An Isotropic Hyperelastic Model of Esophagus Tissue Layers along with threedimensional Simulation of Esophageal Peristaltic Behavior
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Abstract

Understanding mechanical characterization of the esophagus tissue layers is a step forward to the
development of esophageal behavior, peristaltic simulation, and advanced clinical practices. Esophagus
tissue layers behave nonlinear with a large amount of malformation. In this paper, different models based
on the hyperelastic theory are discussed and compared to investigate the accuracy of the simulations in
esophagus tissue mechanics. The simulated tissues were assumed as nonlinear, incompressible, and
homogenous isotropic material. We have used the least square method for the best curve-fitting materials
corresponding to the Mooney-Rivlin, Ogden, and Neo Hookean models. The results show a perfect
agreement with Ogden hyperelastic model compared to the experimental studies. Moreover, based on our
results, we have developed the three-dimensional finite element (FE) models by simulation of esophageal
dynamic movements. Hence, FE analyses are taken into account for both simplicity and simulation of
esophageal peristaltic behavior. By the numerical solutions, an interactive coding between MATLAB and
ABAQUS software have been developed to achieve our goal. Current investigation is an effort to simulate
esophagus, which would be used as a predictable tool for the medical and physio-mechanical study as well
as educational purposes.
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1.
Introduction
One out of 17 individuals would progress some type
of dysphagia during their living [1]. Any malfunction
in normal physiology of the swallowing process is
known as dysphagia [2]. Computational modeling of
the esophageal normal physiology is the crucial factor
in light of medical diagnosis and advanced research
purposes. There are plenty of reasons condensed in
the literature for the computational modeling and
numerical simulations regarding to human physiology
as well as esophageal behavior [3-8].
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The esophagus - a hollow cylinder normally 25-30 cm
in length with approximately 2.5-3 cm in diagonal [9]
- has limited accessibility for its recognition and
physiology. Primarily, experimental attempts made
numerous progress within esophageal interpretation.
Some of them were described more in detailed in a
review article by [10]. Some others with an
engineering point of view have elucidated by [4, 1113]. Besides the reliable consequences, those
experiments are restricted methods, which drew out
particular outcomes. As an example, esophageal
monometry, the standard test for the measurement of
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esophageal intraluminal pressure, illustrates the
pressure of peristaltic behavior and bolus (food)
transport during the swallowing process. In addition,
the video fluoroscopy, a method to record the video
of swallowing procedure using barium swallow,
demonstrates the geometrical patterns of esophageal
motility along with bolus transport [10, 14]. Although
conventional manometry and video fluoroscopy are
now shifted to the high resolution manometry and
digital video fluoroscopy, the results still portray sole
outcomes, which are intraluminal pressure and
geometrical variations [15, 16].
Compared to the experimental studies, a computer
simulation of an internal organ would depict variety
of outcomes as well as a perceptible model [3, 6, 7].
For this purpose, understanding the biomechanical
properties of the tissue layers is the prerequisite of
basic investigations toward a computational
simulation. With regard to the histological study,
biological soft tissues (like esophagus) are known as
nonlinear, anisotropic and incompressible materials
[17, 18]. From the experimental point of view,
esophagus tissue is characterized as a two-layer
organ, mucosa-submucosa (m-s) and muscle
(muscularis) layer [19-24]. In the research by Yang et
al., tissue layers of the porcine esophagus were
studied under the uniaxial and inflation testing in both
axial and circumferential direction [19, 20].
Moreover, concerning the obtained results by Yang et
al. a mathematical model was developed for deeper
understanding toward the biomechanical behavior of
the esophagus tissue [21]. Alternatively, a
comprehensive study by Sommer et al. scrutinized
tissue mechanics of ovine esophagus in the multiaxial
direction [22]. Subsequently, the microcontinuum
model adjusts appropriate fit to the function of the
layers of porcine esophagi [24]. Furthermore, the
results of mechanical testing on human cadaveric
esophagus portrayed the stress-strain behavior of the
whole tissue, was reported by [23]. In addition, the
computational models of gastrointestinal (GI) tract
along with esophageal motility were reviewed by
[25]. They also explored a two-layer finite element
(FE) study of the esophagus model to characterize
mechanical behavior of esophageal tissue layers [26].
Simulating esophagus soft tissue layers, part of this
13

