Pre prints.org

Article Not peer-reviewed version

Modeling the Stress-Strain State of a
Filled Human Bladder

Marina Barulina " , Tatyana Timkina , Yaroslav Ivanov , Vladimir Masliakov , Maksim Polidanov , Kirill Volkov

Posted Date: 16 July 2024
doi: 10.20944/preprints202407.1201v1

Keywords: mathematical modeling; finite element modeling; bladder; biomechanics; stress-strain state

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/979167
https://sciprofiles.com/profile/3696602
https://sciprofiles.com/profile/3696575
https://sciprofiles.com/profile/3696580

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2024 d0i:10.20944/preprints202407.1201.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Modeling the Stress-Strain State of a Filled
Human Bladder

Marina Barulina ¥, Tatyana Timkina !, Yaroslav Ivanov !, Vladimir Masliakov 2,
Maksim Polidanov 3 and Kirill Volkov 4

! Institute of Physics and Mathematics, Perm State University, 15 Ul. Bukireva, 614068 Perm, Russia;
mab@psu.ru (M.A.), ivanovya@psu.ru (Ya.l.), timkinatanyad@outlook.com (T.T.)

2 Saratov State Medical University named after V. I. Razumovsky, 112, Bolshaya Kazachia street,
410012 Sara-tov, Russia; maslyakov@inbox.ru

3 Medical University REAVIZ, 227, Ul. Chapaevskaya, 443001 Samara, Russia;
maksim.polidanoff@yandex.ru

4 Private University REAVIZ, 8A/2, Ul. Kalinin, 198099 St. Petersburg, Russia;
maksim.polidanoff@yandex.ru

* Correspondence: mab@psu.ru

Featured Application: The results of the work can be used for solving medical problems in
emergency and reconstructive surgery, as well as to build intelligent surgical decision-making
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Abstract: The problems of modeling the human bladder and its stress-strain state under external static
influence were considered. A method for identification of the anisotropic biomechanical characteristics of
bladder tissue was proposed. A FEM model was created, which accepts into regard that the bladder is
surrounded by fiber and affected by surrounding organs, and partially protected by pelvic bones. The model
considered the presence of constant hydrostatic pressure on the walls of the bladder when it is full. It has been
shown that isotropic mechanical characteristics of biological tissue can be used for studying the deformed state
of a filled bladder if the filled bladder 300 ml is considered as initial non-deformed stage. This was shown by
modeling and verification the effect of the external static force on the bladder. Numerical experiments were
conducted based on the constructed model. To validate the results obtained, a series of natural experiments on
the effect of external pressure on the bladder under ultrasound control was conducted. In the future, it is
planned to use the constructed model to study rupture deformations of the bladder under the influence of
static and dynamic loads.

Keywords: mathematical modeling; finite element modeling; bladder; biomechanics; stress-strain
state

1. Introduction

Trauma to the bladder leads to violations of the integrity of the organ wall. Usually, such injuries
are caused by mechanical damage. At the same time, the mechanism of damage depends on different
factors [1]. For example, with a blunt blow to the hypo-gastrium, intravesical pressure increases
sharply and the load on the bladder wall growing. Also, the incident of a hydrodynamic effect
contributes to the intraperitoneal rupture of the organ around the least developed muscles (near the
tip on the back wall of the bladder) [2—4]. With a lower force of mechanical effect, the impact causes
closed damage (bruises, hemorrhages). Also, this pathogenesis is characteristic in the presence of
urological diseases with a decrease in urine passage. A significant displacement of the bladder in case
of mechanical injuries leads to a sharp tension of the supporting lateral and vesico-prostatic ligaments
with an extraperitoneal rupture of the soft-elastic wall of the organ [5]. A strong blow can cause
rupture of ligaments, as well as urinary blood vessels.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The criteria for systematization of traumatic injuries are severity, connection with the
environment, location of the rupture relative to the peritoneum and combination with damage to
other organs. In this regard it is important to know how the human bladder is deformed under effect
of a blunt blow to the pelvic region. Knowledge of deformations of the bladder walls will allow us to
predict the course of pathological processes and complications. In this regard, it will be possible to
choose the optimal patient management tactics [6,7].

