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Abstract11

Calcific degeneration remains the primary failure mode of bioprosthetic aortic valves and12

a growing concern for emerging polymeric alternatives. In this study, six prosthetic valve13

configurations combining two leaflet geometries (V-shaped scallop D1V and U-shaped scallop14

D2U) with three constitutive material models (synthetic elastomer, bovine pericardium and15

porcine tissue) are simulated throughout systole within a patient-specific curved aorta recon-16

structed from clinical CT data using a high-fidelity fluid-structure interaction framework. An17

incremental formulation of Finite-Time Lyapunov Exponents (FTLE) applied to the leaflet18

deformation gradients is introduced as a novel descriptor of structural point coherence on19

the leaflet surface. Together with wall shear stress (WSS) derived features, the FTLE field20
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is fed into an unsupervised k-means clustering algorithm that partitions each leaflet into21

four calcification risk classes without any fitting to experimental data. Validation against22

an experimentally calibrated calcification intensity map from micro-CT of explanted bovine23

pericardial valves yields a Spearman rank correlation of ρS = 0.98 and a Cohen’s weighted24

kappa of κw = 0.91 when the FTLE- and WSS-based classifications are combined, with an25

approximately equal optimal weighting (w ≈ 0.50). The analysis reveals that porcine tissue26

concentrates strain into localised high-gradient zones whereas the isotropic elastomer dis-27

tributes strain uniformly yet generates elevated shear fluctuations through sustained leaflet28

flutter. The D2U leaflet geometry paired with bovine pericardium emerges as the least29

susceptible configuration across both risk dimensions. By coupling leaflet structural point30

coherence with haemodynamic shear in a model-free framework, the proposed methodology31

provides a transferable design tool for ranking and evaluating next-generation prosthetic32

valve candidates with respect to calcification susceptibility.33

Keywords Bioprosthetic and elastomeric heart valves; Calcification risk stratification;34

Computational fluid-structure interaction; Digital twin; Finite-time Lyapunov exponent;35

Unsupervised clustering.36
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1 Introduction37

Calcific aortic valve stenosis is the most prevalent valvular heart disease, affecting up to38

12% of the population above the age of 7539,48. The condition involves progressive fibrosis39

and calcium phosphate deposition on the valve leaflets, restricting their motion, obstructing40

left ventricular outflow during systole and ultimately precipitating heart failure6,41. Aortic41

valve replacement (AVR) has become the standard treatment for moderate to severe steno-42

sis, with roughly 300,000 procedures performed worldwide each year, a number projected43

to double by 2050 owing to population ageing38. The diseased valve is substituted either44

by a mechanical prosthesis, which necessitates lifelong anticoagulation therapy, or by a bio-45

prosthetic aortic valve (BioAV) fashioned from biological tissue such as bovine pericardium46

or porcine tissue41. Bioprosthetic valves circumvent the drawbacks of mechanical prosthe-47

ses yet suffer from structural valve degeneration; recurrent calcification remains the most48

frequent failure mode, limiting prosthesis lifespan and compelling reintervention48,49,45. A49

synthetic-elastomer aortic valve (referred to throughout as ‘polymeric’ following prevailing50

convention, though collagen and elastin in bioprosthetic leaflets are chemically no less poly-51

meric) represents a promising alternative combining the advantages of both mechanical and52

bioprosthetic replacement options, with the added benefit of personalising the prosthesis53

design to the patient’s aortic geometry and ventricular flow conditions14,44,17.54

Structural valve deterioration (SVD) is a complex, multiscale and multifactorial process55

in which mechanical fatigue and calcification of the biological tissue play central and in-56

tertwined roles17. In bioprosthetic valves made from glutaraldehyde-pretreated tissue, the57

fixation process devitalises residual cells, leaving phosphorus-rich cellular debris as primary58

nucleation sites for calcium phosphate precipitation; disruption of the calcium pump and59

depletion of native mineralisation inhibitors in these devitalised cells permit crystal growth60

at these sites, further compounded by the reactivity of residual aldehyde groups with circu-61

lating calcium ions46,17. Both transplant-related factors (residual donor cells and debris, loss62

of glycosaminoglycans and collagen-elastin fibre damage during fixation and storage) and63

recipient-related factors (immune cell infiltration, serum proteolytic enzymes and calcium-64
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binding proteins) contribute to dystrophic calcification25. As cyclic loading stretches the65

collagen network, fibril sliding and reorientation lead to progressive weakening and even-66

tual failure of the load-bearing protein architecture49,17; this fatigue-induced fibre damage67

has been identified as a complementary nucleation mechanism, particularly in the high-68

strain belly region of the leaflet48,49. The interaction between fatigue and calcification is69

bidirectional: mineral deposits stiffen the tissue locally, amplify mechanical heterogeneity70

and redistribute cyclic stresses, promoting further damage in adjacent tissue and estab-71

lishing a self-reinforcing mechanobiological feedback loop17. Increased surface roughness72

from mechanical degradation additionally enhances local turbulence and wall shear stress73

on the tissue, accelerating both fibre damage and mineral deposition17,5. As reviewed com-74

prehensively by Greco et al.17, curtailing SVD requires multiscale characterisation of the75

pericardium, from the nanostructure of individual collagen molecules to the macroscopic76

fatigue and haemodynamic performance of the valve, so that accurate structure-function77

relationships can inform computational models and next-generation prosthesis design.78

Synthetic-elastomer aortic valves are likewise susceptible to calcific degeneration, yet through79

a distinct pathway dominated by physicochemical ageing44,15,17. Upon implantation, the80

polymeric surface triggers a foreign body inflammatory response in which recruited neu-81

trophils and macrophages generate reactive oxygen species (ROS) that drive oxidative degra-82

dation of the polymer chains, fragmenting them and rendering the surface progressively83

more hydrophilic and polar44. The resulting protein adsorption amplifies immune activation,84

whilst the release of calcium and phosphate ions from oxidatively damaged cell membranes85

promotes calcium phosphate precipitation on the altered surface44. Local flow disruption86

and the ensuing increase in leaflet stiffness sustain a positive feedback loop, accelerating87

further mineral accumulation44. Importantly, several steps in this cascade are directly gov-88

erned by near-leaflet blood motion and local leaflet deformation, thereby motivating the89

computational investigation of both quantities in the present study.90

From a haemodynamic standpoint, the wall shear stress (WSS) vector exerted by blood onto91

the leaflet surfaces, together with derived topological indicators including the oscillatory92
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shear index (OSI) and the topological shear variation index (TSVI), has been correlated93

with calcific damage on the leaflet surface and with deterioration of the arterial wall48,32,1.94

Recent advances in fully coupled fluid-structure interaction (FSI) frameworks have demon-95

strated that leaflet flutter amplifies oscillatory shear and residence time, linking local flow-96

structure interactions to mechanisms that promote mineral accumulation17,11. Tsolaki, Corso97

et al.48 showed through a multiscale multimodal investigation that the spatial distribution98

of calcification in failed bovine pericardial valve explants could be predicted via a regression99

equation involving the TSVI and the time-averaged wall shear stress (TAWSS) from FSI100

simulations. Although the predictive capability of this approach was particularly promising101

(coefficient of determination R2 ≈ 0.75), it requires fitting of coefficients to experimental102

micro-CT data, limiting its applicability to new valve designs and material configurations103

for which no ex vivo calcification evidence exists.104

From a dynamical systems standpoint, whether trajectories of neighbouring Lagrangian ma-105

terial points on the leaflet diverge or converge over time constitutes a complementary descrip-106

tor of the mechanical environment endured by the tissue. Finite-Time Lyapunov Exponents107

(FTLE), originally introduced to identify Lagrangian Coherent Structures (LCS) in fluid108

flows47,40, can be repurposed to characterise the stretching and folding of the leaflet ma-109

terial. Computed from successive structural deformation gradients at the mesh nodes of110

the leaflet, the FTLE quantifies the maximal rate of divergence between neighbouring ma-111

terial points over a finite time horizon. Regions of elevated FTLE correspond to zones of112

pronounced material point separation rate, where intense and heterogeneous tissue defor-113

mations may promote collagen damage and ensuing mineral deposition. Although FTLE114

has been exploited in blood flow analyses to delineate jet boundaries and recirculation zones115

downstream of aortic valves47,40,11, an incremental FTLE formulation applied directly to116

the leaflet strain field has not, to the best of our knowledge, been used as a predictor of117

calcification risk.118

Machine learning has gained considerable traction in cardiovascular research, both for clin-119

ical risk stratification and for the post-processing of computational haemodynamic data.120
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Supervised approaches, including random forests and convolutional neural networks, have121

been applied to echocardiographic and CT imaging data to assist in diagnosing aortic valve122

disease and predicting post-operative outcomes21,20,27. In the context of computational fluid123

dynamics, unsupervised clustering has emerged as an effective means of mapping haemody-124

namic risk without requiring labelled training data: k-means and related algorithms have125

been used to delineate regions of disturbed shear on arterial walls, classify oscillatory flow126

patterns in stenosed geometries and identify zones susceptible to atherosclerotic lesion for-127

mation16,34,33,7. More recently, data-driven approaches have been extended to valve leaflet128

haemodynamics, extracting spatial features from WSS fields to relate near-wall flow charac-129

teristics to sites of endothelial dysfunction or calcification9,50. Despite this growing body of130

work, joint unsupervised classification of leaflet calcification risk from both leaflet material131

point separation and haemodynamic shear descriptors remains unexplored.132

In a prior two-part computational study11,12, we investigated the interplay between valve133

architecture, jet flow configuration, vortex dynamics, spectral characteristics and kinetic en-134

ergy anisotropy for two bioprosthetic valve designs implanted in a straight ascending aorta.135

