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Abstract

Death rates related to heart failure amount to approximately 50% of deaths globally, and
one of the leading causes of heart failure is aortic valve failure, which is treated using
prosthetic aortic valves. Porcine pericardium is amongst the materials used to develop a
potentially ideal bioprosthetic aortic valve. The mechanical properties of native porcine
pericardium are necessary for enhancing a prosthetic aortic valve. The aim of this study was
to determine the mechanical properties of porcine pericardium and find optimized material
parameters for finite element analysis using five isotropic models. Uniaxial rupture tests
were performed using Cellscale biotester to measure the force at rupture, stiffness, and
deformation at rupture. Tests were done in circumferential and radial directions, and
one-way Anova was used to evaluate different behaviors in both directions. The average
coefficient of determination was used to find the model that performed better.

Keywords: bioprosthetic aortic valve; pericardium,; stenosis; regurgitation

1. Introduction

Patients who lose their lives due to heart failure worldwide are commonly affected by
valvular diseases and, more commonly, aortic valve stenosis and regurgitation [1]; these
failures are common in patients older than 50 years [2]. The aortic valve failures associated
with newborn babies are congenital bicuspid valves, where babies have two leaflets on their
aortic valves, and this can have an impact on the amount of blood supplied to the entire
body [3]. The best way to diagnose patients with aortic valve failure is by implanting a

T —— prosthetic aortic valve either surgically or using the transcatheter implantation method [4].

The prosthetic heart valves used are mechanical, bioprosthetic, polymeric, and tissue-
Academic Editor: Tiyamike Ngonda engineered. The downsides of these valves are inferior hemodynamics, durability, and
Published: 28 April 2026 somatic growth, respectively. Somatic growth is an issue for all three valves [5]. Tissue-

Copyright: ©2026 by the authors. engineered valves are developed to address issues associated with the valves mentioned
Licensee MDPY, Basel, Switzerland. above, although their downside is that they rely on the patient’s regeneration rate, which

This article is an open access article . o . . .
o P makes them patient-specific [6]. Material parameters are necessary to material and design a
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o A _ valve according to the patient’s requirements. Material optimization for manufacturing is an
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Attribution (CC BY) license. ongoing process that improves the durability and life cycle of manufactured components [7].
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Fiber enhancement and development are among the important factors that help develop
desired prosthetic aortic valves [8]. Health is among the leading factors to consider when
designing and manufacturing systems and components [9].

Landrace pig’s pericardia are used to develop bioprosthetic aortic valves with limited
understanding of their mechanical properties [10]. A proper understanding of their mechan-
ical properties would help with the development of an ideal prosthetic aortic valve [11,12],
help with diagnosing patients, and facilitate the development of a robust simulation model
that predicts valve behavior under different conditions [13]. Finite elements analysis (FEA)
would be performed by embedding obtained material parameters into a commercial FEA
software constitutive model that is readily available or by using subroutines that allow
users to use their own constitutive law to define the material [14]. A comparison of experi-
mental results to simulated results would validate the usage of material parameters [15] for
fluid-structure interaction. The aim of this study was to evaluate rupture load, deformation
at rupture, and the Young’s modulus when subjected to uniaxial loading in the Ref. [6] cir-
cumferential and radial direction by using one axis of the Cellscale biotester [16]. Material
parameters were optimized by using a Genetic algorithm and five isotropic constitutive
models—the Ogden, Klosner-Segal, Arruda—Boyce, Van de Waals, and Yeoh models [17].
Anisotropic constitutive models that are currently available were derived by looking at the
microstructural orientation of tissues like arteries and tendons, and those models have both
the anisotropic and isotropic parts representing their strain energy function. Since porcine
pericardium does not have a strain energy function that was specifically derived from it,
it was found to be necessary to assess the ability of five isotropic models to predict stress
and strain responses of porcine pericardium when subjected to uniaxial tensile testing.
Uniaxial tensile tests are necessary to independently assess a material’s response in one
direction [18], which supports our decision to select isotropic models to predict material
responses. Even though the material undergoes biaxial loading, it is necessary to find its
uniaxial response as it is fundamental to properly characterizing a material, as a material
behaves differently under different loading conditions [19]. These results are necessary for
finite element analysis. Uniaxial testing alone is not enough to characterize soft tissue, as it
is complemented by biaxial and shear or bending tests [20].

