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Purpose: Endoscopy is a common and effective method to treat digestive system diseases. Not only can it detect the physiological
state of the digestive tract, but also can conduct clinical operations. As a result, it’s of great significance to make clear the relation-
ship between the clinical operation and the complications. Methods: Considering the difficulty in measuring the contact force and
determining the stress distribution in real time during endoscopy, a specific-patient finite element model for the frictional behavior at
the endoscope-esophagus interface was built in current study. By collecting the CT data of the patient, a 3D esophagus model was built
and divided into three characteristic regions (narrow region, thoracic region and abdominal region) according to the physiological struc-
ture. Results: Results showed that the radius of the narrowest position was the dominant factor for the maximum von Mises stress when
the endoscope passed through the narrow region. For abdominal region and thoracic region, with the increasing coefficient of friction
(COF) and amplitude, the total force duo to frictional force (CFSM), frictional dissipation (FD), strain energy (SE) and maximum von
Mises stress (Max) all increased correspondingly. Meanwhile, the region of stress concentration gradually approached the initial contact
stage. Conclusions: The results can provide theoretical basis and technical support for clinical application and offer some suggestions for

medical workers during endoscopy as well.
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1. Introduction

Endoscopy is a common and effective method to
treat digestive system diseases. It enables the doctors
not only to detect the physiological state of the diges-
tive tract, but also conduct clinical operations, such as
esophageal stent apposition [8], [10], extraction of
esophageal foreign bodies [2], [17], biopsy sample
[11] and so on. On the one hand, it plays a huge role
in gastroesophageal diseases, but, on the other hand, it
also brings some complications during or after en-
doscopy, which are easily ignored by people, espe-
cially the elderly. The complications mainly contain
hyperemia, hemorrhage and perforations [1], [16].

At a result, it’s of great significance to make the
relationship between the clinical operation and the
complications clear. In view of the difficulty in de-
termining the contact force and stress distribution at
the tissue-instrument interface, a practical finite ele-
ment model is introduced [3], [22]. By simulating and
simplifying the model to some extent, it can help
medical workers improve the operation quality and
offer suggestions for endoscopy.

Many researchers have carried out simulations
studies on the soft tissue-medical instrument contact
problem by using finite element model. These instru-
ments mainly focus on intravascular stents [5], [9], [20],
[25], [26], esophageal stents [12], [23], [30], aortic
valves [4], [21], gastric band [7], etc. For example,
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Schiavone et al. [26] simulated the development of the
latest commercial stent (Xience stent) inside a stenotic
artery through three behaviors (expansion, dogboning
and recoiling). Kajzer et al. [12] conducted the biome-
chanical analysis of the given geometrical form of
esophageal stent used in the digestive tract and stud-
ied the stress and strain distribution of the specific
elements in the modeled system. Carniel et al. [7]
developed a computational tool to investigate the me-
chanical functionality of gastric conformations preop-
eratively and postoperatively. These articles mainly
focused on the in situ evaluation of structural pa-
rameters and material properties of instruments (dur-
ing and after deployment) as well as the stress distri-
bution of tissue, but paid little attention to the
frictional behavior at the soft tissue-instrument inter-
face.

Meanwhile, with the rapid development of medical
imaging techniques and computational methods, the
patient-specific finite element model provides research-
ers with more realistic idea to study the target tissue-
instrument behaviors. Morganti et al. [4] realistically
reproduced the transcatheter aortic valve using a pa-
tient-specific finite element analysis and evaluated the
impact of aortic root anatomy from two real patient
datasets. He also conducted the isometric analysis on
the model construction and simulation of aortic valve
closure [21]. Auricchio et al. [3] studied the impact of
carotid stent apposition on carotid artery anatomy by
means of patient-specific finite element analysis.
Magne et al. [19] introduced a rapid method for the
generation of finite element models of dental structures
and restoration with a Micro-CT scanner. Our research
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group also conducted experiments concerning the en-
doscope-esophagus interaction under different normal
loads, sliding velocities, physiological structures and
extension directions and made a series of conclusions
[15], [16]. However, the friction experiment on eso-
phageal tissue were performed in vitro.