That study revealed that leaflet geometry exerts a marked influence on downstream haemo-136

dynamics, and that the design referred to as Ulth0, characterised by a U-shaped scallop137

curve with a small belly length and nearly stable leaflets throughout systole, promotes a138

more organised and physiological flow compared to the V-shaped design VLth30, which ex-139

hibits non-axisymmetric flutter. Building upon these findings, the present work extends the140

computational framework in several directions. FSI simulations are carried out in a patient-141

specific curved aorta geometry reconstructed from clinical imaging data, introducing more142

physiological flow conditions. Two additional leaflet materials, namely porcine tissue and a143

silicone-based elastomer, are incorporated alongside the previously studied bovine pericardial144

material, yielding six valve configurations. An unsupervised machine learning methodology145

based on k-means clustering is then proposed to stratify the spatial distribution of calcifica-146

tion risk on the leaflet surfaces from the newly introduced incremental leaflet-strain-based147

FTLE along with WSS fields, without any need for fitting regression coefficients to experi-148
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mental data.149

The objectives of the present study are threefold: (i) to simulate the coupled blood flow150

and valve dynamics during systole for six valve configurations arising from the combination151

of two leaflet geometries and three constitutive material models in a patient-specific aorta;152

(ii) to extract temporal features from the FTLE and WSS fields on the leaflets and to classify153

the calcification risk spatially through k-means clustering; (iii) to validate the unsupervised154

classification against experimentally calibrated calcification data48 and to rank the six valve155

designs according to a comprehensive risk score. By combining leaflet material point coher-156

ence and haemodynamic shear information within a model-free clustering framework, we aim157

to furnish a predictive tool for comparing and refining prosthetic valve designs with respect158

to their susceptibility to calcific degeneration.159

2 Materials and Methods160

2.1 Valve leaflet geometry parametrisation and constitutive mod-161

els for the leaflets162

2.1.1 Mathematical description of leaflet geometries163

Leaflet geometries can be thoroughly characterised from a parametric description relying164

on two curves: a belly curve and a scallop curve. The parametrisation is illustrated in165

Fig. 1A. Each valve comprises three identical leaflets attached to a common crown (or ring)166

of inner diameter D, itself sutured to a patient-specific aorta model (Figs 1A and 2A). In167

the current study, the aorta geometry was reconstructed from computed tomography data168

of a randomised patient (male, 85 years) provided by the University Hospital Zurich and169

segmented using Materialise Mimics (Materialise NV, Leuven, Belgium). It incorporates the170

key anatomical features that shape the physiological flow field downstream of the prosthetic171

aortic valve11,17: a curved patient-specific aortic lumen, extracted by lofting cross-sectional172

rings along an interpolated centreline, and an aortic root grafted from a separate scan, both173
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joined and filleted into a single smooth surface. The volumetric representation of the curved174

aorta was obtained by extruding the reconstructed surface to a wall thickness of 500 µm. A175

hollow cylindrical extension was appended upstream of the aortic annulus to represent the176

left ventricular outflow tract (LVOT) as illustrated in Fig. 2A. It is worth noting that the177

crown geometry is asymmetric, with each commissure featuring a slightly different thickness178

to accommodate the anatomical variation in the shapes of the three sinuses of Valsalva.179

Regarding the leaflets, five parameters in total govern their shape: three for the belly curve180

and two for the scallop curve (Fig. 1A). For the geometrical description of the two curves,181

we consider the centre of the coordinate system positioned at the intersection of the belly182

and attachment curves. The x-, y- and z- directions are the radial, circumferential and axial183

directions, respectively.184

The belly curve (red curve in Fig. 1A and B) controls the cross-sectional profile of the185

leaflet in the radial-axial plane. The belly height coordinate, Zbelly, along the axial direction186

(normalised coordinate x) is given by a hyperbolic sine function:187

Zbelly(x) = asinh · sinh

(
x

bsinh

)
· hbelly ·

D
2
, (1)

where asinh and bsinh are shape parameters and hbelly is the factor multiplying the aortic188

root radius, D
2

, to control the belly height. The scallop curve (blue curve in Fig. 1A and189

B) dictates the attachment line connecting each leaflet to the ring. Its height coordinate,190

Zscallop, along the circumferential direction (normalised coordinate y) is described by a power191

law (Fig. 1A):192

Zscallop(y) = ynpower · D
2
· (tan(θscallop) + hbelly) , (2)

with npower the exponent and θscallop the inclination angle between the belly extremity and193

the commissure. The three-dimensional leaflet surface is obtained by sweeping and blending194

these two curves along the circumferential direction (Fig. 1A).195

[Figure 1 about here.]196

[Figure 2 about here.]197
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2.1.2 Leaflet geometrical parameter values198

In the present study, a unified nomenclature for the leaflet designs is adopted to replace199

the less intuitive naming conventions used in previous works11,48. Each design is labelled as200

DnS , where n is a sequential integer identifier and S ∈ {U,V} indicates the shape of the201

scallop (attachment) curve according to the corresponding letter. The two leaflet geometries202

introduced in the present work are then referred to as D1V and D2U (see Figs 2A and 1B).203

In addition, the three leaflet designs from earlier studies are re-labelled as follows for con-204

sistency: ULth048,4 → D3U, VLth3011,48 → D4V and Ulth011 → D5U. The corresponding205

geometrical parameters, obtained by fitting each leaflet shape to the mathematical descrip-206

tion presented above, are summarised in Table 1. The comparison of the belly and scallop207

curves for the five leaflet designs (present: D1V, D2U and past: D3U, D4V, D5U) is presented208

in Fig. 1C and D. The thickness T of newly designed leaflets, D1V and D2U, is fixed at209

300 µm in contrast to previous geometries whose leaflets were 500-micron-thick.210

[Table 1 about here.]211

2.1.3 Leaflet constitutive relationships and material parameters212

Three constitutive material models are considered for the valve leaflets: synthetic elastomeric213

material (ELA), glutaraldehyde-pretreated bovine pericardial tissue (BOV) and porcine tis-214

sue (PORC). The six resulting valve configurations investigated in the present study are215

D1V-ELA, D1V-BOV, D1V-PORC, D2U-ELA, D2U-BOV and D2U-PORC. All material pa-216

rameters are collected in Table 2.217

The synthetic elastomeric (ELA) leaflets are modelled with an isotropic two-parameter218

Mooney-Rivlin constitutive law. The strain energy density reads:219

WELA = CMR
10

(
Ī1 − 3

)
+ CMR

01

(
Ī2 − 3

)
, (3)

where CMR
10 and CMR

01 are material constants and Ī1, Ī2 are the first and second invariants220

of the deviatoric right Cauchy-Green deformation tensor. The two coefficients were fitted221
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to experimental uniaxial tensile measurements of a silicone-based elastomeric material used222

for 3D-printed prosthetic valve prototypes14. The fitted stress-stretch curve is displayed in223

Fig. 3A.224

The bovine pericardial (BOV) leaflets are described by the Holzapfel-Gasser-Ogden (HGO)225

model22, which accounts for anisotropy through two families of collagen fibres embedded in226

an isotropic ground matrix. The strain energy density reads:227

WBOV = CHGO
10

(
Ī1 − 3

)
+

k1

2k2

2∑
i=1

(
e k2〈Ī4i−1〉2 − 1

)
, (4)

where CHGO
10 characterises the neo-Hookean isotropic matrix response, k1 and k2 are fibre228

stiffness and stiffening parameters and Ī4i is the pseudo-invariant associated with the i-229

th fibre family direction. The Macaulay brackets 〈·〉 ensure that fibres contribute only230

under tension. The two fibre families, assumed mechanically equivalent (k11 = k12 = k1,231

k21 = k22 = k2), are oriented symmetrically at angles ±β with respect to the circumferential232

direction ecircum (Fig. 3C). The four parameters were regressed by Auricchio et al.2 to match233

biaxial tensile test data of glutaraldehyde-pretreated bovine pericardium29 and subsequently234

adopted for FSI simulations in48,11,12. The circumferential and axial stress-stretch curves are235

plotted in Fig. 3A (green solid and dashed lines). The anisotropy is pronounced: at a stretch236

of 1.2, the circumferential stress is roughly six times the axial stress.237

Porcine aortic valve tissue (PORC) is modelled with the exponential form of the HGO238

framework (exp-HGO), which differs from Eq. (4) by adopting an exponential rather than239

polynomial expression for the isotropic ground matrix:240

WPORC = CeHGO
10 CeHGO

01

(
eC

eHGO
01 (Ī1−3) − 1

)
+

CeHGO
2

2CeHGO
3

(
eC

eHGO
3 〈Eα〉2 − 1

)
, (5)

with241

Eα = κ
(
Ī1 − 3

)
+ (1− 3κ)

