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ABSTRACT

CHARACTERIZING THE MATERIAL PROPERTIES OF ABDOMINAL ORGANS
by
Blake Johnson

The University of Wisconsin-Milwaukee, 2019
Under the Supervision of Dr. Naira Campbell-Kyureghyan

Understanding the behavior of abdominal organs under load will greatly improve
several fields involving injury biomechanics. In order to determine the behavior of
abdominal organs under load and be able to predict the response, the mechanical
properties need to be properly characterized. The characterization of these properties
will provide researchers the ability to create finite element models that will provide a

better understanding of the mechanism of injury resulting from traumatic events.

Finite element models of today, that simulate traumatic injuries, lack properly
characterized material properties. The current body of literature contains a large range
of material property values which could be the result of the wide range of testing
methodologies used. Because of this lack of consistency among research, several gaps
in knowledge exist for many of the abdominal organs regarding material properties.
The gaps in literature were found to be the feasibility of using porcine organ material
properties instead of human, the quantification of the effect of strain rate, and the
impact of using different testing methodologies on the same organ. Therefore this
project quantified the relationship between the elastic modulus, failure stress, and
failure strain and strain rate and determined the feasibility of using porcine instead of
human organ material properties for the liver, kidney, spleen, prostate, bladder,

gallbladder, and intestine. A comparison between the elastic modulus found using a
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probing protocol and using an unconfined compression protocol was also made for the
liver, kidney, spleen, and prostate. These gaps in literature are addressed through four
manuscripts: three regarding solid organs that were tested in compression, and one

regarding fluid filled/pressurized organs that were tested in tension.

The elastic modulus, failure stress, and failure strain was found for the prostate,
liver, kidney, and spleen at rates ranging from 1%/s to 1000%/s using unconfined
compression testing. A strain rate dependency was found for the elastic modulus of all
tested solid organs. The failure stress was observed to be strain rate dependent for the
liver, kidney, and spleen, while the failure strain was found to be strain rate dependent
for only the liver. A numerical model was created to estimate the relationship between
these material properties and strain rate. The elastic modulus was also measured using
a probing protocol and the human liver, kidney, and spleen were found to be stiffer
using the probing method versus unconfined compression testing. Porcine failure stress
for the prostate, kidney, liver, and spleen were comparable to that of the human host.
The elastic modulus of the porcine liver and spleen were found to be a feasible substitute

for the respective organ from the human host.

In tension, the elastic modulus, failure stress, and failure strain of the
gallbladder, bladder, and intestines were measured at various rates. The elastic
modulus and failure stress were found to be strain rate dependent for all organs
measured in tension. A numerical model was created to quantify this strain rate
dependency. Porcine tissue was determined to be a feasible substitute for the elastic
modulus and failure stress for human intestines and gallbladder. In addition, the failure

strain was comparable between human and porcine gallbladder.
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The knowledge gained from this research provides useful information that can
lead to the improvement of finite element models. Creating models with higher fidelity
will produce results with higher accuracy and greater applicability. Advancements in
modeling from the current characterization of abdominal material properties will have a
positive impact on such areas as forensics, diagnostics, injury prediction, personal

protective equipment development, and many other fields.
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Chapter 1 : Introduction

1.1 Motivation

Injuries to the abdomen from traumatic situations can often be fatal. The exact
mechanisms of injury are not fully known but often speculated. It has been suggested
that the organs can rupture due to the force of an impact directly to the abdomen or the
resulting compression of the organ against other structures in the cavity. Also, the
overpressure/negative pressure from blast injuries can result in the rupture of
pressurized organs such as the stomach and intestines. Common sources of abdominal
injury are from car accidents and exposure to blast forces. The severity of the injuries in
the automotive industry has been well documented. Approximately 9,000 people in the
United States sustain moderate to severe abdominal injuries in 2009 [1]. Abdominal
injuries sustained from car accidents generally concentrated on the solid organs (61%),

but other organs within the digestive system are also commonly affected (17%) [2].

Although the use of explosive devices is a focal point of modern warfare, only
recently is the increasing danger of injuries due to blast forces being revealed. In
operation Iraqi Freedom the primary threat was improvised explosive devices (IED) [3].
Over 40,000 service members have been wounded and over 5,500 have been killed
(Sayer, 2008; Murray, 2005). Eighty percent of the injuries reported by a military
medical unit were the result of IEDs [6]. An increase in blast injuries among soldiers is
due to the increasing number of explosive devices. Blasts are commonly due to
improvised explosive devices (IEDs), as well as rocket and mortar shells, mines, aerial

bombs and rocket-propelled grenades (RPGs).



Research has determined that there are multiple mechanisms of injury from blast
forces. Because of the variety of mechanisms, these injuries from blasts are described as
polytraumatic or causing injury to multiple body systems [7]. Due to the complex nature
of the harm, blast injury has been described as the most difficult to manage [8]. There
are five mechanisms of injury due to blasts that has been described in the literature:

primary, secondary, tertiary, quaternary and quinary [9].

Primary injuries are caused by an over pressure shock wave followed by a negative
pressure wave which travels through the body. While the exact mechanism of how a
shock wave causes damage to the brain is under investigation, theories include the
direct passage of the wave into the brain causing shear forces on the tissues [10].
Tympanic membrane ruptures and lung injuries are also caused by these shock waves
[7]. Secondary injuries are created by objects propelled from the explosion and are
considered the most common cause of blast-related injury [11]. Penetrating injuries and

lacerations are common injuries due to these fragments.

Tertiary injuries are caused by an indirect result from the blast such as the fall to the
ground of the victim being thrown back from the blast wave or a wall collapsing on the
victim due to the explosion. Blunt and crushing injuries such as fractures, traumatic
amputations and compartment syndromes are common tertiary injuries [12].
Quaternary blast injuries are a result of the explosion but not from the force of the blast.
An example of a quaternary blast injury is a burn or exposure to a toxic from the

exploding element [12].

Due to the nature of the blast, organs that are of primary risk for injury are ones that

contain gas such as the lungs and intestines, but injuries to solid organs such as spleen,



kidneys, liver, and testicles have also been described in the literature [12]. Although the
lungs are of primary risk, the diagnostic and treatment of such injuries are more readily
identifiable [6]. Injuries occurring within the abdomen due to blasts are a diagnostic

challenge as symptoms can be clinically silent until complications intensify [12]. Several
cases of fatalities from blast injuries occur to people that on the surface were believed to

be fine [13].

In order to save these soldiers’ lives, better personal protective equipment needs
to be created. However, personal protective equipment is only effective if it can lower
the exposed forces below the threshold that would cause serious injury or death. For
this it is required to know what level of applied force is required to produce serious
injury or organ failure. These factors are only found when the mechanisms of injury are
known. Since it is impossible to monitor a real-life scenario where in-situ organs are

subjected to a blast, an alternative method of simulation must be used.

Finite elemental models are a powerful tool with a wide range of applications,
and have become popular in the field of biomedical engineering. Finite element
modelling can create estimated solutions to questions that otherwise would not be
feasible in a laboratory setting. Models incorporate material properties, geometries, and
boundary conditions to digitally reconstruct an environment. The ability to recreate an
environment digitally means that the type of simulations that can be performed are
endless. However, a finite element simulation is literally only as accurate as the sum of
its parts. This means that accurate digital geometric reconstruction, accurate boundary
conditions, realistic loading scenarios, and accurate material properties are required in

order to get the most precise estimations. Accurate geometric reconstruction can be



checked through imaging modalities such as CT and MRI scans [14]. Boundary

conditions can be optimized through running simulation on known results [15].

However, correct material properties of the organs of interest can be more
difficult to determine. Finite element models need such parameters as the elastic
modulus, failure stress, and failure strain, among others. The elastic modulus is a
measure of the ratio between a materials stress and strain. It provides useful
information to know how the deformation of a body, changes with the applied loading.
In a finite element model this information will be a main factor in formulating how the
organ deforms when a large force is applied to the abdomen. Failure stress and failure
strain are also key material properties as these variables identify how much pressure or
how much deformation the tissue can withstand prior to failure. In a model designed to
help save lives, a solid understanding of what situations will result in organ structural
failure is important. Failure stress and failure strain provide the threshold for organ
rupture. In order to determine these material properties mechanical testing must be

performed on the tissues of interest.

The simulation tool of finite element analysis uses the material properties and
mathematical concepts to predict how the modeled objects will respond to applied force.
A few studies have been designed to model the abdominal organ response to blunt
trauma and blasts, however there are some common issues with the material properties
that are used within these models [16-18]. For example, the properties were found using
quasi-static methods when the model is simulating high velocity impacts. Previous
articles, which will be further explored in Chapter 2, have shown that the material

properties of organs change when tested at different rates [19]. A material property



found using quasi-static testing might not yield accurate results when used in a dynamic
simulation. The relationship between different material properties and strain rate has
yet to be determined and the point at which this relationship start to saturate has yet to

be found.

Additionally, analyzing the various material properties from the published
literature, the testing method used to determine the property influences the results.
Thus in order to get the most accurate material properties it is suggested that the tissues
should be testing in a manner that mimics the force application of the situation. A third
issue is the material properties are found using hosts other than humans. For example,
models have used material properties of bovine, porcine, or sheep organs. The host
from which the tissue came from could impact the material characteristics. Previous
literature has shown that the material properties for at least some organs are different
from animal tissue and are strain rate dependent [19, 20]. However, these tests were
conducted in a way that is not reflective of type of forces these organs would experience
in a traumatic situation. Finding the differences and similarities between human and
animal hosts, for the testing methods and at the strain rates required, will benefit the
scientific community as resources are more readily available for the material testing of

animal organs.

The methodology used to determine the material properties is of the upmost
importance in determining whether they are appropriate for the intended purpose. As
was highlighted earlier, different methodologies can yield different measured material
properties. This means that to obtain the most accurate material properties for a finite

element model, the methodology should ideally reflect the scenario that the model is



simulating, which often depends on the organ type. In general, the structure of
abdominal organs can be separated into two categories, solid organs and fluid
filled/pressurized organs. In an impact applied to the anterior or posterior section of the
abdomen, the entire body will be subject to compression loading. During this loading
condition, solid organs will be placed in compression by either being trapped between
other structures in the body or by the two outer walls of the abdomen. Fluid
filled/pressurize organs on the other hand generally only consists of a lining and thus
rupture will not occur due to compressing the tissue, but by stretching the balloon-like
surface. In order to better understand which organ will require what type of testing,
and to provide insight on why each tissue behaves in a given way, an overview of the

anatomy of the different organs for each of the testing categories is required.

The goal of this research is to characterize the mechanical properties of selected
abdominal organ tissue in order to better understand the injury threshold in various
traumatic situations. Based on more accurate simulation results, better personal
protective equipment may be created that will save more lives. The specific principal
aim of this research is to establish the organ material properties under dynamic rates,
which can be utilized in the development of a human abdominal model. The primary
focus of the model will be organs within the abdominal cavity as the mechanisms to lung
injury are known and diagnosis is often clear. A solid understanding of the tissues of
interest including the anatomy of the organs inside the abdominal cavity is required to
ensure proper material testing methods and to be able to draw proper conclusions based

on the results.



1.2 Material Testing Methods

The two main testing methods used in this study, unconfined compression and
tension, are investigated along with their relationship to the organ composition and
expected in-vivo loading. In order to understand the proper testing methodologies that
are most realistic form mimicking blunt trauma and to gain greater insight into why
specific results were obtained for the different organs an understanding of the anatomy
within the abdominal cavity is required. The abdominal cavity is located just below the
thoracic cavity, separated by the thoracic diaphragm, and just above the pelvic cavity,
separated by the opening of the pelvic inlet. Several vital digestive organs are housed in
this cavity which is surrounded by muscle, fat, and peritoneum. The cavity consists of
the intestines, stomach, kidney, spleen, liver, gallbladder, pancreas, and adrenal glands.
These organs can be separated into two broad classifications: solid organs and

fluid/pressurized organs.

The pelvic cavity, which sits just below the abdominal cavity, is the space between
the pelvic inlet and the pelvic floor. All the reproductive organs and some of the
digestive organs are housed within this cavity. The digestive organs are the urinary

bladder, rectum, and colon.
1.2.1 Unconfined compression

The solid organs within the abdominal cavity all share a common attribute, which
is that they have a capsule that surrounds the organ, and within the capsule is the
parenchyma, which is the functional part of the organ. The members within this group

of organs that will be the focus of this study are the liver, kidney, spleen, and prostate.



All these organs will be placed in compression because of the structure and geometry of
the abdomen. However, there are some differences between these organs that need to

be highlighted, even though the overall organ structure is similar.

The liver (Figure 1-1) is a large organ located in the upper right quadrant of the
abdomen. Its main function is to detoxify various metabolites, synthesize proteins, and
produce bile. The layers of the liver consist of a double layer capsule, known as the
peritoneum, which covers the parenchyma, the functional part of the liver. The liver
tissues material properties can be affected by multiple factors, such as alcoholism, which
in turn create scaring/hardening of the tissue. The cause or associated factors
contributing to the death of the cadaver host should be known prior to the testing of the
liver in order to obtain suitable specimens and to potentially compensate for
confounding factors [21]. During blast or traumatic accident, the liver will be subject to
forces applied from either the posterior or anterior side of the body forcing the organ

into compression.

Figure 1-1: Human liver



The normal human body has two kidneys located on the right and left side of the
spine, between the twelfth thoracic and third lumbar vertebrae. On the right side of the
body the kidney (Figure 1-2) is slightly lower due to the presence of the liver. The main
function of this bean shaped organ is to cleanse blood through filtration, reabsorption,
secretion, and excretion. A renal capsule surrounds the kidney functional tissue. This
layer is constructed of thin fibrous tissue that is also surround by adipose tissue. The
first layer of the parenchyma is the renal cortex, a continuous smooth tissue
surrounding the kidneys just below the renal capsule. Below this tissue resides the veins,
arteries, and tissues that make up the renal medulla. Similarly to the liver, the kidney
would be placed in compression when the abdomen is subjected to traumatic forces, and
as the force increases on the abdomen the kidney will be further compressed by portions
of the ribcage as well as the anterior and posterior portions of the body. Therefore, in
order to test this kidney in a manner similar to the injury scenario, the kidney should be

tested under compression.

Figure 1-2: Human kidney



The human spleen (Figure 1-3) is located in the upper left-hand side of the
abdominal cavity between the 9th and 11t rib, just behind the stomach. Blood filtration
is the primary role of the spleen. It is surrounded by a connective tissue capsule which
holds the parenchyma. Two different types of tissue makeup the parenchyma, red pulp
and white pulp. The soft pulpy structure of the spleen is similar to that of a lymph node.
Pulp is viscous in nature and thus the spleen can resemble a fluid filled sack. Due to the
location of the spleen, it is susceptible to compressive forces during a traumatic blunt
force impact to the abdomen. The spleen will be compressed against the ribcage by other

surrounding organs or the outer body.

Figure 1-3: Human spleen

The prostate sits within the pelvic girdle and is connected to both the urethra,
which runs through the prostate, and the bladder. All three structures are a part of the
digestive system of the male body, but the prostate’s main function is in aiding
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reproduction. The main functional tissue of the prostate is called the stroma which is
made up of connective tissues and muscle fibers. Like all solid organs, the prostate has
a surrounding tissue called the capsule made up of only connective tissue. Although the
prostate is protected by the pelvic girdle, there exists the potential of being placed in
compression if the abdomen is impacted with a large force. The compressive load would
be placed parallel to the urethra and push the prostate against the pelvis and sacrum.
Testing of this tissue should be similar, with the load being placed parallel to the urethra

on the anterior/posterior sides of the prostate.

Similarities in the solid organs include the structure of a parenchyma housed
within a capsule. It has been found that each of these structures can result in their own
material properties, but these individual component material properties might not
reflect how the structure behaves as a whole. In order to understand the material
properties of solid organs, these structures must remain intact. Previous literature split
a single organ into multiple samples for testing in order to increase sample size and
obtain statistical significance. However, based on the structure of these organs, if these
organs are segmented into smaller pieces the capsule will be destroyed and thus only the
parenchyma is essentially being tested. Therefore, only the incisions necessary to

separate the organ from the host should be made when harvesting for testing.

1.2.2 Tension

Due to the lack of internal solid material, gas/liquid filled organs can compress
with little resistance. However, when loaded in tension, either from internal pressure or

due to external loads, injury and failure are possible. Therefore, these organs are
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typically tested in tension. This section discusses each gas/liquid filled organ, their

internal structure, and the relationship with tension testing.

The intestines (Figure 1-4) are separated into two different sections, the small
and large intestine. Although larger in diameter, the large intestine is smaller in surface
area, 2 m2, in relation to the small intestine. The main function of the large intestine is
to absorb water. With an area of approximately 30 m2, the small intestine is split into
three different sections: the jejunum, ileum, and duodenum. This section of the
intestines is responsible for absorbing carbohydrates, proteins, fats, vitamins, etc. into
the blood stream. Both portions of the intestines have a similar structure. The outer
structure consists of five layers: the mucosa, submucosa, thick muscle, subserosa, and
serosa. Digested food travels through the intestines and thus it is considered a
pressurized/hollow organ. Because of the pressure within the intestines, this organ will
act in a manner similar to a balloon when subjected to an external load. If a compressive
load is placed on the structure, the air within the balloon or intestine will expand,
placing the lining of the structure in tension. In order to obtain accurate material
properties of the intestine during a blunt force impact, the organ should be tested under

tension.
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Figure 1-4: Human intestine with lining cut and laid flat

The function of the bladder is to store urine prior to the process of urination. It is
located in the base of the pelvic girdle just posterior and superior of the pubic
symphysis. Similar to a balloon, the bladder will expand based on the level of urine
deposited into this organ, or in response to internal or external pressure. The lining
(functional part of the tissue) is made up of several layers of muscle tissue which allows
the organ to contract to force urine out of the bladder in the process of urination. The
pressure within the hollow organ is dependent on the amount of urine, however the
forces that the bladder tissue will experience is similar to the intestine. Force placed on
the abdomen will translate to tensile forces on the bladder tissue and thus the organ
should be tested by being segmented into a dog bone shape specimen (Figure 1-5) and

loaded using uniaxial tension methods.
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Figure 1-5: Picture of human bladder segmented for testing

The gallbladder (Figure 1-6) is a hollow organ that is located posterior and
inferior of the liver. A digestive enzyme called bile is stored within the gallbladder.
During the digestive process, the gallbladder is required to contract and secrete bile into
the small intestine in order to absorb the fat that has been consumed. Due to the unique
function of the gallbladder, the lining is a complex structure of several different layers.
The inner most layer is made of microvilli that is similar to the walls of the intestine. A
layer of muscle tissue follows which provides the ability for the gallbladder to contract.
The outer most layer is made up of a serosa layer that contains blood vessels and
lymphatics. The balloon like structure of the gallbladder is very similar to the urinary
bladder. The gallbladder will most likely be compressed by the liver and ribcage, but
this compressive load will translate into a tensile load that is placed on the structure of

the gallbladder.
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Figure 1-6: Human gallbladder

The stomach is a thick-walled organ essential for digestion and is the second stop
for food in the digestion process after the mouth. During digestion, food enters through
the esophagus and is housed in the stomach. Food is broken down through the
secretion of several enzymes into the stomach. The stomach is a hollow organ with a
multilayered structure for a lining (Figure 1-7). The lining of the stomach broken down
into four layers, the mucosa, submucosa, muscolaris externa, and serosa. The first layer
is the ruggae which is used in digestion. The submucosa, muscularis externa, and serosa
are involved in the process of contracting the stomach to turn food which helps
digestion. This hollow organ will be subject to tension during traumatic loading, and

thus tension testing is appropriate for determining material properties.
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Figure 1-7: Human stomach

Each of the hollowed/fluid filled organs structure is comprised of an outer tissue
structure surrounding the hollow interior. However, each organ differs with respect to
the number of layers and types of tissues that are within these layers. The material
properties of these organs are dependent on all layers working together as a complete
structure. Testing that would reflect these organs being subjected to large forces placed
on the abdomen should have each layer of the lining remain intact and use a tension

protocol.
1.3 Research Objectives

The overall goal of this research is to either establish or improve the
characterization of the material properties of human abdominal organs. In order to
accomplish this goal, a series of research studies have been performed. This dissertation

will be split into five different chapters and within those chapters, the goals and
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outcomes of each study are compiled into manuscripts. Thus, each research study will
be a part an independent paper. The current chapter introduces the readers to the
motivation of the project, provides a brief overview of organ anatomy, and includes the
rationale for the testing methods that will be used. Chapter 2 will be an overview of the
current body of literature which will determine the state of knowledge for the organ
material properties. The literature review will also highlight the research gaps, which
vary for each organ, that will be addressed in this dissertation. Chapter 3 addresses the
specific scope of the project and provides a brief overview of the breadth of work that
was accomplished. Chapter 4 covers the research conducted on organs that were in the
compression testing category while Chapter 5 covers the research conducted on organs
that required tension testing. Finally, Chapter 6 summarizes the research results and the

novel information that was found for all organs of interest.

17



1.4 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

MacKenzie, E. J., and Fowler, C. J. (2008). Epidemiology. In D. V. Feliciano, K.
L. Mattox, and E. E. Moore (Eds.), Trauma, 6th Edition (pp. 25-40). New York:
The McGraw-Hill Companies, Inc.

Yoganandan, N., Pintar, F. A., Gennarelli, T. A., and Maltese, M. R. (2000).
Patterns of Abdominal Injuries i Frontal and Side Impacts. Annals of Advances
in Automotive Medicine, 44, 17-36.

Gondusky, J. S., & Reiter, M. P. (2005). Protecting Military Convoys in Iraq: An
Examination of Battle Injuries Sustained by a Mechanized Battalion During
Operation Iraqi Freedom II. Military Medicine, 170(6), 546-549.

Sayer, N. A., Chiros, C. E., Sigford, B., Scott, S., Clothier, B., Pickett, T., & Lew,
H. L. (2008). Characteristics and Rehabilitation Outcomes Among Patients
with Blast and Other Injuries Sustained During The Global War on

Terror. Archives of Physical Medicine and Rehabilitation, 89(1), 163-170.

Murray, C. K., Reynolds, J. C., Schroeder, J. M., Harrison, M. B., Evans, O. M.,
& Hospenthal, D. R. (2005). Spectrum of Care Provided at an Echelon II
Medical Unit During Operation Iraqi Freedom. Military Medicine, 170(6), 516-
520.

