
ORIGINAL PAPER Open Access

Study of biaxial mechanical properties of
the passive pig heart: material
characterisation and categorisation of
regional differences
Fulufhelo Nemavhola

Abstract

Regional mechanics of the heart is vital in the development of accurate computational models for the pursuit of

relevant therapies. Challenges related to heart dysfunctioning are the most important sources of mortality in the

world. For example, myocardial infarction (MI) is the foremost killer in sub-Saharan African countries. Mechanical

characterisation plays an important role in achieving accurate material behaviour. Material behaviour and

constitutive modelling are essential for accurate development of computational models. The biaxial test data was

utilised to generated Fung constitutive model material parameters of specific region of the pig myocardium. Also,

Choi-Vito constitutive model material parameters were also determined in various myocardia regions. In most cases

previously, the mechanical properties of the heart myocardium were assumed to be homogeneous. Most of the

computational models developed have assumed that the all three heart regions exhibit similar mechanical

properties. Hence, the main objective of this paper is to determine the mechanical material properties of healthy

porcine myocardium in three regions, namely left ventricle (LV), mid-wall/interventricular septum (MDW) and right

ventricle (RV). The biomechanical properties of the pig heart RV, LV and MDW were characterised using biaxial

testing. The biaxial tests show the pig heart myocardium behaves non-linearly, heterogeneously and anisotropically.

In this study, it was shown that RV, LV and MDW may exhibit slightly different mechanical properties. Material

parameters of two selected constitutive models here may be helpful in regional tissue mechanics, especially for the

understanding of various heart diseases and development of new therapies.

Keywords: Mechanical properties, Constitutive modelling, Cardiac mechanics, Anisotropy, Biaxial testing,

Constitutive material parameters, Fung model

Introduction
Globally, cardiovascular diseases are posing challenges

to public health (Roth et al., 2017). In sub-Saharan Af-

rica, these diseases remain problematic since the major-

ity of the population are adversely affected (Boateng,

Agyemang, Beune, et al., 2018). Challenges related to

heart dysfunctioning are the most important sources of

mortality in the world. For example, myocardial infarc-

tion (MI) is the foremost killer in sub-Saharan African

countries (Boateng, Agyemang, Kengne, et al., 2018).

Mechanical characterisation is important in achieving

accurate material behaviour. The understanding of bio-

mechanical properties of soft tissue plays a vital role in

the development and application of computational

models for various diseases (Nemavhola, 2017a, 2019a;

Masithulela, 2016a, b; Ngwangwa & Nemavhola, 2020).

It may also lead to accurate comprehension of different

disease mechanisms such as MI. The precise
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understanding of the mechanical behaviour of the heart

myocardium in different regions of the heart may assist

in the development of accurate constitutive models. This

may lead to the development of new therapies and also

to the improvement of current therapies. The passive

and active properties of heart walls play a pivotal role in

understanding its pathophysiological and physiological

functions. This could be utilised in the development of

accurate and successful surgical procedures as well as in

the full development of medical devices and their

optimum design, including the design of prostheses

(Martinsson et al., 2019; Stavropoulou et al., 2009). For

most cardiovascular diseases, especially congenital heart

disease, the evolution in the development of accurate

and patient-specific computational models could assist

in accurate predictive conditions (Masithulela, 2015a,

2016a; Gallo et al., 2019; Yu et al., 2019; Nordbø et al.,

2014; Nemavhola, 2019b).

In most cases previously, the mechanical properties of

the heart myocardium have been assumed to be homo-

geneous in the development of computational models to

determine the global functioning of the heart (Nemav-

hola, 2017a; Masithulela, 2015b, 2016b, c). It has been

clearly demonstrated that the mechanical properties of

adult ventricles are different from neonatal porcine ven-

tricles (Ahmad et al., 2018). Following the same logic,

the mechanical behaviour of various regions in the pig

heart may exhibit different stiffness. Furthermore, in

most publications, it has been assumed that material

properties of rested hearts in various regions, including

LV, MDW and RV have the same mechanical properties.

