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Aortic stenosis is the most prevalent and life-threatening form 
of valvular heart disease. It is primarily treated via open-heart 
surgical valve replacement with either a tissue or a mechanical 
prosthetic heart valve (PHV), each prone to degradation and 
thrombosis, respectively. Polymeric PHVs may be optimized to 
eliminate these complications, and they may be more suitable 
for the new transcatheter aortic valve replacement procedure 
and in devices like the total artificial heart. However, the devel-
opment of polymer PHVs has been hampered by persistent in 
vivo calcification, degradation, and thrombosis. To address 
these issues, we have developed a novel surgically implantable 
polymer PHV composed of a new thermoset polyolefin called 
cross-linked poly(styrene-block-isobutylene-block-styrene), or 
xSIBS, in which key parameters were optimized for superior 
functionality via our device thrombogenicity emulation meth-
odology. In this parametric study, we compared our homoge-
neous optimized polcymer PHV to a prior composite polymer 
PHV and to a benchmark tissue valve. Our results show signifi-
cantly improved hemodynamics and reduced thrombogenicity 
in the optimized polymer PHV compared to the other valves. 
These results indicate that our new design may not require anti-
coagulants and may be more durable than its predecessor, and 
validate the improvement, toward optimization, of this novel 
polymeric PHV design. ASAIO Journal 2013;59:275–283.
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Aortic stenosis (AS) afflicts approximately 0.9% of the US 
population with 2.8% of patients older than 75 years having 

moderate-to-severe AS.1 Commercially available tissue and 
mechanical prosthetic heart valves (PHVs) for aortic valve 
replacement are prone to degradation and thrombosis, respec-
tively.2 Up to 33% of patients requiring valve replacement are 
deemed inoperable due to significant comorbidities.3 The new 
transcatheter aortic valve replacement (TAVR) procedure cur-
rently serves this previously unmet clinical need.4 However, cur-
rent TAVR devices use tissue valves, which may sustain collagen 
fiber damage during deployment.5,6 In an attempt to address 
these limitations, we have developed a novel trileaflet polymeric 
PHV. The valve prototype presented here has been designed for 
surgical implantation, but the design lends itself to TAVR.

Relatively few numerical studies were performed in trileaflet 
valves, particularly with respect to predicting platelet activation 
and durability. The recent interest in TAVR and increasing use 
of pulsatile mechanical circulatory support devices currently 
using mechanical PHVs (e.g., the Total Artificial Heart7 and the 
Penn State Pediatric Ventricular Assist Device)8 have recently 
motivated new numerical studies of trileaflet valves.9–13

Development of polymer PHVs has been hampered by per-
sistent in vivo calcification, degradation, and thrombosis.14 
Therefore, we have focused on optimizing thromboresistance 
and durability of our current prototype. We use a new propri-
etary thermoset polyolefin, crosslinked poly(styrene-block-iso-
butylene-block-styrene), or xSIBS, which has been designed to 
increase the strength and durability of the thermoplastic SIBS 
elastomer16,17 while retaining its super-biostability. To show 
equivalence to currently approved PHVs in terms of hemody-
namics and thrombogenicity,14 we have applied our device 
thrombogenicity emulation (DTE) methodology,18–20 comparing 
three valves: 1) the original SIBS-Dacron composite PHV21,22 
(Innovia LLC, Miami, FL) (Figure 1A); 2) a commercially available 
tissue “gold-standard” PHV with fine clinical performance,23 
the Carpentier-Edwards Perimount Magna Bioprosthetic valve 
(Edwards Lifesciences, Irvine, CA) (Figure 1, B and C); and 3) 
our new DTE-optimized homogeneous xSIBS-PHV (Figure 1D). 
Briefly, the DTE methodology is a combination of numerical 
and experimental techniques for optimizing the thromboresis-
tance of blood-contacting devices.18–20 In this hemodynamically 
optimized design, we have altered key geometric parameters to 
produce a clinically viable polymeric PHV.

