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Abstract

In this paper, the nonlinear elastic behavior of pericardium of human, canine,
calf and ostrich was studied. For this purpose, the mechanical behavior was
investigated from two viewpoints of the Cauchy and Green elastic materials.
Firstly, the experimental data were fitted by Cauchy elastic stress equation.
The results showed that the response of Cauchy elastic materials was not
fitted with the experimental data appropriately. Secondly, the Green elastic
materials were studied by assuming strain energy functions for the mechanical
response of the samples. For this purpose, the exponential-exponential,
power law-power law, and exponential-power law energy functions were
investigated by mathematical programming. It was observed that all energy
functions were fitted with the experimental data accurately, especially the
power law-power law function. Finally, it was observed that the Green
elastic materials theory was more appropriate for studying the mechanical
behavior of pericardium by comparing the experimental and theoretical results.

1. Introduction

Pericardium is a tough double layered membrane cov-
ering the heart. It plays an important role in the nor-
mal cardiac work. Its major functions include: main-
tenance of adequate cardiac position, separation from
the surrounding tissue of the mediastinum, protec-
tion against ventricular dilatation, maintenance of low
transmural pressure, facilitation of ventricular interde-
pendence and arterial filling. Given the position and
role of pericardium, it is necessary to study the behav-
ior of it in the face of environmental factors. Noort et
al. introduced a new experimental technique to study
the effects of glutaraldehyde and formaldehyde on the
stress-strain response of bovine pericardium [1]. Also,
Chew et al. investigated canine pericardium behavior
under biaxial loading conditions using a new quantita-
tive method [2]. Maestro et al. compared the mechan-
ical and chemical behavior of glutaraldehyde-preserved
ostrich pericardium as a novel biomaterial with bovine
pericardium, observing that the tensile strength of os-
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trich pericardium was higher than bovine pericardium
[3]. Daar et al. investigated the effects of penetrating
ionising photon radiation on the mechanical properties
of pericardium in the uniaxial tensile test. In this re-
search, it was concluded that UTS was reduced to the
dose of 80 Gy [4]. Paez et al. studied the mechanical
behavior of calf, pig, and ostrich pericardium in unsu-
tured and sutured states using a statistical method; it
was concluded that ostrich pericardium had suitable
mechanical resistance, relative to pig and calf peri-
cardium, and it could be used as new biomaterials
in the fabrication of bioprosthesis [5]. Claramunt et
al. studied the fatigue behavior of young ostrich peri-
cardium and presented the relationship between the
number of cycles until the failure of each sample and
the maximum pressure by the least square method [6].
Cohn et al. compared the mechanical behavior of ca-
nine, human, and bovine isolated pericardium in tensile
testing [7]. Zioupos and Barbenel, on the other hand,
proposed a constitutive law for the investigation of the
mechanical behavior of native bovine pericardium in
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uniaxial and biaxial tensile tests [8]. Lee and Bough-
ner conducted uniaxial tensile tests on the human and
canine pericardium tissue to compare the viscoelastic
response, showing that the human pericardium, in con-
trast to canine pericardium, indicated a greater viscous
behavior [9]. Gundiah et al. studied the strain energy
functions (SFE) for arterial elastin and concluded that
Mooney-Rivlin model did not cover the arterial elastin
behavior. Thus, they proposed an orthotropic materi-
als model [10]. Zulliger et al. proposed a new SFE by
expanding the model developed by Fung and Holzapfel
model, characterizing the fraction of both elastin and
collagen on rat carotids [11]. Also, Zulliger and Ster-
giopulos studied the main structural factors of the hu-
man thoracic aorta using the strain energy function.
In this research, it was shown that the changes in the
mechanical behaviour of aorta could not be included
in the elastic constants of elastin and collagen by in-
creasing the age [12]. Kulkarni et al. studied the bovine
pericardium and porcine brain tissue using transversely
hyperelastic materials including matrix and reinforced
fibres, by considering the large deformation at high
strain rates. The matrix part was simulated using the
Neo-Hookean strain energy function and in the fibres
part, the polyconvex polynomial model was used [13].
Pavan et al. presented a constitutive model consid-
ering the incompressibility, large strain and time de-
pendency for pericardial tissue in human [14]. Miller
proposed a three-dimensional hyper-viscoelastic con-
stitutive model for kidney and liver tissue on the basis
of in vivo experiments [15]. Gao et al. proposed two
new exponential/logarithmic and Ogden based consti-
tutive models for the FE analysis of porcine liver tissue.
These models captured the simple tension, compression
and pure shear experimental data [16]. Veljkovic et al.
investigated the mechanical behavior of porcine aorta
under extension-inflation tests using different hyper-
elastic models. They studied the Fung strain energy
function in two dimensions and polyconvex model in
three dimensions, concluding that the two-dimensional
model had a good agreement with the experimental
data, but three-dimensional model did not represent
a proper mechanical response in the axial direction of
artery [17]. Ogden et al. investigated the mechanical
behavior of rubber materials using isotropic stored en-
ergy functions in the incompressible state, by the op-
timization of material parameters with the nonlinear
least square analysis [18]. Darijani et al. proposed the
novel strain energy functions based on Logarithmic, ex-
ponential, power law and polynomial equations. It was
shown that the proposed models demonstrated a good
agreement with the experimental data [19].

