

as a structural constitutive model, the inelastic model addition is phenomenological. The well 

documented continuum-damage mechanics (CDM) theory is employed for the implementation 

of a damage variable, which operates as a reduction factor for the matrix and fibre stress 

contributions (see Equation 11). 

𝛹(𝐶,𝑀,𝑁, 𝐷𝑘, 𝑤𝑖)

= 𝛹vol(𝐽) + [1 − 𝐷𝑚]𝛹ich
mat(𝐶) + ∑ [1 − 𝐷𝑖]𝛹ich

fib(i)
(𝐶,𝑀,𝑁,𝑤𝑖)

𝑖=𝑓4𝑓6

 

11 

Softening phenomena are executed through the internal variable (𝑤𝑖̇ ), and its rate equation is 

as follows:  

 Γ𝑖= ∂Ψich(i)/ ∂𝐼�̅�, is the softening stress release rate, and Γ𝑖𝑡 = 𝑚𝑎𝑥 
(−∞,𝑡)

Γ𝑖  .  𝜅𝑖 describes the 

softening at each fibre direction and Y defines the criteria for the onset of softening. It may be 

argued that a shortcoming of this work is the lack of consideration for continuous damage 

accumulation. The damage parameter is calculated as that of discontinuous damage, which is 

energy driven. The rate equation for damage progression is defined as follows: 

𝐷�̇� = {
ℎ𝑘̅̅ ̅(𝛯𝑘 , 𝐷𝑘)𝜇�̇�      𝑖𝑓 𝛷 =  0
0                            𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 
13 

where Ξ𝑘 = √2Ψich(k) and μ�̇� ≥ 0 is a damage consistency parameter.  

�̇�𝑖 ≐ {
𝜅𝑖

𝐼𝑖0
Γ̇𝑖𝑡

0
                               if Y > 0, where Y = Γ𝑖 − Γ𝑖𝑡 ≤ 0 

12 
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Thus, the damage reduction factor is only updated when the previous maximum energy 

threshold is exceeded. As it is likely once the fibres have exceeded the very initial energy barrier, 

damage will proceed to accumulate once the tissue continues to experience load. The model is 

shown to capture the softening behaviours of biological tissues, and replicate experimental data 

well. However, as this model is discontinuous and does not progress as a function of cycle 

number, it is not suited for application in simulating GLBP leaflet fatigue. Here, permanent set 

will only progress if the current stretch value exceeds the previous over the history, and not 

according to time if the current peak strain is equivalent to the previous loading cycle.  

Calvo and co-authors present another CDM approach, whereby the damage state of the 

material is defined according to the maximum equivalent energy state (Calvo et al. 2007). For 

damage to initially occur, the equivalent energy measure must exceed the defined energy 

barrier. This constraint ensures that below this barrier, no damage has occurred. As damage is 

an irreversible process, it is modelled as such here. The model formulations are equivalent to 

previously discussed CDM approaches  

Rodriguez et al. 2006 formulate a stochastic-structurally based model, which is based on 

distribution of fibres from histological imaging(Rodríguez et al. 2006). A beta probability density 

function is used, where the maximum fibre length is a Beta random variable (r0): 

f 𝐿(𝑥) =
1

𝜅 − 𝑟0

𝛤(𝜂 + 𝛾)

𝛤(𝜂)𝛤(𝛾)
(
𝑥 − 𝑟0
𝜅 − 𝑟0

)
𝛾−1

(1 −
𝑥 − 𝑟0
𝜅 − 𝑟0

)
𝜂−1

,  𝑥 ∈ [𝑟0, 𝜅] 
14       

 

In accordance with previous CDM approaches, the damage is strain driven, but is defined 

according to fibre bundles. The anisotropic portion of the strain-energy function is formulated 

by organising fibre bundles into two main fibre families, each with a distinct mean orientation. 

This expression for a second family of fibres is obtained by replacing 𝐼4 in Equation 15 with 𝐼6. 

𝛹𝑀
𝑓̅̅ ̅̅ (𝐼4̅(𝑡), 𝜆𝑡

𝑀𝑚) = 𝛹bund 
̅̅ ̅̅ ̅̅ ̅̅ (√𝐼4̅(𝑡), 𝜆𝑡

𝑀𝑚) 
15 
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Although the model begins with scaling of fibre bundles into families of fibres, the rest of the 

model formulation is consistent with most previous works. Additionally, it is shown in Alastrue 

et al. 2007, that the models presented by Calvo and Rodriguez find the same results when 

employed in identical simulations (Alastrué et al. 2007).  

 

Ghasemi et al. 2018 combine previous works by Miehe 1995, Brinkhues 2009, Balzani 2012 

(Balzani, Brinkhues, and Holzapfel 2012; Brinkhues, Balzani, and Holzapfel 2009; Miehe 1995). 

Another CDM approach, this model incorporates both discontinuous and continuous damage to 

simulate the response of arterial tissue to increasing supraphysiological cyclic loading. The 

constitutive model proposed therein effectively reproduces experimental results, where a 

damage reduction factor incorporated into the anisotropic portion of the Helmholtz free energy 

expression captures the accumulation of damage under uniaxial cyclic loading conditions. 

 

Multiplicatively decomposed into discontinuous (γcf) and continuous (βcf) components, collagen 

fibre damage evolution is defined as follows: 

Dcf = 𝐷∞cf
[1 − 𝑒𝑥𝑝 (−

𝛾cf

𝛾∞cf
)] [1 − 𝑒𝑥𝑝 (−

𝛽cf

𝛽𝑠,cf
)] , 𝐷cf ∈ [0,1) 

16 

 

Once the damage threshold has been exceeded, continuous damage progressively accumulates 

upon tissue loading and as such is calculated over the strain history.  

𝐼𝑀
∗̅̅ ̅ is a pseudo-invariant associated with a unit vector in the direction of fibres (M).  

𝛽cf̃ = ∫ ⟨𝐼𝑀cf

∗̅̅ ̅̅̅⟩d
𝑡

0

𝑠   
17 

𝛾ef,cf = 𝑚𝑎𝑥
𝑆∈[0,𝑆]

⟨𝐼𝑀ef ,𝑀cf

∗̅̅ ̅̅ ̅̅ ̅̅ − 𝐼𝑀cf
∗ini̅̅ ̅̅ ̅ 18 

𝐼𝑀
∗̅̅ ̅ = 𝐶:𝐻M = 𝜅𝐼1̅ + (1 − 3𝜅)𝐼�̅̅̅� 19 
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The application of this work lies in the quantification of arterial damage due to the presence of 

plaque, stenosis, or stent deployment. Calibration of the material parameters according to 

increasing cyclic loads was completed in order to obtain the correct continuous and 

discontinuous damage parameters (Ghasemi et al. 2018). Although, it is reasonable to suggest 

that continuous and discontinuous damage occur in GLBP due to cyclic loading, this approach 

does not directly translate to the postulated constant-stress fatigue-induced damage process of 

BHV leaflets. Anisotropic collagen fibre damage is achieved through the differentiation  of the 

exponential term in the strain energy function, and thus is not suited to an isotropic Neo-

Hookean material used to model the GLBP matrix.  

2.5.3 Permanent Set Models 

To the author's knowledge, there exists just one anisotropic fatigue-induced permanent set 

model for the matrix of collagenous tissue, which has been implemented in Finite Element 

Analysis. Although numerous models in the literature describe the permanent set accumulation 

of isotropic materials, the issue with these models is that the permanent set is also isotropic. 

This is to say that application of a uniaxial load, produces equal amounts of residual strain in the 

direction perpendicular to the load, as it does along the loading direction. Furthermore, use of 

the anisotropic CDM approaches (as in (Brinkhues et al. 2009; Calvo et al. 2007; Ghasemi et al. 

2018)) are also not suitable for use in GLBP matrix permanent set simulations, as the fibre 

direction and exponential term in the stress formulation are responsible for controlling the 

anisotropy of the permanent set accumulation.  

The formulation proposed by Martin and Sun is phenomenological, where the strain-energy 

function is adapted to include fatigue-induced permanent set, see Equation 20  (Martin and Sun 

2013). Two variables are introduced, where 𝐷𝑠 represents a fatigue softening parameter, and 

𝐷𝑝𝑠, the anisotropic permanent set tensor. With these permanent set parameters, the strain 

energy function is descripted by a fatigue softening of the original, undamaged material (𝑊0) 

and the dissipated energy due to permanent set (𝑊𝑝𝑠), (see 20, where E is the Green strain 
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tensor). Importantly, the permanent set primarily evolves according to the number of loading 

cycles. As noted in this review, and in the work by Martin and Sun 2013, the BHV leaflet presents 

a unique fatigue case whereby the traditional approach of damage due to increasing applied 

stretch does not directly apply, and the extremely high number of loading cycles becomes a 

governing factor in the fatigue life of GLBP. 

𝑊(𝐶,𝐷𝑠, 𝐷𝑝𝑠). = (1 − 𝐷𝑠)𝑊
0(𝑬) +𝑊𝑝𝑠(𝐄, 𝐷𝑠, 𝐷𝑝𝑠) 20 

After each loading cycle, the peak equivalent strain (𝛯𝑛
peak 

) is updated to the maximum strain 

experienced in that cycle. This computationally-efficient approach also ensures that the 

permanent set continuously evolves due to fatigue conditions and not solely supraphysiological 

stretch-induced discontinuous mechanisms. The number of cycles until failure (ntot) is defined 

as: 

𝑛𝑡𝑜𝑡(𝛯𝑛
peak 

)

=  

{
 
 
 

 
 
        ∞                                                                                       𝑖𝑓  𝛯𝑛

peak  <  𝜓𝑚𝑖𝑛                     

𝛽(𝑛𝑚𝑎𝑥 − 1)

𝛯𝑛
peak 

− 𝜓𝑚𝑖𝑛 + 𝛽

(

 
 
1− 𝑒𝑥𝑝𝛼 (1 −

𝛯𝑛
peak 

𝜓𝑚𝑎𝑥
)

1 − 𝑒𝑥𝑝𝛼 (1 −
𝜓𝑚𝑖𝑛
𝜓𝑚𝑎𝑥

)

)

 
 
               𝑖𝑓 𝜓𝑚𝑖𝑛  ≤  𝛯𝑛

peak  ≤  𝜓𝑚𝑎𝑥  

          1                                                                                    𝑖𝑓  𝛯𝑛
peak  >  𝜓𝑚𝑎𝑥                

 

21 

 

With 𝜓𝑚𝑖𝑛 representing the minimum equivalent strain threshold for damage to occur, and 

𝜓𝑚𝑎𝑥 represents the equivalent strain at which tissue failures occur. α and β are parameters 

requiring calibration, where 𝑛𝑚𝑎𝑥 defines the maximum number of cycles the material can 

withstand at 𝜓𝑚𝑖𝑛. 

Similar to CDM approaches, the tissue's state of residual strain is simulated through a stress 

softening parameter, but in this model it is a function of an estimated number of cycles to failure 

(see Equation 21). As such, it is analogous to the traditional definition of fatigue life through an 

S-N behaviour, although in this instance, the model relates strain and cycle numbers.   Two key 
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variables (𝐷𝑠 and 𝐷𝑝𝑠, see Equation 22 and 23) define the amount of permanent set that occurs 

over one loading cycle, at a specific equivalent strain. These are material specific parameters 

which require experimental data for calibration. Anisotropy is enforced by normalising the 

permanent set tensor, Dps, according to the peak strain direction (see Equation 23).  
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The proposed model presents a good basis for the development of a fatigue damage model for 

GLBP. The inclusion of the effect of cycle number through its scaling of permanent set and stress 

softening allows for the introduction of fatigue induced tissue changes. This advances the 

models in previous works, whereby damage evolution is purely strain/energy driven. However, 

the evolution is material specific in that the cycle number to failure is established according to 

material constants calibrated through experiments. As such, the number of experimentally-

derived material parameters required is a limitation of this model, especially as long-term 

experimental studies are challenging.  

 

More recently, this model was advanced to extend the previous fatigue-induced reduction in 

initial stiffness, to simulate a so-called ‘stiffening effect’ (Dong et al. 2020). The ‘stiffening effect’ 
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can be summarised as a change in the contribution of the exponential power term in the fibre 

strain energy formulation (see Figure 2.26). As such, this extension to the original model is 

specific to the damage mode of the fibres; which is evident in a change in the exponential 

portion of the stress-strain response. It would also be possible to simultaneously simulate the 

fatigue-induced matrix permanent set and collagen fibre damage by integrating the original 

cycle-driven matrix permanent-set with a different model for fibre damage (see section 2.5.2). 

The previous definition of cycles to failure was also updated to reduce the number of variables 

requiring calibration, while maintaining the same relationship over time with the peak 

equivalent strain experienced by the material. Another key feature of this model is the transition 

from a linear to nonlinear permanent set accumulation. This is achieved through a logarithmic 

function incorporated into the calculation for the permanent set component of the Green 

Lagrange strain; which is shown to fit the experimental data well (note: there are only two GLBP 

samples tested in this study).  

 

 

Figure 2.26: (a) Permanent set strain along the uniaxial loading direction and (b) reduction in 

fibre stiffness according to increasing cycle number, with model fit to experimental data. (Dong 

et al. 2020). 
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Though this model advances the original fatigue-damage model by computing a non-linear 

permanent set accumulation, at present it is only defined for a uniaxial stretch case (Dong et al. 

2020). Thus, it is not suited for implementation in finite element analysis where an anisotropic 

permanent set definition is required, which was previously achieved through the now absent 

permanent set tensor as given in Equation 23.  

Zhang and Sacks developed a novel model for the permanent set accumulation in GLBP matrix 

(Zhang and Sacks 2017). Like the model by Martin and Sun, this too is an anisotropic permanent 

set model. Based on the strain history (𝑨(�̂�)) and the transition between the original and new 

material configuration, the permanent set is calculated through an optimisation as the model 

has no analytical inverse form (see Equations 24 and 25). A permanent set tensor (𝑭Ps) is 

identified such that based on the strain history and the intermediate configuration due to the 

current load (�̂�), the net stress is zero when unloaded (as the geometry has acquired a new 

configuration, (s)).  

𝑭Ps =  𝑎𝑟𝑔𝑚𝑖𝑛 (𝑭) |𝑺(𝑘, 𝑰, 𝑨(�̂�), 𝑪 = 𝑭
⊤𝑭) − 0| 24 

 
 

𝑨(𝑠)  =  𝑎𝑟𝑔𝑚𝑖𝑛 (𝑭) |𝑺(𝑘, 𝑰, 𝑨(�̂�), 𝑪 = 𝑭⊤𝑭) − �̂�| 25 

 

This model works on the basis of constantly updating the material’s reference configuration, 

and as such can be used to determine subsequent changes in collagen fibre architecture due to 

the tissue-level dimensional changes. As the residual strain in the geometry increases, the 

recruitment of the collagen fibres increases. This is an important structurally-based feature of 

this model, as this is what happens physically with collagenous tissues; where the matrix is 

responsible for the low-strain response, and collagen fibres require greater strains to become 

active and load bearing. This model was developed after re-examination of the study by Sun and 

co-authors, where a more comprehensive understanding of the Schiff-base reaction involved in 

glutaraldehyde cross-linking had been established since the original study (Sun et al. 2004).  
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Figure 2.27: (a) Model fit at 0, 20 and 50 million cycles for XD orientated fibre group in specimen 

PD and XD directions.  (b) Predicted permanent set of PD orientated fibre group in specimen PD 

and XD directions, using rate constant derived from (a). Red = experimental permanent set 

strain in XD direction, blue = experimental permanent set strain in PD direction. 

A number of key assumptions are critical for the model formulation definition, whereby there 

is no structural damage to the collagen fibres or matrix, permanent set occurs in the matrix only 

in the early stage response and collagen fibres do not bear load until they are straightened. 

Unlike the practical limitations associated with the high number of parameters associated with 

the previously described novel fibre-ensemble model (see Section 2.5), this model requires only 

one experimentally-derived parameter; k. The rate constant was calibrated from experimental 

data from one fibre group configuration (XD), and used to predict the permanent set 

accumulation for PD orientated samples, as seen in Figure 2.27, the predicted values match the 

experimental data very well.  

 

Although this model is a more-structurally based constitutive formulation than other fatigue-

induced permanent set models, it is not at present suited for investigation of long-term BHV 

leaflet performance in vivo. Using this model in FEA would require an optimization for each 

integration point, for each element in the simulation. For BHV leaflet models, this would amount 

to tens of thousands of optimizations at each strain increment; over millions of cycles.  
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The fundamental goal in the use of computational models is to simulate and predict the fatigue 

of leaflets in vivo, due to the persistent complex loading. Thus, material behaviours associated 

with fatigue loading must be included in the computational framework. For GLBP BHV leaflets, 

that comprises a cycle-driven permanent strain accumulation in the matrix component, 

followed by a strain-driven stress softening damage of the collagen fibres. Informing such a 

material model with more comprehensive experimental data will provide a design tool which 

can guide the design of next generation BHVs and increase device durability for future AS 

patients.  

Computational BHV studies typically focus on device parameters like leaflet thickness, leaflet 

shape and delivery geometry (Martin et al. 2014; Martin and Sun 2015). These geometry-based 

simulations are also a key element in the design of BHVs, where their integration with fatigue-

damage material models would serve to optimise both the harvesting of leaflets and the leaflet/ 

metallic frame design for increased in vivo durability. It has also been reported that locations of 

peak stresses from one diastolic load is not indicative of the eventual failure/high damage 

regions on a leaflet, which further illustrates the importance of assessing BHV designs on the 

basis of long-term behaviour, in addition to device level design features (Martin et al. 2014).  

2.5.4 BHV computational studies 

Using the fatigue-induced permanent set model as described in Section 2.5.3, Martin and Sun 

investigated the influence on fibre orientation on BHV durability (Martin et al. 2014). A Fung 

material model was used, which importantly does not de-compose the strain energy function 

into matrix and collagen components.  Thus, the permanent set accumulation did not 

accumulate specifically in the GLBP matrix. Nevertheless, it was found that the lowest peak 

strain values were associated with a leaflet of highly aligned circumferential fibres 

(circumferential with respect to the valve orifice, see Figure 2.28 (b)). In contrast, a more 

isotropic fibre distribution was associated with higher levels of damage due to cumulative effect 
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of damage across the valve as opposed to in specific regions. However, it is important to note 

that these simulations were conducted for ideal orifice geometries (i.e. circular). Thus, it is 

unknown how these fibre orientation-based results will translate to non-circular and diseased 

delivery sites in AS patients.  

Interestingly, when ‘mismatched’ leaflets were chosen for a singular valve (i.e. three with 

different fibre patterns), there was increased damage levels in comparison to those with 

consistent leaflet fibre orientations (see Figure 2.28 (b)). This has been suggested in previous 

clinical studies as the root cause of valve failure (Singhal et al. 2013; Trowbridge and Crofts 

1987). Another key finding of this study was that initial peak stress locations in the leaflets were 

not indicative of high damage/failure regions, where the accumulation of permanent set was 

found to shift the location of progressive damage (see Figure 2.28(a)). This is notable as many 

studies assess a leaflet design based on a single load application (Martin et al. 2014).  

 

Figure 2.28: (a) Maximum principal stress in leaflets at 0 cycles, based on fibre orientation. (b) 

Damage across leaflets at 9 M cycles after permanent set accumulation, based on fibre 

orientation. L1 = nearly isotropic fibre distribution, L2 = anisotropic fibre distribution, L3 = highly 

anisotropic fibre distribution. Nominal = all three leaflets have the same fibre orientation (i.e. 

L1/L1/L1 etc.).  L1/L2/L3 = each of the three leaflets comprise one of the three fibre 

distributions). Adapted from (Martin et al. 2014). 
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Similar findings were observed in an earlier study by the same group, where the effect of both 

fibre orientation and leaflet thickness was investigated, exclusive of fatigue effects (Li and Sun 

2010a). Two extreme fibre cases were explored, with fibres highly aligned along the 

circumferential direction (as above in (Martin et al. 2014)) and secondly, with fibres highly 

aligned in the axial direction. As expected, increased peak stresses were obtained for the axially 

aligned leaflet case and for thinner leaflets (Li and Sun 2010a). 

 

Studies have also shown the critical effect of the delivery site geometry on the stresses 

experienced by the valve leaflets, in addition to their load-induced kinematics (Gunning et al. 

2015, 2014; Sun, Li, and Sirois 2010). Simulation of diastolic pressure on BHVs held in orifices 

increasing from 0 to 0.68 eccentricity illustrated a 58%-143% increase in peak stresses, 

depending on the location of the major axis of the ellipse (Sun et al. 2010). This trend was also 

found by Gunning et al., where deployment of BHVs was simulated in realistic and distorted 

aortic roots (Gunning et al. 2014).  In agreement with the ellipse axis-stress relation found by 

Sun et al., the major ellipse axis origin in this study had a significant influence on leaflet peak 

stresses, increasing from 1.52 MPa at the commissures of a circular geometry to 3.55 MPa in an 

elliptical aortic root. This would suggest that pre-planning the deployment orientation of 

devices on a patient-by-patient basis could significantly reduce in vivo leaflet stresses, thereby 

increasing durability.  

 

The effect of native calcifications in addition to leaflet calcium attachments has also been shown 

computationally to significantly increase stress concentrations on BHV leaflets, where the shape 

of the calcification is a critical factor (Sturla et al. 2016). An arc-shaped calcification (i.e. that 

which extends from commissure-to-commissure is associated with the highest stress levels, 

which was also reported from examination of clinically explanted aortic cusps (Sturla et al. 2016; 

Thubrikar, Aouad, and Nolan 1986). Paravalvular leakage has also been correlated to the 
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delivery site geometry, whereby calcium clusters can result in stent distortion that cause ‘gaps’ 

between the valve frame and the surrounding aortic tissues (Morganti et al. 2014; Sturla et al. 

2016). Finally, asymmetric coaptation was also found to occur in cases of heterogenous delivery 

sites, causing BHV frame distortion (Morganti et al. 2014). These studies highlight the 

importance of considering the delivery sites for these devices, as these heterogenous 

geometries are shown to result in distortion of the frame, and poor leaflet kinematics. 

Furthermore, this raises questions in relation to the optimal leaflet fibre pattern for these highly 

variable and unpredictable delivery sites, and whether the highly circumferentially arranged 

fibres as suggested in the literature is suitable for geometries divergent from the ideal circular 

valve orifice (Martin et al. 2014).   

2.6. Summary  

Aortic valve stenosis describes the narrowing of the aortic valve orifice, restricting blood efflux 

during systole and encouraging regurgitation in diastole. This prevalent form of valvular heart 

disease is associated with a fatal prognosis if left untreated, with interventional procedures 

expected to double by 2050 (Morís et al. 2016; Otto 2000). Transcatheter aortic valve 

replacements (TAVR) offer a minimally invasive procedure, through the crimping and 

subsequent in-situ expansion of bioprosthetic heart valves. However, the widespread use of 

these prostheses is contraindicated due to their inadequate performance and durability in AS 

patients. Excessive calcification and mechanical fatigue have long been identified as the two 

primary premature leaflet failure modes in vivo (Butterfield and Fisher 2000; Dvir et al. 2018; 

Grunkemeier et al. 2000; Sacks et al. 2009; Sacks and Schoen 2002; Schoen 2008; Schoen et al. 

1987; Siddiqui et al. 2009; Singhal et al. 2013; Zilla et al. 2008). The literature in this area is both 

limited and conflicting; some studies suggest that mechanical damage induces calcification, 

while others show they are independent degenerative mechanisms (Berbacca et al. 1992; K. 

Liao et al. 2008; Sacks and Schoen 2002; Thubrikar et al. 1983; Vesely et al. 2001a). Sterilisation 
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and crosslinking of the bovine pericardial leaflets with glutaraldehyde exacerbates calcification, 

which has been shown to occur specifically in devitalised native cells (Dunn and Marmon 1985; 

Schoen and Levy 2005; Valente et al. 1985). While collagen fibres are the dominant mechanical 

constituent of BP, experimental and computational studies illustrate that early tissue level 

changes at physiological load levels occur in the non-collagenous tissue component (Martin et 

al. 2014; Sun et al. 2004; Zhang and Sacks 2017). It is also important to note that the level to 

which collagen fibres mediate this irreversible low-load matrix response has not yet been 

investigated. BHV leaflets undergo three primary loading regimes in vivo; tensile, shear and 

flexural (Sacks et al. 2009). Not only is the loading pattern across the leaflets complex, but they 

are subjected to it approximately 80 times per minute, for up to 20 years, which equates to over 

800 million loading cycles.  

The progression of mechanical fatigue damage in GLBP BHV leaflets is not very well understood. 

There are just four studies in the literature which optically pre-sort GLBP according to collagen 

fibre orientation, and only two of these are conducted under fatigue conditions (Mirnajafi et al. 

2005; Sacks and Chuong 1998; Sellaro et al. 2006; Sun et al. 2004). Furthermore, none of these 

studies have been conducted with commercial-grade GLBP, i.e. that which is used in patient 

devices. This paucity of data is primarily due to the difficulties associated with physiologically-

relevant experimental set ups, such as loading pattern, loading frequency and cycle number (1 

year in vivo equates to approximately 40 million cycles). As such, computational models are the 

most effective tool for investigating the fatigue behaviour of GLBP, under in vivo loading 

scenarios (Martin and Sun 2013). However, in order to develop and inform structurally based 

computational frameworks, further experimental data in which commercial-grade GLBP is 

subjected to more complex loading, is required. From the current knowledge in this field, this 

material model should simulate initial morphological changes due to the cycle-driven matrix 

permanent set accumulation, followed by strain-driven damage in the collagen fibres (Dong et 

al. 2020; Martin and Sun 2013; Zhang and Sacks 2017). Computational investigations of BHV 
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leaflets of varying underlying collagen fibre architectures will allow for identification of 

mechanically-optimal leaflet fibre patterns, in order to standardise the harvesting of leaflets 

from full GLBP patch, which is not currently required (International Standards Organisation 

2013).  
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Chapter 3  Collage fibre orientation and dispersion 

govern ultimate tensile strength, stiffness and the 

fatigue performance of bovine pericardium  
 

3.1. Introduction 

As discussed in Section 2.4.3, the reported mechanical properties of GLBP differ greatly between 

studies in the literature (Aguiari et al. 2016). Furthermore, there is limited knowledge of the 

mechanical fatigue performance of GLBP, where the mechanical properties of GLBP have been 

previously investigated only in specific orientations of highly aligned specimens; exclusive of 

dispersion. A primary limitation of these studies is that they were not conducted on commercial 

tissue specimens, but rather tissue fixed ‘in-house’ for 1-7 days, and stored in saline thereafter 

(Chachra et al. 1996; Crofts and Trowbridge 1988; Mirnajafi et al. 2005; Sellaro 2003; Sun et al. 

2004; Trowbridge, Black, and Daniel 1985).  

Collagen fibres are the dominant load bearing component within pericardial tissue, and as with 

all fibrous materials, the orientation of the fibres with respect to the direction of loading is an 

important factor in determining the strength of the material (Zioupos, Barbenel, and Fisher 

1992). However, the native pericardial fibre orientation is not explicitly quantified in the 

manufacture or mounting of glutaraldehyde fixed bovine pericardium (GLBP) leaflets on current 

commercial devices (International Standards Organisation 2013).  Collagen fibre architecture 

can be characterised non-destructively with an optical technique, such as small angle light 

scattering (SALS). SALS analysis has been used in a number of previous studies to quantify 

collagen fibre orientation and dispersion in bovine pericardium, prior to mechanical testing (K L 

Billiar and Sacks 2000; Hiester and Sacks 1998b; Sacks and Chuong 1998; Sacks, Chuong, and 

More 1992; Sellaro 2003; Sun et al. 2004).  
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The aim of this study was to determine the uniaxial static and dynamic mechanical properties 

of commercial GLBP, which has been pre-sorted according to collagen fibre architecture.  This 

new knowledge will provide further insight of how the mechanical performance of commercial 

GLBP relates to the unloaded fibre orientation and alignment.  An improved understanding of 

this structure-function relationship will possibly aid in increasing the durability of BHV leaflets.   

3.2. Materials & Methods 

3.2.1 Sample Preparation 

GLBP patches were obtained from Neovasc Inc. (British Colombia, Canada), which had been both 

fixed and stored in 0.5% glutaraldehyde. Dogbone-shape specimens were cut from the patches 

of tissue with a custom-made die, where the resulting specimen gauge length/width ratio was 

5.5 : 1 (gauge length =12.5 mm and width =2.27 mm). The dogbone specimens were then 

imaged with small angle light scattering to ascertain fibre orientation and dispersion (see 

Section 3.2.2) and then categorised according to these parameters.   

3.2.2  Small Angle Light Scattering (SALS) 

Small angle light scattering (SALS) is a non-destructive, optical technique which utilises scattered 

light distributions from an incident beam to determine fibre orientation and dispersion in a 

fibrous sample. The design and development of the specific experimental set-up employed in 

this study has been previously reported (Gaul et al. 2017). Briefly, the system consists of a 

helium-neon laser, which passes through a sample held in a motorised positioner. When the 

incident beam has moved through the sample, the scattered light distribution is projected onto 

a screen, and an image of the light is captured (see Figure 3.1). The images are processed in a 

custom Matlab code (The Mathworks, Natick MA, USA), which analyses the elliptical scattered 

light distribution to calculate the dominant fibre angle and the degree of fibre dispersion at each 

location. According to single-slit diffraction theory, light scatters perpendicular to the fibres at 
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each location, and thus the major axis of the elliptical distribution allows for determination of 

the dominant fibre orientation.  

The degree of fibre alignment is presented as an eccentricity value, which is calculated by means 

of a ratio of the major-to-minor axis of the elliptical light at each region of interest (Haskett et 

al. 2010). Samples with fibres orientated in multiple directions are characterised by a circular 

ellipse (due to the low major-to-minor axis ratio) and hence a low eccentricity value. Conversely, 

highly aligned samples exhibit a very dominant major axis, and a high eccentricity value (see 

Figure 3.2).  

 

Figure 3.1: SALS system; composed of HeNe laser, focusing lens, sample positioner, projection 

screen and camera (Gaul et al. 2017). 

As the dogbone specimens fail at the centre of the gauge length, a 1 x 3 mm area centred at this 

location was chosen as the interrogation region. A series of images were taken across this area 

for every sample, at 250µm increments. Each sample was characterised as preferred fibre (PD), 

where the dominant fibre orientation is parallel to the direction of loading (0° ± 35°), or cross 

fibre (XD), where the fibre orientation is aligned perpendicular to the direction of loading (90° ± 

35°). Specimens were only categorised as XD or PD if they were highly aligned in these respective 

directions, i.e. an eccentricity value equal to or above 0.65. Finally, an additional specimen 

category was established; highly dispersed (HD), where fibres are orientated in multiple 

directions (illustrated through an eccentricity value < 0.65, see Figure 3.2). 
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Figure 3.2: Schematic illustrating specimen fibre orientation and resulting scattered light ellipse. 