Mackenzie, I. M., & Tunnicliffe, B. (2011). Blast Injuries to the Lung:
Epidemiology and Management. Philosophical Transactions of the Royal
Society B: Biological Sciences, 366(1562), 295-299.

Champion, H. R., Holcomb, J. B., & Young, L. A. (2009). Injuries from
Explosions: Physics, Biophysics, Pathology, and Required Research
Focus. Journal of Trauma and Acute Care Surgery, 66(5), 1468-1477.

Gawande, A. (2004). Casualties of War—Military Care for the Wounded from
Iraq and Afghanistan. New England Journal of Medicine, 351(24), 2471-2475.

DePalma, R. G., Burris, D. G., Champion, H. R., & Hodgson, M. J. (2005). Blast
Injuries. New England Journal of Medicine, 352(13), 1335-1342.

18



[10] Leung, L. Y., VandeVord, P. J., Dal Cengio, A. L., Bir, C., Yang, K. H., & King, A.
I. (2008). Blast Related Neurotrauma: A Review of Cellular Injury. Molecular
and Cellular Biomechanics, 5(3), 155-168.

[11] Warden, D. (2006). Military TBI During the Iraq and Afghanistan Wars. The
Journal of Head Trauma Rehabilitation, 21(5), 398-402.

[12] Horrocks, C. L. (2001). Blast Injuries: Biophysics, Pathophysiology and
Management Principles. Journal of the Royal Army Medical Corps, 147(1), 28-

40.

[13] Yeh, D. D., & Schecter, W. P. (2012). Primary Blast Injuries—An Updated
Concise Review. World Journal of Surgery, 36(5), 966-972.

[14] Chauhan, N., Badgurjar, M. K., & Saxena, P. (2019). A Prospective Study Of
Assessment of Solid Organs in Cases of Blunt Abdominal
Trauma. International Journal of Scientific Research, 8(3).

[15] Martelli, S., & Viceconti, M. (2010) Mechanical Testing Of Bones: The Positive
Synergy Of Finite-Element Models And In Vitro Experiments. Philosophical
Transactions of the Royal Society: Mathematical, Physical, and Engineering
Sciences, 368(1920), 2725-2763.

[16] Stuhmiller, J. H., Chuong, C. J., Phillips, Y. Y., & Dodd, K. T. (1988). Computer
Modeling of Thoracic Response to Blast. The Journal of Trauma, 28(supp1i),

132-139.

[17] Roberts, J. C., O’Connor, J. V., & Ward, E. E. (2005). Modeling the Effect of
Nonpenetrating Ballistic Impact as a Means of Detecting Behind-Armor Blunt
Trauma. Journal of Trauma and Acute Care Surgery, 58(6), 1241-1251.

[18] Shen, W., Niu, Y., Mattrey, R. F., Fournier, A., Corbeil, J., Kono, Y., &
Stuhmiller, J. H. (2008). Development and Validation of Subject-Specific Finite
Element Models for Blunt Trauma Study. Journal of Biomechanical
Engineering, 130(2), 1-13.

[19] Kemper, A. R., Santago, A. C., Stitzel, J. D., Sparks, J. L., & Duma, S. M. (2010,
January). Biomechanical Response of Human Liver in Tensile Loading.
Advances in Automotive Medicine/Annual Scientific Conference, (54), 15.

19



[20] Brunon, A., Bruyere-Garnier, K., & Coret, M. (2010). Mechanical
Characterization of Liver Capsule Through Uniaxial Quasi-Static Tensile Tests
Until Failure. Journal of Biomechanics, 43(11), 2221-2227.

[21] Srinivasa Babu, A., Wells, M. L., Teytelboym, O. M., Mackey, J. E., Miller, F. H.,
Yeh, B. M., ... & Venkatesh, S. K. (2016). Elastography In Chronic Liver Disease:
Modalities, Techniques, Limitations, and Future
Directions. Radiographics, 36(7), 1987-2006.

20



Chapter 2 : Critical Review of Organ Material Properties

Understanding the material properties of abdominal organs is of particular
importance for many fields. Characterizing the mechanical behavior of these tissues can
advance the fields of biomedicine such as diagnostics, forensics, surgical simulations,
and injury prediction. The various uses for material properties leads to multiple
methodologies being used to derive these characteristics. In order to devise a research
program to expand the knowledge in the area of abdominal organ material properties
and mechanical behavior, a critical review is needed to establish the current state of

literature.

This critical review was restricted to the abdominal organs such as intestines,
stomach, prostate, gallbladder, bladder, liver, kidney, and spleen in keeping with the
research purpose. Databases such as google scholar, ebsco, and science direct were used
to search for existing literature. The aim of this review is to capture the current state of
knowledge in regard to the material properties of abdominal organs tested
mechanically. Specifically, the material properties of interest are the elastic modulus
(stiffness), shear modulus, bulk modulus, toughness, ultimate strength, and ultimate.
These material properties will be used as key words for the search. Particular methods
will also be of interest and thus key works like dynamic, quasi-static, tension, and
compression were included. All of these key words and other common parameters

found in articles for each organ are outlined in the tables below.
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2.1 Liver

The liver is the most extensively researched abdominal organ in terms of material
property characterization. A wide variety of methodologies and factors have been
utilized for liver testing. Eleven of the articles subjected liver tissue to tensile loads. All
of the articles that used this methodology prepared samples of the liver by dissecting the
whole organ into several bone shaped specimens. Although the sample preparation was
similar, the methodology for all of the research projects differed in various ways.
Brunon et al. investigated the effect of freezing the specimen prior to testing for the
stiffness and failure properties [1]. In vitro quasi-static tensile testing of both human
and porcine liver capsules was performed on fresh tissue and tissue that was frozen
prior to testing. Brunon et al. concluded that human and porcine tissue was statistically
different for all variables, and only the ultimate strain of porcine liver tissue was
statistically different from the fresh versus frozen specimens [1]. Duong et al. conducted
a similar study, but focused on porcine liver parenchyma, that investigated the
difference between fresh and refrigerated tissue material properties tested under
tension [2]. The quasi-static tensile testing revealed that the liver parenchyma is not

affected by freezing or refrigerating the tissue.

Another tension testing study investigated the effect of heat on the material
properties of bovine liver parenchyma. Santiago et al. determined that testing at a room
temperature versus a temperature of 98 degrees Fahrenheit had no impact on the failure
properties of the organ [3]. In another similar study by the same author, the effect of
freezing the liver parenchyma was once again investigated [4]. The bovine tissue in this

study performed similarly to the porcine liver parenchyma. Santiago et al. concluded
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that freezing did not change the failure stress but lowered the failure strain of the

parenchyma when placed under quasi-static tensile loading [4].

Lu et al. conducted two studies investigating the effect of freezing and
refrigerating bovine tissue for up to 60 days on the properties tested at different tensile
rates [5,6]. In the first study by Lu et al., human parenchyma was tensile tested fresh
and frozen for 20 days [5]. Failure stress and strain were observed to be significantly
less when tested at quasi-static rates under tension after being frozen. Lu et al.
performed similar testing but utilized different rates [6]. Fresh, 30-day, and 60-day
frozen human liver parenchyma samples were placed under tensile loads performed at
strain rates of 0.01 /s, 0.1 /s, and 1 /s. Lu et al. found that only the failure strain was
effected by freezing the specimen, and liver parenchyma failure properties did not

change based on rate [6].

The only other study to investigate the strain rate dependency of the liver was
conducted by Kemper et al. [7]. Tension tests of human liver parenchyma were
conducted at the rates of 0.008/s, 0.08/s, 0.8/s, 8/s. A strain rate dependency was
observed with failure stress being significantly higher at the rate of 8/s versus 0.008/s
and 0.08/s, while failure strain was lower for the fastest rate than the slowest rate

tested.

Six studies utilized a compression testing methodology (Table 2-1). Of the six
studies, four studies tested the liver under quasi-static rates [8-11]. Only one study,
however, reported the material properties, while the rest utilized the results to fit a
mathematical material model. Umale et al., investigated the elastic modulus of the

kidney, liver, and spleen using various methodologies [12]. The liver testing consisted of
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quasi-static compression loading on cylindrical porcine liver samples and found the
elastic modulus of porcine parenchyma to be 1.98 kPa for strains less than 10% and 0.75
kPa for strains between 35% and 40% under quasi-static compressive loading [12]. Only
one study performed dynamic compression testing on the liver [13]. However, the
results were used for an Ogden elastic curve fitting model and the material properties

were not directly reported.

The rest of the techniques that were used ranged from elastography, indentation,
and inflation with different research goals. Evaluating the results for different organ
hosts and different testing techniques, it can be concluded that the measured material
properties differ based on testing methodology and it is still unclear on whether the
material properties from an animal host is a feasible substitute for human. Furthermore,
the methodology that would be optimal for the assessment of organs under impact loads
is the quantification of the whole, undissected, liver material properties tested at various
rates. To date no research has been performed that directly compares protocols using
the same organ, directly compares human versus porcine liver tissue, and tests using a

whole organ in unconfined compression at various rates (Table 2-2).
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Table 2-1: Literature review of the material properties of the liver

Author Year Rate Human Animal Shear Elastic Modulus Bulk Tension Compression Other Failure Stress Failure Strain Curve
Modulus Modulus Methods Fit
SARAF 2007 1-20m/s (not Parenchyma 0.005 t0 0.035 Kolsky bar
specifically MPa
recorded
GAO 2010 125mmy/s Porcine X X X
Parenchyma
BRUNON 2010 0.5mm/s Capsule Porcine 16.9+/19.9MPa Fresh X 1.85+/1.18MPa Fresh Human 2.77+/- 32.6+/13.8% Fresh Human
Capsule Human 27.5+/- 2.69MPa Frozen human 2.03+/-2.44 43.9+/-24.2% Frozen human
22.7MPa Frozen human mPA fresh pig 1.22+/-1.12Mpa frozen 43.3+/-25.4% fresh pig
11.6+/-19.2 mPA fresh pig 62.9+/-35.4% frozen pig
pig 7.8+/-10.5Mpa
frozen pig
BRUNON 2011 0.1/s Capsule Inflation 50.5%+/-10.8%
PERVIN 2011 3000/s Parenchyma 37kPa 0.25 GPa Kolsky Bar
LU 2012 0.5mm/s Porcine 3.406+/-.819kPa Indentation
Cooling, 5.33+/-
1.349 day
20;3.93+/-0.962
frozen 3.651+/-
0.708
GOKOL 2012 3mm/s Bovine Indentation
LU 2014 0.01/s,0.1/s,1/s Bovine X 0.01:43 kPa; 0.1:50 kPa; 1:57kPa 0.01:0.38; 0.1: 0.37; 1:0.35
LU 2013 0.01/s, Parenchyma X 0.01:41.32(13.87)kPa; 0.01:0.305(0.088);
0.1/s,0.1/s,1/s, 0.1:44.72(7.08)kPa; .1:0.275(0.064);
10/s 1:46.25(11.49)kPa; 1:0.264(0.055);
10:56.89(15.48)kPa 10:0.245(0.034)
UMALE 2013 0.007/s Porcine Low:1.98 (.84)kPa; X
Parenchyma High: .75(.15)kPa
WEX 2014 Quasi-static Porcine 0.02:.21(0.06); Indentation
0.05:0.24(0.09;
0.2:0.34(0.09);
0.5:0.35(0.08);
2:0.44(0.14);
5:0.52(0.09)
DUONG 2015 0.083/s Porcine X Fresh:0.509(0.164)MPa; Fresh:1.756(0.165);
Parenchyma FreezeThaw:0.345(0.142)MPa; FreezeThaw:1.335(0.1);
Cooled:0.359(0.169)MPa Cooled:1.339(0.097)
UNTAROIU 2015 0.01/s, 0.1/s, Parenchyma X
1/s,10/s
ROAN 2007 0.01/s Porcine X X

Parenchyma



oc

OCAL 2010 48mm/s Porcine Impact
Parenchyma Hammer
OZCAN 2011 1to 80Hz Parenchyma 10 to 8o kPa Impact
Hammer
CHUI 2007 10 mm/s Porcine X X
Capsule
YEH 2002 0.12mm/s Parenchyma 800 Pa to 2500 Pa X
CHATELIN 2011 Porcine X Transient
Elastography
KEMPER 2010 0.01/s, 0.1/s, Parenchyma X 0.01:40.21(21.39)kPa; 0.01:0.34(0.12);
1/s,10/s 0.1:46.79(24.81)kPa; 0.1:0.32(0.05); 1:0.30(0.1);
1:52.61(25.73)kPa; 10:0.24(0.07)
10:61.02(24.89)kPa
BARNES 2007 0.05mm step Murine X
increments Indentation
CARTER 2001 4mm/s Intact Indentation
CONSTANTINIDES | 2008 Quasi-static X X Indentation
CHEN 1996 5cm/min 0.431t01.68 X
kPa
SANTAGO 2009 Bovine X X 19(4.74)kPa 0.33(0.05)
TAMURA 2002 6omm/s Porcine X
TAY 2006 Quasi-static Porcine 13 kPa Indentation
YOMADA 1970 Quasi-static Rabbit 5.6 kPa Indentation
MILLER 2000 0.225/s, 11.25/s, Porcine X
22.5/s
SCHWARTZ 2002 iomm/s Deer 25 kPa Indentation
HOLLENSTEIN 2006 Quasi-static Bovine 1.1 (0.2) MPa to 38.5 X Shear wave 9.2(0.7)MPa
Capsule (4.9) MPa Elastography
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Table 2-2: Summary of research topics of interest addressed in literature

YEAR HUMAN ANIMAL STATIC DYNAMIC STRAIN RATE

DEPENDENCY

HUMAN COMPRESSION

VS
PORCINE

INTACT ELASTIC
ORGAN MODULUS

FAILURE
STRESS

FAILURE
STRAIN

SARAF
GAO
BRUNON
BRUNON
PERVIN
LU
GOKOL
LU
LU
UMALE
WEX
DUONG
UNTAROIU
ROAN
OCAL
OZCAN
CHUI
YEH
CHATELIN
KEMPER

BARNES
CARTER

CONSTANTINIDES

CHEN
SANTAGO
TAMURA
TAY

2007
2010
2010
2011
2011
2012
2012
2014
2013
2013
2014
2015
2015
2007
2010
2011
2007
2002
2011
2010

2007
2001

2008
1996
2009
2002

2006

v v
v v
v v
v v

v
v v
v v
v

v
v %
v v
v v

v
v

v
v v

v
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YOMADA
MILLER
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1970
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2.2 Kidney

Overall, 11 studies were found that involved the material testing of kidneys (Table
2-3). Three of these studies were performed under quasi-static tension testing. Herbert
et al. was the first study of its kind to investigate the mechanical properties of kidney
renal capsule through quasi-static tension tests using a canine model [32]. Failure
stress, failure strain, and elastic modulus of different portions of the renal capsule were
measured and compared to a dog aorta within this study. The major finding from this
study is that the anterior-posterior portion of the kidney was significantly stiffer and

stronger than the lateral portions of the kidney.

Karimi et al. performed also performed quasi-static tension testing, but on
human kidney renal capsules [33]. The purpose of this study was to investigate the
differences in the elastic modulus, failure stress, and failure strains between axial and
transverse tested specimens. Karimi et al. found that the elastic modulus and failure
stresses were significantly higher when tested axially versus transversely [34]. Results
from this study have determined that the kidney renal capsule is anisotropic under

tension at quasi-static rates.

Umale et al. performed quasi-static tension and compression testing, but on
porcine kidney capsules [12]. The elastic modulus and ultimate stress were much higher
with the elastic modulus being 7.1 MPa at low strain and 16.34 MPa at high strain and
failure stress at 4.78 MPa. Umale et al. also performed compression testing on the
cortex of the porcine kidney, measuring the elastic modulus to be 15 MPa at 10% strain
and 1.16 MPa at 35% strain [12]. These differences in values between methods highlights
the importance of methodology for measuring material properties. Researchers should
strive to derive material properties in a way that most closely resembles the intended

application that will use said characteristics.

Snedeker et al. was the only other study to perform compression testing on the
kidney [34]. Experiments were carried out on both human and porcine kidney
parenchyma. The measured stiffness at a quasi-static rate for the porcine specimens
were 40 kPa at low strains and 1,470 kPa at high strains while the human kidney

modulus was measured to be 19 kPa at low strains and 530 kPa at high strains. Failure
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stresses were also observed to be lower in the human specimens while the failure strains
were comparable. Falling weight and projectile tests were also carried out on whole
porcine kidneys to investigate a rate dependency. This study found that the material
properties did not differ between the rates of 5 m/s to 25 m/s. However, the dynamic
tests were carried out by repeating drop tests on the same specimen at increasing rates
until the specimen failed. This methodology is testing impact and if no ruptures were
observed a test is repeated on the same organ. The study ignores the effect of the several
preceding impact that may have weakened the organ, which will not accurately depict
the strain rate dependency. Snedeker et al. however did highlight the differences

between species [34].

Umale et al. also performed dynamic compression testing on the whole porcine
kidney [35]. Kidneys were placed in an impacting device that subjected the specimens
to compressive loads at rates of 1.5 to 2 m/s. This study did not investigate the effects of
strain rate, and thus kept the impact velocity constant. Results were used to develop
and validate a material model with the aim of describing kidney behavior during an
impact and did not report any of the material parameters directly. The goal of this paper
was to develop a model for the kidney that could be used in conjunction with a

comprehensive human body model to asses impact trauma.

One study performed material characterization tests using an indentation
technique. Lu et al. performed quasi-static indentation tests to investigate the effect of
tissue storage on the material properties [5]. Two kidneys were cooled to 4 degrees
Celsius and two kidneys were frozen to -20 degrees Celsius and stored for 20 days.
Specimens were then brought back to room temperature and a compressive load at a
quasi-static rate was placed on the center of the kidney using a cylindrical probe. This
study found that the stiffness was significantly higher in the specimens subject to

freezing.

The rest of the studies used various other testing techniques such as aspiration,
torque, radio frequency, and perfusion [36-39]. Overall, the research regarding the
material properties of the kidney does not address whether or not a porcine host is able

to be substituted for human, the effect of using a probing protocol versus an unconfined
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compression protocol, and the rate dependency on the material properties of whole,

undamaged, kidneys (Table 2-4).
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Table 2-3: Literature review table for kidney material properties

YEAR RATE DYNAMIC HUMAN ANIMAL SHEAR ELASTIC MODULUS TENSION COMPRESSION FAILURE FAILURE ENERGY OTHER CURVE
MODULUS STRESS STRAIN FITTING
HELFENSTEIN | 2015 Stepwise Porcine Cortex: Perfusion
pressure 4.9-18 kPa
increase Medulla:3-
16.8 kPa
NASSERI 2012 100 Porcine 1kPa to 10 Torque X
rad/s kPa
SNEDEKER 2005 0.005/s Parenchyma Porcine Static (kPa): Human: Static Static: Static(kJ/m3): Kolskey bar
up to 25 E1:19(6), (kPa): Human:63(6.3), 17.1(4.4), Pig:
m/s E2:530(130), Pig: Human: Pig:57 23; Dynamic:
E1:40, E2:1470 116(28), 15 kJ/m3
Pig:245
KARIMI 2017 5 Parenchyma 180 kPa 20 kPa
mm/min
UMALE 2017 1.5t02 Porcine X
m/s
UMALE 2013 0.05 Porcine Cortex: 10%: 15(7.20 Tension: Tension:
mm/s Parenchyma 35%:1.16(.1) MPa 4.78(1.05) 36(8.3)%
Para: MPa
10%:1.98(0.84)kPa,
45%:0.75(0.15) MPa
Probe:
10%:14(1.8)kPa,
50%: 35(11)kPa
Capsule:
low:7.1(3.75)MPa,
High:16.35(4.52)MPa
NAVA 2004 Intact Aspiration X
BRACE 2009 Intact Radio
frequency
LU 2012 0.5mm/s Porcine 3.603 Indentation
(0.504)

kPa
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Table 2-4: Summary of research topics of interest addressed in literature

AUTHOR YEAR HUMAN ANIMAL STATIC DYNAMIC STRAIN RATE HUMAN COMPRESSION INTACT ELASTIC FAILURE FAILURE PROBING VS
DEPENDENCY VS ORGAN MODULUS STRESS STRAIN COMPRESSION
PORCINE
HELFENSTEIN 2015 v v
NASSERI 2012 v v
SNEDEKER 2005 \% v v v \% v v v
KARIMI 2017 v v v
UMALE 2017 \ v
UMALE 2013 \ \ \ v v v
NAVA 2004 v v
BRACE 2009 v
LU 2012 v v v




2.3 Spleen

A total of nine studies were found that investigated the mechanical behavior of
splenic tissue (Table 2-5). The most popular technique used to characterize the splenic
tissue was indentation which was used by three studies. Carter et al. performed ex-vivo
indentation of porcine splenic tissue at quasi-static rates and compared the results to
porcine liver [40]. The results were used to create a material model to aid in the
estimation of human spleen mechanical behavior placed under indentation. It was
found that the porcine spleen tissue was more compliant than liver tissue under
compressive forces using a probe. Umale et al. also used a probing methodology to
characterize the material properties of the porcine spleen [12]. Quasi-static indentation
was performed on intact spleens to quantify the stress and strain relationship. The goal
of this paper was to compare the results with other porcine tissue, and it was found that
the spleen was the least stiff tissue when compared to the kidney and liver. However,
this study changed the methodology between the different organs of interest and earlier
studies have already identified that different testing techniques result in different

material properties.

Lu et al. also performed quasi-static indentation tests of the porcine spleen but
had a different goal [41]. This study was primarily interested in the effect of the storage
methods on the material properties. Porcine splenic tissue was indented immediately
after it was harvested, after 20 days of refrigeration, and after 20 days of freezing. Lu et
al. concluded that under quasi-static compressive indentation, the spleen stiffness was
significantly reduced by freezing and cooling versus testing immediately after harvest

[41].
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Three of the nine studies performed tension testing on the spleen. Duong et al.
performed quasi-static tension testing of the porcine spleen parenchyma. The goal of
the study was to investigate the storage effects on the spleen failure material properties
[2]. It was found that the freezing and refrigerating the spleen tissue caused a
significant decrease in the failure parameters used for the material model. Similar

results were found in a study that utilized an indentation protocol.