2. Material and Methods

Fresh hearts of fifty-one-week-old landrace pigs with a weight interval of 100 kg
to 110 kg were purchased from a local abattoir. Immediately after slathering, a total of
six hearts were taken to a biomedical engineering laboratory located approximately 10 km
away from the abattoir. An ice-cold box was used to transport the landrace pig hearts from
the abattoir to the laboratory. Landrace pig hearts with pericardium collected from the
abattoir and the cooler box containing the specimens are shown in Figure 1a,b.
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Figure 1. (a) Heart with pericardium intact. (b) Ice cooler box with landrace pig heart samples
collected from a local abattoir.
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The samples were removed one at a time to remove the porcine pericardium and
cut to the specified dimensions using twizzles, scalpels, and blades. To accurately cut
the pericardium into the right sizes, a measurement-sized cutting board was used, and to
measure the thickness of the samples, a Vanier caliper was used. The circumferential and
radial directions of the specimen were found by cutting the horizontal from the apex and
perpendicular direction of the pericardium, respectively.

The hearts of landrace pigs with intact pericardium were collected from a local abattoir
that is approximately 15 min from the laboratory. To preserve the material and prevent
degradation, a cooler box of ice was used to carry the hearts. Upon their arrival at the
laboratory, 40 mm x 10 mm pericardium sizes were dissected from each of the six hearts
collected from the abattoir, and the samples were taken from arbitrary regions of the
pericardium of the heart. Six samples were chosen because of the porcine pericardium
stress and strain responses that are closely related to different regions of the pericardium.
An axis of a cellscale biaxial biotester machine was used to perform a uniaxial test, where
the fluid chamber was filled with phosphate-buffered saline (PBS) and the temperature
was maintained at 37 °C to mimic physiological conditions. PBS allows the material to
maintain its mechanical properties and respond the same way it would under physiological
loading conditions and cyclic loading, as is the case when it is implanted in the body [21].
Two clamping devices were used to hold the samples on both sides, with each clamp
gripping 10 mm, and the free length of the samples was 20 mm. Figures 2a and 2b show
the specimens cut to size and mounted to the Cellscale biotester, respectively.

(a)
Figure 2. (a) Samples cut into sizes of 40 mm x 10 mm. (b) Sample mounted to the CellScale biotester

using clamps.

2.1. Constitutive Models

Deformation gradient:

A0 0
F=10 Ay O (1)
0 0 A3

where A1, A, and A3 are the principal stretches.
The Right-Cauchy-Green tensor:

C=FTF 2)

First and second invariants Iy, I, respectively, denoted from the right Cauchy-Green
tensor.
L =tr(C)=A2+ A3+ A3 ©)
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L= (tr(C))2 - tr(C2)> = A2A2 + A2AZ 4 AZA2 (4)

I\.)\F—‘

2.1.1. Material Models

Five material models, which are hyperelastic and defined by the principal stretches
and the first and second invariants, were chosen for this study. The chosen models are the
Klosner-Segal model, the Ogden model, the Yeoh model, the Aruda-Boyce model, and the
Van de Waals model. Three isotropic models—Klosner-Segal, Aruda-Boyce, and Van de
Waals—have not yet been used to capture the isotropic behavior of porcine pericardium,
which led to this study evaluating two popularly used isotropic models and three rarely
used models. The Klosner-Segal model was derived to capture large strains and effectively
capture transitions from different faces of deformations. The model uses two invariants
with four material parameters [22]. Partial derivatives of the strain energy with respect to
the first and second invariants are taken to obtain the Cauchy stress. The Ogden model
strain energy is defined by principal stretches, and the principal uniaxial Cauchy stress
is obtained by taking the derivative of the strain energy with respect to the principal
stretches [23]. The Yeoh model is based on the first invariant, and to find the Cauchy stress,
a strain energy derivative with respect to the first invariant is taken [11]. The Yeoh model
order term is optional, and the most commonly used one is the third-order model, which
was used in this study. The Arruda—Boyce strain energy is based on the first invariant,
and the Cauchy stress is derived by taking the derivative of the strain energy with respect
to the first invariant [14]. The Van de Waals strain energy is based on the first deviatoric
invariant, and the Cauchy stress is derived from taking the derivative of the strain energy
with respect to the first deviatoric invariant [24].

Klosner-Segal

The Klosner-Segal strain energy density is given as follows [12].
¥ = Cua(h =3) + Car(l = 3) + Coa (b = 3)" + Cos (L - 3)° 5)

where Cy1 and Cy; represent linear shear stiffness and linear network stiffness, respectively,
and are both related to the initial shear modulus, and C,, and Cp3 are the non-linear strain
stiffening coefficients.