(
Ī4 − 1

)
, (6)

where CeHGO
10 and CeHGO

01 govern the isotropic matrix response, CeHGO
2 and CeHGO

3 are fi-242

bre stiffness and stiffening parameters and κ is the fibre dispersion parameter. The single243

fibre family is oriented at θ with respect to the circumferential direction. The parame-244

ters were identified from the biaxial tensile test data reported by Laville et al.30 for native245
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porcine aortic valve leaflets and by Murdock et al.35 for porcine pericardium. In Fig. 3B,246

the exp-HGO stress-stretch curves used in the FSI simulations (red solid and dashed lines247

for circumferential and axial directions) are compared against these experimental datasets.248

Porcine tissue displays a more abrupt non-linear stiffening at relatively low stretches and a249

larger circumferential-to-axial stress ratio than bovine pericardium. At stretches above 1.1,250

its stiffness exceeds that of both bovine pericardium and the elastomeric material (Fig. 3A),251

a property that directly influences the leaflet dynamics and the ensuing haemodynamic en-252

vironment throughout systole.253

[Table 2 about here.]254

[Figure 3 about here.]255

2.2 Fluid-structure interaction (FSI) simulation setup256

The computational domain and numerical setup are illustrated in Fig. 2. A patient-specific257

curved aorta geometry, encompassing the left ventricular outflow tract (LVOT), the sinus of258

Valsalva and the curved ascending aorta, is employed (Fig. 2A). These volumes are embedded259

into a rectilinear fluid grid (Fig. 2B). The physics of both fluid and structural sub-problems260

is synchronously solved and strongly coupled through a partitioned approach involving a261

modified and dedicated immersed boundary method36,11.262

The incompressible Navier-Stokes equations are solved on a fixed Cartesian grid of dimen-263

sions 55 × 65 × 110 mm3 consisting of approximately 47 million grid points. The fluid264

solver uses high-order compact finite differences on staggered grids, an explicit third-order265

Runge-Kutta scheme for the advective term and a semi-implicit Crank-Nicolson scheme for266

the viscous term19. The pressure-velocity coupling is resolved through a Schur complement267

formulation with a commutation-based preconditioner and multigrid-accelerated iterative268

solvers19,36. Periodic boundary conditions are prescribed at the borders of the Cartesian269

grid and cylindrical fringe regions are utilised to impose a prescribed pressure difference at270
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the inflow and outflow boundaries, following the methodology of Corso et al.11. The forcing271

term within these cylindrical zones produces physiological systolic flow conditions, encom-272

passing flow acceleration and deceleration, with a peak flow rate of approximately 25 L/min273

(inset of Fig. 2B). The Reynolds number at the valvular orifice Reorifice attains values up to274

8, 000 during peak systole.275

The elastodynamics equation for the structural sub-problem is solved on a tetrahedral mesh276

of approximately 280,000 first-order Galerkin finite elements using the Multiphysics Object-277

Oriented Simulation Environment (MOOSE) framework43. The temporal integration relies278

on a second-order central difference scheme with implicit evaluation of the elastic residual36.279

The Newton method linearises the system of non-linear equations and the resulting linear280

system is solved with a generalised minimal residual iterative method (GMRES) precon-281

ditioned by an additive Schwarz method43,3. The strong coupling between the fluid and282

structural solvers is effected through a parallel variational transfer26 of velocities (from fluid283

grid to solid mesh) and of reaction forces (from solid mesh to fluid grid). This transfer is284

based upon the resolution of L2-projection problems requiring the assembly of mortar-type285

matrices derived from the basis functions expressed on the overlapping mesh and grid points286

and for the Lagrange multiplier, as described in36,26. The fluid and solid sub-problems are287

solved synchronously with a time-step of 2.5 × 10−6 s and an iterative procedure ensures288

velocity and force continuity at the fluid-structure interface until a relative tolerance of 10−6
289

is met36,11.290

For each of the six valve configurations, systole is simulated over a physical time of 0.25 s.291

Blood is modelled as a Newtonian fluid with kinematic viscosity νf = 3.77× 10−6 m2/s and292

density ρf = 1,060 kg/m3 8. The aortic wall is treated as a nearly incompressible neo-Hookean293

material with a shear modulus of 380 kPa37. The valve ring is described by a linear elastic294

constitutive relationship with a bulk modulus of 3 MPa and a shear modulus of 0.3 MPa11.295

The hyperelastic leaflet material response is detailed in Section 2.1. The densities for the296

structural inertial terms are 1,100 kg/m3 for the crown and leaflets and 1,200 kg/m3 for the297

aorta wall. The solid incompressibility constraint is enforced through a penalty term with a298
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bulk modulus of 50 kPa11,37. The reference velocity and length for the non-dimensionalisation299

of the Navier-Stokes equations are U0 = 0.772 m/s and L0 = D = 0.022 m, from which the300

non-dimensional time is defined as t∗ = (U0/L0) · t.301

2.3 Calcification-relevant field quantities at the leaflet302

2.3.1 Finite-Time Lyapunov Exponents from leaflet deformation gradients303

To characterise the kinematic coherence of Lagrangian material point trajectories on the304

leaflet, Finite-Time Lyapunov Exponents (FTLE) are computed from successive structural305

deformation gradients at each mesh node.306

Consider the dynamical system governing the motion of a material point X on the leaflet307

surface:308

dx

dt
= v(x, t), x(t0) = X0, (7)

where x(t) denotes the position at time t and v the leaflet surface velocity. The deformation309

map Φt0+T
t0 : X0 7→ x(t0 + T ) maps each material point from its reference position to its310

position at time t0 + T . The associated deformation gradient tensor is Ft0+T
t0 = ∇XΦt0+T

t0 =311

∂x(t0+T )
∂X0

.312

An incremental formulation is adopted in this work. The incremental deformation gradient313

between time instants tn and tn+1 is fn+1
n = ∇x(tn)Φ

tn+1

tn = F
tn+1

t0

[
Ftn
t0

]−1
and the total314

deformation gradient over N = T
∆t

increments is obtained by composition:315

Ft0+T
t0 = fNN−1 · fN−1

N−2 · · · f
2
1 · f1

0 . (8)

The incremental right Cauchy-Green strain tensor is:316

Cinc (tn, tn+1) =
[(

Ftn
t0

)−1
]T [

F
tn+1

t0

]T
F
tn+1

t0

(
Ftn
t0

)−1
(9)

The incremental FTLE is then defined as:317

FTLE (tn, tn+1) =
1

∆t
ln
(√

λmax(Cinc)
)
, (10)
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where λmax(Cinc) is the largest eigenvalue of Cinc. The FTLE thus represents the maximal318

exponential rate of separation between infinitesimally close material points over the interval319

tn+1 − tn = ∆t = 1 ms. The total time interval T over which the incremental FTLE is320

computed is equal to 0.23 s after discarding the initial time instants involving the opening of321

the valve leaflets. Elevated FTLE values identify regions of heterogeneous surface expansion,322

where diverging material point trajectories enlarge the leaflet area available for contact with323

calcium phosphate species circulating in the surrounding fluid. It is hypothesised that such324

conditions favour preferential mineral nucleation at these sites.325

2.3.2 Wall shear stress at the leaflet surfaces326

The wall shear stress vector at the ventricular side of the leaflets is computed from the fluid327

velocity field at the fluid-structure interface. For an incompressible Newtonian fluid, the328

WSS vector is48,10:329

WSS = 2µS · n, (11)

where µ = 0.004 Pa·s is the dynamic viscosity of blood, S = 1/2
(
∇u +∇uT

)
is the rate-of-330

strain tensor (with diagonal entries set to zero to exclude spurious normal stresses), u is the331

flow velocity and n is the unit outward normal to the leaflet surface. The Euclidean norm332

‖WSS‖ is evaluated at each mesh node and at time instants 1 ms apart throughout systole.333

Two temporal features are extracted from the time-dependent WSS magnitude field: the334

time-averaged WSS magnitude (TAWSS) and the temporal standard deviation of ‖WSS‖.335

The latter quantifies the temporal variability of the shear loading at each location and has336

been related to regions susceptible to endothelial damage and mineral nucleation48,10.337