The problems of mathematical and numerical modeling of the stress-strain state of internal
organs are of interest to researchers. So, in the study [8], a finite element model of the human thorax
and abdomen was developed based on computed tomography images from the Visible Human
Project [9] for the research of blunt trauma. In [10], the effect of blunt abdominal trauma on liver
rupture was studied using a finite element model. For the model, the authors used a detailed
geometry of the liver obtained by tomography. Also, a simplified model of the torso was used. The
verification of the model was carried out by comparing the curves of liver displacement at a certain
load. The authors [11] showed the mechanism of damage to the spleen because of blunt force trauma
based on finite element analysis. Stress distribution and damage to the spleen were considered by
simulating a knuckle effect with a certain velocity in the spleen area on a THUMS human body model
[12]. The results obtained using the model were compared with clinical cases of spleen injury. The
authors concluded that the damage to the spleen was caused by a direct kick to the protuberance,
compression of neighborhood tissues and organs. In [13], a finite element model of the eye was
constructed for dynamic modeling of blunt force trauma. After constructing the model, an analysis
of the potential causes of damage to the optic nerve was carried out by evaluating the stress-strain
state.

Currently, there are not enough works devoted to the study of deformation of the bladder under
any influence. Most of the works related to the modeling of the bladder is most often associated with
the study of fluid dynamics and the behavior of the walls of the bladder during its filling and
emptying [14]. For example, in [15], the relationship between changes in the basic size of the bladder
and an increase in the volume of the bladder during filling was investigated. The results of finite
element modeling showed that the size of the bladder increases linearly with its volume during
filling. In another study [16], a three-dimensional finite element model was used to study
communication of the bladder with the pelvic organs caused only by changes in the volume of the
bladder.

Most of the works related to the study of the bladder are devoted to the study of mechanical
properties using various methods. Similar studies began in the 70s and one of the first works [17]
confirmed that the bladder has viscoelastic properties. Thus, in [18], using step-by-step cytometry,
the viscoelastic properties of the bladder wall tissue were analyzed. During the study, the authors
obtained modulus of elasticity and viscosity. Because the pig’s bladder is similar in characteristics to
a human'’s bladder, most studies conduct experiments on it. In [19], the viscoelastic properties of pig
bladder tissue were studied using experiments on uniaxial stretching, ball burst and DMA. The
researchers received differing information and concluded that using the results of all three methods
in combination could be useful for other studies. The authors [20] investigated the quasi-static
uniaxial mechanical properties of the bladder walls. The study revealed a significant directional
anisotropy of the mechanical properties of the bladder. The authors item out that the data obtained
can be used to develop the most realistic computer modeling for predicting deformations in various
conditions. There are also studies that have investigated the mechanical conduct of the human
bladder. For example, the article [21] investigated the biomechanical properties of women’s bladders
by uniaxial tensile. Tissue samples were obtained from cadavers without impaired pelvic floor
functions. The obtained characteristics show that age can influence the mechanical conduct of the
bladder.

Thus, there are not enough publications dedicated to modeling the stress-strain state of the
human bladder, considering the surrounding tissues. Therefore, the objective of the work is to create
a model of the human bladder and study stress-strain state under the influence of a blunt blow to the
suprapubic region. When creating the model, it was considered that the bladder is surrounded by
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fiber. It was also considered that the bladder is exposed to the surrounding organs and is partially
protected by the pelvic bones. Of course, it was considered that it was initially in a tense state due to
the fullness by fluid.

The remainder of this paper is organized as follows. The assumptions and limitations,
biomechanical properties and finite elements model of bladder are described in Section 2. The
research results are stated in Section 3. The validation of the suggested approach is in Section 4.
Finally, Section 5 discusses the study’s findings, results, and the main conclusion of the work.

2. Materials and Methods

2.1. Assumptions and Limitations

The structure of the bladder consists of three regions (Figure 1): mucosa, detrusor muscle and
adventitia [22,23]. The mechanical properties of each region are different and cannot be determined.
For this reason, we will consider the bladder wall as a homogeneous spherical shell, the mechanical
properties of which represent the properties of each region.

mucosa

A
A detrusor muscle

, adventitia
base

Figure 1. Structure of the bladder

The bladder can expand 15 times compared to the unfilled state [24]. The volume of a full human
bladder ranges from 330 to 440 ml [25]. In some cases, the bladder can enlarge to more than 600 ml.
Existing research shows that considering a person’s bladder as a sphere right if its volume is at least
100 ml [26]. Also, ultrasound of a full bladder shows that its form remains spherical or elliptical
(Figure 2). Therefore, to simplify the modeling of the stress-strain state of a filled bladder, we accept
the assumption that its form is a sphere.