Sting] et al. (2002) also performed tension testing but used human spleens and a
dynamic loading rate [42]. The goal of the study was to determine the morphological
and mechanical behavior of the spleen and compare the results to the forces measured
on a test dummy subjected to frontal impacts. Human spleen tissue was harvested and
segmented into dog bone shape specimens. The collagen and elastin content was
measured for each organ, and then specimens were dynamically tested until failure.
From the resulting forces, a theoretical value of critical acceleration was obtained and
used for comparison to recorded sled impact forces. No statistically significant
conclusions were drawn from this study, which can highlight that impact of sex, age, and

other biological factors can play.

Kemper et al. utilized a tension testing protocol on human spleens [43]. The goal
of the study was to investigate the strain rate dependency on the failure properties of
splenic parenchyma and capsule. Human spleens were separated into several bone-
shaped samples, some specimens with and without the capsule, and placed in tension at
strain rates ranging from 0.1 /s to 10/s. Kemper et al. found that the strain was
significantly lower, and stress were significantly higher between the slowest and fastest

rate for the parenchyma and the stress was significantly higher for the capsule samples
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[43]. The ultimate strength of spleen parenchyma ranged from 16.5 kPa at 0.1 /s to 33.8
kPa at 10 /s and the capsule strength ranged from 43.6 kPa at 0.1 /s to 65.3 kPa at 10 /s
[43]. The ultimate strain from this study ranged from 1.26 at 0.1 /s to 1.18 at 10 /s for

the parenchyma and 1.23 at 0.1 /s to 1.17 at 10 /s for the capsule [43].

Only one study tested the spleen tissue under compressive loading. Tamura et al.
performed compression testing on porcine spleens at strain rates of 0.005/s, 0.05/s,
and 0.5/s [25]. The study investigated the strain rate dependency of the failure strength,
failure strain, and stiffness of cubic samples of the spleen parenchyma. In the study by
Tamura et al. the ultimate strength and ultimate strain remained constant, ranging from

0.420 to 0.438 kPa and 1.81 to 1.83 [25].

The last two studies utilized less conventional testing methods and also utilized
the experimental testing to curve fit a material model. Rosen et al. performed cyclic
testing of porcine spleen, and other organs, at a quasi-static rate. The goal of the study
was to compare the viscoelastic behavior abdominal organs tested in-vivo. The study
found that after repeated tests the spleen tissue became less stiff and was the least stiff
organ among the small intestine, stomach, and liver. Another less conventional method
that was studied is the use of rotary motion. Nicolle et al. segmented porcine spleen
tissue into cylindrical samples and subjected the samples to rotary motion at different
frequencies [44]. The rheometric tests were conducted between the frequencies of 0.1
Hz and 1 Hz. A weak frequency dependence of the shear mechanical properties was
found within this study. This type of behavior is typically characteristic of biological
tissue. In an earlier study conducted by Kemper et al. a strain rate dependency on the

mechanical properties of the spleen was already observed [43].
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Overall, major gaps in the literature regarding the material properties of
the spleen were found (Table 2-6). None of the research studies investigated the
material properties of a whole organ placed in unconfined compression at various rates.
Also, it is clear that the use of different protocols can have an impact on the results and
no studies have directly compared two different methods like a probing protocol and an
unconfined compression testing protocol. Only one study compared the human tissue to
the porcine spleen, but it further stated that assumptions were made between the two

studies that were in comparison and thus was not a direct comparison.
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Table 2-5: Literature review of Spleen material properties

AUTHOR YEAR RATE HUMAN ANIMAL ELASTIC TENSION COMPRESSION OTHER FAILURE STRESS FAILURE STRAIN ENERGY CURVE
MODULUS FIT
LU 2013 0.5mm/s Porcine Indentation X
DUONG 2015 0.0823/s Porcine X Fresh:0.509(0.164)MPa; Fresh:1.756(0.165); X
FreezeThaw:0.345(0.142)MPa; FreezeThaw:1.335(0.1);
Cooled:0.359(0.169)MPa Cooled:1.339(0.097)
KEMPER | 2012 0.01/s-  Parenchyma X Para (kPa): 0.01:16.5(13.1; Para: 0.01:0.26(.08;
10/s and capsule 0.1:23.9(10.3); 0.1:0.21(.05);
1:31.5(16.3); 1:0.19(.08);
10:33.8(15.9); 10:0.18(.02);
Cap (kPa): Cap:
0.01:43.6(18.1; 0.1:46.1(15.5); 0.01:0.23(.04;
1:68.4(33.1); 0.1:0.2(.04);
10:65.3(24.3); 1:0.19(.05);
10:0.17(.02);
UMALE 2013 0.003/s Porcine 14(1.8) kPa- X X
35(11) kPa
CARTER | 2001 1mm/s Porcine 0.11 MPa Indentation X
STINGL | 2002 (33- Parenchyma 0.14 t0 2.99 X 0.077to 1 MPa
149g) MPa
TAMURA | 2002 0.005/s Porcine X (kPa) 0.005:0.432(.026) 0.005:0.825(.041) (kJ/m3) X
0.05/s 0.05:0.420(.038) 0.05:0.809(.04) 0.005:22.51(3.55)
0.5/s 0.5:0.438(.040) 0.5:0.834(.012) 0.05:24.46(3.17)
0.5:32.55(3.44)
ROSEN 2008 Quasi- Porcine Mechanical X
static grasper
NICOLLE | 2012 o.1to1 Porcine Rotary X
Motion

Hz
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Table 2-6: Summary of research topics of interest addressed in literature

YEAR HUMAN ANIMAL STATIC DYNAMIC STRAIN RATE HUMAN

DEPENDENCY

VS
PORCINE

COMPRESSION

INTACT ELASTIC
ORGAN MODULUS

FAILURE FAILURE PROBING VS

STRESS

STRAIN COMPRESSION

LU
DUONG
KEMPER
UMALE
CARTER
STINGL
TAMURA
ROSEN
NICOLLE

2013
2015
2012
2013
2001
2002
2002
2008
2012

< < < < <

<



2.4 Intestines

The most popular method used to investigate the mechanical behavior of the
small intestine was through inflation of the tissue (Table 2-7). A total of five studies
were found that utilized this methodology. Storkholm et al. performed step-wise
inflation tests on the small intestine of guinea pigs [46]. The goal of the study was to
characterize the stiffness of different areas of the small intestine. It was found that the
stiffness of the small intestine was significantly higher in the ileum than the duodenum
portion. The significance of this study highlights how different portions of the same
organ can have different material properties. Furthermore, special attention to the
portion of the intestine that is being tested is required to insure accurate and repeatable

results.

Duch et al. researched the passive wall mechanics of rat small intestine using
inflation [47]. Fifteen small intestines from rats were harvested and through a probe
were subjected to step increases in pressure. The stress and cross-sectional area were
recorded with each pressure step for each of the different segments of the intestine.
Similar to the study above it was found that the stiffness and cross-sectional area was
higher in the ileum versus the jejunum and duodenum. Even between different hosts,
the effect of testing location on the material properties of the small intestine remained
constant. Gregersen et al. also performed inflation tests on guinea pig jejunum with the
goal to characterize the history dependent mechanical behavior [48]. Three different
pressure loading protocols were used in this study. Each protocol involved increasing
and relieving the pressure in 5 different increments, but one of the protocols involved

repeated inflations to the midrange pressure, and the last protocol involved repeated
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inflation to the peak pressure. It was concluded that the small intestine softened with
repeated inflation to the same pressure. The softening was more pronounced for
repeated lower pressure inflation. The significance of this research is that the intestine

is poor at retaining its structure once expanded passed the elastic region.

Roeder et al. investigate the stiffness and the failure properties of the small
intestine through an inflation protocol [49]. The small intestine from adult pigs were
inflated at a constant pressure until rupture, and the compliance, elastic modulus, and
failure pressure was recorded. It was found that the compliance and elastic modulus
increased exponentially as pressure was increased. This further highlights the nonlinear

nature of the small intestine tissue behavior.

Ergorov et al. investigated the failure properties of human cadaveric and
surgically removed small intestine using dynamic tensile loading [50]. Failure stress
and failure strain were not statistically different between human cadaveric and
surgically removed intestines nor between specimens with fibers running longitudinal
and transversely. The results indicated the intestines obtain at the time of death or
through a gastrectomy have similar failure properties, and that the direction of which

the fibers are running during tension testing is not consequential.

Bourgouin et al. tension tested human intestines at a rate of 1 m/s [51]. The goal
was to categorize the mechanical properties of fresh and embalmed human small
intestine. It was found that embalmed tissue was stiffer and yielded a higher failure
stress than fresh cadaveric tissue. This study hypothesized that the embalming
strengthened the organs, and the fresh tissue resulted in more accurate values of failure

stress, 1.18 MPa, and failure strain, 148.5%.
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Rosen et. al. utilized three different methodologies to characterize the material
properties of the small and large porcine intestine [52]. A mechanical grasper was used
to measure the force and deformation while being clamped in both in-vivo and ex-
corpus conditions. Tension testing of the small and large intestine was conducted using
a material testing system. All tests were carried out using a quasi-static rate. This study
used the resulting stress and strain data to develop and curve fit a material model. The
main finding from this research is that the small and large intestine material model

parameters were not significantly different from each other.

Overall, two major knowledge gaps were found in the review of intestine material
properties. Although some of the studies utilized animal tissue, none of the studies
performed a comparison between an animal and human host. In addition, the effect of
strain rate was also not investigated throughout the current body of literature (Table 2-
8). Determining the impact of strain rate on material properties and whether or not an
animal tissue, such as porcine, is a feasible substitute for human tissue would improve

the current finite element models involving this tissue.
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Table 2-7: Literature review table of intestine material properties

AUTHOR YEAR RATE HUMAN ANIMAL DELTA ELASTIC TENSION COMPRESSION OTHER FAILURE FAILURE CURVE

1934

RATE MODULUS STRESS STRAIN FIT
BOURGOUIN | 2012 1m/s X 5.16 (3.03) X 1.18 (0.41) 48.5(17.4)
MPa MPa
GREGERSEN | 1998 15 mmHg Guinea Inflation X
in 3 mm pigs
Hg
ROEDER 1999 Porcine 4106 g/cm2 Inflation 3517
(1348 to mmHg
5601
EGOROV 2002 0.04/min X 19 X
to
20/min
ROSEN 2008 5.4 mm/s Porcine Grasper X
DUCH 1996 0.1 Rat Inflation X
mmz2/s
GAO 2000 0.007 Rat Inflation X
mmz2/s
STORKHOLM | 1995 1mmz2/s Guinea Inflation X
pig




4%

Table 2-8: Summary of research topics of interest addressed in literature

AUTHOR YEAR HUMAN ANIMAL STATIC DYNAMIC STRAINRATE HUMAN TENSION ELASTIC FAILURE FAILURE
DEPENDENCY VS MODULUS STRESS STRAIN
PORCINE
BOURGOUIN | 2012 v v v v v
GREGERSEN | 1998 v v
ROEDER 1999 v v v
EGOROV 2002 v v v
ROSEN 2008 v v
DUCH 1996 v v
GAO 2000 v v
STORKHOLM | 1995 v v




2.5 Bladder

Eight studies were found that investigated the mechanical behavior of the bladder
tissue (Table 2-9). Five of the eight studies tested the bladder in tension. A study by
Dahms et al. investigated the biological properties of human, porcine, and rat bladders
subject to tensile forces [53]. Quasi-static tensile tests were performed on the various
animal bladders as well as bladder acellular matrix grafts. It was found that the graft
material properties were not significantly different from the animal hosts. No statistical
comparisons were performed between the different animal tissue, but it was found that
rat bladders had the highest failure stress, failure strain, and elastic modulus followed
by the porcine bladder and the human bladder. Pedro et al. also performed quasi-static
tension tests but only on human bladders [54]. The goal of the study was to correlate
stiffness and failure stress as well as compare the stiffness and failure stress with hosts
over the age of 50 versus younger. It was concluded that stiffness and failure stress was
correlated and bladders from hosts over the age of 50 were stiffer than younger
specimens. No statistical difference was observed between failure stress and age.
Zanetti et al. performed a similar test on porcine bladders to investigate the effect of
fiber orientation, strain rate, and loading history [55]. The stress and strain results of
the tension testing was used to create a material model. Based on the material
parameters, all of the factors of fiber orientation, strain rate, and loading history had

influenced the bladder behavior.

Griffiths et al. put tensile load on human bladder tissue but utilized the body’s
own muscular system [56]. Strips of human bladder were placed in a device to measure

tensile forces and electrodes were attached to the bladder. The contractile forces were
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recorded and used to compare to a Hill muscle model in order to characterize the tissue.
It was found that the contractile properties of the human bladder are not similar to

those of regular muscle.

Barnes et al. used two different methods of sectioning the bladder tissue for
tensile testing [57]. The goal of this study was to investigate the differences between
methodology and the frequency dependent effects on porcine bladder stiffness. No
differences were found between testing with looped specimens and rectangular
specimens. The storage and loss stiffness were observed to increase as the frequency
increased from quasi-static to 1 hz, but then the stiffness decreases above 1 Hz and

returns to similar values to quasi-static as the rate approaches 10 Hz [57].

Coolsaet et al. used a less conventional stepwise cystometry method to
characterize the mechanical behavior of bladder tissue [59]. The study was conducted
on living canines placed under anesthetic and involved increasing the pressure within
the bladder using a tube that was inserted through the urethra. Overall the study
concluded that this technique was not suitable for characterizing the viscoelastic
behavior of the bladder tissue. This study suggests that the results from the study by
Klevmark et al. are not valid as the same technique was used on feline bladders [60].
The conclusions from this study also interjects skepticism regarding other protocols that

use inflation for determining the viscoelastic behavior of tissue.

Nenadic et al. also conducted an inflation experiment to characterize the behavior
of porcine bladder and compared the results with patients [61]. Fluid was filled inside
the porcine bladder and the expansion was measured using ultrasound. A model to

describe the material behavior was developed and implemented through ultrasound
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measurement of human patients. The study concluded that the model and the

ultrasound technique was a valid method for assessing bladder compliance.

Overall it was found that there are gaps in knowledge within the current body of
literature regarding bladder material properties (Table 2-10). Unlike most organs, one
research study attempted to compare human bladder to animal host tissue, however,
this was only done at one loading rate [53]. Furthermore, only one study used a dynamic
testing rate, but did not vary the rate [57]. More research needs to be conducted to not
only determine if there is a strain rate dependency for the bladder tissue, but also if
porcine tissue is similar to human at multiple loading rates. Characterizing the bladder
material properties and understanding these factors will enable researchers to
incorporate this often overlooked organ in finite element models of the human

abdomen.
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Table 2-9: Literature review table of bladder material properties

74

AUTHOR YEAR RATE HUMAN ANIMAL SHEAR ELASTIC MODULUS FAILURE STRESS FAILURE TENSION OTHER CURVE
MODULUS STRAIN FITTING
BARNES 2015 10 Hz Porcine 1.89 N/mm X
COOLASET | 1975 Stepwise Canine Inflation X
GRIFITHS 1979 0.6 mm/s Porcine X X X
NENADIC 2016 X Porcine 50 kPa — Ultrasound
400 kPa
PEDRO 2011 0.083 mm/s X 1.9 (0.2)MPa 0.9 (0.1)MPa X
ZANETTI 2012 0.16 mm/s Porcine 0.5 to 4 MPa X
DAHMS 1998 0.3mm/s X Porcine, Rat: 0.76(0.44)MPa, Rat: 0.72(0.21) MPa, Rat: 2.03(0.44), X
Rat Porcine:0.26(0.18)MPa, Porcine:0.32(0.1)MPa, Porcine:1.66(0.31),
Human:o0.25(0.18)MPa Human:0.27(0.14)MPa Human:0.69(0.17)
KLEVMARK | 1974 .26ml/kg/day Feline Inflation

Table 2-10: Summary of research topics of interest addressed in literature

AUTHOR YEAR HUMAN ANIMAL STATIC DYNAMIC STRAIN RATE

HUMAN
VS
PORCINE

TENSION

ELASTIC
MODULUS

FAILURE FAILURE

STRESS

STRAIN

DEPENDENCY
BARNES 2015 v v

COOLASET | 1975 v v
GRIFITHS | 1979 v
NENADIC | 2016 v

PEDRO 2011 v v

ZANETTI 2012 v v

DAHMS 1998 v v v

KLEVMARK | 1974 v v




2.6 Prostate

The material characterization of the human prostate has been conducted with the
primary focus of improving prostate cancer diagnosis. Many of the studies used
imaging methodology because of this reason. Twenty studies were found that
determined the stiffness of the prostate through sono-elastography, using sonar to
image the organ [61-80]. Six more studies were found that used magnetic resonance
elastography to characterize the stiffness of the prostate [81-86]. Only seven studies
were found that used mechanical methods to determine the material stiffness of the

prostate, and none of these studies determined the failure properties.

Three out of the seven studies used a compressive probing protocol. Ahn et al.
investigated the stiffness of cancerous and noncancerous human prostate tissue in six
different regions of the organ [87]. The elastic modulus was found to be statistical
stiffer in regions of the prostate with cancerous tissue versus areas without. The Ahn et
al. study demonstrates that the material stiffness of prostate tissue changes with the
presence of cancer when compressed using a probe at a quasi-static rate [87]. This
study also explains that different portions of the prostate resulted in statistically
different stiffnesses, however the technique to prevent slipping of the prostate when
testing on the lateral portions of the organ were not defined and could influence the

results.

Carson et al. performed a similar study as above but used a spherical indenter
instead of a probe with a flat end and performed indentation on whole-mounted
prostates as well as sections dissected from the prostates [88]. The findings of the study

concluded that diseased tissue is statistical stiffer than normal prostate tissue, the
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stiffness within different regions of noncancerous tissue is not statistically different, and

the measured elastic modulus between specimens contains large variations.

Phipps et al. investigated the phase difference and amplitude ratios of sectioned
benign and malignant prostate tissue using a dynamic compression protocol [89]. The
study found statistical differences between the phases with respect to benign and
malignant tissue. However, the methodology within the paper does not detail the rates
used, the size of the specimens, or the compressed strain. No information regarding the

strain rate dependency of the non-diseased prostate tissue was able to be extracted.

Hoyt et al. investigated the effect of cancerous prostate tissue on the stiffness of
cylindrical samples subjected to unconfined compression at various loading rates [90].
Non-statistically significant differences in stiffness were found between cancerous and
normal prostate tissue samples at each tested rate. Hoyt et al. has provided the first
evidence of the rate dependency behavior of the prostate tissue, however these
compression tests were performed on prostates that were dissected in order to create a

geometrically uniform sample [90].

Zhang et al. performed a similar study investigating prostate stiffness of
cancerous and normal prostate tissue under dynamic compressive loading [91].
Prostate samples were cored to produced geometrically uniform specimens and tested at
a constant dynamic rate. Similarly, this study also found differences between the

stiffness of cancerous prostate tissue versus noncancerous tissue at the specified rate.

The final study that used the mechanical technique of compression probing was
performed by Krouskop et al. [92]. The viscoelasticity of the prostate tissue under
compression probing conditions was investigated at 3 different strain rates: 0.1 Hz, 1
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Hz, and 4 hz. Results from the study determined that sectioned cancerous prostate
tissue was statistically stiffer than sectioned noncancerous tissues at all rates, but not
between rates. Krouskop et al. provided evidence that the prostate tissue is not rate
dependent at these measured rates, however the strain at which the tissue is compressed
to is not published and varied with each test [92]. Due to the nonlinear nature of the
response, a varying strain within the compression probing protocol between tests would

result in different strain rates if the frequency is kept constant.
2.7 Gallbladder

The current state of research in the area of gallbladder material properties is
scarce. Currently only 4 research articles were found, none of which perform direct
measurement. The bulk of the literature is focused on the diagnosis and treatment of
gallstones and thus are based on imaging and modeling methods. Genovese et al.
investigated the heterogeneity of a single lamb gallbladder using an inflation protocol
and inverse stress analysis [93]. In an incremental step-protocol, pressure within the
gallbladder was increased and the resulting tissue expansion was imaged. These
measured variables were then used in conjunction with a material model and finite
element analysis to determine that the stiffness in the hepatic region differs from the
serosal surface. However, this study bases the conclusion of a sample size of one and

uses an estimate with the aid of a computer model.

Li et al. used a material model and finite element analysis to estimate the
mechanical properties of the human gallbladder [94]. In conjunction with the material
model that was validated through ten Cholecystokinin provocation tests, it was

concluded that the gallbladder peak stress is 1.6 times greater than previously reported
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using linear models. Although estimates of the peak stress that is observed in functional
gallbladders was found, no direct measurement of failure stress, failure strain, or elastic

modulus was determined.

Li et al. investigated the stiffness properties of the human gallbladder through
means of ultrasound and the use of a material model [95]. Based on the material
models estimation, it was concluded that the human bladder is both anisotropic and
patient dependent. However, this study uses an ultrasound technique to estimate the
material stiffness, and no direct mechanical measurement was used. In an extension of
the previous study, Li et al. investigated the heterogeneity of the human gallbladder
material model parameters during the filling and refilling phases of gallbladder function
[95]. Based on the validation on a single lamb gallbladder and on ten human
gallbladder ultrasounds, Li et al. determined that the model parameters were indeed

different for different portions of the gallbladder during the different functional states.

2.8 Stomach

Ergorov et al. investigated the failure properties of human cadaveric and
surgically removed stomach through dynamic tensile loading [50]. Failure stress and
failure strain were not statistically different between human cadaveric and surgically
removed stomach nor between specimens with fibers running longitudinal and
transversely. The results indicated the stomach specimens obtain at the time of death or
through a gastrectomy have similar failure properties. It was also found that the
direction of the stomach fibers during tension testing does not impact the failure results

under dynamic loading.

52



Zao et al. found conflicting results from the study above. This study investigated
the factor of the stomach layer, tension testing direction, and tissue location [97]. Five
porcine stomachs were dissected into different portions and different submucosa layers
and tensile tested uniaxially in both longitudinal and transverse directions. The results
of this study concluded that the stiffness of the porcine stomach differed significantly

between all the factors investigated when tested at quasi-static rates.

