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A B S T R A C T

High quality computational model of soft tissues is a function of accurate and reliable mechanical properties.
Hyperelastic constitutive models are normally utilised in developing reliable computational models. Therefore,
section of proper and reliable constitutive models for soft tissue is critical. This work presents the biomechanical
properties of oesophagus subjected to biaxial mechanical tensile test. Additionally, six hyperelastic constitutive
models commonly used for modelling behaviour of soft tissues were selected. The experimental data were then
fitted on Fung, Choi-Vito, Holzapfel (2000), Holzapfel (2005), Polynomial (Anisotropic) and Four-Fiber Family
hyperelastic constitutive models. The sheep oesophagus subjected to equi-biaxial tension has exhibited different
stress magnitude in both longitudinal and circumferential directions. There is significant difference between
circumferential and longitudinal stresses (p ¼ 0.0034). The average circumferential and longitudinal stresses are
recorded to be 82.87 � 30.36 kPa and 41.42 � 32.02 kPa, respectively (p ¼ 0.0034). Between six hyperelastic
constitutive models, it was observed that Four-Fiber model has produced better fit when compared to others. After
fitting biaxial mechanical properties of oesophagus, it was found that the Four-fiber family hyperelastic consti-
tutive model would best fit.
1. Introduction

The oesophagus is usually defined as the hollow long pipe that
connects the mouth from the pharynx to the stomach. The main pur-
pose of the oesophagus is mechanical transportation of food. Trans-
portation of food is performed or achieved by a powerful coordinated
muscle contraction that follows each other by impelling swallowed
food [1]. Biomechanical understanding plays an important role in the
understanding of various mechanisms of disease and may be utilised to
fast track the development and implementation of therapies [2, 3, 4, 5,
6, 7]. Additionally, detailed understanding of complex structure and
soft tissue mechanics is critical in the development of replacement
tissues based on tissue engineered materials [8, 9]. Similarly, me-
chanical response of soft tissues plays a vital role in the development
of accurate and reliable computational models [10, 11, 12]. Without
reliable materials parameters obtained by fitting the experimental
data, the accuracy of computational models may be questioned. Finite
Element analysis has been used for number of decades to simulate the
ola).
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behaviour of biological tissues under mechanical strain [13, 14]. There
are number of diseases associated with oesophagus including Oeso-
phageal atresia (EA), Achalasia, Oesophageal cancer, Gastroparesis,
Peptic Ulcer Disease, Swallowing Disorders [15, 16, 17, 18, 19, 20].
Number of studies in soft tissue experimental has be commissioned to
study the behaviour of tissues subjected to mechanical forces [14, 21,
22, 23]. It has been proven that most soft tissues exhibit highly
non-linear stress-strain behaviour when subjected to mechanical strain
[24, 25].

Studying the mechanics of oesophagus remains critical in under-
standing various disease mechanisms. Tissue engineering development
of oesophagus remains primary requirement for the management of long-
gap oesophageal atresia [26]. The death rate related to the oesophageal
atresia remains high at 4.6 % [27]. Oesophageal atresia (EA) is a rare
abnormality with an occurrence of 1 in every single 2500–4500 births
[26, 27, 28, 29]. As an example, it has been reported that nearly 10 % of
children under the age of 11 years are affected by a long-gap oesophageal
atresia (LGEA) [30].
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Figure 1. Experimental set-up of biaxial testing of sheep oesophagus. (A) shows the 20 � 40 mm oesophagus sample. (B) shows the BioTester system used for biaxial
testing of sheep oesophagus including the rake assembly for clamping and water bath for mimicking the body temperature.

Figure 2. Stress-strain direction undeformed and under different strain rate.
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While finite element model and computational models have been
developed and utilised in studying the behaviour of mechanical behav-
iour of biological tissues, the outstanding challenge is the selection of
accurate hyperelastic constitutive models. This work presents six
hyperelastic constitutive models fitted in the equi-biaxial tensile exper-
imental data. The intention is to select the best hyperelastic constitutive
model that may be utilised in numerical simulation of the sheep
oesophagus subjected to equi-biaxial tensile forces.

2. Materials and methods

2.1. Tissue acquisition and preparation

Thoracic organs of Vleis merino (40–42 kg) sheep breed were
collected from a local abattoir and all sent to the Unisa biomedical lab-
oratories for research purposes. The oesophagus was dissected from the
sheep digestive organs for detailed soft tissue mechanical research ex-
periments. One fresh sheep oesophagus was then sliced into 13 equal
samples longitudinally and then opened circumferentially for testing.
The food direction was marked as the longitudinal direction (0o) and its
perpendicular direction was denoted as the circumferential direction. For
all the samples, a full cross-section of 20 � 40 mm was dissected out of
the extracted oesophagus by first dissecting 20 mm equally along the
longitude and then 40 mm across the circumference (Figure 1A). The
mechanical tests were then conducted immediately upon receiving the
samples. All the samples are then marked numerically and kept soaked
into a saline solution to sustain freshness throughout the experimental
tests.

2.2. Biaxial mechanical testing

CellScale Biaxial testing system was used to capture the mechanical
properties of all tissue samples. All prepared tissue samples were mounted
in the custom biaxial tensile material testing apparatus (BioTester 5000
CellScalle, Wateroo, ON, Canada®) specifically designed for soft tissue
mechanical testing. The BioTester 5000 biaxial system is installed with a
unique system that uses rakes for piercing the through the tissue. In this
test, the four rakes (see Figure 1B) are utilised to clamp the mucosa (soft
inner) and submucosa (thick outer) tissue sample for biaxial tensile testing.
13 sliced equal samples of the sheep oesophagus were subjected to equi-
biaxial tensile testing. The major dimensions such as length, width and
the thickness of each sample were measured using a steel ruler and to
ensure accuracy, all the measurements are double checked by a vernier
calliper. Before collecting data, the 20 cycles precondition was conducted
by applying a 10 % strain on the sample at a strain rate of 0.667/s. A
preload of 5 mN was applied on each sample. To maintain hydration and
mimicking the body temperature, saline 0.91% w/v of NaCl was placed in
the bath and heated to 37 �C (maximum temperature of the heater scale)
and maintained for the duration of testing. Each sample was subjected to
1.667/s equi-biaxial strain rate (50% strain for 30 s). 50 % strain was
selected to be the biological peristalsis to represent expansion magnitude
of the sheep oesophagus [31].
2

2.3. Tissue stress-strain analysis

In this study the stresses were calculated through the first Piola-
Kirchoff stress P in the two-directions using the equation:

Pii ¼ Fii
A0

¼ Fii
Li0h0

(1)

where F is the applied force in direction i ¼ 1,2 and for the current study
these indices represent longitudinal (cross-fibre-direction) and circum-
ferential (fibre-direction) direction (see Figure 2).

The A0 denotes the undeformed area with L representing the tissue
length, and h the tissue thickness.