(a) Cross-fibre specimen (XD), (b) Highly dispersed specimen (HD) and (c) Preferred-fibre 

specimen (PD). Note: the incident light scatters perpendicular to the collagen fibre orientation. 

3.2.3 Uniaxial Monotonic Tensile Loading 

Dogbone specimens were uniaxially loaded to failure in a Zwick Twin Colum Universal Testing 

Machine (Zwick Roell Group, Ulm, Germany), where the sample size for each of the three groups 

(XD, HD, PD) was six (n=6). Each specimen was tested at room temperature, and hydrated at the 

beginning of the test. Firstly, the specimen was preconditioned for 5 cycles, between 0.1 MPa 

and 1 MPa, and then loaded to failure at a speed of 20 mm/minute. The test end criterion was 

defined as the point when the load returns below 80% the maximum force reached. Stiffness 

was calculated as the slope of the final linear region of the stress-strain curve.  

3.2.4 Uniaxial Cyclic Tensile Loading 

XD and PD Dogbone specimens were uniaxially cyclically loaded in a stress-controlled 

environment, with a TytronTM Microforce Testing System (n=6, MTS Systems Corporation, MN, 

USA). Specimens were preconditioned for 1 cycle at 0.01Hz, and then repeatedly cycled at 1.5 

Hz at a peak stress of 3 MPa, with an R-ratio of 0.1; resulting in a   of 2.7 MPa. Peak/trough 

(a) 

(b) 

(c) 

Load 
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forces and displacements were analysed to measure specimen stiffness, which was calculated 

as the slope of the stress-strain curve. The test end point was defined as either failure or run-

out at 1 million cycles. Testing was conducted in a water-bath at 37° C, to simulate the 

physiological environment. Note: due to limited tissue availability, only XD and PD groups were 

loaded under the fatigue conditions. 

3.2.5 Scanning Electron Microscopy 

Various samples were chosen for microscopy analysis, for the purpose of observing the collagen 

structure at the fracture sites of ruptured samples. Prior to analysis, samples were frozen in 

liquid nitrogen and lyophilised at -50°C for 24 hours using a VirTis™ freeze-drying machine (SP 

Scientific, Gardiner, NY, USA).  Samples were mounted onto a carbon stub and coated in gold 

palladium for imaging. 

3.2.6 Statistical Analysis 

Values are presented as mean ± standard deviation in this study. Statistical analysis was 

performed with Prism 6 statistical software (GraphPad Software Inc., San Diego, California). For 

the monotonic experimental data, a one-way analysis of variance (ANOVA) was performed on 

the ultimate tensile strength, stiffness and failure strain measurements to investigate statistical 

significance between each of the three specimen groups (XD, HD, PD). A Tukey’s multiple 

comparisons test was conducted if the ANOVA test result was statistically significant (i.e. p<0.05 

for 95% Confidence Interval).  

For analysis of fatigue data, a Student’s t-test proved insufficient as it assumes a normal 

distribution of data. As such, a Mann-Whitney unpaired two-tailed t-test was chosen for 

significance of p < 0.05. Additionally, a nonparametric Kaplan-Meier statistical method with a 

log-rank Mantel-Cox test was chosen for survival analysis. A Weibull probability of failure plot 

was constructed using Minitab® Statistical Software, with a confidence interval of 95%. Dynamic 

stiffness data was analysed using a one-way ANOVA with a Bonferroni post-hoc test with 
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confidence interval of 95%. Significance between two groups were analysed using an unpaired 

t-test for p < 0.05. 

3.3. Results 

3.3.1 SALS Analysis 

Representative contour plots for each specimen category are shown in  

Figure 3.3, where the white and black vectors illustrate the fibre orientation at each location 

across the interrogation region. Each sample category contained six specimens (n=6) which met 

the fibre orientation classification criteria, as described in Section 3.2.2, the results of this 

analysis are presented in Table 3.1 and Table 3.2, (static and dynamic testing specimens, 

respectively).  

 

Figure 3.3: Alignment scale & SALS contour plots for (a) HD, (b) XD and (c) PD specimen 

groups. (d) SALS Interrogation region of dog-bone specimens prior to tensile loading. 

Alignment values range from  0.9 to 0.5, or high to low, respectively.  
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3.3.2 Uniaxial Static Tensile Loading 

The summary data for these experiments is presented in Figure 3.4, Figure 3.5 and Table 3.1. It 

was noted that the ultimate tensile strength (UTS) and stiffness of the PD and HD groups (UTS = 

16.3 ± 6.10 MPa and stiffness = 144.9 ± 32.32 MPa, 12.63 ± 4.21 MPa and stiffness  = 84.19 ± 

13.33 MPa respectively) were statistically significantly greater than that of the XD group (UTS = 

3.90 ± 3.14 MPa and stiffness = 26.19 ± 21.67 MPa). However, the HD group was not statistically 

significantly less than the PD group in its ultimate load bearing capacity. The specimen variation 

within and between groups is illustrated both through the stress-strain plots (see Figure 3.4) 

and the high standard deviations associated with each mean UTS value (see Figure 3.5).  

 

Figure 3.4: Stress-Strain curves for uniaxial tensile loading to failure. (a) XD group (b) HD group 

and (c) PD group. 

 

Figure 3.5: (a) UTS , (b) Stiffness values (c) Failure strains for each specimen group.  *p < 0.05, 

**p < 0.01, ***p < 0.001 and ****p < 0.0001. 
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Table 3.1: Summary of sample SALS and mechanical testing results (Uniaxial Static Testing) 

Sample Mean Angle (°) Alignment UTS (MPa) Stiffness 

(MPa) 

Failure Strain 

(%) 

XD 1 79.33 0.7763 1.11 16.68 5.34 

XD 2 75 0.7455 5.94 41.51 12.24 

XD 3 81.375 0.718 0.03 0.68 1.71 

XD 4 80.02 0.722 7.96 4.24 12.34 

XD 5 87.04 0.705 2.48 43.52 12.72 

XD 6 84 0.7236 5.85 50.49 13.12 

HD 1 N/A 0.58 17.85 103.97 15.20 

HD 2 N/A 0.52 10.93 81.58 13.10 

HD 3 N/A 0.56 17.83 95.56 15.45 

HD 4 N/A 0.47 11.17 81.88 13.70 

HD 5 N/A 0.54 7.81 73.56 10.70 

HD 6 N/A 0.629 10.20 68.6 14.04 

PD 1 -2.56 0.7183 24.92 160.23 19.79 

PD 2 -5.33 0.726 15.71 184.38 12.71 

PD 3 1.43 0.724 21.87 167.17 17.08 

PD 4 2.145 0.726 8.26 94.60 11.15 

PD 5 -4.29 0.733 13.18 136.19 13.18 

PD 6 -6.875 0.74 13.88 126.81 13.40 
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3.3.3 Uniaxial Cyclic Tensile Loading 

XD and PD groups were assessed under uniaxial cyclic loading and the main results are 

presented in Figure 3.6. Each PD specimen reached ‘run-out’; which was defined as 1 million 

cycles. In contrast, the XD specimens failed at significantly lower cycle numbers, where the 

average was 174,266 ± 369,653 cycles; which is approximately 20% of the PD run-out tests. This 

group notably exhibited a very high variability in contrast to the consistent behaviour observed 

in the PD group. It is important to note that the XD sample with the lowest eccentricity value 

(0.65, see sample ‘XD 6’,Table 3.2) reached run-out. Analysis of the initial and final loading cycles 

revealed that each PD specimen increased in stiffness, while XD specimen stiffness either 

decreased or remained unchanged following loading. The stiffness changes between groups 

were statistically significant (p < 0.0001). The SALS summary and cycles completed by XD and 

PD groups are summarised in Table 3.2. 

 

Figure 3.6: (a) Cyclic loading results for XD and PD specimen groups, (b) Change in specimen 

stiffness for XD and PD specimens,*p < 0.05, **** p< 0.0001. 
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The Weibull plot of probability of failure for the fatigue samples in this study indicated that 

although there was no trend towards failure with increasing cycle number for the PD group, the 

probability of failure did increase for the XD group for increasing cycle number (see Figure 3.7). 

This 95% confidence interval plot shows a 50% probability of failure for the XD group at 445 

cycles.  

 

Figure 3.7: Weibull plot showing trend towards a higher probability of failure with increasing 

cycle number for the XD specimens and no trend towards failure for PD specimens. 
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Table 3.2: Summary of sample SALS and mechanical testing results (Uniaxial Cyclic Testing) 

 

 

 

 

 

 

 

 

 

Sample Mean Angle Eccentricity Cycles  completed 

XD 1 93 0.8 1 

XD 2 67 0.69 2 

XD 3 98 0.68 10 

XD 4 121 0.73 23 

XD 5 76 0.68 45561 

XD 6 78 0.65 1 x106 

PD 1 -22.042 0.70 1 x106 

PD 2 6.58  0.69 1 x106 

PD 3 0 0.73 1 x106 

PD 4 34.1 0.712 1 x106 

PD 5 -31.125 0.763 1 x106 

PD 6 -33.6 0.769 1 x106 
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3.3.4 Scanning Electron Microscopy (SEM) 

Fracture sites of XD specimens were analysed with SEM. There was a visibly dominant fibre 

orientation along the direction of loading (i.e. along the specimen gauge length); indicating that 

reorientation of specimens from their original XD configuration did occur under cyclic loading. 

SEM analysis also revealed the disruption and fraying of fibre bundles at the fraction site (see 

Figure 3.8). 

 

Figure 3.8: Failure analysis of fatigued sample using Scanning Electron Microscopy. (a) Macro-

level micrograph image of frayed collagen fibres at fracture site of failed XD sample. Scale bar = 

1mm. (b) Single fibre-bundle consisting of many individual collagen fibrils (X). Scale bar= 200μm. 

(c),(d) Respective upper and lower portion of collagen fibre bundle spread at fracture site. Scale 

bar = 50μm. 

 

 

Load 

Load 
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3.4. Discussion 

The results presented in this study illustrate the role collagen fibre orientation and dispersion 

play in the mechanical response of GLBP.  SALS analysis allowed for a non-destructive 

determination of the underlying fibre architecture of specimens prior to testing, which aided in 

the understanding of the subsequent performance of specimen groupings under differing 

loading environments.  

Statistically significant differences were observed in the mean UTS and stiffness values in the XD 

group compared to the two remaining group, where the XD values were significantly lower (see 

Figure 3.5 (a), (b)). Moreover, the high standard deviations associated with all groups were also 

reflected in the varied stress-strain curves shown in Figure 3.4. For example, the UTS values 

recorded for the PD group range from 8.3 MPa to 21.8 MPa. Furthermore, each specimen in the 

PD group exhibited a non-linear response to loading, typical of collagenous tissues, where the 

upturn and transition along the curve represents the incremental recruitment of collagen. In 

contrast, the XD group displayed a very linear loading response; indicating an absence of 

collagen fibre reorientation, culminating in inadequate collagen recruitment and ultimately, a 

comparably low load bearing capacity (see Figure 3.4(a), (c)).  

Interestingly, the HD group displayed mechanical properties comparable to that of the PD 

group, with no statistically significant differences between their respective UTS and failure 

strains (see Figure 3.5 (a), (b)). This was noteworthy, as HD specimens comprise highly dispersed 

fibres, as opposed to PD specimens where fibres are predominantly aligned along the loading 

direction. Additionally, HD specimens exhibited a minor degree of non-linearity in their response 

to loading (see Figure 3.4 (b)). Characterised by fibres orientated in multiple directions, the 

nonlinear response to loading seen in the HD group is possibly explained by an adequate 

proportion of fibres orientated along the loading direction, the stretching and recruitment of 

which resulted in a load bearing capacity similar to that of the PD group.  
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Although not statistically significant, it is evident in Figure 3.5(c) that the mean failure strain of 

the XD group was lower than that of the remaining two groups. This was possibly explained by 

the absence of fibre recruitment during loading, resulting in increased stress in the matrix, 

leading to tissue-level failure at a lower strain. The failure strain of the PD and HD groups were 

very similar (16.3 ± 2.7 % and 15.5 ± 1.6 %, respectively), and the macro-failure in such samples 

is likely due to rupture of previously recruited collagen fibres, as illustrated through the non-

linear response to loading (see Figure 3.4(b), (c)).  

Cyclic testing of XD and PD groups revealed the significant influence of fibre orientation on the 

fatigue life of specimens. As evident in Figure 3.6(a), all PD specimens reached 1 million cycles, 

while the XD fatigue life was much lower in comparison. Four samples in this group had failed 

by 23 loading cycles (see Table 3.2). Interestingly, an inverse relationship was observed for this 

group between alignment and cycles to failure. Specifically, the sample with the lowest 

alignment reached the highest number of cycles. This alignment value (0.65; see Table 3.2), met 

the minimum criteria for XD classification (see Section 3.2.2). Even with this particular 

specimen’s high number of cycles to failure, the mean behaviour of XD and PD groups was 

statistically significantly different; culminating in a 50% probability of failure for XD samples at 

445 loading cycles (see Figure 3.7). It is important to note that this number does not directly 

relate to the maximum cycles leaflets with XD-orientated fibres can withstand in vivo, as the 

load employed in this study was highly supraphysiological. However, it demonstrates the 

criticality of fibre orientation between XD and PD groups.  

It is also important to note that PD specimens displayed an increase in stiffness at the test end 

point, which is likely due to fibres becoming even more aligned with the loading direction as the 

cycle number increased (see Figure 3.6(b)). The contrast in repeatability of the fatigue life 

between XD/PD groups further indicates the importance of characterising leaflet fibre 

orientations, so that fibres are aligned with principal loading directions in vivo. To investigate 

this further in future studies, the alignment threshold will be increased in order to more 
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explicitly categorise specimens as highly aligned XD/PD. Furthermore, the fibre orientation 

range for which specimens are classified as XD/PD will also be narrowed (i.e. 90° ± 15° and 0° ± 

15°, respectively).  

Previous studies investigating the mechanical properties of GLBP have not explored specimens 

in which the collagen fibres are highly dispersed (Caballero et al. 2017; Duncan and Boughner 

1998; García Páez et al. 2002; Gauvin et al. 2013; Hülsmann et al. 2012; Oswal et al. 2007; 

Pasquino et al. 1994; Sánchez-Arévalo et al. 2010). The noteworthy mechanical strength of the 

HD group seen in this study warrants further investigation; principally motivated by their multi-

fibre orientation. It is hypothesised that BHV leaflets harvested from such regions on the 

pericardial sac may be particularly well suited to the multi-directional loading in vivo. While it 

was not possible to include HD specimens in the fatigue analysis in this study, due to limited 

tissue availability, future experimental studies will investigate the dynamic response of this fibre 

group.  

This study investigated commercially available GLBP, which displayed notable differences to 

previous studies conducted on in-house fixed tissue  (Caballero et al. 2017; García Páez et al. 

2002; Oswal et al. 2007; Pasquino et al. 1994; Sánchez-Arévalo et al. 2010; Sun et al. 2004). 

Importantly, experiments conducted on in-house fixed tissue have been used for material 

calibration in a number of computational studies (Li and Sun 2010b; Sacks et al. 2015; Sun et al. 

2010; Zhang and Sacks 2017), and exhibits a very different stress-strain response to that seen 

here. For example, the study conducted by Sun et al. (Sun et al. 2004), PD specimens stretched 

to 16% strain, reached a stress value of 1 MPa. In contrast, the average failure strain of 

commercial PD specimens was 16% strain in this study; corresponding to a mean stress value of 

16.3 MPa (see Figure 3.4(c)). A primary difference between in-house fixed pericardium and 

commercially available pericardium is its exposure time to glutaraldehyde. In studies such as 

Sun et al. (Sun et al. 2004), the tissue is fixed in glutaraldehyde for a short period of time and 
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then stored in PBS prior to testing. In contrast, commercially fixed tissue is stored in 

glutaraldehyde until use.   

The loading environment employed in this study was simplified in comparison to that of in vivo. 

To investigate the response of GLBP under physiological conditions, future experimental set-ups 

will require incorporation of flexural cyclic loading. Another limitation in this study was the 

supraphysiological load level employed. Although 3 MPa is significantly higher than pressures 

to which leaflets are subjected in vivo¸ it was used in this study to induce collagen fibre damage 

in a shorter time frame.  

In conclusion, the results presented in this study illustrate the statistically significant influence 

of fibre orientation and dispersion on the mechanical performance of commercial GLBP, notably 

the extremely weak fatigue properties of GLBP with fibres in the XD orientation. Moreover, this 

indicates that pre-sorting GLBP according to collagen fibre architecture is a key step in better 

understanding its mechanical behaviour.   
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Chapter 4 Bovine pericardium of high fibre 

dispersion has high fatigue life and increased 

collagen content 
 

4.1. Introduction 

The following study aims to establish a more complete experimental database and 

understanding of the structure-function behaviour of commercial-grade GLBP, and was 

motivated by the findings in Chapter 3. Of note, the ultimate tensile strength and stiffness of 

GLBP specimens with high fibre dispersion were substantially equivalent to those in which the 

fibres were aligned along the uniaxial load direction. Thus, this study explores the fatigue 

response of GLBP specimens with high fibre dispersion. For completeness, the fatigue 

performance of specimens from the same commercial-grade GLBP, with collagen fibres aligned 

parallel and perpendicular to the loading direction, is also determined here. Additionally, the 

collagen content of high fibre dispersion (HD) and highly aligned (HA) GLBP specimens were 

analysed to investigate any differences between specimen groups.  

The complex loading observed across leaflets in vivo (Bouten et al. 2012; Engelmayr et al. 2003; 

Iyengar et al. 2001; Vesely and Boughner 1989) motivates the exploration of high fibre 

dispersion GLBP, as it is hypothesized that leaflets characterised by a multi-orientated fibre 

architecture would be better suited to withstanding this multi-directional loading regime. 

Importantly, patients receiving BHV devices typically present with non-circular valve orifices due 

to the stenosing of the valvular site (Gunning et al. 2015). Consequently, the loading on the 

device is heterogeneous and varies from patient-to-patient. Thus, the use of a GLBP leaflet with 

fibres highly aligned in a single direction could result in areas with a paucity of fibres aligned to 

the localised principal loading direction. Employment of leaflets with highly dispersed fibres 
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could be structurally more suited to these unpredictable and patient-specific loading directions, 

due to their characteristic multi-directional fibre organisation.  

4.2. Materials & Methods 

4.2.1 Sample preparation and Small angle light scattering analysis 

Commercial-grade GLBP was obtained from Boston Scientific Corporation (Galway, Ireland). This 

GLBP tissue was manufactured in a process analogous to the GLBP used in commercial devices. 

As this tissue was not used in patient devices, however, it is referred to in this work as 

commercial-grade GLBP. The primary difference between commercial-grade GLBP and ‘in-

house’ fixed tissue is the glutaraldehyde exposure time, which is an order of magnitude greater 

for commercial-grade GLBP.  

Unlike ‘in-house’ fixed tissue and commercially available GLBP, this tissue has not been explored 

previously in the literature.  The commercial-grade GLBP used in this study was subjected to 

controlled loads during glutaraldehyde fixation. In contrast, the commercial tissue used in 

Chapter 3 was not. As both tissues are fixed under the same conditions otherwise, the 

mechanical properties of the commercial-grade GLBP in this study is also compared to that of 

commercial GLBP in Chapter 3. This comparison serves to investigate any effect of fixation load 

on the subsequent mechanical properties of GLBP, once it has been suitably fixed for an 

extended time period. 

Small angle light scattering (SALS) was used to non-destructively quantify the fibre architecture 

of dogbone specimens (gauge length 12.5mm and gauge width 2.27 mm) harvested from full 

commercial-grade GLBP patches. All SALS analysis conducted in this thesis, utilises the in-house 

SALS system outlined in Section 3.2.2 (Gaul et al. 2017).  After conducting an initial regional SALS 

analysis on a full GLBP patch (9 x 16 cm), dogbone specimens are cut from specific regions 

identified as having high fibre alignment (for XD, PD samples) or high fibre dispersion (HD 

samples). All dogbone specimens are then analysed again across a 6 x 1 mm region (at 250 µm 
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increments; 96 images per specimen), to ensure they meet the fibre-group specifications as 

outlined in Table 4.1. Only specimens which meet the individual XD, HD or PD fibre architecture 

criteria are selected for uniaxial mechanical testing.  Note: The angle for the HD group is listed 

as ‘N/A’ to emphasise the absence of a dominant fibre angle for this specimen group. Although 

a mean angle was calculated for these specimens in the Matlab post-processing of SALS images, 

it is not presented here so that this sample group is interpreted as specimens with a very low 

level of fibre alignment and no dominant fibre angle. As such, HD samples are loaded uniaxially, 

along the dogbone gauge length, irrespective of the measured mean fibre angle. These samples 

are classified as having fibre dispersion above a threshold that the fibre angle is not mechanically 

significant. 

A custom Matlab code (The Mathworks, Inc., MA, United States) analyses the images to 

calculate the dominant fibre angle and alignment of each specimen, which is measured as an 

eccentricity value. Alignment (i.e. eccentricity) values typically range from 0.5 to 0.9, indicating 

low to high alignment, respectively. The results are presented as a contour plot, as seen in Figure 

4.1. 

 

Figure 4.1:Representative SALS contour plots for one specimen from the three groups (XD, HD, 

PD). Colour indicates alignment (low to high; 0.5 to 0.9). White and black vectors indicate fibre 

angles at each location across region of analysis (6 mm x 1 mm). 
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Table 4.1: Specimen grouping classification. (* Angle is given with respect to loading direction) 

Specimen Group Mean Angle (°) * Alignment 

XD 90 ± 15 ° ≥ 0.70 

HD N/A  ≤ 0.65 

PD 0 ± 15 ° ≥ 0.70 

4.2.2 Uniaxial Tensile Cyclic Loading 

A total of seven (n=7) dogbone specimens for each category (XD, HD, PD) were tested in a 

Tytron™ Microforce Testing System (MTS Systems Corporation, MN, USA).  As in Chapter 3, each 

specimen was preconditioned for 1 cycle at 0.01 Hz, at a peak stress of 3 MPa, and then 

repeatedly cycled at 1.5 Hz at the same peak stress of 3 MPa (with an R-ratio of 0.1). As the 

maximum operating frequency of the Tytron™ Microforce Testing System for force-controlled 

tests was 1.5 Hz, a supraphysiological load of 3 MPa was chosen for testing. This load was chosen 

to accumulate damage in the tissue in a feasible time frame, and also allow for divergences 

according to fibre architecture to be detected. From the study outlined in Chapter 3, the 

ultimate tensile strength of the weakest specimen category (XD), was 4 MPa. Thus, a load of 3 

MPa was deemed suitably high to conduct experiments in a realistic time frame, without instant 

tensile failure of the XD group. Moreover, a 3 MPa load ensures the specimens are loaded to 

the collagen fibre-dominant region of the stress-strain response (i.e. stiffened linear region), 

where lower loads would result in a tissue matrix-dominant response (i.e. in the initial stage of 

the stress-strain profile, see Chapter 3, Section 3.3.2). Additionally, computational studies have 

reported leaflet stresses in the region of 1- 3 MPa (Abbasi and Azadani 2015; Li and Sun 2010a).  

The test end-point was defined as run-out at 1 million cycles, or failure. Testing was conducted 

in a saline bath at 37 °C, to simulate the physiological environment. 

 



86 
 

4.2.3 Second Harmonic Generation Imaging (SHG) 

Multiphoton imaging (Second Harmonic Generation, or SHG) was employed to visualise the 

collagen fibre architecture of GLBP in a non-destructive manner. There are two primary 

differences between the SALS and SHG optical tools utilised in this study. Firstly, SALS is a 

transmissive technique, while SHG is layer specific and subject to depth limitations 

(approximately 100 μm for GLBP in experience). Secondly, SALS records a scattered light image, 

while SHG permits direct visualisation of the collagen fibre structure. Thus, in this study SALS 

was used to measure the collagen fibre orientation and alignment as it detects the dominant 

fibre structure through the tissue thickness, while SHG was used only to visualise the collagen 

fibres for collagen content analysis. 

The purpose of SHG analysis was to determine any differences in the collagen content of highly 

aligned (i.e. HA) and high fibre dispersion samples (i.e. HD). As commercial-grade GLBP cannot 

be readily digested down using typical techniques for biochemical assays, SHG was employed as 

a non-destructive alternative method for measuring collagen content. SHG was used to compare 

the collagen content between the two specimen categories (i.e. HD and HA), permitted through 

the application of the same SHG imaging and post-processing parameters for all specimens. 

Representative specimens (n=3) were chosen from the HD group and the HA groups for image 

analysis, which was conducted using second harmonic generation (SHG) imaging. As XD/PD 

specimens meet the same alignment specification, these groups were combined into a ‘highly 

aligned’, or HA specimen category. SHG analysis was conducted from both the fibrous and 

serous face of the GLBP tissue samples, with a Carl Zeiss 710 NLO Microscope (Carl Zeiss, Jena, 

Germany). This technique involves passing a high energy laser through the sample and 

generating a second harmonic of that light. Imposing an incident beam of 840 nm, from a 

Coherent Chameleon II tuneable laser, generated a second harmonic at the appropriate 

wavelength to permit collagen visualisation (420 nm). The second harmonic was detected via 



87 
 

non-descanned detectors, with a 485 nm short pass emission filter. A W Plan-Apochromat 

objective was employed, at a magnification of 20X. A z-stack of approximately 20 slices at the 

centre of each specimen was recorded, with an inter-slice spacing of 8 μm.   

4.2.4 Collagen content analysis 

The collagen content of each specimen was calculated using custom-made ImageJ (Maryland, 

United States) and Matlab (The Mathworks, Inc., MA, United States) programs. A total of twelve 

measurements were taken for each specimen, which was achieved by calculating the 

percentage collagen content across four tiles and three slices of images (slice thickness was 8 

μm). This was completed using the z-stack of images from the serous face, as the fibres here are 

typically more organised; providing a more consistent signal between z-slices.  The same black 

and white threshold was applied to each SHG image, to convert collagen fibres to white, and 

non-collagenous areas to black. Collagen content was then measured as the number of collagen 

fibre pixels, as a percentage of the total number of image pixels. This method is similar to that 

reported by Sulejmani and co-authors (Sulejmani et al. 2019). As the fibre arrangement in GLBP 

changes through the thickness, the slices chosen for analysis were at least 30 μm from the tissue 

surface. The analysis region for each specimen was 850 μm x 850 μm (across three slices through 

the depth). Finally, the 36 measurements per group (n=3, at 12 measurements, see above) were 

analysed with a Student’s t-test at a 95% confidence interval.  

4.2.5 Statistical Analysis 

Statistical analysis was performed with Prism 6 statistical software (GraphPad Software Inc., San 

Diego, California). For the cyclic experimental data, a one-way analysis of variance (ANOVA) was 

performed to investigate statistical significance between each of the three specimen groups 

(XD, HD, PD). A Tukey's multiple comparisons test was conducted if the ANOVA test result was 

statistically significant (i.e. p < 0.05 for 95% Confidence Interval). As described in section 4.2.4, 
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collagen content was compared between the HA and HD groups with a Student’s t-test, at a 95% 

confidence interval.  

4.3. Results 

4.3.1 Sample Characterisation 

Each of the seven (n=7) specimens chosen for cyclic testing met the alignment and angle (where 

applicable) requirements for XD, HD and PD specimen groups (see Table 4.1). The mean and 

standard deviation of these fibre architecture parameters are summarised in Table 4.2. Note: 

the fibre alignment and orientation criteria have been refined from Chapter 3.  

Table 4.2: Mean angles and alignment values for XD, HD and PD specimens (Uniaxial cyclic 

loading; see section 4.2.2) 

Specimen Group Mean Angle (°)  Alignment 

XD (n=7) 84.43 ± 8.76 ° 0.75 ± 0.04 

HD (n=7) N/A  0.56 ± 0.03 

PD (n=7) 4.74 ± 4.08° 0.76 ± 0.04 

 

4.3.2 Uniaxial Cyclic Loading 

Four (n=4) HD specimens reached run-out at 1 million cycles, in contrast to the XD group 

whereby four (n=4) samples failed after one cycle (see Figure 4.2). As in Chapter 3, each sample 

in the PD group reached run-out at 1 million cycles.  An ANOVA analysis across the three groups 

(XD, HD, PD) illustrates a statistically significant difference between their fatigue behaviour (p = 

0.0001).  However, a multiple-comparisons analysis reveals no statistically significant difference 

in the number of cycles completed by HD and PD groups. Furthermore, there was a statistically 

significant difference in the number of cycles completed between the XD and HD group (p < 

0.01) and between XD and PD groups (p <0.0001, see Figure 4.2). Full details of collagen fibre 

angle, alignment and number of cycles completed for each specimen are provided in Table 4.3. 
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Figure 4.2: Cycles completed for XD, HD and PD specimens (**p <0.01, ****p<0.0001). Note: No 

statistically significant difference was found between the HD and PD groups.  
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Table 4.3: Specimen parameters and cycles completed for uniaxial cyclic loading detailed in 

Section 4.3.2.  

Sample # Alignment Angle (°) 
Thickness 
(mm) 

Cycles 
Completed 

Alignment 
post- 
loading 

Angle 
post- 
loading  

XD1 0.728 83.218 0.329 1 N/A N/A 

XD2 0.702 81.27 0.371 126006 N/A N/A 

XD3 0.787 104.76 0.328 1000000 0.6806 103.95 

XD4 0.7895 86.02 0.308 1 N/A N/A 

XD5 0.8069 76.4375 0.331 1 N/A N/A 

XD6 0.711 78.92 0.411 1 N/A N/A 

XD7 0.76009 80.416 0.439 22398 N/A N/A 

       

HD1 0.559 104.66 0.412 361737 N/A N/A 

HD2 0.567 13.63 0.394 493790 N/A N/A 

HD3 0.64 93 0.336 327147 N/A N/A 

HD4 0.56114 37.927 0.412 1000000 0.594 19.95 

HD5 0.571 82.02 0.408 1000000 0.644 -21.47 

HD6 0.584 -23.57 0.401 1000000 0.6706 -11.04 

HD7 0.613 -17 0.370 1000000 
Not 
possible 

Not 
possible 

       

PD1 0.73 -6.9 0.399 1000000 0.768 0.4062 

PD2 0.725 2.85 0.400 1000000 0.741 0.458 

PD3 0.807 -0.645 0.335 1000000 0.839 -4.48 

PD4 0.784 13.59 0.366 1000000 0.8325 3.41 

PD5 0.727 -3.02 0.350 1000000 0.7886 -0.95 

PD6 0.8159 4.645 0.319 1000000 0.81655 4.375 

PD7 0.76059 -1.5 0.330 1000000 0.7979 -2.34 

N/A: SALS was not possible after loading due to sample failure. N/A* for sample HD7: SALS 

imaging was not possible due to mishandling of the specimen, resulting in increased opacity. 
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4.3.3 SHG Imaging 

SHG imaging of three specimens from each category revealed differences in the fibre 

architecture between the HD and HA specimen groups. The fibre arrangement of HD specimens 

appeared wavy and dense (see Figure 4.3 (a-c)). This was in contrast to the HA group, where the 

fibres appeared comparably to be straighter and more sparse (see Figure 4.3 (d-f)).  