Most authors have considered or studied the mechanical

behaviour of the LV (Masithulela, 2016b) and RV or

both (Masithulela, 2016b; Ahmad et al., 2018). These

material properties are then used to develop computa-

tional models in understanding various disease mecha-

nisms, including MI. The development of therapies

could be achieved by using computational models that

have the ability to precisely estimate the regional stresses

and strains of tissues (Kural et al., 2012). The assump-

tion that heart tissue has the same material properties

might not be accurate and if this is the case, the accur-

acy of computational models could be affected.

Overall, the data for an accurate constitutive model of

the MDW remains scarce. The objective of this study

was to validate the constitutive model suitable for three

heart regions, namely the RV, LV and MDW of the pig

heart. This was done systematically by quantifying the

material properties of these regions. To achieve this, bi-

axial tests were performed on the four samples from all

three regions of the pig heart. Circumferential and longi-

tudinal loads were performed on the sample. The biaxial

testing allowed a study of the effect of applying one load

in circumferential direction to the longitudinal direction.

To evaluate relevant material parameters for a suitable

constitutive model, the average stress-strain curve of the

RV, LV and MDW was determined. The comparison of

material parameters obtained from two suitable constitu-

tive models is made between the MDW, LV and RV. In

addition, these material parameters may be utilised for

the development of accurate computational models for

studying mechanisms of various cardiovascular diseases.

Fig. 1 Biaxial testing equipment (Biotester CellScale®) used for testing resting pig heart myocardium
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Materials and methods

Material preparations

To achieve the objectives of this study, a local abat-

toir was contacted to supply four fresh mature por-

cine hearts from pigs weighing about 104 kg. The

collected porcine hearts were collected immediately

after slaughter and were stored in ice-cooled boxes at

4 °C during transportation to the biomechanics lab.

All the samples were dipped into 0.6% glutaraldehyde

for 20 min before testing. To ensure accurate experi-

mentation, the porcine hearts were visually inspected

for any structural damage before testing. The FSN co-

ordinate system was virtually inspected by looking at

the mean-fibre direction (F), the sheet axis direction

(S) and the sheet normal direction (N) (Dokos et al.,

2002; Sommer et al., 2015). The samples were dis-

sected into various regions including LV, RV and sep-

tal wall. To conduct the biaxial testing, the ventricles

were cut into 18 × 18 mm2 pieces using a squared-

shaped cutting punch. All procedures followed the

NIH guidelines for the Guide for the Care and Use of

Laboratory Animals.

Methods

Due to the irregular thickness of the myocardium of the

pig heart, the thickness was measured by ensuring that

at least four measurements were taken at various points

of the selected sample. For an accurate reading, the four

readings taken were then averaged to obtain the average

thickness of the myocardium. The load cell of 23 N was

used in a CellScale biaxial testing machine. A saline so-

lution was used to keep the sample fresh. Also, the saline

solution in the bath was allowed to warm up to 37 °C

before any test was conducted. To utilise image tracking,

the samples were soaked for 15 min in the warm saline

bath and then taken out during testing. This was done

so as not to compromise the quality of image tracking.

The samples were tested using the procedure as de-

scribed by Ahmad et al. (2018). The image acquisition

frequency used in this experiment was 5 Hz.

Biaxial tensile testing equipment

To capture the biomechanical properties of the passive

heart tissue, CellScale biaxial equipment was used

(Fatemifar et al., 2019; Kramer et al., 2019; Anssari-

Fig. 2 a Pig heart and the three areas (LV, RV and MDW) excised from pig heart myocardium. b Schematic diagram of pig heart showing the

direction of fibres considered during the sample preparation before biaxial testing in LV, RV and MDW