The infinitesimal strains were calculated by the formula:

εi ¼ΔL
L0

¼ Li � Li0
Li0

(2)

The calculated stress results are cut-off at 50% strain. These stress re-
sults however are noisy therefore theywere further filtered with an 8-point
moving average filter in Excel. The data were resampled and further
smoothened using different quadratic functions (Modelling). Later, the
elastic modulus is used for significance tests in the linear region.

2.4. Hyperelastic constitutive modelling

The anistropic hyperelasticity formulation was considered to model
the tissue. Hence, the anistropic hyperelastic constitutive models were
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deployed to define the relationship between the stain state and strain
energy function. All the shear components together with the stress and
strain in radial direction were neglected. The considered hyperelastic
models are described as:

o Fung Model

Regardless of a minimum number of material parameters required,
Fung model gives a fairly accurate stress-strain relationship measured
from experiment [32].

W ¼ c
2
�
eQ �1

�
(3)

Differentiating the strain energy with respect to corresponding Green
strains gives the Kirchhoff stresses as:

Sθθ ¼ ∂W
∂Eθθ

¼ cða1Eθθ þ a4EzzÞeQ (4)

Szz ¼ ∂W
∂Ezz

¼ cða2Ezz þ a4EθθÞeQ (5)

c; and ai are the material parameters.
Kirchhoff stress in circumferential direction (Sθθ) is a nonlinear

function of Green strain in circumferential direction (Eθθ) only when the
longitudinal strain in the longitudinal direction, EZZ ¼ 0. This is the
similar situation in the axial direction.

Parameters are easily interpreted with reference to overall anisotropy
and stiffness on both the Fung and Choi-Vito models [32].

o Choi-Vito model

The choi-Vito model and Fung model are similar. However, the Choi-
Vito model is more advantageous because it has the terms for the
different directions in separate exponentials [32].

The Choi-Vito strain energy function is given by [33]:

W ¼ b0
�
exp

�
b1E2

θθ

�þ exp
�
b2E2

zz

�þ expð2b3EθθEzzÞ�3
�

(6)

Differentiating the strain energy with respect to corresponding Green
strains gives the Kirchhoff stresses, circumferential and longitudinal,
respectively as:

Sθθ ¼ ∂W
∂Eθθ

¼ b0
�
2b1Eθθ:eb1E

2
θθ þ2b3Ezz e2b3EθθEzz

�
(7)
Table 1. Strain energy functions of Fung, Choi-Vito, Holzapfel (2000), Holzapfel (2
models were fitted in the experimental data.

Model No. Model Strain Energy Function (SEF)

1 Fung constitutive model W ¼ c
2
ðeQ �1Þ Where Q ¼ b1

bi are the material parameter

2 Choi-Vito model W ¼ b0½expðb1E2
11Þ þ expðb2E

Where bi are the material pa

3 Holzapfel (2000) model W ¼ c1
2c2

½expðc2ðI4 � 1Þ2Þ �
Where ci are the material par

4 Holzapfel (2005) model W ¼ c1
2c2

fexp½c2ðð1 � κÞðI1 �
Where ci are the material par

5 Four-fiber family model
W ¼ c

2
ðI1 �3Þ þ P4

i¼1

c1i
4c2i

fexp½
and exponential format wher

6 Polynomial (Anisotropy) model
W ¼ P3

i¼1
aiðI1 � 3Þi þ P3

j¼1
bjðI2

Where ai; bj; ck; and em are m

3

Szz ¼ ∂W
∂Ezz

¼ b0
�
2b2Ezz:eb2E

2
zz þ2b3Eθθe2b3EθθEzz

�
(8)
where b
0
s are the material constants.

o Four Fiber Models

In the four fiber model, the tissue is assumed to consist of an isotropic
solid with embedded structural fibers. The fibers are oriented in four (4)
different directions (one axial, one circumferential, and 2 diagonal di-
rections) [33]. All the constitutive models considered in this study are
summarised in Table 1.
2.5. Data analysis

In this study, the constrained optimisation by linear approximation
algorithm (COBYLA (3rd party: SciPy)) implemented in Hyperfit software
was used in fitting the equi-biaxial tensile experimental data of Fung,
Choi-Vito, Holzapfel (2000), Holzapfel (2005), Polynomial (Anisotropic)
and Four-Fiber Family hyperelastic constitutive models. A number of
important metrics are used to measure the models’ fitting accuracies.

Initially the coefficient of determination, R2, (also known as Nash-
Sutcliffe coefficient) is defined as follows:

R2 ¼1�
Pn

i¼1ðye � ymÞ2Pn
i¼1ðye � yeÞ

2 (9)

where ye is the experimental data, ym is the model predicted data, y¼e is
the average value of the experimental data, the indices i; …; n denote the
data points, and R2ε〈 � ∞;1〉, where a perfect fit is defined for R2 ¼ 1.

From R2, we define the Evaluation Index, which is a critical parameter
in evaluating how the hyperelastic constitutive model fits the experi-
mental data. This index evaluates how a model compares from one
experimental data set to another set. The EI was previously defined as
follows [41]:

Evaluation Index ðEIÞ¼
�

R� Rminimum

Rmaximum � Rminimum

	
(10)

where,

R¼ abs
��
1�R2� � (11)
005), Polynomial (Anisotropic) and Four-Fiber Family hyperelastic constitutive

References

E2
θθ þ b2E2
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2
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Figure 3. Experimental engineering stress and strain tensile data of sheep
oesophugus (N ¼ 13) subjected to equi-biaxial mechanical test 1 (a) to test 13
(m). X and Y directions representing, circumferential and longitudinal di-
rections, respectively.
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where R is defined as the quantity that is dependent on R2 and is
expressed in Eq. (11). The Rminimum and Rmaximum represent the R values
for poorest and best fitting hyperelastic models, respectively. EI in Eq.
(10) is a comparative parameter whose values may span values be-
tween 0.0 for poorest fitting models, and 1.0 for best fitting models.
Therefore, the higher the coefficient of determination (R2), the higher
the model fit (EI).

Another important metric is the correlation coefficient (r), which may
be define as

r¼
Pn

i¼1ðye � yeÞðym � ymÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðym � ymÞ2:Pn

i¼1ðym � ymÞ2
s (12)

where ym is an average value of the model predicted data, and all the
other quantities in Eq. (12) are defined as given in Eq. (9).