 

Figure 4.3: SHG images of (a-c) HD (high fibre dispersion) specimens and (d-f) HA (highly aligned, 

i.e. XD/PD) specimens. Scale bar: 100 μm. 

4.3.4 Collagen content analysis 

A statistically significant difference between the alignment values (i.e. level of collagen fibre 

dispersion) was found between the two specimen groups (p = 0.0417, see Figure 4.4). The mean 

alignment of the HD and HA groups were 0.615 ± 0.0004 and 0.735 ± 0.0002, respectively. The 

mean collagen content of high fibre dispersion (HD) and highly aligned (HA) specimens was 

79.88 ± 0.014% and 72.92 ± 0.017%, respectively.  
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A student’s t-test revealed that the collagen content of the HD group was statistically 

significantly higher than that of the HA group; where p = 0.0023. 

 

Figure 4.4: (a) Alignment values for HD and HA (i.e. XD/PD) groups, according to SALS analysis 

(see section 4.2), (b) Percentage collagen content of HD and HA groups, according to SHG image 

analysis (see sections 4.2.3 and 4.2.4). 

 
To illustrate the variability in collagen fibre arrangement across a full patch of GLBP tissue, a 

SALS analysis of a 9 cm x 16 cm patch of pericardial tissue is included below (see Figure 4.5). The 

patch was divided into 24 rectangles (2 cm x 3 cm) and each were imaged with SALS across a 1.8 

cm x 2.5 cm region of analysis (43, 200 images in total). The result is displayed as a contour plot, 

according to angle and alignment, as detailed in Section 4.2. This SALS analysis demonstrates 

that both fibre angle (black vectors) and alignment (yellow - blue) change regionally across a full 

GLBP patch. It is likely that regions on a GLBP patch map to distinct anatomical locations. 

However, as it is unknown where the commercial patch is harvested from on the full pericardial 

sac, it is not possible to locate regions of specific fibre angle and alignment values in a GLBP 

patch without imaging the collagen fibres. Full details of the mean fibre angle and alignment of 

the interrogation regions are given in  Table 4.4 and Figure 4.5. 
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Figure 4.5: SALS analysis overlaid on GLBP patch (9 cm x 16 cm), where individual interrogation 

regions measure 1.8 cm x 2.5 cm. Scale bar on the right indicates collagen fibre alignment, from 

high to low values (0.9- 0.5, respectively).  Interrogation region labelling (a-x) correspond to 

fibre architecture detailed in Table 4.4. 

Table 4.4: Mean collagen fibre angle and alignment values for interrogation regions on GLBP 

patch (n=24) 

Sample Angle (°) Alignment   Sample Angle (°) Alignment 

a 74.16 0.74   m 63.50 0.80 
b 37.52 0.69   n 63.71 0.77 
c 37.46 0.69   o 63.67 0.74 
d 54.55 0.70   p 72.83 0.66 
e 68.82 0.74   q 80.04 0.72 
f 65.70 0.74   r 81.01 0.71 
g 74.11 0.66   s 53.52 0.70 
h 80.70 0.60   t 56.7 0.79 
i 91.46 0.76   u 53.42 0.78 
j 75.70 0.70   v 54.24 0.74 
k 62.06 0.70   w 51.28 0.70 
l 58.16 0.81   x 57.87 0.61 
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4.3.5 Fixation technique comparison of two commercial-grade GLBP 

To investigate the influence of fixation technique on the mechanical properties of commercial-

grade GLBP, the cyclic testing results in this study were retrospectively compared to those in 

Chapter 3. Additionally, uniaxial static tests to failure were also completed for XD, HD and PD 

specimens from the tissue in the current study and compared to the results from Chapter 3. This 

was permitted by the identical mechanical testing protocols in each of the two studies (see 

Chapter 3, Section 3.2.3 for static uniaxial tensile protocol). To the author’s knowledge, this is 

the first time that the effect of fixation technique has been investigated for commercial-grade 

GLBP.  

The tissue employed in the present study was subjected to controlled loads along its axes during 

glutaraldehyde treatment. In contrast, the tissue tested in Chapter 3 was not held at specified 

loads during fixation (Neovasc Inc., British Colombia, Canada).  A t-test was employed to 

investigate the effect of fixation technique on mechanical behaviour. Individual analyses were 

carried out for each of the specific fibre architecture categories; XD, HD and PD, where the two 

tissue types serve as the two groups in the t-test analysis. 

 

Figure 4.6: (a) UTS of XD, HD and PD specimens where *p < 0.05, ***p<0.001. (b) Stiffness values 

of XD, HD and PD specimens, where **p<0.01, ***p < 0.001. 
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Figure 4.7: Type ‘A’ is the GLBP tested in this study, and Type ‘B’ is the GLBP tested in Chapter 

3.   (a) UTS values for XD, HD and PD specimen groups for Type A and Type B tissue. (b) Cycles 

completed for XD and PD specimen groups for Type A and Type B tissue. (Note: t-test analyses 

were conducted between the two tissue types, for each specimen group; XD, HD and PD). 

Table 4.5: Specimen parameters for uniaxial monotonic loading detailed in Section 4.3.5. 

Sample  Angle  Alignment  UTS (MPa) Stiffness (MPa) 

XD1  79.31 0.80 1.43 26.92 
XD2  82.63 0.77 3.41 25.88 
XD3  82.17 0.76 3.69 27.17 
XD4  77.46 0.74 3.42 27.03 
XD5  78.96 0.77 1.46 25.47 
XD6  99.96 0.72 2.67 33.59 
          
HD1  N/A 0.50  13.91 103.04 
HD2  N/A 0.55  31.83 222.14 
HD3  N/A 0.62  22.95 193.92 
HD4  N/A 0.54  9.48 75.46 
HD5  N/A 0.62  5.90 49.16 
HD6  N/A 0.5  7.49 96.03 
          
PD1  -3.67 0.72  25.50 152.85 
PD2  -7.15 0.75 27.66 209.02 
PD3  -15.27 0.79  17.09 149.52 
PD4  -2.98 0.80  18.69 183.31 
PD5  5.38 0.80  19.57 191.43 
PD6  4.46 0.80  18.64 173.21 
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T-test analyses revealed no statistically significant differences in the ultimate tensile strength 

(UTS) or stiffness of XD, HD and PD specimens from the two tissue types (see Figure 4.7 (a,b)). 

The UTS is defined as the maximum load the specimen reaches before failure (i.e. the point at 

which the specimen yields and the stress no longer increases). As observed in the monotonic 

results, there was no statistically significant difference in the fatigue behaviour of XD and PD 

specimens from the two different GLBP tissue types (Figure 4.7 (c)). Note: HD specimens were 

not tested under dynamic conditions in Chapter 3, and thus it is only possible to compare the 

fatigue behaviour of XD and PD groups between the two tissue types. 

Comparison of the static and dynamic behaviour of the specimen groups illustrate that once 

collagen fibre architecture was quantified prior to testing and specimens were categorised as 

XD, HD or PD the fixation technique had no statistically significant influence on the mechanical 

properties of the commercial-grade GLBP.  

4.4. Discussion 

This work quantifies the mechanical properties of a different form of GLBP which has not been 

explored in the literature to-date; i.e. that of HD fibre architecture. The mechanical performance 

of the HD group demonstrated that specimens with high fibre dispersion were not statistically 

significantly different to those in which the fibres are highly aligned along the loading direction 

(see Figure 4.2). This is the first time the dynamic performance of HD GLBP has been quantified 

and is especially relevant to the application of bovine pericardium in BHVs, where the leaflets 

are subjected to constant cyclic loading in vivo. Furthermore, analysis of the fibre angle and 

alignment of specimens which did not fail due to loading (Table 4.3), and thus could be imaged 

via SALS post-loading, demonstrated that PD samples became even more aligned towards the 

load. Additionally, the one XD sample that reached 1 million cycles, reduced in alignment by the 

test end-point. This indicates that a critical number of fibres were able to re-orientate from the 

unloaded XD configuration, towards the loading direction to prevent failure.  Additionally, the 
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range of mean fibre angles for the HD group (see Table 4.2) indicates that beyond a threshold 

of fibre alignment (< 0.65 in this study), the fibre angle does not solely dictate the tissue 

behaviour (as it does for XD/PD samples). The absence of a statistically significant difference in 

the fatigue performance of HD and PD groups indicates that the high fibre dispersion 

characteristic of the HD group plays a mechanically-significant role, independent of fibre 

orientation.  

To investigate the effect of fixation technique, the UTS and stiffness values of XD, HD and PD 

specimens harvested from the commercial-grade GLBP used in this study were retrospectively 

compared to those in Chapter 3. Additionally, the number of cycles completed by XD and PD 

groups were compared. Both tissues are commercial-grade GLBP, but were subjected to 

different loads during glutaraldehyde treatment. T-test analyses illustrated that loading during 

fixation has no statistically significant effect on the UTS or stiffness of XD, HD and PD specimens 

when the fibre angle was controlled for by screening the samples with SALS (see  Figure 

4.7(a,b)). Furthermore, there was no statistically significant difference in the number of cycles 

completed by XD and PD groups between the two tissue types (see Figure 4.7(c)). These results 

demonstrate that collagen fibre architecture governs the mechanical properties of GLBP, 

independent of fixation technique. To the author’s knowledge, this is the first time the effect of 

load during glutaraldehyde fixation has been investigated for commercial-grade GLBP. It is 

noteworthy that  previous studies in the literature have investigated the mechanical properties 

of ‘in-house’ fixed pericardium, which demonstrates increased compliance compared to the 

commercial-grade pericardium employed in this study (García Páez et al. 2002; Mirnajafi et al. 

2005; Pasquino et al. 1994; Sacks and Chuong 1998; Sánchez-Arévalo et al. 2010; Sellaro et al. 

2006; Sun et al. 2004). Thus, glutaraldehyde-fixing parameters will alter the mechanical 

properties of GLBP, but for commercial-grade GLBP tissues, which are exposed to 

glutaraldehyde for extended time periods, collagen fibre architecture will ultimately govern the 

mechanical properties.  
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SHG analysis revealed both a difference in the configuration of fibre bundles and a statistically 

significant difference in collagen content, between HD and HA groups. HD specimens appeared 

to have a wavy, dense fibre arrangement. In comparison, the fibre arrangements in HA 

specimens appeared sparser and straightened (see Figure 4.3). Furthermore, it is important to 

note the scale of the SHG images with respect to that of the SALS analysis. Each example SHG 

image in Figure 4.3 measures 425 μm x 425 μm, at a localised region at one of multiple 8 μm z-

slices through the sample thickness.  In contrast, the SALS analysis is conducted through the 

thickness of the tissue, where each scattered light image (96 per sample) is averaged over the 

laser beam diameter (128 μm). Additionally, the ≈ 100 μm depth limitation of SHG leaves the 

central ≈ 200 μm of samples un-accounted for (assuming SHG analysis is conducted from both 

faces of the tissue). Thus, the mean orientation of an SHG image slice is not representative of 

the mechanically-dominant fibre structure through the tissue thickness, as measured by SALS.  

Moreover, a statistically significant 9.5% higher percentage of collagen content was measured 

for the HD group in comparison to the HA group (see Figure 4.4). One might think that as there 

are fewer fibres aligned in the direction of loading, that HD specimens would exhibit inferior 

fatigue behaviour compared to PD specimens. However, this was not the case (see Figure 4.2). 

This high fatigue life may be explained by the increased density of fibres in HD specimens 

compared to PD (see Figure 4.4), where the net number of collagen fibres in the direction of 

loading may be similar in each group.  

It is clear from Figure 4.5 that both fibre orientation and alignment vary across a full pericardial 

patch. Moreover, the location on the pericardial sac from where the patch was extracted is 

unknown, therefore it is not possible to correlate the axes of the patch with anatomical axial 

and circumferential orientations. It is clear, however, that there is no global dominant fibre 

direction in the patch defined by the patch anatomy. Yet, several previous studies have made 

this assumption in categorising fibre orientation in BP test specimens (Choe et al. 2018; Dalgliesh 
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et al. 2019; Joyce, Rochev, and Rahmani 2019; Tremblay et al. 2009). It is known that collagen 

fibres remodel such that they align with principal loading directions (Krasny et al. 2017; Sellaro 

et al. 2006). In the case of pericardium, it is probable that areas of high fibre dispersion on the 

full GLBP patch (Figure 4.5) correlate to anatomical regions on the native pericardial sac that are 

subjected to multidirectional loading. Furthermore, localised multiple principal loading 

directions in vivo likely requires increased levels of collagen, as seen in Figure 4.4(b). The SALS 

analysis of a full patch of commercial-grade GLBP illustrates the importance of pre-screening 

tissue prior to leaflet harvesting; to avoid extracting leaflets with unsuitable or sub-optimal fibre 

architectures for in vivo loading patterns.   

It is known that BHV leaflets are subjected to a number of complex loading patterns and regimes 

in vivo in, where native aortic valve leaflets have a complex fibre architecture (Bouten et al. 

2012; Driessen, Bouten, and Baaijens 2005; Engelmayr et al. 2003; Iyengar et al. 2001; Vesely 

and Boughner 1989).  Furthermore, the delivery sites for TAVR BHV devices are heterogeneous 

and vary patient to patient. Aortic valve sites can be circular, elliptical or D-shaped (Padala et al. 

2010; Schultz et al. 2009; Sun et al. 2010). The presence of calcification nodules and permanent 

deformation of the tissue can further exacerbate the divergence of the valvular orifice from a 

typical or ‘ideal’ geometry (Hart et al. 1998; Li and Sun 2010a; Smuts et al. 2011; Wells, Sellaro, 

and Sacks 2005). Ultimately, these diverse sites result in deformation of the BHV metallic frame 

and atypical leaflet loading patterns that are unpredictable in the manufacturing stage.   

It is possible that harvesting leaflets from areas of HD architecture on the pericardial patch will 

provide improved outcomes, as their multi-orientated fibres may be best suited to withstanding 

the multi-directional loading to which they are subjected.  Exclusive of the suitability of the 

inherent fibre arrangement of HD tissue to the numerous in vivo loading directions, the high 

fatigue life of this tissue type has also been demonstrated in this study (see Figure 4.2). 

Furthermore, this fatigue performance was correlated to an increased collagen content in 
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comparison to native areas of high fibre alignment (see Figure 4.4). The combination of fibre 

architecture, high fatigue life and increased collagen content of HD GLBP presents a possible 

shift from the current paradigm of optimal leaflet fibre structures. Informally, this is advocated 

in the literature to be that of a circumferentially aligned BHV leaflet (Hart et al. 1998; Li and Sun 

2010a; Smuts et al. 2011). Formally, there remains no standardised specification or regulation 

of leaflet fibre patterns. Consequently, there is no requirement for specific leaflet harvesting 

sites on a pericardial sac or pre-screening of commercial BHV leaflets(International Standards 

Organisation 2013).  Employment of a non-destructive optical technique, such as SALS used in 

this research, would enable routine pre-screening of GLBP patches (see Figure 4.5) so that leaflet 

geometries are harvested from mechanically-optimal sites. The results presented here and in 

Chapter 3 suggest that this may be from regions of high fibre dispersion, independent of the 

specific fixing technique used for the leaflet tissue. Furthermore, both SALS and SHG analysis 

was conducted on commercial BHV leaflets to investigate feasibility for use in the manufacture 

of BHVs, and is provided in Appendix D. 

It is well documented that currently available BHVs do not meet longevity requirements and 

must be made increasingly durable (Martin et al. 2014; Sacks and Schoen 2002). Whether this 

is due to a lack of control over leaflet fibre architectures, or a circumferential arrangement of 

fibres, HD leaflets present an interesting alternative. Further investigation, however, is required 

to explore the collagen fibre-mediated fatigue behaviour of commercial-grade GLBP, under 

more complex loading regimes and physiological load levels. Finally, as calcification is also a 

primary mode of premature leaflet failure in vivo, where its relationship with mechanical 

damage is not well understood, the fatigued samples in this study were placed in an in vitro 

calcification solution (Golomb et al. 1987; Sacks and Schoen 2002). This was conducted to 

investigate the influence of collagen fibre damage on the calcification potential of commercial-

grade GLBP, and is outlined in Appendix A.   
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Chapter 5 A novel custom-made multi-specimen rig 

to investigate the fatigue behaviour of collagenous 

tissue under physiological equiaxial bulge 

conditions 
 

5.1. Introduction 

Chapter 3 and 4 demonstrated the significant role of collagen fibre architecture in determining 

the mechanical failure of commercial-grade GLBP under static and dynamic uniaxial tensile 

loading. Physiological load levels, however, to which BHV leaflets are subjected are much lower 

than those utilised in the experimental studies in Chapter 3 and 4. Furthermore, low load levels 

elicit a predominantly matrix-driven mechanical response, such that it is known that the early-

stage behaviour of BHV leaflets is dominated by a permanent strain accumulation in the GLBP 

matrix. The amount of permanent strain accumulation in the first few months in vivo will have 

significant implications for subsequent damage accumulation and performance of the leaflets, 

as permanent strains will cause leaflet geometry changes.  

There are two key studies in the literature which conduct fatigue loading on pre-sorted GLBP 

(Sellaro et al. 2006; Sun et al. 2004). Each of these studies employed uniaxial cyclic loading, 

coupled with intermittent static biaxial testing. The primary difference between the two studies 

is that the study by Sun et al. incorporated PD samples only, in contrast to that by Sellaro et al. 

which assessed both XD and PD fibre orientations (Sellaro et al. 2006; Sun et al. 2004). Both 

experimental investigations highlighted the importance of the mean collagen fibre orientation 

in a highly aligned GLBP sample, for the cycle-dependant tissue-level changes. A limitation with 

these studies, however, was the simplified loading environments employed in comparison to 

that of in vivo. Additionally, in-house fixed tissue was employed, where Chapters 3 and 4 in this 

thesis demonstrated that commercial-grade GLBP is significantly stiffer. Furthermore, the peak 
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strain chosen in the study by Sun et al. (16%), was found to be very similar to the average failure 

strain of commercial-grade PD samples in Chapter 4. Finally, both of the aforementioned studies 

focus on the collagen fibre mechanics under cyclic loading, where the load levels employed were 

sufficiently high for collagen fibre recruitment (as evidenced by the J-shaped curves in (Sellaro 

et al. 2006; Sun et al. 2004)). Importantly, the early-stage permanent set accumulation in BHV 

leaflets occurs in the GLBP matrix, as physiological loads places the mechanical response in the 

low-strain region (i.e. that dominated by the matrix, prior to collagen fibre straightening). Thus, 

to better understand the early stage behaviour of GLBP leaflets, experimental data on the low-

strain cyclic response of GLBP is necessary.  

The limited fatigue experimental data in this area is attributed to the impracticalities of long-

term experimental set-ups. Computational models, however, offer a significantly more practical 

investigative tool for the fatigue response of BHV leaflets in patients (Nolan and Lally 2018). Yet, 

it is important to inform computational models with experimental data derived from more 

complex and physiologically relevant loading patterns (Sacks 2000). 

To fill this knowledge gap and facilitate the investigation of the low-strain fatigue behaviour of 

commercial-grade GLBP in a more complex loading environment, a novel, custom-made rig was 

developed. This pneumatic pressure-inflation mechanical testing system was designed 

collaboratively with Gordon O’Brien, Chief Technical Officer Specialist, and built in the 

Mechanical Workshop, both in the Department of Mechanical, Manufacturing and Biomedical 

Engineering, Trinity College Dublin. In total, the system mechanically loads twenty (n=20) 

circular tissue specimens under fatigue equibiaxial bulge conditions, at supraphysiological 

frequencies, and physiological load levels. Samples are pressurised from above and below, 

analogous to the complete reversal of loading direction BHV leaflets are subjected to in vivo. 

This custom-made system is compatible with a commercial digital image correlation (DIC) 

equipment to measure displacement of the tissue under cyclic loading, in addition to the in-



103 
 

house non-destructive small angle light scattering set-up for the quantification of fibre 

architecture  (SALS, (Gaul et al. 2017)).  

This chapter describes the pneumatic loading system and its components, in addition to a 

verification study of the DIC analysis. Specifications of the system components are outlined in 

Appendix B, in addition to drawings of the system. 

5.2. Multi-specimen pressure inflation rig 

5.2.1 System description 

The system consists of a main circular body, with the tissue specimens arranged around the 

perimeter, see  Figure 5.1(a). The equipment comprises two compartments (upper and lower), 

that are separated by the tissue specimens located at the centre of the rig (i.e. z =0, see  Figure 

5.1(b)). The upper and lower compartments mirror each other, to ensure equal loading 

conditions from above and below the specimens. Two exterior air reservoirs, one attached to 

each of the upper and lower compartments, provide pneumatic pressure to the system (see 

Figure 5.1 (b)). Two rubber diaphragms serve as interfaces between the exterior pressure 

reservoirs and the two saline-filled compartments.  

 

Figure 5.1:(a) Plan view of testing system, where circular tissue specimens (white arrows, n=20) 

are arranged around the perimeter of the system, (b) Side-view of equipment, black dotted line 

indicates centre-line of the system, where the samples are located. Black arrows show the air 
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reservoirs. (c) Magnified isometric view, where individual specimen chambers can be seen 

(white arrows). 

By means of two alternating solenoid valves, the pressurisation of the upper and lower 

reservoirs is controlled. The pressurization of the diaphragm on the upper reservoir displaces 

the samples downwards (i.e. z < 0), and then with a solenoid valve switch, the direction of 

loading is completely reversed, and the tissue samples are displaced upwards (i.e. z > 0).The 

solenoid valves are controlled by a custom LabView program (NI, United Kingdom), which allows 

for a user-defined frequency of operation. In this instance, 1 Hz equates to the tissue being 

loaded both in a negative and positive direction, in one second. In order for one air reservoir to 

be fully pressurised, it is required that the air reservoir on the opposite side of the rig is un-

pressurised. For this reason, an exhaust valve is positioned at the entry point of the compressed 

air to the pressure reservoirs (see Figure 5.2(a)). This allows for air to be exhausted from the 

inactive side, whilst the active side is reaching its full pneumatic load. The central components 

of the system are made from acetal (Ertacetal®C), while the top and bottom surfaces are 

manufactured from acrylic.  

 

Figure 5.2: (a) Plan view, with exhaust valve (white arrow) at entry point of air reservoir (black 

arrow) and (b) side view of system, where DIC tripod set-up can be seen to the left of the system 

(black arrow). 
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Ball bearing grooves were machined into the acrylic base of the lower compartment and into 

the aluminium table to allow for a thrust ball bearing interface between the main rig and the 

frame. This design feature aids in the DIC analysis of each  sample in turn and also allows the rig 

to be rotated in the x-y plane during the saline-filling process (see Section 5.2.2). A pressure 

gauge is located at a port positioned in one sample chamber. As equal pressure is supplied to 

the entire system, measurement of the pressure inside one sample chamber is representative 

of the pressure each sample is experiencing.  

The dimensions of the individual sample chambers can be altered for different sample sizes or 

loading conditions. The current system set-up holds a total of twenty (n=20) specimens, circular 

in shape with an outer diameter of 30 mm. Each sample is placed in an individual chamber, 

containing circular grips of 5 mm width (i.e. outer specimen diameter 30 mm, inner diameter 20 

mm). Each set of Ertacetal®C sample grips was designed with alternating ridges which aid to grip 

the tissue and maintain their position for extended time periods in the rig. Full details of the 

system filling and sample positioning are provided in Section 5.2.2).  

5.2.2 Saline filling and sample positioning in the system 

To position the samples in the rig, the upper compartment was removed from the rig and the 

samples were laid flat in their individual chambers, such that they are centred between the 

upper and lower chamber (i.e. z = 0, see Figure 5.3(b). The upper compartment was then 

securely re-attached. In total, the rig requires approximately 2 L of saline. Two sets of ports on 

the upper and lower compartments were used to fill and bleed the rig. Connected to a saline-

filled vat, the rig was placed in its upright position, so that it was positioned vertically (i.e. 90° 

from its neutral/horizontal configuration, see Figure 5.3(a)). Once saline began to exit the upper 

and lower compartments through the bleeding ports, the system was been filled. To remove 

any residual trapped air, a bleed hole is located on both the upper and lower acrylic surfaces. 

The rig was first moved through 180°(x-z plane, on the frame hinge, see Figure 5.3 (a)) and then 
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rotated (x-y plane, on the ball bearings) to position the bleed hole at the highest vertical point 

of the rig (Figure 5.3 (b)). By slowly retracting the bleed-hole screw, any remaining air was 

removed from the upper and lower compartments.  Once this is complete and no air was visible 

in the rig, it was returned to its neutral (i.e. horizontal) position.  

 

Figure 5.3: (a) System moved from horizontal to upright position (blue arrow), (b)Plan view of 

system with samples placed in chambers (black arrows), blue arrows indicate rotation direction 

of the rig in x-y plane.  

5.2.3 Application of stochastic speckle pattern 

To permit digital image correlation analysis (DIC, see Section 5.2.4), tissue samples were sprayed 

with a speckle pattern. To achieve a very fine and stochastic pattern, samples were sprayed with 

an air-brush gun filled with tissue dye (Fisher Scientific, NH, United States, see Figure 5.4). First, 

the samples were patted dry to remove excess surface fluid. They were then placed 

approximately 15 cm away from the airbrush gun tip and sprayed with the black tissue dye. 

Samples were air-dried for a further 30 seconds and placed back in a saline-filled container.  
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Figure 5.4: DIC camera views from (a) left and (b) right cameras. White box on (b) indicates area 

shown and magnified in (c). Scale bar = 2 mm. 

Using an airbrush spray gun, it was possible to achieve a stochastic speckle pattern on the tissue, 

at a very high resolution. This is required to identify and track the deformation of individual 

speckles. As seen in Figure 5.4, speckles range from approximately 200 – 500 μm diameter. 

Additionally, the tissue dye used did not fade or reduce in quality up to 60 million cycles, where 

Figure 5.4 shows a speckle pattern on a sample at this time point.  

5.2.4 Digital image correlation 

A Digital image correlation (DIC Q-400, Dantec Dynamics, Denmark) set-up is used in 

combination with the mechanical loading system, to measure the deformation of the tissue 

samples. 3D DIC analysis involves tracking the displacement of black speckles on a sample, to 

determine deformation in the x-y-z plane. The use of acrylic on the top surface of the system 

ensures that the DIC cameras are fully integrable and samples can be visualised in real-time at 

a high resolution. Two cameras are set up above the system (permitting 3D measurements), 

normal to the upper compartment surface (see Figure 5.2(b)). As the rig is set on ball-bearings, 

the DIC cameras are calibrated at the beginning of imaging, and the rig is rotated (x-y plane) for 

each subsequent sample (maintaining the same camera set-up for each tissue chamber).  
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Post-processing of each sample deformation is conducted with the in-built Istra4D software 

(Dantec Dynamics, Denmark) as follows: 

1. A mask is applied to the first of the recorded image series, to define the region of interest for 

displacement analysis (see Figure 5.5 (c)).  

2. A facet and grid size (unit: pixels) are chosen to track the displacement (in x-y-z) of each 

speckle on the sample. A facet size is employed such that it contains a minimum of three black 

speckles, where the grid is approximately 2/3 the facet size, to allow for overlap between 

adjacent facets (see Figure 5.5(a,b)). The computation of speckle displacements is conducted 

within each facet. Thus, a smaller facet/grid size increases the spatial resolution of the analysis, 

however larger facet sizes are required if large displacements occur in the samples. 

3. A reference image is chosen, such that the sample is in its unloaded configuration (i.e. z = 0 

across the sample). 

4. From this, a contour of the maximum z-displacement across each sample is generated with 

respect to the unloaded reference image, in addition to a plot of maximum z-displacement over 

time (see Figure 5.5(d)). Note: various measures of displacement can be outputted, but 

maximum z-displacement is employed in this study.  
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Figure 5.5: (a) Facet (centre marked in yellow) and grid (green boxes) shown on speckled tissue 

sample for DIC analysis, (b) magnified view of facet/grid, where speckles can be seen in black. 

Scale bar = 2 mm. (c) Mask applied to sample (blue), (d) z-displacement contour of sample after 

analysis, scale bar indicates magnitude of displacement spatially across sample.   

5.3. System Verification testing 

Verification testing of the system was conducted to ensure the displacement of the GLBP 

specimens could be repeatably recorded and measured with the DIC equipment over several 

cycles. The optimal specimen loading and DIC recording frequency were investigated, in addition 

to the optimal post-processing parameters.  
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5.3.1 Methods 

To verify the DIC imaging parameters, a series of experiments were carried out. These 

experiments involved varying the frequency at which the tissue specimens were loaded in the 

system, and the frequency at which images were recorded by the DIC cameras.  

The DIC system specifications allow for operation up to maximum of 40 Hz, while the DIC 

cameras can record at a maximum of 50 Hz. However, recording images at frequencies greater 

than 20 Hz requires a reduction in the recorded region of interest. As the region of interest of 

the circular specimens is relatively large (314.2 mm2), reducing the recorded region of interest 

in this instance would result in a significant portion of the tissue specimen not being captured. 

The maximum recording frequency used was therefore 20 Hz.   

The z-displacement (maximum over surface) was measured in triplicate for loading frequencies 

of 1 Hz, 1.5 Hz and 2 Hz, under a pressure amplitude of 150 mmHg. The DIC recording frequency 

was adjusted to ensure a minimum of 10 images were obtained per cycle. As the time for air to 

exhaust from the system is dependent on the loading frequency, the pressure delivered to the 

system must be adjusted in order to maintain a constant pressure amplitude if the loading 

frequency is adjusted (increased air pressure for increased loading frequency). 

The post-processing parameters were also investigated to determine the optimal facet size for 

specimen analysis. This was conducted by increasing the facet size from 21 to 101, and 

comparing the measured z-displacement for a number of facet sizes.  

5.3.2 Results 

For the four combinations of specimen loading and acquisition frequency, it was observed that 

the most repeatable triplicate z-displacement measurement was for a loading frequency of 1Hz 

and acquisition frequency of 15 Hz (see Figure 5.6 (b)). For a loading acquisition greater than 1 

Hz (i.e. 1.5 Hz and 2 Hz, Figure 5.6 (c,d)), the maximum recorded z-displacement differed by 

approximately 0.4 mm between the two sets of triplicate measurements. This would suggest 
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that the sample was moving too quickly for an accurate and repeatable DIC recording. 