Methods

Three trileaflet valves, each with nominal entrance internal 
diameters of 19 mm, equivalent to a tissue annulus diameter 
of 21 mm, were compared using our DTE methodology.18–20 
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The 3D geometry of the tissue valve was obtained using micro-
computed tomography (μCT40, Scanco Medical, Switzerland). 
Scans were conducted at 36 µm isotropic resolution, with an 
energy level of 70 kV and 114 μA (Figure 1C). The 3D geometry 
was reconstructed using Mimics (Materialise, Leuven, Belgium) 
and imported into Gambit (ANSYS, Inc., Canonsburg, PA), 
where a mesh was generated for finite element analysis (FEA).

The novel PHV geometry was designed using SolidWorks (DS 
SolidWorks Corp., Waltham, MA). The radial cross-sectional 
profile of the leaflets was modified from uniform to variable 
thickness with regions of computed higher or lower stresses 
thickened or thinned, respectively. The shape of the leaflet 
was changed from cylindrical to hemispherical (Figure 2) and 
coaptation surface maximized by designing a flat leaflet profile 
(Figure 2). The valve’s stent was altered by smoothing surfaces 
and edges and widening the exit orifice by 2 mm (Figure 2).

Finite Element Analysis

Mechanical properties of xSIBS for numerical analysis.  
Uniaxial tensile tests to failure were performed on samples of 
xSIBS for computing the numerical material model constants. 
The xSIBS was compression molded (Grobet USA Hot Press, 

Carlstadt, NJ) with simultaneous heating (240°C for 30 min) to 
induce cross-linking via a Diels–Alder reaction. Tensile tests 
were performed according to ASTM D882-12/D638-10 (n = 
5) with a pull rate 5 mm/min to break (Instron 3343 with 1000 
N force transducer and Bluehill software, Norwood, MA), and 
stress versus strain curves were generated.

Validation of the numerical material model.  Tensile tests 
were simulated via structural FEA using ADINA (ADINA R&D, 
Inc., Watertown, MA). Data from xSIBS tensile tests were used 
as the input for the isotropic hyperelastic Mooney–Rivlin mate-
rial model given by the strain energy function (1):24

W C I C I D D ID = −( ) + −( ) + −( )( ) −( )1 1 2 2 1 2 13 3 3 1exp � (1)

Constants C1 and C2 were computed for best fit to the experi-
mental data.

Structural FEA.  A simulated normal diastolic pressure load 
(80 mmHg) was applied to the aortic surface of the valves’ leaf-
lets via structural FEA. The geometry was discretized with un-
structured four-node tetrahedral elements. Mesh independence 
studies were conducted at three mesh densities (0.0008, 0.0004, 
and 0.00025 times length scale, corresponding to approximately 

Figure 1.  CAD images of the valves. A: Original Innovia composite SIBS-Dacron polymer prosthetic heart valve (PHV), (B) Carpentier-
Edwards Perimount Magna Bioprosthesis (Edwards Lifesciences), (C) micro-CT scan and reconstructed geometry of the tissue PHV, and (D) 
the optimized xSIBS-PHV. CAD, computer-aided design; CT, computed tomography.

Figure 2.  Design optimization starting with the original composite polymer prosthetic heart valve (PHV) geometry (left), the new leaflet’s 
radial profile (center), and the new optimized PHV design (right).
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12,500, 55,000, and 170,000 elements), establishing the mesh 
density at 0.0005 (approximately 25,000–30,000 elements, 
based on the specific valve). Contact conditions were applied 
to the ventricular surface of the leaflets to model the valve clo-
sure.25 Each valve’s corresponding material properties were as 
follows: (1) xSIBS tensile test data for the optimized valve, (2) 
tensile test data for the original composite SIBS-Dacron PHV,22 
and (3) fixed pericardial patch Mooney–Rivlin constants C1, 
C2, D1, and D2 from Tang et al.26 for the tissue valve. The FEA 
smoothened effective stress maps were qualitatively compared. 
In addition, structural FEA studies were performed using full 
cardiac cycle transvalvular pressure gradient loading22 applied 
to the aortic and ventricular surfaces of the leaflets to obtain 
the open and closed valve geometries for subsequent two-phase 
computational fluid dynamic (CFD) studies.