Jia et al. performed stress relaxation and creep tests of porcine stomach tissue
under uniaxially loading [98]. The results of this study found that under quasi-static
tension testing the orientation, layer of the stomach, and location of the gastric wall
effected the stiffness and failure properties of the porcine stomach tissue. Conclusions
from the previous two studies demonstrated that under quasi-static conditions, the
stomach tissue is anisotropic, viscoelastic, and the properties differ from layer to layer.
However, none of the studies investigated the effect of strain rate on the viscoelastic

properties of the stomach.
2.9 Literature Gaps

The gaps in literature vary from organ to organ as different studies had different
focuses. For example, the bulk of the mechanical characterization for the purpose of
developing a model to assess traumatic injuries has been performed on the kidney,
spleen, and liver. This could be due to applicability as these organs are often injured in
traumatic events or due to the more abundant resources to obtain such organs from
various hosts. On the other hand, virtually no research has been performed on the
mechanical characterization of the material properties of the prostate. The purpose

being that this organ is not as often injury in traumatic scenarios, however the focus of
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the research has been on the improvement of diagnosis of prostate cancer as this is has
been a more pressing issue for this organ. For some of the abdominal organs, there is a
void in establishing basic mechanical properties such as the elastic modulus, failure

stress, and failure strain which can be observed in Table 2-11. However, there are some

common gaps in literature that applies to all abdominal organs.

A major gap in knowledge that is common among the solid organs is the material
properties of a complete intact organ. Most literature highlighted the differences
between the individual structures of the organs such as the parenchyma and the capsule,
meaning these structures were mechanically tested individually. However, only a few
studies look at the material properties of an intact solid organ, and none looked at this
aspect with special reference to varying strain rate. Understandably, there is difficulty of
acquiring resources for this type of research on human cadaver organs, and thus it is
clear why researchers would increase sample size through sectioning the organ into
several individual samples. However, the understanding of how an intact organ reacts

to forces is essential for the development and use of multi-organ human models.

Another a major gap in the literature is quantifying the effect of strain rate on the
material properties of abdominal organs. Several studies have investigated the effect of
strain rate for such organs as the intestines, stomach, kidney, liver, and spleen.
However, these studies have only determined that there is a statistical difference
between two different rates. No studies have fully characterized how the material
properties change as the rate increases from quasi-static to dynamic. Several articles
have suggested a potential saturation of the strain rate dependency but the point at

which this saturation occurs has yet to be determined. A gap in literature exists in
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quantifying the by what factor mechanical properties change due to increasing strain

rate and fully establish if this relationship is linear or nonlinear.

This critical review of the mechanically characterized material properties of
various abdominal organs has highlighted a clear need for research that will help push
the area tissue mechanics forward. Establishing characteristics of lesser researched
organs and expanding on the research regarding the effects of strain rate will provided

necessary information that will expand the knowledge in this area.
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Table 2-11: Overview of the literature review of material properties for each organ of
interest

Article Prostate Liver Kidney Spleen Intestines Stomach Bladder Gallbladder

Stiffness X X X

Failure X
Stress
Failure X
Strain

Stiffness X X X

Failure X
Stress
Failure X
Strain

Stiffness X X X X

Failure X X X
Stress
Failure X X X
Strain
Stiffness X
Failure X X
Stress
Failure X X
Strain
Stiffness X N/A N/A N/A N/A

Failure N/A N/A N/A N/A
Stress

Failure N/A N/A N/A N/A
Strain

Stiffness N/A N/A N/A N/A

Failure N/A N/A N/A N/A
Stress
Failure N/A N/A N/A N/A
Strain

N/A N/A N/A N/A

N/A N/A N/A N/A
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Chapter 3 : Research Scope

3.1 Research Aims

Several gaps in knowledge regarding material properties of the abdominal organs
have been identified from a state-of-the-art literature review. One of areas identified as
having insufficient data is the quantification of the relationship between strain rate and
material properties, such as the elastic modulus, failure stress, and failure strain. This
lack of data exists for all the organs included in this study. Several organs, the kidney,
liver, and spleen, have some testing results available at different strain rates, but the
results only established that strain rate was a factor that effected the material properties

but did not firmly establish the nature of that relationship.

Therefore, the first aim of this study is to quantify the effect of strain rate on the

elastic modulus, failure stress, and failure strain of the major abdominal organs

through testing at various rates ranging from quasi-static to dynamic.

Another gap identified is related to the use of material properties from various
animal hosts as substitutes for human tissue properties. This substitution is primarily
suggested due to the lack of data for human tissue. It is commonly assumed that
material properties derived for animal tissue may be assumed to be equivalent to the
properties of human tissue, but this assumption has not been validated for the
abdominal organs. For those few studies that have attempted to compare the properties
of human and animal organs, the comparisons are based on data derived from different

studies. The assumption is made that the two experiments were conducted the exact
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same way, and the comparisons are therefore valid, but it is rare that identical protocols

were used in the comparison studies.

Therefore, the second aim of this study is to address this knowledge gap through

testing animal and human organs under the exact same conditions and using identical

protocols. A comparison between the two hosts will be performed and the feasibility of

using animal organs as a substitute will be examined.

Finally, many studies use material properties from the literature to examine the
effects of extreme incidents such as blunt force trauma or exposure to blast loads.
However, these studies often use material properties that were derived using testing
methods that do not match what conditions the model is intended to simulate. For
example, if it the study is investigating blunt force trauma to the organ, the material
properties used in a model might have been determined using a probing or grasping
methodology. The published literature contains a wide range of material properties for
a given organ, potentially due to widely varying testing methodologies. Based on the
details contained in the published work it is unclear whether the range of results are due

to the testing methodologies or some other factors.

Therefore, the third aim of this study is to perform a comparison between the

elastic modulus measured using a probing and an unconfined compression

methodology on the same specimens at the same loading rates. A comparison between

the two methods using the same organs in the same conditions will provide a

guantification on the difference between results obtained based solely on the testing

method and identify whether or not the testing method makes a difference for each

organ studied.
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3.2 Experimental Requirements

As part of conducting a study with such a wide breadth of research goals a large
amount of testing must be performed. In order to make the greatest use of the available
test specimens the experimental program needs to be carefully designed to obtain the
maximum amount of data from each test. The testing requirements for each aim are

examined in order to develop an efficient testing program.

Due to the biological similarities between human and porcine abdominal organs,
and the ability to easily acquire porcine organs from slaughterhouses, researchers often
use porcine specimens as a human substitute. However, the resulting studies often
assume that the tissue properties are similar and do not directly compare them,
rendering the results questionable. This study will perform material testing on both
porcine and human organs in an identical fashion in order to investigate the feasibility
of using porcine organ material properties as a substitute for human organ material

properties.

In order to characterize the strain rate dependency of the material properties it is
necessary to test at a variety of strain rates on the same specimen. Human organs will
be tested at both quasi-static and dynamic rates to measure the effect of strain rate on
elastic modulus, failure stress, and failure strain. The results will then be compared to
porcine tissue properties measured at the same loading rates. The limited number of
human specimens available means that statistical validity of the human organ testing
results cannot be established. However, sufficient porcine specimens are available to
allow for statistical significance of the results, develop valid numerical models, and to
allow for failure testing over a wider range of loading rates. Comparing the human organ
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material properties with the porcine results for identical strain rates will potentially

allow for extrapolation of the human results to additional loading rates.

Due the different physical characteristics and in-vivo loading conditions between
the organs of interest, the tissues were divided into two different testing categories.
Fluid filled/pressurized organs are typically loaded in tension in-vivo, either from
stretching due to the boundary conditions or from expansion of the fluid/gas inside the
organ. Therefore, the material properties will be determined though uniaxial tension

testing.

However, the solid organs are typically loaded in compression in-vivo, either
from direct pressure application or through confinement by other anatomical features.
From the literature review, it was found that solid organs have typically been tested
using probing, mechanical graspers, uniaxial compression, etc., and that the organs are
dissected into several smaller specimens to increase the number of available test
specimens, which can affect the measured properties. The experimental protocols will
be designed to address the issue of how the elastic modulus changes between probing
and uniaxial compression protocols on the same intact organs. Organs will be
compressed up to a strain that is lower than the yield point which will allow the organ to
recover from the test and obtain results from both protocols and at multiple strain rates.
Once both nondestructive protocols are completed the organ will be tested in a

destructive compression protocol to obtain failure properties.
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3.3 Overview of Experimental Design and Protocols

The experimental flow is depicted in Figure 1. Testing will be conducted from
two different hosts: human and porcine. Then, as previously described, the abdominal
organs will be classified as either solid or fluid/air filled, each of which requires a
different testing protocol to accurately simulate the in-vivo conditions. The solid organs
will be tested in compression while the fluid/gas filled organs will be tested in tension.
Solid organs will have 3 different tests that will happen on the same organ:
nondestructive compression, nondestructive probing, and destructive compression. The
elastic modulus will be measured from the nondestructive compression and probing
protocols while the failure stress and failure strain will be measured from the
destructive protocol. Each test in the uniaxial tension testing protocol will be
destructive. The elastic modulus, failure stress, and failure strain will be measured from
each test. Chapter 4 details the methods, results, and analysis of all organs that were

compressed, and Chapter 5 covers the same topics for all the organs tested in tension.

Uniaxial compression testing resulted in 3 different types of testing on 4 different
organs (liver, kidneys, spleen, prostate) for both human and porcine specimens, thus
required several iterations of testing. The three testing methodologies consisted of
nondestructive unconfined compression, destructive (failure) unconfined compression
testing, and compression probing. A total of 1,071 tests were conducted using the
compression methodologies alone. An overview of the number of tests completed in
nondestructive compression, destructive compression, and probing for each organ is
contained in Tables 3-1:3-4. Since the probing and nondestructive unconfined

compression protocols did not damage the organ, specimens were retested at multiple
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loading rates. Fewer tests were conducted using the destructive protocol since the organ

was tested until failure and was therefore not reusable for further testing.

The uniaxial tension testing protocol, in contrast, resulted in every test
proceeding until failure of the tissue and thus each test represents an individual
specimen. An overview of all 160 test tests, 86 of which are presented in this
dissertation, conducted on all the organs of interest in tension for both human and

porcine specimens is shown in Table 3-5.
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Figure 3-1: Flow chart of experimental process
Table 3-1: Number of experiments completed in nondestructive compression testing protocol
NONDESTRUCTIVE COMPRESSION TESTING
*NOT PRESENTED IN DISSERTATION
Organ 1%/s 5%/s 10%/s 15%/s 25%/s 50%/s 1000%/s
Human Porcine Human Porcine Human Porcine Human Porcine Human Porcine Human Porcine Porcine Human Porcine Porcine Human Porcine
Liver 3 - 3 16 - 3 23 23 23 - 23 -
Kidney 6 32 6 32 - 6 32 32 32 - 32 30
Spleen 4 32 - - - 4 32 32 32 - 32 32
Prostate 2 12 2 12 2 12 2 12 2 12 12 12 - 12 12 12
Testicles 6* - 6* - 6% 6% - 6* = = =




€L

Table 3-2: Number of experiments completed in destructive compression testing protocol

DESTRUCTIVE COMPRESSION TESTING
*Not presented in dissertation

Organ

Liver
Kidney
Spleen

Prostate

Testicles

Human

1%/s 5%/s 25%/s 50%/s 100%/s 250%/s 500%/s
Porcine Human Porcine Human Porcine Human Porcine Human Porcine Human Porcine Human Porcine
- 1 4 1 4 - 4 - 5 - - 1 4
- 1 5 1 5 1 5 1 5 1 2 1 5
6 = = 1 6 1 6 = 6 = = 1 6
- - - - 2 - 2 1 2 - 2 1 2
_ _ _ 1 _ 1* _ 1 _ 1 _ o% _

Table 3-3: Overview of number of tests completed in probing testing protocol

NONDESTRUCTIVE PROBING TESTING

*Not presented in dissertation

Organ 1%/s 25%/s
Human Porcine Human Porcine
Liver 3 23 3 23
Kidney 6 32 6 32
Spleen 4 32 4 32
Prostate 2 12 2 12
Testicles* 6* . 6% .

1000%/s

Human

Porcine
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Table 3-4: Overview of number of tests completed in uniaxial tension testing protocol

TENSTION TESTING
*Not presented in dissertation
Organ 1%/s 5%/s 25%/s 50%/s 100%/s 500%/s 1000%/s
Human Porcine Human Porcine Human Porcine Human Porcine Human Porcine Human Porcine Human Porcine
Bladder - - 6* - 1 5 2 5 2 5 2 5 - 4*
Gallbladder - 6* - 6* 1 6 2 6 1 6 1 6 - -
Stomach - - - 8* 2* 8* 2% 8* - 8* - 11* - -
Intestine - - - 5% 2 5 2 5 2 5 1 5 - -
Penis - - - - 1* - - - 1* - 1* - - -
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ABSTRACT

Characterization of the mechanical properties of organs is important for determining their
behavior under load and understanding and predicting their response. In order to appropriately
understand behavior, including developing predictive models, the method used to measure the
properties should match the application as different testing techniques can yield different results. One of
the organs where little mechanical testing has been performed is the prostate. Therefore, the goal of this
paper is to expand the knowledge of prostate mechanical behavior by using two different compressive
testing methods under various loading rates. No differences were found between the elastic modulus
measured using the compression and probing protocols for both human and porcine specimens. A
strain rate dependency of the elastic modulus was observed for both the testing methods. The
dependency on strain rate started to saturate at higher rates and a material model was created to
quantify this dependence as well as the stress-strain behavior. No strain rate dependency was observed
for failure stress or failure strain. Overall, similar values of elastic modulus were found for both probing
and compression protocols and the relationship developed between elastic modulus and strain rate

could be implemented in models of the prostate to aid in understanding the response to dynamic loads.

4.1.1 INTRODUCTION

Characterizing the mechanical properties of abdominal organs is fundamental for
advances in numerous areas of biomedicine such as diagnostics, forensics, surgical
simulations, and injury prediction [1-5]. Various methods have been used to determine
the properties of organs such as tension testing, compression testing, perfusion,
probing, aspiration, and imaging [6-10]. However, utilizing multiple methods to
determine the material properties of tissues yields a range of results. Examples of the
effect of testing methodology on the measured properties include tissues such as the

spleen, kidney, and liver [11-14].
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Biological tissue, including human organs, is complex, and many factors have
been found to impact the measured material properties of human or animal organs such
as strain rate, storage method, type of the organ, etc. [12-15]. The range of values
obtained for material properties of the same tissue type highlights the importance of

matching material testing methodology with the anticipated application of the results.

One instance that illustrates the importance of using the proper testing
methodology is developing models intended for use in simulation of traumatic
situations like blunt impacts or blast forces on the human body. During these loading
conditions organs within the human abdominal cavity will be compressed at a high
velocity. Previous research has determined that loading rate significantly effects the
mechanical behavior of human organ tissue [12,13]. Thus, simulations should use
material properties that were determined using appropriate methodologies. However,
material properties found using relevant methods are not always available and the

simulations are often performed with whatever data is extant in the literature.

One of the human organs that has been understudied is the prostate. Material
testing of the prostate has been predominantly performed using imaging techniques [16-
20]. Only a few studies have performed mechanical testing of the prostate tissue. Two
studies utilized indentation techniques to test the human prostate, with the elastic
modulus determined to be 432 kPa and 20 kPa [21-22]. Ma et al. performed tensile
testing of the human prostate and found the elastic modulus to range from 450 kPa to
560 kPa [23]. However, these studies were performed on prostate tissue that had been

divided into smaller specimens and at quasi-static rates. The limited research on the
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prostate could be the reason why many abdominal organ finite element models do not

include the prostate.

Clear gaps exist in the understanding of prostate mechanical properties including
elastic modulus and failure stress and strain. First, there are no studies to date that
explore the effect of strain rate on the material properties, even though prostate injury
often occurs through traumatic incidents [24]. Second, only indentation and tensile
testing has been performed on the prostate, while most loading scenarios involve
primarily compressive loads. These loads are applied to the intact prostate and testing
dissected specimens may affect the measured properties as for the liver [25]. Third,
often only limited human prostate specimens are available for study, and no research
has compared the properties of human prostate tissue with more readily available
animal models. Finally, different testing techniques can lead to a wide range in
measured properties and there are no studies examining the effect of testing

methodology on the modulus and failure properties.

The goal of this research is therefore to expand the knowledge of prostate
mechanical behavior by using two different compressive testing methods under various
loading rates. It was hypothesized that the elastic modulus will increase as strain rate
increases in both the unconfined compression and probing protocols and that the
material properties will differ between these two testing methods. Both human and
porcine prostates will be tested in full unconfined compression and using a probing
methodology. The mechanical properties of elastic modulus, failure stress, and failure

strain will be measured.

78



4.1.2 METHODS
4.1.2.1 Specimens

Fifteen porcine prostates were procured from an FDA inspected slaughterhouse
and were obtained from specimens being harvested for other purposes: no animals were
euthanized specifically for this study. The slaughterhouse provided prostate tissues that
were still intact to the urethra and bladder. Urethra and bladders were removed in the
lab using a scalpel to leave the prostate intact and undamaged. Porcine prostates were

558 (+76) mm?2 in surface area and 12.2 (+1.8) mm in height on average.

Two intact fresh human prostates were procured from cadavers (76 and 89
years). The specimens were tested for and cleared of any transmittable diseases, and had
an average surface area of 2025 (+671) mm2 and height of 33 (£1.9) mm. Tissue testing

occurred at room temperature as soon as possible after death of the host.
4.1.2.2 Material Testing Devices

Destructive and nondestructive tissue testing was performed using a Material
Testing System (MTS). The compression force and specimen height were sampled at a
rate of 4,096 Hz. The load placed on the human tissue was measured using a 15 kN load

cell, while the load on the porcine prostate was measured using a 2.5 kN load cell.

The probing methodology utilized a Mark-10 force gauge and EMSL-301 test
stand. A probe with a flat circular (4.9 mm diameter) loading surface was used as the

indenter. Force and specimen height measurements were collected at a rate of 50 Hz.
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4.1.2.3 Experimental Protocol

Nondestructive and destructive testing involved placing the prostate laterally (the
urethra canal ran parallel to the compression plate) in the MTS. The plates compressed
the human and porcine prostates at the strain rates and to the maximum level of strain
(for nondestructive tests) specified in Table 4-1. In nondestructive testing, the prostate
was not compressed beyond the elastic region and rested in between each test in order
to return to the original height. A minimum of 30 seconds rest occurred after each test.
Confirmation of the organ returning to the original height was made prior to the next
test. The tests were displacement controlled, and force and displacement were sampled
throughout the tests and subsequently transformed into nominal stress and engineering
strain using Eq. 1 and 2. The elastic modulus was calculated by taking the secant slope at
the most linear portion of the curve at the highest applied strain. Calculating the elastic
modulus at that point insured that the entire prostate was evenly compressed. Failure
stress and failure strain were recorded during destructive testing. Failure was described

as a 10% drop in force or an increase of 3% strain with no resulting increase in force.
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Table 4-1: Tested strain rates for each method and host

Human Porcine
Strain Rate

Compression Probing Compression Probing

1%]s v v v v
5%/s
10 %/s

15 %/s

< <<
< < <<
< <<

25 %/s
50 %/s -

<

100 %/s
250 %/s - -
500 %/s \% -

A O O U N N

1000 %/s - -

Force

(1)

(0} =
ND Surface Areaspecimen

AHeight
_ _AHeig (2)
Heightitial

The probing methodology oriented the prostate in the ESML-301 test stand in the
same direction (lateral) as for compression testing. Human and porcine specimens were
indented in the center of the prostate at rates of 1%/s, 25%/s, and 50%/s up to 30%

strain. The stress for the probing method was calculated using Eq. 3.

_ Force
Oop = (3)
Surface Areapyrope
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4.1.2.4 Data Analysis

The elastic modulus, failure stress, and failure strain were calculated for each test
as appropriate. Mathematical models were developed to describe the stress-strain
relationship [26]and the variation of the model parameters with strain rate. The model
framework for the strain rate relationship was determined through an optimization

process that maximized R2.

A one-way ANOVA was conducted on the porcine elastic modulus to test the
factors of strain rate for each testing method. Two sample t-test was conducted on each
of the individual rates to determine statistical differences between the testing
methodologies. An alpha value of 0.05 was set for both statistical tests that were

performed.
4.1.3 RESULTS
4.1.3.1 Elastic Modulus

The elastic modulus of the human prostates was similar between the two testing
methods, with the measured differences not statistically significant (Figure 4-1). The
largest difference in modulus observed between the two methods was a 37% lower
stiffness for the probing methodology at a strain rate of 10%/s. Although not statistically
significant, an increase in stiffness was observed with each increase in strain rate for
both the probing and unconfined compression methods. In both the probing and
unconfined compression method, an average increase in stiffness of 28% was measured

as rates were increased from 1%/s to 25%/s.
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Figure 4-1: Elastic modulus of human prostate measured at various strain rates and
with different testing methods

Biological tissue generally has three distinct regions within the stress-strain
curve: a toe region at the beginning of the curve where there is a small linear slope
(modulus) of the stress versus strain curve, an inflection region where modulus
drastically increases, and a terminal region where the stress-strain relationship becomes
linear again, but at a larger modulus than the toe region [27]. For both human and
porcine specimens the stress strain curves were similar in shape for both testing
methods. However, when comparing between the different hosts, the inflection and
terminal regions in porcine specimens began at a strain 20% higher than in the human

specimens (Figure 4-2).
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Figure 4-2: Stress versus strain curve of human and porcine prostate under
unconfined compression using two testing methodologies

The elastic modulus of the porcine prostates had similar results between the two
methods, with no statistically significant differences (p=0.543, Figure 4-3). The largest
difference observed between the two methods was a 15% smaller stiffness at 10%/s
strain rate when tested using the probing methodology versus unconfined compression.
Unlike the human prostate, a statistically significant increase in stiffness was observed
in the porcine specimens with each increase in strain rate (p=0.041). An increase of
102% was observed when the strain rate increased from 1%/s to 25%/s in the probing
condition and modulus increased by 115%/s between the same strain rates in the

compression method.
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Figure 4-3: Elastic modulus of porcine prostate measured at various strain rates and
with different testing methods

The elastic modulus, measured in unconfined compression, was, on average, 88%
stiffer in the porcine prostate than the human prostate (p=0.035). The differences
between the porcine prostate and human prostate stiffness decreased as strain rate
increased. The porcine specimen modulus increase over the human specimen modulus
was 118% (0.1 MPa) at 1%/s, (0.12 MPa) at 5%/s, (0.13 MPa) at 10%/s, (0.14 MPa) at
15%/s, and (0.18 MPa) at 25%/s. Similar results were observed when comparing the
elastic modulus of the two hosts using the probing method. On average, the porcine
specimens were measured to be twice as stiff as the human specimens at the same strain
rate (p=0.005). Both human and porcine tissues were observed to have a strain rate

dependency when tested using the probing method (p=0.612 and p=0.15 respectively).
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The porcine prostate was also tested in unconfined compression at higher strain

rates and was found to have statistically significant differences between the strain rates.