The module results presented in Section 3 also report the values of the
Normalized Root Mean Square error (NRMSE) defined as follows:

NRMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1ðye � ymÞ2

q
absðyeÞ

(13)

From a Normalised error (NE) may also be defined as follows:

NE¼
1
n

Pn
i¼1absðye � ymÞ
absðyeÞ

(14)

3. Experimental results

In this study, thirteen specimens of sheep oesophagi were subjected to
the equi-biaxial tensile test. The limitation of hook slipping was mini-
mised and specimens that showed this behaviour were discarded and
excluded from the test results. The force and displacement data obtained
during testing were then converted to engineering stress and strain using
Eqs. (1) and (2), respectively (Figure 3). It was clearly observed that the
oesophagus soft tissue is anisotropic and as such exhibit different me-
chanical properties depending on the direction in which the force was
applied. To understand the stresses, two directions were defined. The
direction along the length of the oesophagus was termed the longitudinal
direction, while the perpendicular direction to the longitudinal was
termed circumferential direction. The stresses in the radial direction
were safely neglected due to the large ratios between the tissue thickness
and lengths of the specimen in the longitudinal and circumferential di-
rections and, due to the fact that the tissues were only loaded in the
plane.

Figure 3 shows the stress vs strain data for the sheep oesophagus soft
tissue subjected to equi-biaxial tensile force. It can be clearly seen that
the stress and strain trend exhibit anisotropic behaviour. Also, the graphs
clearly indicate that the sheep oesophagus soft tissue is highly non-linear
in its mechanical behaviour. The circumferential direction shows much
higher engineering stress than that in the longitudinal direction. This
could be so because the circumferential direction is the direction that has
more fibers. This is beneficial to the physiological functioning of the
oesophagus muscle in propelling swallowed food into the stomach where
peristaltic contractions are excited along this direction of the oesopha-
geal body. In this study, the fiber direction was not precisely determined
and as such, only two directions based on the physics of the oesophagus
were defined.

Figure 4 shows the stress at 45% strain for both circumferential and
longitudinal directions. It can be clearly seen that the circumferential
direction is on average twice as much as stress in the longitudinal di-
rection. The average circumferential and longitudinal stresses are



Figure 4. Stress with standard error values taken at maximum strain for each specimen. The average (a) circumferential and (b) longitudinal stresses are recorded to
be 82.87 � 30.36 kPa and 41.42 � 32.02 kPa, respectively.
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recorded to be 82.87� 30.36 kPa and 41.42� 32.02 kPa, respectively. A
test of significance in the differences between the average values of the
stresses in these two directions yielded a p-value equal to 0.0034, which
actually shows very high significance.

One of the objectives of this study was to select sizable number of
commonly used hyperelastic constitutive models and fit the equi-biaxial
tensile experimental data. This was done to ensure that the material
parameters of each constitutive model are then recorded for further use
in the area of computational model development. Therefore, six (6)
hyperelastic constitutive models were selected, namely, Fung, Choi-Vito,
Holzapfel (2000), Holzapfel (2005), Polynomial (Anisotropic) and Four-
Fiber Family. Furthermore, these constitutive models were then
compared to each other using the coefficient of determination (R2).
Table 1 shows the mathematical relationship and the strain energy
functions of the Fung, Choi-Vito, Holzapfel (2000), Holzapfel (2005),
Table 2. Fung hyperelastic constitutive model fitted on the equi-biaxial tensile experim
b6) including Coefficient of Determination (R2), Correlation Coefficient (r), Normalis

S1 S2 S3 S4 S5 S6 S7

c 2.00 2.00 0.12 0.36 0.14 0.52 0.65

b1 1.13 1.26 4.18 3.92 2.10 3.87 2.87

b2 -0.11 0.71 1.89 2.18 2.07 -1.07 0.41

b3 0.69 1.74 -3.60 -3.65 -1.34 1.01 -1.09

b4 0.95 0.38 0.93 1.12 1.43 1.20 1.37

b5 -0.15 -1.31 -3.30 -4.25 2.68 0.73 0.96

b6 -2.11 -2.51 -0.12 1.51 -6.33 -6.07 -2.49

2.00 0.87 0.88 0.97 0.88 0.97 0.59 0.97

r 0.98 0.96 1.00 0.99 0.99 0.99 0.99

NRMSE 0.32 0.30 0.22 0.45 0.20 0.62 0.16

NE 0.24 0.23 0.15 0.26 0.16 0.42 0.14

Table 3. Choi-Vito hyperelastic constitutive model fitted on the equi-biaxial tensile ex
including Coefficient of Determination (R2), Correlation Coefficient (r), Normalised E

S1 S2 S3 S4 S5 S6 S7

c 4.07 12.24 0.06 0.47 2.11 4.54 10.07

b1 1.08 1.59 3.97 2.65 2.55 4.50 1.12

b2 1.20 0.77 5.23 1.10 -1.93 -3.19 -1.22

b3 3.25 2.76 10.63 8.11 3.71 4.44 1.72

2 0.52 0.92 0.96 0.99 0.08 1.64 0.25

r 0.99 0.99 1.00 1.00 0.96 0.97 0.95

NRMSE 0.60 0.24 0.26 0.13 1.22 1.71 0.86

NE 0.50 0.18 0.17 0.10 0.91 1.23 0.71

5

Polynomial (Anisotropic) and Four-Fiber Family hyperelastic constitu-
tive model. Each coefficient of determination for equivalent sample and
constitutive model was then presented in Tables 2, 3, 4, 5, 6, and 7 . It
must also be noted that in addition to the coefficient of determination
(R2), three other parameters were added in this to measure the efficiency
of fitted hyperelastic model, namely, Correlation coefficient (r), Nor-
malised Root Mean Square Error (NRMSE), and Normalised Error (NE),
whose expressions are presented in Eqs. (12), (13), and (14), respec-
tively. Evaluation Index (EI) was also used as a means to evaluate the
efficiency and effectiveness of different hyperelastic constitutive models
as shown in Eq. (5). Figure 5 shows the Evaluation Index (EI) of all
hyperelastic constitutive models considered in this study. It was found
that the average EI for Fung, Choi-Vito, Holzapfel (2000), Holzapfel
(2005), Polynomial (Anisotropic) and Four-Fiber Family constitutive
models are 8.69 %, 0.00 %, 87.02 %, 73.54 %, 51.20 % and 100 %,
ental data to evlauate the six termmaterial parameters (i.e c, b1, b2, b3, b4, b5 and
ed Error (NE) and Norm. RMS Error (NRMSE).

S8 S9 S10 S11 S12 S13 Ave STD

1.26 2.00 2.00 2.00 2.00 2.00 1.31 0.79

3.73 0.86 1.77 1.19 1.96 2.00 2.37 1.15

0.50 -0.18 -0.25 -0.37 0.08 -0.10 0.44 0.98

-0.32 0.66 1.03 0.73 1.47 1.50 -0.09 1.76

2.08 0.93 1.06 1.57 0.95 0.63 1.12 0.41

0.43 -0.20 -0.95 -0.43 -0.40 -0.30 -0.50 1.70

-2.63 -1.88 -3.71 -2.42 -3.70 -4.19 -2.82 2.04

0.95 0.84 0.82 0.86 0.64 0.86 0.85 0.11

0.98 0.98 0.98 0.99 0.96 0.97 0.98 0.01

0.22 0.33 0.46 0.41 0.60 0.41 0.36 0.14

0.17 0.28 0.31 0.26 0.41 0.35 0.26 0.09

perimental data to evlauate the six term material parameters (i.e c, b1, b2 and b3)
rror (NE) and Norm. RMS Error (NRMSE).