Computational Fluid Dynamic

Two-phase CFD studies were conducted in six-valve geome-
tries (three open and three closed) embedded in a rigid straight 
tube using Fluent (ANSYS, Inc.),18 using a turbulent flow model 
(Wilcox k-ω) for the open valve and assuming laminar flow 
for the closed valve. Blood was modeled as a Newtonian fluid 
with a dynamic viscosity of 3.5 cP and a density of 1050 kg/
m3. In forward flow simulations, a decelerating systolic veloc-
ity profile27 was imposed at the inlet and zero pressure at the 
outlet. In regurgitant flow simulations, a constant velocity of 
0.05 m/s was applied at the inlet and zero pressure at the out-
let. In each study, 350 ms of flow were simulated, with approxi-
mately 30,000 neutrally buoyant spherical platelet analogs (3 
μm diameter) seeded into the flow, and their stress accumula-
tion (SA) was computed using a linear model.18

Platelet Trajectory Selection for Hemodynamic Shearing  
Device Experiments

In CFD post-processing, spherical regions of interest (ROI),  
r = 1 mm, were queried at the three commissures near the wall 
and at the core flow, all near the leaflets’ free edges. These 
ROI or “hot spots” contain shear stress levels that may activate 
the platelets.27 A probability density function (PDF) was com-
puted for each ROI (4 per valve, total 24), and a single platelet 
trajectory representing the most frequently occurring SA was 
selected for each ROI. The stress–time waveforms from these 
trajectories were programmed into our hemodynamic shearing 
device (HSD) for in vitro human platelet activation studies.18,19

Platelet Activation Measurements

Blood was obtained from healthy volunteers of both gen-
ders screened for antiplatelet medication and a history of 
smoking following institutional review board protocols. 
Platelet-rich plasma was separated from whole blood via cen-
trifugation and sepharose gel filtered in a HEPES-modified 
Tyrode’s platelet buffer to obtain freshly isolated platelets. Vis-
cosity of the platelet buffer was adjusted to 7.0 and 8.0 cP 
corresponding to maximum waveform shear stresses of 700 
and 800 dynes/cm2 using dextran (molecular weight 150,000, 
Sigma-Aldrich). Our platelet activation state (PAS) assay was 
used to measure thrombin generation rates.28 Each set of 12 
experiments for both forward and regurgitant flow was per-
formed using platelets from the same donor within 6 hours 

of obtaining gel-filtered platelets (n = 8 sets: 4 open and 4 
closed, total 96 experiments).

Statistical Analysis

Numerical.  The SA from the platelet trajectories was col-
lapsed into a PDF, called the “thrombogenic footprint” of 
each valve (Figure 6).18,19 Results were compared via one-way 
analysis of variance (ANOVA) with significance level α = 0.05. 
Bootstrapping was used to equalize population sizes.18

Experimental.  The change in (Δ)PAS was calculated over the 
10 minute HSD experiment. The mean ΔPAS for four sets was 
plotted for each of the four ROIs (commissures 1–3 and the core) 
with standard error bars for both forward and regurgitant flow. 
One-way ANOVA was used with significance level α = 0.05.

Results

Finite Element Analysis

xSIBS mechanical properties.  The xSIBS samples exhibit-
ed nonlinear hyperelastic responses by enduring >100% strain 
will full elastic recovery and exhibiting strain stiffening beyond 
100% strain (Figure 3A). The mean ultimate strength was ap-
proximately 5,000 kPa.