Furthermore, for a loading frequency of 1 Hz and acquisition frequency of 10 Hz, the average z-

displacement recorded was less than that of the 1 Hz/15Hz case. This would suggest that 

acquiring 10 images per cycle was not sufficient to capture the full z-displacement of the sample.  

For this reason, it was concluded that a loading frequency of 1 Hz in conjunction with an 

acquisition frequency of 15 Hz was the optimal recording parameters, where a loading 

frequency of 1 Hz is also within the physiological domain. 

 

Figure 5.6: Z displacement of GLBP specimen over 5 cycles; (a) loading frequency 1 Hz, DIC 

acquisition frequency 10 Hz, (b) loading frequency 1 Hz, DIC acquisition frequency 15 Hz, (c) 

loading frequency 1.5 Hz, DIC acquisition frequency 15 Hz, (d) loading frequency 2 Hz, DIC 

acquisition frequency 20 Hz.  
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Figure 5.7: (a) Valid grid points for increasing facet size in DIC analysis,  (b) Maximum Z-

displacement for increasing facet size, where red= 75 pixels, blue= 85 pixels, green = 95 pixels 

and black =105 pixels.  

The appropriate facet size is a function of the specimen size, and the speckle pattern resolution. 

The air-brush set-up used to apply a stochastic pattern is very fine, meaning that a relatively 

small facet size encompasses the required number of black dots (recommended minimum 3 per 

facet).  By applying an increasing facet size, it was found that the number of valid grid points for 

displacement analysis decreased (see Figure 5.7(a)). This is expected as the surface area of the 

tissue samples remains constant, thus increasing the facet size reduces the number of grids per 

sample pixel. Additionally, it was found that increasing the facet size did not alter the maximum 

measured z-displacement (see Figure 5.7(b)). Thus, increasing the facet size will only reduce the 

spatial resolution of the displacement contour across the sample, due to the reduction in 

interrogation regions.  

5.4. Discussion 

In this chapter, a novel custom-made system was described, which can subject collagenous 

tissue to long-term equibiaxial bulge loading. The system is fully integrated with a commercial 

3D DIC camera set up, where pre-sorting of samples according to collagen fibre architecture was 

also possible with an in-house non-destructive SALS equipment. Bulge testing has been used in 

several studies to investigate material behaviours of collagenous tissues, however the majority 
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of these studies have been conducted in a static loading domain until sample failure, with a 

single-specimen set-up (Cavinato et al. 2017; Duprey et al. 2016; Jayyosi, Coret, and Bruyère-

Garnier 2016; Romo et al. 2014; Tonge et al. 2013; Zioupos et al. 1992). In contrast, this system 

combines complex bulge loading with fatigue conditions, for multiple specimens at once.  The 

system was designed and manufactured in a modular manner, such that individual components 

can be easily removed and replaced. As such, the dimensions and shape of the samples housed 

in the system can be adjusted, in addition to the number of samples. The frequency of loading 

and the load levels can also be readily adjusted, through the pressure regulator and in-house 

LabView operating program, respectively. The components of  the system were chosen to 

provide a high resolution, at physiological load levels (see Appendix B, Table B.1). 

Verification testing of the system was conducted to ensure the displacement of the GLBP 

specimens could be repeatably recorded and measured with the DIC equipment over several 

cycles. The optimal specimen loading and DIC recording frequency were also investigated. 

Firstly, samples were laser cut and engraved from a full GLBP patch (9 x 16 cm) and sprayed with 

a speckle pattern. Using an airbrush spray gun, it was possible to achieve a stochastic speckle 

pattern on the tissue, at a very high resolution. This is required to identify and track the 

deformation of individual speckles. As seen in Figure 5.4, speckles range from approximately 

200 – 500 μm diameter. Additionally, the tissue dye used did not fade or reduce in quality up to 

40 million cycles, where Figure 5.4 shows a speckle pattern on a sample at this time point.  

Figure 5.6 illustrates that the most repeatable measurement for z-displacement was obtained 

for a specimen loading frequency of 1 Hz, in combination with a DIC recording frequency of 15 

Hz. Thus, a recording frequency of 15 Hz and a loading frequency of 1 Hz will be used in future 

studies using this system. For tissue samples that underwent large deformations in the 

verification study, it was often required to use larger facet sizes (75 - 95) to obtain a full 

displacement contour over the sample surface. Importantly, however, it was found that 
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increasing the facet size did not alter the displacement results, but rather decreased the 

displacement contour spatial resolution (see Figure 5.7(a)). Thus, it was still possible to obtain 

the maximum z-displacement across a sample undergoing larger displacements, by means of a 

greater facet size.  

This chapter described the design and verification of a novel fatigue bulge loading system. The 

components of the system were chosen to provide a high loading resolution at physiological 

load levels. Chapter 6 describes the use of this system in an investigation of the early-stage, 

fatigue damage behaviour of GLBP, as a function of collagen fibre architecture.  

 

 



115 
 

Chapter 6 Investigation into early stage fatigue-

damage accumulation in glutaraldehyde-fixed 

bovine pericardium using a novel equibiaxial bulge 

inflation system 
 

6.1. Introduction 

There have been just two long-term experimental studies on GLBP to-date which have used 

GLBP samples pre-sorted according to their underlying and mechanically-significant collagen 

fibre orientation (Sellaro et al. 2006; Sun et al. 2004). Notably, the study by Sun and co-authors 

subjected GLBP specimens to uniaxial cyclic tensile loading for 65 x106 cycles, where stiffness 

and geometry changes were measured with static biaxial tests at 0, 30 x 106 and 65 x 106 cycles  

(Sun et al. 2004). Most significantly, it was found that permanent-set accumulation occurs 

specifically in the GLBP matrix and that this was responsible for all tissue changes up to 65 x106 

cycles, where the tissue response was markedly stiffer when the fibres were aligned along the 

primary biaxial loading direction. However, there remains a lack of understanding and 

experimental data of GLBP, under both complex and fatigue-damage loading conditions. This 

data is critical for improving the current inadequate durability of patient BHV devices (Martin et 

al. 2014). Additionally, it is not known what effect, if any, the underlying and mechanically-

dominant collagen fibres have on the progression of permanent set in the GLBP matrix.  

Damage to the GLBP matrix in the form of a fatigue-induced permanent strain is a key feature 

of the in vivo behaviour of BHV leaflets, as this is understood to both dominate the early stage 

tissue changes, and influence the medium to late stage mechanics of the collagen fibres (Zhang 

and Sacks 2017). Thus, the objective of this study was to explore the fatigue-induced damage of 

commercial-grade GLBP and investigate what role the collagen fibres play, if any, in this residual 
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strain accumulation.  To do this, a multi-specimen fatigue bulge loading study up to 60 million 

cycles (60M) was conducted using the novel testing system described in Chapter 5. 

6.2. Materials & Methods 

6.2.1 Multi-specimen pressure inflation rig 

The testing system used in this study is described in detail in Chapter 5. Briefly, the system holds 

twenty circular specimens, in a common saline bath. Two alternating solenoid valves control the 

delivery of pressure to the samples, which pressurise the samples upwards and then 

downwards, where the complete reversal of loading direction is analogous to the in vivo loading 

regime.  For the current study, specimens were loaded at 3 Hz, at a hypertensive blood pressure 

of 150 mmHg, typical of aortic stenosis  patients (Yap et al. 2010).   

6.2.2 Sample selection and preparation 

Full patches of commercial-grade GLBP (obtained from Boston Scientific Corporation, Galway, 

Ireland) were laser-cut to harvest uniform circular specimens of 30 mm diameter (n=11 per BP 

patch, BRM 90130 CO2 Laser). By reducing the laser power, each sample was also engraved with 

an identifying name on the 5 mm gripping region, to ensure sample identification throughout 

the study.  

After cutting, each specimen was first analysed using SALS, to categorise according to collagen 

fibre architecture. This facilitated the analysis of the z-displacement over time, as a function of 

collagen fibre architecture.  This SALS system has been used to quantify the fibre angle and 

alignment of commercial-grade GLBP in previous Chapters (3, 4). SALS analysis was completed 

across a 15 x 15 mm region of interest, at a 500 μm resolution (900 images per sample, see 

Figure 6.1). As the samples are circular in shape and loaded under bulge conditions, the fibre 

angle is not mechanically relevant for this loading scenario. As such, samples were grouped 

according to fibre alignment; as either high fibre dispersion (HD, SALS alignment < 0.65, n=10) 
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or high fibre alignment (HA, SALS alignment > 0.7, n=10). Only specimens meeting this criterion 

were used for testing.  

 

Figure 6.1:Representative SALS contour plots of fibre alignment and orientation (black vectors) 

across 15 x 15 mm region of interest, centred on 20 mm circular samples. (a) HD sample, (b) HA 

sample. Scale bar to right indicates SALS alignment values (low to high, or blue to yellow). Scale 

bar (white) = 2 mm.  

Sample thickness was measured in triplicate with a Mitutoyo thickness gauge (Mitutoyo VL-50B, 

Mitutoyo Corporation, Japan). The mean of the three measurements was recorded as the 

sample thickness.  

Finally, samples were sprayed with a fine speckle pattern in order to conduct digital image 

correlation analysis (see Chapter 5, Section 5.2.3 for description of the speckle pattern 

application).  

6.2.3 Digital Image Correlation Analysis 

To characterise the mechanical behaviour and damage accumulation in the tissue samples over 

long-term and pressure-controlled loading conditions, the displacement of each sample was 

measured using a digital image correlation system, at each of the 8 time-points in this study: 
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0M, 1M, 5M, 10M, 20M, 40M, 50M, 60M (DIC Q-400, Dantec Dynamics, Denmark). 3D DIC 

analysis involves tracking the displacement of black speckles on a sample, to determine 

deformation in the x-y-z plane. 

DIC imaging for each GLBP sample was conducted at a camera speed of 15 Hz, where the tissue 

samples were loaded at 1 Hz. A total of 200 images were recorded per sample (approximately 

13 cycles). Post-processing of each sample deformation was conducted with the in-built Istra4D 

software. See Chapter 5, Section 5.3 for full details of the verification conducted for the DIC 

analysis, in addition to the post-processing procedure.  

As SALS measures fibre architecture by passing a laser through samples, it was not possible to 

conduct SALS analysis on samples where a speckle pattern has been applied. Thus, for this study, 

from the total of ten samples within each HD/HA fibre group (n=10), six samples were sprayed 

with a speckle pattern for DIC analysis (n = 6) and the remaining four were left un-sprayed for 

SALS analysis (n=4) at each intermittent time point. Based on the consistent within-group 

behaviours observed in previous studies (see Chapter 3, 4), DIC analysis of six samples was 

deemed representative of the total ten samples from each group, with the same for the SALS 

analysis.  

6.2.4 Droop test 

As it is hypothesised that there will be a permanent set accumulation in the GLBP samples (see 

Chapter 2, Section 2.4.3.2 for discussion on permanent set in GLBP), a mock chamber was used 

to visualise and measure the accumulation of residual strain. Due to the previous laser cutting 

of the circular samples, the outer diameter of samples cannot increase even with the presence 

of permanent set. Instead, the change in geometry occurred in the region of the samples which 

was subjected to loading (central 20 mm diameter circle). In turn, this resulted in a sagging or 

‘droop’ in the tissue. To measure this, a 3D-printed single-specimen cylindrical mock chamber 

which replicates and axially-extends the 5 mm circular grips was used. With a 15 mm-wide 
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section cut in the axial direction of the mock-chamber, the sample sagging or droop was 

visualised (see Figure 6.2).  This was measured by positioning a camera in front of the chamber 

and measuring the ‘droop’ of the sample in ImageJ (ImageJ, U. S. National Institutes of Health, 

Bethesda, Maryland, USA).  

 

Figure 6.2: Mock chamber to visualise and measure sample droop. (a) shows sample with no 

droop, and (b) with a droop height of 1.96 mm. Scale bar: 5 mm. Note: Droop is defined here as 

the unloaded residual height of tissue samples in the z-direction. 

6.2.5 Uniaxial tensile tests 

To determine the effect of permanent strain, and the previous fatigue loading of the samples, 

on the static mechanical properties of commercial-grade GLBP, uniaxial tensile testing was 

conducted after 60M cycles. To do this, dogbone samples were cut from the fatigued circular 

samples, and uniaxially tensile loaded to failure. As the tissue used in this study was the same 

as in Chapter 4, the static mechanical properties were compared to those in  Chapter 4 (which 

had not experienced cyclic loading prior to the uniaxial tensile test). These two groups will be 

referred to as ‘fatigued XD, HD, PD’ and ‘unfatigued XD, HD, PD’, respectively. 

Ten dogbone samples of high fibre dispersion were cut from the HD specimens (n = 10, one per 

circular sample). The HA circular samples were divided into XD and PD groups, with n = 5 for 
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both. XD and PD specimens were cut from the HA specimens based on the fibre angle measured 

with SALS prior to fatigue loading.  

To facilitate comparison between the fatigued dogbone samples and the unfatigued specimens 

in  Chapter 4, the dogbone dimensions and the mechanical testing procedure used were 

identical. Briefly, the dogbone gauge width and length were 2.27 mm and 12.5 mm, respectively. 

Specimens were first pre-loaded to 0.1 MPa, and then pre-conditioned between 0.1 MPa and 1 

MPa for 5 cycles. Specimens were then loaded to failure, at 20 mm/minute.  

The ultimate tensile strength (UTS, maximum stress reached before the specimen yielded, and 

began to reduce), stiffness (from the final, linear region of the stress-strain response), and 

failure strain (strain at the UTS) were measured.   

6.2.6 Statistical Analysis 

For the fatigue bulge loading, a One-Way ANOVA with multiple comparisons was employed to 

compare the mean values of each group in GraphPad Prism Software (GraphPad, La Jolla, 

California, USA). This was conducted for the maximum z-displacements of HD and HA groups at 

each time point, in addition to the measured droop values for HD and HA groups at 10, 20, 40, 

50 and 60 million cycles.  

For the uniaxial tensile tests, a Kruskal-Wallis test was employed due to the inability to 

determine normality of the XD and PD groups (n= 5 was too small). All statistical analyses were 

conducted at a confidence interval of 95%. 

6.3. Results 

6.3.1 Sample selection and preparation 

A total of twenty specimens met the defined fibre group categories; with ten each in HA and HD 

groups (see Section 6.2.2). The mean alignment values were 0.605 ± 0.05 and 0.751 ± 0.04, for 
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HD and HA groups, respectively.  The average thickness values were 0.44mm ± 0.08 and 0.43mm 

± 0.06, for HD and HA groups, respectively.  

6.3.2 DIC Analysis of z-displacement over time 

Figure 6.3 shows the maximum z-displacement for each sample for all time points (0 M, 1M, 

5M, 10M, 20M, 40M, 50M, 60M cycles, n = 6 for HD and HA). A One-way ANOVA analysis 

resulted in no statistically significant difference within HD/HA groups up to 60M cycles, or 

between HD/HA groups.  It is also important to note that for samples with permanent set, the 

residual height of the reference image within the recorded series of images for each sample was 

measured in ImageJ and retrospectively added to the series of z-displacement values during the 

DIC post-processing (as the z-displacement at 0M cycles was measured with respect to a fully 

flat sample, as there was no permanent set accumulation yet). As such, the presence of 

permanent set is not evident in Figure 6.3. 

 

Figure 6.3: Maximum Z-displacement of (a) HD and (b) HA samples from 0M – 60M cycles (n = 6 

for each group). 

Figure 6.4 (a) shows the mean normalised z-displacement for HD and HA groups at each time 

point, where Figure 6.4 (b) shows the percentage change in z-displacement with respect to the 

unloaded configuration (0M cycles). Again, no statistically significant difference was found 

between any groups, but it is evident that there was a large range of values for each group. For 
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the HD group, a particularly large range of change in z-displacement is notable at 1 M cycles, 

and for the HA group at 10 M.  

 

 

Figure 6.4: (a) Mean z-displacement normalised for sample thickness for HD and HA groups 

(n=6), (b) Percentage change of z-displacement of HD and HA samples with respect to 0M cycle 

z-displacement. (n = 6, HD = green, HA = purple). 

6.3.3 SALS Analysis 

 

Figure 6.5: (a) Mean SALS fibre alignment analysis of HD and HA  samples for each time point up 

to 60M cycles (n=4), (b) Alignment value for each sample in HD and HA groups up to 60M cycles 

(n=4, HD = green, HA = purple). 
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SALS analysis revealed no statistically significant differences within HD/HA groups up to and 

including the final time point; 60M cycles (see Figure 6.5).  

6.3.4 Droop test 

Figure 6.6 (a,b) illustrates the amount of droop measured with the mock chamber as described 

in Section 6.2.4, for each HD and HA sample (n=10). It is evident that there are higher levels of 

permanent set damage in the HD group, with values ranging from 1.7 mm - 2.5 mm, in contrast 

to 0.8 mm – 1.65 mm for HA samples. Furthermore, permanent set was observed in n = 9 HD 

samples by 60M cycles, and n = 6 HA samples (each of total n=10). Permanent strain was also 

calculated, as a percentage increase in diameter, see Figure 6.6 (c, d). The mean permanent 

strain was 1.92 ± 0.99% for HD specimens and 0.56 ± 0.47% for HA specimens, at 60M cycles.  

 

Figure 6.6: Droop measurements for (a) HD, (b) HA samples and Permanent Strain for (c) HD and 

(d)  HA for 0M – 60M cycles (n=10). Note: Droop is defined as the unloaded residual height of 



124 
 

tissue samples in the z-direction and permanent strain was calculated as a percentage increase 

in the sample diameter.  

Figure 6.7 shows the mean droop heights for HD and HA samples that developed permanent set 

in this study by 60M cycles (n=9 and n=6, respectively. Total n=10 for each). Again, Figure 6.7 

shows that permanent set was higher in HD GLBP, where a statistically significant difference was 

found between HA and HD groups, in addition to within the HD group (*p < 0.05, ***p < 0.001, 

****p < 0.0001). Notably, no statistically significant changes in droop occurred after 20M cycles. 

No statistically significant difference was found within the HA group at any time point. 

 

Figure 6.7: (a) Mean droop heights normalised for sample thickness for HD and HA samples, (b) 

Percentage increase in droop between time points (e.g. ‘10-20’ indicates percentage increase 

from 10M time point to 20M time point, etc.). n=10, *p < 0.05, **p < 0.01, ***p< 0.001.  

6.3.5 Uniaxial Tensile Tests 

Figure 6.8 shows the stress-strain profiles of the dogbone specimens cut from the fatigued 

circular samples and uniaxially loaded to failure (XD, HD and PD groups, (a-c), respectively). The 

coloured plots show the results from the fatigued dogbone specimens from the current study, 

where the black are the control specimens from Chapter 4. Figure 6.8(a) shows that the fatigued 

XD specimens are less stiff than the unfatigued controls (black). This is in contrast to the PD 
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group in Figure 6.8(c), where there was no difference qualitatively between the fatigued 

(coloured) and unfatigued (black) dogbone specimens. Although a number of samples 

demonstrate a similar response, the fatigued HD specimens were overall more compliant than 

their unfatigued controls Figure 6.8(b).  

 

Figure 6.8: Stress-strain response of (a) XD, (b), HD and (c), PD specimens. The coloured 

specimens are those cut from the fatigued circular samples, and the black plots are the un-

fatigued samples from  Chapter 4 (n = 6 for each). There are n = 5 fatigued dogbones for XD and 

PD groups ((a) and (c), respectively). n = 10 for the fatigued HD group in (b) (coloured plots). 

Statistically significant differences were found for all static mechanical properties measured, 

between the fatigued XD and PD groups (see Figure 6.9). There were no statistically significant 

differences between XD and HD, or HD and PD groups.  

 

Figure 6.9: (a) Ultimate tensile strength, (b) Stiffness and (c) Failure strain for XD, HD and PD 

fatigued specimens. **p < 0.01, ***p < 0.001. n = 10 for HD, n = 5 for XD and PD. 
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The UTS, stiffness and failure strain of the fatigued dogbone specimens tested in this chapter 

were compared to the unfatigued samples in Chapter 4. No statistically significant differences 

were found between any combination of HD/PD specimens (fatigued or unfatigued, see Figure 

6.10). There were no statistically significant differences between XD/HD UTS measurements 

(fatigued or unfatigued), however statistically significant differences were found between these 

groups for stiffness and failure strain.  

 

Figure 6.10: (a) Ultimate tensile strength, (b) Stiffness and (c) Failure strain for XD, HD and PD 

specimens. Solid bars are the unfatigued samples from Chapter 4 (n = 6), while the striped bars 

are the fatigued samples cut from the circular samples in the current study; n = 10 for HD, n = 5 

for XD and PD. **p < 0.01, ***p < 0.001, ****p < 0.0001.  

6.4. Discussion 

In this study, a novel custom-made system was employed to investigate the fatigue-damage 

behaviour of commercial-grade GLBP, under complex and physiological load levels. The system 

is fully integrated with a commercial 3D DIC camera set up, where pre-sorting of samples 

according to collagen fibre architecture was also possible with the in-house non-destructive 

SALS system.  

The irreversible process of laser cutting circular samples in this study meant that the outer 

diameter remains constant (30 mm), even with the accumulation of permanent set. Thus, 
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samples were unable to elongate in the x-y plane as is typical of residual strain in tissue samples 

(Sun et al. 2004). The presence of excess material in the samples due to permanent set 

accumulation was identified as follows: the absence of a reference image at z=0 in the DIC 

analysis and a visual degree of deflection in tissue samples when placed in the droop test set-

up (see Figure 6.2). This excess of tissue material in the loading region of the samples meant 

that samples snapped from deflated (z < 0) to inflated (z > 0), without transitioning through a 

uniformly flat configuration (z = 0). As all z-displacements in the DIC analysis must be calculated 

from an image for which all points of the tissue are positioned at z=0, further post-processing 

was required. As such, the relatively consistent z-displacement of HD and HA samples (see 

Figure 6.3 and Figure 6.4) after retrospective correction for residual strain, conceals the true 

deformation mode and fatigue behaviour of the samples.  

Permanent set was greater for HD samples, where the mean z-displacement of the HD group 

was also higher than the HA group at all time points (although not statistically significant, see 

Figure 6.4). The relatively consistent fibre angle and alignment measured for all samples at each 

time points indicates that the tissue-level permanent set occurred due to changes in the tissue 

matrix, and not in the collagen fibres (see Figure 6.5). As in previous studies, it was also observed 

in the present study that the permanent set accumulation plateaued at approximately 20M 

cycles (Sellaro et al. 2006; Sun et al. 2004; Zhang and Sacks 2017). Furthermore, the permanent 

strain in the samples in this study was approximately three times less than that reported by Sun 

and co-authors (Sun et al. 2004; Zhang and Sacks 2017).  As the accumulation of permanent 

strain is a function of the tissue-level strain, it is not surprising that the permanent strain of the 

commercial-grade GLBP in this study is less than that of in-house fixed GLBP, which is more 

compliant (see (Sun et al. 2004) for comparison). It is also important to note that in contrast to 

the bulge loading environment in this study, in-plane uniaxial and biaxial tensile loading was 

conducted by Sun and co-authors, at a peak stress of 1 MPa (Sun et al. 2004).  
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Previous studies in this thesis have highlighted the mechanical significance of collagen fibre 

architecture in commercial-grade GLBP (see Chapter 3 and 4). Thus, the integration of this 

system with the in-house non-destructive SALS equipment was critical in understanding the 

fatigue behaviour of this tissue. This study differs from previous experimental studies in this 

thesis on commercial-grade GLBP, where samples were either statically loaded to failure or 

dynamically loaded in uniaxial tension to a supraphysiological 3 MPa peak stress. Mechanically 

loading GLBP to higher levels (like that in Chapters 3 and 4), produces a collagen-dominant 

behaviour, where ultimate failure occurs due to damage of the collagen fibres.  Thus, it is 

expected under higher loads that statistically significant differences in GLBP mechanical 

behaviour will be observed when grouped according to collagen fibre architecture, as the 

collagen fibre damage dominates the mechanics in that instance.  

In contrast, samples here were subjected to a 150 mmHg pressure amplitude (≈ 20 kPa). This is 

an important distinction for interpretation of the results, where a low load such as 20 kPa results 

in a matrix-dominant mechanical response for GLBP tissue. It was found under this scenario, 

that HD GLBP had statistically significant higher permanent strain by 20M cycles, where the 

collagen fibre architecture within both HD/HA groups remained unchanged up to 60M cycles 

(see Figure 6.5 and Figure 6.7). The lack of changes in fibre alignment for both groups agrees 

with a previous study which found tissue-level changes were due to the GLBP matrix (Zhang and 

Sacks 2017).   As such, this study illustrates for the first time, that even loading GLBP at levels 

which elicit a matrix-dominant response, the results can be differentiated based on the inactive 

collagen fibres (see Figure 6.7). This finding suggests that it is the interaction between the two 

primary constituents of GLBP that influence its low-strain fatigue-damage behaviour.   

Furthermore, Chapter 4 demonstrated that the fibres in HD commercial-grade GLBP are more 

dense and crimped in comparison to HA GLBP. This possibly explains the difference in the 

matrix-driven damage of HD and HA groups, which was measured here as sample droop. It is 
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possible that the tissue matrix plays a more active role in response to load in HD tissue due to 

the fibre crimp, in comparison to HA tissue in which the fibres are already straightened and 

capable of load bearing.  

Translating the results from this study to in vivo conditions suggests that the early stage (i.e. 

matrix) response, and possible permanent set accumulation in vivo, will be influenced by the 

arrangement of the underlying collagen fibres, and not the material properties of GLBP matrix 

alone.  

Interestingly, the HD sample with the lowest z-displacement displayed no evidence of 

permanent set by 60 million cycles. This was also observed for two samples in the HA group 

which did not accumulate permanent set during this study. Further analysis is required to 

identify the characteristic of the five GLBP samples (n=5), which did not accumulate a 

permanent set damage, that differentiate them from the remaining 15 samples, all of which did 

develop some level of residual strain over the course of this study. For BHV leaflets, the 

accumulation of a residual strain in vivo should be avoided, as it would result in unpredictable 

leaflet geometry changes after a relatively short time post-operatively. This study showed a 

decay in the progression of permanent set at 20 M cycles, or approximately 6 months in vivo.  

Divergences from the original leaflet shape will likely have serious consequences for the long-

term viability of these devices, by inducing aberrant leaflet kinematics.  

As demonstrated in Figure 6.8(c), the uniaxial stress-strain curves of the fatigued and unfatigued 

PD samples were largely indistinguishable.  The collagen fibre orientation in PD samples was 

responsible for the similarity between these groups, where the group mechanical response is 

dominated by the fibres (as they are aligned along the uniaxial loading direction). As such, the 

fibres in this instance take up an applied uniaxial load even at low strains. Secondly, as there 

was statistically significantly lower permanent strain in the circular HA samples, with no 

evidence of any collagen fibre damage, the mechanical response in the collagen-dominant 
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region would likely be similar to that of unfatigued samples. Note: this is also due to the low, or 

physiological, load employed in the fatigue bulge loading scenario. Higher loads may have 

encouraged fibre damage, in which case the static response of previously fatigued PD samples 

would likely be more compliant in comparison to that of unfatigued.   

Interestingly, the opposite behaviour was demonstrated for XD samples (see Figure 6.8 (a)). 

Although there was significantly less permanent strain in the circular HA samples (i.e. less matrix 

damage), comparison of the fatigued and unfatigued XD specimens illustrated that the 60M 

loading cycles still had a softening effect on the GLBP matrix. This is evident through the more 

compliant response of the fatigued XD samples, in comparison to the unfatigued samples from 

Chapter 4 (see Figure 6.8 (a)). (Note: As a large proportion of the fibres in XD samples are 

orientated perpendicular to the load, a uniaxial tensile test for XD specimens is representative 

of mechanically loading the GLBP matrix).  

The behaviour of the fatigued HD specimens lies somewhere in between the response of the 

XD/PD groups. A larger range of stress-strain responses were observed in the HD specimens in 

comparison to the unfatigued control group tested in  Chapter 4 (see Figure 6.8 (b)). Several of 

the samples in this group were much less stiff than observed previously, and consequently this 

resulted in no statistically significant difference between XD/HD fatigued samples (see Figure 

6.9). It must be noted, however, that there were also no statistically significant differences 

between HD and PD groups. This is an important distinction from the static mechanical 

properties measured for XD/HD/PD groups in Chapter 4, where XD specimens were statistically 

significantly different to both HD and PD groups. This can be related back to the significant levels 

of permanent strain in the circular HD samples, from which the dogbones were cut. The fatigue-

induced damage in the matrix, caused it to become more compliant (as evident in comparison 

of the XD fatigued/unfatigued groups, which represent the GLBP matrix response). In this case, 

higher strains are required for the collagen fibres to become active in uniaxial HD specimens. 
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Overall, this gave rise to a more compliant response in some HD samples, which was not 

statistically significantly different from XD samples. The only instance when there was a 

statistically significant difference between XD and HD groups, was when the unfatigued samples 

were included in statistical analysis (Figure 6.10). This again illustrates the influence of matrix 

permanent set on the mechanical properties of GLBP. 

Further investigation, however, is required to investigate why an adequate number of collagen 

fibres in the HD group were not recruited during the load application, as it has previously been 

established to have an increased collagen content (see Chapter 4). Perhaps the previously 

observed higher collagen fibre crimp in HD specimens contributes to this behaviour.  

A limitation of the current design is the absence of temperature-controlled saline, which future 

additions to the system will address. A calcium solution which induces in-vitro calcification can 

also be used in place of the saline, to investigate the calcification potential of commercial-grade 

GLBP while it is simultaneously experiencing mechanical fatigue. An additional study outlined in 

Appendix A showed that the presence of mechanical damage significantly accelerates 

calcification of this tissue, and this novel system can be employed to investigate how 

calcification occurs in real-time with increasing mechanical damage, which has not been 

reported in the literature to-date.  

  



132 
 

Chapter 7 Computational investigation of the 

influence of collagen fibre architecture on the low-

strain permanent strain accumulation in 

commercial-grade GLBP 
 

7.1. Introduction 

To further investigate the fatigue-damage behaviour of GLBP, a computational study was 

undertaken. This study can be decomposed into three sections; the suitability of uniaxially 

calibrated material parameters for bulge loading simulations, the influence of collagen fibre 

architecture on matrix permanent set accumulation, and finally, permanent set accumulation in 

pericardial leaflets. Each of these sections will be described and discussed sequentially in this 

chapter (Sections 7.2, 7.3 and 7.4, respectively). New and complimentary experimental data is 

also presented, to aid in the investigation and findings of the computational models. Note: GLBP 

permanent set accumulation is characterised by a residual strain in the GLBP matrix, due to low-

strain fatigue loading. 