A strain rate of 1%/s resulted in a modulus of 0.19 MPa and 1,000%/s led to a modulus

of 1.03 MPa (Figure 4-4) (p<0.001). A post-hoc Tukey test revealed two groupings of

strain rates that were statistically different from one another. The strain rate of 1%/s is

statistically significantly different than rates at and above 250%/s, and strain rates

ranging from 5%/s to 250%/s are statistically significantly different from rates at and

above 500% (p<0.05).
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Figure 4-4: The measured elastic modulus of the porcine prostate in unconfined
compression at varying rates (shading indicates the range of data)

The stress-strain relationship can be described using Eq. 4. The parameters

consist of the elastic modulus in the toe region (Etoe), the elastic modulus in the terminal

region (Etrm), the center strain of the inflection region (ec), and a parameter describing
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the curvature of the inflection region (y). Values of all four parameters at the tested

strain rates for both human and porcine prostates are shown in Table 4-2.

E = {1.0 + tanh(Y[e — ecDH(Eterm = Etoe) /2.0} + Etoe (4)

where E is the current elastic modulus and ¢1is the current strain.

Table 4-2: Model parameters at tested strain rates for each host

Strain Rate

Human 1%/s 5%/s 10 %/s 15 %/s 25 %/s
Etoe (MPa) 0.0006 0.0006 0.0006 0.0006 0.0006
Eterm (MPa) 0.0184 0.0260 0.0248 0.0319 0.0472
€c 0.0170 0.0180 0.0180 0.0165 0.0180
l'4 18 18 18 18 17
Porcine

Etoe (MPa) 0.0024 0.0024 0.0024 0.0024 0.0024
Eterm (MPa) 0.3775 0.4426 0.5057 0.5248 0.6626
€c 0.450 0.450 0.445 0.445 0.440
p 14 14 15 14 15

Etoe, ec, and ¥ were not found to be strain rate dependent for either host.
However, Etrm was dependent on strain rate, and a model, shown in Eq. 5, was
formulated to describe the behavior of the elastic modulus at varying strain rates using
unconfined compression on the porcine prostates. Four material constants were used in

the equation and ¢ is the strain rate (Table 4-3).

&

Eerm = a+ béa (5)
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Table 4-3: Parameters for the material model that describes the relationship between
strain rate and elastic modulus

Variable a b [ d &

Value 0.20 0.39 0.61 36.66 Strain Rate

The model is plotted against the measured results (Figure 4-5) and has an R2 of
0.99. The behavior of the prostate elastic modulus is sensitive to the strain rate at low
strain rates up to 100%/s and then this dependency starts to saturate. Taken together,

Eq. 4 and 5 allow for modeling of the prostate stress-strain behavior at any strain rate.
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Figure 4-5: Comparison of measured and predicted relationship between elastic
modulus and strain rate of porcine prostate using compression method

4.1.3.2 Failure Properties

Both failure stress and failure strain were similar between the porcine and human
prostate specimens. In fact, when comparing similar strain rates, the human prostate

failure stress was 23% higher than the porcine failure stress at 500%/s, but 23% lower at
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100%/s. Although, the human specimen failure stress at 100%/s was 1.13 MPa and
increased to 2.08 MPa at a rate of 500%/s the variation observed among the porcine
specimen suggests that failure stress is not strain rate sensitive. Porcine failure stress

ranged from 0.93 MPa to 1.82 MPa between the rates of 25%/s and 1000%/s (Figure 4-

6).
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Figure 4-6: Failure stress of human and porcine prostate at various strain rates using
unconfined compression

Exhibiting similar trends to failure stress, the failure strain of the human prostate
was 53% at 100%/s and increased to 66% at 500%/s. Porcine prostate failure occurred
between 59% strain and 65% strain for rates ranging from 25%/s to 1000%/s and

demonstrated no strain rate dependency (Figure 4-7).
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Figure 4-7: Failure strain of human and porcine prostate at various strain rates using
unconfined compression

4.1.4 DISCUSSION

Two different testing methodologies were used to determine the structural
properties of the prostate tissue: unconfined compression and probing. Identical
methods were performed on both human and porcine tissue. Differences in elastic
modulus measured using the two different methods varied between 6% and 37% for
human specimens and 1% and 15% for porcine specimens, although the differences were
not statistically significant. In addition, the differences did not appear to depend on
strain rate as no overall patterns were observed. The relative similarity in measured
elastic modulus with the two testing methods differs from studies performed on other
organs. In a similar study using the kidneys, it was found that probing and unconfined
compression yielded elastic moduli that differed by up to 600% [28]. A possible reason
for the lack of observed differences between testing methodologies for the prostate is

that the prostate is an anatomically heterogeneous organ [29]. Other organs, such as the
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kidney and liver, are made up of several different layers that contain tissue of differing
cellular structure where the method of testing could have a larger impact on the results.
In addition, moduli similar to those obtained using two compression testing
methodologies in this study were found in a study using tension testing to characterize

the prostate modulus [21].

When comparing the different hosts, it can be argued that for low levels of strain
the porcine prostate tissue is not as stiff as the human tissue as the porcine specimens
have a longer toe region on the stress-strain curve where the modulus (0.003 MPa for
both human and porcine) is relatively low. However, after the inflection point, the
porcine tissue is much stiffer than the human specimens (0.3 MPa versus 0.16 MPa).
This difference is consistent between the two testing methodologies. A potential reason
for the differences could be variations in the elastin and collagen content between
human and porcine prostates, and the age-related changes in elastic and collagen
behavior [30]. Another factor could be the relative age of the two specimens. The
human prostates were harvested after a natural death due to old age of the host.
However, the porcine specimens were harvested from hosts that were butchered for
consumption at approximately 150 days old when the average natural life is 20 years.
After the toe region, the prostate stiffness dramatically increases, which is similar to the
behavior of other biological tissues [31-33]. Both hosts exhibited strain rate
dependencies for the measured elastic modulus, which is also similar to other

abdominal organs [12,13].

This study formulated a material model to aid in describing the relationship of

the terminal region elastic modulus of the prostate with strain rate. Material models
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published in other studies generally focus on describing the stress-strain relationship,
but not the strain rate dependency [8,34,35]. One reason that no other studies used a
model to describe this strain rate dependency of modulus could be due to the lack of
measured strain rates. Testing the prostate at several different strain rates and
formulating the models developed a clear picture of the stress-strain behavior and strain
rate dependency, how the terminal modulus saturates at higher strain rates, and allows
for prediction of the stress-strain relationship and elastic modulus at other strain rates.
Porcine prostate strain rate dependency started to saturate at rates above 100%/s. It is
therefore suggested that the since the porcine tissue and the human tissue behaved
similarly at lower rates that the human tissue would also have a similar saturation of

strain rate dependency, although further testing is required to confirm this hypothesis.

Failure stress increased when the loading rate increased from 100%/s to 500%/s
in the human specimen, however the porcine specimen failure stress did not exhibit
strain rate dependent. Porcine and human prostates exhibited similar behavior
regarding elastic modulus strain rate dependence, and thus it was postulated that the
human prostate failure properties would behave in a manner similar to the porcine
prostates. Similarly, an increase of failure strain was also observed between the two
human specimens with increasing strain rate, however the porcine results did not
indicate a strain rate dependence for failure strain. This result is unique as studies
involving other organs have found strain rate dependency among these failure variables
[12,13]. One factor that was not considered that could have affected these results is
anisotropy. Other organs, such as the kidneys, have failure properties that are affected

by the direction of the organ fibers when loaded [36]. The orientation of the prostate
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wall that was in contact with the compression plate, either anterior/posterior or lateral
wall, was not considered and could have been different between specimens.
Furthermore, other research articles have established that failure properties of human
organs differ between quasi-static testing and dynamic testing, but little difference is
observed when comparing properties between dynamic rates [37]. Since all the failure
testing in this study was performed at rates greater than quasi-static, the lack of strain

rate dependence in the failure properties could be expected.

One of the limitations to this study is characterizing the strain rate dependency of
the probing protocol. Equipment limitations prevented investigations of higher strain
rates. However, at the tested rates the elastic modulus was similar between the probing
and compression tests which suggests that the two methods would also produce similar
results at higher strain rates. Another limitation is the lack of sample size for human
specimens. Healthy human prostates are difficult to acquire as the prevalence of
prostate cancer among cadavers is very high. However, considering the similarity in
results between the human and porcine specimens indicates that the results for other
strain rates for human specimens could possibly be extrapolated from the porcine

specimen results.
4.1.5 CONCLUSION

The elastic modulus was characterized using two different testing methodologies
and failure stress and strain were determined using unconfined compression testing. No
statistically significant differences were found between the elastic modulus measured
using the two test methods for either human or porcine specimens. Elastic modulus for

both human and porcine prostates exhibited strain rate dependence for both testing
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methods, and the rate dependence of the elastic modulus saturated above 100%/s. The
porcine specimens were much stiffer than the human specimens in the terminal phase
of the stress-strain curve. Failure stress and strain were not found to have a dependence

on strain rate for either the human or porcine prostate.

Overall, the prostate is a unique biological tissue that, unlike other organs,
exhibited similar values of elastic modulus when testing using the probing and
unconfined compression testing methods. The relationship developed between elastic
modulus and strain rate could be implemented in models of the prostate to aid in
understanding the response to dynamic loads, while the lack of rate dependence in the

failure properties allows for simpler interpretation of tissue damage.
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4.2 Liver and Kidney Manuscript

CHARACTERIZING THE MATERIAL
PROPERTIES OF THE KIDNEY AND LIVER IN
UNCONFINED COMRPRESSION AND PROBING
PROTOCOLS WITH SPECIAL REFERENCE TO
VARYING STRAIN RATE

ABSTRACT

The liver and kidneys are the most commonly injured organs due to traumatic impact forces
that are applied to the abdomen. These organs pose a challenge to physicians during treatment as they
pose a risk of internal bleeding that is hard to diagnose. A better understanding of the mechanism of
injury will greatly improve diagnosis, treatment, forensics, and other fields. Finite element modeling is
a valuable tool that can aid in this understanding, but accurate material properties are required.
Further research regarding the strain rate dependency and the feasibility of using animal tissue instead
of human tissue needs to be conducted and is addressed in this manuscript. The elastic modulus in a
probing protocol and the elastic modulus, failure stress, and failure strain in a compression protocol
were found for both liver and kidney tissue from human and porcine specimens at varying strain rates.
Porcine tissue was a feasible substitute for both liver and kidney organs. Increases in the elastic
modulus was seen for both the human kidney and liver, but only for the porcine kidney when comparing
the unconfined compression and probing protocols. No differences between testing protocols were
found between the elastic modulus of porcine liver. A strain rate dependency for both the liver and
kidney and was observed to have a larger saturation affect at higher rates for the failure stress than the
elastic modulus for both organs. Overall, the material properties of intact liver and kidney were
characterized, and the strain rate dependency was numerically modeled. The study findings suggest

that porcine liver and kidney tissue is a feasible substitute for human tissue.
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4.2.1 INTRODUCTION

Two of the most commonly injured organs due to impact forces in the human
abdominal cavity are the kidneys and liver; whether it be from a car accident, explosion,
or impact from a projectile [1,2,3]. Due to the quantity of injuries, and the life-
threatening impact of these injuries, studies investigating the injury mechanism have
become increasingly common. Understanding the behavior of the liver and kidneys
subjected to impact loads will provide valuable insight to a variety of fields such as

safety, forensics, diagnostic medicine, etc.

A valuable tool that is commonly used to gain insight into the mechanism of
abdominal injury is finite element simulation. Many finite element models have been
created to aid in investigating abdominal tissue trauma [4-12]. The model results are
highly dependent on the tissue material properties, and the models in the literature use
properties derived in a variety of methods. However, many times these methods are not
reflective of the model application. Since the tissue mechanical properties are highly
dependent on the testing methodology, using properties derived from incompatible
testing could lead to inaccurate results, invalidating the study. For example, many
organs exhibit differing properties when tested in tension and compression [13]and

most human tissue shows dependence on the loading rate for stiffness and failure

[14;15].

Furthermore, slight variation in similar methodology can have an impact on the
material properties. Even different protocols involving compression testing can yield
different results. Rosen conducted a study that involved both compression using a

mechanical grasper and a probing protocol on the porcine liver [16]. Visible differences
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in the stress strain curves and of the parameters of the material model used in the study
were found between the different methodologies [Rosen et al., 200816]. Similar results
are found for the kidneys. Snedeker determined that falling impact tests required a
larger amount of energy to cause failure than using a hail gun protocol [17Snedeker et

al., 2005].

During blunt traumatic injury, the liver and kidneys are placed in compression at
dynamic rates [18]. Much of the current body of literature involving mechanical testing
of the kidneys and liver is not reflective of this reality. Several studies utilize tension
testing of these organs [19-28], but test results show significant differences between
mechanical properties measured in tension and compression [13,21,22,29,30]. Only a
select few studies have investigated the material properties of the liver and kidney under
compression and/or at dynamic rates [29,30]. However, these studies did not
investigate the properties of a whole intact liver or kidney, and using partial specimens
of human organs has been shown to affect the measured properties [14]. Furthermore,
several studies utilize organs from hosts other than human, such as bovine or porcine
[28,31]. Only one study has investigated the feasibility of using porcine tissue instead of
human tissue by comparing the properties of these two tissues [32]. However, this study
only investigated the tissue from the two hosts from the perspective of quasi-static
tension testing of the kidney capsule. It was found that the elastic modulus differed
significantly, but the failure properties did not and that the stress-strain curves were
similar, and thus using porcine kidney tissue as a surrogate for human tissue was
justifiable [32]. It is still unknown whether these findings hold true at dynamic rates,

when tested on an intact organ, and for liver tissue.
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The goal of this research is to characterize the material properties of the intact
liver and kidney in compression using two protocols, full compression and probing, with
special reference to varying strain rate for both human and porcine tissues. Specifically,
the aim is to determine the feasibility of using porcine tissue as a model for human
tissue as well as quantify the relationship between strain rate and the material
properties (elastic modulus, failure stress, failure strain) of the liver and kidney
individually. It is hypothesized that there will be little to no differences between the
material properties of human and porcine tissues. in addition, it is hypothesized that
increasing strain-rate will increase the elastic modulus, failure stress and failure strain.
Further characterizing the material properties of these organs will lead to improved

blunt force trauma, and other dynamic loading condition, models.
4.2.2 METHODS
4.2.2.1 Specimens

Specimens were obtained from two different hosts, humans and porcine. Three
cadavers were procured from the Medical College of Wisconsin. From the three
cadavers, six kidneys and three livers were obtained. All cadavers were tested and
cleared of any transmittable diseases. A total of 32 fresh kidneys and 23 fresh livers
were obtained from porcinis. Porcine organs were obtained from a local slaughterhouse
and removal of the organs was performed by the butchers. All organs were harvested
from porcinis that were used for other purposes and thus no animals were euthanized
specifically for this study. Specimens were stored in a cooler set to 4 degrees Celsius.

Tissue testing occurred as soon as possible after death of the host.

102



4.2.2.2 Material Testing Devices

Three types of material testing were performed: destructive compression testing,
nondestructive compression testing, and probing. A Material Testing System (MTS) was
used for both destructive and nondestructive compression testing (Figure 4-8). The
compression force and specimen height were sampled at a rate of 4,096 Hz. The load
placed on the human tissue was measured using a 15 kN load cell, while the load on the

porcine specimens was measured using a 2.5 kN load cell.

Figure 4-8: Porcine kidney placed in MTS

The third type of material testing was a probing protocol that used a Mark-10
force gauge with an EMSL-301 test stand. Force and displacement data were recorded
throughout the tests at a rate of 50 Hz. The end of the probe in contact with the organs

was a flat circular (4.9 mm diameter) loading surface.
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4.2.2.3 Experimental Protocol

There are two types of testing that utilize the unconfined compression
methodology; nondestructive and destructive testing. The compression methodology
involved placing the tissue of interest, either liver or kidney, between two compression
plates that fully cover the specimen. In nondestructive testing the top compression plate
is lowered onto the organ and compresses the tissue up to 30% strain (well below the
yield/failure point of the organ as seen in Figure 4-9), while destructive testing
compresses the organ until failure. Nondestructive testing tests were repeated at
varying strain rates on the same organ, with sufficient time between tests to allow the
organ to return to its initial height. Destructive tests were performed at a single strain
rate for each specimen, but the strain rate was varied between specimens. All strain
rates used in both protocols for the kidneys and livers are given in Tables 4-4 and 4-5.
Both testing types were displacement controlled, and force and displacement were
sampled throughout the tests and subsequently transformed into stress and strain using

equations 1 and 2.
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Figure 4-9: Stress versus strain curve of liver and kidney specimens from both human
and porcine showing failure/yield point

Table 4-4: Strain rates used in each of the protocols in the kidney experimental testing
Human Kidney Porcine Kidney

Strain Rate
Compression Probing Compression Probing

1%/s v v v \%
5%/s

\/

25 %/s %
50 %/s
100 %/s

250 %/s

< <

500 %/s

S O R

1000 %/s - -
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Table 4-5: Strain rates used in each of the protocols in the liver experimental testing

Human Liver Porcine Liver
Strain Rate
Compression Probing Compression Probing

1%/s v v v v

5 %/s % - % -
25 %/s \% % % %
50 %/s % - v ,
100 %/s - - % -
500 %/s \% - % -

The surface area of the organs was estimated by placing the organs on graph
paper with a known area for each square (Figure 4-10). The elastic modulus was
calculated by taking the secant slope at the most linear portion of the curve. Failure
stress and failure strain were recorded during destructive testing. Failure was described

as a 10% drop in force or an increase of 3% strain with no resulting increase in force.
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The probing methodology was similar to the nondestructive testing protocol
described above. The liver and kidneys were oriented in the ESML-301 test stand in the
same direction as for the compression testing. Human and porcine specimens were
indented in the center of the organ at rates of 1%/s and 25%/s up to the same specified
strain as the nondestructive compression testing. The stress for the probing method

was calculated using equation 3.

_ Force
Oop = (3)
Surface Areapyrope

4.2.2.4 Data Analysis

The material properties were obtained experimentally and calculated based on
the equations above. A mathematical model was used to describe the stress-strain
relationship that was observed in the experimental testing [33]. The parameters that

best fit the experimental curves was found for each of the strain rates. Changes in the
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material model parameters between different strain-rates were analyzed. In order to
determine the fit of the model with the experimental data, the R2 of the line produced by
comparing the experimental results on the y-axis with the modeled results on the x-axis
was found. An equation was also developed to determine the relationship between the
material properties with strain rate through an optimization process within Excel

(Microsoft, WA) that maximized the R2.

The factor of strain rate on the porcine material properties was tested using a
one-way ANOVA for each testing method. Two sample t-test was conducted on each of
the individual rates to determine statistical differences between human and porcine

results. An alpha value of 0.05 was set for both statistical tests that were performed.
4.2.3 RESULTS

4.2.3.1 Kidney

4.2.3.1.1 Stress vs Strain

Different stress versus strain curves were observed for the human and porcine
kidney specimens (Figure 4-11). Human specimens had a shorter toe region before the
inflection point than the porcine kidneys in both the compression and probing
protocols. For both human and porcine specimens a higher stress before the yield point

was observed in the probing tests than the compression tests.