S8 S9 S10 S11 S12 S13 Ave STD

15.00 15.00 4.22 3.34 7.15 0.66 6.07 5.15

2.93 0.48 3.21 2.45 2.00 0.32 2.22 1.23

0.56 -0.60 2.49 1.95 2.24 -0.65 0.61 2.10

0.60 1.28 6.17 5.21 5.06 0.74 4.13 2.84

0.80 0.90 0.90 0.89 0.93 0.87 0.82 0.36

0.94 0.97 0.99 0.99 0.99 0.98 0.98 0.02

0.52 0.29 0.35 0.36 0.29 1.33 0.63 0.48

0.45 0.25 0.30 0.30 0.23 1.08 0.49 0.36



Table 4. Polynomial (Anisotropic) hyperelastic constitutive model fitted on the equi-biaxial tensile experimental data to evlauate the six term material parameters (i.e
a1, a2, a3, b1, b2, b3, c2, c3, c4, c5, c6, φ) including Coefficient of Determination (R2), Correlation Coefficient (r), Normalised Error (NE) and Norm. RMS Error (NRMSE).

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 Ave STD

a1 0.23 2.00 0.20 2.30 0.10 0.24 0.25 0.37 1.82 0.49 0.41 1.11 6.71 1.25 1.74

a2 1.99 7.91 -2.43 -1.26 3.24 -0.09 -7.13 1.12 -0.53 3.14 -7.58 1.19 25.33 1.92 7.84

a3 0.42 -0.02 -1.43 1.86 7.57 0.35 6.69 1.27 0.99 4.15 7.12 5.78 -8.72 2.00 4.26

b1 4.57 0.10 4.37 5.14 -9.28 0.35 -6.82 1.87 3.30 2.59 10.09 1.37 -0.36 1.33 4.81

b2 4.77 1.70 0.09 1.74 15.19 0.33 -2.58 1.80 1.64 5.92 7.78 2.02 17.70 4.47 5.72

b3 -4.62 3.41 7.07 2.32 10.69 2.82 9.04 1.67 3.11 -2.85 10.05 0.94 8.15 3.98 4.60

c2 -1.90 -0.54 1.53 -0.47 6.56 1.43 6.29 0.32 0.02 -1.24 0.04 -4.00 -4.43 0.28 3.13

c3 3.06 -0.64 1.83 -1.21 15.99 -2.56 -6.33 0.23 -0.55 2.03 2.79 3.94 15.92 2.65 6.24

c4 -0.41 2.56 -1.34 0.06 3.58 -0.35 1.00 -1.61 -0.54 1.72 1.36 -1.34 14.12 1.45 3.96

c5 0.66 -0.81 0.52 -0.37 -5.21 4.40 -1.24 1.47 1.22 2.50 -1.81 13.96 18.02 2.56 6.18

c6 -0.48 0.19 1.27 1.22 2.07 0.82 0.18 2.24 -0.20 -2.91 0.37 -9.71 13.32 0.64 4.71

phi 0.16 0.00 0.76 0.73 2.31 0.30 2.13 -0.03 0.06 0.24 0.32 0.54 -0.70 0.52 0.81

2.00 0.97 1.00 0.99 1.00 0.71 0.98 0.88 0.99 0.99 1.00 0.99 1.00 0.78 0.94 0.09

r 0.99 1.00 0.99 1.00 0.92 0.99 0.94 0.99 0.99 1.00 1.00 1.00 0.89 0.98 0.03

NRMSE 0.14 0.05 0.14 0.08 0.62 0.15 0.33 0.11 0.10 0.07 0.08 0.05 0.43 0.18 0.17

NE 0.12 0.04 0.12 0.06 0.52 0.10 0.27 0.08 0.08 0.06 0.07 0.04 0.34 0.15 0.14

Table 5. Holzapfel (2000) hyperelastic constitutive model fitted on the equi-biaxial tensile experimental data to evlauate the six term material parameters (i.e (μ; k1, k2
and φ) including Coefficient of Determination (R2), Correlation Coefficient (r), Normalised Error (NE) and Norm. RMS Error (NRMSE).

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 Ave STD

mu 11.66 19.30 0.20 0.50 0.80 0.53 0.78 0.61 1.90 0.50 0.50 0.50 0.50 2.95 5.57

k1 11.11 22.19 0.18 0.95 0.24 1.66 0.44 2.04 1.02 8.68 5.66 12.20 7.62 5.69 6.31

k2 0.27 0.30 2.63 2.03 2.56 2.67 2.07 2.67 1.46 1.38 1.18 1.11 0.95 1.64 0.83

phi 0.66 -0.71 0.71 0.77 0.44 -0.34 0.42 -0.49 0.61 -0.68 -0.68 -0.72 -0.27 -0.02 0.60

2.00 0.98 0.98 0.99 0.99 0.98 0.98 0.99 0.96 0.96 0.98 0.98 0.97 0.94 0.97 0.01

r 0.99 0.99 1.00 1.00 0.99 0.99 0.99 0.98 0.98 0.99 0.99 0.99 0.98 0.99 0.01

NRMSE 0.11 0.13 0.10 0.13 0.16 0.19 0.12 0.20 0.17 0.17 0.17 0.19 0.28 0.16 0.05

NE 0.09 0.11 0.08 0.11 0.12 0.14 0.09 0.16 0.14 0.15 0.15 0.17 0.24 0.13 0.04

Table 6. Holzapfel (2005) hyperelastic constitutive model fitted on the equi-biaxial tensile experimental data to evlauate the six term material parameters (i.e (μ; k1, k2,
φ; and ρ) including Coefficient of Determination (R2), Correlation Coefficient (r), Normalised Error (NE) and Norm. RMS Error (NRMSE).

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 Ave STD

mu 0.10 0.50 0.07 0.50 0.40 0.50 0.39 0.27 1.04 0.50 0.50 0.50 0.50 0.44 0.23

k1 4.33 8.83 0.20 0.94 0.24 1.57 0.44 2.05 1.01 8.50 0.70 11.12 7.42 3.64 3.77

k2 0.28 0.21 2.31 0.84 2.56 2.72 2.07 2.68 1.46 0.36 0.65 0.26 0.96 1.34 0.96

phi 0.00 0.00 0.70 0.00 -0.44 -0.33 -0.42 -0.50 -0.60 1.56 0.00 3.03 0.25 0.25 0.98

rho 0.58 0.36 0.92 0.07 1.00 1.00 1.00 1.00 1.00 0.00 0.07 0.00 1.00 0.62 0.43

2.00 0.98 0.98 0.99 0.99 0.98 0.97 0.99 0.96 0.96 0.89 0.99 0.95 0.92 0.97 0.03

r 0.99 0.99 1.00 0.99 0.99 0.99 0.99 0.98 0.98 1.00 1.00 0.99 0.98 0.99 0.01

NRMSE 0.12 0.13 0.10 0.14 0.16 0.20 0.12 0.20 0.17 0.36 0.11 0.25 0.30 0.18 0.08

NE 0.11 0.10 0.08 0.11 0.12 0.16 0.09 0.16 0.14 0.29 0.10 0.20 0.27 0.15 0.06
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respectively (Figure 5). From the data presented on EI, the best fit was
produced by Four-Fiber family constitutive model followed by the Hol-
zapfel (2000) model. The worse constitutive model fit was Choi-Vito as it
has an Evaluate Index of 0.00 % (See Figure 5).