The initial shear modulus is denoted as follows.

o = 2(C11 + Cp1) (6)
Cauchy stress
o Y Y 5
z[ahﬂ MJb 25,b @)
-2 [Cn 1L {c21 +2Co(Ip — 3) + 2Ca3(Ir — 3)2}] ) [cﬂ +2Co(Ip — 3) + 2Ca3(Ir — 3)2] b2 ®)

Ogden Model

The Ogden strain energy density for incompressible material is given as follows [23].
= Z Z— (AT + A5 + A5 —3) (9)
where y; and «; are material parameters with y; having the same units as stress; N is the

order term of the model; and «; is dimensionless.
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The initial shear modulus is denoted as follows.

N
s

o=y, % (10)

i=1

Principal Cauchy stress
d N ,
6= Mgk = Y m(a) 1)
i1

Yeoh Model

The Yeoh strain energy density is given as follows [25].
¥ = Cao(h —3) + Cao(h —3)* + Cao(h = 3)° (12)

where Cjg represents the material parameters with Pascal’s units, which are related to the
initial shear modulus, and Cyy and Czp are responsible for capturing strain stiffening at
higher strains [17].

The initial shear modulus is denoted as follows.

po = 2Cqo (13)

Cauchy stress

2/(0 2
o= ](E;f)b = j[Clo +2Co0 (Il — 3) +3C30ly — 3)]b (14)

where | is the volume change and is equal to one for incompressible material; b is the left
Cauchy strain tensor, denoted as follows.

b= FFT (15)

Arruda-Boyce Model

The Arruda-Boyce strain energy density is given as follows [26].

5
c .
Y=u) A2i1—2 (5 -3 (16)
=17
Cauchy stress
2 [0y 2, & G o
o= ]<al>b: 7(;{% A%iizq Hp (17)
1=

where y is the shear modulus, A is the maximum stretch that the material can undergo,
and C; represents series expansion of the inverse Langevin function.

Van der Waals Model

The Van der Waals strain energy density is given as follows [24].

¥ = (- (12 =3) (1 =)+ - Ja( B2 )
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7,3
Ap?-3’
shear modulus, Ay is the maximum stretch that the material can undergo, and « is another

T, is the deviatoric strain invariant given by T; = J=2/31}, u is the initial

where 7 =

essential material parameter controlling the rounding and flattening.
Cauchy stress

_ 2% oot
o= ] <ah)dev[b} (19)
c=pu 1i;7a 11;3 dev[b] (20)

Genetic algorithm

Hyperfit software was used to find the optimum material parameters. The genetic
algorithm was found to be suitable to use as an optimizer for finding optimized material pa-
rameters because of its ability to not get stuck in the local or global minima. The measuring
tools to use for selecting an optimized constitutive model with optimum parameters are the
sum of squares of errors, sum of absolute errors, normalized errors, normalized root mean
squared errors, coefficient of correlation, and coefficient of determination. Constitutive
models were used to fit experimental data by initializing material parameters and reducing
error terms that include the aforementioned and the coefficient of determination, where
1000 iterations were set for optimum material parameters.

3. Results
Uniaxial Tensile Tests

The homogeneity of variance assumption was verified prior to one-way ANOVA
analysis. Uniaxial results in the circumferential and radial directions are shown in Figure 3,
where the stress and strain graphical representation in the circumferential direction are
compared to those in the radial direction. Statistical significance was observed when com-
paring the induced strain in the circumferential direction 0.2699083 + 0.084227 to the radial
direction 0.5692333 £ 0.121948 (p = 0.000581). The maximum stress at rupture or applied to
the sample has statistical significance in the circumferential direction 11.6695 £ 0.329884
compared to the radial direction 8.569167 £ 1.808626 (p = 0.003656). The results obtained
suggest that the radial direction is more compatible with the applied stress and rupture at
an average stress of 8.569167 £ 1.808626 MPa, which is not the case for the circumferential
direction, in which the maximum applied stress could not fracture the samples. Young's
modulus in the circumferential direction 61.186742 £ 12.351925 MPa is statistically signif-
icant compared to Young’s modulus in the radial direction 33.100233 £ 10.032143 MPa
(p = 0.001505). The material response for both the radial and circumferential directions did
not show significant variability.