(b)
Figure 2. Ultrasound of a full bladder: (a) 510 ml; (b) 420 ml (photographs get by the authors)

2.2. Biomechanical Properties

There is not enough data in the literature about the mechanical characteristics of the human
bladder. For this reason, experiments were conducted on uniaxial tensile testing using a testing
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machine (Figure 3). To conduct this standardized test, samples are cut from the material. Next, the
samples are placed between the grippers and the material is stretched until it breaks. Samples
measuring was cut in a certain way from the human bladder.

Figure 3. Uniaxial testing machine for determining the mechanical characteristics of a material.

A sample section pattern is shown in Figure 4. This pattern is since the material of the bladder
walls is an anisotropic material. The samples 2,4,6,8,10,12 were cut in the di-rection from the base to
the apex and the samples 1,3,5,7,9,11 - in the perpendicular direction. Sample dimensions - 40 mm x
20 mm. The thickness of the samples was about 2.5 mm.

Apex

Base

Figure 4. Pattern of cutting samples from the human bladder.

The samples were taken from five human bladders. They were not subjected to rotting or
freezing processes. Next, the samples were treated with a mixture with formaldehyde. Then, the
samples were wrapped in foil and placed on an ice substrate. Within 12 hours, the samples were
transported for experiments to determine the mechanical properties of the material. Figure 5 shows
the process of preparing human bladder samples and the image of the ready samples.
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(b)

Figure 5. Samples preparation process: (a) measurement and excision of bladder samples; (b)
prepared samples (photographs got by the authors).

A uniaxial tensile test was performed to determine the mechanical characteristics of the human
bladder wall. The distance between the grips was calibrated to 20 mm. Pre-conditioning was
performed by repeatedly loading and unloading (cyclic) the specimens at strain rate of 50%/min. In
each test, load and displacement data were obtained and converted into stress (o) and strain (&) using
cross section area (true stress).

Preconditioning of biological soft tissue is considered as an essential step towards establishing
a repeatable set of experiments [27,28]. A preconditioning procedure was carried out with a
deformation amplitude of 10%. This amplitude was chosen to establish tissue resistance to
subsequent loading. The hysteresis curve showed repeatability starting from the 7th series. To keep
the loading history constant throughout the study, all samples were preconditioned at a fixed number
of series.

The rupture of the samples was observed in the center. Samples cut from the base to the apex
and perpendicular directions demonstrate different behavior. In the case of samples cut from the base
to the apex there is greater rigidity compared to the other case.

The mechanical properties of soft biological tissues are determined by three main components.
In this regard, soft tissue is characterized by nonlinear elastic behavior [29]. Nonlinear behavior can
be observed on the averaged graphs of stress-strain curves of bladder tissue obtained because of
experiments (Figure 6). The arc-length corridor method was used to average the experimental curves.

True stress, MPa

Engineering strain, %

Figure 6. Stress-strain curves of the bladder tissue. The rigid line shows the averaged deformation
curve in the direction from the base to the apex and a speckled line in a perpendicular direction. The
area of the RMS deviation of the true tension is marked orange. Point A is the transition point between
zone 1 and 2(2’): the place of fiber stretching and hardening of biological tissue. Points B (B") — The
point of the beginning of the destruction of the biological tissue and the tension drop.
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Three characteristic regions can be seen in the stress-strain curves. The first area (Figure 6, zone
1) is a plateau, where there is a linear interrelation between stresses and de-formations. In this area,
the deformation curves for the two orientations have no statistically significant differences. The Toe
Modulus is 0.11+0.02 MPa. Next, a nonlinear transition is observed in the region of 20% deformations.