Validation of the numerical material model.  The simu-
lated tensile tests produced stress–strain curves that matched 
the experimental data in strains <20% (Figure 3, B and C), a 
sufficient range for characterizing the stress–strain response in 
the valve leaflets.

Structural stress analysis.  The optimized design demon-
strated significantly reduced stress concentrations at the com-
missures, across the leaflet belly, and on the leaflet free edge 
compared to that in the original composite polymer and tissue 
PHVs (Figure 4).

Computational Fluid Dynamic

Significant flow characteristics of the three valves are pre-
sented in Table 1.

Open Valves-Forward Flow

Particle dispersion.  The particle bolus through the open 
valves exhibited a triangle-shaped structure (Figure 5, top row), 
with unique patterns in each valve: the optimized polymer PHV 
exhibited three diverging spherical boluses, the pattern was 
more triangular and organized in the tissue PHV, while the origi-
nal composite PHV exhibited a less triangular and more disor-
ganized pattern. In all three valves, low velocity recirculation 
of platelets was observed on the aortic surface of the leaflets 
and near the wall, with the bulk of the platelets passing quickly 
through the domain.

Hot spots.  Comparison of the four selected platelet tra-
jectories shows the least disturbed pathlines occurring near 
the wall for the optimized PHV (Figure 6, top), which also 
produced the lowest instantaneous stress and least dynamic 
platelet stress history waveforms compared to the tissue and 
original composite polymer PHVs (Figure 9, bottom). An axial 
cross-sectional view of the velocity vectors shows that the tis-
sue valve has a high velocity jet emanating downstream from 
the leaflets’ free edges compared to the original composite and 
optimized polymer PHVs (Figure 6, bottom).
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Thrombogenic footprints.  The PDFs of the open valves 
show that the dominant mode of the optimized PHV is shifted 
toward the lower SA range compared to the composite poly-
mer and tissue PHVs (Figure 8, top), with significant differenc-
es between the designs (p < 0.01).

Closed Valves-Regurgitant Flow

Particle dispersion.  Particle dispersion patterns were dom-
inated by four small jets emanating from the three commis-
sures and the core (Figure 5, bottom). In the optimized PHV, 

Figure 3.  A: Uniaxial xSIBS tensile test results, (B) finite element analysis (FEA) replication and comparison to the tensile test data, and (C) 
stress distribution in the xSIBS sample of the simulated tensile testing.

Figure 4.  Normal diastolic pressure loading results showing reduced stress concentrations in the optimized prosthetic heart valve (PHV) 
(right) compared to the original composite polymer (center) and the tissue (left) PHVs.

Table 1.  Significant Flow Characteristics of the Three Valves

ΔP FF (mmHg) vmax FF (m/s) vmax RF (m/s) SAmean FF (dyne∙s/cm2) SAmean RF (dyne∙s/cm2) EOA FF (cm2)

Original 16 1.94 5.22   8.02 2.50 1.25
Tissue 37 2.85 2.25 16.35 1.95 0.83
Optimized 12 1.62 4.38   4.08 1.78 1.44

EOA, calculated effective orifice area; FF, forward flow; ΔP, pressure gradient; RF, regurgitant flow; SA, stress accumulation; v, velocity.31
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the four particle jets remain distinct as they move downstream: 
the commissure jets in the original composite PHV exhibit 
prominent recirculation zones near the ventricular surface of 
the leaflets, whereas in the tissue valve, the jets exhibited dis-
organized mixing downstream.

Hot spots.  Comparison of the four selected platelet tra-
jectories in each valve showed the least disturbed (Figure 7, 
top) and less dynamic stress loading (Figure 10, bottom) in the 
optimized design compared to the composite polymer and tis-
sue PHVs. An axial cross-sectional view of the velocity vectors 
shows that the tissue PHV produced a wide medium velocity 
central jet, the original composite PHV produced small high 

velocity jets with prominent recirculation near the leaflets, 
and the optimized polymer PHV produced tightly organized 
jets skewed toward the wall with no apparent recirculation 
(Figure 7, bottom).