study is the comparison between different models
through hyperelastic theory in light of achieving a
simple and effective model. Comparing three
constitutive models by using the least square method,
we have characterized the biomechanical behavior of
m-s and muscularis layer.
Considering the complexity of esophageal peristaltic
behavior and its tissue mechanics, we have created a
three-dimensional (3D) FE model, as an applicable
tool, to demonstrate various outcomes. In the Yang et
al. headway, esophageal bolus transport and its waveform (peristalsis) movement was simulated using FE
method [27]. Moreover, 3D model of the human
gastroesophageal (GE) junction and esophagus body
by [28, 29], in respect of development of the
Physiome Project, was used to discriminate between
tissue layers and mechanical behavior of GE junction.
Afterwards, a manually constructed 3D model of the
upper gastrointestinal (GI) tract extracted from
Visible Human Project database was made to expand
useful information for simulation study, physiological
and pathological variations [30]. Even though those
studies were major efforts on esophageal modeling,
certain upshots and specific simulations restricted
their work as well. Current modeling could propel
future simulation of the esophageal study. It would
also be a solution for the purpose of concurrent
examination as a time-dependent tool [3, 7].
Therefore, the aim of current study is to obtain an
appropriate model from which computational layers
could potentially simulate esophageal peristaltic
behavior and its tissue mechanics. Hence, the
Mooney-Rivlin, Ogden, and Neo Hookean models,
based on the hyperelastic theory, were studied
compared to experimental results. Additionally,
simulating esophageal peristaltic behavior, the active
intraluminal pressure of the swallowing transport has
been applied to the FE layers. It should be noted that
the whole organ (esophagus) is simulated as a 3D
cylinder, consisting of m-s and muscularis layer, in its
three regions known as: cervical, thoracic, and
abdominal.
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2.
Materials and methods
2.1. Experimental data
The obtained data were extracted from experimental
study carried out by [19] to achieve the mechanical
behavior of the esophagus tissue layers. In their
study, uniaxial tensile test on fresh porcine esophagi
was taken into account. The pigs were 3-4 months old
and weight 70-80 kg. Tissue layers of the esophagus
were segregated into the mucosa-submucosa (m-s)
and muscularis layer. All segments were cut from the
cervical, thoracic, and abdominal regions into the
grip-to-grip dog bone shapes. Each tissue of segments
was consisted a value of 25 mm in length and 5 mm
in width. It is worth nothing that the mean value of
thicknesses was varied between m-s and muscularis
layer from 2 mm to 3 mm, respectively. All the
samples were tested under the uniaxial tensile tests in
both circumferential and axial orientation. In
addition, the load-to-failure test was set on the strain
rate of 50 mm/min [19]. In both m-s and muscularis
layers, the average value of stress-strain function
from experimental tests have been used for the curve
fitting analysis (section 2.3).
The physiological loadings affecting esophageal
motility were acquired from a concurrent manometric
and fluoroscopic study performed by [16], Table 1.
The study was done on 20 healthy subjects, 7 men and
13 women between 20 to 45 years old. A solid-state
high-resolution manometry, divided in 1 cm interval
with 36 circumferential sensors, has been used to
measure the intraluminal pressure inside of
esophageal body. Moreover, the barium swallows- a
routine method for the swallowing characterizationwere recorded with two 5 ml and one 10 ml barium
swallow. Furthermore, the range of 0 to 100 mmHg
was calibrated for the preceding records [16].

materials. In this research, we had a comparison
between three widely used models, Mooney-Rivlin,
Neo Hookean, and Ogden model [31, 32] to find an
appropriate model for the esophagus tissue layers.
2.2.1. Ogden model
The Ogden model is represented for hyperelastic
material in the form of strain energy potential as
below [33]:
N 2
N
i (i i i 3)   1 (J 1)2i
U  
el
2
3
i 1 i 1
i 1 Di

(1)
here U is the strain energy potential, and i are the
deviatoric principal stretches that can be further
expressed as follows:
1
i  J 3 i


(2)

In the aforementioned equation,
J is the volume ratio and i refers to the principal
stretches. In equation 1, material constants are N , i
,  i and D i in which i and  i describe the shear
behavior of material and D i indicates the range of
compressibility ( D i is equal to zero for
incompressible materials). Additionally, the principal
stretches are related to the principal nominal strains
by:
i  1   i