Table 1 Material parameters (c, b1, b2, b3, b4, b5, b6) of fitted Fung model Eq. (9) on right ventricle (RV) of porcine myocardium

including model fit (R2) and anisotropy (A) of the same myocardium

Sample 1 (RV) Sample 2 (RV) Sample 3 (RV) Sample 4 (RV)

c (kPa) 3.661 2.998 3.078 1.565

b1 1.999 1.781 1.270 2.000

b2 4.244 2.452 2.054 4.207

b3 1.551 1.228 1.176 1.22

b4 0.199 1.791 1.495 1.342

b5 0.598 -0.002 0.585 1.0106

b6 0.689 0.767 0.0001 0.004

Anisotropy (A) 0.612597 0.817663 0.757276 0.59333

Fit (R2) 0.948047 0.971855 0.993354 0.991887

Nemavhola International Journal of Mechanical and Materials Engineering            (2021) 16:6 Page 3 of 14



Benam et al., 2019) (see Fig. 1). The frequency of 10 Hz

was used in capturing the force displacement data

during biaxial stretching of the myocardium. One

sample in each region was cut and the thickness of

each sample was measured using a Vernier calliper.

All the measurements taken on the sample were re-

corded to further determine the overall thickness of

each sample. Forty percent strain was then applied to

the myocardium while measuring the force and dis-

placements. The allocated load cell of 23 N measured

the force in each direction independently (Nemavhola,

2017b). To ensure the accuracy of the fibre direction

in the heart myocardium, careful inspections were

done to ensure that samples were cut accordingly.

Additionally, all the RV, LV and MDW regions were

cut into equal pieces of 20 × 20 mm2 (Fig. 2).

Data analysis

The mechanical properties of the passive myocardium

of porcine hearts in the LV were quantified and com-

pared to those in the RV and MDW regions. Using

the Fung and Choi-Vito models, the anisotropic of

the materials was calculated using Eq. (13). Stress and

strain were determined by using Eqs. (10) and (2),

respectively. Equation (3) was then used to determine

the cross-sectional area of the tested myocardium in

different passive heart regions. In order to satisfy all

conditions, Eqs. (13) and (14) were used (Bellini

et al., 2011; Aydin et al., 2017). In this study, the

constitutive model fitting was done using the Hyperfit

software designed for experimental data fitting of

hyperelastic materials (de Bortoli et al., 2011). The

data analysis on this paper is similar to what was pre-

sented previously (Ndlovu et al., 2020).

Development of constitutive models

Stress and strain

To calculate the stress on the tested tissue, the constant

cross-sectional area was assumed to be true. The mea-

sured force F was used to calculate the stress applied in

the cross-sectional area A of the tissue. Therefore, the

stress was calculated as follows:

σ i ¼
F i

Ai

ð1Þ

The strain ε was calculated by the following relationships:

Table 3 Material parameters (c, b1, b2, b3, b4, b5, b6) of fitted Fung model Eq. (9) on interventricular septum (MDW) of porcine

myocardium including model fit (R2) and anisotropy (A) of the same myocardium

Sample 1 (septum wall) Sample 2 (septum wall) Sample 3 (septum wall) Sample 4 (septum wall)

c (kPa) 1.622 4.036 4.071 1.491

b1 2.000 1.200 1.236 1.200

b2 4.114 2.092 2.139 3.081

b3 1.186 1.064 1.220 1.094

b4 1.628 0.793 0.110 2.125

b5 0.197 0.019 0,0001 0.600

b6 0.598 0.323 0.169 0.001

Anisotropy (A) 0.601 0.717 0.731 0.549

Fit (R2) 0.987 0.989 0.977 0.991

Table 2 Material parameters (c, b1, b2, b3, b4, b5, b6) of fitted Fung model Eq. (9) on left ventricle (LV) of porcine myocardium

including model fit (R2) and anisotropy (A) of the same myocardium

Sample 1 (LV) Sample 2 (LV) Sample 3 (LV) Sample 4 (LV)

c (kPa) 2.019 3.799 4.242 3.830

b1 1.310 1.986 1.203 1.462

b2 3.425 1.990 1.991 2.331

b3 0.660 0.834 0.660 0.660

b4 3.201 4.101 1.370 2.505

b5 1.600 1.717 0.709 1.600

b6 1.362 2.026 0.582 1.043

Anisotropy (A) 0.482 0.999 0.703 0.710

Fit (R2) 0.993 0.994 0.993 0.993
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ε ¼
Δl