The experimental stress and strain averages were determined and
comparedwith the six constitutive models as shown in Figure 6. The solid
lines represent the experimental stresses (x and y direction) and the
dotted lines represent the model stresses results. It is evident from the
Figures below that there is less error between the experimental results
and models results. For all the models (Fung, Choi-Vito, Polynomial,
Holzapel 2000, Holzapel 2005, and Four-Fiber Family), both maximum
stresses (longitudinal and circumferential) are attained at the strain of
0.48 mm/mm for all the models.
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4. Discussion

Understanding the mechanical properties of the oesophagus is vital
for the development of the computational model to provide more insight
into physics related to the oesophagus. To achieve that goal, this paper
focuses on and presents material parameters of six hyperelastic consti-
tutive models. Most of the previous studies report on material parameters
calculated using the Fung constitutive model. It is known that many
biological soft tissues display nonlinear behaviour and have viscoelastic
characteristics. They are almost incompressible if not incompressible and
they experience large deformations [31]. In this study, the rectangular
shaped specimen was applied with the load in two perpendicular di-
rections, namely circumferential and longitudinal directions by means of



Table 7. Four-Fiber Family hyperelastic constitutive model fitted on the equi-biaxial tensile experimental data to evlauate the six term material parameters (i.e (c, c11,
c21, c12, c22, c134, c234 and φ0) including Coefficient of Determination (R2), Correlation Coefficient (r), Normalised Error (NE) and Norm. RMS Error (NRMSE).

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 Ave STD

c 0.00 0.56 0.44 0.03 0.47 0.50 0.29 0.50 0.01 0.01 1.90 0.50 0.50 0.44 0.47

c1_1 1.65 0.32 0.62 2.16 0.30 0.13 0.62 0.00 4.49 0.01 0.07 0.43 0.00 0.83 1.23

c2_1 0.04 0.10 1.78 1.79 1.86 1.59 0.75 0.00 0.95 0.06 0.00 0.01 0.00 0.69 0.77

c1_2 15.25 14.50 0.65 0.00 0.62 4.30 0.00 5.99 1.55 21.64 16.01 21.32 15.61 9.03 8.14

c2_2 0.52 0.91 1.21 0.33 1.66 2.67 2.76 2.75 1.79 1.22 1.05 1.06 0.91 1.45 0.79

c1_34 1.15 14.37 0.05 1.05 0.25 1.15 0.90 1.92 1.38 6.60 1.84 13.39 7.40 3.96 4.76

c2_34 1.27 0.46 3.60 2.11 2.81 2.68 2.03 1.60 0.56 1.62 1.81 1.16 1.00 1.75 0.87

phi0 -1.46 -1.01 -0.54 0.35 -0.31 -0.58 -0.37 1.57 0.64 -1.93 -1.61 -1.04 -0.38 -0.51 0.92

2.00 0.99 0.98 0.99 0.99 0.98 0.98 0.99 0.98 0.99 0.98 0.99 0.97 0.94 0.98 0.01

r 0.99 0.99 1.00 1.00 0.99 0.99 0.99 0.99 1.00 0.99 0.99 0.99 0.98 0.99 0.00

NRMSE 0.10 0.12 0.11 0.12 0.15 0.19 0.11 0.15 0.10 0.16 0.13 0.19 0.27 0.14 0.05

NE 0.09 0.10 0.09 0.10 0.12 0.14 0.08 0.12 0.08 0.14 0.11 0.17 0.24 0.12 0.04

Figure 5. Evaluation Index (EI) with standard error calculated from the average
coefficient of determination (R2) based on the fitting of the hyperelatic con-
stitituve models.
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hooks anchored on each side. Biaxial testing was conducted on arbitrarily
locations of the oesophagus. Thirteen (13) specimens were prepared and
tested using biaxial test equipment set to 50 % displacement of specimen
to stretch the tissues. The strain rate was chosen based on the function-
ality (expansion and contraction) or physiological conditions of the sheep
oesophagus, more than 50 % strain was considered unrealistic or close to
impossible.

Moreover, the study of determining the rat oesophagus shear
modulus and its dependence on the longitudinal and circumferential
stresses and strains, the oesophagus exhibited the anisotropic behaviour
at the stretched state. The oesophagus was found to be more stiffer in the
longitudinal direction than in the circumferential direction [42]. The
biaxial mechanical testing to assess the mechanical behaviour of the
porcine oesophagus was performed. Six 16 mm square specimen with a
thickness of 3 mm were analysed utilizing a biaxial testing system in a
bath with water at 37 �C. A single 40 % load was applied in both di-
rections, longitudinal and circumferential. The oesophageal tissue
exhibited minor anisotropic behaviour with stress of 4 MPa and 3 MPa in
the circumferential axis and longitudinal axis, respectively at 40% strain.
Additionally, elastic modulus was found to be 1.6 kPa at 40 % strain in
the circumferential axis and 1.3 kPa at 40 % strain in the longitudinal
axis [43].

In this study, the biomechanical properties, and the material param-
eters of selected hyperelastic constitutive models were reported. While
there have been various studies in determining the mechanical properties
of oesophagus, this study presents the biomechanical properties of sheep
oesophagus that have been conducted without separating layers. In
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addition, in this study, we have presented six (6) hyperelastic constitu-
tive models that may be further utilised for the development of compu-
tational models. In our understanding, there is no study that has
presented six possible hyperelastic constitutive models for sheep
oesophagus. In addition, previously presented results on mechanics of
oesophagus have presented data on uniaxial tensile testing [44]. Animal
models like rabbit [45], rat [44, 46, 47], pig, sheep have been previously
utilised for studying the mechanics of oesophagus ex-vivo. The oesoph-
agus tissue has four layers namely, mucosa, submucosa, muscularis
propria, and adventitia. In this study, the equi-biaxial force was applied
in the whole layer of the oesophagus tissue. This approach is in contrast
with various studies where the forces were applied to the sub-layers [44,
48, 49, 50] instead of applying the mechanical load on the whole layer.
The present study is very important because it helps understand the
overall mechanical behaviour of the oesophagus muscle.