Thrombogenic footprints.  The PDFs of the closed valves 
(Figure 8, bottom) are bimodally distributed. The lower SA 
range first mode (leftmost) represents platelets trapped up-
stream of the closed valves, and the rightmost modes repre-
sent platelets that escaped through the valves. The second 
mode of the optimized polymer PHV is shifted further to the 
lower SA range with significant differences between the valves 
(p < 0.01).

Figure 5.  Platelet dispersion patterns in the three valves during the forward (FF, top) and regurgitant (RF, bottom) flow phases from com-
putational fluid dynamic.

Figure 6.  Forward flow phase images of the selected platelet trajectories emulated in the hemodynamic shearing device (HSD) (top) and 
axial cross-sectional velocity vectors (bottom).
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Figure 7.  Regurgitant flow phase images of the selected platelet trajectories emulated in the hemodynamic shearing device (HSD) (top) 
and axial cross-sectional velocity vectors (bottom).

Figure 8.  Thrombogenic footprints showing the SA distributions of each valve for forward (FF, top) and regurgitant (RF, bottom) flow 
phases. Both predict the lowest thrombogenicity in the optimized prosthetic heart valve. ROI, regions of interest.
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Platelet Activation Measurements

The mean ΔPAS correlated with the calculated mean SA 
of each corresponding trajectory (Table 2). The commissure 
trajectories produced higher ΔPAS values, with the open 
valves producing higher ΔPAS values than the closed valves 
(Figures 9 and 10, top). In both forward and regurgitant flows, 
the optimized valve commissure trajectories produced dras-
tically lower ΔPAS compared to the composite polymer and 
tissue PHVs (p < 0.01).

Discussion

In this study, we have compared three trileaflet valves: (1) 
nonoptimized original composite SIBS-Dacron PHV (Innovia), 
(2) a gold-standard Carpentier-Edwards Perimount Magna tis-
sue valve (Edwards Lifesciences), and (3) a novel DTE-opti-
mized homogeneous xSIBS-PHV. We have demonstrated that 
the optimized xSIBS-PHV produced (1) the lowest pressure 
gradient in forward flow, lowest maximum velocity in forward 
flow, and the highest effective orifice area; (2) the least dis-
turbed flow in both forward and regurgitant flows; (3) the low-
est platelet SA in both forward and regurgitant flows; and (4) 
the lowest ΔPAS in both forward and regurgitant flows. These 
results indicate a comparatively superior performance of the 
DTE-optimized valve, which may not require anticoagulants 
and be more durable than its predecessor.

Optimization was achieved by altering key geometric fea-
tures of the new valve in addition to using a new material. 
The thermoset polyolefin xSIBS,15 an improvement over the 
thermoplastic elastomer SIBS,16,17 has demonstrated tissue-like 
hyperelastic behavior and increased tensile strength. The origi-
nal composite SIBS-Dacron PHV design featured a cast leaflet 
material of uniform thickness attached via polyester sutures to 

Table 2.  Comparison of Mean SA and Mean ΔPAS Values 
in Both Forward and Regurgitant Flow of the Selected 

Platelet Trajectories

Open Valves Closed Valves

Mean SA  
(dyne∙s/cm2)

Mean  
ΔPAS (%)

Mean SA  
(dyne∙s/cm2)

Mean  
ΔPAS (%)

Tissue 33.6 47 2.5   3
Original   7.3 28 6.9 28
Optimized   3.4   2 1.6   2

PAS, platelet activation state; SA, stress accumulation.