The transition is followed by a linear area (Figure 6, Zone 2). In this area, tissue hardening is
observed due to the stretching of collagen fibers [30]. Heel modulus in the di-rection from the base to
the apex of the human bladder is 0.42+0.03 MPa. In the perpendicular direction, the heel modulus is
1.2440.17 MPa. The average value of the heel modulus is 0.83 MPa.

In the last area (Figure 6, zone 3), due to damage to the sample, the resistance decreases. This
conduces to a breaking of the sample. The samples cut in the direction from the base to the apex show
a high degree of hardening in Zone 2. Also, these samples have a greater tension drop in Zone 3.

In the future, we will look at areas 1-2 and will not consider area 3. This is because in the last
section of the curve, the decrease in resistance with an increase in deformation is caused by tissue
damage. Tissue damage does not occur during normal operation of the bladder inside the body.
Therefore, the transition point from section 2 to section 3 will be described by the limit state [31-33].

The data obtained during the experiments correlate with the nature of the curves obtained in the
article [34]. The study presented the results of uniaxial tensile of pig bladder samples in the axial and
transverse directions. It has been shown that samples stretched in the transverse direction have a
lower maximum stress than samples stretched in the axial direction. At the same time, when stretched
in the axial direction, the maximum stress corresponds to a smaller deformation than in the transverse
di-rection.

The ultimate tensile strain is 75+3% for the direction from the base to the apex and 60+6% in the
perpendicular direction. These values turned out to be like the results from [35], where the ultimate
tensile strain was 69 + 17%.

2.3 Finite Elements Model

Finite element modeling was performed in a powerful engineering simulation software Ansys
Workbench. A numerical and finite element model of the bladder and surrounding areas was
developed.

The bladder is in the pelvis (Figure 7). In the unfilled state, the bladder is completely protected
by the pelvic girdle. However, when the bladder is filled, it can extend beyond the pelvic girdle.

It is known from the work [36], in which the urodynamic study of the human bladder by
ultrasonic vibrometry was carried out, that the increase in the stiffness of the bladder wall begins
when the volume reaches 300 ml. As can be seen from Figure 6, the onset of bio tissue stiffening
corresponds to 20% strain. According to this, we will consider the volume of 300 ml as the initial
undeformed state of the bladder. The stresses accumulated in zone 1 will be neglected because they
are small compared to the stresses that occur during further deformation (Figure 6). The stress-strain
state of the bladder wall will be described by the curve from zone 2 (2’).

As a first attempt to solve the problem, we will assume that the material of the bladder wall is a
linear-elastic isotropic material. The average value of the Heel Modulus (E = 0.83 MPa) was taken as
the value of the elastic modulus. Let us take the simplification that when the volume increases, the
bladder will keep a spherical shape and has a homogeneous stress state. Since the filled bladder is
of interest, the value of 400 ml is taken as the initial volume. However, in this case, the bladder
rupture will occur at a lower stress. To perform the strength analysis, it will be necessary to consider
the stresses that occurred in the bladder wall when the bladder was filled to 400 ml.

The fiber surrounding the bladder was defined as a spherical shell of variable thickness. The
thickness of the fiber at the top of the bladder was 2 mm, and at the base 5 mm [37]. The fiber material
was given by an incompressible linear elastic material with an elastic modulus of 3.5 kPa [38].

The surrounding organs were defined by a homogeneous incompressible linear elastic material
with an elastic modulus of 5 kPa. This value was obtained by averaging the values of the elastic
modulus of the abdominal cavity organs taken from the literature [38]. The surrounding organs were
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included in the model to obtain a believable distribution of pressure on the bladder. It was assumed
that the fiber and surrounding organs do not have a prestressed state

The geometry of the surrounding organs (Figure 7) was built based on the distance (25 cm)
between the distantia spinarum and the direct size of the conjugata externa (20 cm) taken from the
literature [39,40].

With the help of boundary conditions in the form of fixed support, the influence of pelvic and
spinal bones was considered. The case of thin subcutaneous fat was considered, so the distance from
the bladder wall to the outer border of the body was set to 20 mm.

pelvic girdle

(a) (b)

Figure 7. The location of the bladder inside the pelvic girdle (a) and the digital model of the bladder
(b): 1 - filled bladder, 2 - fiber.