The stress-strain curves for the various directions (circumferential
and longitudinal) of the specimen were generated from the biaxial tests
results. Based on this study, the mechanical behaviour of sheep
oesophagus is non-linear and anisotropic. The tissue properties vary
between the two directions, circumferential and longitudinal. However,
the oesophagus exhibits isotropic properties between 0 and 0.2 mm/mm
strain for all the specimen, having the same stiffness in the x and y di-
rections. The modulus of elasticity is constant and equal in both di-
rections at this strain range. Moreover, the oesophagus exhibits nearly
pronounced isotropic properties for specimens 03 and 04, which may
point to the fact that the organisation of biological soft tissue is highly
random andmay vary widely from one region to another within the same
organ of the same host.

As compared to what has been presented in this paper, there are some
researchers who used more simplified constitutive models like Ogden in
analysing the mechanical behaviour of soft tissues [11]. Additionally,
mechanical behaviour of materials like soft polymers have utilised
constitutive models in fitting the mechanical experimental data [51]. The
results presented here could be utilised in the development of more
effective biomaterials and finite element modelling of soft tissues. Pre-
viously, it has been reported that conditions like myocardial infarction
could be studied by developing accurate and reliable computational
models by utilising material parameters obtained from constitutive
models like Fung [13, 52, 53].

According to the stress-strain graphs, the oesophagus exhibits higher
stresses along the x-axis than in the y-axis. This implies that, the
oesophagus has more strength in the x-axis which may be attributed to
the functionality of the oesophagus and the direction of the fibers.
However, the orientation of the fibres themselves was not studied in this
paper.

All soft tissues exhibit common mechanical properties on some fea-
tures. They are not truly elastic, they exhibit pseudo-elastic behaviours



Figure 6. (a) Mean experimental engineering stress and strain tensile data of sheep oesophugus subjected to equi-biaxial mechanical test. Constitutive parameters
fitted simultaneously to the averaged responses of 13 specimens for (b) Fung, (c) Choi-Vito, (d) Polynomial (anisotropic), (e) Holzapfel (2000),(f) Holzapfel (2005) and
(g) Four-Fibre-Family hyperelastic models.
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[54, 55, 56]. Some researchers [44, 57, 58] have analysed the oesoph-
agus by considering three layers, mucosa, submucosa and the muscle
separately. In addition, the multiaxial mechanical behaviour of the ovine
(resembling sheep) oesophagus was investigated [58]. The biaxial tensile
test was one of the performed tests and the ovine oesophagus exhibits a
heterogeneous and anisotropic behaviour with various mechanical
properties for each layer (mucosa-submucosa and muscle layer).
Modelling of Oesophagus study, the two layers(mucosa-submucosa and
muscles) were analysed as elastic shells, each layer having its own
zero-stress state, and elastic constants [44]. The properties in each layer
were determined from the pressure-diameter relation and zero-stress
state. The submucosa layer was found to be the stiffer [44].

The six constitutive models (Fung, Choi-Vito, Holzapfel (2005), Hol-
zapfel (2000), Four-Fiber Family) and Polynomial) were considered to fit
the experimental data. The Four-Fiber Family proved to fit the experi-
mental data well when compared to other models, this is evident from the
results plotted in Figure 5 which are further supported by the results in
Tables 2, 3, 4, 5, 6, and 7 whose average values for the R2, r, NRMSE, and
NE are plotted in Figure 6. Although the EI results in Figure 5 show a wider
margin in performance between the two Holzapfel models, the plot of the
average errors and correlations in Figure 6 do not really show any signif-
icant differences. Overall, it would look like a combination of the absence
of the φ parameter in both the Choi-Vito and Fung models may have a
negative effect on their performance. However, the mode material pa-
rameters in Fung model affords it a slight advantage over the Choi-Vito.
From a computational point of view, it is remarkable how a material
model with very fewmaterial parameters such as the Holzapfel (2000) can
rival the performance of a material model that has almost twice as many
material parameters as itself. Hence, the two Holzapfel models may prove
tofit the experimental data well. These twomodels could be considered for
the development of the computational model.

4.1. Limitations of study

One of the limitations of this study is that the four different layers that
are normally seen in the oesophageal tissue are treated as one solid tis-
sue. This may pose challenges especially during mechanical pulling on
the tissue because if not treated well, there may be relative slipping of
tissue layers. While this study provided equi-biaxial tensile data, it is
planned that future studies should implement tri-axial data including the
imaging of sample while under tension.

Other limitations of this study include the following:

o Image processing was not done to determine the direction of the fiber
o Only 6 constitutive models were considered
o The oesophagus was not classified in terms of the segments (cervical,
thoracic and abdominal.

o The specimens were kept at 37 � C instead of 39 � C (sheep body
temperature) due to maximum temperature of the heater scale.

5. Conclusion and significance of research

This study aims at understanding themechanical properties of the sheep
oesophagus in both longitudinal and circumferential directions through
examination of the performances of six different constitutive hyperelastic
material models. The tensile testing was conducted along these two
perpendicular directions neglecting the radial direction due to its relative
size. It is understood that thismay introduce someminor errors especially in
the calculation of the stresses from the measured results. Despite the limi-
tations given above, the study yields very important results in understand-
ing the overall mechanical behaviour of the oesophagus muscle.

The following can be concluded as the important findings of this
study on the sheep oesophagus:

o The oesophagus muscle is stronger in the circumferential direction
which is deemed to be beneficial for its physiological function during
9

peristaltic contraction when swallowed food is propelled into the
stomach. It is also hypothesised that this physical activity may natu-
rally cause more deposition of collagen and other fibrous material
which result in making it stronger.

o The experiment exhibits anisotropic behaviour for higher strains and
isotropic behaviour for small strains.

o The two Holzapfel models and Four-Fibre Family hyperelastic
constitutive model are the best fit and could be considered for the
development of computational model.

There are other factors such as the significance of the φ material
parameter and the implicit modelling of the anisotropic strain invariants
with an exponential framework that may require very closer examination
in further studies. These are two very distinct features shared by two
Holzapfel models and the Four-fibre family model.

Declarations

Author contribution statement

Harry Ngwangwa, Thanyani Pandelani, Makhosasana Msibi, Israel
Mabuda, Letlhogonolo Semakane, Fulufhelo Nemavhola: Conceived and
designed the experiments; Performed the experiments; Analyzed and
interpreted the data; Contributed reagents, materials, analysis tools or
data; Wrote the paper.

Funding statement

Fulufhelo Nemavhola was supported by the National Research
Foundation of South Africa (129380) and ASDG-RSP (00012).

Data availability statement

Data included in article/supplementary material/referenced in
article.

Declaration of interests statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

Acknowledgements

Unisa CAPEX Programme supported the acquisition of biaxial testing
machine in the Department of Mechanical Engineering, School of Engi-
neering, College of Science Engineering and Technology.

References

[1] H. Gregersen, G. Kassab, Biomechanics of the gastrointestinal tract, Neuro
Gastroenterol. Motil. 8 (4) (1996) 277–297.