Fracture test in Radial direction

Fracture test in circumferencial direction

o Uni2 |
o Uni3
Uni6 |
Uni13
o Uni14 |-
o Uni15

0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0 005 01 015 02 025 03 035 04
Strain(mm/mm) Strain(mm/mm)

Figure 3. Uniaxial test results in the circumferential and radial directions.
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The performance of five chosen isotropic constitutive models was evaluated by com-
paring the coefficients of determination and error terms mentioned above. The average
material parameters and optimizing parameters like the coefficients of determination, cor-
relation coefficients, normalized root mean squared error, normalized error, sum of squares
of differences, and sum of absolute differences were used to find the optimum constitutive
model from the selected model.

A graphical depiction showing the fitting of the chosen constitutive model to the
experimental data is shown in Figure 2. After using each experimental data to find material
parameters and taking the average of those parameters and the average experimental
results, average material parameters for each model were fitted to the average experimental
data to evaluate their performance on average data, and the results are shown in Figure 4.

The averaged material parameters obtained from curve fitting using five isotropic
models and the genetic algorithm from Hyperfit are given in Tables 1 and 2 below.
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Circumferential direction

Radial direction
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Figure 4. Five constitutive models” average parameters are used to fit the average data in the
circumferential and radial directions.
Table 1. Averaged material parameters and statistical indicators obtained by using the Klosner-Segal
model, Van De Waals model, and Arudda-Boyce Model.
Klosner-Segal Model Van de Waals Model Arruda-Boyce Model
Radial Circumferential Radial Circumferential Radial Circumferential
Average Average Average Average Average Average
Sum of squares Sum of squares Sum of squares
of diff 3.842566 5.631589 of diff 18.65423 15.75 of diff 103.7071 132.7611
Sum of Abs diff 16.90908 14.74341 Sum of Abs diff 36.1806 23.26 Sum of Abs diff 91.75289 74.80122
Normalized 0.065748 0.065421 Normalized 0.101417 0.09 Normalized 0321529 0.306431
error error error
NRMSE 0.07811 0.077177 NRMSE 0.123236 0.10 NRMSE 0.366444 0.348913
Correlation 0.996632 0.996413 Correlation 0.994901 0.99 Correlation 0.966854 0.967707
coefficient coefficient coefficient
R2 0.992705 0.99204 R2 0.985388 0.99 R2 0.870062 0.853114
c11 0.78222 2.47671 mu 0.894007 1.20 mu 1.587221 6.133359
c21 —0.25571 —1.45354 lamda_L 11.86201 26.58 lamda_L 1 1.565474
c22 10.84298 31.99134 a —16.5545 —220.24
23 0.856271 —27.9898 beta —32.6722 —0.45
Table 2. Averaged material parameters and statistical indicators obtained using the Yeoh and Ogden
Models.
Yeoh Model Ogden Model
Radial Circumferential Radial Circumferential
Average Average Average Average
Sum of squares of diff 5.685031 6.989813 Sum of squares of diff 23.96937 15.7208
Sum of Abs diff 20.55151 15.59497 Sum of Abs diff 44.63508 24.36246
Normalized error 0.0721 0.062329 Normalized error 0.138817 0.10284
NRMSE 0.084646 0.073391 NRMSE 0.163124 0.122726
Correlation coefficient 0.996705 0.99628 Correlation coefficient 0.988069 0.991973
R2 0.992666 0.991876 R2 0.971534 0.979784
c10 0.639166 1.299007 mul 0.265537 1.187777
20 9.622904 24.44842 alphal 6.676369 1.028973
c30 —0.35765 —24.3257 mu2 0.595033 1.819032
alpha2 0.458831 6.669015
mu3 0.773023 0.283513
alpha3 4.596073 5.114077
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4. Discussion

The uniaxial properties of landrace pig pericardium are important, as they allow
us to fully understand the mechanical properties of the landrace pig’s pericardium and
further synthesize it to be used as a durable, biocompatible, advanced hemodynamic and
tissue-engineered scaffold for prosthetic aortic valve fabrication [27]. Uniaxial tests were
performed till rupture to evaluate the maximum force at rupture, the maximum deformation
at rupture, and Young’s modulus of landrace pig’s pericardium in the circumferential and
radial directions independently [28]. To simulate the material’s behavior under uniaxial
testing and validate a finite element model to mimic experimental response, five isotropic
constitutive models were selected and compared to see which models performed better
and can be used for finite element analysis [29].