In this research, the nonlinear elastic behavior (Green
and Cauchy elastic materials model) of the pericardium
of calf and ostrich was investigated. For this purpose,
the Cauchy elastic materials were presented as materi-
als with no zero energy in the closed deformation cycle
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and the Green elastic materials were introduced with
the specific strain energy functions. The coefficients of
each constitutive equation were calculated for the best
correlation with the experimental data.

2. Nonlinear Elastic Model

In most metals, the elastic part of stress-strain curve
is linear, but the elastic behavior is usually nonlinear
in polymers, elastomers, and soft tissue. Therefore,
a suitable constitutive equation is required to model
nonlinear behavior. These constitutive equations are
classified into the following two categories: Cauchy and
Green elastic materials. These two categories are de-
scribed in the next sections.

2.1. Cauchy FElastic Materials

In the Cauchy elastic materials, stress does not depend
on the history of deformation, but the work done by
the stress depends on the deformation path. In these
materials, the general form of constitutive equation can
be written as [20]:

o = H(B) +¢ol + ¢, B + ;B (1)

where ;s refers to the scalar invariants and I is the
second order identity tensor. By considering the left
Cauchy-Green tensor (B = V?), Eq. (3) can be rewrit-
ten as [20]:

o = H(B) = ¢l + 1B + ¢, B? (2)

where 9,11 and 1, are the scalar invariants of B.
Since a tensor should satisfy the characteristic equa-
tion, the Cauchy elastic material constitutive equation
is written by considering the hydrostatic pressure as a
constraint [20]:

o=—pIl+pB+p,B! (3)

In simple tension, 07 = ¢ # 0 and o5 = o3 = 0.
If A1, A2, and A3 represent the principal stretches for
incompressible materials in the uniaxial tension, the
relation Ay = X and do = A\ = A7%® can be as-
sumed. Therefore, by using Eq. (3) and condition
o9 = o3 = 0, the hydrostatic pressure can be calcu-
lated as p = £ + oA, Thus, Eq. (3) can be expressed

| (Lo

If a material obeys the Cauchy elastic response, the ex-
perimental data should be fitted with the Eq. (4). In
the next section, the Green elastic response of material
will be discussed.

2.2. Green FElastic Materials

In Green elastic materials (hyperelastic materials), the
work does not depend on the deformation path. In



Journal of Stress Analysis/ Vol. 1, No. 1/ Spring — Summer 2016

other words, in the Cauchy materials, only the stress
is independent of loading path, but in the Green ma-
terials, the work is also independent of load path in
addition to the stress [25]. These materials are char-
acterized by a strain energy function with necessary
conditions [20]. So, according to the material symme-
tries and strain energy functions conditions [21], it can
be written [18,21]:

WAL, A2, A3) = W(A1) + W(A2) + W(A3)  (5)

As mentioned A\ = A and Ay = A3 = A~9® for incom-
pressible materials in the uniaxial tension, Eq. (5) can
be expressed:

WX

=W +W(A6-0.5) + WA (6)

The principle Lagrangian stresses are obtained by the
derivative of strain energy function with respect to
stretches [22, 23, 28]:

ow

Si = o\

(7)

1. The exponential-exponential function (exp-exp):

W(Ai) =Y Aglexp(mi(Xi — 1))

k=1

2. The exponential-power law function (exp-pow):

W) = Z Ay, [exp(mp (N

k=1

3. The power law-power law function (pow-pow):

W)= A(A™
k=1

where Ay, Bi,m; and n, are constants obtained
from fitting these equations to the experimental data.
Also, \;s refers to principal stretches in different di-
rections. It should be noted that there are two sum-
mations in the above equations. The first summation
provides the positive infinity at the large deformation
case and the second one causes the negative infinity at
the singularity case.

In this paper, the sum of squared errors (SSE) was
used for the description of the accuracy of the models.
Actually, SSE represents the difference between the ex-
perimental values 27" and the modelled (theoretical)
values zt"¢°. Tt was calculated as follows:

%

SSE = (x"alre)?
=1

1) =1+ Y BT 1)

45

Also, the principle Cauchy stresses can be obtained as
[22,23,28]:

ow

NG
N

(8)

g; =

In Eq. (8), “” is not a dummy index. Many strain
energy functions such as Mooney-Rivlin, Ogden, and
Neo-Hookean have been used in the recent investiga-
tions, but in this study, the robust novel strain energy
functions proposed by Darijani and Naghdabadi were
used [22]. The following functions, which include power
law and exponential terms, satisfy the strain energy
function conditions. By combining these functions, 16
strain energy functions can be derived. In this paper,
only exponential-exponential (exp-exp), exponential-
power law (exp-pow) and power law-power law (pow-
pow) strain energy functions have been investigated
[22]. Generally, the strain energy function for multiax-
ial loading can be stated as [22,23]:

1]+ > Bilexp(ni(A " = 1)) — 1]
k=1

k=1

1)+ Y BT - 1)
k=1

3. Results and Discussion

The mechanical behavior of pig, calf, and ostrich peri-
cardium in sutured and unsutured states, with Gore-
Tex at 45° and 90°, cut in the dimensions of 12 x 2
cm? was compared with the uniaxial tensile test re-
sults obtained by Paez et al. [5]. The stress-strain
experimental data of the uniaxial tensile test for os-
trich and calf pericardium were adopted from Paez et
al. [5]. The experimental stress-strain data of human
and canine pericardium with the size 3 x 3 cm? in the
uniaxial tensile were adopted from Lee and Boughner
[9].

In the Cauchy elastic material response, the stress
was calculated from Eq. (4). The coefficients of Eq.
(4) and SSE of best fit of Eq. (4) with experimental
data were demonstrated in Table 1. The stress-stretch
results obtained from Eq. (4) and data of Table 1 have
been shown in Fig. 1. As can be seen, the Cauchy
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elastic material stress did not fit the uniaxial tensile
test data for ostrich, canine and human and only calf
pericardium data could be fitted precisely. It should be
noted that the range of stress axes in Fig. 1 was not
the same for the cases of calf and ostrich. Therefore,
as it can be seen in Table 1, the SSE of fitting for the
case of ostrich pericardium was higher than that of calf
pericardium.

The energy of deformation can be calculated as [19]:

A
g
W—/1 Xd/\

The results of the calculated energy of stress curves,
as shown in Fig. 1, could be seen in Fig. 2. Since
the coefficients of data fitting were calculated based on
the stress-stretch/strain curves of the uniaxial tension
tests, there was no guarantee that the energy func-
tions could be fitted to the experimental energy data

(13)
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with these coefficients. Also, there was no constraint
for energy to be non-negative during the deformation.
According to Figs. 2b and 2d, it could be seen that
not only did the theoretical energy function not fit the
experimental data, but also the negative energy was
generated in the limiting range of stretches, which was
not a physical result. Additionally, there was a poor
correlation between the fitted energy curves and the
experimental data for other cases.