[2] M.S. Sirry, et al., Characterisation of the mechanical properties of infarcted
myocardium in the rat under biaxial tension and uniaxial compression, J. Mech.
Behav. Biomed. Mater. 63 (2016) 252–264.

[3] F.J. Masithulela, Computational Biomechanics in the Remodelling Rat Heart post
Myocardial Infarction, 2016.

[4] F. Masithulela, Bi-ventricular finite element model of right ventricle overload in the
healthy rat heart, Bio Med. Mater. Eng. 27 (5) (2016) 507–525.

[5] F.Masithulela, Theeffect ofover-loaded rightventricleduringpassivefilling in ratheart:
a biventricular finite element model, in: ASME International Mechanical Engineering
Congress and Exposition, American Society of Mechanical Engineers (ASME), 2015.

[6] F. Masithulela, Analysis of passive filling with fibrotic myocardial infarction, in:
ASME International Mechanical Engineering congress and Exposition, American
Society of Mechanical Engineers (ASME), 2015.

[7] F. Masithulela, The effect of over-loaded right ventricle during passive filling in rat
heart: a biventricular finite element model, in: ASME 2015 International
Mechanical Engineering Congress and Exposition, 2015.

http://refhub.elsevier.com/S2405-8440(22)00600-4/sref1
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref1
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref1
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref2
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref2
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref2
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref2
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref3
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref3
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref4
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref4
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref4
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref5
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref5
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref5
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref6
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref6
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref6
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref7
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref7
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref7


H. Ngwangwa et al. Heliyon 8 (2022) e09312
[8] M. Page, et al., Biaxial mechanics of 3D fiber deposited ply-laminate scaffolds for
soft tissue engineering part I: experimental evaluation, J. Mech. Behav. Biomed.
Mater. 98 (2019) 317–326.

[9] H. Takahashi, et al., Newly developed tissue-engineered material for reconstruction
of vascular wall without cell seeding, Ann. Thorac. Surg. 88 (4) (2009) 1269–1276.

[10] H.M. Ngwangwa, T. Pandelani, F. Nemavhola, The application of standard
nonlinear solid material models in modelling the tensile behaviour of the
supraspinatus tendon, Preprints (2021) 2021080298.

[11] H.M. Ngwangwa, F. Nemavhola, Evaluating computational performances of
hyperelastic models on supraspinatus tendon uniaxial tensile test data, J. Comput.
Appl. Mech. 52 (1) (2021) 27–43.

[12] H. Ngwangwa, et al., Determination of cross-directional and cross-wall variations of
passive biaxial mechanical properties of rat myocardium, Preprints (2021)
2021090244.

[13] F. Nemavhola, Detailed structural assessment of healthy interventricular septum in
the presence of remodeling infarct in the free wall–A finite element model, Heliyon
5 (6) (2019) e01841.

[14] F. Nemavhola, Biaxial quantification of passive porcine myocardium elastic
properties by region, Eng. Solid Mech. 5 (3) (2017) 155–166.

[15] C. Saigo, et al., Submucosal tumor-like esophageal cancer mimicking a cutaneous
sweat gland carcinoma: a case report, Human Pathol. Rep. 26 (2021) 300551.

[16] X. Wang, et al., Current status and application of proton therapy for esophageal
cancer, Radiother. Oncol. 164 (2021) 27–36.

[17] E.J. Shell, Pathophysiology of peptic ulcer disease, Phys. Assist. Clin. 6 (4) (2021)
603–611.

[18] E.B. McCarty, T.N. Chao, Dysphagia and swallowing Disorders, Med. Clin. 105 (5)
(2021) 939–954.

[19] M.A. Hassan, Massively dilated esophagus from long standing achalasia in a female
child, J. Pediatr. Surg. Case Rep. 73 (2021) 102008.

[20] A. Madeleine, et al., Long term digestive outcome of œsophageal atresia, Best Pract.
Res. Clin. Gastroenterol. (2021) 101771.

[21] Z. Ndlovu, F. Nemavhola, D. Desai, Biaxial mechanical characterization and
constitutive modelling of sheep sclera soft tissue, Russ. J. Biomech./Ross. Zurnal
Biomeh. 24 (1) (2020).

[22] F. Nemavhola, Study of biaxial mechanical properties of the passive pig heart:
material characterisation and categorisation of regional differences, Int. J. Mech.
Mater. Eng. 16 (1) (2021) 1–14.

[23] F. Nemavhola, H.M. Ngwangwa, T. Pandelani, An investigation of uniaxial
mechanical properties of excised sheep heart muscle fibre–fitting of different
hyperelastic constitutive models, Preprints (2021) 2021080566.

[24] L. Lebea, et al., Biomechanical behaviour and hyperelastic model parameters
identification of sheep omasum, Res. Square (2021).

[25] F. Nemavhola, et al., Understanding regional mechanics of rat myocardia by fitting
hyperelatsic models, Res. Square (2021).

[26] K. Suzuki, et al., A new method of primary engineering of esophagus using
orthotopic in-body tissue architecture, J. Pediatr. Surg. 56 (7) (2021) 1186–1191.

[27] T. Stadil, et al., Surgical treatment and major complications within the first year of
life in newborns with long-gap esophageal atresia gross type A and B–a systematic
review, J. Pediatr. Surg. 54 (11) (2019) 2242–2249.

[28] R.N. Pedersen, et al., Oesophageal atresia: prevalence, prenatal diagnosis and
associated anomalies in 23 European regions, Arch. Dis. Child. 97 (3) (2012)
227–232.

[29] U. Krishnan, C. Faure, Oesophageal atresia-tracheoesophageal fistula, Front.
Pediatr. 5 (2017) 190.

[30] D.C. van der Zee, et al., Position paper of INoEA working group on long-gap
esophageal atresia: for better care, Front. Pediatr. 5 (2017) 63.

[31] J. Humphrey, F. Yin, A new constitutive formulation for characterizing the
mechanical behavior of soft tissues, Biophys. J. 52 (4) (1987) 563–570.

[32] W. Zhang, G.S. Kassab, A bilinear stress–strain relationship for arteries,
Biomaterials 28 (6) (2007) 1307–1315.

[33] W. Wan, J.B. Dixon, R.L. Gleason Jr., Constitutive modeling of mouse carotid
arteries using experimentally measured microstructural parameters, Biophys. J. 102
(12) (2012) 2916–2925.
10
[34] C. Chuong, Y. Fung, Three-dimensional stress distribution in arteries, J. Biomech.
Eng. 105 (3) (1983) 268–274.

[35] H.S. Choi, R. Vito, Two-dimensional stress-strain relationship for canine
pericardium, J. Biomech. Eng. 112 (2) (1990) 153–159.