Figure 9.  Forward flow platelet activation measurement results (top) and stress–time waveforms programmed into the hemodynamic 
shearing device (HSD) for each valve (bottom). PAS, platelet activation state.
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a high styrene content molded SIBS stent.21,22 Our novel opti-
mized PHV was designed to be compression molded entirely 
in one step using only xSIBS. This allows for the creation of 
precision shapes and facilitates the thermal cross-linking of 
xSIBS. The leaflet thickness was altered at key locations to 
achieve optimal stress distributions for increased durability. 
Additionally, the valve stent geometry was modified to fur-
ther improve its hemodynamics by widening the exit orifice 
diameter by 2 mm and smoothing the edges. The combination 
of these design modifications produced significantly better 
hemodynamics and reduced thrombogenicity of our new valve 
compared to both the original composite polymer and tissue 
PHVs. The significantly lower stresses predicted by structural 
FEA indicate that the optimized PHV may have comparatively 
enhanced long-term durability. However, further prototype 
testing is required before definitive conclusions can be made.

The two-phase CFD simulations provided a detailed depic-
tion of unique flow patterns created by each valve design. The 
results clearly indicate that the optimized PHV has an advan-
tage in both the forward and regurgitant flow phases. The 
thrombogenic footprints or PDFs show that in the optimized 
valve, the dominant modes are shifted toward the (less throm-
bogenically risky) lower SA range compared to the other two 
valves. We have previously measured bulk platelet activation 

in a pulsatile left ventricular assist device in both the original 
composite polymer and the tissue PHVs29 and found a signifi-
cantly lower platelet activation rate in the former, which further 
supports our thrombogenic footprint comparisons.

Emulating in our HSD the statistically representative hot spot 
platelet stress loading waveforms extracted from the computed 
platelet trajectories in CFD and measuring the resultant platelet 
activity allows us, by proxy, to validate the predictions of the 
numerical simulations. The optimized PHV platelet trajectories 
produced significantly lower ΔPAS in all cases studied. The 
mean ΔPAS values correlated well with the predicted mean SA 
values from CFD across all selected trajectories, validating our 
numerical results. The optimized design significantly reduced 
the occurrence of hot spot regions in the valve, indicating that 
our novel PHV design may not require anticoagulants.

Comparable numerical studies of trileaflet valve hemody-
namics are scant. Sirois and Sun12 have performed a two-phase 
CFD evaluation of a tissue valve to investigate hemolysis and 
platelet activation potential. Dwyer et al.9,10 performed impor-
tant yet comparatively simpler CFD simulations of an ideal-
ized open TAVR tissue valve. Our studies proceed beyond 
this to compute multiple platelet trajectories and predict the 
thrombogenic potential of the valves. Lim et al.30 examined 
the effects of leaflet coaptation curvature on stress distribution 

Figure 10.  Regurgitant flow platelet activation measurement results (top) and stress–time waveforms programmed into the hemodynamic 
shearing device (HSD) for each valve (bottom). PAS, platelet activation state.
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in pericardial valves using FEA and found lowest stresses in 
curved profile leaflets. Our studies of leaflet curvature found 
lower stresses in the flat profile, attributed to its dramatically 
increased coaptation surface area. Other factors influencing 
the leaflet stress distribution include leaflet material, thickness, 
stent attachment design, and stent post-stiffness.

Limitations to this study include simplifying assumptions 
in the numerical models, the inability to emulate all platelet 
trajectories in our HSD, the use of isolated platelets instead 
of whole blood, and the computation of platelet SA using a 
phenomenological linear model.

Conclusions

We have optimized a novel trileaflet polymeric PHV design 
using our DTE methodology. The optimized polymer PHV was 
compared to a prior composite polymer design and to a gold-
standard tissue valve. Superior performance was observed with 
our optimized valve in terms of its projected structural durability 
and its hemodynamic and thrombogenic performance, indicat-
ing that the optimized valve design may be nonthrombogenic 
and more durable than its predecessor. We have verified the 
efficacy of our DTE methodology in trileaflet valves. This strat-
egy has advanced polymeric valves closer to clinical viability.﻿﻿﻿﻿‍
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