Consequently, in order to better understand the in-
teraction at the endoscope-esophagus interface, a pa-
tient-specific model based on the finite element model
was used to study the frictional behavior in this paper.
According to the physiological structure, the target
esophagus was divided into three characteristic re-
gions: narrow region, abdominal region and thoracic
region. The study was organized as follows: first, we
illustrated the generation of the patient-specific model
of esophagus, and then introduced the basic parame-
ter settings of the Abaqus model. Finally, we post-
processed the simulation outputs, and discussed the
results.

2. Materials and method

2.1. Model generation

A 3-step procedure was followed to generate the 3D
finite element model of the extracted human esophagus:
Step 1: built the part of esophagus in Mimics based on
the data of Micro-CT; Step 2: smoothed the surface of
esophagus and measured the size of esophagus; Step 3:
built the three-dimensional models of the esophagus

The specific-patient esophagus opened in the Mimics in different perspectives
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in SolidWorks based on the previously measured
esophageal size and exported them to Abaqus using
a plugin (SIMULIA ABAQUS Interface for Solid-
Works).

The esophagus data from Skyscan 1072 high reso-
lution Micro-CT (Skyscan, Aartselaar, Belgium) was
obtained from a 67-year-old male patient in the Depart-
ment of General Surgery, Chengdu Second People’s
Hospital, Chengdu, China. The data was approved by
the Ethics Committee of Sichuan Academy of Medi-
cal Sciences & Sichuan Provincial People’s Hospital,
China. The scanning data was characterized by the
following features: slice thickness was 3.75 mm; slice
increment was 2.5 mm; slice width and height were
512 x 512 pixels; pixel spacing was 0.91 mm; number
of slices was 201.

First, the origin data of esophagus from Micro-CT
was opened using Mimics 20.0 (Materialise NV,
Belgian). The first mask was built by adjusting the
threshold of the software. By editing the previous
mask layer-by-layer, the second mask was constructed
to obtain the esophageal model accurately. Based on
the second mask, the part of esophagus can be built
through the calculation part in the software, as shown
in Fig. 1.

Then, the portion of esophagus was smoothed to
remove the burrs on the surface. The size of the
esophagus can be measured in 3-Matic 12.0 which
was a matching software with Mimics 20.0, as shown
in Fig. 2. According to the physiological structure,
three characteristic regions were chosen from top to
bottom in the esophagus, namely narrow region, tho-
racic region and abdominal region. The basic size and
shape were labelled in the Appendix. In addition,
based on the size of these characteristic regions, the
parts of esophagus can be built in Solidworks 2016
(Dassault system, USA).
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Fig. 2. The smoothing treatment and the subsequent measurement
of the esophagus model

Finally, the esophagus parts were exported into
Abaqus 2016 (Dassault Systemes, USA) via a plugin
(SIMULIA ABAQUS Interface for SolidWorks), as
shown in Fig. 3.

o=

(b) Part 2

(c) Part 3

(a) Part 1 (d) Endoscope

Fig. 3. Three characteristic parts chosen
from the esophagus model: part 1 — narrow region,
part 2 — thoracic region, part 3 — abdominal region; endoscope

Assisted by the external force, the endoscope
passed through the esophagus along the coaxial direc-
tion. The endoscope was simplified into a hollow cy-
lindrical structure, as shown in Fig. 3d. In the initial
stage, there was a buffer regions playing a guiding role
when the endoscope contacted the esophagus [13].
The basic sizes of endoscope were also listed in Ap-
pendix. The part of endoscope was assembled with the
esophagus in Abaqus to simulate the contact during
endoscopy, as shown in Fig. 4.