7.2. GLBP Material Model Calibration  

7.2.1 Material Model and equibiaxial bulge simulations 

GLBP was modelled as a fibre-reinforced continuum, and as such the tissue-level strain energy 

(Ψ) was decomposed into isochoric isotropic, anisotropic and volumetric components (Ψvol). 

The isotropic component represents the isotropic GLBP matrix (Ψiso), and the anisotropic 

component, the collagen fibres (Ψaniso) (Martin and Sun 2015; Nolan et al. 2014).  

The material strain energy is a function of the determinant (J) of the deformation gradient (F) 

and the right Cauchy-Green Tensor (C), where 𝐂 is the isochoric counterpart of 𝐂 (𝐂 =  𝐅𝐓𝐅).  

Ψ(J,  𝐂,  𝛂𝟎) = Ψvol(J) + Ψiso(J,  𝐂) + Ψaniso(𝐂, 𝛂𝟎), where  Ψvol = 
1

2
k0(J − 1)

2      26 
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Anisotropy is enforced by inclusion of fibre orientation in the anisotropic strain energy 

component (𝛂𝟎), see Equation 26 (Martin and Sun 2015; Nolan et al. 2014).  

GLBP was assumed to be an incompressible, anisotropic, non-linear, hyperelastic material, and 

thus the strain energy was formulated based on a combination of the models proposed by 

Gasser et al. and Nolan et al.  (Gasser, Ogden, and Holzapfel 2006; Nolan et al. 2014). The 

formulation described by  Gasser et al. extends the commonly-used arterial tissue model by 

Holzapfel et al. to include a parameter characterising fibre dispersion (κ) (Holzapfel et al. 2000) 

. An additional modification to the original formulation proposed by Holzapfel et al. is commonly 

implemented for finite element analysis, where the original Lagrange multiplier is replaced by 

an isotropic hydrostatic stress term (based on a user specified bulk modulus, k0), and the 

incompressibility condition is relaxed (see Equation 26) (Conway et al. 2012; Famaey et al. 2012; 

Nolan et al. 2014).   

Nolan et al. demonstrated that use of the isochoric form of the anisotropic invariants does not 

correctly simulate the mechanical behaviour of anisotropic materials. This occurs because the 

anisotropic strain energy component is insensitive to volumetric deformation, due to the use of 

isochoric anisotropic invariants (Nolan et al. 2014). Thus, the anisotropic model used here is the 

same as that by Nolan et al., where the anisotropic invariant is utilised in its full form (I4, note: 

the anisotropic formulation has been reduced from the original two arterial fibre families to 

one, for the case of GLBP).  

Firstly, the isotropic GLBP matrix is modelled as a Neo-Hookean material, with shear stiffness μ, 

as a function of I1̅ , where I1̅ is the isochoric first invariant of 𝐂 (see Equation 27). As illustrated 

Ψmatrix = 
1

2
μ ( I1̅ −  3)    27 

Ψfibres(𝐂, 𝛂𝟎 )  =
k1

k2
(e(k2(κI̅1+(1−3κ)I4−1)

2) −  1) , where   I4 =   𝛂𝟎.(C 𝛂𝟎)   28 
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in Equation 28, the strain energy of the fibres is a function of several fibre structural parameters; 

fibre stiffness (k1), a non-linearity constant (k2), fibre dispersion (κ) and mean fibre angle (𝛂𝟎).   

For a hyperelastic material with strain energy Ψ, the Cauchy stress (𝛔) is derived as follows: 

𝛔 =
1

J
𝐅
∂Ψ

∂𝐅
,  with 𝛔 = 𝛔vol + �̅�iso + 𝛔aniso           29 

The specific stress components are given by: 

𝛔vol = κ0(J − 1)𝐈,    �̅�iso = μ0J
−1 ( �̅� −

1

3
I1̅ 𝐈) with �̅� = 𝐅𝐅T̅̅ ̅̅ ̅ ,    30 

𝝈𝑎𝑛𝑖𝑠𝑜  =  
2

𝐽
𝑘1(𝑒

(𝑘2(𝜅𝐼1̅+(1−3𝜅)𝐼4−1)
2))(𝜅𝐼1̅ + (1 − 3𝜅)𝐼4 − 1)     

                   [κ (−
1

3
I1̅ + �̅�) + (1 − 3κ) (−

1

3
I4𝐈 + (a4⊗a4))]    

        

31 

Where �̅� in Equation 30, is the isochoric counterpart of B, the left Cauchy-Green tensor. 

7.2.1.1. Calibration of Material Parameters 

Calibration of material parameters was conducted through an optimisation loop in Matlab (The 

Mathworks, MA, USA). With an initial estimate of material properties based on experimental 

testing, a uniaxial simulation was conducted in Abaqus/Standard (Dassault Systemes, France), 

where a user-defined material model was employed to implement the model defined in Section 

7.2.1.  The simulation results were extracted with a custom-made python script and imported 

to Matlab. A RMSE value was computed between the Abaqus stress-strain result and the 

average experimental curve (i.e. for HD and PD groups). This process is repeated until the RMSE 

value was sufficiently small and non-decreasing with the last number of iterations. In 

accordance with the strict SALS criteria for sample grouping in the uniaxial tensile testing, 

constraints were placed on the structurally-based parameters of the anisotropic portion of the 

strain energy function. For the PD case, the mean fibre angle must be less than 15°, while the 

fibre dispersion (κ) must be less than 0.1 (where κ = 0.33’ for a transversely isotropic material). 

For the HD case, the fibre dispersion parameter must be between 0.2 and 0.333’. For both sets 

of material parameter calibration, the fibre stiffness (k1) must be greater than the matrix shear 



135 
 

modulus (μ). Note: material model parameters are calibrated to the uniaxial tensile testing 

reported in Chapter 4 (see 944.3.5), for subsequent use in the bulge inflation simulations. As 

such, the PD group identified for uniaxial testing in Chapter 4 is equivalent to the HA group 

under bulge loading conditions in the current chapter (where HA represents highly aligned, or 

SALS alignment > 0.7). 

7.2.1.2. Bulge inflation simulations 

The material model parameters identified from the inverse method detailed in Section 7.2.1.1 

were employed in simulations of the mechanical testing conducted in Chapter 6, in 

Abaqus/Standard. As for material calibration, a user-defined material was employed in this 

study.  For these simulations, 8-node linear brick hybrid elements were used (C3D8H), where 

the material orientation was defined in a cartesian co-ordinate system. To reduce 

computational expense, symmetry in the circular geometry was exploited, and a quarter-circle 

geometry was modelled (Ø = 20 mm,  thickness 0.4 mm, see Figure 7.1). All nodes on the curved 

perimeter of the circular geometry were pinned (U1 = U2 = U3) to represent the clamping of 

samples in the novel fatigue-testing equipment described in Chapter 5. To enforce symmetry 

within the quarter-model, nodes along the x-plane of the geometry were constrained in U2, and 

nodes on the y-plane were constrained in U1 (see Figure 7.1).  150 mmHg was applied to the 

lower surface of the mesh to pressurise the geometry upwards (i.e. in the z-direction). The finite 

element simulation (FE) results were compared to the 0 cycle z-displacement measurements in 

Chapter 6. Several sets of material parameters calibrated to the HD group, that fit within the 

upper and lower bounds of the uniaxial experimental test curves, were employed in a series of 

bulge inflation simulations. For this, fibre dispersion was bound between 0.2 and 0.33’, and 

accordingly the parameter representing fibre stiffness (k1) was updated.  A range of matrix 

shear stiffness (μ) values were also utilised.  This was conducted due to difficulties in 

reproducing the range of z-displacements measured for the HD group in the fatigue studies 

described in Chapter 6.  
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Figure 7.1: Plan-view of quarter geometry used for bulge inflation simulations. Boundary 

conditions on geometry edges are shown in orange. The outer curved perimeter is pinned (U1 

= U2 = U3 = 0), where the x-plane is restricted in U2 and the y-plane in U1, to enforce symmetry.  

7.2.1.3. Results 

7.2.1.3.1. Calibration 

Table 7.1 shows the material parameters calibrated from the Matlab-based optimisation loop 

for HD and PD groups. The matrix shear stiffness was kept constant between the two 

calibrations, where the fibre parameters were bound based on the SALS category for each 

group.  
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Table 7.1: Material parameters for PD and HD cases. RMSE values for fit with respect to average 

of n=6 experimental tensile tests to failure. 

Group μ D1 k1 k2 κ α RMSE 

HD 1.6 0.0507 80 200 0.26 0 0.0052 

PD 1.6 0.0507 5 30 0 0 0.0025 

 

Figure 7.2 shows the fit of the material parameters for the HD case overlaid on the average 

experimental curve (a) and all six experimental curves (b).  

 

Figure 7.2: FE fit for HD material parameters (red). Shown here for (a) average HD curve and (b) 

all HD uniaxial tests to failure (n=6). Fit RMSE (root mean square error): 0.0052. 

Figure 7.3 shows the fit of the material parameters for the HA case overlaid on the average 

experimental curve (a) and all six experimental curves (b).  
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Figure 7.3: FE fit for PD material parameters (red). Shown here for (a) average PD curve and (b) 

all HD uniaxial tests to failure (n=6). Fit RMSE (root mean square error): 0.0025. 

 

7.2.1.3.2. Bulge inflation simulation 

 

Figure 7.4: (a) Z-displacement of HD (green) and HA (purple) FE simulations, using the calibrated 

material properties listed in Table 7.1. Experimental average for HD and HA groups are also 

shown on plot (o and x, respectively). FE simulation result for (b) HD properties and (c) HA 

simulation. 

Figure 7.4 shows the computational z-displacement under 150 mmHg for HD and HA cases, using 

the uniaxially calibrated material parameters listed in Table 7.1. There are two important 
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findings from these simulations. Firstly, the simulation resulted in a greater HA z-displacement 

than HD, which is the opposite of the experimental results (indicated by the ‘o’ and ‘x’ in Figure 

7.4, see Chapter 6, Section 6.3 for full details of the experimental results). Secondly, the FE HA 

z-displacement simulated the average experimental z-displacement (2.53 mm vs 2.34 ± 0.63 

mm). In contrast, the FE z-displacement for HD material properties was approximately 1 mm 

less than the HD experimental average.  Further material calibration was conducted, in an effort 

to match the HD FE simulation to the experimental findings (i.e. average z-displacement of 3.10 

± 0.61 mm) 

 

Table 7.2 lists a series of material parameters calibrated to the uniaxial HD experimental data 

conducted in Chapter 4 (see Section 4.3.5). Each of these material parameter sets are colour 

coded, where the maximum z-displacement result of their use in a bulge loading simulation at 

150 mmHg is shown in Figure 7.5 (a).  Figure 7.5(a) illustrates that none of the six-material 

parameter sets utilised reproduced the average z-displacement measured experimentally 

(where the black dashed line shows this mean value; 3.10 ± 0.61 mm). Interestingly, Figure 7.5 

(b) shows that the only scenario in which the HD experimental z-displacement was reproduced 

was for a case with matrix shear stiffness, μ, equal to  1.6 MPa and fibre stiffness, k1, set to zero. 
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Table 7.2: Colour-coded list of parameters calibrated for the HD group, which fit within the 

upper and lower bounds of the n=6 experimental curves. 

μ 𝐤𝟏 𝐤𝟐 κ α 

5.5 9 80 0.1 15 

5.5 9 70 0.1 15 

3.5 2500 400 0.33 0 

3.5 50 200 0.26 0 

2.5 265 100 0.3 0 

1.6 80 300 0.26 0 

1.6 0 N/A N/A N/A 

 

 

Figure 7.5: (a) Z-displacement from FE- simulations utilising the uniaxially-calibrated material 

properties listed in Table 7.2. The colour of each data point corresponds to one set of material 

parameters listed in Table 7.2. Black dotted line shows mean z-displacement of HD samples at 

0 cycles, from Chapter 6 (3.10 ± 0.61 mm). (b) shows maximum z-displacement for simulation 

with μ = 1.6 MPa and 𝑘1 = 0.   
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The z-displacement over one full loading cycle for HD and HA material properties are shown in 

Figure 7.6(a). The HD material properties are described by a matrix shear stiffness μ = 1.6 MPa, 

with the fibre contribution removed (k1 = 0) based on the findings above. HA material properties 

are listed in Table 7.1, where the matrix shear stiffness is the same as in HD properties (μ = 1.6 

MPa), but the fibre contribution is included. (Note: HA under bulge loading equates to PD in 

uniaxial tensile loading case).  

 

Figure 7.6: (a) Z-displacement of HD and HA bulge inflation simulation (green and purple, 

respectively). ‘x’ indicates experimental average for HD group, ‘o’ indicates HA experimental 

average. (b) Deformed geometry of quarter circle after bulge load applied in z-direction. Red 

dot and circle indicate node from which z-displacement was extracted.  

7.2.1.4. Discussion 

Material parameter calibration to uniaxial tensile tests highlighted a key structural disparity 

between different collagen fibre architecture groups; identified as HD and PD in this thesis. From 

SALS analysis, uniaxial PD specimens are characterised by fibres highly aligned along the loading 

direction. In contrast, HD specimens are characterised by fibres orientated in multiple 

orientations, and as such a very low fibre alignment value. It is important to note that there 

were no statistically significant differences between these specimen groups in the previous 

tensile testing, to which material model parameters were calibrated here (see Chapter 4). 
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Calibration of material parameters with bounds that correlated to SALS structural features 

resulted in a PD fit with a zero fibre dispersion value (see Table 7.1). Interestingly, increasing 

this dispersion value produced a uniaxial tensile response significantly less stiff than was 

recorded experimentally for HD groups. This highlights the critical difference between these two 

groups found in Chapter 4; collagen content. Collagen content was found to be statistically 

significantly higher in HD GLBP in comparison to highly aligned, i.e. PD GLBP. This explained the 

similar uniaxial static behaviour between these two groups, where an increased content in HD 

specimens meant that the net number of fibres aligned to the load, is equivalent to that in PD 

specimens. This disparity in collagen content was again evident in the material parameter 

calibration process. With increased fibre dispersion (0.2 < κ ≤ 0.33’), the fibre stiffness value (k1)  

must be increased in order to fit the experimental HD curves (see Table 7.1 and Figure 7.2). It is 

important to note that it is not that the fibres in HD GLBP are more stiff than that in PD, but that 

there are more fibres, and as such the greater value of k1 represents the increased presence of 

collagen fibres. Fundamentally, this translates to the ability of HD GLBP to bear high loads, even 

with a highly dispersed architecture, which was demonstrated in Chapter 3 and Chapter 4.  

Transitioning from the uniaxial simulations to that of bulge loading, it was found that the 

identified material parameters, rooted in the SALS structural features, did not reproduce the 

experimentally derived range of z-displacement values for HD specimens. A series of calibrations 

were conducted, to identify a range of material parameters with different fibre dispersion, fibre 

stiffness and matrix shear stiffness parameters (see Table 7.2). Primarily, this was conducted to 

investigate which of these parameters, if any, had a greater influence on the z-displacement of 

HD GLBP. Yet, the maximum z-displacement obtained from the series of simulations was still 

approximately 1 mm less than the HD experimental average of 3.10 ± 0.61 mm (see Figure 

7.5(a)). Furthermore, all sets of HD material parameters resulted in a z-displacement less than 

the HA simulation, and as such HA experimental data (as the HA simulation did reproduce the 
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experimental findings). Note: the experimental HD z-displacement was greater than the HA 

(3.10 ± 0.61 mm and 2.34 ± 0.63 mm, respectively). 

The reduced FE z-displacements, in comparison to the experimental data, implied that the 

uniaxially calibrated HD material properties produced a significantly stiffer mechanical response 

under bulge loading, than that recorded experimentally. With this in mind, the matrix shear 

stiffness was repeatedly reduced to force a more compliant low-strain response (i.e. that under 

150 mmHg). Yet, it was still not possible to reproduce a z-displacement within the range of 

values recorded experimentally (see Figure 7.5 (a)). As outlined previously, employment of a 

SALS-based suitably high fibre dispersion parameter (κ), required very high fibre stiffness values 

(k1), to fall within the bounds of the HD uniaxial tensile stress-strain curves. As such, it was not 

possible to achieve a sufficiently compliant response under 150 mmHg in the simulations. 

Finally, fibres were removed from the simulation (i.e. k1 = 0), and with the matrix alone, the 

experimental z-displacement of 3.10 ± 0.61 mm was achieved (μ = 1.6 MPa, 3.11 mm, see Figure 

7.5 (b)). Utilising the matrix shear stiffness identified for the HD group, but including the 

mechanical contribution of fibres for the HA case (see parameters outlined in Table 7.1), it was 

found that the simulation-derived z-displacement matched that of the experimental average for 

the HA group (2.5 mm and 2.34 ± 0.63 mm, respectively).   

Fundamentally, this suggested that although there are fibres orientated in multiple directions 

in HD specimens, in addition to an increased collagen content, the fibres were not contributing 

to the bulge loading mechanical response. In contrast, the fibres in HA specimens, which are 

highly aligned, appeared to be active and load-bearing. This finding also has implications for 

permanent strain accumulation, where permanent strain will be greater in samples associated 

with higher deformations, due to increased tissue strain. This was demonstrated in Chapter 6, 

where the HD specimens had overall higher z-displacements than HA specimens, in addition to 

statistically significant greater permanent strain. To investigate the structural feature 
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preventing the collagen fibres in HD specimens from bearing load in the bulge inflation study, 

and consequently accumulating significant levels of permanent strain, second harmonic 

generation imaging (SHG) was performed.  

7.2.2 Collagen fibre crimp investigation 

7.2.2.1. Introduction 

As outlined above, a computational investigation found that experimentally recorded z-

displacements of HD GLBP could only be reproduced by removal of the collagen fibre load-

bearing contribution. Additionally, it was noted in Chapter 4, that fibres in samples 

characterised as HD from SALS analysis, were more crimped than fibres in HA samples. To 

investigate if a correlation exists between collagen fibre crimp, tissue-level deformation, and 

consequently, permanent strain accumulation, SHG was carried out on representative samples 

from the study described in Chapter 6. Samples with and without permanent set were analysed, 

at 50M cycles, from both HD and HA groups.  The hypothesis underpinning this investigation is 

that highly crimped fibres would prevent the fibres from bearing load; resulting in a 

predominantly matrix mechanical response, and accordingly higher z-displacements than those 

in which the fibres are actively load-bearing. Furthermore, as matrix-driven permanent set 

evolves according to both strain history and cycle number, an increased burden on the more 

compliant matrix, would also give rise to greater levels of tissue permanent set. Note: both 

higher z-displacement and tissue-level permanent strain was observed for HD specimens, as 

outlined in Chapter 6, Section 6.3.2.  

7.2.2.2. Methods 

7.2.2.2.1. Sample selection 

Four samples were analysed from HD/HA groups (n = 4); two with permanent set and two with 

no evidence of permanent set at 50 M cycles. Note: permanent set was measured with a droop 
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test in Chapter 6 (see section 6.2.4), by placing each sample a mock chamber, and measuring 

the sagging, or droop, in the z-direction. 

Interestingly, the two samples with the highest level of permanent set across all twenty samples 

in the study (determined from the droop test), were cut side-by-side on the same full GLBP 

patch (where the twenty samples in the study were obtained from a total of three GLBP 

patches). To determine how the fibre crimp at 50M cycles compared to the unloaded fibre 

crimp, a small piece of tissue in between the two samples’ original harvest location was also 

analysed with SHG. Whilst SHG was not conducted in this study prior to sample loading,  this 

piece of tissue adjacent to both was analysed to serve as a representation of the unloaded fibre 

crimp.  

7.2.2.2.2. Second Harmonic Generation Imaging  

As in previous studies, SHG was conducted with a Carl Zeiss Microscope, at a 20X magnification. 

A wavelength of 840 nm was used to generate a second harmonic of the collagen fibres, at their 

autofluorescence wavelength of 420 nm. Multiple slices were taken through the sample 

thickness, from the serous face, at 8 μm increments.  

7.2.2.2.3. Fibre crimp measurement 

Measurements of fibre crimp were conducted as described by Rezakhaniha et al., with the 

NeuronJ plugin in ImageJ (Rezakhaniha et al. 2012). This involves two measurements; the length 

of a fibre (Lf) and the length of a straight line connecting the two end-points of the measured 

fibre (L0).  The ratio of these two values (
L0

Lf
) provides a measure of fibre crimp, and as such is 

bound between 0 and 1 (where 1 is a perfectly straight fibre).  

For each sample, five fibre measurements were taken at three different locations across the 20 

mm diameter loading region of the samples, resulting in 15 fibre crimp measurements per 

sample. As there were multiple slices recorded for each z-stack, a slice was chosen at random, 

at each of the three interrogation regions, for fibre crimp analysis. Two criteria were defined 
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such that an image slice was eligible for analysis: it provided a strong signal and was not at the 

surface of the tissue sample (surface fibres tend to be more disorganised than fibres through 

the tissue depth).  

A student’s t-test was employed to determine any statistically significant differences in the 

measured fibre crimp between groups (HD droop vs no droop, HA droop vs no droop, droop/no 

droop (irrespective of fibre alignment grouping).  

7.2.2.3. Results 

Visual comparison of the representative SHG images in Figure 7.7 illustrates qualitatively how 

similar the fibre crimp was between the two HD samples at 50 M cycles (a, b), and the tissue 

segment acting as their unloaded control (c). No statistically significant difference was found 

between the mean fibre crimp measurements of the three samples (Figure 7.7 (d)), where 15 

measurements were taken per sample).  
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Figure 7.7: Representative SHG images of (a,b) each of ‘HD1’ and ‘HD2’ samples, which had the 

highest level of droop across the study (2.5 mm and 2.47 mm, respectively). (c) unloaded control 

for samples HD1 and HD2. (d) Shows ANOVA result (not significant) between the three samples 

(from a,b,c), with 15 measurements per sample. Schematic shows example calculation for fibre 

crimp, where the fibre length is illustrated in purple (𝐿𝑓)and the length between the two fibre 

end-points in yellow (𝐿0); crimp = 
𝐿0

𝐿𝑓
. Scale bar 100 μm. 

Figure 7.8 shows the statistically significant difference in the measured fibre crimp between HD 

and HA groups, where the highest level of statistically significant difference occurred within 

HD/HA groups (between samples with/ without permanent set) and between HD samples with 

droop in comparison to HA samples without. There was also a statistically significant difference 
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in the mean fibre crimp of HD and HA specimens, irrespective of the presence of permanent set 

(***p < 0.001). Analysis of Figure 7.8 (b,c) suggests that above a specific threshold of fibre crimp, 

permanent strains did not develop under low-strain fatigue bulge loading. According to the 

crimp measurement used in this study, the threshold crimp value was approximately 0.94 for 

the HD group and 0.96 for the HA group.   

 

Figure 7.8: Fibre crimp measurements (a) HD and HA groups, broken into those with droop and 

no droop (n=2). Fibre crimp scatter plots for (b) HD and (c) HA samples, with black dots showing 

fibre crimp values from specimens with no droop at 50M cycles. With 15 measurements per 

sample, and n=2 with droop/no droop, each scatter plot has 60 data points. *p < 0.05, ***p 

<0.001, ****p> 0.0001.  

Grouping all the measured fibre crimp values (120 in total, for n = 8 samples) as those with or 

without permanent set, regardless of the unloaded fibre alignment measured with SALS, again 

revealed a statistically significant difference (****p < 0.0001). Figure 7.9 illustrates that GLBP 

with highly crimped fibres is associated with higher levels of permanent set, under low-strain 

fatigue loading, irrespective of fibre alignment.   
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Figure 7.9: (a) Fibre crimp values for samples with/without droop at 50 M cycles, independent 

of original fibre alignment grouping (i.e. HD/HA), n=4 with 15 measurements per sample. (b) 

Scatter plot of fibre crimp values for samples with/without droop, n=4 with 15 measurements 

per sample. The scatterplot contains 120 data points.  

7.2.2.4. Discussion 

Analysis of the fibre crimp measurements illustrated that high levels of fibre crimp were 

associated with higher tissue-level deformations and permanent set accumulation in the GLBP 

matrix.  There was a statistically significant difference between fibre crimp of HD and HA 

specimens (for all samples analysed, irrespective of permanent set). This finding offers an 

explanation as to the greater mean z-displacement and permanent strain of HD specimens, 

where the fibres were crimped above a certain threshold; prohibiting them from taking up the 

applied load. Interestingly, there was also a statistically significant difference within HD/HA 

groups, when comparing samples with and without permanent set at 50M cycles (p < 0.001). 

Furthermore, when the samples were grouped according to whether they had accumulated 

permanent set or not, regardless of fibre alignment, there was again a statistically significant 

difference. This suggests that for HA GLBP, below a critical fibre crimp threshold, the fibre crimp 

will play a more significant role than the fibre alignment in a low-strain loading regime. 

Conversely, these findings suggest that above a certain crimp threshold, fibres are capable of 
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contributing to load bearing; reducing the burden on the GLBP matrix and thus reducing the 

tissue-level deformation and permanent strain. Collagen fibres can only contribute to load 

bearing when straightened, however this is typically in relation to in-plane tensile loading 

(uniaxial or biaxial). The bulge loading regime in this study is more complex, and the results here 

suggest that fibres can contribute to load bearing even when not fully straightened, if they are 

subjected to out-of-plane loading. Furthermore, this fibre crimp analysis explains the previous 

computational finding; where removal of fibres from the constitutive material model was 

necessary to replicate the experimental HD z-displacement (see Section 7.2.1.3.2).  

A limitation with this investigation was the absence of fibre crimp analysis prior to fatigue 

loading (where a representative unloaded control was used), in addition to the low number of 

samples imaged with SHG.  As there were only two samples in the HD group that did not have 

permanent set at the time of SHG analysis, the sample sizes were limited to two per group (as 

statistical analysis should be conducted on groups of equal sample size where possible).Thus, a 

uniaxial tensile study was undertaken in which collagen fibre crimp was measured prior to 

mechanical testing and compared to the accumulated permanent strain. 
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7.2.3 Uniaxial permanent strain and unloaded fibre crimp  

7.2.3.1. Introduction 

To determine the relationship between unloaded fibre crimp and permanent set accumulation, 

a uniaxial testing study was conducted. Using SHG imaging, non-destructive measurement of 

the unloaded fibre crimp was conducted prior to mechanical testing. All commercial-grade GLBP 

dogbone specimens in this study were pre-sorted according to collagen fibre orientation with 

SALS.  

7.2.3.2. Methods 

7.2.3.2.1. Sample Preparation 

Dogbone commercial-grade GLBP samples were pre-sorted according to collagen fibre 

architecture with SALS (as XD, HD and PD, n=6). SALS was conducted as in previous studies, at a 

6 x 1 mm region of interest centred on the dogbone gauge length at 250 μm increments.  The 

dogbone dimensions were also the same as in previous uniaxial mechanical tests, where the 

gauge length and width measured 12.5 mm and 2.27 mm, respectively.  

7.2.3.2.2. Collagen fibre crimp quantification 

SHG imaging was conducted prior to mechanical testing, at 20X magnification, at 8 μm slices 

through the thickness (< 100 μm). To analyse the same region of interest as was imaged with 

SALS, a tiled scan of 12 x 2 tiles was completed across the dogbone gauge length, which equates 

to 5101.2 x 850.2 μm. Collagen fibre crimp was measured as described in Section 7.2.2.2.3, with 

5 measurements taken across three slices for each sample. This provided a total of 15 

measurements per sample, which equates to 90 measurements per fibre group (i.e. XD, HD, PD).  

7.2.3.2.3. Mechanical Testing 

In order to measure matrix-induced permanent set, all 18 samples were loaded to a 1 MPa with 

a twin-column Zwick Testing Machine (Zwick Roell, Germany). Based on previous uniaxial tests 

to failure (see Chapter 3 and Chapter 4), 1 MPa lies in the initial, linear region of the stress-strain 
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response. Subjecting the samples to load levels higher than this would shift the stress-strain 

response to the collagen dominant region. As such, this may result in fibre-induced tissue-level 

changes. However, the purpose of this study was to investigate how collagen crimp influences 

irreversible changes in the GLBP matrix.  

The samples were subjected to a total of 6 cycles, based on the tensile testing procedure used 

in previous studies. For this, samples were pre-loaded to 0.1 MPa and then cycled between 0.1 

MPa and 1 MPa for 5 cycles, followed by one final cycle to 1.1 MPa (the final load was required 

to be higher than the load level of the previous cycles in the Zwick software). In Matlab (The 

Mathworks, MA, USA), a curve was fitted to the initial region of the final load cycle, and 

interpolated to a zero load, to determine the unloaded residual strain.  A one-way ANOVA was 

employed to determine any statistically significant differences in the fibre crimp or permanent 

strain for the three groups (XD, HD and PD). 

7.2.3.3. Results 

7.2.3.3.1. Sample selection 

Table 7.3: SALS summary for XD, HD and PD samples. Values are given as mean ± standard 

deviation. Mean fibre angle is given with respect to uniaxial load direction. Alignment ranges 

from 0.5-0.9, low to high alignment, respectively. n = 6 

Group Alignment Angle 

XD 0.72  ± 0.02 84.77 ± 6.04 

HD 0.59  ± 0.03 N/A* 

PD 0.73  ± 0.01 6. 70 ± 5.17 

*Fibre angle is not given for HD samples as they are characterised by a low alignment value 

below 0.65, where the mean fibre angle is not mechanically significant 
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7.2.3.3.2. Fibre crimp and permanent strain measurements 

Figure 7.10(a) illustrates the statistically significant differences between the measured fibre 

crimp of XD, HD and PD specimens (p < 0.001 and p < 0.0001).  All six (n = 6) stress-strain 

responses for XD, HD and PD specimens are shown in Figure 7.10(b), where one XD sample has 

failed during the first cycle. Finally, Figure 7.10(c) shows the trend between the SALS fibre 

groups and permanent strain, although not statistically significantly different.  

 

Figure 7.10: (a) Unloaded fibre crimp, (b) stress-strain curves, (c) permanent strain values for 

n=6 samples in XD, HD and PD groups (red, green and blue, respectively). Note: 15 fibre crimp 

measurements per sample; 90 measurements for XD, HD and PD groups. ***p <0.001, ****p < 

0.0001. Average 𝑟2 value of fits to final curve for permanent strain interpolation: 0.994 ± 0.003. 

Representative SHG images of XD, HD and PD specimen groups are shown in Figure 7.11. 

Qualitatively, the fibres in the representative PD sample appear more straight than that of the 

XD/HD groups (Figure 7.11 (c), (a)/(b) respectively). The bundles of collagen fibres also appear 

wider in the HD group than in the remaining two other groups.  
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Figure 7.11: Representative SHG images of (a) XD, (b) HD and (c) PD specimens. Scale bar = 200 

μm. SHG was completed along the dogbone gauge length at 20X magnification, prior to 

mechanical testing.  