2.4 Unsupervised k-means classification of calcification risk338

An unsupervised classification framework based on the k-means clustering algorithm31 is339

proposed to stratify the leaflet surface into regions of distinct calcification risk. The key ad-340

vantage over regression-based methods48 is that no coefficient fitting to experimental calcifi-341

cation data is required. Two separate classifications are performed, one from FTLE-derived342
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features and one from WSS-derived features. The number of time steps used to extract the343

temporal statistical features is 230.344

2.4.1 Feature vectors345

For the FTLE-based classification, the feature vector at each mesh node i consists of two en-346

tries: (1) the temporal minimum of the FTLE, FTLE
(i)
min, and (2) the Euclidean norm of the347

spatial gradient of the temporal-minimum FTLE, ‖∇FTLE
(i)
min‖. The temporal minimum of348

the FTLE field is retained, as it isolates regions of sustained trajectory incoherence through-349

out systole; the attendant heterogeneous surface expansion at these sites increases the leaflet350

area exposed to calcium phosphate species in the surrounding fluid, fostering preferential351

mineral nucleation and deposition.352

For the WSS-based classification, the feature vector at each node i comprises three entries:353

(1) the temporal mean of ‖WSS‖, (2) the temporal standard deviation of ‖WSS‖ and354

(3) the Euclidean norm of the spatial gradient of the temporal standard deviation of ‖WSS‖.355

Spatial gradients are estimated via finite differences over a local neighbourhood of radius356

1 mm centred at each node.357

2.4.2 Standardisation and clustering358

Prior to clustering, each feature is standardised through a quantile transform to a uniform359

distribution. The number of quantiles equals the number of leaflet surface nodes divided360

by 10, i.e. about 400 for each valve configuration. This non-linear transformation removes361

skewness and renders the classification robust to outliers42. The standardised features are362

then combined into a weighted feature vector, with a weight of 0.75 attributed to the physical363

quantity (temporal-minimum FTLE or temporal mean and standard deviation of WSS) and364

0.25 to the spatial gradient term. The k-means algorithm, minimising squared differences365

between the mean value µk of the cluster Ck and the features’ value within the cluster366

(Eq. 12), is applied with K = 4 clusters, confirmed as optimal via silhouette analysis (see367
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Fig. S1 in the Supporting Information (SI)).368

min
{µk}Kk=1

K∑
k=1

∑
i∈Ck

||xi − µk||2, (12)

with xi, the standardised and combined feature vector (temporal-minimum FTLE or tem-369

poral mean and standard deviation of WSS). The four clusters are reordered by ascending370

spatially averaged physical quantity (temporal-minimum FTLE for the FTLE-based analy-371

sis, mean ‖WSS‖ for the WSS-based analysis) and labelled: low, medium-low, medium-high372

and high calcification risk.373

2.4.3 Risk score374

A scalar risk score RS is defined as a weighted sum of the percentage of mesh nodes belonging375

to each cluster:376

RS = w1 · Plow + w2 · Pmed-low + w3 · Pmed-high + w4 · Phigh, (13)

where Pk is the percentage of nodes in cluster k and wk the associated weight. The weights377

are calibrated so that the risk scores for the bovine pericardial configurations fall within378

the range of calcification area percentages observed experimentally in Tsolaki, Corso et al.48
379

(11.7-55.4% for the combined FTLE- and WSS-based RS in the present study against 18-51%380

observed out of explanted bovine pericardial valves in48). The weights are [w1 = 0.0;w2 =381

0.1;w3 = 0.4;w4 = 1.0].382

3 Results and Discussion383

The results are presented in six parts. Section 3.1 examines the leaflet opening dynamics384

and flutter characteristics for all six configurations throughout systole. Section 3.2 describes385

the instantaneous WSS distributions on the ventricular leaflet surface at five systolic time386

instants. The FTLE- and WSS-based k-means risk clusters are presented in Sections 3.3387

and 3.4, respectively; the temporal features of both fields serving as inputs to the classifi-388

cation are discussed in the Supporting Information (Figs S3 and S4). Section 3.5 validates389
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the unsupervised clustering against the experimentally calibrated calcification intensity of390

Tsolaki, Corso et al.48 for the two bovine pericardial configurations. Section 3.6 closes with391

a comprehensive risk ranking of the six valve designs across both descriptors.392

3.1 Leaflet motion analysis393

Figure 4 presents the spatially averaged displacement magnitude of the leaflet mesh nodes394

(averaged over all three leaflets) relative to the initial position at t = 0 s for each geometry395

and material combination. This metric condenses the opening dynamics, flutter charac-396

teristics and flapping behaviour into a single time-resolved signal. Videos of the complete397

leaflet motion throughout systole for all six valve configurations accompany this article in398

Supporting Information (Video V1). The flutter and flapping characteristics of all six valve399

configurations are compiled in Table 3 for ease of comparison.400

D1V geometry. Among the three D1V configurations, the porcine tissue leaflets open most401

rapidly, displaying the steepest initial slope up to t ≈ 0.026 s (Fig. 4A), with the bovine402

pericardial leaflets following closely and the elastomeric leaflets being the slowest to reach403

their fully open position. Inspection of the leaflet motion video (Video V1 in SI) reveals404

that, for D1V-ELA, two of the three cusps attain their open configuration by t ≈ 0.04 s405

while the third requires approximately double the time (t ≈ 0.08 s), producing a transiently406

asymmetric orifice. The D1V-PORC curve exhibits a pronounced peak of approximately407

2.5 mm near t ≈ 0.05 s (red curve in Fig. 4A). Examination of the leaflet motion video408

demonstrates that by t ≈ 0.05 s the orifice, for the D1V-PORC case, has already begun to409

contract, indicating that the peak does not originate from an inertial overshoot of the leaflets410

beyond their equilibrium open position. Rather, the porcine leaflets produce the largest411

effective orifice area of the three D1V configurations and a correspondingly intense systolic412

jet whose impingement displaces the compliant aortic wall. This wall motion propagates413

through the crown and then to the leaflet attachment with a short phase lag, so that the414

rigid-body shift of the valve ring reaches its maximum after the leaflets have already started415

to recoil. The spatially averaged displacement magnitude, being measured from the initial416
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leaflet position at t = 0 s, therefore reflects this superimposed crown translation. The effect417

is considerably weaker for D1V-BOV and D1V-ELA, whose smaller orifice areas attenuate418

the jet impingement on the aortic wall.419

During mid-to-late systole, the three materials give rise to markedly different dynamic420

regimes. The D1V-PORC leaflets undergo low-frequency flapping between t = 0.134 and421

0.20 s at approximately 45 Hz with a displacement magnitude amplitude of roughly 2 mm422

(Fig. 4A, red curve). The pronounced anisotropy of porcine tissue, characterised by a steep423

circumferential stiffening and a considerably softer axial response at physiological stretches424

(circumferential-to-axial stiffness ratio exceeding 3:1 at stretch λ = 1.1; cf. Fig. 3A), likely425

favours preferential deformation modes that sustain this large-amplitude oscillation. The426

D1V-BOV leaflets instead present a higher-frequency flutter between t = 0.037 and 0.055 s427

and between t = 0.092 and 0.11 s at roughly 330 Hz with a reduced amplitude of about428

0.4 mm, followed by a lower-frequency flapping episode (≈55 Hz, amplitude ≈1 mm) be-429

tween t = 0.12 and 0.20 s (Fig. 4A, green curve). This dual-mode behaviour shares char-430

acteristics with the flutter reported for bovine pericardial valves in our prior works48,11.431

Indeed, the D3U leaflet geometry (see Table 1) exhibited axisymmetric periodic flutter with432

displacement magnitudes up to 1.2 mm. The D1V-ELA leaflets, by contrast, remain largely433

stable after opening and are less susceptible to pronounced flutter apart from intermittent434

single-leaflet oscillations (Fig. 4A, ochre curve). This relative stability is consistent with the435

higher isotropic flexural stiffness of the elastomeric material (see Section 2.1 and Fig. 3A),436

which confers greater resistance to the bending-dominated oscillatory modes about the cir-437

cumferential axis exhibited by both biological tissues, in line with the primary role of flexural438

stiffness in governing leaflet flutter identified by Johnson et al.23,24. In a systematic computa-439

tional study, Johnson et al.23 showed that reducing bovine pericardial leaflet thickness from440

0.386 mm to 50% of this value introduced a narrow-band flutter centred around 50 Hz whose441

signal energy exceeded the baseline by more than an order of magnitude, with a further re-442

duction to 25% broadening the spectrum to 20-60 Hz; a follow-up investigation24 attributed443

this behaviour primarily to the reduction in flexural stiffness rather than membrane stiffness.444
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Within the present study, all three materials share the same 300 µm leaflet thickness, so the445

lower effective bending rigidity of BOV and PORC relative to ELA stems from their lower446

axial modulus at physiological stretches (Fig. 3A), consistently producing the more intense447

flutter observed in both biological tissue configurations. The higher 330 Hz flutter frequency448

of D1V-BOV compared with the axisymmetric periodic flutter (displacement magnitudes up449

to 1.2 mm) reported for the D3U geometry48,11, which used 500 µm thick leaflets, may reflect450

the combined influence of the reduced leaflet thickness and the patient-specific curved aorta451

geometry adopted here.452

D2U geometry. For the D2U geometry, the porcine tissue leaflets again open fastest, but453

the second-fastest are now the elastomeric leaflets rather than the bovine pericardial ones454