108



Stress (MPa)

0% 10% 20% 30% 40% 50%
Strain

Human Compression Porcine Compression

----- Human Probing -===-Porcine Probing

Figure 4-11: Stress versus strain of representative samples from the compression and
probing protocols for both human and porcine kidney specimens

A material model (Eq. 4) was used to describe the stress versus strain
relationship of both human and porcine kidneys. The parameters consist of the elastic
modulus in the toe region (Etee), the elastic modulus in the terminal region (Eterm), the
center strain of the inflection region (ec), and a parameter describing the curvature of
the inflection region (). Table 4-6 contains the values of all parameters between the
rates of 1%/s and 25%/s for the kidney specimens of both human and porcine hosts. An

example of the stress strain curve of the experimental versus the modeled results are in

Figure 4-12.
E ={1.0 + tanh(Yle — ecDH(Eterm — Etoe)/2.0} + Eioe (4)

where E is the current elastic modulus and ¢1is the current strain.
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Table 4-6: Average and standard deviation of the model parameters and R2 of model
fit to experimental results for the kidney at tested strain rates for each host in the

nondestructive testing protocol

Strain Rate

Human 1%/s 5%/s 25 %/s

Etoe (MPa) 0.0008 (+0.0007) 0.0013 (£0.0006) 0.00015 (+0.001)
Eterm (MPa) 0.0064 (+£0.0012) 0.0093 (+0) 0.0132 (+£0.000043)
&c 0.083 (+£0.019) 0.089 (+£0.046) 0.122 (+£0.04)

L' 4 72.16 (+£39.67) 161.01 (+119.22) 28.22 (+18.04)
Rz 0.919 (+£0.08) 0.9339 (£0.06) 0.917 (£0.046)
Porcine

Etoe (MPa) 0.0003 (£0.00025) 0.00005 (+0.00003) 0.00021 (+0.00012)
Eterm (MPa) 0.036 (+0.011) 0.039 (+0.014) 0.047 (£0.017)

&c 0.191 (+£0.012) 0.19 (+0.015) 0.195 (+0.014)
!4 18.7 (+£2.96) 19.63 (+1.59) 20.01 (+1.84)
Rz 0.994 (+0.006) 0.997 (+£0.003) 0.993 (£0.008)
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Figure 4-12: Experimental and modeled stress-strain curve for both human and
porcine kidney specimens at 25%/s strain rate

A dependency in strain rate was only observed in the model once the strain rate
increased from 5%/s to 25%/s for both human and porcine kidney. The parameter that
was affected the most was the Errm which increased by approximately 0.04 MPa for the
human host results and by 0.01 MPa for the porcine host. The curvature of the inflection
region slightly dropped as the rates increased for the human kidneys starting at a value
of 17.8 at 1%/s and dropping to 17 at 25%/s. Porcine kidneys did not have a consistent
change in the curvature of the inflection region between rates but also exhibited a larger

standard deviation than was observed in the human specimens. Overall the rest of the

parameters were unaffected by the strain rate.
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3.1.2 Elastic Modulus

In the nondestructive testing protocol the porcine kidney was measured to be
stiffer at all rates in comparison to the human kidney (p<0.05) (Figure 4-13). Human
kidney elastic modulus ranged from 0.005 MPa at 1%/s to 0.01 MPa at 25%/s on
average in the nondestructive compression protocol. Porcine kidney elastic modulus
ranged from 0.03 MPa at 1%/s to 0.045 MPa at 25%/s. Although not statistically

significant, the human elastic modulus increased with every increase in strain rate

(Figure 6).
*p=0.001 *p=0.001 *p=0.001

0.06 _l
< 0.05
[a
g
- 0.04
=
=]
'8 0.03
=
.© 0.02
@
<
= 0.01 -

, =
1% 5% 25%

Strain Rate (/s)

® Human Specimen  ®Porcine Specimen

Figure 4-13: Elastic modulus of both human and porcine kidneys in the nondestructive
compression protocol at various strain rates. * denotes statistically significant
differences

The elastic modulus of the porcine kidney was measured at rates ranging from 1

%/s to 1000 %/s (Figure 4-14). On average, the specimens became stiffer as the strain
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rate increased (p<0.001). From a strain rate of 1%/s to 100%/s there was no statistical
difference found between the measured stiffnesses. However, the modulus at rates
above 100%/s were statistically higher than at 1%/s and 5%/s, and the modulus at

1000%/s was statistically different from at all rates below 500%/s.
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Figure 4-14: Average and range of elastic modulus for the porcine kidneys at all rates
investigated

The model relating elastic modulus to strain rate (Equation 5) is plotted against
the measured results (Figure 4-15) and has an R2 of 0.98. Due to limited human
specimens, only the porcine results were modeled. The model parameters for porcine
kidneys are shown in Table 4-7. The behavior of the kidney elastic modulus is sensitive
to the strain rate at low strain rates up to 100%/s and then this dependency starts to
saturate. Using the model and parameters an estimate of the elastic modulus can be

estimated for a wide range of strain rates.
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Figure 4-15: Measured and model predicted elastic modulus of the porcine kidney

&

Eerm = a+ béa (5)

Table 4-7: Parameters for the material model that describes the relationship between
strain rate and elastic modulus for porcine kidneys

Variable a b c d &

Value 0.038 0.025 0.5 1919803 Strain Rate

No differences were observed in the elastic modulus of the two hosts when tested
at 1%/s and 25%/s (Figure 4-16). A 95% increase in stiffness was measured in the
human kidney when testing at 25%/s versus 1%/s (p=0.006). Only a 30% increase was

observed between the same rates for the porcine specimens (p>0.05).
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Figure 4-16: Kidney elastic modulus measured in the probing protocol for both human
and porcine specimens at various rates

4.2.3.1.3 Failure Properties

Overall the human kidney was stronger than the porcine kidney (Figure 4-17).
Other than at a relative low strain rate (5%/s), the human specimens had a failure stress
16% to 25% higher than the porcine specimens. The largest difference was at the rate of
100%/s where the human kidney failed at 0.36 MPa while the porcine kidney failed at
0.26 MPa. The average and range of failure stress at each rate for the porcine
destructive testing is presented in Figure 4-18. An increase of 0.13 MPa was observed
between the rates of 100%/s and 500%/s for the porcine specimens which was the

largest increased observed between all rates.
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Figure 4-18: Average and range of failure stress for the porcine kidney measured at all
rates investigated

Failure stress was observed to be generally dependent on strain rate for both
human and porcine specimens (Figure 4-19). The strain-rate dependence model

(Equation 5) for porcine specimens is plotted against the measured results in Figure 12
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and has an R2 of 0.97. Due to limited human specimens, only the porcine results were
modeled. The behavior of the kidney elastic modulus is sensitive to the strain rate at low
strain rates up to 100%/s and then this dependency starts to saturate. Through this

model and the parameters found in Table 4-8, an estimate of the failure stress can be

obtained at various strain rates.
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Figure 4-19: Measured and model predicted failure stress of the porcine kidney

Table 4-8: Parameters for the material model that describes the relationship between
strain rate and failure stress for porcine kidneys

Variable a b c d &

Value 0.196 0.081 0.74 25.92 Strain Rate

Failure strain was nearly identical between the two hosts. Both human and
porcine failure strain was observed to be independent of strain rate (Figure 4-20). On

average the failure strain was 49% and ranged from 41% to 57%.
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Figure 4-20: Failure strain _for both human and porcine specimens measured at
various rates

4.2.3.2 Liver
4.2.3.2.1 Stress versus strain

In each of the types of testing a different profile was observed (Figure 4-21). In
the compression testing the human livers had a shorter toe region before the inflection
point, that was matched with a lower level of stress before the yield point than the
porcine samples. Similarly, the human specimens had shorter toe regions than the
porcine specimens in the probe testing. However, the human probe tests resulted in
much higher elastic modulus and higher stress before the yield point than the
compression tests. This is contrary to the porcine specimens where the probing and

compression test results were more similar to each other.
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Figure 4-21: Stress versus strain of representative samples from the compression and
probing protocols for both human and porcine liver specimens at 1%/s strain rate

Eq. 5 was also used to describe the stress versus strain behavior of the human and
porcine liver specimens between the rates of 1%/s to 25%/s. The values found for all
four parameters at the tested strain rates for livers of both human and porcine hosts are
shown in Table 4-9. An effect of strain rate was observed for all four parameters for
both human and porcine specimens only after the strain rate was increased to 25%/s.
The Etoe term tripled from rates of 5%/s to 25%/s for the human host and but only
increased by 40% for the porcine host. An increase of 20% was observed for the Eterm
parameter between the rates of 5%/s and 25%/s for the modeled human stress-strain
curve, but a 75% increase was measured for the modeled porcine results. Little to no
changes were observed between the rest of the parameters between the rates of 5%/s to

25% /s for both human and porcine modeled results. On average the R2 for the fit
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between model and experimental results was above 0.9 for all rates and hosts. An

example of experimental and modeled stress strain curve is shown in Figure 4-22.

Table 4-9: Model parameters for liver at tested strain rates for each host

Human

Strain Rate

1%/s

5%/s

25 %/s

Ete (MPa)
Eterm (MPa)
&c

L'4

R2

Porcine

0.0006 (£0.0008)
0.06 (+0.015)
0.192 (+0.015)

15.76 (£1.08)
0.9958 (+£0.002)

0.0003 (£0.0004)
0.065 (+£0.019)
0.19 (+0.023)
17.04 (£1.65)
0.9971 (+£0.003)

0.0003 (£0.0004)
0.079 (+£0.028)
0.19 (+0.05)
17.33 (£2.92)
0.9767 (+0.015)

Ete (MPa)
Eterm (MPa)
&c

L'4

Rz

0.0002 (+£0.0001)
0.025 (+0.012)
0.211 (£0.007)

17.46 (£2.13)
0.9973 (+£0.001)

0.0002 (£0.0001)
0.024 (+0.018)
0.211 (£0.008)

18 (£2.44)
0.9947 (+0.005)
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Figure 4-22: Experimental and modeled stress-strain curve for both human and
porcine kidney specimens

4.2.3.2.2 Elastic Modulus

Small differences were observed in the elastic modulus between human and
porcine hosts tested under compression at the rates of 1%/s, 5%/s, and 25%/s. Porcine
hosts were only stiffer by 0.004 MPa, 0.013 MPa, and 0.002 MPa for the rates of 1%/s,
5%/s, and 25%/s respectively (Figure 4-23). The average elastic modulus for the human
specimens ranged from 0.04 MPa at 1%/s to 0.06 MPa at 25%/s. Porcine specimens
became stiffer with every increase in strain rate starting at 0.032 MPa at 1%/s and
increased to 0.065 MPa at 500%/s (p=0.016). Only the rates above 100%/s were

statistically significantly greater than the elastic modulus measured at 1%/s (Figure 4-

24).
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Figure 4-23: Elastic modulus of both human and porcine livers at various strain rates
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Figure 4-24: Average and range of elastic modulus for the porcine livers at all rates
investigated

The model (Equation 5, Table 4-10) is plotted against the measured porcine
results (Figure 4-25) and has an R2 of 0.87. Human results were not modeled due to the
limited number of specimens. The behavior of the porcine liver elastic modulus is

sensitive to the strain rate between the rates of 5%/s and 50%/s. As the rates increase
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above 50%/s, the material property dependency on strain rate becomes linear. Through
this model and the parameters found in Table 4-10, an estimate of the elastic modulus

can be obtained for both low and high dynamic strain rates.
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Figure 4-25: Measured and model predicted elastic modulus of the porcine liver

Table 4-10: Parameters for the material model that describes the relationship between
strain rate and porcine liver elastic modulus

Variable a b c d £

Value o) 0.054 0.14 2070615 Strain Rate

Human livers were approximately 0.15 MPa stiffer at 1%/s and 0.22 MPa stiffer
at 25%/s strain rate (p=0.027 and 0.033). Stiffness increased by 33% from the rate of
1%/s to 25%/s for the porcine hosts and 55% for the human liver but both increases

were not statistically significant (p>0.05) (Figure 4-26).
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Figure 4-26: Elastic modulus measured in the probing protocol for both human and
porcine liver specimens at various rates

4.2.3.2.3 Failure Stress

Human livers had a higher failure stress than the porcine specimens at every
tested strain rate. The largest difference, a 135% increase, was observed at the rate of
25%/s, and the smallest difference, a 62% increase, was observed at 500%/s. Strain rate
dependency was observed for the failure stress in both human and porcine livers (Figure
4-27). Human livers tested at a rate of 25%/s had a failure stress of 0.11 MPa which
increased by 54% to 0.17 MPa when tested at 500%/s. Similarly, the porcine specimen
failure stress increased from 0.04 MPa to 0.11 MPa from the rate of 25%/s to 500%/s.
Failure stress dependence on strain rate was statistically significant (p=0.011) for the

porcine results.
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Figure 4-27: Failure stress of the human and porcine liver measured at various rates

The strain rate dependence model of the porcine failure stress results (Equation
5, Table 4-11) is plotted against the measured results (Figure 4-28) and has an R2 of
0.98. Due to limited human specimens, only the porcine results were modeled. The liver
failure stress is sensitive to the strain rate between the rates of 5%/s to 500%/s. A slight
pause is observed between the rates of 25%/s to 100%/s but then a slight increase of
failure stress was observed from 100%/s to 500%/s. Through this model and the
parameters found in Table 4-11, an estimate of the failure stress can be estimated for

both low and high dynamic strain rates.
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Figure 4-28: Measured and model predicted failure stress of the porcine liver

Table 4-11: Parameters for the material model that describes the relationship between
strain rate and porcine liver failure stress

Variable a b c d £

Value 0.011 0.05 0.46 2075789 Strain Rate

A strain rate dependency was observed for failure strain of human and porcine
liver (Figure 4-29). No differences were observed between the rates of 25%/s and 50%/s
but the failure strain increased 20% when tested at 500%/s. Clearer differences were
observed in the failure strain of the porcine livers. More specimens, and therefore more
rates, were able to be tested from the porcine hosts. It was found that failure strain
increased with each incremental increase of strain rate ranging from 50% strain at 5%/s
to 75% strain at 500%/s (p=0.01). Failure strain at rates of 100%/s and 500%/s were

statistically higher than at a rate of 5%/s, and only 500%/s was statistically higher than

at the rate of 25%.
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Figure 4-29: Failure strain for both human and porcine liver specimens measured at
various rates

The model (Equation 5, Table 4-12) is plotted against the measured results
(Figure 4-30) and has an R2 of 0.96. Due to limited human specimens, only the porcine
results were modeled. The behavior of the liver failure strain is sensitive to the strain
rate between the rates of 5%/s to 50%/s. As the rates increase above 50%/s, the material
property dependency on strain rate starts to saturate. Through this model and the
parameters found in Table 4-12, an estimate of the failure strain can be estimated for

both low and high dynamic strain rates.
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Figure 4-30: Measured and model predicted failure strain of the porcine liver

Table 4-12: Parameters for the material model that describes the relationship between
strain rate and porcine liver failure strain

Variable a b c d £
Value o) 0.65 0.07 2510543 Strain Rate
4.2.4. DISCUSSION
4.2.4.1 Kidney

An unconfined compression and probing protocol were used to characterize the
mechanical properties of the intact human and porcine kidney. The results from the
unconfined compression protocol determined that porcine tissue was measured to be 4
times stiffer than the human kidneys, however little to no differences were observed in
failure stress and failure strain between the two hosts. Snedeker et al., found similar

elastic modulus and failure stress for human and porcine kidney tissue capsules [34].
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One difference between the two studies is that Snedeker et al. only tested the kidney
capsule in tension. It is possible the parenchyma has a greater influence on the elastic
modulus of the entire kidney than the capsule and thus Snedeker did not find
differences between the two hosts for the elastic modulus [34]. It is also possible that
the large disparity in elastic modulus between the two hosts is due to the relative age of
the specimens, as researchers have previously identified many anatomical similarities
between human and porcine kidneys [35]. The porcine kidneys were obtained from
subjects that were within the first 2% of their average lifespan whereas the human
specimens were obtained from cadavers that died of causes related to old age. It has
been previously determined that aging has a significant impact on the elastin content

within tissue which effects stiffness [36].

Only a few other studies have investigated the material properties of the kidney in
fashion similar to this study. Umale quasi-statically compressed only the cortex of the
porcine kidney and determined the stiffness to be 15 kPa, which is lower than what was
found in the current study [14]. The same study determined that the stiffness of the
kidney capsule to be 7.1 MPa in tension, far stiffer than what was measured in this
study. Overall it appears that the stiffness is more of a function of the renal cortex than
the capsule. A researcher only using the capsule for the material properties of the
kidney would vastly overestimate the stiffness. Testing the kidney as a whole
undamaged organ should provide the most realistic properties as the kidney is a

combination of all of its components.

No previous studies have directly compared the resulting elastic modulus from

two different methods applied to the same human and porcine kidneys. A similar
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relationship with strain rate was observed between the two protocols, however the
elastic modulus in the probing protocol was slightly higher for both hosts. The human
and porcine kidneys geometries are identical, thus the similar trend in elastic modulus
and its variation with strain rate was expected. The small increase in elastic modulus
seen in the probing protocol could be due to compressing a smaller area of the tissue
and the activation of surrounding tissue is not directly addressed in the calculation of

modulus.

Although the porcine kidneys were much stiffer than the human kidneys, the
tissue behavior in relation to strain rate were similar. An increase in stiffness with an
increase in strain rate was observed for both specimen types. Compression tests were
performed at higher rates for the porcine specimens due to the availability of specimens,
and the effect of strain rate on stiffness was determined. Strain rate increased stiffness
linearly at a rate of 0.05 MPa per 1%/s increase in strain rate, but after 50%/s this
dependence started to saturate. From the rates of 100%/s to 1000%/s the stiffness
increase was 0.006 MPa per 1%/s increase in strain rate. This demonstrates that the
kidney tissue is more sensitive to strain rates at lower rates. A similar relationship
between strain rate and failure stress was observed. A linear relationship with an
increase of 0.16MPa with every 1%/s increase in strain rate was found up to 50%/s. This
strain rate dependency saturates at this point and as the rate increases to 500%/s and
1000%/s there is no difference observed in failure stress. Snedeker performed a similar
study but performed tension testing on the kidney capsule only. A relationship similar

to that from this study was found, but the saturation occurred at a higher rate of 150%/s
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[34]. The differences could be due to the kidney capsule having a different dependence

on strain rate than the entire kidney.

No differences in failure strain were observed in this study between human and
porcine kidneys. The tissue structures are very similar, which is why porcine kidneys
are widely used as a model for the human kidney. In contrast to failure stress and
stiffness, increasing the compression rate did not impact the measured failure strain.
Snedeker found a different result with failure strain being inversely related to strain
rate; however this affect was not observed until rates were faster than 5,000%/s [24].
Snedeker only tested the renal capsule, which has a higher elastin content, potentially
contributing to the strain rate/failure strain relationship, whereas the current study
utilized the whole intact kidney and factoring in the parenchyma could modify this

relationship.
4.2.4.2 Liver

The material properties of an intact liver were characterized for both human and
porcine specimens. No observable differences were found between the stiffness and
failure strain of the human liver and the porcine liver in unconfined compression. On a
biological level the porcine and human liver are similar [37] and thus it is not
unexpected that similar results were found. The similar results also suggest that the
relative age of the two hosts was not a factor for stiffness and failure strain in the liver,
since the porcine specimens were much younger than the human hosts. This is could be
due to the lack of elastin in the liver which is present in the kidney [38]. It has been
previously found that elastin, which impacts the material properties, changes with age of

the host [36]. A lack of elastin could translate to a diminished effect of age.
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A large difference was found between the probing and unconfined compression
results for the human liver, while a small difference was found for the porcine
specimens. This resulted in a large difference between human and porcine liver elastic
modulus in the probing protocol versus no difference in the compression protocol elastic
modulus. The reason for this discrepancy could be due to the differences in geometry.
In the unconfined compression protocol, the entire organ was compressed at once and
thus the geometrical differences was have little influence. However, in the probing
protocol only a small portion of the liver is being compressed. For both specimens, the
highest point of the liver was probed. The human liver has two lobes of which the right
lobe is often larger, thus the probe compressed the right. For porcine livers, there are
four lobes that are all connected at the center. The area where the porcine liver lobes
conjoin is where the highest spot of the tissue is located. Compressing the porcine liver
via probe allows for the four lobes to move somewhat relative to each other as the

pressure increases, thus lowering the measured stiffness.

Another difference found between the two hosts was that the failure stress was
much higher in the human specimens versus the porcine specimens. The difference in
failure stress could be contributed to the dietary factors of the two hosts. Alcohol can
have a significant effect on the collagen content of the liver [39] which is only consumed
by the human hosts. Although it was previously reported that the porcine liver has more
collagen content [40], the influence of alcohol over a lifetime could alter this and make
the human liver stronger than the porcine host. A direct comparison of the material
properties from human and porcine liver has not been done previously. This study

highlights that the use of porcine liver is a feasible substitute for investigating human
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liver material properties using unconfined compression testing. Porcine tissue could
even be a better representative of a healthy human as the liver will be less likely to be

damaged from poor health and won’t have scarring from years of alcohol consumption.

A strain rate dependency was observed for the elastic modulus, failure stress, and
failure strain. In all three parameters the dependency on strain rate saturates after
50%/s for both hosts. The strain rate effect is greatest going from quasi-static to slow
dynamic rates. A material model was derived to numerically describe this relationship.
A reason for the lack of material models that incorporate the changes due to strain rate
could be due to the lack of investigated strain rates. This study tested at several
different rates which allowed for the model development that describes the point at
which the strain rate dependency saturates. The model can increase the ability for

research to predict the stress-strain relationships and modulus at different rates.
4.2.5 LIMITATIONS

One of the limitations in this study is the number of rates used in the probing
protocol. Due to instrument limitations, a larger range of rates were not able to be used.
However, an impact of strain rate, similar to that in unconfined compression, was still
able to be identified. Another limitation regarding the probing is the differences
between human and porcine liver geometry as discussed previously. Testing at the high
point of one lobe of the human specimen, and at the juncture of all four lobes for the
porcine specimen, could have influenced the differences observed. Probing each lobe
individually may produce more consistent results (Figure 4-31). The last limitation is the
lack of human specimens. This study stresses the importance of using whole,

undamaged organs and the lack of human specimens meant that obtaining statistical
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significance was not possible. Thus, in order to gain some insight into the behavior of
human organs, comparison between human and porcine organs was performed and the

strain rate dependency on porcine organs were fully characterized.

e e A e

@ Current probing location () Proposed probing location

Figure 4-31: Current probing locations for the a) human liver and b) porcine liver and
proposed probing location to address limitation

4.2.6 CONCLUSION

Testing for the mechanical properties of kidney and liver has been performed on
both human and porcine hosts. Probing stiffness and unconfined compression stiffness,
failure stress, and failure strain was found at varying strain rates for the liver and
kidney. Both porcine kidney and liver tissue were determined to be an appropriate
substitute for human tissue. Material properties were similar between the two hosts,
with only the elastic modulus of the kidney differing significantly, and indicates that use
of porcine tissue properties may be feasible for the liver and kidneys in the absence of
acceptable human tissue testing results. However, this difference could be contributed
the factor of age of the porcine hosts were relatively much younger at the time of death.

The probing protocol resulted in an increase in elastic modulus for all tissue except the
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porcine liver. The geometry of the liver differed greatly between the human and porcine
hosts, and changes in motion due to geometric effects could have resulted in the probing
protocol not demonstrating an increase in stiffness for the porcine liver. Furthermore,
the strain rate dependency has been identified and characterized for both organs. A
model has been derived that will enable researchers to estimate the changes in the
measured material properties when the compressive strain rate is changed. It was also
identified at what strain rate, if any, this relationship starts to saturate and increasing
the rate of load application has a diminishing affect. Overall valuable information for
researchers in the fields that require the material properties of liver and kidney has been
revealed. The results provided will aid in the development of more accurate and more

comprehensive finite element models.
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4.3 Spleen Manuscript

CHARACTERIZING THE MATERIAL
PROPERTIES OF HUMAN AND PORCINE SPLEEN
WITH SPECIAL REFERENCE TO CHANGES IN
STRAIN

ABSTRACT

Splenic injuries resulting from blunt force trauma, blast, and other dynamic loads commonly
life threatening. Finite element modeling is a tool used to aid in the prediction of these injuries, but the
use of accurate material properties is essential to obtaining useful results. Further characterization of
spleen material properties is needed as current data are limited and often not appropriate for the
intended purpose. Three human and 32 porcine spleens were procured for this study. All specimens
were subjected to a nondestructive unconfined compression protocol at the rates of 1%/s to 1000%/s, a
destructive unconfined compression protocol at the rates 1%/s to 500%/s, and a nondestructive probing
protocol at the rates of 1%/s and 25%/s. The elastic modulus was calculated for both nondestructive
protocols and the failure stress and strain was measured in the destructive protocol. Numerical models
were developed that describe the stress-strain relationship and the strain rate dependence of the
material properties. No differences were found between human and porcine spleens for the elastic
modulus, which was found to be strain rate dependent and increased from 0.008 MPa at 1%/s to 0.036
MPa at 1000%/s. On average, a 136% increase in stiffness was observed for the probing as opposed to
the unconfined compression protocol. Failure stress was found to be strain rate dependent for both
human and porcine spleens ranging from 0.083 MPa at 1%/s to 0.28 MPa at 500%/s for the porcine
specimens. No strain rate dependency was observed for failure strain for either porcine or human
specimens. Overall, the results found from this study can be used to improve the understanding of spleen

response to maximal and submaximal loading at different rates.
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4.3.1 INTRODUCTION

Abdominal injuries can put victims of traumatic situations into grave danger as
they can be hard to diagnosis. In a study observing patients admitted for abdominal
trauma the spleen was the second most frequently injured organ [1]. One way to better
diagnose and predict abdominal injuries is through a more thorough understanding of
the injury mechanism during these blunt force impact events, which can involve both
experimental and analytical studies. Finite element modeling is a tool that is widely
used in the field of trauma biomechanics. Detailed finite element models are used to
predict injury due to car crashes, blunt force trauma, and blast loading, to help plan

surgeries, and in forensic biomechanics etc. [2-13].