(2)

Moreover, J is the ratio between present volume to
the initial volume (the determinant of deformation
2.2. Constitutive models
Low elastic and bulk modulus material models with gradient matrix, F ) and is obtained from the below
large deformations, which are path-independent, are relation:
known as hyperelastic materials. These are described
1 0
0


in term of the strain energy potential, which defines
F   0 2 0  , J  det  F   123
0 0  
the strain energy stored in the material per unit of
3

reference volume (volume of initial configuration) as
a function of deformation [17]. Many hyperelastic
(3)
models have been developed and used for soft tissue
thus for incompressible materials:
14
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123  1

I1  12  22  32 ,
(2)
(2)
(2)
I 2  1
 2
 3

In addition, the elastic volume ratio (Jel ) is the
fraction of (J ) -the volume ratio- to the (Jth ) -

Particular form of Polynomial models is obtained by
setting the specific coefficients to the zero. If
all C ij with J  0 are set to zero, the reduced

thermal volume ratio- presented in equation 5:
Jel 

J
Jth

(5)

Polynomial form is achieved. For N 1 , the reduced
Polynomial model could be translated to the NeoHookean model [34, 35]:

Where:
Jth  (1   th )3

(8)

1
U  C1,0 (I1  3) 
(J  1)2
D1 el

(9)

(6)

 th is the linear thermal expansion strain. Assuming
the absence of thermal strain: Jth  1  Jel  J It

2.2.3. Mooney-Rivlin model
should be noted that, in equation 1, N could be 1, 2 or In the general form of Polynomial model, N is set
3. By increasing N from 1 to 3, the number of required into one, to obtain the Mooney-Rivlin model [36, 37]:
constants, describing the material behavior, will be
1
increased from 3 to 9. As a result, the cost of
U  C 0,1(I 2  3)  C1,0 (I1  3) 
(Jel  1)2
D
1
calculation, but the precision of curve fitting will be
improved
significantly.
For
instance,
by
(5)
choosing N=2 and fitting the material parameters, the
behavior of curves can be described more accurately;
Assuming the incompressibility, tissue behavior is
this is discussed more in detailed in section 2.3.
described by the two parameters of Mooney-Rivlin
model, C0,1 and C1,0.
2.2.2. Neo Hookean model
This model is the specific type of Polynomial function
2.3. Curve fitting method and analysis
from which the general form of Polynomial strain
The least square method- a standard numerical
energy potential was represented in equation 7:
method- is used to fit three hyperelastic constitutive
models with experimental outcomes. In this method,
N
N 1
U   C ij (I13)i (I 2 3) j  
(Jel 1)2i
complex equations such as nonlinear functions are
i  j 1
i 1 Di
being fitted based on the minimal sum of the errors or
the least deviation squared. Considering a set of
(4)
experimental stress and strain data as (σ1, ε1), (σ2, ε2),
where, N , C ij , and D i are material constants and (σ3, ε3), (σn, εn), the sum of square errors is defined as
below:
I 1 and I 2 are the first and second invariants of the
n
S err   err 2 , err    f ( , p )
(11)
deviatoric strain.
i
i
i
i
i 1
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Table 1. Physiological loadings in term of intraluminal pressure [KPa] [16]

Time [S]

Length of Esophagus [Cm]
0

2

4

6

8

10

12

14

16

18

20

22

24

25

0

4.00

0.27

0.13

0.00

0.00

0.13

0.40

0.13

0.40

0.40

0.00

0.00

2.00

1.87

2

4.00

5.00

1.67

0.53

0.53

0.40

0.53

0.53

0.40

0.40

0.40

0.53

1.33

1.33

4

4.00

1.07

2.67

3.73

2.27

1.33

0.67

0.53

0.53

0.67

0.67

0.67

0.67

1.07

6

4.00

0.53

0.53

1.07

1.33

3.73

6.67

8.00

4.93

1.07

0.67

0.80

0.80

0.80

8

4.00

0.27

0.13

0.00

0.13

0.80

1.67

4.00

5.33

10.00

8.67

1.33

1.07

0.80

10

4.00

0.53

0.13

0.00

0.13

0.67

0.80

0.93

2.40

7.07

12.00

4.00

1.67

1.07

12

4.00

0.53

0.27

0.00

0.00

0.00

0.40

0.13

0.67

0.80

3.73

3.73

3.33

2.00

14

4.00

0.27

0.13

0.00

0.00

0.27

0.67

0.13

0.53

0.53

0.13

0.13

4.00

2.67

Figure 1. Curve fitting of the m-s layer with constitutive models. (a), (b) axial (c), (d) circumferential direction