(Fig. 4B). As with D1V-PORC, the D2U-PORC curve features a transient peak (≈2.3 mm455

near t ≈ 0.05 s) arising from the same jet-impingement-induced wall and crown displacement456

mechanism, again occurring after the orifice has begun contracting (Fig. 4B, red curve). In457

contrast to the D1V case, the D2U-ELA leaflets open symmetrically amongst the three cusps458

(see Video V1 in SI). The D2U-BOV leaflets are the slowest to open, a behaviour analogous459

to the stable D5U design (see Table 1) reported in our prior studies11,12. Remarkably, the460

D2U-BOV leaflets exhibit no discernible high-frequency or low-frequency flutter throughout461

the entirety of systole, rendering them the most dynamically stable configuration among462

the six cases investigated (Fig. 4B, green curve). This exceptional stability likely stems463

from the broad U-shaped scallop profile, which constrains leaflet excursion and distributes464

the haemodynamic loading more uniformly. The D2U-PORC leaflets undergo low-frequency465

flapping between t = 0.127 and 0.21 s at approximately 45 Hz, matching the flapping fre-466

quency of the D1V-PORC case albeit with a reduced displacement amplitude of roughly467

1 mm (Fig. 4B, red curve). Examination of the leaflet motion video (Video V1 in SI) re-468

veals that two of the three porcine leaflets for D2U are animated by stronger flutter than469

the third, recalling the asymmetric bi-directional flutter noted for the D4V leaflet geometry470

(Table 1 in48,11). The D2U-ELA leaflets are characterised by sustained flutter over a broad471

interval (t = 0.068-0.19 s) at frequencies between 45 and 60 Hz with reduced amplitudes472
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of 0.6-0.8 mm (Fig. 4B, ochre curve), the motion remaining rather symmetric amongst the473

three cusps. The D2U-ELA flutter is less intense than that of D2U-PORC but stronger and474

more sustained than that noted for D2U-BOV, which underscores the material-geometry475

interdependence governing flutter suppression.476

Taken together, these observations confirm that leaflet material properties and scallop geome-477

try jointly govern the flutter regime. Porcine tissue, despite sustaining the highest circumfer-478

ential stresses of the three materials at stretches λ > 1.1 (cf. Fig. 3A), promotes low-frequency479

high-amplitude flapping in both geometries, a behaviour driven by its pronounced mechan-480

ical anisotropy (circumferential-to-axial stiffness ratio exceeding 3:1 at λ = 1.1). Bovine481

pericardium can either sustain high-frequency low-amplitude flutter (D1V) or suppress flut-482

ter entirely (D2U) depending on the scallop profile. The elastomeric material occupies an483

intermediate position, with its dynamic response modulated strongly by the leaflet geome-484

try. Given the established connection between flutter-induced cyclic strain and accelerated485

structural degeneration48,23,24,17,13, these differences in dynamic behaviour are expected to486

translate into distinct calcification risk profiles, explored through the FTLE and WSS cluster-487

ing analysis in the subsequent sections. Table 3 summarises the leaflet motion characteristics488

pertaining to the presence or absence of flutter for the six valve configurations.489

[Figure 4 about here.]490

[Table 3 about here.]491

3.2 Wall shear stress fields during systole492

The instantaneous WSS magnitude distributions on the ventricular side of the leaflets are493

presented for all six configurations in Fig. 5, covering five time instants during systole (t =494

0.05, 0.10, 0.15, 0.20 and 0.25 s); streamlines coloured by velocity magnitude are super-495

imposed to illustrate the near-valve flow patterns. The spatially maximum and spatially496

averaged WSS magnitude over the full systolic interval are provided in Fig. S2 of SI for all497
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configurations. The reader is referred to Fig. 2A for the nomenclature of the different regions498

of the leaflet.499

Early systole (t = 0.05 s). At the onset of systole the leaflets are still approaching500

their fully open position. For D1V, the BOV and PORC configurations already exhibit501

comparable and elevated spatially averaged WSS (≈1.5 Pa; Fig. S2C), consistent with their502

faster opening relative to ELA (Section 3.1). D1V-ELA lags markedly (with a spatially503

averaged WSS ≈1.0 Pa; Fig. S2C) owing to its slower and asymmetric leaflet opening. For504

D2U, BOV and PORC display lower WSS than their D1V counterparts, whereas D2U-ELA505

already reaches a spatially averaged WSS comparable to D2U-PORC (≈1.4 Pa; Fig. S2D),506

reflecting the more symmetric and rapid opening of the elastomeric leaflets on this geometry507

(Section 3.1). D2U-BOV presents the least shear at the leaflet wall of all six configurations508

at this instant.509

Acceleration to peak systole (t = 0.10 s). As the flow rate rises, the systolic jet510

strengthens and WSS levels increase across all configurations. For D1V-BOV and D1V-ELA,511

elevated WSS extends from the free edge towards the central belly and along the attachment512

curve near the commissures (Fig. 5A and B), a spatial pattern consistent with the TAWSS513

distribution reported in48 for bovine pericardial leaflets. In fact, the narrow gap between514

each leaflet and the crown promotes intense shear through confinement of recirculating blood515

in the sinus. D1V-PORC, with its wider orifice, distributes WSS more broadly across the516

belly at reduced peak magnitudes (Fig. 5C). For D2U, D2U-BOV remains the lowest-WSS517

case with shear confined to narrow bands at the free edge and commissures (Fig. 5B), whilst518

D2U-PORC and D2U-ELA present moderate belly WSS (Fig. 5A and C).519

Peak and mid-systole (t = 0.15-0.20 s). The maximum streamline velocity reaches520

Umax = 2.0 m/s and the coupling between leaflet flutter and the WSS field becomes ap-521

parent. For D1V, the spatially averaged WSS peaks at ≈3.0 Pa for ELA and ≈2.5 Pa for522

BOV (Fig. S2C), both sustained by narrow, concentrated jets. D1V-ELA, whose leaflets523

remain largely quiescent after opening, presents a comparatively smooth WSS distribution524

spread across the belly (Fig. 5A). D1V-BOV displays a noticeably patchy WSS field between525
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t = 0.15 and 0.20 s, reflecting the 55 Hz flapping documented in Section 3.1. D1V-PORC526

records the lowest spatially averaged WSS of the three D1V configurations at this stage (≈2-527

2.5 Pa; Fig. S2C): its wide orifice diffuses the jet and attenuates mean shear, yet the 45 Hz528

flapping (Table 3) generates spatially irregular high-WSS patches that shift position over529

time (Fig. 5C). For D2U, D2U-ELA reaches the highest spatially averaged WSS (≈2.7 Pa;530

Fig. S2D), with sustained 45-60 Hz flutter (see Table 3) producing broad, heterogeneous531

shear patterns across the belly (Fig. 5A). D2U-PORC exhibits pronounced instantaneous532

WSS peaks (up to ≈25-30 Pa; Fig. S2B) driven by its 45 Hz flapping (see Table 3), whilst533

the spatially averaged value remains moderate (≈2 Pa; Fig. S2D). D2U-BOV stands out534

as the most temporally stable case, with persistently low belly shear and elevated values535

confined to the free edge and commissural attachment (Fig. 5B).536

Late systole (t = 0.25 s). During deceleration, the jet breaks down into disordered, low-537

velocity streamlines and WSS magnitudes fall below 1 Pa over most of the belly surface for all538

configurations. Residual shear concentrates near the free edge and commissural attachment,539

where recirculating flow in the sinus sustains non-negligible velocity gradients. D2U-BOV540

exhibits the most striking contrast at this instant: one leaflet has already begun closing and541

the belly is almost entirely at near-zero WSS. Configurations that underwent flutter during542

peak systole retain slightly higher and more spatially heterogeneous residual WSS than the543

quiescent cases.544

In summary, the ventricular-side WSS field is jointly governed by the orifice geometry, which545

sets the jet width and velocity, and by the leaflet dynamics, which modulate its spatial foot-546

print over time. D2U-BOV consistently presents the lowest WSS across all time instants.547

Amongst the D1V configurations, D1V-PORC generates the most broadly distributed belly548

WSS at reduced peak magnitudes (Fig. 5C) whilst D1V-ELA and D1V-BOV sustain the549

highest spatially averaged WSS during peak systole (Fig. S2C). The free edge and commis-550

sural attachment sustain the highest instantaneous shear throughout systole, in agreement551

with the TAWSS distributions reported in48. The central belly, by contrast, is characterised552

by low instantaneous WSS, a condition conducive to prolonged residence time and elevated553
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oscillatory shear index. As demonstrated in48, these zones of low shear and high residence554

time coincide with the sites of preferential mineral accumulation observed in explanted bio-555

prosthetic valves. The influence of the distinct flutter regimes on the time-integrated WSS-556

derived indicators is quantified through the clustering framework in Section 3.4.557