Finite element models require accurate material properties in order to produce
accurate simulations. However, accurate material properties for many of the human
abdominal organs are scarce or nonexistent in the literature. Additionally, given the
dynamic nature of many of the intended applications, the effects of strain rate on the
mechanical behavior should be considered. Only three articles have identified strain rate
effects on the material properties of the spleen and a numerical relationship has yet to
be identified. Sting] et al. and Kemer et al. only tested the spleen capsule under tension,
while Tamura et al. tested samples of the parenchyma under compression [14-16]. These
studies investigated the different structures that together make up the spleen, but have
not looked at the entire organ as a unit. These studies also used different methodologies
that yielded results that are not similar, making it impossible to draw any overarching

conclusions.
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In order to characterize the complete structure of the spleen, the whole intact
organ must be studied in a similar fashion than that of a traumatic situation. The spleen
is housed within the abdominal cavity on the left-hand side in between the gth and 11th
thoracic vertebrae. If force is applied directly to the abdomen the spleen is compressed
by the surrounding structures. To determine material properties for models that
simulate traumatic loading the intact organ must be tested intact under compression.
Furthermore, in order to allow for damage predictions, the load or deformation at which

failure occurs is also required and has not been studied in the literature.

Due to the challenges in obtaining specimens for studying human spleen material
properties porcine spleens are often used instead [17-20]. Only one study [15] has
investigated the tensile material properties of the human spleen and compared them to
a study that was conducted in a similar manner using porcine specimens [21]. The study
concluded that the properties obtained from human specimens differed from porcine,
however it is also pointed out within the article that there were some assumptions made
in order to compare the two studies. No research has been conducted that fully
investigated the feasibility of using porcine specimens instead of human spleens to
determine a range of material properties through a direction comparison of the two

hosts using an identical methodology.

The goal of this study is to characterize the elastic modulus of the intact spleen
using a probing protocol and the elastic modulus, failure stress, and failure strain using
an unconfined compression protocol at various loading rates. A specific aim is to
estimate the relationship between spleen material properties and strain-rate. It is

hypothesized that the probing elastic modulus will differ from the elastic modulus found
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using an unconfined compression protocol. It is further hypothesized that failure stress,
failure strain, and elastic modulus will increase as strain-rate increases for an intact

spleen subjected to compression loading.
4.3.2 METHODS
4.3.2.1 Specimens

Material testing was performed on spleens from two different hosts, humans and
porcine. Three cadavers were procured from the Medical College of Wisconsin. A
splenectomy was performed on all three cadavers within 48 hours after death. All
donors were screened and were free of any transmittable diseases. Porcine spleens were
received from a government inspected local slaughterhouse. Professional butchers
performed the splenectomy on the spleens leaving the entire organ intact. Organs
received from the slaughterhouse were obtained from porcine being slaughtered for
other purposes and thus no animals were required to be euthanized for research
purposes. Testing was completed as soon as possible after harvesting with specimens

being stored in a cooler set at 4 degrees Celsius prior to testing.
4.3.2.2 Experimental Protocol

Two types of testing were performed: unconfined compression testing and
probing testing. Unconfined compression testing was performed using two separate
methods, a nondestructive method and a destructive method. Nondestructive testing
involved compressing the spleen between two compression plates while simultaneously
measuring forced and displacement using an MTS (Figure 4-32). The spleen was

oriented with the posterior surface resting on the compression plate and the force was
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applied to the anterior surface of the organ. This orientation is similar to how
compression would be applied in a blunt impact to the abdomen. The compressive force
was applied to the spleen up to 35% strain using the rates in Table 1. Once 35% strain
was reached the plates released the applied force at the same rate it was applied.
Specimens were allowed to return to their original height and then retested for each rate
of interest. Destructive testing followed the same protocol; however the compressive
force was applied until the specimen failed. Failure was defined as a 5% drop in applied
force or no increase of force after a 3% increase in strain. Rates that were tested in
nondestructive testing and destructive testing for all protocols are outlined in Table 4-

13.

Table 4-13:Strain rates used in each of the protocols in the spleen experimental testing
(V' represents that only elastic modulus was measured, and x represents that failure
properties were also measured)

Human Porcine
Strain Rate
Compression Probing Compression Probing
1%/s X % X \%

25 %/s X % X \%

50 %/s X - X -
100 %/s - - X -
250 %/s - - % -
500 %/s X - X -

1000 %/s - - \% -
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Figure 4-32: Human spleen placed between the compression plates of an MTS

The other testing method, the probing protocol, took place either before or after
the nondestructive compression protocol and before the destructive testing protocol.
Similar to the nondestructive compression protocol, a force was applied to the organ at a
constant rate (Table 1) up to 31% strain and then relaxed at the same rate. The spleen
was placed in the same orientation as for the compression protocol but force was
applied with a flat end probe that has a surface area of 126.7 mm? (Figure 4-33). The
probe was place at the center point of the spleen, in between inferior, superior, medial,
and lateral walls. Probe placement was consistent for all spleens tested. Force and

displacement were measured using the Mark 10-EML test stand.
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Figure 4-33: Human spleen placed on the Mark 10-EML test stand for the probing
protocol

2.3 Data Analysis

In both protocols the force and displacement were measured simultaneously
during the tests. Stress was computed using Eq 1 in the unconfined compression
protocol and Eq 2 for the probing protocol. Strain was calculated using Eq 3. Stiffness
was determined by calculating the slope of the stress-strain curve at the highest

measured strain.

. _ Force (1)
ND — Surface Areaspecimen

Force
Oop = (2)
Surface Areapyrope

AHeight
= _Sfclght (3)
Heightpitial

A mathematical model (Eq. 4) was used to describe the stress-strain relationship
that was observed in the experimental testing [22]. The variables used within the model
are the elastic modulus in the toe region (Ete), the elastic modulus in the terminal
region (Eterm), the center strain of the inflection region (ec), and a parameter describing
the curvature of the inflection region (y). For each of the trials the parameter values
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that best fit the experimental curves were determined. An equation was also developed

to determine the relationship between the material properties with strain rate (Eq. 5).

E = {1.0 + tanh(Y[e — ecDH(Eterm = Etoe) /2.0} + Etoe (4)

where E is the current elastic modulus and ¢1is the current strain.
Property = a + bé€ (5)

where a, b, and c are parameters that vary with each property type, and ¢ is the

strain rate.

Changes in the material model parameters between different strain-rates were
analyzed. A one-way ANOVA was used to test the factor of strain rate for all tests for
each host. A two sample t-test was conducted at each of the strain rates that were tested
on both hosts to test whether or not human and spleen material properties were
statistically different. An alpha value of 0.05 was set for both statistical tests that were

performed.
4.3.3 RESULTS

4.3.3.1 Stress-Strain Behavior

Human and porcine spleens were observed to have different stress strain curves
(Figure 4-34). Human spleens had a shorter toe region (maxed out at 5% strain) before
the inflection point than the porcine hosts (maximum of 20% strain). A numerical
material model (Eq. 4) was used to describe the stress-strain curves of both human and
porcine spleens. Five different variables were used in the model which consisted of the
elastic modulus in the toe region (Ete), the elastic modulus in the terminal region

(Eterm), the center strain of the inflection region (&), and a parameter describing the
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curvature of the inflection region (y). Table 4-14 contains the values of all parameters
between a quasi-static rate,1%/s, and a dynamic rate, 25%/s, for both human and

porcine spleens. An example of the stress strain curve of the experimental versus the

modeled results are in Figure 4-34.

4.50E-04
4.00E-04
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3.00E-04 1
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Figure 4-34: Representative measured and modeled stress-strain curves of the human
and porcine spleen in unconfined compression at a rate of 25%/s
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Table 4-14: Average and standard deviation of the modeled variables for both human
and porcine specimens in unconfined compression

Human 1%/s 25 %/s

Etoe (MPa) 0.0002 (£0.0001) 0.0002 (£0.0002)
Eterm (MPa) 0.004 (£0.0012) 0.007 (+£0.004)
€c 0.09 (+0.02) 0.12 (+£0.03)

L' 4 48.1 (+£28.9) 28.1 (+10.1)
R2 0.94 (£0.02) 0.95 (+£0.02)
Porcine

Etoe (MPa) 0.0001 (+£0.00026) 0.0001 (+£0.00016)
Eterm (MPa) 0.008 (+0.005) 0.010 (+0.004)
€c 0.27 (+0.05) 0.27 (+£0.01)
y 12.9 (£6.77) 12.9 (£2.87)
Rz 0.98 (+£0.007) 0.96 (+£0.03)

Virtually no differences were observed between the human and porcine spleen

elastic modulus in both probing and unconfined compression protocols (p>0.05). In
both rates, the standard deviations overlap between the two organ hosts (Figure 4-34.
Human spleen specimens averaged 0.004 MPa and 0.007 MPa at 1%/s and 25%/s in
unconfined compression respectively. Porcine spleen averages 0.008 MPa and 0.01
MPa for the rates of 1%/s and 25%/s in unconfined compression respectively. Human
spleen specimens averaged 0.014 MPa and 0.018 MPa at 1%/s and 25%/s in the probing
protocol respectively. Porcine spleen averages 0.015 MPa and 0.02 MPa for the rates of
1%/s and 25%/s in the probing protocol respectively. The elastic modulus was increased
from the unconfined compression to probing protocol for both hosts in both quasi-static

and dynamic rates. Human spleen became 220% and 160% stiffer from the unconfined
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compression protocol to the probing protocol in the 1%/s and 25%/s respectively
(Figure 4-35). Porcine spleen became 73% and 90% stiffer from the unconfined

compression protocol to the probing protocol in the 1%/s and 25%/s respectively

(Figure 4-35).
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Figure 4-35: Average elastic modulus for both human and porcine spleen tissue under
full unconfined compression at a quasi-static and dynamic rate

Both human and porcine elastic modulus of the spleen were observed to be strain
rate dependent. Strain rate was found to be a statistically significant factor (p=0.001)
for the porcine specimens as an increase in stiffness was observed as the rate increased
(Figure 4-36). The post-hoc tukey test revealed that the statistically significant increase
in elastic modulus was observed only after the rate was above 100%/s (p<0.05). From
the rates of 1%/s to 100%/s the elastic modulus only increased by 57%, but as the rate
doubled from 500%/s to 1000%/s a 58% increase was observed (Figure 4-35). A model

(Eq 6) that was fit to the measured results with an R2 of 0.98 was created to describe the
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relationship between the elastic modulus and strain rate. The b parameter shows how
the elastic modulus changes with each percent strain increase in rate, while ¢ parameter
shows how this relationship changes as the rate increases. Through the modeled results
(Figure 4-37), it is seen that there is a slight inflection point at the rate of 100%/s. The

rates of 100%/s and lower were statistically different than the rate of 500%/s (p<0.05).

Eiorm = a + bE€ (6)
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Figure 4-36: Average and range of elastic modulus results for porcine spleen under full
unconfined compression at each strain rate
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Figure 4-37: Measured and modeled elastic modulus of the porcine specimens at
different strain rates

Table 4-15: Values for the parameters of Eq. 5

Variable a b c £

Value 0.009 0.004 0.76 Strain Rate

4.3.3.2 Failure Properties

Failure stress of the porcine spleen was consistently higher than that of the
human hosts (Figure 4-38). Although, only one specimen at each rate was tested of the
human specimen, both hosts exhibited strain rate dependent behavior with an increase
in failure stress with each increase of strain rate. The factor of strain rate was
statistically significant for the porcine organ (p=0.001). Similar to the elastic modulus
results, only the failure stress at a rate of 500%/s was statistically different than at the
other tested rates. The rate of 100%/s is also observed as an inflection point where the

relationship strain rate has with failure stress changes slightly. The model fit of failure
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stress (Figure 4-39) versus strain rate using Eq 7 showed that the parameter ¢ was lower
than the same parameter for the elastic modulus. Parameter c is the variable that

determines the saturation of the strain rate dependency for the material property.

Fotress = a + béc (7)
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Figure 4-38: Failure stress of human and porcine spleen at various rates under
unconfined compression
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Figure 4-39: Measured and modeled failure stress at various strain rates
Table 4-16: Values for the parameters of Eq. 5

Variable a b c &

Value 0.072 0.091 0.51 Strain Rate

No strain rate dependency was found for the parameter of failure strain (Figure
4-40) for either the human or porcine specimens. Between the rates of 1%/s and
500%/s only a 6% increase in failure strain was observed and the rates of 1%/s, 25%/s,
and 50%/s were within 1% strain of each other on average. The ANOVA determined

that the factor of strain rate was not statistically significant for failure stress (p>0.05).
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Figure 4-40: Failure strain of porcine spleen at various rates under unconfined
compression

4.3.4 DISCUSSION

In both probing and unconfined compression protocols the stress-strain curves
were experimentally determined for both human and porcine spleens. Although
different studies have researched the mechanical properties of spleens and published
varying results [14-21], no studies have directly compared different protocols. In this
study it is found that using different testing methodologies on the same specimens
results in different elastic moduli. For example, in the probing condition a small area of
the spleen is being compressed but the resistance to the force still draws on the
surrounding structure. In contrast, for unconfined compression testing the entire organ

is being compressed at once.

For both testing protocols the human and porcine spleens were observed to have

similar stiffness. No previous research has directly compared the stiffness of human
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and porcine spleens using identical compression protocols. The results from this study
highlights that using porcine elastic modulus is a potentially viable option for use in
finite modeling of the human spleen in the absence of appropriate human specimen

data.

Two previous studies investigated the elastic modulus of the spleen tissue [14,18].
Stingl et al. performed dynamic tension testing of the human spleen capsule and found
the elastic modulus to be 10x the stiffness value obtained at any loading rate in the
current study [14]. Umale et al. performed a probing compression test on porcine
spleens using a quasi-static rate. Umale et al. found the modulus to be about slightly
higher (7%) than the current study results for quasi-static probing testing [18]. The
difference in modulus found between these studies highlights that effect that the testing
methodology can produce. The difference between testing only a portion of the
specimen (either via only the capsule for the tension tests or a small surface area for the
probing test) and testing the entire intact specimen is also seen as a factor in the results.
It is expected that the material properties found from the current research would not
necessarily reflect these of other studies due to the differences in testing methodology
and specimens. The current study testing methodology more accurately reflects the

conditions for in-vivo blunt force trauma.

Although the elastic modulus of the spleen was found to be similar between the
two hosts, differences were observed in the stress-strain curves. A numerical model was
used to describe the behavior of spleen in unconfined compression testing for both the
human and porcine. As seen in Figure 3, the toe region of the porcine spleen is longer

than that of the human spleen, leading to a lower value of the Etw. parameter for the
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porcine spleen. One possible reason for the differences between the two hosts is their
relative age. The porcine hosts were within 2% of their average lifespan whereas the
human host had reached the end of their natural life. It has been previously determined
that aging has a significant impact on the elastin content within solid abdominal organ

tissue, which effects stiffness [23].

The effect of strain rate on the elastic modulus is obvious for the porcine
specimens, with modulus increasing with strain rate. The strain rate-elastic modulus
relationship shows no sign of saturating, with modulus continuing to increase as strain
rate increases. Thus, the spleen is sensitive to strain rate, even at higher rates, and when

modeling dynamic loading this effect must be taken into account.

The failure stress for the human and porcine spleen were similar. No statistical
testing was completed due to a limited number of human specimens, but the largest
difference in this study (68%) was smaller than in a study that compared human and
porcine spleen failure stress in a tension testing protocol (150%) [15]. Failure stress was
observed to be strain rate dependent. As the strain rate increased an increase in failure
stress was observed for both human and porcine tissue. The strain rate dependence

continued through the largest rate tested with no apparent saturation

The strain rate was not observed to have an effect on failure strain. In both
human and porcine spleen specimens, the failure strain remained fairly consistent
through all strain rates of interest. The porcine spleen failure strain was double that of
the human spleen, but since only one specimen per rate was obtained for the human
testing it is not possible to generalize the results. Similar results were obtained from

studies that performed tension testing on the capsule of the spleen. Kemper et al.
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performed tension testing on human spleen and compared the results to Uhere et al.
which was performed on porcine spleen [15,21]. Failure strain was approximately
double for the porcine specimens versus the human specimens in these studies, as in the
current study. Kemper et al. suggests the reason for the differences observed between
the human and porcine spleens could be due the differing cellular structure [15].
Porcine spleens have thicker collagen walls and interwoven smooth muscle cells in the

capsule which could result in the increase in failure strain [24-27].
4.3.5 LIMITATIONS

A limitation of this study is that, due to probing equipment limitations, only a
quasi-static and one dynamic rate were used in the probing protocol whereas multiple
rates where able to be used in the unconfined compression protocol. However, a
comparison between the probing and unconfined compression protocols was able to be
completed for the tested rates. Another limitation is the number of human spleen

specimens that were available for this study.
4.3.6 CONCLUSION

Probing stiffness and stiffness, failure stress, and failure strain from an
unconfined compression protocol was characterized for both human and porcine
spleens. The feasibility of using porcine spleen material properties as a substitute for
human properties was investigated, as well as the dependence of the material properties
on strain rate. Mathematical models were created to describe the stress-strain curve
and the relationship between strain rate and the measured material properties. The

results of this study will aid in the development of more accurate and more
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comprehensive finite element models that capture the actual spleen behavior when

subjected to dynamic loads.
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Chapter 5 : Tension Testing

5.1 Tension Testing Manuscript

Biomechanical Properties of Abdominal Organs Under
Tension with Special Reference to Increasing Strain Rate

Abstract

Currently, abdominal finite element models overlook the organs such as gallbladder, bladders,
and intestines, and instead are modeled as a simple bag which is then not included in the analysis.
Further characterization of the material properties is required in order for researchers to include these
organs into these models. This study characterized the mechanical properties of human and porcine
gallbladder, bladder, and intestines using uniaxial tension loading from the rates of 25%/s to 500%/s.
Little differences were observed between human and porcine gallbladder elastic modulus, failure stress,
and failure strain. Strain rate was determined to be a significant factor for predicting gallbladder
elastic modulus and failure strain which was found to be 9.03 MPa and 1.83 MPa at the 500%/s,
respectively. Human bladder was observed to be slightly stiffer with a slightly lower failure stress than
porcine specimens. Both hosts, however, demonstrated a strain rate dependency with the elastic
modulus and failure stress increasing and the rate increase with the highest elastic modulus (2.16 MPa)
and failure stress (0.65 MPa) occurring at 500%/s. Only the porcine intestine was found to be strain
rate dependent, but only a small number of human specimens were available. Both human and porcine
intestines were observed to be affected by the strain rate. Failure stress was found to be 1.6 MPa and
1.42 MPa at 500%/s for the human and porcine intestines respectively. None of the organs of interests
exhibited a strain rate dependency for the property of failure strain. For all properties found to be
strain rate dependent, a numerical model was created to quantify the impact. The results from this
study will enable researchers to create more detailed finite element models that include the gallbladder,

bladder, and intestines.
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5.1.1 INTRODUCTION

Injury to human abdominal organs can occur in many types of accidents, for
instance; car crashes, explosions, or even during athletic activity. These types of
traumatic accidents are not rare and affect many people. According to the Center for
Diseases Control and Prevention (CDC), more than 2.5 million Americans went to the
emergency department and nearly 200,000 people were then hospitalized for crash
injuries in 2012 [1]. A two-decade long study of bombing events by Kapur et al. (2005)
revealed that about 5931 bomb-related injuries in the United States occurred between
the years of 1983 and 2002 [2-5]. The CDC also estimated that nearly 2.7 million young
people are treated in the emergency room every year for sports-related injuries, of which
21.9% were abdominal injuries [6].

The degree of injury depends on the magnitude and duration of the impact, and
absorption of induced forces by the body. The impact wave itself can cause
displacement, tearing, and rupturing of the internal abdominal organs. However, the
exact mechanisms for injuries are still not fully understood. Modeling has been a widely
used tool to gain insight on the mechanism of injury. There are currently finite element
models for all three of these accident types [7-11]. However, the existing models use
material properties that were determined from testing that do not replicate the loading
conditions and rates of the accident scenarios. For instance, some FEA models use other
materials such as clay, gel simulants, and rubber [9; 12-13], while other studies used
material properties derived from animal organs [8;14-15].

Accurate modeling of the induced forces on abdominal organs is an urgent topic

for all researchers who are working to produce realistic simulations or developing
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appropriate protection. Achieving accurate simulation through a model requires
representative material properties of the organs targeted by the incident. While many of
these properties have already been widely studied in quasi static situations [16-18],
some are left unexamined at higher dynamic rates. Previous literature has demonstrated
the viscoelastic nature of biological tissue and its strain rate dependency [19-20].
However, most research has not expanded this concept far enough, specifically for the
bladder, gallbladder, stomach, and intestines, to investigate the material properties at
rates that better reflect traumatic accidents. Investigating the organ mechanical
properties as a function of high strain rate loading and the correlation between loading
rate and response can provide insight into how much damage can be caused by such a
load and can better classify which organs are most vulnerable.

Only a few studies have investigated the material properties of the bladder.
Martins (2011) investigated the age, BMI, and menopausal effects on stiffness and
maximum stress for the female urinary bladder under quasi-static loads [21]. Barnes
(2015) studied the viscoelastic properties of porcine bladders through a cyclic tensile
experiment with a maximum rate of 55 mm per second [22]. Coolaset (1975)
investigated the material properties during stimulation [23]. No studies have
determined material properties at high dynamic rates.

The gallbladder is an organ that has been understudied. Although traumatic
gallbladder injury occurs in about 2% of blunt trauma victims, no injury models include
this organ [24], and only a few studies even investigated the material properties.
Genovese (2014) determined the material properties of a lamb gallbladder under quasi-
static conditions [25]. Rosen (2008) determined the material properties of a bovine

gallbladder in vivo using a grasping technique [26]. Neither of these studies have
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researched the material properties of the human gallbladder and under dynamic loading
in tension.