Figure 2. Curve fitting of the muscularis layer with constitutive models. (a), (b) axial (c), (d) circumferential
direction
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The f function is defined hyperelastic behavior of the
materials. In addition to the variable strain (ε), this
function also depends on the vector parameters ( p ).
The length of p must be less than n. The goal is to
find p so that S err is minimized. Further information
concerning the least square method could be find in
[38]. The curve-fitting analyses for constitutive
models were done using ABAQUS v6.12. The
comparsion between three hyperelastic constitutive
models, Moony Rivlin, Neo Hookean, and Ogden,
were indicated in Fig. 1 and 2. Both uniaxial and
circemferential direction were taken into account for
the m-s and muscularis layer. In the figures (1 and 2)
the continuous black lines are the results refered to
Yang et al. study [19]. While both layers were in
perfect match with Ogden hyperelastic model, (Fig. 1
and 2), it was expanded up to the six-parameter
(Ogden-N2) to fit the curves more accurately. This is
shown on Fig. 1, b and d as well as on Fig. 2, b and d.

initial step in FE method. For this purpose, a mesh
generation function is coded in MATLAB. This
function discretizes the geometry according to the
design variable data from the normal esophagus. The
final product is to export a text file as an input-file for
the analysis software. The procedure of FE modeling
has been shown in the flowchart of Fig. 3.

2.4. Root mean square
Calculating the errors between FE tissues and in-vitro
tests of the esophagus tissue layers, the root mean
square error (RMSE) is used to compute the
percentage error between two matrices [39]. Based on
the sum of the average square errors between the
obtained FE and experimental (Exp) strains
(1Exp  1FE ),( 2Exp   2FE ),...,( l Exp   l FE ) the
RMSE is described as below:
Figure 3. The process of FE modeling

RMSE 

l Exp
2
  Exp FE  / l Exp  100
i 1

( 6)
where RMSE is the percentage error between the
obtained strains from Exp and FE results. The lExp is
the number of data from Exp strains, equal to the FE
strains, which is used in equation 12.
2.5. Finite element analysis
As previously mentioned, the finite element (FE)
method has been used for the analysis of the models.
Domain discretization to the finite element is the

2.5.1. Geometry of the model
To generate the meshes, coordination of the nodes
was obtained and then the constituent nodes of each
element were assigned to it. For this purpose, the
esophagus was divided into the layers with thickness
l z where z coordinate is constant for the nodes in
each level. The polar system was utilized to calculate
x and y coordinate of the nodes. Esophagus ring is
divided with equal angles and the distance of the
nodes from the center is calculated (Fig. 4). Then x
and y coordinate of each node was received a form
of polar to the Cartesian system. Iterative process on

17
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this step, the coordination of the nodes in all levels
calculated and finally all nodes of the domain were
defined (Fig. 5).
The nodes are numbered from bottom to top, center to
outside and in counter-clockwise direction. By
obtaining the node numbers, which are connected to
each element, esophagus modeling is accomplished.
Eight nodes brick element is utilized in FE analysis.
The sequence of numbering and the surface definition
of this element are shown in Fig. 6.
The elements are numbered in the same way as nodes.
Thus, after obtaining the number of nodes in the first
element on each level, the number of nodes in other
elements are provided by a linear function of the
element number. Fig. 7 shows the final model made
by mesh generation function. Ultimately, some of the
nodes and elements are defined as special sets such as
interior, exterior surfaces and set of the elements
located at the same level and the end nodes. These sets
are used to apply loads, boundary conditions, and
interactions in the ABAQUS software.