[Figure 5 about here.]558

3.3 FTLE-based calcification risk clusters559

The spatial distributions of the four k-means clusters obtained from the FTLE-derived fea-560

ture vectors are displayed in Fig. 6 for the three leaflets of each valve configuration. The561

clusters are colour-coded as green (low risk), purple (medium-low risk), orange (medium-high562

risk) and red (high risk). The per-leaflet risk score RSFTLE is indicated below each leaflet.563

For D2U-BOV, the leaflet surfaces are predominantly occupied by low and medium-low risk564

clusters, with minimal occurrence of medium-high or high-risk regions. The risk scores across565

the three leaflets are 11.5%, 9.5% and 11.1%, rendering D2U-BOV the configuration with the566

lowest FTLE-based calcification risk. D1V-ELA shows moderately higher risk scores (16.2%,567

13.1% and 14.4%), with small patches of medium-high risk appearing in the upper belly.568

D2U-ELA presents risk scores of 21%, 22.2% and 18.3%, with medium-high and occasional569

high-risk clusters distributed across the belly. These clusters are more spatially concentrated570

than in D1V-ELA, reflecting the distinct leaflet dynamics associated with the D2U geometry.571

For D1V-BOV, the risk scores rise to 28.9%, 24.9% and 30%, with the high-risk cluster572

occupying limited but discernible zones near the free edge and in the belly centre. The573

two porcine configurations exhibit the highest FTLE-based calcification risk. D1V-PORC574

shows risk scores of 27%, 21% and 47.7%, with substantial portions of the belly classified as575

medium-high. D2U-PORC presents the most adverse risk profile, with risk scores of 44.5%,576

37% and 56.5%. In this configuration, the high and medium-high risk clusters cover a major577

fraction of the leaflet surface (concentrated in the belly and free edge regions), consistent578

with the elevated temporal-minimum FTLE values observed in Fig. S3 of SI.579
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[Figure 6 about here.]580

3.4 WSS-based calcification risk clusters581

Figure 7 presents the WSS-based k-means risk clustersRSWSS for the six valve configurations,582

following the same colour coding and labelling convention as in Section 3.3.583

The WSS-based clustering yields spatial patterns distinct from those of the FTLE-based584

clustering. The high-risk cluster (red) is more prominently situated in the belly centre,585

where the combination of low TAWSS and elevated temporal variability produces the most586

adverse haemodynamic conditions for the tissue. Compared with the FTLE-based analysis,587

the WSS-based risk scores are systematically higher for all configurations except D2U-PORC,588

indicating that the haemodynamic shear environment penalises most valve designs more589

severely than the structural strain environment captured by the FTLE.590

D2U-BOV retains the lowest risk scores RSWSS across both descriptors (16.2%, 13.9% and591

17.2%), confirming the favourable biomechanical and haemodynamic environment associated592

with this configuration. D2U-PORC presents WSS-based risk scores of 24.8%, 32.9% and593

45%, placing it second in the WSS-based ranking despite occupying the highest position594

in the FTLE-based one. This reversal suggests that, for the porcine material with the D2U
595

geometry, the structural strain, as quantified by the FTLE-derived material point separation596

rate, is a stronger contributor to calcification risk than the haemodynamic shear field. D1V-597

PORC exhibits WSS-based risk scores of 39.7%, 42.5% and 50.5%, which are comparable598

to or higher than its FTLE-based counterparts (27%, 21% and 47.7%), indicating a more599

balanced contribution from both descriptors for this geometry.600

The two elastomeric configurations rank among the highest in WSS-based risk. D1V-ELA601

shows tightly grouped scores of 47.8%, 47.1% and 49.2% (Fig. 7), markedly elevated com-602

pared with its FTLE-based values (16.2%, 13.1% and 14.4%, see Fig. 6). D2U-ELA presents603

the highest overall WSS-based risk (52.7%, 50.9% and 58.2%), contrasting with its interme-604

diate FTLE-based position. This behaviour can be attributed to the isotropic nature of the605

elastomer, which distributes strain uniformly across the leaflet surface yet generates intense606
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WSS fluctuations through larger jet velocities and subsequent systolic flow disturbances607

(see Fig. 5A). D1V-BOV exhibits WSS-based risk scores of 42.8%, 44.8% and 63.1%, with608

L3 reaching the single highest per-leaflet value across all configurations. The pronounced609

inter-leaflet variability in D1V-BOV, already observed in the FTLE-based analysis, is thus610

amplified in the WSS-based clustering.611

A notable cross-cutting trend is the systematic elevation of both RSFTLE and RSWSS for612

leaflet L3 relative to L1 and L2. In the WSS-based analysis, this holds for all six configura-613

tions. In the FTLE-based analysis, it is particularly pronounced for the three configurations614

with the highest overall risk (D2U-PORC, D1V-PORC and D1V-BOV), where the L3 risk615

score exceeds those of L1 and L2 by a wide margin. Leaflet L3 is seated in the sinus of Val-616

salva aligned with the inner (concave) aortic wall, which has the smaller radius of curvature.617

The curvature-induced asymmetry of the flow in the ascending aorta, whereby the systolic618

jet is deflected towards the outer wall and a secondary retrograde motion develops along the619

inner wall11,10, produces an asymmetric haemodynamic loading on the three sinuses. The620

sinus facing the inner wall receives a less uniform washout and is exposed to lower and more621

oscillatory wall shear stress, both of which are established promoters of leaflet calcification.622

This aorta-geometry-driven mechanism operates independently of the leaflet material and623

geometry, underscoring the importance of patient-specific aortic anatomy in calcification risk624

prediction.625

[Figure 7 about here.]626

3.5 Validation against experimentally calibrated calcification data627

The unsupervised k-means clustering of FTLE- and WSS-derived fields was validated against628

the experimentally calibrated calcification intensity of Tsolaki, Corso et al.48, in which a629

power-law regression was fitted to micro-CT-derived calcification maps of explanted bovine630

pericardial valves, resulting in the following reconstructed intensity:631

fcalcIrecon = C1 TSVIC2
d,Ao + C3 TAWSSC4

d,Ven + C5 SSC6
d,Ao , (14)
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where the subscripts d denote normalised distributions, Ao and V en refer to the aortic and632

ventricular sides of the leaflets respectively, TSVI is the topological shear variation index,633

TAWSS is the time-averaged wall shear stress magnitude, SS is the scalar strain and C1-C6634

are the fitted coefficients (Table S2 in48). A sensitivity analysis in48 showed that the TAWSS635

term on the ventricular side and the TSVI term on the aortic side account for approximately636

65.5% and 44.5% of the reconstructed intensity respectively as independent contributions637

in this nonlinear additive model, the scalar strain term being negligible. The regression638

achieved a coefficient of determination R2 = 0.74 on the testing dataset. The calcification639

intensity field was computed from Eq. (14) using the FSI-derived TSVI, TAWSS and SS640

fields for the D1V-BOV and D2U-BOV configurations, the only two for which the calibrated641

relationship of48 is applicable since both employ bovine pericardial tissue.642

The Spearman rank correlation coefficient ρS served as the primary validation metric. It643

measures the monotonic spatial agreement between two variables by correlating their rank644

orderings, thereby quantifying how faithfully the cluster-derived risk map reproduces the645

spatial pattern of the continuous calcification intensity field (first column of Fig. 8) without646

requiring any discretisation or threshold calibration. Fig. 8 presents the comparison for647

D1V-BOV. The first column shows the reference risk levels from the calcification intensity648

field (Eq. 14) partitioned into quartiles; the second and third columns display the FTLE-649

and WSS-based cluster maps; the fourth column presents their arithmetic mean. Neither650

descriptor alone faithfully reproduces the spatial calcification intensity pattern. The FTLE-651

based map (ρS = 0.79) captures the high-risk zone in the central belly but overestimates the652

low-risk area near the commissures and attachment curve. The WSS-based map (ρS = 0.82)653

delineates the belly risk region more prominently yet assigns excessively uniform medium-654

high to high risk across the belly of L2 and L3, blurring the gradation towards the low-risk655

periphery. Tellingly, these complementary shortcomings cancel when the two descriptors656

are combined. In fact, the arithmetic mean of the FTLE and WSS cluster indices achieves657

ρS = 0.975, reproducing the four-tier spatial risk pattern of the calcification intensity field658

(Eq. (14) and first column of Fig. 8) with high fidelity across all three leaflets (see fourth659
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column of Fig. 8). For D2U-BOV, the same trend holds at a lower level, with individual660

correlations of ρS = 0.63 (FTLE) and 0.60 (WSS) rising to ρS = 0.86 for the arithmetic661

mean.662

To verify that the strong monotonic association translates into correct ordinal classification,663

the continuous calcification intensity field was discretised into four balanced quartile classes664

and a combined risk score S = w · FTLEcluster + (1 − w) ·WSScluster was optimised against665

these classes using Cohen’s weighted kappa κw, which measures ordinal agreement between666

two classification schemes whilst penalising disagreements proportionally to their distance667

from the diagonal. The optimisation converged to w = 0.51 for both geometries, confirming668

an approximately equal contribution of the two descriptors. The resulting κw values of 0.911669

for D1V-BOV and 0.724 for D2U-BOV correspond to near-perfect and substantial ordinal670

agreement respectively on the Landis and Koch scale28. For D1V-BOV, 88.6% of mesh nodes671

fell into the correct calcification intensity quartile and all misclassifications were confined to672

adjacent classes.673

These results establish that the unsupervised clustering framework, when combining FTLE674

and WSS information, reproduces the calcification risk stratification of48 without itself re-675

quiring any fitting to experimental data. The near-equal optimal weight (w ≈ 0.50) and its676

consistency across both geometries reinforce the conclusion of the comprehensive risk anal-677

ysis (Section 3.6): leaflet material point separation and haemodynamic wall shear stress are678

co-dependent and approximately equally weighted drivers of bioprosthetic valve calcification.679