lo
¼

li−lo

lo
ð2Þ

Ai ¼ tili ð3Þ

Strain field

Strain is regarded as the general measure of deformation

in a material subjected to applied force. The scalar prod-

uct of the two elemental vectors dX1 and dX2 after

deformation was dx1 and dx2. The change in scalar prod-

uct of the two elemental vectors involves a change in

length and angle between the two vectors. The material

vectors of spatial scalar product dx1. dx2 can be found as

follows:

dx1:dx2 ¼ dX1∙CdX2 ð4Þ

where C represents the right Cauchy-Green deformation

Fig. 3 Experimental data of stress-strain curves was calculated using using Eq. (1) and strain was calculated using Eq. (2). Stress-strain r LV samples

in the a sheet direction and b normal direction of the cut piece of the pig heart myocardium. Stress-strain curve for four RV samples in the c

sheet direction and d normal direction. Stress-strain curve for four interventricular septum samples in the e sheet direction and f normal direction

of the cut piece of the pig heart myocardium
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tensor. This tensor is given in terms of the deformation

gradient F as:

C ¼ FT F ð5Þ

Alternatively, the left Cauchy-Green or Finger tensor

is expressed as follows:

B ¼ FFT ð6Þ

The change in scalar product can now be found in

terms of the material vectors dX1 and dX2 and the La-

grangian or Green strain tensor E as:

1

2
dx1∙dx2−dX1∙dX2ð Þ ¼ dX1∙EdX2 ð7Þ

where E is defined as the material tensor

E ¼
1

2
C−Ið Þ ð8Þ

Constitutive modelling

In this study, two constitutive models were considered

and utilised in fitting the biaxial experimental data. The

first constitutive model is the well-known Fung model

(Fung, 1991). The second constitutive model considered

in this study is Choi-Vito, which is similar to the Fung

model. The advantage of the Choi-Vito model is that it

has three separate exponentials responsible for different

fibre directions.

The Fung constitutive model is given by the following

strain energy function:

φ ¼
1

2
c e Qð Þ

−1
� �

ð9Þ

Q is a quadratic function of three principal strain com-

ponents. In this case, Q represents the special three-

dimensional isotropy with regard to the fibre coordinate

system. To account for in-plain shear strains (Sacks,

2000), the full expression of the Fung constitutive model

was utilised as shown in Eq. (10):

Q ¼ b1E
2
11 þ b2E

2
22 þ 2b3E11E22 þ b4E

2
12 þ 2b5E12E11 þ 2b6E12E22

� �

ð10Þ

where C, b1, b2, b3, b4, b5 and b6 are absolute constants

which are independent of deformation and position in

the body. In essence the main function c is to scale

stresses. E11 and E22 are the fibre strain and cross-fibre

strain, respectively.

S ¼
∂φ

∂E
¼

1

2
ceQ

∂φ

∂E
ð11Þ

Anisotropy Að Þ ¼ min
b1 þ b3

b2 þ b3

� �

;
b2 þ b3

b1 þ b3

� �� 	

ð12Þ

c > 0; b1 > b3j j; b2 > b3j j and ð13Þ

b1b2b4 þ 2b3b6b5−b
2
5b2−b

1
6b1−b4b

2
3 ð14Þ

The first Piola-Kirchhoff tensor P is an asymmetrical

two-point tensor and as such is not completely related

to the material configuration. It is possible to contrive a

totally material symmetric stress tensor, known as the

second Piola-Kirchhoff stress S,

dP ¼ ϕ−1
� dp½ � ¼ F−1dp ð15Þ

dP ¼ SdA; S ¼ J F−1σ F−T ð16Þ

δd ¼ F−TδĖ F−1 and therefore S¼F−1P ð17Þ

The Choi-Vito model (Choi & Vito, 1990) could be

used for modelling soft tissues. In this study, material

parameters of the Fung model were compared with

those of the Choi-Vito model (Geest et al., 2006). The

latter has been used for experimental data of various soft

tissues including the human coronary artery (Kural

et al., 2012).