(2) () (©)

Fig. 4. The assembly of the endoscope and esophagus
in Abaqus software

2.2. Materials models
and finite element procedure

The number of elements, nodes as well as the type
of element are listed in Table 1. Owing to the asym-
metry of the thoracic region, the elements was set as
C3D10M in order to better run the contact model in
Abaqus. Meanwhile, the element density of the distal
thoracic region was smaller than that of the proximal
region to accelerate the calculation speed and save the
calculation time.

Considering the viscoelasticity and incompressi-
bility of the esophagus, the materials model was
assigned with a linear elastic material, which was
similar to a blood vessel [24]. The elastic modulus
was E = 1.75 MPa, the Poisson’s ratio was ¢ = 0.49 and
the density of the esophagus was p = 1 x 10’ kg/m’



14 C.LiNetal.

[23]. The endoscope was also a linear elastic material
and the elastic modulus was £ = 8.3 E5 MPa, the
Poisson’s ratio was 4 = 0.33 and the density of the
esophagus was p = 6.45 x 10° kg/m’.

The model was opened as a static and general type
when the endoscope started moving. The interaction
between the endoscope and the esophagus was mod-
elled by using surface-to-surface formulation. The
coefficient of friction was 0.2, which simulated the
real frictional contact [19]. For boundary conditions,
the endoscope was moving coaxially along the axial
of esophagus to imitate the stable operation during
endoscopy. Besides, the proximal end of the esopha-
gus was constrained three displacement directions to
avoid movements.

Table 1. the number of elements, the number of nodes
as well as the type of the element

Name Number Number Type

of Part of Elements | of nodes of element
Narrow region 3780 5184 C3D8R
Thoracic region 123696 180581 C3D10M
Abdominal region 12000 14701 C3D8R
Endoscope 1683 2964 C3D8R

2.3. Movement and analysis
under different conditions

The system locomotion was driven by setting the
displacement of endoscope under the boundary condi-
tion and the displacement was 30 mm along the cen-
tral axis of the esophagus. In order to overall under-
stand the endoscope-esophagus interaction in the
patient-specific model, the model consisted of three
variable parameters: 1. amplitude: the displacement of
endoscope over a period of time; 2. coefficient of
friction (COF): the coefficient of friction at the endo-
scope-esophagus interface; 3. structure size: the di-
ameter or length for esophagus. For the frictional be-
havior when the endoscope passed through the narrow
region, the basic parameters of model are as follows:
the radius and the length of the narrowest position are
3.5 mm and 5 mm, respectively; the interfacial COF is
0.2; the amplitude of the model is (0, 0)—(1, 1). When
studying the influence of structural parameters, COF
and amplitude factors on the frictional performance,
only the corresponding parameter changes, while the
other three parameters remain the same.

Besides, there were four characteristic indices to
analyze the results of the model. For all simulations,
only the job file of model was completed with a type

of full analysis, the results can be considered valid and
useful. The four indices of the results were: 1. total
force due to the friction stress (CFSM); 2. frictional
dissipation (FD): the frictional energy dissipation of
the whole model; 3. strain energy (SE): the strain en-
ergy of the whole model; 4. maximum von Mises
stress (Max): the maximum von Mises stress of the
whole model.

For the above results, F-test (analysis of variance)
was used to determine the significant difference under
different modeling conditions. The level of statistical
significance was set to P < 0.05.

3. Results

3.1. Frictional behavior when endoscope
passed through the narrow region

Given the structure and the interfacial property af-
fecting the frictional behavior at the endoscope-
esophagus interface, the radius and the length of the
narrowest position, the coefficient of friction and the
amplitude were studied in this section.

3.1.1. Effect of radius

As shown in Fig. 5, there is a clear difference
concerning the strain energy of the whole model
(P < 0.05). With the increasing radius of the narrow-
est position, the interfacial tightness declines follow-
ing a decreasing energy when the endoscope passes
through the narrow region, namely strain energy.
Meanwhile, the total force duo to the frictional force
and the corresponding frictional dissipation of the
whole model have no significant difference. That is
mainly due to the short contact length of the narrowest
position relative to the overall system. According to
Figs. 5d and 6, the radius at the narrowest position is
negatively correlated with the maximum von Mises
stress, with an increase of nearly 25% from 3.75 mm
to 3.25 mm in radius.