[Figure 8 about here.]680

3.6 Comprehensive valve design risk analysis681

Fig. 9A and B present the overall risk scores RSFTLE and RSWSS for all six configurations.682

The corresponding proportions of high-risk nodes on the leaflet surface and per-cluster break-683

downs across all four risk categories are provided in Fig. S5 of the SI.684
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3.6.1 FTLE-based risk ranking685

The FTLE-based clustering, constructed from the temporal-minimum FTLE and its spa-686

tial gradients, quantifies the spatial coherence of leaflet material points throughout systole687

(Fig. 9A). Ranked by increasing RSFTLE, the six configurations are: D2U-BOV (10.7%),688

D1V-ELA (14.8%), D2U-ELA (20.5%), D1V-BOV (27.9%), D1V-PORC (31.9%) and D2U-689

PORC (46.0%). The high-risk surface fraction spans from 0.9% for D2U-BOV to 30.9% for690

D2U-PORC (Fig. S5A). The breakdown of leaflet surface nodes across the four risk cate-691

gories (Fig. S5B) corroborates this trend: D2U-BOV is dominated by low and medium-low692

risk whereas D2U-PORC is overwhelmingly composed of medium-high and high risk zones.693

This ranking is governed chiefly by the constitutive response of the leaflet material. Porcine694

tissue, the most anisotropic of the three (circumferential-to-axial stiffness ratio exceeding 3:1695

at stretch λ = 1.1), channels deformation into preferential directions and generates localised696

high-strain regions that translate into elevated FTLE values and steep spatial gradients,697

placing both PORC configurations at the bottom of the ranking irrespective of geometry.698

The isotropic elastomer distributes strain more uniformly across the leaflet surface, produc-699

ing low FTLE magnitudes and modest spatial gradients; both ELA configurations therefore700

occupy favourable positions (D1V-ELA second, D2U-ELA third). Bovine pericardium sits701

between these extremes. In fact, its moderate anisotropy produces intermediate FTLE levels702

for the D1V geometry (RSFTLE = 27.9%) but, when paired with the constraining D2U scallop703

profile that curbs leaflet excursion and strain localisation, delivers the lowest overall RSFTLE
704

(10.7%) as shown in Fig. 9A.705

3.6.2 WSS-based risk ranking706

The WSS-based ranking (Fig. 9B) gives a different ordering: D2U-BOV (15.8%), D2U-PORC707

(34.2%), D1V-PORC (44.2%), D1V-ELA (48.0%), D1V-BOV (50.2%) and D2U-ELA (53.9%).708

D2U-BOV again emerges as the best-performing configuration, with only 6.4% of its leaflet709

surfaces classified as high risk (Fig. S5C) and a risk breakdown dominated by the low-risk710

category (Fig. S5D). The three highest-RSWSS configurations (D1V-ELA, D1V-BOV and711
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D2U-ELA) are those exhibiting narrower leaflet opening (see Fig. 5A and B), sustained712

flutter (Table 3) or both, which raise the mean WSS and its temporal variability across713

the leaflet surface. D1V-BOV warrants a brief remark: its high-risk surface fraction (34.9%,714

Fig. S5C) is slightly lower than that of D1V-ELA (38.7%), yet its overall RSWSS is marginally715

higher (50.2% versus 48.0%) because a broader spread of medium-high risk nodes inflates716

the composite score (Eq. 13, Fig. S5D). D1V configurations generally rank worse than their717

D2U counterparts, consistent with the systematically higher instantaneous and fluctuating718

WSS magnitudes recorded on D1V leaflets throughout systole (Section 3.2 and Fig. S4).719

3.6.3 Combined interpretation720

The two rankings are complementary rather than redundant. The FTLE-based analysis pe-721

nalises configurations that concentrate strain into localised high-gradient zones (both PORC722

cases) whereas the WSS-based analysis penalises those sustaining intense mean shear through723

narrow orifices (D1V-ELA, D1V-BOV) or elevated temporal shear variability through persis-724

tent flutter (D2U-ELA). Two cases illustrate the disparity most sharply. D2U-PORC ranks725

last in the FTLE-based analysis (RSFTLE = 46.0%, Fig. 9A) yet second-best in the WSS-726

based one (RSWSS = 34.2%, Fig. 9B): the stiff anisotropic porcine tissue restricts leaflet727

excursion and moderates shear variability, whilst the tissue itself undergoes severe strain728

localisation driving elevated material point separation rates. Conversely, D2U-ELA ranks729

third-best for FTLE (RSFTLE = 20.5%) yet worst for WSS (RSWSS = 53.9%): the isotropic730

elastomer distributes strain uniformly, yet its sustained 45-60 Hz flutter (see Section 3.1 and731

Table 3) produces the highest temporal shear variability of all six configurations.732

The validation reported in Section 3.5 demonstrates that neither indicator alone reproduces733

the calcification risk predicted by the experimentally calibrated relationship of Tsolaki, Corso734

et al.48. The arithmetic mean of the FTLE- and WSS-based risk classifications best matches735

that risk stratification, confirming that leaflet material point separation quantified with736

FTLE and haemodynamic wall shear stress act as co-dependent drivers of calcific degenera-737

tion.738
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D2U-BOV is the sole configuration that ranks first in both analyses (RSFTLE = 10.7% in739

Fig. 9A, RSWSS = 15.8% in Fig. 9B). The combination of the D2U leaflet geometry (broader740

U-shaped scallop) and bovine pericardial tissue furnishes the most favourable biomechanical741

and haemodynamic environment for long-term durability: the constraining scallop suppresses742

flutter, limits strain localisation and keeps WSS variability low. This conclusion is consonant743

with our prior studies11,12, where the D5U (Table 1, U-shaped scallop, same family as D2U)744

promoted a more organised flow, lower drag and reduced kinetic energy anisotropy. From745

a translational standpoint, pairing porcine tissue with the D2U leaflet geometry may offer746

acceptable haemodynamic performance yet expose the tissue to severe structural loading747

and therefore accelerated calcification, whereas an isotropic elastomeric material delivers748

favourable strain homogeneity at the cost of elevated shear at the leaflet surface. Accounting749

for both risk dimensions simultaneously is therefore a fundamental design principle for next-750

generation prosthetic valve optimisation.751

[Figure 9 about here.]752

4 Conclusions753

The present work introduced an unsupervised machine learning framework for the spatial754

stratification of calcification risk on prosthetic aortic valve leaflets. Six valve configurations,755

arising from two scallop geometries and three constitutive material models, were simulated756

during systole in a patient-specific curved aorta through fully coupled fluid-structure interac-757

tion. An incremental Finite-Time Lyapunov Exponent formulation was proposed to quantify758

the spatial coherence of leaflet material points throughout systole and complemented by wall759

shear stress derived temporal features extracted from the ventricular leaflet surface.760

The present study has some limitations. The FSI simulations cover a single systolic phase761

and do not capture the diastolic phase; however, since the temporal features fed into the762

clustering algorithm span the full systolic interval including deceleration, the associated763

flow reversal is implicitly accounted for. Furthermore, the FSI simulations do not take into764
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account cumulative fatigue over millions of cardiac cycles. Nevertheless, the strong spatial765

correlation between single-cycle haemodynamic indicators and explant calcification maps766

reported in48, where the calibrated relationship (Eq. 14) was itself derived from a single-767

cycle FSI study, supports the premise that the risk patterns identified are representative of768

the long-term mechanical environment. Blood is modelled as a Newtonian fluid, neglecting769

shear-thinning rheology and platelet activation. Only one patient-specific aortic anatomy is770

considered; the sensitivity of the risk ranking to inter-patient anatomical variability therefore771

remains unquantified. However, the good agreement between the FTLE- and WSS-based772

clustering derived from the present curved aorta and the calcification intensity relationship773

calibrated on a straight aorta geometry in48 does suggest that the proposed framework is not774

confined to a single aortic configuration. The k-means clustering employs a fixed number of775

four classes selected by silhouette analysis (Fig. S1); other algorithms or class numbers could776

nonetheless refine the stratification. Finally, the validation against experimentally calibrated777

calcification data is restricted to bovine pericardial tissue, no analogous benchmark being778

currently available for the elastomeric or porcine configurations.779

The main conclusions of the present study are as follows. The FTLE and WSS descrip-780

tors capture complementary facets of the calcification driving mechanisms: the FTLE-based781

clustering penalises configurations that concentrate strain into localised high-gradient zones782