As per the Choi and Vito (1990) model (Geest et al.,

2006):

φ ¼ co eQ1 þ eQ2 þ eQ3−3

 �

ð18Þ

where

Q1 ¼ c1E
2
11; Q2 ¼ c2E

2
22; Q3 ¼ c3E11E22 ð19Þ

co, c1, c2 and c4 are all material constants of the Choi-

Vito model. The Fung model and Choi-Vito model use

the material parameters to determine the stiffness and

anisotropy of the material.

Table 4 Fung model average material parameters (c, b1, b2, b3,

b4, b5, b6) in different regions of the porcine heart. The average

curve was determined suing the same method as described in

(Khoiy et al., 2018)

Parameters RV region LV region Mid-wall region

c (kPa) 2.826 3.473 2.805

b1 1.763 1.490 1.409

b2 3.239 2.434 2.857

b3 1.294 0.704 1.141

b4 1.207 2.794 1.164

b5 0.548 1.407 0.204

b6 0.365 1.253 0.273

Anisotropy (A) 0.695 0.723 0.650

Fit (R2) 0.976 0.993 0.986
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To ensure the Choi-Vito model accuracy of material

parameters, the following conditions must be satisfied

and were utilised as follows:

co > 0; b2 > 0; b1b2 > b23 ð20Þ

Non-linear stiffness in different directions of the ma-

terial is determined by the product of co × c1 and co × c2.

The metric of anisotropy of stiffness is determined by

the ratio of c1=c2 and interaction between the different

axis is indicated by the product of co × c3.

Results

The two constitutive models were successfully fit to the

experimental data. The Choi-Vito model was found to

provide the best fit with the experimental data compared

to the Fung model. The thickness of RV, LV and MDW

varied considerably. Equation (13) was used to deter-

mine the anisotropy of the tissue material of the pig

heart in the different regions. The RV, LV and MDW

showed an anisotropy of (average ± standard deviation)

of 0.695 ± 0.110, 0.723 ± 0.212 and 0.650 ± 0.089, re-

spectively. A summary of the Fung constitutive analysis

in the RV, LV and MDW in the pig heart is given in Ta-

bles 1, 2 and 3, respectively. Similarly, a summary of the

Choi-Vito model in the RV, LV and MDW of the pig

heart is given in Tables 5, 6 and 7, respectively. The ma-

terial parameters of the four pig hearts in the LV, RV

and MDW were determined using Eq. (4).

Figure 3 shows the experimental data of stress-strain

curves was calculated using Eq. (3) and strain was calcu-

lated using Eq. (4). The constitutive material parameters

for the Fung and Choi-Vito models are presented in Ta-

bles 1, 2, 3, 4, 5, 6, 7 and 8 for the LV, RV and MDW

(Figs. 4, 5 and 6). The R2 coefficients of each curve for

both the Fung and Choi-Vito constitutive models are

presented in Tables 1, 2, 3, 4, 5, 6, 7 and 8. For the Fung

model, good fits for average curves of LV, RV and

MDW were found to be 0.98, 0.99 and 0.99, respectively.

For the Choi-Vito model, good fits for average curves of

LV, RV and MDW were found to be 0.98, 0.99 and 0.98,

respectively. For the Choi-Vito model, the anisotropy

(A) average of the RV, LV and MDW was found to be

0.633, 0.353 and 0.577, respectively. For the Fung model,

the anisotropy (A) average of the RV, LV and MDW was

found to be 0.675, 0.723 and 0.650, respectively. It was

also found that the anisotropy of the RV and LV were

similar for the Fung model (p = 0.240). Equally, the an-

isotropy of the RV and MDW were found to be close in

the Fung model (p = 0.2259). No noteworthy difference

in the anisotropy was found between the LV and MDW

(p = 0.238). For the Choi-Vito model, the differences in

Table 8 Choi-Vito model average material parameters (co, c1, c2,

c3) in different regions of the porcine heart. The average curve

was determined using the same method as described in (Khoiy

et al., 2018)