[36] G.A. Holzapfel, T.C. Gasser, R.W. Ogden, A new constitutive framework for arterial
wall mechanics and a comparative study of material models, J. Elast. Phys. Sci.
Solid. 61 (1) (2000) 1–48.

[37] G.A. Holzapfel, et al., Determination of layer-specific mechanical properties of
human coronary arteries with nonatherosclerotic intimal thickening and related
constitutive modeling, Am. J. Physiol. Heart Circ. Physiol. 289 (5) (2005)
H2048–H2058.

[38] J. Ferruzzi, D.A. Vorp, J. Humphrey, On constitutive descriptors of the biaxial
mechanical behaviour of human abdominal aorta and aneurysms, J. R. Soc.
Interface 8 (56) (2011) 435–450.

[39] S. Baek, et al., Theory of small on large: potential utility in computations of
fluid–solid interactions in arteries, Comput. Methods Appl. Mech. Eng. 196 (31-32)
(2007) 3070–3078.

[40] J. Bursa, et al., Implementation of hyperelastic models for soft tissues in FE program
and identification of their parameters, in: Proceedings of the Sixth IASTED
International Conference on Biomedical Engineering, 2008.

[41] H. He, et al., A comparative study of 85 hyperelastic constitutive models for both
unfilled rubber and highly filled rubber nanocomposite material, Nano Materials
Science (2021).

[42] J. Yang, et al., Shear modulus of elasticity of the esophagus, Ann. Biomed. Eng. 32
(9) (2004) 1223–1230.

[43] N. Newton, et al., Mechanical properties of the porcine oesophagus assessed using
biaxial testing, Eur. Cell. Mater. 31 (1) (2016) P274.

[44] Y. Fan, H. Gregersen, G.S. Kassab, A two-layered mechanical model of the rat
esophagus. Experiment and theory, Biomed. Eng. Online 3 (1) (2004) 1–9.

[45] X. Lu, H. Gregersen, Regional distribution of axial strain and circumferential
residual strain in the layered rabbit oesophagus, J. Biomech. 34 (2) (2001)
225–233.

[46] T. Matsumoto, K. Hayashi, Stress and Strain Distribution in Hypertensive and
Normotensive Rat Aorta Considering Residual Strain, 1996.

[47] D. Liao, et al., Stress distribution in the layered wall of the rat oesophagus, Med.
Eng. Phys. 25 (9) (2003) 731–738.

[48] C. Durcan, et al., Experimental investigations of the human oesophagus: anisotropic
properties of the muscular layer in large deformation, bioRxiv (2021).

[49] E.A. Stavropoulou, Y.F. Dafalias, D.P. Sokolis, Biomechanical behavior and
histological organization of the three-layered passive esophagus as a function of
topography, Proc. IME H J. Eng. Med. 226 (6) (2012) 477–490.

[50] J. Zhao, et al., Opening Angle and Residual Strain in a Three-layered Model of Pig
Esophagus, Wiley Online Library, 2007.

[51] F. Nemavhola, R. Sigwadi, Prediction of hyperelastic material properties of
Nafion117 and Nafion/ZrO2 nano-composite membrane, Int. J. Automot. Mech.
Eng. 16 (2) (2019) 6524–6540.

[52] F.Nemavhola, Fibrotic infarction on the LV freewallmay alter themechanics of healthy
septal wall during passive filling, Bio Med. Mater. Eng. 28 (6) (2017) 579–599.

[53] F. Nemavhola, Mechanics of the septal wall may be affected by the presence of
fibrotic infarct in the free wall at end-systole, Int. J. Med. Eng. Inf. 11 (3) (2019)
205–225.

[54] Y. Fung, Structure and stress-strain relationship of soft tissues, Am. Zool. 24 (1)
(1984) 13–22.

[55] W. Zhang, et al., A generalized method for the analysis of planar biaxial mechanical
data using tethered testing configurations, J. Biomech. Eng. 137 (6) (2015).

[56] W. Sun, M.S. Sacks, Finite element implementation of a generalized Fung-elastic
constitutive model for planar soft tissues, Biomech. Model. Mechanobiol. 4 (2)
(2005) 190–199.

[57] W. Yang, et al., 3D Mechanical Properties of the Layered Esophagus: experiment
and Constitutive Model, 2006.

[58] G. Sommer, et al., Multiaxial mechanical response and constitutive modeling of
esophageal tissues: impact on esophageal tissue engineering, Acta Biomater. 9 (12)
(2013) 9379–9391.

http://refhub.elsevier.com/S2405-8440(22)00600-4/sref8
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref8
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref8
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref8
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref9
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref9
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref9
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref10
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref10
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref10
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref12
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref12
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref12
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref13
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref13
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref13
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref13
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref14
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref14
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref14
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref15
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref15
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref16
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref16
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref16
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref17
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref17
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref17
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref18
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref18
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref18
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref19
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref19
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref20
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref20
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref21
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref21
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref21
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref22
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref22
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref22
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref22
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref23
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref23
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref23
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref23
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref24
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref24
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref25
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref25
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref26
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref26
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref26
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref27
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref27
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref27
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref27
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref27
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref28
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref28
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref28
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref28
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref29
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref29
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref30
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref30
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref31
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref31
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref31
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref32
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref32
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref32
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref32
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref33
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref33
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref33
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref33
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref34
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref34
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref34
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref35
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref35
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref35
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref36
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref36
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref36
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref36
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref37
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref37
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref37
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref37
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref37
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref39
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref39
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref39
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref39
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref39
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref40
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref40
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref40
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref41
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref41
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref41
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref42
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref42
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref42
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref43
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref43
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref44
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref44
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref44
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref45
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref45
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref45
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref45
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref46
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref46
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref47
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref47
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref47
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref48
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref48
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref49
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref49
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref49
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref49
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref50
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref50
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref51
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref51
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref51
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref51
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref52
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref52
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref52
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref53
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref53
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref53
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref53
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref54
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref54
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref54
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref55
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref55
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref56
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref56
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref56
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref56
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref57
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref57
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref58
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref58
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref58
http://refhub.elsevier.com/S2405-8440(22)00600-4/sref58

	Biomechanical analysis of sheep oesophagus subjected to biaxial testing including hyperelastic constitutive model fitting
	1. Introduction
	2. Materials and methods
	2.1. Tissue acquisition and preparation
	2.2. Biaxial mechanical testing
	2.3. Tissue stress-strain analysis
	2.4. Hyperelastic constitutive modelling
	2.5. Data analysis

	3. Experimental results
	4. Discussion
	4.1. Limitations of study

	5. Conclusion and significance of research
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