Figure 4. Obtaining the coordinate of the nodes in a slice of
esophagus

Figure 5. Nodes in the model of esophagus

Figure 6. Eight nodes brick element

2.5.2. Finite element models
Simulating esophageal peristaltic motility, three finite
element (FE) models have been created to approach
our aim. The first two ones were simulated esophagus
tissue layers and their characterization, while the
second one was mimicked esophageal peristaltic
motility. In the Fig. 8, discrete layers are depicted
along with two-layer FE model of the esophagus
body. The m-s and muscularis layer are shown in gray
and red color, respectively.
For FE tissues, the rectangular form has been shaped
in 25x5 mm. The thicknesses are 2 mm, 3 mm for ms and muscularis layer (Fig. 8). Both models have the
same size as what has been tested at [19]. Moreover,
esophageal modeling, a two-layer cylinder containing
m-s and muscularis layer, was developed based on the
normal size of esophagus body, length=250 mm,
Dout=25mm [9] (Fig. 8). From the computed
tomography (CT) studies on the wall of esophagus
body, the calculated mean thickness is 4.34 mm for
females and 5.26 mm for males [40]. In light of FE
esophagus thickness, female values have been used
due to larger number of the female subjects in [16]. It
is remarkable that esophagus body is
18
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for the two-layer FE esophagus (m-s and muscularis
layers).

Figure 7. Finite element model of esophagus

Figure 8. Two layered FE esophagus along with tissue models,
m-s (gray) and muscularis layer (red)

2.5.3. Material properties and assumption evidences
We have assumed esophagus tissue layers, nonlinear,
incompressible and homogenous isotropic material.
The three-parameter form of Ogden hyperelastic
model (N1) were taken into account based on the
comparison presented in Fig. 1 and 2, section 2.3. In
both, FE tissues and FE esophagus, same coefficients
obtained from the curve-fitting analysis were set as
the material modules. The density was calculated
about 1050 109 [kg/mm3] similar to muscular tissues
[42]. With regard to histological knowledge, the
nonlinear function from axial direction in Fig. 1-a,
and circumferential characterization in Fig. 2-a, were
considered for the m-s, and muscularis layer,
respectively. Furthermore, in the current project the
modeling of esophageal sublayers, such as adventitia
or longitudinal muscle in the muscularis layer are not
taken into account [18, 22, 41].
2.5.4. Preprocessing conditions
In FE tissues, the analysis was set on the static step
with eight-node brick elements. Moreover, the
acquired results (coefficients) from three-parameter
form of Ogden model (N1), depicted in Fig. 1 and 2,
were taken into account for FE tissues, section 3.1. It
worth nothing that the coefficients from axial
direction were set for the FE m-s and circumferential
ones in FE muscularis for both models.
In the FE
esophagus, achieving time dependent analysis, the
dynamic-explicit analysis with explicit eight-node
brick elements have been set to investigate peristaltic
motility as well as tissue deformities. The boundary
conditions have been applied on FE models is
presented in the schematic view in Fig. 9. From left to
right, m-s is stretched in axial and muscularis layer in
the circumferential direction. Furthermore, FE
esophagus was fixed against all six degree of freedom
(DOF) except displacement on z-axis at the end of
abdominal region.

divided in three main regions, cervical, thoracic, and
abdominal [41].
Hence, for variable thicknesses through the length of
FE esophagus, the value of 2.2, 4.1, and 5.3 mm have
been applied for the cervical, thoracic, and abdominal
regions, respectively [40] (Fig. 9, the right cylinder).
With regard to the mean size of muscularis (3 mm)
and m-s (2 mm) thickness [19] a ratio of 1.5 (3:2=1.5) 2.5.5. Simulation
was applied to divide the aforementioned thicknesses In FE tissues, both m-s and muscularis layer were
analyzed under the same loading condition as Yang et
19
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2.5.6. Mesh refinements and convergence solution
Upon the convergence of the outcomes, in an iterative
process, the models have been ran within mesh-size
reduction known as h-refinement method [43]. The
DOF numbers (node numbers) are increased in both FE
tissues and FE esophagus to investigate the stress-strain
and strain energy function, respectively (Fig. 10). In the
tissue models, the number of elements were increased
from two up to ten within a comparison of the strain
results in Fig. 10-a. These data were compared to the
mean stress-strain curves extracted from experimental
tests [19]. The same process has been done for the
muscularis layer as well. The goal is to find accuracy
of the outcomes with finer mesh numbers. Hence, for
FE esophagus, the iterative process in the form of strain
energy function has been done until its convergence.
Strain energy results demonstrated similar behavior for
FE esophagus with 3000 elements and greater (Fig. 10b). The procedure was carried out using
ABAQUS/explicit v6.12 package. The CPU time was
about 3 hours for the analysis of FE esophagus (the 3D
cylinder).