After preconditioning samples using ten cycles at a strain rate of 0.005/s, rupture
tests were performed at a different strain rate of 0.1/s using a Cellscale biotester machine.
Different strain rates affect the material response when subjected to different loading
conditions, which include (but are not limited to) uniaxial loading [30]. The samples in the
radial direction recorded a maximum stress of 8.569167 £ 1.808626 MPa, which is below
the maximum applicable force of 23 N on a Cellscale biotester machine.

For the circumferential direction, three specimens ruptured just below the maximum
applicable force of 23 N, and the other three did not rupture because, to effectively rupture
the specimen, more force was required but could not be applied by the machine. The aver-
age maximum applied stress in the circumferential direction was 11.6695 £ 0.329884 MPa,
which limits the accuracy of the averaged rupture strain and stress obtained in the circum-
ferential direction, suggesting that either the strain rate could have been increased, which
would not mimic physiological conditions, or a machine with a higher maximum force
could have been used.

When comparing the strain or deformation of the specimen in the circumferential
direction to the radial direction, the circumferential direction was more resistant to the ap-
plied stain, which required more force to elongate it, and the radial direction was compliant
and strained more under lower applied forces; the same results were observed in [28]. The
machine was only capable of applying a maximum force of 23 N, and thus was only capable
of causing an average strain of 26% in the circumferential direction, which was not sufficient
to rupture the specimen under the applied strain rate; similar issues were reported in [31].
The rupture strain in the radial direction was averaged at 56% strain. The 56% average
strain was similar to that reported in [32], where the strain at rupture was approximately
60%. However, the stress at rupture was different from the stress at rupture or ultimate
tensile stress (UTS) reported in this study, in which the UTS for the circumferential direction
was found to be averaged at around 12 MPa, which is similar to the findings reported
in [31-35]. The UTS was found to be doubled, and this could have been influenced by the
strain rate, testing temperature, and the initial specimen’s length and, most importantly, the
fact that some samples did not rupture. The radial direction UTS was averaged at 8.5 MPa,
which is comparable to the findings reported in [33,36]. Young’s modulus in the circum-
ferential direction was significantly larger than Young’s modulus in the radial direction,
suggesting that the specimen is anisotropic and hyperelastic, and the Young’s modulus
found in this study in the circumferential direction was 61.186742 + 12.351925 MPa, which
is similar to the findings in [31,34]; meanwhile, 71.59 £ 27.20 MPa was reported in [32,33]
showed 100 MPa for this direction. The Young’s modulus of native tissue was found to
decrease as the material was crosslinked according to [37]. However, this was done for
bovine pericardium. After choosing isotropic constitutive models for simplicity during
the simulation, two constitutive models, namely the Klosner-Segal and Yeoh models,
performed better than other models, and the material parameters found using these two
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models can be used to simulate uniaxial tests of the pericardium. To properly evaluate
the response of landrace pig pericardium, it is recommended to use biaxial or multiaxial
loading methods, since the aortic valve undergoes loading in different directions in vivo.
However, it is still important to evaluate independent material behavior when it is loaded
in one direction.

5. Conclusions

Pericardia are used as materials to build prosthetic aortic valves without clearly
understanding their mechanical properties, which limits the development of idealized
synthesized landrace pig pericardium for the fabrication of optimized prosthetic aortic
valves. After performing uniaxial tests, it was found that the landrace pig’s pericardium is
an anisotropic hyperelastic material, like most soft tissues. It was confirmed by observations
that lower stresses were required to stretch the tissue by the same length along the radial
direction than along the circumferential direction, suggesting that the radial direction
was more compliant with the applied stress than the circumferential direction. Greater
deformations were observed in the radial direction than in the circumferential directions,
and the Young’s modulus in the circumferential direction was significantly larger than in the
radial direction. Five isotropic hyperelastic constitutive models were chosen for simplicity
and to find the optimum material parameters to simulate uniaxial loading. Selecting
all available isotropic hyperelastic constitutive models is impractical, and selecting three
popularly used and two that are not popularly used could be a limiting factor, but it
was found to be effective because two of the selected models fitted the experimental data
well after the average material parameters were obtained from each experiment. Two
of the constitutive models that produced superior results were the Klosner-Segal and
Yeoh models, and these can be used in commercial finite element software to simulate the
uniaxial load of the specimen. Methods used to synthesize native porcine pericardium
should be optimized in such a way that the Young’s modulus of the material is not highly
deteriorated and the ultimate tensile strain is enhanced for the material to potentially have
a prolonged lifespan.
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