Table 1
Coefficients of the stress response in the Cauchy elastic materials

(Eq. (4))-

Case w1 (MPa) ¢ (MPa) SSE
Calf 56.66 58.88 0.01097
Ostrich 539.4 608.4 235.3
Canine 22.65 22.78 45.44
Human 16.51 18.11 44.17

80 T T T

& Qstrich sxperimental data
70+ Cauchy elastic &

Stress(MPa)

10 I I 1 1 1
1 1.05 sl 1.15 12 125 13
Stretch
(b)
400 T T T T —%
A Human experimental data §
Cauchy elastic

Stress{KPa)

L 1

-200

108 11 114

Stretch

(@)

1 102 104 106 1.12

Fig. 1. Stress of Cauchy elastic response and the experimental data: (a) calf pericardium, (b) ostrich peri-
cardium, (c) canine pericardium, and (d) human pericardium.
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A Calf experimental energy data
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Stretch

(d)
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Energy of Cauchy elastic response and the experimental data: (a) calf pericardium, (b) ostrich

pericardium, (c) canine pericardium, and (d) human pericardium.

As the Cauchy elastic material does not ensure that
the energy is zero in the close cycle of deformation
[22,23], the Green elastic material was investigated
here. From the viewpoint of Green elastic materi-
als, the energy was calculated from the tensile stress-
elongation curves as the surface under the curve of the
experimental data. Then, the strain energy functions
of exp-exp, pow-pow and exp-pow were fitted with the
experimental data. The results of choosing two terms
for each of the series in Eq. (9), (10), and (11) can
be seen in Fig. 3. The best fitting coefficients and
SSE for human, canine, calf and ostrich in the case
of Green elasticity are demonstrated in Table 2. The
stress-stretch plots have been presented in Fig. 4, using
Eq. (8).

In surgical operations, the soft tissue could be sub-
jected to various modes of loading such as pure shear,
biaxial and tension; therefore, coefficients of data fit-
ting according to simple tension should capture the
pure shear and biaxial data [16, 22]. In this research,
pure shear and biaxial data were not available, but the-

oretical biaxial and pure shear stresses were calculated.

According to Fig. 3, it could be observed that all
functions, such as exp-exp, exp-pow and pow-pow func-
tions, covered the uniaxial tension data. Also, it could
be deduced that pow-pow function had a minimum
value of SSE, as can be seen from Table 2, and it was
better than exp-exp and exp-pow functions.

According to Fig. 4, it can be seen for calf and os-
trich that the exp-exp, exp-pow and pow-pow energy
responses could be fitted with the experimental data.
Also, for human and canine, it could be observed that
the mentioned stress response covered the experimen-
tal data properly. By using the exp-exp, exp-pow and
pow-pow energy responses, high values were generated
in the biaxial and pure shear modes for calf and os-
trich, but in the calf case, the pure shear stress value
was obtained to be near the tension value by the exp-
exp energy response. Also, in canine, similar to calf,
the pure shear curve was sketched to be near the ten-
sion curve in the exp-exp energy function.
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Table 2

Coefficients of the strain energy functions in the Green elastic materials.

Calf (exp-exp)

Ostrich(exp-exp)

Canine(exp-exp)

Human (exp-exp)

A1 (MPa) 0.02275 10.35 —2.015 x 1073 —2.639 x 1073
Az (MPa) 2.539 0.5509 2.004 x 1073 1.166 x 1073
B1(MPa) 0.2031 300.5 1.241 x 1073 8.412 x 1073
By(MPa) —20.73 —7670 7.455 x 1073 6.771 x 1073
my (MPa) 3.122 3.596 5.02 x 1072 2.309 x 1072
ma(MPa) 3.049 7.898 5.111 x 102 2.804 x 1072
n1(MPa) 7.456 1.847 9.999 x 1073 6.378 x 1073
na(MPa) 0.9943 0.1937 3.243 x 1073 6.223 x 1073
SSE 1.848 x 1074 0.06649 3.355 x 107° 1075