(porcine tissue in both geometries), whereas the WSS-based clustering penalises those sus-783

taining elevated mean shear through narrow orifices (D1V-ELA, D1V-BOV) or intense tem-784

poral shear variability through persistent flutter (D2U-ELA). Notably, the porcine configu-785

rations rank favourably in the WSS analysis because their wide orifice diffuses the systolic786

jet and attenuates peak wall shear. Their combination with approximately equal weight787

(w ≈ 0.50) produces a strong Spearman rank correlation ρS ≥ 0.86 and a weighted kappa788

κw ≥ 0.72, corresponding to substantial to near-perfect ordinal agreement for both bovine789

pericardial configurations, a fidelity that neither descriptor achieves individually. In this790

light, the D2U geometry paired with bovine pericardium emerges as the sole configuration791

ranking first in both analyses, owing to suppressed leaflet flutter and limited strain locali-792
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sation. By contrast, the isotropic silicone-based elastomeric material distributes strain uni-793

formly yet sustains pronounced WSS fluctuations through persistent low-frequency, small-794

amplitude flutter, resulting in the highest WSS-based risk scores. These opposing trends795

underscore the necessity of evaluating both structural and haemodynamic risk dimensions796

simultaneously when designing polymeric valve prostheses. Beyond material and geometry797

effects, the patient-specific aortic curvature induces a systematic elevation of the risk score798

for the leaflet seated in the sinus facing the inner (concave) aortic wall, independently of799

leaflet material and geometry.800

The proposed framework, requiring no fitting to experimental calcification data, is directly801

transferable to novel valve geometries and materials. Its extension to multiple patient802

anatomies and to structural models accounting for cyclic fatigue and progressive tissue dam-803

age would represent a natural progression towards a comprehensive computational tool for804

prosthetic valve design and optimisation.805
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Figure 1: Parametrisation of the two leaflet geometries. (A) Three-dimensional view of the
valve with three leaflets attached to the crown in the patient-specific aorta. The leaflet
surface is generated by sweeping and blending the belly curve (hyperbolic sine, red) and
the scallop curve (power law, blue). (B) Side views of D1V and D2. (C) Normalised belly
height as a function of the normalised coordinate for D1V (asinh = 0.91, bsinh = 1.05) and
D2U (asinh = 0.89, bsinh = 1.04). (D) Normalised scallop height for D1V (npower = 2.08) and
D2U (npower = 4.68).
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Figure 2: Geometrical description and numerical setup for the FSI simulations. (A) Two
valve geometries (D1, D2) with the key anatomical features indicated (leaflet, crown, tip,
belly, base, commissures) and the patient-specific curved aorta including the LVOT, sinus and
curved ascending aorta. (B) Computational domain: Cartesian fluid grid (55×65×110 mm3,
∼47 million points), tetrahedral solid mesh (∼280,000 elements) and cylindrical fringe regions
for imposing a prescribed pressure difference. Inset: flow rate Q [L/min] and orifice Reynolds
number Reorifice versus non-dimensional time t∗. Blood is modelled as a Newtonian fluid and
the aorta as an incompressible Neo-Hookean material. Reference velocity U0 = 0.772 m/s;
reference length L0 = D = 0.022 m.
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Figure 3: Material characterisation of the three leaflet constitutive models. (A) Engineering
stress versus stretch for the elastomeric material (ELA, Mooney-Rivlin), bovine pericardium
(BOV, HGO, circumferential and axial) and porcine tissue (PORC, exp-HGO, circumferen-
tial and axial). Experimental data with error bars are shown for the elastomer. (B) Compar-
ison of the porcine exp-HGO model employed in the FSI simulations against experimental
data from porcine pericardium (Murdock et al.35) and native porcine leaflets (Laville et al.30).
(C) Visualisation of the two fibre families oriented at ±β with respect to the circumferential
direction ecircum on the bovine pericardial leaflet surface.
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Figure 4: Time series of the spatially averaged displacement magnitude of the leaflet mesh
nodes (averaged over all three cusps) measured from the initial leaflet position at t = 0 s
for the three material models (A) D1V geometry. (B) D2U geometry. The displacement
magnitude encompasses both leaflet deformation and the rigid-body translation of the valve
ring induced by aortic wall motion.
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Figure 5: Instantaneous WSS magnitude ‖WSS‖ [Pa] on the ventricular side of the leaflets
and flow streamlines coloured by velocity magnitude ‖v‖ [m/s] at five time instants during
systole (t = 0.05, 0.10, 0.15, 0.20 and 0.25 s) for (A) elastomeric, (B) bovine pericardial and
(C) porcine tissue leaflets. Within each panel, D1V is shown at top and D2U at bottom.
The maximum velocity Umax [m/s] for the streamline colour scale at each time instant is
indicated above each column. 46



Figure 6: FTLE-based calcification risk clusters on the aortic surface of the three leaflets
for all six valve configurations, obtained from k-means clustering with K = 4. Clusters: low
(green), medium-low (purple), medium-high (orange), high (red). The per-leaflet risk score
RS is reported below each leaflet. Configurations are ordered by increasing overall risk score
from top to bottom.

47



Figure 7: WSS-based calcification risk clusters on the aortic surface of the three leaflets for
all six valve configurations, obtained from k-means clustering with K = 4. Cluster labels
and colour coding as in Fig. 6. The ordering of configurations differs from the FTLE-based
ranking.
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Figure 8: Validation of the k-means clustering against experimentally calibrated calcification
data for the D1V-BOV configuration. Rows: three leaflets (L1, L2, L3). Columns from left
to right: risk levels from quartiles of the experimentally calibrated calcification intensity48;
FTLE-based clusters; WSS-based clusters; arithmetic mean of FTLE- and WSS-based clus-
ter indices. Spearman rank correlation coefficients ρS are indicated at the bottom of each
column.
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Figure 9: Overall calcification risk scores ranked in ascending order for (A) the FTLE-based
analysis, constructed from the temporal-minimum FTLE and its spatial gradients across the
leaflet mesh, and (B) the WSS-based analysis, constructed from the time-averaged WSS
magnitude and the temporal standard deviation of ‖WSS‖ on the ventricular side of the
leaflets.
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Table 1: Summary of the leaflet geometry parameters for the five valve leaflet designs consid-
ered in this work. The parameters asinh and bsinh govern the normalised belly curve (Eq. (1)),
hbelly is the belly height factor, npower is the power-law exponent of the scallop curve (Eq. (2)),
θscallop is the scallop inclination angle, D is the valve inner diameter, Lbelly is the belly length
and T is the leaflet thickness. Designs D1V and D2U are introduced in the present study;
D3U, D4V and D5U correspond to the leaflet geometries previously denoted ULth0, VLth30
and Ulth0, respectively11,48.

Design asinh [-] bsinh [-] hbelly [-] npower

[-]
θscallop

[◦]
D [mm] Lbelly

[mm]
T [µm]

D1V 0.91 1.05 0.89 2.08 19.8 22 14.5 300
D2U 0.89 1.04 0.89 4.68 19.5 22 14.5 300

D3U 6× 10−4 0.123 1.17 7.99 7.08 18 14.6 500
D4V 0.104 0.338 1.24 1.37 15.9 18 14.5 500
D5U 0.453 0.652 1.18 8.39 7.3 18 13 500

52



Table 2: Material parameters of the three constitutive models adopted for the valve leaflet
response.

Model Parameter Value Unit
ELA (Mooney-Rivlin, Eq. 3) CMR

10 23.4 kPa
CMR

01 140.8 kPa
BOV (HGO, Eq. 4) CHGO

10 20.1 kPa
kHGO

1 54.62 kPa
kHGO

2 30.86 –
β 30 ◦

PORC (exp-HGO, Eq. 5) CeHGO
10 4.0 kPa

CeHGO
01 9.6 –

CeHGO
2 128.0 kPa

CeHGO
3 29.4 –

κ 0 –
θ 26 ◦
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Table 3: Summary of flutter and flapping characteristics for the six valve configurations
during systole. N/A: no discernible oscillation. †Peak amplitude of intermittent single-leaflet
oscillations; no sustained flutter regime is present.

Configuration Regime Time interval [s] Frequency [Hz] Amplitude
[mm]

D1V-PORC Low-freq. flapping 0.134–0.20 ≈45 ≈2.0

D1V-BOV High-freq. flutter 0.037–0.055,
0.092–0.11

≈330 ≈0.4

Low-freq. flapping 0.12–0.20 ≈55 ≈1.0

D1V-ELA Intermittent (sin-
gle leaflet)

– – ≈1.0†

D2U-PORC Low-freq. flapping 0.127–0.21 ≈45 ≈1.0

D2U-BOV None – N/A N/A

D2U-ELA Low-freq., low-
ampl. sustained
flutter

0.068–0.19 45–60 0.6–0.8
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