7.2.3.4. Discussion 

Although not significant, there is a clear trend between the SALS measurements of 

orientation/alignment and permanent strain (see Figure 7.10(c)). This can be understood in 

terms of the degree to which fibres contribute to load bearing for in-plane uniaxial tensile 

loading. For XD samples, there were little to no fibres aligned along the uniaxial load direction, 

and as such the matrix was virtually solely responsible for the mechanical response. 

Consequently, there were high levels of permanent strain (as permanent strain is a matrix-

driven phenomenon in pericardial tissue). Conversely, in the case of PD samples, a large 

proportion of collagen fibres were aligned to the applied load, and the mechanical burden on 

the matrix was reduced. As such, there was less permanent set in these samples. This 

comparison of highly aligned samples elucidates the influence of collagen fibre orientation on 

the permanent set accumulation in commercial-grade GLBP. 
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With the knowledge that HD GLBP is characterised by a higher collagen content than PD GLBP 

(see Chapter 4, Section 4.3.4), an equal amount of permanent strain was expected for these 

groups. This was anticipated based on the experimental data in Chapter 4, where the net 

number of fibres aligned to the uniaxial load direction, due to the increased collagen content of 

HD tissue, is likely equivalent to that in PD GLBP. However, in this low-strain uniaxial study, HD 

permanent strain was greater than that of PD (although not statistically significant). 

Interestingly, this may be explained by differences in collagen fibre crimp.  

Statistically significantly higher fibre crimp was measured for HD samples in comparison to PD 

(0.89 ± 0.05 and 0.92 ± 0.1, respectively). As fibres must be uncrimped to contribute to in-plane 

load bearing, higher levels of fibre crimp require greater strains to straighten the collagen fibres. 

As such, the significantly higher fibre crimp of HD specimens increases the mechanical burden 

on the GLBP matrix in the initial strain region (note: the uniaxial testing was conducted in the 

initial, low-strain region). The lower fibre crimp of PD specimens, in contrast, means that fibres 

contribute to load bearing at lower strains, and consequently reduce matrix-driven permanent 

strain. Differences in collagen fibre crimp is qualitatively visible in Figure 7.11 and quantitatively 

statistically significantly different in Figure 7.10. 

This investigation elucidates the different roles of collagen fibre orientation, alignment and 

crimp in the tissue-level deformation in GLBP. Importantly, this study shows that collagen fibre 

crimp is a key structural feature of the low-strain and thus, permanent strain response of GLBP.  

7.2.4. Summary 

The cumulative findings from the three studies in this section identified a key structural 

component of GLBP which significantly influences permanent strain accumulation; collagen 

fibre crimp. This is of particular importance for GLBP leaflets, where permanent strain 

accumulation dominates the early-stage response in vivo (Zhang and Sacks 2017). 
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Employment of the uniaxially-calibrated parameters was found to give a significantly stiffer 

mechanical response in HD bulge loading simulations, than that recorded experimentally. As 

detailed in Section 7.2.1.4, only when the collagen fibre contribution was removed, the 

experimental z-displacement was reproduced computationally. This also highlights how critical 

it is to inform computational models with more complex and physiologically relevant data, as 

simplified in-plane stress-strain responses may not translate to in vivo mechanical behaviours. 

It must also be noted that prior to commencing the fatigue bulge loading study described in 

Chapter 6, it was anticipated that the HD specimens would perform ‘better’ than their HA 

counterparts. A ‘better’ performance in this scenario is that which demonstrates minimal tissue 

changes, as a function of cycle number. This was anticipated for two primary reasons; firstly, 

that the highly dispersed fibre patterns in HD GLBP are more mechanically suited to the 

equibiaxial loading scenario (note: equibiaxial in a spherical co-ordinate system), and secondly, 

the inherent increased collagen content of HD GLBP was expected to stiffen the response of 

such specimens resulting in less burden on the GLBP matrix, and consequently a lower z-

displacement. As outlined in Chapter 6, the opposite was found; where the z-displacement of 

HD specimens was greater than HA, and the permanent strain in HD samples was statistically 

significantly higher than in HA. The computational investigation of different material parameters 

illustrated that it was not the orientation, alignment or content of the collagen fibres that 

governed tissue-level deformation, but it was the availability of the fibres to contribute to load 

bearing.  

SHG analysis provided experimental evidence as to why collagen fibres in HD tissue were 

protected from load-bearing. In both the bulge-inflation and uniaxial tensile experiments, the 

statistically significant influence of high collagen fibre crimp was demonstrated (see Figure 7.9 

and Figure 7.10). Not only does high collagen fibre crimp elicit high tissue-level deformation, it 

also accelerates the accumulation of permanent strains in GLBP.   
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Previous studies, including those described in this thesis, have shown how critical collagen fibres 

are for the ultimate mechanical properties of GLBP and will dictate tissue level fracture. 

However, in terms of BHV leaflets, the early stage response is characterised by matrix fatigue-

induced changes. This will alter the leaflet geometry, and accordingly influence subsequent 

collagen fibre damage progression. As such, an understanding of how the GLBP structure 

mediates the permanent strain accumulation is essential in designing leaflets with enhanced in 

vivo durability. Characterisation of collagen fibre crimp illustrated that this early stage response 

is mediated by the fibre crimp, whereby the matrix activity is increased or decreased as a 

function of the unloaded collagen crimp. Fundamentally, increased matrix mechanical burden 

gives rise to increased tissue-level permanent strain. 
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7.3. Fatigue-induced permanent set simulations 

7.3.1 Introduction 

The objective of the following study was to develop a framework to simulate the fatigue 

experiments conducted in Chapter 6, and computationally investigate early-stage fatigue-

induced damage in GLBP. The permanent set model used to simulate GLBP matrix permanent 

strain was developed by Martin and Sun, and was chosen for two key reasons (Martin and Sun 

2013). Firstly, the matrix permanent set model is anisotropic, where permanent set models for 

isotropic materials (i.e. GLBP matrix) in the literature typically simulate isotropic residual strains 

(Balzani et al. 2012; Calvo et al. 2007; Ghasemi et al. 2018). Secondly, the permanent set is 

determined based on both strain level and cycle number. As such, it is especially suited to the 

low-strain cycle-driven permanent set accumulation in GLBP in vivo.    

Material parameters calibrated for HD and HA GLBP cases in Section 7.2 are employed in this 

study, where the equibiaxial bulge loading simulations detailed in Section 7.2.1.2 are extended 

to fatigue conditions. Permanent set model parameters are calibrated for the HD case up to 10 

million cycles (10M), as this had significantly higher levels of permanent strain in the 

experimental study (see Chapter 6, Section 6.3.4). To investigate the influence of collagen fibres 

on the tissue-level permanent strain, these calibrated permanent set parameters are then 

employed in a HA simulation, and extended in the HD simulation up to 20 million cycles (20M).  

Note: there is no fibre component for the HD material model, whereas fibres are present in the 

HA material, as per the findings outlined in Section 7.2.4.  
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7.3.2 Methods 

7.3.2.1. Permanent set model 

Stress softening and permanent set was modelled by inclusion of two parameters,  Ds and Dps, 

in the isotropic portion of the strain energy density function, as described in detail by Martin 

and Sun (Martin and Sun 2013). With these additions, the strain energy is given by a stress-

softening of the initial, or undamaged, strain energy (Ψ0) and the permanent-set induced 

dissipated energy (Ψps), see Equation 32. In the unloaded configuration, the strain energy 

function is reduced to that of Equation 26, with both Ds and Dps equal to 0.  

Fatigue-induced permanent set evolves according to the peak equivalent tissue-level strain and 

cycle number. This approach is analogous to a traditional S-N curve for fatigue of materials, but 

instead of stress, strain is utilised with cycle number as a fatigue metric. Two key parameters 

are employed to achieve this; the peak equivalent strain for the current cycle (Ξn
peak 

) and cycles 

to failure (ntot), (Martin and Sun 2013). Furthermore, as permanent set is known to occur 

specifically in the GLBP matrix (see  Chapter 6, Section 6.4 and (Martin and Sun 2013; Zhang and 

Sacks 2017)), the peak equivalent strain is defined distinctly for the matrix as:  

 

To relate the accumulation of permanent strains to fatigue conditions, cycles to failure is defined 

as: 

nmax represents the maximum number of cycles the material can withstand, and γ is a material 

parameter (Dong et al. 2020). Ξmax is a scalar parameter for the maximum equivalent strain limit 

of the tissue, where Ξmin represents the minimum matrix equivalent strain required to initiate 

Ψ(𝐂, Ds, 𝐃ps) = (1 − Ds)Ψiso
0 (𝐂, J)  + Ψaniso(𝐂, 𝛂𝟎 ) + Ψps(𝐂, Ds, 𝐃𝐩𝐬) + Ψvol

0 (𝐂) 32 

Ξn
peak = √2.Ψmatrix, where Ψmatrix = 

1

2
μ ( I1̅ −  3)   33 

ntot = (nmax – 1) (
Ξmax −Ξn

peak 
 

Ξmax − Ξmin
)
γ

 + 1    for  Ξmin  ≤ Ξn
peak ≤ Ξmax     

34 
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fatigue damage.  Ξn
peak 

 and ntot are used to calculate both   Ds and  Dps as follows, (Martin and 

Sun 2013): 

 

Normalising the Green Lagrange strain (E) for the largest tensor component enforces anisotropy 

in the permanent set calculation (note: Dps is a tensor while Ds is a scalar). Dpsmax represents 

the maximum permanent set that occurs at tensile failure of the material. For computational 

efficiency, permanent set parameters are calculated at the peak of a loading cycle (Martin and 

Sun 2013).  

Differentiation of the strain energy function with respect to the right Cauchy Green tensor yields 

the Second Piola Kirchoff stress, as follows (Martin and Sun 2013): 

𝐒 = (1 − Ds)2
∂Ψisoch

0

∂𝐂
+ 2

∂Ψvol
0

∂𝐂
+ (1 −  η) 𝐒𝐩  where SP = −

∂(1−Ds)Ψ
0

∂𝐄
|(E=Dps)   

37 

 

η modulates the plastic stress contribution, where it is fully active at the unload, and inactive at 

the peak load of the current cycle. η is calculated as follows: 

SP in Equation 38 provides the plastic stress component, due to the dissipated permanent set 

energy. Once permanent set has occurred, this term results in a negative stress when the 

Dps(Ξn
peak

) =

{
 
 

 
 0                                                             if Ξn

peak 
 <  Ξmin             

∑
1

ntot 

n

n=1

Dpsmax
𝐄n

peak 

𝐄n
max                              if Ξmin  ≤  Ξn

peak  ≤  Ξmax

Dpsmax                                                    if  Ξn
peak  >  Ξmax             

 

35 

Ds(Ξn
peak

) =  

{
 
 

 
  0                       if Ξn

peak 
 <  Ξmin                 

∑
1

ntot 

n

n=1

           if Ξmin  ≤  Ξn
peak  ≤  Ξmax

1                       if  Ξn
peak  >  Ξmax                 

 

36 

     η =
Ξt−Ξps

Ξn
peak

−Ξps
  where Ξps = √2Ψ

0(𝐄(t))|
(E=𝐃𝐩𝐬)

     38 
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material is unloaded. For finite element implementation in Abaqus/Standard, the Second Piola 

Kirchoff (𝐒, Equation 38) stress was converted to a Kirchoff stress to determine the consistent 

tangent matrix, using the method described by Sun et al., (Sun, Chaikof, and Levenston 2008).   

7.3.2.2. Geometry partitioning to improve convergence  

An addition was made to the model outlined in Section 7.2.1.3.2 to increase stability for fatigue 

simulations. For this, the geometry was partitioned into two sections, where the elements at 

the curved boundary were assigned the in-built versions of the user-defined material models 

employed for HD and HA cases (see Figure 7.12). This was implemented as the pinned boundary 

condition along the nodes on the curved edge, resulted in excessive strains, and accordingly 

high permanent strains and excessive element distortion, when the user-defined material was 

used. For the HD simulations, the in-built Neo-Hookean material model was employed for the 

partitioned boundary elements, as the removal of fibres in the HD material parameters reduces 

the material model to that of a Neo-Hookean. For the HA material properties, the in-built HGO 

material model was employed, as the fibre contribution to load-bearing was preserved in this 

group (see Section 7.2.1.4).  

 

Figure 7.12: (a) Plan and (b) isometric views of the quarter circle geometry, showing partition 

into two sections through the thickness. The curved outer region (yellow) is assigned in-built 

material model, where the main geometry section (green) was assigned the user-defined 

material to calculate permanent set.  
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7.3.2.3. Permanent set model calibration 

The structurally-based material model parameters for HD and HA groups were established in 

Section 7.2. Several additional parameters required definition for the permanent set model 

described above in Section 7.3. γ is a dimensionless parameter used to scale the value of ntot 

(see Equation 37), and as such required calibration. The remaining model inputs, however, are 

based on the permanent set and failure behaviour of GLBP.  While these parameters contribute 

to the permanent set accumulation, they could not be explicitly derived from available 

experimental data. As such, Ξmin, Ξmax, Dpsmax  and nmax were defined such that the unknown 

γ parameter could be calibrated; ensuring the overall model behaviour matched that of 

experiments.  It is noteworthy that while these model parameters are structurally-based, they 

remain phenomenological parameters in a phenomenological permanent strain model. As such, 

these permanent set parameters can be re-defined once the required data is available, and the 

remaining parameter requiring calibration can be readily updated (γ).  For this study, the 

following parameters were used: 

• Ξmin  represents the minimum equivalent strain threshold for the initiation of 

permanent strain initiation. As the GLBP matrix is significantly more compliant than the collagen 

fibres, and permanent set accumulation in the GLBP matrix is known to be a cycle driven 

phenomenon (as opposed to supraphysiological stretches), Ξmin  was set to a suitably low value 

of 0.01 √MPa, such that permanent strain accumulation began at very low strains (this equates 

to approximately 0.004% strain).  

• Ξmax represents the equivalent strain value at which material failure occurs. To account 

for significant levels of permanent strain accumulation in vivo over hundreds of millions of 

loading cycles, Ξmax was defined as 2. 0 √MPa. This equates to a stretch value of 1.87 and is 

significantly greater than strain values recorded in this research. However, it was defined at this 

value to allow for unknown, and possibly excessive, permanent set levels in vivo.  
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• Dpsmax defines the maximum permanent set at tissue failure. The average XD uniaxial 

permanent strain found after 5 cycles in Section 7.2.3.3.2 was 4.75 ± 4.6%. Although the load 

levels in vivo  are much less than that employed in Section 7.2.3.3.2 (~ 20 kPa vs. 1 MPa), 

physiological cycle numbers are orders of magnitude greater. Thus, to account for significantly 

higher fatigue conditions in vivo, Dpsmax was defined as 0.10 (i.e. at the highest end of XD 

permanent strain accumulated in Section 7.2.3.3.2). This was a similar value to that calibrated 

by Martin and Sun (Martin and Sun 2015). 

•  Finally, nmax depicts the maximum number of cycles GLBP can withstand, at the 

minimum equivalent strain required for the onset of permanent set. With the definition of Ξmin  

= 0.01 √MPa,  nmax  was defined as 1000 million (where 20 years in vivo ≈ 800 million cycles at 

80 bpm). As such, this value was defined such that the material will not fail by 1000 million cycles 

at extremely low strain levels. ntot is then scaled by the product of nmax and the peak equivalent 

strain at each cycle during the simulations.  

With the model parameters defined as described above, a series of simulations were conducted 

to calibrate γ. These simulations utilised the same quarter-circle geometry and boundary 

conditions described in Section 7.2.1.2, and extended the simulations to cyclic loading as per 

the experimental fatigue study described in Chapter 6. To simulate the bulge fatigue 

experiments in Chapter 6, 150 mmHg was cyclically applied to the lower and upper surface. As 

in the experiments, one full cycle comprised a pressurisation upwards and downwards (i.e. z > 

0 and z < 0).  

For computational efficiency, the model was scaled so that 1 cycle in Abaqus simulated 1 million 

experimental cycles. Due to the statistically significantly greater permanent set in HD 

specimens, calibration was conducted for the HD case. Thus, 10 cycles were simulated in 

Abaqus, where γ was calibrated such that the HD unloaded droop after 10M cycles matched 

that of the HD experimental average (1.01 ± 0.55 mm). (Note: droop is the permanent set-
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induced sagging of the circular specimens in the z-direction when unloaded, see Chapter 6 and 

Figure 6.2).  

Due to simulation instabilities during the calibration process in Abaqus/Standard, a VUMAT of 

the same material model was developed to enable model calibration execution in 

Abaqus/Explicit. In Abaqus/Standard, instabilities occurred when the geometry moved from 

inflation to deflation (i.e. z > 0 to z < 0), which is known as ‘snap-through’, where snap-through 

describes an instability when transitioning from one equilibrium state to another. During this 

transition, the material stiffness could not be calculated and thus the solution could not 

converge. Note: Abaqus/Standard uses a stiffness-based solution technique, whilst 

Abaqus/Explicit utilises an explicit integration solution technique, which does not require 

calculation of the consistent tangent matrix.  

7.3.2.4. Collagen-fibre mediated fatigue bulge loading simulations 

To computationally investigate permanent set accumulation as a function of collagen fibre 

architecture, the model parameters defined for the HD case was used in the HA simulation (i.e. 

for HA material properties, as detailed in Section 7.2.1.3). This was used to validate the 

calibrated permanent set model parameters and to test the hypothesis derived from the 

experimental findings in Section 7.2; that collagen fibres mediate permanent strain 

accumulation in GLBP (where it is reduced in HA specimens in comparison to HD).  

For this investigation, the 10M cycle simulations were extended to 20 million cycles (20M) for 

both HD and HA groups, as it was found experimentally that no further statistically significant 

increases in permanent strain occurred after this time (see Chapter 6, Figure 6.7).  

7.3.2.4.1. Fatigue simulation simplification  

Although the simulations up to 10M cycles for calibration purposes were conducted in 

Abaqus/Explicit, the high levels of permanent set associated with the HD simulations still caused 

convergence difficulties in Abaqus/Explicit (at approximately 13M cycles). The length of these 
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simulations was also impractical, where 20M cycles required approximately 5 days. For these 

reasons, a simplified version of the simulation was implemented, where pressure application 

was limited to one direction (i.e. z > 0, or ‘inflation only’). Importantly, this meant that the snap-

through equilibrium instability was avoided (i.e. the geometry no longer transitioned from z > 0 

to z < 0). In order to compensate for the absence of a deflation pressure, γ was increased such 

that the permanent strain accumulated from one inflation pressure represented that 

accumulated from an inflation and deflation cycle. Verification of this simplification to the model 

is shown in Figure 7.15.  

 

7.3.3 Results 

7.3.3.1.           Verification of geometry partitioning 

Figure 7.13 below shows that the maximum z-displacement, stress-strain and plastic stress at 

the elements experiencing maximum deformation, are not affected by partitioning the outer 

elements to that of an in-built material model in Abaqus/Standard. As detailed in Section 

7.3.2.2, this was conducted to increase the simulation stability. The high strains and 

consequently excessive permanent strains in the elements at the boundary were an artefact of 

the pinned boundary condition. Reducing this material model to one that did not accumulate 

permanent strains (i.e. in-built materials), increased the stability of the simulations, and 

importantly, did not affect the permanent set behaviour of the central region of the geometry 

(i.e. that which undergoes maximum deformations). 
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Figure 7.13: Comparison over 3M cycles of (a) Maximum z-displacement, (b), Maximum Principal 

stress-strain, (c) Plastic stress in the geometry with no material partitioning (blue), and with 

material partitioning (pink). Material partitioning here refers to the allocation of the in-built 

material model for the elements along the curved edge of the geometry; i.e. such that they did 

not accumulate permanent set, while all remaining elements were allocated the UMAT 

describing permanent set accumulation.  

7.3.3.2. Permanent set model parameter calibration 

Calibration of the scaling parameter for cycles to failure, γ, to a value of 13, produced an 

unloaded droop at 10M cycles of 0.99 mm for the HD material parameters (see Figure 7.14, 

average HD experimental average = 1.01 ± 0.55 mm). See Table 7.4 for the calibrated permanent 

set model parameters. Note: this simulation employed the partitioned geometry as detailed in 

Section 7.3.3 and verified in Figure 7.13. 
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Figure 7.14: Simulation results from calibration of γ, (a) Unloaded droop after 10M cycles, (b) 

Droop at each cycle number up to 10M cycles (average experimental result shown in green, 1.01 

± 0.55 mm). Black arrow and box in (a) show element from which measurements are recorded; 

i.e. at the location of maximum deformation (as was completed experimentally in Chapter 6, 

Section 6.2.3).  

Table 7.4: Permanent Set Model inputs, calibrated to average experimental HD droop at 10M 

cycles 

Ξmin (√MPa) Ξmax (√MPa) Dpsmax Nmax γ 

0.01 2.00  0.10 1000 13 

 

7.3.3.3. Fatigue simulation simplification  

Figure 7.15 shows a comparison between the Abaqus/Explicit simulation, incorporating 

pressure application in two directions (i.e. z > 0 and z < 0), and the simplified simulation in 

Abaqus/Standard, where pressure application is limited to one side (i.e. z > 0, or ‘inflation only’, 

with γ = 18.5). Figure 7.15(b) shows there is a minor difference between the maximum z-

displacements between the two simulations (e.g. 3.18 mm vs 3.17 mm at 10M cycles), however 

Figure 7.15 (a and c) illustrate that this does not influence the stress-strain response or the 

plastic stress calculated, respectively. Note: under equibiaxial bulge loading, the plastic stress in 
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the 11 and 22 directions are equal for the HD case (as this consists of an isotropic matrix 

constituent only, as per Section 7.2).  

 

Figure 7.15: Comparison of Abaqus/Explicit HD  simulation (black) to simplified 

Abaqus/Standard HD simulation (limited to one direction of pressure application, z > 0, i.e. 

‘Inflation Only’, green), for 10 M cycles. (a) Stress-strain response for elements experiencing 

maximum deformation, (b) Z-displacement and (c) Plastic Stress from 0 to 10M cycles. Note: as 

the HD material properties have been reduced to the isotropic GLBP matrix, plastic stress in the 

11 and 22 directions are equal, for equibiaxial bulge loading.   

7.3.3.4. Collagen-fibre mediated fatigue bulge loading simulations 

Figure 7.16 shows the equibiaxial fatigue bulge loading simulation results for HD and HA cases, 

up to 20M cycles. Here, values were calibrated only for the HD case and then employed in the 

HA simulation. Thus, the only difference between the two simulations was the material 

properties; with the fibre contribution removed for the HD case, and fibre contribution included 

for the HA case. Figure 7.16(a) demonstrates the stiffer response of the HA simulation (purple), 

with 0.18% permanent strain at 20M cycles, in contrast to 1.72% for the HD case. This is evident 

in the measurements of the unloaded droop in Figure 7.16(b), with significantly higher 

permanent-set induced droop in HD GLBP. The simulated droop of the HA group was 0.10 mm 

and 0.31 mm, at 10M and 20M cycles, respectively. This was within one standard deviation of 

the average HA experimental droop; 0.33 ± 0.44 mm and 0.71 ± 0.58 mm, 10M and 20M cycles, 
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respectively). It is noteworthy that while the simulated HA droop is lower than the experimental 

average, only 4 of total 10 HA samples displayed evidence of droop at 10M cycles, and 6 out of 

total 10 at 20M cycles. 

 

Figure 7.16: Comparison of HD (green) and HA (purple) simulations, using the simplified inflating 

pressures only (i.e. z > 0), up to 20M cycles. (a) Stress-strain response under 150 mmHg for HD 

and HA, at 0 and 20M cycles. (b) Unloaded droop at each time point, (c) Plastic stress, shown 

for the 11 and 22 directions for HA material properties (where highly aligned fibres in 11 

direction introduce anisotropy). Plastic stress for HD material properties is equal in 11 and 22 

directions, as the loading is equibiaxial and the material properties are isotropic when reduced 

to the matrix only. (d) Peak z-displacement at each time point, up to 20M cycles. Note: 

Permanent set model inputs are the same for both simulations, but the material properties 

differ.  
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The anisotropy of the permanent set model is evident in Figure 7.16(c), where the plastic stress 

in the direction perpendicular to the fibre orientation (22), is double that of the direction of 

fibres (11). Whilst permanent set occurs only in the isotropic matrix GLBP component, the 

presence of collagen fibres in the HA case introduces anisotropy. As such, permanent set is 

greater in the direction perpendicular to the fibres, as fibres are absent here and increased 

permanent stain in this direction is attributed to the more compliant GLBP matrix. Finally, as 

observed experimentally in Chapter 6 (Section 6.3.2), there are minimal changes in the z-

displacement up to 20M cycles, even with significant levels of permanent strain present in the 

HD GLBP.  

7.3.4 Discussion  

A number of technical issues with the FE analysis in Abaqus/Standard in this study required 

adjustments and simplifications to the simulations, which were outlined in Sections 7.3.2.2 and 

7.3.2.4.1. The pinned boundary condition on the curved edge nodes resulted in high localised 

strains, and as such high permanent strains. The high permanent strains in these elements 

caused excessive element distortion, and consequently solution convergence difficulties. This 

was an artefact of the pinned boundary condition, and not representative of the physical tissue 

mechanics in the circular specimens in Chapter 6.  This was addressed by partitioning the rows 

of elements at the curved edge, and assigning them to an in-built material in Abaqus (note: 

removal of the fibre contribution in the HD simulations reduced the material model to that of a 

Neo-Hookean, with μ = 1.6 MPa).  This meant that no permanent set accumulated in the outer 

elements, and as such prevented excessive element distortion. Figure 7.13  shows that this 

material partitioning did not affect the permanent set accumulation in the elements undergoing 

maximum deformation, and where measurements were recorded (i.e. elements at the centre 

of the circular geometry).  
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A second user-defined material was also developed, for use in Abaqus/Explicit (i.e. a VUMAT). 

The primary difference between Abaqus/Standard and Abaqus/Explicit lies in their solution 

techniques, where the former uses a stiffness-based, and the latter an explicit integration 

technique. Importantly, a VUMAT does not require calculation of the material stiffness, which 

was attributed to the convergence issues in Abaqus/Standard. Furthermore, hyperelastic 

constitutive models described in a VUMAT must be defined in a co-rotational coordinate system, 

in which the basis system rotates with the material. This was achieved by formulating the stress 

calculations in terms of the stretch tensor (U), rather than the deformation gradient (F), as was 

implemented for the Abaqus/Standard UMAT. 

Simulation of 10M cycles for the purpose of permanent set model parameter calibration was 

conducted in Abaqus/Explicit (see Figure 7.14). However, instabilities were still encountered 

past 10M cycles, where floating point errors caused simulation breakdown at 13M cycles. For 

this reason, a final simulation simplification was made, where pressure application at 150 mmHg 

was limited to one direction. This circumvented the snap-through instabilities encountered 

when the geometry transitioned from z > 0 to z < 0. Interestingly, this was also observed 

experimentally in the 3D digital image correlation analysis in Chapter 6, where samples snapped 

from inflated to deflated during the fatigue loading. Permanent set in the circular samples 

manifested as excess material or sagging in the central 20 mm of the circular samples.  With 

this, the samples switch from z > 0 to z < 0, without taking up a fully flat, or z = 0, configuration 

for a discernible time in the loading.  

With the pressure application restricted to one direction (z > 0), the previously calibrated γ 

parameter was updated, to compensate for the absence of loading cycles in the second 

direction (i.e. z < 0). Updating this parameter from 13 to 18.5 successfully achieved the same 

unloaded droop at 10M cycles as was calculated with implementation of both positive and 

negative pressures in Abaqus/Explicit (see Figure 7.15). This adjustment was also made to allow 



172 
 

for simulations to be completed in Abaqus/Standard, where 20M cycles of loading in one 

direction took approximately 2 hours, as opposed to 5 days in the original bidirectional 

Abaqus/Explicit model.  

A limitation of this study was the definition of the permanent set model inputs. With the 

absence of experimental data from which they could be explicitly derived, they were estimated 

based on previous experimental observations. However, it must be noted that these are 

phenomenological parameters, and as such they can be re-defined with the availability of such 

experimental data. Whilst this was a limitation of the computational fatigue investigation, it is 

important to note that identical permanent set parameters were employed in HD and HA 

simulations, up to 20M cycles. As such, the simulations served to investigate the modes of 

permanent set accumulation as a function of collagen fibre architecture, as the single difference 

between HD and HA simulations was the material properties employed. More specifically; the 

absence of collagen fibres in the HD case, and highly aligned fibres in the HA case. 

Validation of the permanent set model was conducted by employing the HD calibrated model 

inputs, for HA material properties. Results from this demonstrated an unloaded HA droop of 

0.11 mm and 0.31 mm, at 10M and 20M cycles, respectively (the average experimental HA 

droop in Chapter 6 was 0.33 ± 0.44 mm and 0.71 ± 0.58 mm, at 10M and 20M cycles, 

respectively). Furthermore, the results of the HA simulation verified the hypothesis from Section 

7.2; that when fibres are actively contributing to load bearing (i.e. for HA material properties), 

the burden on the matrix is reduced, and accordingly tissue-level permanent set is reduced 

(both HD and HA simulations had a matrix shear stiffness, μ, of 1.6 MPa). Furthermore, both HD 

and HA simulations showed minimal changes in the z-displacement over time, which was also 

observed experimentally in the relatively consistent z-displacement of all samples in Chapter 6, 

Section 6.3.2.  
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Whilst permanent set in GLBP is known to occur specifically in the matrix component, this 

computational study illustrated that it is still mediated by the collagen fibres. This was previously 

noted in Chapter 6 (Section 6.3.4), where statistically significant differences in fatigue-induced 

permanent set were found between samples grouped according to collagen fibre alignment (i.e. 

HD and HA), but it was only through simulating the experiments in the current Chapter that the 

structural feature underpinning this behaviour was elucidated.  As described in Section 7.2.1.4, 

it was hypothesised that HD samples would accumulate less permanent set in the fatigue study 

in Chapter 6, due to the higher collagen content in this type of GLBP. Yet, the opposite was 

found experimentally. Investigation into the collagen crimp, in addition to simulation of the 

bulge loading revealed that while there may be increased collagen in HD GLBP, the fibres were 

too crimped to contribute to load bearing at low loads. As such, the more compliant GLBP matrix 

resulted in increased deformations and consequently, higher permanent strain.  