Calf (exp-pow) Ostrich(exp-pow)  Canine(exp-pow)  Human(exp-pow)
A1 (MPa) 60.77 8.696 3.594 x 1072 —3.081 x 1073
Ay (MPa) 75.26 0.3304 1.222 x 107° 1.634 x 1073
B;(MPa) 2.056 49.11 4.446 x 1073 1.177 x 1072
By(MPa) -9.154 -4692 —1.286 x 1072 3.887 x 1074
my(MPa) 0.372 4.725 7.175 x 1073 2.364 x 1072
ma(MPa) 0.3679 0.002812 7.605 x 102 2.75 x 1072
n1(MPa) 7.963 4.316 3.103 x 1072 7.685 x 1073
na(MPa) 4.608 0.4916 2.197 x 102 4.236 x 1074
SSE 6.413 x 1075 0.05812 2.445 x 107° 9.955 x 1076

Calf (pow-pow) Ostrich(pow-pow) Canine(pow-pow) Human(pow-pow)
A;(MPa) 66.24 0.2284 —5.25 x 1073 —1.185 x 1073
Ay (MPa) 46.94 10 1.742 x 1073 4.062 x 1074
B;(MPa) 3.435 1.622 4.61 x 1073 1.126 x 1072
By(MPa) —13.54 —5815 6.528 x 1072 4.677 x 1074
my(MPa) 0.9189 12.46 2.889 x 102 2.763 x 102
ma(MPa) 0.9168 2.167 4.113 x 1072 3.493 x 1072
n1(MPa) 7.335 11.98 9.087 x 1073 7.166 x 1073
na(MPa) 4.511 0.2263 4.897 x 1073 5.677 x 1074
SSE 4.55510-5 0.004007 1.372 x 107° 9.51 x 1076
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Fig. 4. Experimental data [5,9] and stress-stretch curves of: (a-c) exp-exp, exp-pow, and pow-pow stress
response of calf pericardium, (d-f) exp-exp, exp-pow and pow-pow stress response of ostrich pericardium, (g-i)
exp-exp, exp-pow and pow-pow stress response of canine pericardium, and (j-1) exp-exp, exp-pow and pow-pow

stress response of human pericardium.

It should be noted that the stress response of a
nonlinear hyperelastic strain energy is not well-known
a priori. Regarding this, in a new hyperelastic strain
energy, the stability, sensitivity and stress response in
different loading paths and material constants should
be investigated [18,26-28]. In this regard, as can be
seen in Figs. 3 and 4, the biaxial stress state was dif-
ferent for exp-exp and exp-pow hyperelastic strain en-
ergy. Therefore, if there is a new hyperelastic strain
energy that represents instability, asymptote or sensi-
tivity with respect to small changes in material con-
stants, the strain energy model should be neglected or
modified [26]. Since the modelling of the mechanical
behavior of pericardium is important for the design and
fabrication of valve leaflets bio-prosthesis, optimization
of surgical instruments and development of computer-
based simulators for training surgical students [5,24],
in a future work, finite element analysis of pericardium

will be studied using a novel hyperelastic constitutive
pow-pow equation with the minimum error.

4. Conclusions

In this paper, the mechanical behavior of four types of
pericardium, including human, canine, calf, and ostrich
pericardium was studied by employing the nonlinear
elastic materials theory. At the first step, the Cauchy
elastic theory and a nonlinear stress function were dis-
cussed. It was shown that the proposed stress function
represented an improper accommodation to the exper-
imental stress-strain data in the uniaxial tensile test.
Also, the energy function obtained from the integration
of stress function did not fit the experimental energy
data, producing the residual energy. At the Second
step, the Green elastic material behavior was inves-
tigated. The strain energy functions of the exp-exp,
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pow-pow, and exp-pow equations were obtained in the
uniaxial tensile test. It was shown that the calculated
energy functions had good fitting with the experimen-
tal data. Also, through these functions, the pow-pow
energy function had less error than other functions. In
general, it was obvious that the Cauchy elastic materi-
als theory could not predict the nonlinear mechanical
behavior of pericardium tissue reasonably, as compared
to the results of Green elastic materials. Furthermore,
since the energy is zero in the Green elastic materials
response in a close deformation path, this theory could
be utilized in finite element analysis and among the
proposed models, the pow-pow model seems to have
the minimum error.
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