Figure 9. FE models and boundary conditions

Figure 5. Mesh refinements and convergence solution

al., study [19]. This was shown in Fig. 1 and 2.
Furthermore, no boundary conditions have been
utilized in the simulation process except the equal
pressure in an opposite direction (Fig. 9). Heeding the
loading rate: the m-s layer has been stretched in axial
direction from 0 to 3.07 MPa and a pressure range of 0
to 0.8 MPa was taken into account for the muscularis
layer in circumferential direction (Fig. 9).
Fig. 9 FE models and boundary conditions For FE
esophagus, active vivo pressures of the swallowing
procedure [16] have been assigned inward of the
model to simulate the physio-mechanics of
esophageal behavior. The whole body was separated
in 25 segments through z-axis (Fig. 9). According to
Table 1 each segments took their own loading within
an interval of 0.5 second. The sequence leads to a
simulation of the muscle contractions and esophageal
peristalsis motility.
20

3.
Results
3.1. Outcomes from FE tissues and model
validation
From the curve fitting analysis through three
constitutive models (Mooney-Rivlin, Ogden, and Neo
Hookean), the coefficients of the fitted (Ogden)
hyperelastic model is indicated in Table 2. The curves
of Ogden model were compared within the original
functions obtained from experimental study [19].
Significantly, the root mean square errors (RMSE)
(defined in section 2.4) were equal or below 1% for
both layers in both directions. Considering equation 1
in section 2.2.1 and the aim of incompressibility in the
current study, the invariable D is zero in both three
and six parameter form of Ogden model (Table 2).
To double check the accuracy of the obtained
coefficeints, the used data from Ogden model (N-1)
in Table 2 scrutinized with an analogy between FE
tissues and experimental results. Predictably, FE
tissues were modeled by Ogden coefficients behaved
closely to the mean outcomes from experimental
results.

HajHosseini P. /Bioengineering Research 2019;1(2): 11-27

Table 2. The coefficients of the Ogden hyperelastic models, obtained from curve fitting analysis
Model \ Layer

Ogden N-1

Ogden N-2

Muscularis

Mucosa-Submucosa

Axial

Circumferential

Axial

Circumferential

µ = 3.29E-02

µ = 3.42E-02

µ = 0.19

µ = 5.00E-02

α = 8.12

α = 5.34

α = 6.65

α = 5.85

D=0

D=0

D=0

D=0

(RMSE = 0.6 %)

(RMSE = 0.9 %)

(RMSE = 0.8 %)

(RMSE = 1 %)

µ1 = 1.45E-06

µ1 = 6.80E-02

µ1 = 3.88E-02

µ1 = 4.80E-05

α1 = 21.42

α1 = 5.09

α1 = 8.97

α1 = 13.46

D1 = 0

D1 = 0

D1 = 0

D1 = 0

µ2 = 5.99E-02

µ2 = -5.10E-02

µ2 = 0.18

µ2 = 5.69E-02

α2 = -16.39

α2 = -10.53

α2 = 4.57

α2 = 5.24

D2 = 0

D2 = 0

D2 = 0

D2 = 0

(RMSE = 0.6 %)

(RMSE = 0.9 %)

(RMSE = 0.8 %)

(RMSE = 1 %)

Figure 11.The comparison of FE tissues with experimental tests [19]. (a) m-s layer in axial direction (b) muscularis
layer in circemferetial direction.

21

HajHosseini P. /Bioengineering Research 2019;1(2): 11-27

The above diagrams in Fig. 11 indicate FE tissues
stretched in the uniaxial direction. The analysis of
both layers (in Fig. 9), were compared to the
outcomes from similar conditions in the m-s and
muscularis samples of [19] report.
3.2. Outcomes from FE esophagus and
verification study
Concurrent coding and simulation leaded FE
esophagus to be a computational model of esophageal
motility. The written code is a potential tool to apply
variety of conditions. The simulation of peristaltic
Figure. 6 Simulation of peristaltic behavior in
real geometry
motility was the prime outcome from FE esophagus.
In Fig. 12, tissue motility of the layers along the
length of FE esophagus is indicated sequentially.
Simulating esophageal peristaltic behavior, the time
dependent wave-form movements have been 3.2.2. Layer displacement in FE esophagus with
accurate geometry
mimicked the swallowing procedure.
Layer characterization and time dependent prediction
is a prerequisite for esophageal peristaltic behavior.
Considering esophagus as a luminal organ, the results
had been extracted from the polar coordinate system,
which was set in ABAQUS visualization module. In
Fig. 14, U1 is representing displacement variation
through FE esophagus. Based on the legends in Fig.
14, from blue to red, displacement value is going to
be greater.