This study has important implications for GLBP BHV leaflets, where permanent set accumulation 

dominates the early-stage response. This investigation shows that while this permanent strain 

at the tissue level occurs specifically in the matrix, it is significantly influenced by collagen fibre 

crimp, where highly crimped fibres are protected from load-bearing. Fundamentally, this will 

elicit a predominantly matrix mechanical response in vivo, and consequently increased 

permanent strains. To the author’s knowledge, the importance of fibre crimp in both the 

deformation and permanent strain accumulation in GLBP has not been identified before this 

study. Based on these findings, it is possible that clinically explanted BHVs with significant leaflet 

geometry changes postoperatively, have been manufactured from areas on the pericardial sac 

with highly crimped fibres.  

The model implemented in this study can be used as a design tool, to predict the permanent 

strain in leaflets of various fibre patterns. This will aid in identifying optimal fibre patterns for 

use in BHV leaflets. In this case, an optimal fibre pattern is one which minimises permanent-set 
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induced divergences from the original leaflet geometry, in addition to providing fibres 

orientated parallel to in vivo principal loading directions. Based on the experimental and 

computational findings in the current chapter, permanent set is significantly reduced for low 

levels of fibre crimp, in conjunction with a mean fibre orientation aligned with principal loading 

direction
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7.4. Investigation into BHV leaflet permanent set as a function of 

collagen fibre orientation 

7.4.1 Introduction 

The fundamental goal of this thesis was to better understand how the underlying structure of 

GLBP influences tissue-level mechanics, in order to aid in the much-needed improvement of 

BHVs.  Thus, a final investigation was conducted in which the cumulative experimental and 

computational findings from this Chapter were employed in computational BHV leaflet 

simulations. The purpose of this study was to characterise the strain profiles of GLBP leaflets 

with different collagen fibre architectures and determine how these structural parameters 

influence permanent strain accumulation in the context of BHV leaflets.  

7.4.2 Methods 

The calibrated material and permanent set model parameters from Section 7.2 and 7.3 in this 

chapter were utilised, and are summarised below in Table 7.5 and Table 7.6. A generic trileaflet 

BHV geometry was employed, consisting of 8-node linear brick elements (C3D8). The leaflet 

diameter was 20 mm, with a thickness of 0.4 mm (see Figure 7.17). The present study utilised 

an existing BHV leaflet model from an industrial partner in this project3.  

 An individual material orientation was defined in-plane for each of the three leaflets, where 

each material origin was located at the centre of the valve, and the primary material axis was in 

the circumferential direction (i.e. 11, see Figure 7.17). The material orientation was defined for 

the planar configuration of each leaflet (Figure 7.17(a) and Figure 7.18), prior to assembling the 

three leaflets into the BHV configuration (Figure 7.17(b)). Three material parameter sets were 

defined for comparative purposes, based on the three collagen fibre groups identified in 

previous chapters; XD, HD and PD, and are listed in Table 7.5. 

 
3 The BHV leaflet Abaqus CAE file was provided by Dr. Paul Gunning, Boston Scientific Corporation.  
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 The user-defined material model detailed in Section 7.3 was employed in the form of a VUMAT 

for simulation execution in Abaqus/Explicit. The BHV metallic frame was not included in this 

model. As such, all edges of each leaflet, except for the free edge, were constrained with a 

pinned boundary condition to represent the suturing of the leaflets to the metallic BHV frame 

(see Figure 7.17). Semi-automatic mass scaling was applied to the whole model (at a target time 

increment of 1 𝑥 10−6). The ratio of kinetic to internal energy was monitored to ensure it was 

below 5%, and as such that inertial forces did not alter the solution.  

 

Figure 7.17: (a) Single leaflet measuring 20 mm in diameter, (b) BHV assembly with three 

leaflets. Pinned boundary condition shown in orange.  

Table 7.5: Material model parameters for XD, HD and PD GLBP, angle is given with respect to 11 

direction in Figure 7.17(a), schematic of three material cases is shown in Figure 7.18 .   

Group μ D1 k1 k2 κ α 

XD 1.6 0.0507 5 30 0 90 

HD 1.6 0.0507 0 N/A N/A N/A 

PD 1.6 0.0507 5 30 0 0 
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Figure 7.18: Schematic showing leaflet fibre patterns assigned for three material places in planar 

configuration for (a) XD, (b) HD and (c) PD.  

Table 7.6: Permanent set model parameters, as defined in Section 7.3.3.2  

Ξmin (√MPa) Ξmax (√MPa) Dpsmax Nmax γ 

0.01 2.00 0.10 1000 13 

 

Based on the findings in a study conducted by Martin and Sun (Martin and Sun 2015), the 

simulation was reduced to that of diastolic pressure only. Simulation of both systolic and 

diastolic pressures in that study was found to very minorly increase the plastic stress 

accumulation, while significantly increasing the computational expense (Martin and Sun 2015). 

Thus, in this study, 120 mmHg was applied to the aortic surface of the leaflets, where permanent 

set accumulation was measured after 1M cycles. Note: the permanent set material parameters 

described in Section 7.3.3.2 are scaled such that 1 computational cycle equals 1 million loading 

cycles. 

7.4.3 Results 

Figure 7.19 shows the maximum principal strain distribution at 120mmHg, for each of the three 

material cases. The highest strains across all three cases are located at the commissures, which 

are greatest for XD and HD material properties (Figure 7.19 (a, b)). This figure illustrates how 

the strain distribution across the leaflet is influenced by the collagen fibre structure.  
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Figure 7.19: Contour of Maximum Principal Strain across leaflets, under 120mmHg (a) XD, (b) 

HD and (c) PD material cases, as per Table 7.5. Peak strains are located at the commissures for 

all three materials. 

Figure 7.20 shows the principal strain directions across a full leaflet, and a magnified view of 

two regions of interest; the commissures and belly region for XD, HD and PD material properties. 

The spatial variation in localised principal strain directions illustrates the complex, 

multidirectional loading to which GLBP leaflets are subjected in vivo, where Figure 7.20(e, h) 

show the differing principal strain directions for the isotropic material case at two locations (HD, 

see Table 7.5). The principal strain directions are also attributed to the suturing of leaflets to the 

valve frame, which results in a local 11 principal strain direction at the commissures for all three 

material cases (see Figure 7.20 (d-f)), and conversely a 22 principal strain direction at the belly 

region (see Figure 7.20 (g-i)). As in Figure 7.19, the vector plots in Figure 7.20 (a-c) show that 

the strains at the commissures are much greater for XD and HD material properties, in 

comparison to PD.  
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Figure 7.20: Vector plots of maximum principal strain directions across full leaflet for (a) XD, (b) 

HD and (c) PD materials, at commissure of (d) XD, (e) HD and (f) PD materials and belly region 

for (g) XD, (h) HD and (i) PD materials. Red and blue boxes in (a-c) indicate locations of 

commissure and belly region elements shown in (d-f) and (g-i), respectively. 11-22 shows local 

element orientation.  
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Figure 7.21 shows the equivalent strain contour plot for the three material cases at 1M cycles 

at 120 mmHg. Notably, the peak equivalent strain values are located at the commissures, with 

much greater strains for XD and HD cases in comparison to PD at this location. Moreover, HD 

and PD cases were associated with increased peak equivalent strains in the belly region in 

comparison to XD. The peak equivalent strains show a similar global distribution to the 

maximum principal strains in Figure 7.19. 

  

Figure 7.21:  Contour plots of peak equivalent strain for (a) XD, (b) HD and (c) PD material 

properties, at 1M cycles. Highest peak equivalent strains are located at the commissures for all 

three cases.  

Figure 7.22 shows a comparison of the calculated permanent set parameters for the three 

material cases, in the belly region at 1M cycles (see Figure 7.22 (c), for location of belly region). 

Ds is a softening parameter, which represents the inverse of cycles to failure. This parameter is 

a function of the peak equivalent strain, and as such Figure 7.22(a) shows that overall, the lowest 

fatigue life is attributed to HD and PD material properties. In accordance with the principal strain 

directions shown in Figure 7.20(g-i),  Figure 7.22(b) shows the plastic stress in the belly region 

after 1M cycles is greater in the local 22 direction than in the 11 direction, for all three GLBP 

material cases. Although minor, the HD material properties are associated with the highest 

plastic stress in the 11 direction, whereas the PD material demonstrated the highest plastic 



181 
 

stress in the 22 direction (11 and 22 directions refer to the local 11 and 22 directions of each 

leaflet material orientation in its flat, planar configuration as seen in Figure 7.17 (a)). 

 

Figure 7.22: Permanent set parameters after 1M cycles in the belly region. (a) Softening 

parameter 𝐷𝑠  =  
1

𝑁𝑡𝑜𝑡
, (b) Plastic stress in the local leaflet 11 and 22 directions for XD, HD and 

PD cases. (c) shows six elements from which permanent set parameters were measured in the 

belly region (red).  

Figure 7.23 shows the permanent set after 1M cycles at the commissures (see Figure 7.23 (c) for 

location of commissure). In both the local 11 and 22 directions of the leaflets, the PD case 

demonstrated the lowest accumulation of plastic stress. The PD case was also associated with 

the lowest fatigue softening parameter at this location, Ds (see Figure 7.23 (a)). The highest 

plastic stress was attributed to HD material properties. Moreover, a higher standard deviation 

across the six elements from which permanent set parameters were measured was evident for 

XD and HD cases (Figure 7.23(c) shows the six elements employed for permanent set 

measurements).   
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Figure 7.23: Permanent set parameters after 1M cycles at a commissure. (a) Softening 

parameter 𝐷𝑠  =  
1

𝑁𝑡𝑜𝑡
 and (b) Plastic stress in the local leaflet 11 and 22 directions for XD, HD 

and PD cases. (c) shows six elements from which permanent set parameters were measured at 

a commissure (red).   

7.4.4 Discussion 

Figure 7.21, Figure 7.19 and Figure 7.21 illustrate that the overall leaflet strain was highest for 

XD and HD material properties, at 1M cycles.  Peak strains are located at the commissures for 

all three cases, with increased strains in the belly region for HD and PD, in comparison to XD 

(see Figure 7.19 and Figure 7.21). The effect of increased peak equivalent strains for the HD and 

PD material parameters is also evident in Figure 7.22(a), where the fatigue softening parameter 

for these two cases, Ds, is greater than for XD. As such, this illustrates that when there is no 

fibre contribution to load bearing at the belly region, there will be increased localised 

permanent strain (i.e. HD and PD material properties, see Table 7.5). More specifically, the 

absence of fibres in the local principal strain direction at this location (see Figure 7.20 (g-i)) in 

the PD case resulted in approximately four times the plastic stress than that of XD (see Figure 

7.22(b)).  

Figure 7.20 illustrates the complex and heterogenous principal loading directions across the 

leaflets in vivo.  Importantly, computational studies in the literature typically advise that leaflets 
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with highly circumferentially aligned fibres are the ideal choice (Hart et al. 1998; Li and Sun 

2010a; Smuts et al. 2011). Figure 7.20(g-h) and Figure 7.22(b), however, show that highly 

circumferentially aligned leaflets will encourage increased plastic strains in the belly region, due 

to the localised principal strain direction at that location (Sauren 1981).  

Although the plastic stress in the belly region was greater for the PD properties, it must be noted 

that the level of strains and permanent set here were ten times lower than that at the 

commissures. This has been reported previously, where both computational studies and 

explanted BHVs have identified the commissures as common sites for tissue failure, due to high 

localised strains (Butany et al. 2007; Martin et al. 2014; Singhal et al. 2013; Trowbridge and 

Crofts 1987; Vyavahare et al. 1999). The opposite behaviour to the belly region was observed at 

the commissures in this study, where the PD material case was associated with the lowest plastic 

stress in both the local material 11 and 22 directions, in addition to the lowest fatigue softening 

parameter, Ds (see Figure 7.23 (a,b)). The absence of fibres orientated in the principal strain 

direction at the commissures (11, see Figure 7.20(d-f)), in both XD and HD material cases was 

evident in Figure 7.23 (a,b), where Ds and the plastic stress are much greater than in PD.  

Whilst this comparative study quantified the plastic strain in GLBP leaflets after only 1M cycles, 

it has highlighted important structural influences on regional permanent set accumulation in 

BHV leaflets. This study showed that the loading on the leaflets is multidirectional, where 

various dominant fibre orientations are required to withstand localised principal loading 

directions, and consequently minimise global permanent strains. More specifically, it was found 

that fibres should be orientated in the 11 direction at the commissures and in the local 22 

direction in the belly region. While the commissures are known locations of leaflet tearing and 

failure, other regions on the leaflet should not be neglected. Permanent strains at any location 

will introduce aberrant leaflet kinematics. In turn, this could increase the strains experienced at 

other locations on the leaflet and contribute to damage accumulation in vivo. It is noteworthy 
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that these material parameters were calibrated to GLBP specimens harvested from a full 

commercial-grade patch. As such, due to the lack of standardised pre-sorting of commercial 

leaflets, a BHV device can be manufactured from leaflets with any one, or a combination, of the 

three strain distributions shown in Figure 7.19. Importantly, the structurally-governed peak 

strains will dictate permanent strain accumulation in BHV leaflets. Increased cycle numbers are 

required to investigate how the collagen fibre-mediated plastic strains observed after 1M cycles 

in Figure 7.22 and Figure 7.23,  accumulate over the duration of early-stage loading in vivo.  

While the permanent set model employed in this research was developed by Martin and Sun, it 

was used for a different purpose here, in comparison to previous studies in the literature 

(Martin and Sun 2013).  For example, the study by Martin and Sun which involved comparison 

of leaflets with different fibre orientations, employed the Fung material model (Martin et al. 

2014). As such, this did not permit the decomposition of tissue-level changes into matrix and 

fibre effects. Another study by Martin and Sun used a HGO material model, which does allow 

for individual analysis of the matrix and fibres, however only one leaflet fibre pattern was 

simulated (Martin and Sun 2015). In the current chapter, however, only matrix permanent set 

was simulated, and its progression as a function of the underlying collagen structure was 

assessed. This was possible due to the employment of a HGO material model, in conjunction 

with the anisotropic permanent set model formulated by Martin and Sun (Gasser et al. 2006; 

Martin et al. 2014). 

Fundamentally, this investigation served to identify key structural features of the collagen fibres 

which will significantly influence the early-stage matrix permanent set accumulation in GLBP 

leaflets.  Furthermore, the material properties in this chapter were calibrated to out-of-plane, 

low-strain loading of commercial-grade GLBP, whereas the aforementioned studies by Martin 

and Sun utilised in-plane biaxial loading of GLBP to obtain the material parameters (Martin et 

al. 2014; Martin and Sun 2015). Importantly, it was found in Section 7.2.1.3 that material model 
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parameters calibrated from in-plane uniaxial tensile testing did not translate to out-of-plane 

bulge loading simulations.  

7.5. Conclusion 

The experimental and computational studies in this chapter demonstrated the mechanical 

significance of collagen fibre orientation, alignment and crimp on the low-strain permanent 

strain accumulation in GLBP. While these irreversible changes occur specifically in the matrix 

constituent, the studies in the current chapter revealed how collagen fibres significantly 

influence this fatigue phenomenon of GLBP. Fundamentally, the collagen fibre structure serves 

to either dramatically increase or decrease the progression of permanent strains. Finally, these 

findings were translated to a computational investigation of permanent strain in GLBP leaflets, 

of different fibre structures. Notably, increased plastic stresses and peak strains were identified 

for GLBP with highly crimped fibres. Moreover, regional principal strain directions were 

identified on the GLBP leaflet, which suggests that leaflets with multi-orientated fibre patterns 

are required to globally minimise early-stage permanent strain-induced geometry changes in 

vivo. This computational platform could aid in the identification of optimal leaflet fibre 

architectures, by comparing the mechanical outcomes of leaflets manufactured from fibre 

patterns available within a GLBP patch, to those with fibres orientated parallel to localised 

principal strain directions across the leaflet (i.e. that of native aortic valve leaflets). 

  



186 
 

Chapter 8 Final Discussion 
 

With the worldwide ageing population, the demand for TAVR BHVs is set to increase in the 

coming years (Morís et al. 2016). To meet this significant clinical need, the inadequate durability 

and inconsistent performance of the GLBP leaflets must be addressed (Butterfield and Fisher 

2000; Dvir et al. 2018; Grunkemeier et al. 2000; Sacks et al. 2009; Sacks and Schoen 2002; 

Schoen 2008; Schoen et al. 1987; Siddiqui et al. 2009; Singhal et al. 2013; Zilla et al. 2008). Much 

research has been conducted in this area over the last 20 years, which has revealed several key 

structure-function relationships of GLBP (Sun et al. 2004; Zhang and Sacks 2017). Yet, there 

remain several significant areas with limited knowledge and understanding.  

Chapter 3 in this thesis addressed one such area; the influence of collagen fibre architecture on 

the static failure behaviour of commercial-grade GLBP. Here, it was found that the ultimate 

tensile strength (UTS) of PD specimens was more than four times that of XD. More importantly 

for its use in BHV leaflets, this study also demonstrated the same trend between XD/PD groups 

in their fatigue performance. An interesting finding of this study was the static mechanical 

properties of GLBP characterised by highly dispersed collagen fibres (HD), where the UTS and 

stiffness of the HD group was not different to that of the PD group. Whilst this study highlighted 

how both the static and dynamic mechanical performance of GLBP is underpinned by the 

collagen fibre orientation, it also demonstrated the mechanical significance of collagen fibre 

dispersion. Of the few studies in the literature that pre-sort samples according to collagen fibre 

patterns, this was the first to include GLBP which was dispersed in multiple directions, as 

opposed to one specific orientation.  

Considering the complex loading patterns to which leaflets are subjected in vivo (Bouten et al. 

2012), it was hypothesised that HD GLBP may be better suited to BHV leaflets. Primarily, this 

was because leaflets with fibres orientated in multiple orientations, would be possibly better 
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equipped to withstand the unpredictable and multidirectional loading patterns in 

inhomogeneous, diseased delivery sites (Bouten et al. 2012; Gunning et al. 2015). Chapter 4 

further investigated HD tissue, where it was found to also behave similarly to the PD group 

under supraphysiological uniaxial fatigue loading. This result was counterintuitive, as under 

uniaxial tensile conditions, GLBP with fibres highly aligned along the load (i.e. PD), was expected 

to have a significantly higher UTS, stiffness and fatigue life, when compared to GLBP with fibres 

highly dispersed in multiple directions (i.e. HD). SHG analysis revealed, however, that HD GLBP 

has a statistically significantly higher collagen content than XD/PD GLBP (i.e. GLBP tissue with 

highly aligned fibres in one orientation). As such, an increased volume of fibres in HD GLBP likely 

resulted in a comparable net number of fibres aligned along the loading direction as in PD, in 

addition to other directions. Analysis of the global fibre patterns across a full GLBP patch 

revealed a highly heterogenous architecture, which did not appear to align with native 

axial/circumferential orientations as postulated in other studies (Dalgliesh et al. 2019; Tremblay 

et al. 2009). With the lack of standardised or controlled leaflet pre-sorting, this mapping showed 

that leaflets can be harvested from any of the regional locations across a patch. This could result 

in leaflets with misaligned fibres with respect to in vivo loading, in addition to a mismatch of 

leaflets mounted on a BHV. Moreover, a study by Martin and Sun showed that a valve comprised 

of leaflets each with a different dominant fibre orientation was associated with the worst fatigue 

performance, in comparison to BHVs with three identical leaflets (Martin et al. 2014).  

Whilst these studies illustrated the significant influence of collagen fibres for the ultimate failure 

of GLBP, it is known that irreversible changes in the non-collagenous matrix dominate the early-

stage in vivo response. As such, fatigue-induced damage of the GLBP matrix precedes that of 

collagen fibres, which governs the late-stage and possible failure of GLBP leaflets (Zhang and 

Sacks 2017).  A novel testing system was employed in Chapter 6 to investigate this early-stage 

fatigue behaviour of GLBP, under low-strain equibiaxial bulge conditions. Importantly, as in vivo, 

this places the stress-strain response of GLBP in the matrix-dominant region. Yet, it was still 
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found that statistically significant differences in permanent strains were distinguished based on 

the pre-determined collagen fibre alignment. More specifically; significantly higher levels of 

permanent strain were found in samples with HD fibres, in contrast to highly aligned (HA). As 

discussed in Chapter 7, Section 7.2.4, this was the opposite behaviour to what was anticipated 

for this study. As HD GLBP was previously found to have increased collagen content in 

comparison to that of HA, it was expected to demonstrate a stiffer response, and consequently 

lower deformations and permanent strains. Minimal changes in the fibre orientation and 

alignment at each time point during the study up to 60 million cycles, as measured non-

destructively through SALS, confirmed that tissue-level permanent set occurred in the GLBP 

matrix. As such, this suggested that a structural feature of the collagen fibres, independent of 

content or alignment, was mediating tissue level deformations and accordingly permanent 

strain progression. 

A combination of experimental and computational studies in Chapter 7 elucidated this key 

structural feature; collagen fibre crimp. Statistically significantly higher fibre crimp was found in 

HD samples with high levels of permanent set, relative to those without any evidence of 

permanent set. This finding suggested that HD GLBP fibres were too highly crimped to 

contribute to load bearing, which resulted in higher tissue deformations, and ultimately 

increased permanent strain.  This information informed the computational model, where 

removal of the fibre component in the HD material properties accurately simulated the 

experimentally recorded z-displacement for the HD group. Importantly, the fibre contribution 

was not removed for the HA simulation, where the computational z-displacement matched that 

of the experiments. Fundamentally, this study revealed that collagen fibre crimp is a key 

structural feature of GLBP, which significantly influences permanent set accumulation, by 

means of increasing or decreasing the load-bearing burden on the GLBP matrix.   This study also 

illustrated the importance of informing computational models with more physiologically 
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relevant experimental data, as uniaxially calibrated material parameters did not translate to the 

low-strain bulge loading simulations.  

It must also be noted that all experimental work conducted in this thesis employed commercial-

grade GLBP. This overcomes a primary limitation of previous studies in the literature, which 

were conducted on ‘in-house’ fixed GLBP (Caballero et al. 2017; García Páez et al. 2002; 

Mirnajafi et al. 2005; Pasquino et al. 1994; Sacks and Chuong 1998; Sánchez-Arévalo et al. 2010; 

Sellaro et al. 2006; Sun et al. 2004). The mechanical testing in this thesis illustrated that 

commercial-grade GLBP is significantly stiffer than in-house GLBP. In turn, this has important 

consequences for computational models which are used to estimate peak leaflet stresses in 

vivo, as they have been calibrated to a material that is not representative of that used in a 

patient device (Li et al. 2011; Sacks et al. 2015; Zhang and Sacks 2017). Moreover, it was also 

demonstrated in Chapter 4 (Section 4.3.5), that once GLBP is fixed for extended time periods 

(i.e. commercial-grade GLBP), the loading employed during the fixation process will not 

influence its mechanical behaviour, where this is still underpinned by the collagen fibre 

patterns. 

Whilst there is no requirement to control commercial leaflet fibre patterns currently, this 

research has quantified the mechanical significance of fibre orientation, in addition to 

identifying three further key features of the fibres in this highly collagenous tissue that will 

determine both its early-stage matrix permanent set accumulations, and late-stage collagen 

fatigue behaviour (collagen alignment, content and crimp). Furthermore, with D-shaped or 

protruding calcium nodules in AS patients, the principal loading directions in patients are 

unpredictable in comparison to that identified computationally for ideal circular orifices. Thus, 

it is still hypothesised that leaflets of highly dispersed fibres may offer improved outcomes in 

comparison to highly circumferentially aligned leaflets, but vitally, the fibres must have low 

crimp levels. Fibre crimp is possibly the most critical structural parameter of GLBP when 
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employed in BHV leaflets, as independent of collagen content, orientation or alignment, if the 

fibres are above a certain crimp threshold, they will be protected from load bearing in vivo. As 

demonstrated in this thesis, this will fundamentally increase tissue deformations, and 

consequently permanent strain-induced divergences from the initial leaflet design.  

Quantification of the identified structural aspects of pericardial fibres that individually play 

important, and sometimes conflicting, roles in the mechanical response of GLBP, has also served 

to highlight the unsuitability of GLBP for use in BHV leaflets. These fibrous structural features, 

in addition to the heterogenous fibre patterns across full GLBP patches, perhaps explain the 

inconsistent performance of GLBP leaflets in patients. It is possible to use computational 

frameworks, such as that in this thesis, to design leaflets based on specified structural 

parameters. However, as it is only possible to produce leaflets from what is available within a 

pericardial patch, it may be difficult to harvest sufficient quantities of leaflets that meet specific 

orientation, alignment and crimp requirements. The spatially varying principal strain directions 

in vivo also pose difficulties for harvesting leaflets with optimal localised fibre structures. 

Furthermore, the extensive non-destructive measurements necessary to quantify the fibre 

crimp would significantly increase production timeframes for these devices. Considering the 

extremely low yield of leaflets based on current device specifications, which are exclusive of 

fibre architecture4, controlling for multiple fibrous structural features is likely unfeasible.  

It is important at this point to recall the vast differences between GLBP and native aortic valve 

leaflets. These are in two primary areas; macrostructure and mechanical properties (see 

Appendix C for images and SHG analysis of native bovine aortic valve leaflet). GLBP is a smooth, 

planar tissue, whereas native leaflets comprise three layers, each with distinct compositions, 

and mechanical roles (Menon and Lincoln 2018). Furthermore, GLBP is significantly stiffer than 

 
4Approximately one leaflet from three full pericardial sacs. Personal communication with R&D Engineer, 
Boston Scientific Corporation.  
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native leaflets (Balguid et al. 2007; Mavrilas and Missirlis 1991; Sun et al. 2004). The cumulative 

findings in this thesis suggest that although significant improvements can be made to the 

manufacture of leaflets, through evolving to a structurally-based design, the heterogenous and 

variable fibre architectures within pericardial sacs are perhaps not suited to application in BHV 

leaflets. As such, manufacturing leaflets that replicate the structural and mechanical features of 

native leaflets will possibly overcome the limitations and inadequacies long associated with 

GLBP. Emerging research in this area has shown promising advances in polymeric valve 

replacements and tissue-engineered constructs (Coulter et al. 2019; Mol et al. 2006). Until these 

next generation BHVs are available, the insights from this thesis can be used as a computational 

design tool, to identify optimal GLBP fibre patterns for use in BHV leaflets. As the findings 

presented in this research relate to the fundamental tissue mechanics, such a computational 

framework is suitable for any BHV design, or any medical application of GLBP.  Based on the 

combined experimental and computational findings in this thesis, however, a transition from 

the use of glutaraldehyde-fixed pericardial tissue to these novel materials, will perhaps provide 

more consistent and improved outcomes for AS patients in the coming years.  
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Chapter 9 Concluding Remarks 
 

9.1. Summary of key findings 

The studies in this thesis offer insights into several structural features of GLBP, which influence 

its early and late-stage fatigue damage behaviour. These findings contribute to the field by 

increasing our understanding of key GLBP structure-function relationships. Ultimately, this 

research can aid in the development of next generation BHV devices. The key findings from this 

thesis are summarised below: 

• Both the static and dynamic tensile behaviour of commercial-grade GLBP was shown to 

be governed by collagen fibre orientation, in GLBP characterised by highly aligned fibres. 

Moreover, the tensile stress-strain response of these samples illustrated that commercial-grade 

GLBP is significantly stiffer than in-house fixed tissue used in previous studies. Thus, to 

accurately estimate peak strains and the damage evolution of GLBP leaflets in vivo, it is 

important to inform computational models with device-relevant mechanical data.   

•  A promising form of GLBP which had not previously been explored was identified in this 

thesis; that of highly dispersed fibres. Its comparable uniaxial tensile mechanical behaviour to 

GLBP with fibres highly aligned along the loading direction was attributed to increased collagen 

content. Whilst it is not surprising that localised collagen content within a pericardial sac would 

fluctuate, this had not been quantified previously. Provided the fibre patterns align with in situ 

principal loading directions, harvesting leaflets from areas on the GLBP patch with increased 

collagen content would likely enhance late-stage in vivo durability. 

• Non-destructive analysis of the collagen fibre patterns across a full GLBP patch revealed 

a highly heterogenous architecture. Moreover, the regional fibre orientations did not conform 

to native anatomical axes as postulated in previous studies. This showed that collagen fibre 

orientation, alignment, and likely content, vary spatially within a patch. As such, fibre 
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orientations cannot be assumed when harvesting samples for experimental studies, or more 

critically, in the manufacture of BHV leaflets. 

• A novel multi-specimen testing system was built to enable exploration of the low-strain 

fatigue response of GLBP, as a function of fibre architecture. A study up to 60 million cycles 

revealed that whilst the detectable tissue-level changes occurred in the matrix component, this 

could be distinguished according to collagen fibre alignment. More specifically, samples of 

highly dispersed fibres were associated with significantly higher levels of permanent strain.  

• A computational investigation, in conjunction with complimentary experimental data, 

showed that although the early-stage tissue-level changes in GLBP occur in the matrix, it is 

mediated specifically by collagen fibre crimp. For both in-plane and out-of-plane loading, 

collagen fibre crimp was the most critical structural determinant for permanent strain 

accumulation, more so than content or alignment. 

• Translating these results to BHVs, where physiological loads place the mechanical 

response in the low-strain region, this thesis illustrates that fibre crimp is possibly the most 

important structural parameter of GLBP leaflets. High fibre crimp was shown to protect fibres 

from load-bearing, and thus increase the mechanical burden on the GLBP matrix. Ultimately, 

increased tissue deformations ensued, and consequently high levels of irreversible geometry 

changes from original leaflet designs.  

• Cumulatively, these findings illustrate the importance of quantifying the underlying 

structure of GLBP leaflets, yet this is not currently required for commercial BHVs. As evidenced 

by the mechanical testing conducted in this research, significant improvements can be made by 

optically quantifying the collagen fibre architecture. However, the variable fibre arrangements 

within pericardial patches identified in this thesis will likely pose difficulties for harvesting 

sufficient quantities of leaflets, which meet optimal orientation, alignment, content and crimp 

criteria. Transitioning to BHV leaflets made from materials that structurally and mechanically 
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resemble native valve leaflets will possibly improve the performance of these devices, and meet 

the significant clinical need associated with growing AS patient numbers in the coming years.  

9.2. Future directions 

Based on the findings in this thesis, a number of future studies are recommended below to 

advance understanding of GLBP and enhance its use in the context of medical devices.  

• Extension of the fatigue investigation to collagen fibre damage. This can be completed 

both experimentally and computationally. With no evidence of any changes in the fibres in the 

equibiaxial fatigue loading conducted in this thesis by 60M cycles, greater cycle numbers or 

greater loads will be required to elicit collagen fibre damage. This can be used to calibrate the 

damage parameters in a computational framework, and thus explore collagen fibre damage in 

the context of BHV leaflets. In addition to analysis of the stress-strain profiles in mechanical 

testing, a probe such as collagen hybridizing peptide (CHP) could be used to experimentally 

determine levels of collagen fibre damage. Note: CHP selectively binds to degraded, unfolded 

collagen chains. As such, it can be used to identify damaged collagen fibres. 