The impact of blunt abdominal trauma was modeled by pressing a rigid sphere with a radius of
75 mm in the pelvic region. The pressure was considered as crossing the sphere by 15 mm along the
X-axis. A frictionless contact area was defined between the sphere and the front surface of the body
model. A bonded contact was established between the bladder and the fiber (the geometry of the
surrounding organs, fiber, and bladder was set so that all these components at the border had
common nodes).

In this study, we will solve the problem of static deformation. In this regard, we assume that the
volume of fluid inside the bladder is constant and there is no displacement of fluid inside the bladder.
This assumption made it possible to use the hydrostatic three-dimensional fluid element HSFLD242
[41] (Figure 8) for modeling.

Q (Pressure node)

Figure 8. HSFLD242 [41] geometry.

The HSFLD242 element is designed to study the effect of volume and pressure of a fluid in
hydrostatic problems related to the interaction of a fluid and a solid. The HSFLD242 element is
defined by a set of nodes that are common to the nodes of the inner surface of a solid. The main nodes
have three degrees of freedom. Also, there is a pressure node, which is in the volume of the fluid.
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3. Results

For numerical simulation, according to the experiments described in paragraph 2.2, the
following mechanical parameters of the bladder were taken: Young’s Modulus 0.83 MPa, Poisson’s
Ratio 0.5. The characteristics of the fiber around the bladder are Young’s Modulus 3.5 kPa, Poisson’s
Ratio 0.5. The effective characteristics of the surrounding organs are Young's Modulus 5 kPa,
Poisson’s Ratio 0.5.

As a load, pressing on the abdominal area of a blunt object in the form of a rigid sphere was
simulated (Young’s Modulus 100 GPa, Poisson’s Ratio 0.3) at 15 mm deep into the fiber. The place of
application of the load was slightly higher than the bladder since most of the bladder is normally
protected by the pelvic girdle. The general pattern of deformation in the cross section of the model is
shown in Figure 10. Figure 11 shows the deformation of the bladder in different projections. The
maximum displacement in the bladder was 12 mm.

2 0,015 Max
0014
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0012
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00079
0007
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000088
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Figure 8. Total deformation of the model.

-

Figure 9. Different projections of deformed bladder (total deformation).

4. Validation

Ultrasound of a bladder filled to 400 ml were performed to validate the constructed FEM model.
Two volunteers with a small amount of adipose tissue in the pelvic girdle area drank water. Then,
when filling the bladder, an ultrasound was performed in two ways: without pressing the ultrasound
sensor on the area with the bladder and by pressing on the volunteer’s abdomen in the projection of


https://doi.org/10.20944/preprints202407.1201.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2024 d0i:10.20944/preprints202407.1201.v1

the Lieto triangle. It should be noted that the ultrasound was conducted immediately after the
volunteer assumed a horizontal position. It is important to emphasize this, since when in a horizontal
position, the organs are additionally deformed.

Figure 13a shows an undeformed bladder. Figure 13b shows the bladder when pressing on the
patient’s abdomen by 1.5 cm. The deflection of the bladder was approximately 42px, which is 11.07
mm.

Figure 14 shows the results of a similar experiment on a second volunteer and on another
ultrasound device. The deflection of the bladder was also about 11 mm.

(a) (b)

Figure 13. Ultrasound of the bladder filled to 400 ml: (a) before the application of the load; (b) after
the application of the load

E

(a) (b)
Figure 14. Ultrasound of the bladder filled to 400 ml of the second volunteer: (a) before the application
of the load; (b) after the application of the load

The shape of the deformed bladder obtained during the experiments and the values of maximum
deflections correspond to the digital FEM model described in this paper.

5. Discussion

During the experiments, the values of the anisotropic mechanical characteristics of the human
bladder were obtained. The FEM model of the bladder was constructed considering the influence of
fiber and abdominal organs.
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It has been shown that isotropic mechanical characteristics of biological tissue can be used for
the non-deformed state of a bladder filled up to 300 ml. This was shown by modeling the force effect
on the bladder. Also, this is correct when the volume of the bladder increases.

The FEM model of the bladder was validated because of experiments by volunteers. In the
future, it is planned to use the constructed model to study rupture deformations of the bladder under
the influence of static and dynamic loads.
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