Figure 12. FE esophagus, simulation of esophageal
peristaltic motility

3.2.1. Accuracy in geometry (anatomical model)
Seeking model accuracy, geometrical information
from esophagus image had been used to achieve a
more precise FE esophagus (Fig. 13). Information of
esophageal border borrowed from free access image
on digital lab 3D website (www.turbosquid.com),
except the data size relevant to the esophageal
geometry, same process (described in section 2.5) had
been utilized toward the peristaltic simulation of
anatomical model.

22

Figure 7. Layer diversity through FE esophagus
with accurate geometry
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0.4999 [44] and 10 MPa [45], respectively. Moreover,
hyperelastic functions from curve fitting analysis
(section 2.3) had been considered as well. However,
the Moony Rivilin hyperelastic model was not
converged with the simulated FE esophagus.
Interestingly, the extracted results from visualization
module
in
ABAQUS
portrayed
diverse
characterization in comparison with FE esophagus
based on the Ogden model. Large values of the RMSE
in Fig. 16 are representing model dependency on the
material functions.

3.2.3. Mesh refinement
Fig. 15 is representing mesh refinement for the
anatomical geometry of FE esophagus in Fig. 13. Its
procedure was as similar as what had been described
in section Error! Reference source not found.. The
convergence solution was defined by decreasing the
element numbers from 3000 to 500. This was
occurred due to the refinement of FE esophagus with
3000 elements in section Error! Reference source
not found., Fig. 10-b. This was an analogy through
strain energy function of FE esophagus in ABAQUS,
visualization module. Even though mesh size
reduction makes less RMSE, the results in Fig. 15

shows a rational answer for the anatomical model
with 1000 elements.
Figure 9. Material investigation, validation study
Figure 8. Mesh refinement and convergence solution for FE
esophagus in real geometry (anatomical model)

3.2.4. Material investigation and validation study
To investigate the effect of material properties on FE
esophagus, a sensitivity analysis had been done
applying different materials. The Ogden hyperelastic
model was compared with Neo Hookean hyperelastic
and rubber-like material (Fig. 16). Surprisingly, the
strain energy outcomes were too different in FE
esophagus defined with latter materials in comparison
with material properties on Error! Reference source
not found.. It should be noted that the rubber-like
material was analyzed based on the elastic theory,
where the Poisson’s ratio and Young’s modulus were