• Quantification of the effect of early-stage permanent set on subsequent collagen fibre 

mechanics. The accumulation of permanent strains precedes that of collagen fibre damage, 

where the reference configuration in which fibres are embedded is altered. Permanent strains 

significantly increase the tissue level strain and as such, strain at the fibre level. A better 

understanding of this relationship will offer insight into the long-term fatigue behaviour of GLBP 

leaflets.  

• Inclusion of collagen fibre crimp in the structural constitutive model for GLBP. Fibre 

crimp was found to be a key structural feature of GLBP in this thesis, especially for the low-strain 

fatigue behaviour. Incorporation of fibre crimp levels in the material model would allow for 

stretch-dependant recruitment of fibres; where highly crimped fibres require higher stretches 
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to become mechanically active. This will also allow for simulation of matrix permanent set as a 

function of collagen fibre crimp.  

• Validation of the computational model in the context of BHV leaflets by conducting 

Accelerated Wear Testing (AWT, see Section 2.3.2.4), on valves in which the GLBP leaflets have 

been analysed with  SALS and/or SHG, prior to mounting on the valve frame. The fatigue-induced 

damage can be simulated based on the previously identified leaflet fibre patterns, and validated 

against the BHV leaflets after AWT loading. Both of these imaging modalities were used in this 

research to determine commercial leaflet fibre patterns, see Appendix D. 

• A full-depth analysis of collagen crimp in GLBP. The SHG technique employed in this 

thesis is subject to depth limitations, such that the central ≈200 μm of the tissue cannot be 

imaged. Although destructive, histological techniques could be employed to establish the 

collagen crimp through the full thickness of GLBP. Alternatively, tissue samples could be 

sectioned and then imaged with SHG. This will serve to investigate how collagen crimp varies 

through the thickness, and how the crimp identified closer to the surface though SHG compares 

to the full-depth fibre crimp. 

• The study outlined in Appendix A of this thesis illustrated how collagen fibre damage 

accelerates GLBP calcification. However, it is not known how calcification occurs in real-time 

with the progression of mechanical damage. Thus, conducting cyclic loading with samples held 

in an in vitro calcification solution would help to better understand the relationship between 

these two primary failure modes of GLBP leaflets, in a more physiologically-relevant 

environment. 

• Finally, the findings from this thesis would be most effectively used as a computational 

design tool, to identify optimal BHV leaflet fibre patterns. As the findings of this research relate 

to the material mechanics of GLBP, a computational framework describing the independent 

fatigue-induced damage of the matrix and fibre constituents could be used for any leaflet or 

BHV design. This investigation would enable the design of leaflets as a function of both collagen 
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fibre architecture and the specific valve design. Furthermore, leaflets of the identified fibre 

pattern can be harvested from the full GLBP patch, by non-destructive pre-screening with an 

optical technique such as the SALS used in this thesis. 

• The computational tool outlined above could also be used to design new synthetic 

materials, with optimal fibre patterns for next generation devices. This would allow for the 

manufacture of leaflets with fibres aligned along localised principal strain directions in vivo, and 

possibly patient-specific leaflet fibre patterns, identified computationally based on the delivery 

site geometry.  Moreover, manufacturing leaflets from novel materials would also provide 

quantities of leaflets with consistent fibre architectures, where these are not restricted to what 

is available on the native GLBP patch. 
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Appendices 
 

A Collagen fibre-mediated mechanical damage increases 

calcification of bovine pericardium  

A.1. Introduction 

Chapters 3,4 and 6 in this thesis focused on the on the mechanical fatigue and damage 

accumulation in GLBP. However, BHV leaflets are also known to fail due to excessive 

calcification, causing valvular insufficiency. Moreover, it is known that glutaraldehyde 

accelerates the calcification of GLBP; inherently increasing its calcifying potential in patients 

(Golomb et al. 1987; Grabenwöger et al. 1996). The literature in this area is both limited and 

contradictory where some studies propose that mechanical damage induces and accelerates 

tissue calcification (Berbacca et al. 1992; K. Liao et al. 2008; Thubrikar et al. 1983). However, 

other studies suggest that these are two completely independent mechanisms in BHV leaflets 

(Sacks and Schoen 2002; Vesely, Barber, and Ratliff 2001b). It is also important to note that 

these studies have been conducted on both porcine aortic valve and bovine pericardial leaflets, 

which have markedly different microstructures (Berbacca et al. 1992; K. Liao et al. 2008; Sacks 

and Schoen 2002; Thubrikar et al. 1983; Vesely et al. 2001b).  

It is understood that glutaraldehyde treatment modifies the phosphorous-rich structures in 

GLBP tissue, where the majority of calcification specifically occurs in devitalised cells (Dunn and 

Marmon 1985; Schoen and Levy 2005; Valente et al. 1985). It is also reported that free aldehyde 

groups, owing to the glutaraldehyde treatment, in combination with circulating calcium and 

phospholipids result in a passive calcification progress (Chen et al. 1994). However, collagen and 

elastin fibres can also serve as binding sites for calcium, independent of cellular structures 

(Bailey et al. 2003; Levy et al. 1983; Schoen et al. 1985, 1986). Interestingly, increased 

calcification is associated with younger patients. Although the correlation between age and 
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calcium deposition is well-known; the underlying cause for this is not (Schoen and Levy 2005).  

It has also been observed in clinically explanted BHVs that regions of high mechanical stress in 

the leaflets are associated with increased levels of calcification, yet the mechanism 

underpinning this relationship is not currently known (Berbacca et al. 1992; K. K. Liao et al. 

2008). Calcification of leaflets can result in significantly sub-optimal performance of BHVs in 

patients. Clusters of calcium deposits result in highly localised stress concentrations, while 

calcification in general reduces the mobility and flexibility of the leaflets moving from systole to 

diastole (Dvir et al. 2018; Sturla et al. 2016).  

To investigate how mechanical damage influences the calcification of commercial-grade GLBP, 

dogbone specimens, which were previously uniaxially loaded to failure or 1 million cycles, were 

placed in an in vitro calcifying solution and the resulting percentage volume of calcium was 

measured. Each specimen was non-destructively pre-sorted according to collagen fibre 

orientation and dispersion using small angle light scattering (SALS), allowing for a correlation 

between collagen fibre architecture, mechanical damage and calcification progression. As 

previous studies in this thesis have demonstrated that the mechanical response, and thus 

damage accumulation, of GLBP is dictated by the organisation of collagen fibres, here the effect 

of collagen fibre-mediated mechanical damage on GLBP’s propensity for calcification is 

investigated. Finally, the calcified tissue samples were imaged under microscopy to visually 

ascertain the distribution of calcium across damaged samples. The experiments in this study 

followed on from the findings in Chapter 3 and Chapter 4,were conducted by Elizabeth Williams, 

MSc, under my supervision.  

A.2 Methods  

A.2.1 Sample preparation 

Dogbone specimens were cut from commercial-grade GLBP tissue that was obtained from 

Boston Scientific Corporation (Galway, Ireland). Each dogbone was non-destructively imaged 
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using a small angle light scattering (SALS) system and grouped according to collagen fibre 

orientation and alignment as outlined previously in Chapter 4 (Section 4.2.1). Briefly, each tissue 

specimen was imaged at a 250 μm step-size, across a 6 x 1 mm region of analysis, centred on 

the dogbone gauge length. A series of images (n = 96) were analysed in Matlab (The Mathworks, 

MA, USA), where only specimens meeting pre-defined fibre orientation and alignment criteria 

proceeded to mechanical testing. Specimen categories are as follows; XD (collagen fibres highly 

aligned perpendicular to the uniaxial load), HD (collagen fibres highly dispersed in many 

directions, i.e. no dominant fibre angle) or PD (collagen fibres highly aligned parallel to the 

uniaxial load).  Table A.1 below summarises the collagen fibre angle and alignment threshold 

criteria for each group, where alignment is measured as the eccentricity of the elliptical 

scattered light distributions of each recorded image.  

Table A.1.: Fibre angle and alignment criteria for XD, HD and PD groups. Note: angle is given 

with respect to the uniaxial load direction. Due to a very low alignment value for HD specimens, 

the measured fibre angle is not applicable here.  

Group Fibre angle (°) Alignment  

XD  90 ± 15  > 0.70 

HD N/A < 0.65 

PD 0 ± 15 > 0.7 

 

A.2.2. Uniaxial cyclic tensile tests 

A total of 21 (n = 7 for each group) specimens which met the fibre architecture specifications 

(see Table A.1) were mechanically tested under uniaxial cyclic tensile conditions. In a Tytron 

Microforce System (MTS Systems Corporation, MN, USA), each specimen was loaded to a peak 

stress of 3 MPa (R-ratio = 0.1), until failure or 1 million cycles was reached, at 1.5 Hz. Testing 

was conducted in a saline bath at 37°C to simulate physiological conditions.  A 
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supraphysiological peak stress of 3 MPa was chosen to accumulate mechanical damage in a 

shorter timeframe. This is also conducted in ‘Dynamic Mode Failure Testing’ as per ISO 5840, 

where the transvalvular pressure is increased to induce failure earlier in accelerated wear 

testing (AWT) (International Standards Organisation 2013). 3 MPa places the stress-strain 

response of GLBP in the collagen-dominant region, where lower loads result in a tissue-matrix 

dominant response (initial linear portion of the stress-strain curve). Thus, a stress of 3 MPa 

permits the accumulation of collagen fibre damage in this study, and is lower than the mean 

ultimate tensile strength of the weakest specimen category, namely XD. 

A detailed analysis of the results from the aforementioned mechanical testing is found in 

Chapter 4, Section 4.2.2. Briefly, all PD specimens reached one million cycles without failure, 

four of seven HD specimens also reached 1 million cycles without failure. In contrast, XD 

specimens had a statistically significantly lower fatigue performance; four of seven specimens 

failed after one loading cycle (p < 0.0001). There was no statistically significant difference in the 

fatigue behaviour between HD and PD groups.  

 

Figure A.1.: Cycles completed for XD, HD and PD specimen groups (n=7), **p <0.01, ****p 

<0.0001. Adapted from Chapter 4. 

A.2.3. In-vitro calcification & quantification 
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A.2.3.1 Calcification treatment 

Following uniaxial cyclic tensile loading, each specimen from the mechanical testing conducted 

in Chapter 4 was placed in an in-vitro calcification solution  (Golomb and Wagner 1991). 

Additionally, seven (n=7) new unloaded samples of highly dispersed (HD) and highly aligned (HA; 

i.e. XD/PD) fibre architecture were also placed in the calcification solution to serve as 

undamaged controls. This calcium-phosphate treatment calcifies specimens over 42-days, 

where the solution is replaced every 7 days. The concentrations of calcium and phosphate in 

the incubation solution (prepared in 0.05 M Tris buffer, pH = 7.4) were 3.87 mM and 2.32 mM 

respectively, yielding a ratio of Ca/P04 = 1.67, as in hydroxyapatite (Golomb and Wagner 1991). 

Each specimen was placed in a calcification-solution filled vial and agitated by rotation in a 37°C 

bath.  

Each specimen was rinsed in PBS after calcification treatment, to remove excess surface calcium 

deposits, and measured for percentage volume calcium content within 72 hours.  

A.2.3.2. Calcification quantification 

Calcium content was measured non-destructively on the gauge length of each dogbone 

specimen, using Micro Computed Tomography (MicroCT40, Scanco Medical, Brüttisellen, 

Switzerland). MicroCT uses X-ray imaging in 3D at a very high resolution, allowing for the 

quantification of calcium in the bulk samples.  MicroCT has previously been used to measure 

calcification in pericardial tissue (Parekh 2015). Imaging was performed at a voltage of 70 kV, 

and a current of 113 μA, where images were taken across approximately 200 slices per sample. 

With a threshold of 90, sigma of 0.8 and support of 1, 3D reconstruction and calcium 

quantification were achieved. In this study, MicroCT results are presented as calcification 

volume, as a percentage of total tissue volume. A one-way ANOVA was used to investigate any 

statistically significant differences between the percentage volume calcification of XD, HD and 

PD groups (n=7 for each group, 95 % confidence interval).  



230 
 

To validate the MicroCT set-up and parameters, a calcium assay (Sentinel Calcium Kit 17667, 

Sentinel Diagnostics, Milan, Italy) was performed on twenty (n = 20) specimens which had 

previously been analysed with MicroCT. Each tissue specimen was cut into smaller sections, 

frozen in liquid nitrogen and ground using a mortar and pestle. Following this the samples were 

digested in a 1M HCL solution at 60°C and 10 rpm. Once digested, the samples were assessed 

using the calcium assay in accordance with the manual. Briefly, the concentration of calcium 

was quantified based on the principle that Cresolphtalein Complexone (CPC) reacts with calcium 

ions at a pH < 10 to form a red colour complex. The colour intensity is directly proportional to 

the concentration of calcium in the sample and was measured using a plate reader set to 570 

nm.  All samples (calcium standard controls and tissues specimens) were assessed in triplicate 

and the calcium concentration was extrapolated from the averaged readings entered into a 

standard curve. To compare the results from the MicroCT to the calcium assay, a linear 

regression analysis was completed at a 95% confidence interval.  

A.2.4. Tissue Imaging 

Representative specimens from testing groups (fatigue-damaged and non-calcified, fatigue-

damaged and calcified) were imaged via Scanning Electron Microscopy (SEM) and Helium Ion 

Microscopy (HIM) techniques. This allowed for visualisation of both the collagen fibres and the 

attached calcification. For SEM imaging, specimens were first rinsed with ultra-pure water to 

release residual salts from PBS storage, and then snap-frozen in liquid nitrogen at 196°C for two 

minutes. Next, the samples were lyophilised in a VirTisTM freeze-drier (SP Scientific, Gardiner, 

NY, USA), with primary drying at -10°C for 10 hours and secondary drying at 25°C for 2 hours. 

Each specimen was then mounted on a carbon platform for SEM analysis.  

HIM imaging (Carl Zeiss Helium Ion Microscope, Carl Zeiss, Oberkochen, Germany) was 

conducted by mounting the tissue specimens on the carbon platform as for SEM analysis. A 22° 

tilt angle, 10 μm aperture, 30kV voltage and spot size of 4 were used.  
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A.3. Results 

A.3.1. Calcification 

It was observed that the weakest specimen group accumulated statistically significantly higher 

levels of calcification, as measured by microCT, following the 42-day in-vitro treatment when 

compared to all remaining groups (XD; see Figure A.2(a)).  Specifically, the mean percentage 

volume calcium of the XD group was 20.47 ± 9.7% tissue volume, in contrast to 4.49 ± 5.53 % 

and 1.58 ± 2.99 % for HD and PD groups, respectively. Although the XD group was statistically 

significantly different to both the HD and PD groups, there was no significant difference 

between the HD and PD groups. 

Additionally, there was no statistically significant difference between HD/PD specimens and 

their respective undamaged controls. Moreover, the four specimens with the highest level of 

calcification across all twenty-one specimens failed after one loading cycle (from the XD group; 

see Figure A.2 (b)). 

Regression analysis (Figure A.2 (b)) indicates a high correlation between loading cycles and 

calcification; that of an inverse relationship. Interestingly, the samples which reached the test 

end-point without failure, had levels of calcification which were not statistically significantly 

different to their unloaded and thus, undamaged controls.   
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Figure A.2: (a) % Volume calcification for XD, HD, PD, control HD and control highly aligned 

groups; ****p < 0.0001. (b) Linear regression analysis for cycles completed and percentage 

volume calcification, dotted lines indicate 95% confidence interval of regression, r2 = 0.7993. 

Figure A.3 (a) below shows MicroCT analysis of an unloaded control GLBP sample, where 

calcification is evident in dark/grey regions. Although levels of calcification are low here, it 

appears to be predominantly located on the tissue’s edges. In contrast, Figure A.3 (b) shows 

MicroCT analysis of a XD specimen which failed after one loading cycle. It is clear here that the 

calcification is concentrated at the fracture site (black arrow), where it becomes more dispersed 

moving laterally to the dogbone extremities (left and right).  

 

Figure A.3: (a) MicroCT analysis of unloaded (i.e. undamaged) GLBP specimen gauge length; 

where darker regions indicate detected calcium, (b) XD specimen which failed from fatigue 

loading, where arrow indicates fracture site on gauge length centre.  
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Figure A.4 illustrates the correlation between the MicroCT measurements and that of the 

Sentinel Calcium assay (𝑟2 = 0.8866); confirming the MicroCT set-up employed in this study as 

an accurate non-destructive alternative to the standard assay techniques.  

 

 

Figure A.4.: Regression analysis of % volume calcification measurements from Sentinel Calcium 

assay and MicroCT techniques (see section 2.3.2, 𝑟2= 0.8866, dotted lines indicate 95% 

confidence interval) 

A.3.2. Tissue Imaging 

Figure A.5 (a) shows a specimen from the PD group after fatigue loading (1 million cycles), 

showing the uniformly aligned fibres along the gauge length, in agreement with the fibre 

orientation and alignment as measured previously through SALS. Figure A.5 (c,d) shows another 

PD sample after fatigue loading and calcification treatment; where the calcium is clearly visible 

in the bright/white regions. These images also demonstrate that calcium is specifically attached 

to collagen fibre bundles in the form of a coating.  
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Figure A.5: (a, b) Gauge length of un-calcified PD sample after 1 million loading cycles (scale bars 

both 200 μm), (c, d) gauge length of PD sample after 1 million cycles and calcification treatment, 

where white box in (c) indicates image location of (d), (scale bars 200 μm and 20 μm, 

respectively). 

Figure A.6 (a,b) shows an uncalcified XD sample which failed after 1 loading cycle with torn and 

ruptured fibres at the fracture site on the gauge length centre. Figure A.6 (c,d) shows another 

XD specimen after failure (1 cycle) and calcification treatment, with high levels of calcification 

(white regions). As in the PD specimen (Figure A.5 (c,d)), the calcification appears to coat fibre 

bundles, but here see nodules and high concentrations attached to the tips of broken and 

fractured fibres are also seen (Figure A.6 (d)). 
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Figure A.6: (a) Fracture site of failed, un-calcified XD sample, white box indicates image location 

in (b),  (scale bars 200 μm and 20 μm, respectively), (c,d) failed  XD sample after calcification 

treatment (scale bar 200 μm), where (d) shows a magnified view of attached calcium nodules 

(scale bar 20 μm). 

Figure A.7 shows representative SEM images of XD, HD and PD specimens (a-c, respectively). 

Comparison of these three groups indicates that calcium is attached to all regions of the XD 

tissue, with little contrast between raised surface fibre bundles and the more homogenous 

tissue below. Additionally, there appears to be more disorganised surface fibre bundles in this 

failed XD sample when compared to its HD/PD counterparts (Figure A.7 Figure (a-c)). Both HD 

and PD specimens have increased levels of calcification on surface fibres in comparison to the 

smooth and organised tissue fibres below.  
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Figure A.7: Representative (a) XD (failed after 1 cycle), (b), HD (did not fail up to 1 million cycles)  

and (c) PD (did not fail up to 1 million cycles) specimens after fatigue loading and calcification 

(all scale bars 100 μm).  

Figure A.8 (a, b) shows SEM analysis of an XD sample which failed after 126,006 cycles, with 

localised calcification bound to the extremity of a ruptured fibre bundle as also seen in Figure 

A.6 (b). HIM analysis of the same sample allows for visualisation at an increased resolution, with 

calcium present in the hairpin bend of a particularly exposed fibre at the rupture site (Figure A.8 

(c,d)).  
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Figure A.8: (a) SEM of failed XD specimen after calcification treatment (scale bar 20 μm), (b) 

magnified view of (a) showing surface fibre with calcium nodules attached (scale bar 20 μm), 

(c,d) HIM images of sample in (a,b), showing calcium attachment on individual fibre (scale bars 

both 20 μm).  

A.4. Discussion 

Mechanical damage and calcification are the primary causes of premature leaflet failure in 

BHVs. To improve the long-term performance of valve prostheses, it is imperative to understand 

the mechanisms of these failure phenomena, in addition to their relationship.  

Firstly, the MicroCT and calcium assay correlated with a high 𝑟2 value of 0.89, indicating that 

MicroCT is a viable non-destructive alternative technique for measuring calcium content in GLBP 

samples (see Figure A.4). It is not possible to non-destructively measure calcification as a 

function of time or its spatial organisation using traditional tissue solubilising assay techniques. 
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However, the MicroCT techniques employed here can achieve this. This is advantageous for 

future experimental studies, where calcification can be measured and monitored non-

destructively at incremental time points throughout a long-term experiment. Additionally, 

MicroCT analysis can quantify the spatial distribution of calcification on a given sample. Figure 

A.3 (b) shows that the calcification was concentrated at the fracture site on a broken GLBP 

specimen; i.e. the region of maximum fibre disruption and damage. This was in agreement with 

the SEM and HIM analysis conducted; where at much increased resolution, visualisation of 

calcium clusters and nodules attached to broken fibre bundles was possible (see Figure A.8 (b-

d)).  

Figure A.2 (b) demonstrates the direct relationship between mechanical damage and 

calcification, where load-induced damage accelerated GLBP calcification. Specifically, the XD 

group which completed statistically significantly less cycles than either the HD or PD groups, had 

a statistically significantly greater volume of calcification (see Figure A.2, p < 0.0001).  This 

finding conclusively demonstrates that mechanical damage in commercial-grade GLBP 

accelerates calcification accumulation.  Interestingly, there was no statistically significant 

difference between HD/PD groups, or their respective, un-damaged controls. Although not 

statistically significant, Figure A.2 (a) shows that the mean percentage volume calcification of 

the unloaded HD group was greater than the unloaded highly aligned group (HA). This is possibly 

explained by an increased collagen content in HD GLBP; resulting in a greater number of 

aldehyde bonds present, and thus the potential for calcification, as calcium ions are understood 

to bond with aldehyde groups (see Chapter 2, Section 2.3.2.5). 

It has been observed in previous studies that areas of high stress, likely indicative of tissue 

damage, are associated with higher levels of calcification, but there remains a lack of 

understanding as to why this is the case (Berbacca et al. 1992; K. K. Liao et al. 2008; Thubrikar 

et al. 1983). The findings presented in this study agree with these previous studies, but the 
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addition of calcification visualisation via MicroCT and SEM in this work elucidates the 

mechanism that underlies this direct relationship. Firstly, MicroCT imaging showed that calcium 

was predominantly located at the fracture site of a broken sample, when compared to an 

unloaded control GLBP sample (Figure A.3). SEM imaging of both uncalcified and calcified 

specimens revealed that calcium adhered to the fibre bundles, where SEM analysis of 

undamaged and damaged GLBP indicates that broken and frayed collagen fibres offer binding 

sites for calcium; with increased concentrations at ruptured, exposed fibres (Figure A.6 (c,d)). 

High stresses in these regions resulted in significant damage, providing a greater number of 

attachment sites and elevating the global volume of calcification to statistically significantly 

higher levels when compared to specimens which did not accumulate significant mechanical 

damage and fail (Figure A.2). As described previously, glutaraldehyde treatment will inherently 

cause calcification of bovine pericardium, but this is exacerbated in the presence of 

mechanically damaged collagen fibres. Thus, the absence of significant fibre damage in 

specimens which did not fail by fatigue loading (i.e. HD/PD groups) limits the number of calcium 

binding sites. Consequently, this resulted in no statistically significant difference between 

HD/PD groups and their respective undamaged controls as seen in Figure A.2 Figure(a).   

A limitation of this work is the uniaxial-tensile loading environment employed to induce tissue 

damage as this is not representative of the multi-modal and complex leaflet loading 

environment in vivo. Yet, pre-sorting of the GLBP specimens according to fibre orientation and 

alignment with SALS allowed for direct correlation of fibre architecture and mechanical 

performance; and in turn how this influences calcification potential. Furthermore, as this study 

was conducted on commercial-grade GLBP tissue, the findings are markedly relevant to 

implantable devices, where commercial-grade GLBP is significantly stiffer than the GLBP tissue 

typically employed in the literature (see Chapter 3 in this thesis and (Sun et al. 2004), for 

example) 
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Translating these experimental findings to GLBP leaflets presents important implications for 

BHV devices. A lack of fibre pre-screening in the manufacturing stage may result in collagen 

fibre-load malalignment in vivo. In turn, these potentially weak areas will result in damaged 

fibres, thereby accelerating calcification and inducing premature valve failure as reported in the 

literature (Dvir et al. 2018; Kataruka and Otto 2018; Reul, Ramchandani, and Reardon 2017). 

Localised regions of calcium nodules have been shown to reduce the overall mobility and 

flexibility of the leaflet during its transition from systole to diastole (Jorge-Herrero, García Páez, 

and Del Castillo-Olivares Ramos 2005).  It is also important to consider the crimping of BHVs 

prior to delivery. It has been shown that crimping and subsequent BHV balloon inflation or self-

expansion can cause leaflet injury; by disrupting the collagen fibres (Amahzoune et al. 2012; 

Zegdi et al. 2011). This process may further accelerate calcification of BHV leaflets in vivo. 

Furthermore, the current requirement to assess BHVs up to 200 million cycles under AWT 

conditions  determines only the presence and accumulation of mechanical damage, but not that 

of calcification (International Standards Organisation 2013). Perhaps AWT studies should also 

include assessment of calcification, thereby investigating both primary failure modes of BHVs.  

Compromising GLBP leaflet functionality will have serious short and long-term consequences 

for BHV device viability and patient prognosis. Ultimately, this study provides fundamental 

insights into the relationship between the two most prevalent degenerative processes within 

BHVs, and demonstrates that both are underpinned by the unloaded collagen fibre architecture.  

A.5 Conclusion 

Mechanically induced damage was found to directly increase percentage volume calcium in 

commercial-grade GLBP in this study. Furthermore, it was demonstrated that collagen fibre 

architecture and content underpin the mechanical response and thus damage behaviour in this 

tissue. Premature pericardial leaflet degeneration owing to fatigue damage and calcification are 

the primary failure modes of BHV leaflets, yet there is currently no requirement to pre-screen 
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for the mechanically dominant collagen fibre orientation in ISO 5840 (International Standards 

Organisation 2013). The results presented in this study, in addition to previous work, indicate 

that collagen fibre architecture must be controlled for in the manufacture of BHV leaflets in 

order to minimise the progression of both fatigue damage and calcification in vivo. 
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B Novel testing system drawings (see Chapter 5 for full description) 
 

Table B.1: Design inputs and outputs of final system design 

Design Inputs  Design Outputs 

Multi-specimen capacity  System capacity n = 20 

Complex loading pattern  Equibiaxial bulge inflation and deflation 

Specimen size relevant to BHV leaflets  Region of loading = 20 mm, BHV leaflets 

range 20 - 27 mm 

Integrable with supporting 

experimental equipment 

 

 Fully compatible with  

• Dantec DIC equipment 

• In-house SALS 

Accelerated loading frequencies 

 

 Solenoid valves VQD1151U 

• Response times ON 4ms, OFF 2ms 

• Dispersion accuracy ±1 ms 

Physiological load domain   Norgren 7bar Pressure regulator x 2 

SMC 4bar Pressure Gauge x 2 

SMC Pneumatic Control Valve VP500 

Series 

• To protect samples from 

overloading in the case of a power cut 

OMEGA Pressure Transducer 

• 0 – 15psi 

• Accuracy +/-0.03% (PSI units only)  
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Figure B.1: CAD drawing of main body of the testing system 
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Figure B.2: CAD drawing of sample chambers at the centre of the system (n=20). 

 



245 
 

 

 

Figure B.3: CAD drawing of the base of the system, showing groove for ball bearings and hinge 

to place system in upright position.  
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C Native leaflet imaging 

 

Figure C.1: Images of native bovine aortic valve leaflet. (a) Heterogenous and fibrous surface of 

fibrosa layer is seen in, (b) significantly smoother and more unifornm ventricularis layer, (c) 

cushioning spongiosa layer between the fibrosa and ventriculris (yellow inner material at 

tweezers).  

 

 

 

Fidure C.2: Second Harmoinic Generation image analysis of native bovine aortic valve leaflet 

shown in Figure C.1. Analysis on left was conducted at 2X, with magnified analysis of central 

region of the leaflet shown on the right at 10X. This analysis shows the complex fibre patterns 

in native aortic valve leaflets, where fibres are orientated with respect to the heterogenous 

loading patterns in vivo.  
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D Non-destructive Imaging of commercial BHV leaflets 

Second Harmonic Generation (SHG) imaging  and SALS analysis was conducted on six 

commercial BHV leaflets, to determine the feasability of these techniques at the scale of BHV 

leaflets.  All six leaflets were provided by Boston Scientific Corporation (MA, USA).  

The difficulties associated with SHG analysis over large interrrogation regions are evident in the 

below figures. For SHG imaging, the lens is focused once, at the centre of the region of inerest, 

where it then moves out to the extremeties of the defined tiled scan. As such, fibres at distal 

areas on the leaflet which are positioned at a different depth to those at the centre, will not be 

detected.  This is seen in the dark areas on a number of the SHG analyses, see for example Figure 

D.1 and Figure D.2. To compensate for this, a number of the valves were imaged in sections, and 

then combined to obtain the full leaflet image. As the lare interrogation region required was 

greater than the range of the microscope stage, each leaflet at a minimum, was imaged in two 

halves. This analysis highlights the impracticality of utilising an optical tool such as SHG for 

quantification of leaflet fibre patterns. Another limitation with this technique is that it is subject 

to depth restrictions. In the case of GLBP, it is not possible to image the central 200 μm of the 

tissue. Furthermore, the locations on the leaflet which could not be detected (i.e. dark regions), 

also varied between the leaflets. SALS analysis, conversely, was not associated with any practical 

difficulties during imaging, where it was also significantly faster than SHG (40 minutes vs 3 hours 

for 3 slices (~ 24 μm, at 20X magnification). Notably, SALS is also not subjet to depth limitations 

as it is a transmissive technique. As such, it detects the dominant fibre structure through the 

tissue thickness.  
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Figure D.1: SHG analysis of commercial BHV leaflet. Scale bar = 2 mm.  

 

 

Figure D.2: SHG analysis of commercial BHV leaflet. Scale bar = 2 mm.  
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Figure D.3: SHG analysis of commercial BHV leaflet. Scale bar = 2 mm.  

 

 

Figure D.4: SHG analysis of commercial BHV leaflet. Scale bar = 2 mm.  
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Figure D.5: SHG analysis of commercial BHV leaflet. Scale bar = 2 mm.  

 

 

Figure D.6: SHG analysis of commercial BHV leaflet 
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Figure D.7: SALS analysis of six commercial BHV leaflets (a-f, as imaged with SHG in Figure D.1-

D.6). Alignment ranges from yellow-blue (high to low). White vectors indicate mean fibre 

orientation at each location. A step size of 500 μm was used. Scale bar = 2 mm. 