Parameters RV region LV region Mid-wall region

co (kPa) 4.284 5.056 3.809

c1 4.737 4.032 2.996

c2 5.995 5.171 4.343

c3 − 2.918 − 3.614 − 0.710

Anisotropy (A) 0.633 0.353 0.577

Fit (R2) 0.980 0.990 0.978

Table 7 Material parameters (co, c1, c2, c3) of fitted Choi-Vito

model Eq. (15) on left ventricle (LV) of porcine myocardium

including model fit (R2) and anisotropy (A) of the same

myocardium

Sample 1
(LV)

Sample 2
(LV)

Sample 3
(LV)

Sample 4
(LV)

Fit (R2) 0.993 0.980 0.994 0.994

c0 (kPa) 5.291 4.730 4.823 5.379

c1 3.655 4.641 3.599 4.233

c2 4.499 7.578 4.183 4.423

c3 − 3.582 − 5.000 − 2.358 − 3.517

Anisotropy (A) 0.080 0.139 0.680 0.790

Table 6 Material parameters (co, c1, c2, c3) of fitted Choi-Vito

model Eq. (15) on mid-wall (MDW) of porcine myocardium

including model fit (R2) and anisotropy (A) of the same

myocardium

Sample 1
(septum
wall)

Sample 2
(septum
wall)

Sample 3
(septum
wall)

Sample 4
(septum
wall)

Fit (R2) 0.982 0.988 0.980 0.963

co (kPa) 4.727 4.215 3.131 3.161

c1 4.300 3.594 1.457 2.633

c2 5.565 4.892 3.652 3.261

c3 − 3.821 − 1.571 1.437 1.117

Anisotropy (A) 0.275 0.609 0.569 0.857

Table 5 Material parameters (co, c1, c2, c3) of fitted Choi-Vito

model using Eq. (15) on right ventricle (RV) of porcine

myocardium including model fit (R2) and anisotropy (A) of the

same myocardium

Sample 1
(RV)

Sample 2
(RV)

Sample 3
(RV)

Sample4
(RV)

R2 0.977 0.998 0.989 0.955

c0 (kPa) 3.623 4.127 4.336 5.051

c1 3.282 6.116 5.201 4.35

c2 6.293 7.088 5.448 5.151

c3 − 0.049 − 4.104 − 4.018 − 3.501

Anisotropy (A) 0.518 0.674 0.827 0.514545
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anisotropy between the RV and LV were found to be in-

significant (p = 0.165). Additionally, no noteworthy dif-

ferences in anisotropy were found between the RV and

MDW (p = 0.357). The anisotropy of between the RV

and MDW using the Choi-Vito model were found to be

less significant (p = 0.147). Figure 7 shows the box plot

of the Fung model in comparing the material parameters

of the RV, LV and MDW regions of the pig heart. The

difference in material parameters of the Choi-Vito model

in pig heart regions is shown in Fig. 8.

Discussion and conclusions
This study shows that the mechanical behaviour of por-

cine myocardial tissue is non-linear and anisotropic.

Fig. 4 Curve fitting of experimental data versus the Fung model on the RV sample cut for biaxial testing. a RV sample 1, b RV sample 2, c RV

sample 3 and d RV sample 4. Unit for Stress P11 is kPa and Strain E11 is mm/mm
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Most often only the LV is considered (Brooks et al.,

2014; Khalafvand et al., 2018; Shen et al., 2016). How-

ever, in this study, the overall characteristic of the

LV, MDW and RV is consistent with other soft tis-

sues (Aydin et al., 2017; Cooney et al., 2016; Duprey

et al., 2016). Biaxial testing in the LV, MW and RV

was conducted. Even though experimental data is

available on the LV myocardium of porcine, no

biaxial experimental data is available for the RV and

MDW. Five fresh porcine hearts were tested using bi-

axial test equipment. Biaxial deformation was per-

formed on the LV myocardium, RV myocardium and

MDW. The biaxial experimental data was fit to the

Fung exponential function. Interesting observations

were made regarding the different mechanics of these

regions of the pig heart.