3.2.5. Bolus clearance, swallowing procedure
Esophagus, as a luminal organ is a link between
mouth to stomach with the mission of bolus transport
[10]. Final application of FE esophagus was to test
bolus clearance and simulation of the swallowing
process without gravity intervention. To achieve this
goal, a bolus prticle in spherical shape (D=8 mm) had
been located into the transition zone [15] of the real
FE esophagus (Fig. 14). Solid bolus particle, defined
similar to the rubber-like material (section 3.2.4),
with frictionless interaction between FE esophagus
and bolus particle. The final product was simulation
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of the swallowing process along with bolus transport. example, according to the esophagus histology, the
The full video of bolus transport in Fig. 17 is enclosed muscularis layer is consist of the longitudinal and
to this paper as well.
circular muscles. Normally, these are reinforced by
the natural muscle fibers in their own direction [6, 7,
18, 21, 22]. Hence, not all details have been simulated
in our FE tissues. However, the question is, do we
need all details to have a practical esophagus? To
answer this question, we suggest future studies to
investigate the effect of esophageal sublayers in the
computational format regarding to peristalsis
Figure 17. Bolus transport
motility.
Obviously, there are distinct differences between
current FE esophagus and other models in literature.
In the [27] study, the axisymmetric FE analysis was
used for the prediction of particular diseases in
4.
Discussion
malfunction
and
mechanical
In the current study, step-by-step investigation of esophageal
characterization.
Moreover,
[28]
have
simulated
GE
esophageal simulation was carried out using tissue
study and concurrent numerical-biomechanical junction to predict biomechanical behavior of its
modeling. Simulating mechanical characterization of tissue layers. Subsequently, 3D model of the upper GI
the esophagus tissue layers, three constitutive models tract by [30] provided applicable facts for the future
(Mooney-Rivlin, Ogden, and Neo Hookean) based on simulation of physiological and pathological study.
the hyperelastic theory were explored by applying In our MATLAB-ABAQUS code, esophageal
curve-fitting analysis. Considering the results from peristaltic behavior was developed using numerical
the least square method on Table 2 and outcomes modeling. This is a potential tool for the current and
from curve-fitting study (section 2.3); both, three and future physiological study, educational use, and
six parameter form of Ogden hyperelastic models (N1 clinical purposes. A consistent coding toward the
and N2) were appropriated for the esophagus tissue esophagus simulation, as an intraluminal organ, is a
modeling. The three-parameter model has been used significant achievement. First of all, the applied
to simulate esophagus tissue layers. We have found physiological loadings from barium swallow [16]
that, this is an approved modeling by the calculation make FE esophagus to be a time dependent tool for
of the RMSE in Table 2, where the errors are less than understanding the physio-mechanical behavior of the
1%. Moreover, FE tissues were compared to the esophageal motility (Fig. 12 and 14). In addition,
experimental study by applying similar process, sufficient alternative to rework the geometry, regional
which was done in Yang at el. report [19]. Even parts, material properties (Fig. 13 to 16) and or other
though, the comparison was between FE isotropic conditions such as normal and pathophysiological
models and anisotropic in-vitro tissues, the RMSE for behavior of esophageal motility in FE esophagus.
m-s layer is below 10% (Fig. 11-a), while it is 17.6% This is a remarkable progress in reference to the
for the muscularis layer (Fig. 11-b). There are crucial recent studies [6, 7, 30]. Indeed, simulation of the
reasons for making FE tissues as the verified models swallowing procedure within bolus transport is a
with acceptable errors. First, the used experimental novel outcome and a potential application of our work
results are average functions from in-vitro tests on the (Fig. 17). Considering duration of the normal bolus
pig samples. Second, tissue samples are extracted transport from upper through lower esophageal
from different parts of the esophagus, known as sphincter, which is about 8 seconds. As a diagnostic
cervical, thoracic, and abdominal segment (section symptom, swallowing transport beyond that limit
2.1) [19]. Third, both m-s and muscularis layers have occurs with esophageal abnormality [6, 46]. Since
their own affect in the opposite direction. As an bolus clearance in Fig. 17 (attached video) is
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happened at the aforementioned point of time (≈ 8th
second), the model is working properly, in
comparison to the normal physiology of bolus
transport.
Although, this research is an effort in light of
achieving a complete simulation of esophageal
peristaltic behavior, there are certain limitations in
our work as well. For FE tissues, due to run time
reduction, not all details had been applied.
Correspondingly, assuming isotropic, homogenous
material may affect an exact simulation. Moreover,
we have avoided applying the effect of viscoelasticity
of the biological soft tissue organs [47-48].
Additionally, more analysis with different boluses
need to be considered for the swallowing simulation
toward a more precise modeling. Hence, the written
code must be developed for an accurate simulation of
the whole organ along with bolus particles.
As a systematic method, our FE modeling would be
used in the normal and or abnormal study regarding
esophageal motility. Even though more study needs
to fill the gaps of our work and this area as well, our
endeavor is a novel method in prediction of
esophageal peristaltic behavior. It is also a potential
tool to simulate other luminal-shape organs.
In conclusion, our research presented curve-fitting
analysis through three hyperelastic models, which
portrayed a good agreement of the Ogden model with
esophagus soft tissue layers. Development of a
MATLAB code leaded us to generate FE esophagus
as a potential tool to understand the physiomechanical behavior of esophageal peristaltic
motility. Using ABAQUS software, we have
investigated geometrical and conditional variations in
FE esophagus. Moreover, swallowing process along
with bolus clearance has been studied using our
MATLAB-ABAQUS code. This study is a predictive
tool for the future use in medical investigation and
clinical therapy.
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