3.1.2. Effect of length

For the different lengths of the narrowest position,
it is interesting to note that the results concerning the
total force duo to the frictional force, frictional dissi-
pation, strain energy and the maximum von Mises
stress for the whole model (Figs. 7a—d and 8) are
almost identical when compared with the results in
section 3.1.1 (P > 0.05). On the one hand, the length
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Fig. 5. The results of model under different radii
of the narrowest position: (a) total force duo to the friction force
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Fig. 8. The stress contour of narrow region under different lengths of the narrowest position:
(@) L=3mm, (b) L=5mm, (¢c) L =7 mm

of the narrowest position is less than the total length
of the esophagus in the narrow region, as shown in
Fig. 19 in Appendix; on the other hand, the results
illustrate that the radius at the narrowest position has
a great impact on the strain energy and the maximum
von Mises stress of the whole model, especially on the
latter, which is related to the damage of biological
tissue during endoscopy [18].

3.1.3. Effect of COF

As can be seen in Figs. 9a and b, along with the
increasing COF at the endoscope-esophagus inter-
face, there is a clear growing tendency for the
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total force duo to the frictional force and the fric-
tional dissipation (P < 0.05). In the initial stage
before contacting the narrowest position, the strain
energy of the whole model approximately coin-
cides. When the endoscope passes through the nar-
rowest position, the system needs more strain en-
ergy to overcome the resistance caused by the larger
COF. Besides, although the maximum von Mises
stress increases slightly, the entire stress distribu-
tion exists a difference when the COF is 0.3, as
shown in Fig. 11c. Except for the usual stress con-
centration at the narrowest position, the higher
COD increases the stress at the proximal esophageal
interface.

Fig. 9. The results of model under different coefficient of friction:
(a) total force duo to the friction force (CFSM),
(b) frictional dissipation (FD), (c) strain energy (SE),
(d) maximum von Mises stress (Max)
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Fig. 10. The stress contour of narrow region part under different COF of narrow region:
(a) COF =0.1, (b) COF =0.2, (c) COF=0.3

3.1.4. Effect of amplitude

In this section, the amplitudes are respectively:
amplitude 1: (0, 0)—(1, 1), amplitude 2: (0, 0)-
(1, 1.5) and amplitude 3: (0, 0)—(1, 2). The amplitude
in the model is used to control the displacement of
the endoscope. For example, the displacement of
endoscope was 30 mm the amplitude (0, 0)—(1, 1)
means that the displacement of endoscope is 0 mm at
0 s and 30 mm at 1 s. Similarly to the dependence of
frictional behavior of biological tissue on velocity,
the total force duo to the frictional force, frictional

Fig. 11. The results of model under different amplitudes:
(a) total force duo to the friction force (CFSM),
(b) frictional dissipation (FD); (c) strain energy (SE);
(d) maximum von Mises stress (Max)
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dissipation and the strain energy of the whole model
all increase with the growing amplitude of the model,
as shown in Figs. 11a—c (P < 0.05). In addition, the
CFSM and SE present a straight line segment at the
end of the curve due to the fact that the endoscope
has reached the end of the esophagus, as shown in
Figs. 11a and c. However, as the frictional dissipa-
tion is an accumulation process, there is no “straight
line” phenomenon for the curves in Fig. 11b. Mean-
while, there is not a significant difference in the
maximum von Mises stress according to the results

in Figs. 11d and 12.
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3.2. Frictional behavior dissipation, strain energy and the maximum von Mises
stress present an obvious rising trend (P < 0.05). It’s
when endoscope passed p & ( )

a process of expansion when the endoscope enters the

abdominal esophagus according to the size of the en-

doscope and the esophagus in Appendix. At the same

3.2.1. Effect of COF time, the maximum von Mises stress increases from

16 to 40% along with the increase of COF from 0.1

As shown in Figs. 13a—d, along with the increas- to 0.3. The region of stress concentration also presents

ing COF at the endoscope-abdominal region interface, —a difference. The stress region gradually accumulates
the total force duo to the frictional force, frictional in the initial stage, as shown in Fig. 14.
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Fig. 15. The results of model under different amplitudes:
(a) total force duo to the friction force (CFSM),
(b) frictional dissipation (FD), (c) strain energy (SE),
(d) maximum von Mises stress (Max)
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Fig. 16. The stress contour of abdominal region under different amplitudes:

(a) amplitude 1, (b) amplitude 2, (c) amplitude 3
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3.2.2. Effect of amplitude

The amplitudes in this section are also variable: am-
plitude 1: (0, 0)—(1.5, 0.5), amplitude 2: (0, 0)~(1.5, 1) and
amplitude 3: (0, 0)~«(1.5, 1.3). As shown in Figs. 15a—c,
the total force duo to the frictional force, frictional dissi-
pation, strain energy and the maximum von Mises stress
are significantly related to the amplitude (P < 0.05).
Compared to the results in Fig. 13a—c, all curve shapes
of abdominal esophagus are similar. When the amplitude
is smaller, the region of stress concentration is mainly
focuses on the distal end of contact region; in con-
trast, the stress region gradually accumulates in the
initial stage with the larger amplitude, as shown in
Fig. 16. The value of maximum von Mises stress is
also different from Fig. 15d.
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3.3. Frictional behavior
when endoscope passed
through the thoracic region

Because the trachea is adjacent to the aorta, the
esophagus presents an inflection point at the joint
region. As a result, there is an additional impact
point on the esophageal wall compared to the previ-
ous esophageal regions. On the one hand, along with
the increasing COF, the total force duo to the fric-
tional force, frictional dissipation, strain energy and
the maximum von Mises stress all augment in Fig. 17
(P < 0.05). Meanwhile, the position of maximum von
Mises stress is gradually approaching the initial stage,
according to the Fig. 18. On the other hand, for the

Fig. 17. The results of model under different COF:
(a) total force duo to the friction force (CFSM),
(b) frictional dissipation (FD), (c) strain energy (SE),
(d) maximum von Mises stress (Max)

S, Mises
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Fig. 18. The stress contour of thoracic region under different COF:
(a) COF =0.1, (b) COF=0.2, (c) COF =0.3
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stress value of the impact point on the esophageal
wall, the difference between the former two COF is
not significant. When the COF reaches 0.3, the stress
at the impact point and the maximum von Mises stress
both appear significant variation. The ratio of the
stress at the impact point to the maximum stress is
close to 81-86%.

4. Discussion

As a usually overlooked problem, the relationship
between medical operation and contact force and
stress distribution during endoscopy is unclear. In
current paper, the frictional behaviors between the
endoscope and the esophagus were studied by finite
element model considering a patient-specific model.

As we know, there are three natural narrow re-
gions for a healthy human esophagus, which are vari-
able in size, namely radius and length. For narrow-
region models with different radii, lengths, COF and
amplitudes, the frictional behaviors were different. As
shown in Fig. 5, the maximum von Mises stress pre-
sented a significant difference with the decreasing
radius, which was a significant indicator of tissue
damage during endoscopy [15]. That was also an in-
teresting phenomenon found in other experiments
concerning capsule endoscope [14], [28], [29]. Ac-
cording to Kim’s theory [13], the hoop stress in-
creased with the increasing inner pressure. It was
similar to the theory that a decrease in esophageal
diameter leaded to an increase in inner pressure with
the constant endoscope diameter. Relative to the other
factors such as length, COF and amplitude (Figs. 7, 9,
11 and 13), radius was the dominant factor in stress
concentration. As a result, it is of great significance to
choose the appropriate type of the endoscope for spe-
cific patient before endoscopy.