Fig. 5 Curve fitting of experimental data versus the Fung model on the LV sample cut for biaxial testing. a LV sample 1, b LV sample 2, c LV

sample 3 and d LV sample 4. Unit for Stress P11 is kPa and Strain E11 is mm/mm
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To the author’s knowledge, this study presents an in-

teresting finding. In most cases previous, the material

properties of porcine have been assumed to be the same

in all regions of the heart. This means that the computa-

tional models developed also depend on this assumption.

In this experiment, the material properties of the LV, RV

and MDW of the porcine heart were found not to be the

same and should be treated as such. The important ob-

servation is that the stiffness confident b3 is zero in all

regions. As a result of the myocardial tissue structure,

the cardiac tissue has been found to show non-linear

material behaviour (Ahmad et al., 2018; Chalon et al.,

2018). The material behaviour of myocardial tissue in

different heart regions may differ based on the variation

of the intricate structure.

Mechanical properties of the myocardial tissues play

an important role in the development of computational

models to study various mechanisms of heart diseases.

Fig. 6 Curve fitting of experimental data versus the Fung model on the MDW sample cut for biaxial testing. a MDW sample 1, b MDW sample 2,

c MDW sample 3, and d MDW sample 4. Unit for Stress P11 is kPa and Strain E11 is mm/mm
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Inaccuracy in the mechanical properties of the heart re-

gion may affect the accuracy of the computational

models developed. Computational modelling is increas-

ingly utilised to further understand pathological condi-

tions. Various new interventions and therapies have

been developed based on knowledge gained from these

computational models.

Regional differences in material parameters in a pas-

sive pig heart were found. This finding is similar to that

regarding the small intestine, where it was observed that

passive small intestine tissue exhibits material parameter

differences based on location (Sokolis et al., 2011; Soko-

lis, 2017). Similarly, it was also observed that porcine

small bowel mesentery may exhibit different material pa-

rameters of the Fung model in different regions (Khoiy

et al., 2018).

To model the mechanical response of the passive pig

heart tissue in three different regions, the Fung model

Fig. 7 Box plot of Fung model mechanical material constitutive parameters (c, b1, b2, b3, b4, b5 and b6) determined for RV, LV and MDW as shown

in Table 4. a Box plot of RV; b box plot of LV; c box plot of MDW; d box plot of anisotropy (A) of RV, LV and MDW; and e box plot of model for

(R2) of RV, LV and MDW
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(Fung, 1991) and Choi-Vito model (Choi & Vito, 1990)

were selected as shown in Fig. 2a. In Fig. 2b, the direc-

tion of the fibres used during mechanical testing in the

passive myocardium is shown. The two constitutive

models were also selected based on the accuracy of fit

(R2) as shown in Figs. 4, 5 and 6. As shown in Tables 3,

Fig. 8 Box plot of Choi-Vito model showing the material parameters (co, c1, c2, c3,) determined for RV, LV and MDW as shown in Table 8. a

Boxplot of RV; b box plot of LV; c box plot of MDW; d box plot of anisotropy (A) of RV, LV and MDW; and e box plot of model for (R2) of RV, LV

and MDW
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4 and 5, the Fung model was able to fit the experimental

data as expected. However, the Choi-Vito model (see

values of R2 in Tables 5, 6 and 7) proved to fit the ex-

perimental data well. It was found that there is no major

difference of R2 between the fit experimental data using

the Fung and Choi-Vito models (see Tables 4 and 8). An

average Fung and Choi-Vito model in three different pig

heart regions could be utilised for the development of

computational models as listed in Tables 4 and 8. Like

various soft tissues (Sommer et al., 2015; Bellini et al.,

2011; Abbasi et al., 2016), passive myocardium in the

three different regions were found to be anisotropic. In

this study, the average material parameters in the RV,

LV and MDW regions of passive pig heart can be

employed in finite element analysis (FEA). FEA may

then be utilised to study the mechanisms of MI in differ-

ent stages by obtaining the average regional stresses and

strains of the myocardium.
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