Meanwhile, the results of CFSM, FD and SE were
not significantly different for different narrow-region
structure parameters (Figs. 7, 8). This was mainly be-
cause the length of the narrowest region, as shown in
Fig. 19 (Appendix), was relatively small in proportion
to the length of the whole esophagus. When the front-
tip of the endoscope passed through the narrowest
position of the esophagus, it almost reached the preset
position. So it didn’t have much effect on the whole
frictional behavior. Besides, it can be seen that the
CFSM and FD both increased directly with the in-
creasing COF (Figs. 9a and b). In order to overcome
the large resistance duo to frictional force, the model
need more strain energy to move forward (Fig. 9c).

Meanwhile, CFSM, FD and SE also had amplitude
dependence (Figs. 11a—), which was also a typical
phenomenon for other soft tissues, such as esophagus
[15], [16], intestine [28] and skin [27].

In contrast, along with the increasing COF and
amplitude, CFSM, FD and SE in abdominal region
and thoracic region had the similar trends, as shown
in Figs. 13a—c, 15a—c and 17a—c. Depending on the
size of the abdominal region in Fig. 20 (Appendix)
and thoracic region in Fig. 21 (Appendix), the endo-
scope both went through a process of sustained com-
pression starting from the initial buffer zones. There-
fore, CFSM, FD and SE changed obviously owning
to the incremental contact area. In addition, it can
also be observed in Figs. 14a, 16a and 18a that the
interfacial stress was distributed in the extrusion
area. When the loading environment worsen, that is,
the COF or amplitude increased, there existed a dif-
ference for value of the von Mises stress as well as
the distribution region, especially the former. On the
one hand, the thickness of the buffer zone (Figs. 20
and 21) was less than the normal thickness of the
esophagus. On the other hand, once the endoscope
started to pass the esophagus, the esophagus near the
buffer region was in a persistent and cumulative
contact. So the stress concentration region gradually
approached the initial contact stage and had a larger
COF or amplitude.

It is an interesting structure for the thoracic esopha-
gus which was different from the routine anatomic
diagram of human esophagus [6]. There was an im-
pact point on the esophageal wall. The proportion
of the impact stress and the maximum stress ap-
proached 81-86%. Compared to the above behavior of
direct contact between the endoscope and the esopha-
gus wall above, it is a easily neglected problem. So it
is better for medical workers to slow down the speed
of the endoscope and improve the lubrication envi-
ronment when the endoscope passes through the tho-
racic esophagus during endoscopy.

The above results can provide theoretical basis
and technical support for clinical application. It can
also offer some suggestions for medical workers
during endoscopy. There are, of course, still some
improvements to the current model. Firstly, the
model does not take the liquid environment into ac-
count. The human internal environment maintains
a relatively stable state with plenty of water. Mean-
while, the constitutive equation for esophagus can be
modified more precisely to improve the similarity
and accuracy. Thirdly, in vivo friction experiment is
the research direction of our research group in the
next stage.
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5. Conclusions

Considering the physiological structure of esophagus
in a specific patient, this paper selected three charac-
teristic regions to study the frictional behavior between
the endoscope and the esophagus and drew the fol-
lowing conclusions:

1. The radius of the narrowest position was the domi-
nant factor of the maximum von Mises stress when
the endoscope passed through the narrow region.

2. With the increasing COF and amplitude, the CFSM,
FD, SE and maximum von Mises stress in abdomi-
nal region and thoracic region all increased accord-
ingly; meanwhile, the stress concentration region
gradually approached the initial contact stage.

3. With the increasing COF, the stress value of the
impact point to the wall of the thoracic esophagus
also augmented.
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Appendix

The basic parameters of different esophageal re-
gion are below, which is drown in AutoCAD 2016
(Autodesk, USA):
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Fig. 19. The size of the narrow region in the model of Abaqus
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Fig. 21. The size of the thoracic region in the model of Abaqus
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Fig. 22. The size of the endoscope in the model of Abaqus
(L is 100 mm for thoracic region and 60 mm for other two regions)
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