Limited research on the material properties of the stomach is available to date.
Saraf has tested the stomach tissue at extremely high rates using the Kolsky bar
technique, however these rates were not controlled [27]. Rosen (2008) investigated the
material properties of the porcine stomach under quasi-static conditions using a
grasping technique [26]. Egrov (2002) tested the human stomach under tensile loading
but used quasi-static conditions [28].

The intestines are the most extensively researched of the organs of interest in this
paper. Gregersen (1998) quasi-statically filled guinea pig intestines with air to
determine the cyclic loading properties [29]. In a similar study by Stockholm (1995), the
passive properties if the guinea pig were found through pressurizing the organ [30].
Another study by Duch et al., 1996, used the pressurized balloon technique to measure
the circumferential elastic properties of rat intestines [31]. Bourgouin (2012) studied the
human small intestine under dynamic tensile loading at a constant rate of 1 m/s [32].
Gao (2000) measured the stress and strain of rat intestine through inflating and
relaxing the organ under quasi-static conditions [33].

A limited variety of research has been conducted on the mechanical properties of
the gallbladder, bladder, intestines, and stomach, which is one reason why finite
element models might neglect including these organs. A lack of consistency in
methodology and differences between the organs make it difficult to determine which
material properties are the most appropriate for an abdominal traumatic injury model.

Either researchers use material properties investigating the material properties at quasi-
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static rates or use non-human hosts for the source of the organ tissue without
determining the feasibility of using animal tissues as a substitute.

The goal of this study is to quantify the mechanical properties modulus of
elasticity, failure stress and failure strain) of the abdominal organs including the
stomach, intestines, bladder, and gallbladder in-vitro at multiple loading rates for both
human and porcine hosts. The material properties of the two hosts will be compared in
order to determine the feasibility of using porcine animal organs as a substitute for
human organs. It is hypothesized that the elastic modulus, failure stress, and failure

strain will increase as strain rate increases for all organs.
5.1.2 METHODS
5.1.2.1 Specimen Preparation

Abdominal organs from two different hosts were used in this study; porcine and
human. Stomachs, intestines, bladders, and gallbladders were harvested from fresh
postmortem human male cadavers with the mean age of 87 + 11 years. All cadavers were
screened to be sure there were no pathological diseases and then preserved in a
refrigerator maintained at a temperature of 4°C. Porcine specimens were obtained from
a local government inspected slaughterhouse. Professional butchers surgically removed
the organs from porcinis that were euthanized for other purposes and not solely for this

study.

The bladder, gallbladder, stomach, and small intestines were sliced into
individual specimens. Slicing was performed in one smooth slow pass through the tissue
to avoid damaging or deforming the tissue while minimizing downward force. Figure 5-1

shows a “dog-bone” shaped specimen used for uniaxial tension testing.
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Figure 5-1: A dog-bone shaped specimen from the stomach

5.1.2.2 Experimental Protocol

Mechanical property testing was conducted using a servo hydraulic Material
Testing System (MTS, Minnesota) with a 15 kN load cell. Specimens were mounted in
the MTS system using a set of standard grips (Figure 5-2). To prevent unwanted
bending moments, the specimen was aligned in between upper and lower grips so that
its longitude axis coincided with the centerline of the load train and clamped in place.
Sandpaper was placed on the clamping surface to prevent any slipping throughout the

trials. The specimen height, width, and thickness were measured using a caliper set.
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Figure 5-2: Intestine mounted in MTS system

The organs were tested at various strain rates ranging from quasi-static to
dynamic. A summary of different strain rates that were utilized in the study for testing
both human and porcine specimens is presented in Table 5-1. Human stomachs were

tested only at 25%/s and 50%/s due to a limited number of specimens.

Table 5-1: Testing strain rates utilized for different organs and hosts

Strain Gallbladder Bladder Intestine
Rate Human Porcine Human Porcine Human Porcine
25 %/s v v v v v v

50 %/s v v v v v v
100 %/s v v v v v v
500 %/s v v v v v v
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Forces and displacements were sampled at a rate of 4,096 Hz. Stress and strain
were calculated using Equations 1 and 2 respectively. To measure the modulus of
elasticity of each organ, the slope of the stress strain curve was calculated at the most
linear section of the curve (Figure 5-3). Failure was defined as a complete reduction of
force (when the specimen separated into two pieces). Failure stress and failure strain

were recorded.
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Figure 5-3: Intestines tested at 50%/s
5.1.2.2 Analysis

This manuscript provides a full description of the measured material properties
of the human specimens as not enough specimens were available to perform statistical

analysis. A one-way ANOVA with a post-hoc tukey test was performed on all porcine
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material properties of interest to determine if the factor of strain rate was statistically
significant. Equation 3 was used to model the relationship of strain rate with each of the
material properties of interest. Parameter a describes the value of the material property
at a static state, parameter b represents the effect strain rate has on the material
property of interest, parameter c indicates the rate of saturation of the strain rate
relationship with said material property, and ¢ is the strain rate. An optimization
process was used to determine the parameters that would maximize the R2of the line
created from plotting the measured results with the predicted results, which would best
numerically describe the relationship of strain rate with the material properties of

interest.

Material Property = @ 4 DEC ...ttt e e (3)

5.1.3 RESULTS

5.1.3.1 Gallbladder Material Properties

Due to the limited number of sample size and the variation that can be seen, a
clear effect of strain rate was not observed for the human gallbladder. All measured
elastic modulus was stiffer than the slowest rate measured however the rates of 50%/s
and 100%/s were higher than 500%/s. The largest difference observed between the two
hosts were 150% increase in stiffness for the porcine gallbladder versus the human
gallbladder. A difference of less than 20% was observed at the rates of 25%/s and
100%/s between the two hosts. With more samples of porcine specimens, a clear strain
rate effect was observed (p=0.001). The post-hock tukey test on the elastic modulus
results revealed that the rate of 500%/s was the only rate statistically different than the

rest of the rates (p<0.05), but all elastic modulus averages increased with each increase
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in strain rate (Figure 5-4). Eq. 3 was used to aid in the description of the relationship
between elastic modulus and strain rate. An optimization process was utilized to
maximize the R2 of the line formed by the modeled results and experimental results.
The relationship between the elastic modulus and strain rate appears to have little

saturation (Figure 5-4) as the ¢ parameter (Table 5-2) is close to one.
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Figure 5-4: Predicted porcine and measured human and porcine gallbladder elastic

modulus at each rate tested

Table 5-2: Values of the model parameters that most accurately predicted elastic

modulus
Variable a b c &
Value 1.68 241 0.69 Strain Rate
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The failure stress results mimicked the elastic modulus results for both human
and porcine specimens. Once again, the failure stress of the human specimens was
higher at the rates of 50%/s and 100%/s than 25%/s and 500%/s. For the human
gallbladders, the failure stress was still 25% higher at the of 500%/s than 25%/s.
Porcine gallbladders failure stress increased with each increase in strain rate (p=0.001).
The rates of 500%/s, 100%/s, and 50%/s were statistically different than all other rates
(p<0.05). The largest difference between hosts was a 75% increase in failure stress for
the human host versus the porcine specimens at 100%/s. Human specimens were
consistently stronger than porcine specimens, except for the rate of 500%/s. Eq. 3 was
also used to aid in the description of the relationship between failure stress and strain
rate. The parameters for failure stress (Table 5-3) were not similar to that of elastic
modulus (Table 5-2). The failure stress (Figure 5-5) has a relatively low value for ¢ which
demonstrates that the effect of strain rate (parameter b) saturates as the rate increases
(Figure 5-5), whereas the elastic modulus has a value closer to one representing little

saturation of this effect.
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Figure 5-5: Predicted porcine and measured human and porcine gallbladder failure

stress at each rate tested
Table 5-3: Values of the model parameters that most accurately predicted failure stress

Variable a b c &
Value 0.27 0.85 0.38 Strain Rate

Human and Porcine failure strain showed no dependence (p=0.382) on strain
rate (Figure 5-6). The largest difference between any of the rates for the human host was
5% and for the porcine gallbladders it was 20%. All human failure strain results fell

within the standard deviation of the porcine gallbladder failure strain results.
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Figure 5-6: Average human and porcine gallbladder failure strain at each rate tested

5.1.3.2. Bladder Material Properties

The elastic modulus of both human and porcine specimens were observed to be
effected by strain rate (Figure 5-7). An increase was observed for increase in strain rate
for the human specimens start at 0.51 MPa at 25%/s and going to 2.16 MPa at 500%/s.
Strain rate had a similar effect on the material properties of the porcine bladders as to
the human bladders. A one-way ANOVA determined that the factor of strain rate was a
significant factor in predict elastic modulus (p=0.001). The rates of 500%/s produced
statistically higher elastic modulus than the rest of the rates (Figure 5-7). Human
bladders were consistently stiffer than porcine bladders with the largest difference being
75%. However, at the fastest rate measured the human bladder elastic modulus fell
within the standard deviation of the porcine stiffness. A model was created to describe

the effect of strain rate on the elastic modulus. The model described the strain rate effect
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as the elastic modulus increases by 0.29 MPa for every 0.01 strain increase in rate

(Table 5-4). Little saturation of this effect was observed as the parameter c is closer to 1.
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Figure 5-7: Predicted porcine and measured human and porcine bladder elastic

modulus at each rate tested

Table 5-4: Values of the model parameters that most accurately predicted elastic

modulus
Variable a b c £
Value 0.09 0.29 0.68 Strain Rate

Human bladder failure stress almost doubled from the rate of 25%/s to 500%/s.
Failure stress was observed to consistently increase as the strain rate increased (Figure
5-8). Porcine failure stress observed a similar affect to strain rate (p=0.001) as human
specimens but were consistently 40% higher than the human results. The model (Eq. 3)

determined that failure stress increases by 0.82 MPa for 100% increase in rate. This
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effect appears to saturate around 100%/s (Figure 5-8) which is described through the

value of parameter c being close to o (Table 5-5).
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Figure 5-8: Predicted porcine and measured human and porcine bladder failure stress at

each rate tested

Table 5-5: Values of the model parameters that most accurately predicted the failure

stress of porcine bladder at various rates

Variable a b c &
Value o 0.82 0.2 Strain Rate

Human specimens were observed to have a slight relationship to strain rate with
a reduction in failure strain being associated with an increase in strain rate. This was

mimicked for the porcine samples (Figure 5-9) however, this factor was not statistically
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significant. Porcine failure strain was consistently almost a factor of 4 higher than that

of human specimens with an average of 203% versus 58% respectively.
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Figure 5-9: Average failure strain of human and porcine bladder specimens performed

in uniaxial tension testing
5.1.3.3 Intestines Material Properties

The experimentally derived and modeled elastic modulus is displayed in Figure
10. No strain rate dependency was observed for the human specimens as only an 18%
increase in stiffness was observed between 50%/s and 500%/s. On the other hand,
strain rate was found to have a significant effect on the porcine intestine elastic modulus
(p=0.001). The elastic modulus of porcine specimens more than doubled from 25%/s to
500%/s with an increase in stiffness observed for each increase in strain rate. Porcine
measured results were consistently stiffer than human specimens. As rate increase, the
difference between the two hosts increased. From the parameters of the numerical

model that described the relationship between strain rate and the elastic modulus
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(Table 5-6), it is observed that the porcine intestine gets stiffer by 7.54 MPa with each
strain rate increase of 100%. However, this rate saturates as the c parameter is 0.2
which reduces the strain rate effect as the rate increases. The saturation is observed to

occur between the rates of 100%/s and 500%/s (Figure 5-10).
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Figure 5-10: Predicted porcine and measured human and porcine intestine elastic

modulus at each rate tested

Table 5-6: Values of the model parameters that most accurately predicted the elastic

modulus of porcine intestine at various rates

Variable a b c £
Value 0 7.54 0.29 Strain Rate

The failure stress of both porcine and human specimens was observed to have a
similar relationship with strain rate as the elastic modulus for the porcine intestine
specimens (Figures 5-10 and 5-11). Human specimens failure stress almost tripled from

the rates of 25%/s to 100%/s and then plateaued as only a small increase was observed
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between 100%/s to 500%/s. Porcine intestines followed a similar pattern with the
failure stress almost doubling from 25%/s to 100%/s and then only a 50% increase from
the rates of 100%/s to 500%/s. Human specimens were consistently stronger than
porcine intestines with the largest difference (0.42 MPa) occurring at 100%/s.
Parameter c, the saturation effect, of the numerical model for the failure stress (Table 5-
7) is 0.23 versus 0.29, the value for the elastic modulus model, and thus has a higher

saturation effect that was observed to also occur around 100%/s.
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Figure 5-11: Predicted porcine and measured human and porcine intestine failure stress
at each rate tested

Table 5-7: Values of the model parameters that most accurately predicted the failure

stress of porcine intestine at various rates

Variable a b c £
Value 0.08 0.93 0.23 Strain Rate
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Both human and porcine intestines were observed to not be dependent on strain
rate (Figure 5-12). Only a difference of 10% was observed between the rates of 25%/s to
500%/s for the porcine specimens (p>0.05). This difference was even smaller (1.5%) for
human specimens. Overall, porcine intestine failure strain was consistently over 4 times

higher than that of the human specimens.
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Figure 5-12: Average failure strain of porcine and human intestine specimens performed

in uniaxial tension testing

5.1.4 Discussion

This paper describes the material properties of the human and porcine
gallbladder, bladder, and intestine at increasingly higher dynamic tensile strain rates.
Abdominal organ models used for impact, blunt force, or blast simulations often
oversimplify the parameters used within the model. Many of the torso models exclude

the analysis of fluid filled/ pressurized organs such as those studied in this paper.
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Instead, the organs are modeled as a simple bag to cover the space and not included in
the analysis [34]. The organ material properties that have been established in this study

could fill a knowledge gap on the mechanical characteristics of abdominal organs.

The material properties of the human and porcine gallbladder were mechanically
characterized in this study. Very few studies have measured the material properties of
the gallbladder, and only one published the elastic modulus found using numerical
modeling combined with ultrasound analysis. The results from the current study are
100x stiffer than what was found in the previous study [35]. Large differences were
expected as an imaging methodology was used versus a uniaxial tension test. Human
gallbladder specimens were found to be similar to the porcine specimens, and thus
porcine gallbladder material properties could be a useful substitute. More specimens
from porcine gallbladders were available to be tested and thus statistically analyzed, and
a clearer dependency on strain rate was observed from the porcine results. Through the
numerical model developed it is found that the elastic modulus of the gallbladder has a
close to linear relationship with strain-rate. However, the effect of strain rate on the
failure stress shows a rate, 100%/s, where the impact of strain rate starts to saturate.
This characteristic of strain rate dependency saturation is shared among other organ
tissue such as the spleen and renal capsule of saturation [36; 37]. Current blunt
trauma finite element models of the torso usually considers organs like the gallbladder
as a simple bag to fill the space and the structure is not analyzed computationally [34].
However, with newly derived material properties, researchers can incorporate this organ
into their models. Although injury is rare because of the placement of the organ [38,39],

gallbladder trauma does occur in blunt force incidents such as car accidents [40].
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The tension testing of the bladder organ revealed that this was the least stiff
abdominal organ investigated in this study. Physiologically, it would be expected that
the bladder is one of the most flexible organs as it expands, and contracts more rapidly

based on the amount of urine that is being held.

Very few studies have quantified the material properties of human bladder tissue
[16,18,21,22,25,] and only two have tested in tension, but both used a quasi-static strain
rate [16, 21]. Only one of the two studies published elastic modulus was similar to what
was found in the current study [21]. However, previous research has yet to quantify not
only the human bladder tissue at such high strain rates, but porcine tissue as well. The
stiffness found at strain rate of 25%/s was over double that found under quasi-static
conditions for both human and porcine results [16]. With limited specimens available
for human bladder tensile testing, only the porcine specimens were statistically
analyzed. Comparatively, the human results were stiffer, had higher failure stress, and
lower failure strains than the porcine specimens. This discrepancy between material
property values between hosts could be due to the differences in relative age of the
specimens. The human specimens came from hosts that had naturally reached the end
of their life whereas the porcine specimens were euthanized within just 20% of their life
expectancy. However, even with the differences in age, the two hosts had a similar effect

from strain rate.

The strain rate dependency of the bladder tissue was fully characterized for the
porcine hosts as well. Two studies have uniaxial tested porcine bladder tissue. One
study tested using quasi-static rates and published the elastic modulus, failure stress,

and failure strain to be lower than what was found in this study [16]. Another study
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using dynamic rates found the elastic modulus to be similar to what was found in this
study [22]. However, only the current study investigated strain rate as a factor that
effects the material properties. It was found that failure stress and the elastic modulus
had strain rate as a statistically significant factor. Similar to the gallbladder, the bladder
also demonstrated little saturation of the strain rate effect on the elastic modulus while a
larger saturation for the failure stress. The rate has a continued effect on the elastic
modulus while as the rate increases the failure stress has diminishing increases.
Numerically estimating this effect through a model will help researchers understand
how the bladder tissue reacts in situations of traumatic loading. Taken together, the
stress-strain properties and strain rate effects will be useful in generating models of high
rate impact trauma on the bladder. These models will have the potential to expand the
knowledge of the injury mechanism for this organ beyond the current research on how

to manage the injuries from a clinical point of view [41-43].

The intestine also demonstrated multilinear behavior. Similar behavior was also
found in a study by Bourgouin et al. (2012), who proposes that this behavior is due to
the multilayer structure of the intestines [32]. Different layers fail at different strains
and thus the stress-strain curve is not linear. Additionally, the viscoelastic behavior of
the tissue is observed to have a toe region and an inflection point at which the intestine
tissue has different elastic modulus. Thus, the shape of the stress-strain curves can
differ based on when and which of the intestine layers fail, making development of a

single material model difficult.

The stiffness of the intestine found in a study by Bourgouin et al (2012) are

slightly higher than the highest stiffness of the human results reported in this study
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[32]. However, Bourgouin et al. (2012) tested at a higher rate of 1 m/s, and the results
of this study demonstrate that higher strain rates increase the stiffness of the intestines.
Contrary to the human results, the porcine intestine specimens reported higher elastic
modulus at lower rates. This difference between the hosts could be due to the

differences in age between human and porcine specimens.

In a study by Ergorov et. al (2002) similar magnitudes of failure stress and
strains to the current study were found [17]. In another study that performed material
testing on porcine intestines by Rosen et. al (2008), similar failure strains were also
observed [27]. In both studies failure of the tissue occurred between 60%-70% strain,
even for the porcine specimens. The similarities found between the human and porcine
specimens in this study highlights the feasibility using data from porcine specimens as a

substitute for human intestines.

In this study, the effect of strain rate was fully characterized for the porcine
intestine specimens. A clear strain rate dependency was observed for the properties of
elastic modulus and failure stress. The numerical model was able to quantify the rate of
which the increase in strain rate impacts these properties. It was also found in the
numerical model that both failure stress and elastic modulus have a point where the
relationship with strain rate saturates. The knowledge obtained from this study helps
further characterize the material properties of the intestinal tissue. In a review spanning
over 50 years looking at human body numerical models not a single abdominal model
used intestine material properties, but instead the intestines were modeled as bags to fill
space and were not included in the computational simulation of car accidents [22].

Thus, there have been no attempts to predict injuries to the intestines, and the
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availability of material properties at appropriate strain rates will make such modeling

possible.

These newly established material properties determined with the current testing
methodology will provide a better understanding of the mechanical behavior of these
organs under high loading rates and the feasibility of using porcine tissue properties
instead of human where limited human data are available. Currently, most abdominal
finite element models do not include all organs within the simulation [34]. The reason
for excluding these organs within the model could be because there is a lack of accurate
material properties at higher strain rates for the organs of interest in this study.
Inclusion of all abdominal organs would increase the accuracy of these models and
improve the information that could be extracted from them. However, this study has
not only studied these tissues from human hosts, but also investigated the feasibility of
using porcine tissues. Although limited data from human specimens prevents any
definitive answers, the gallbladder, and intestines appear to be suitable candidates for
the substitute use of porcine material properties while this is still undetermined for the
bladder as the human results were double of the porcine results. Using the material
properties from this study, models can now be extended to include these rarely studied

organs.
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Chapter 6 : Conclusion
6.1 Summary

This research has investigated the material properties of human and porcine
abdominal organs, resulting in an expansion of knowledge of the abdominal organ
material properties and a framework for more accurately modeling their behavior under
dynamic loading conditions. Through a comprehensive literature review, gaps in the
existing knowledge were identified and specific research goals were created. The
feasibility of substituting porcine tissue for human tissue and quantifying the
relationship of strain rate dependency for all organs of interest were investigated. For
the organs that require compression testing, the effect of using a probing protocol versus
an unconfined compression protocol were compared. The end result of this research is
that the material properties for the investigated organs were either established or
further characterized. A summary of the results for each posed research question is

provided in Table 6-1.

The elastic modulus, failure stress, and failure strain of the prostate organ has
been characterized for the human and porcine hosts. An unconfined compression
protocol and probing protocol were used to derive the elastic modulus of the prostate,
which found no differences between the methods. Porcine prostates were measured to
be slightly stiffer than the human hosts, which is a difference that could be contributed
to the age of the host. A strain rate dependency was found for the property of elastic

modulus and this dependency was observed to saturate at the rate of 100%/s.
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Table 6-1: Results to all research objectives for each organ.

Paper 1 Prostate Yes Yes No No Yes N/A N/A Not Equal
Paper 2 Liver Yes Yes Yes Yes Yes Yes Yes Equal
Kidney Yes Yes Yes No Yes Yes N/A Not Equal
Paper 3 Spleen Yes Yes Yes No No Yes N/A Not Equal
Bladder Undetermined Yes Yes No No Yes N/A N/A
Paper 4 Gallbladder Yes Yes Yes No No Yes N/A N/A
Intestines Yes Yes Yes No Yes Yes N/A N/A

195




Similar testing was performed on the liver for both human and porcine hosts that
was conducted on the prostate. A large number of studies have characterized the
material properties of this organ, but this is the first study that directly compares the
properties resulting from different methodologies and different hosts. With little
differences measured between the material properties of the liver, the porcine host was
determined to be a feasible substitute for human tissue in the unconfined compression
protocol. However, due to the differing geometry between the human and porcine liver
the elastic modulus from the probing protocol was not similar between the two hosts. A
dependency on strain rate was observed for the elastic modulus, failure stress, and
failure strain, but the strain rate dependence started to saturate at a rate of 100%/s. A

model was derived to describe this effect to aid in model development.

The kidney mechanical properties have also been extensively studied using
various protocols and with various hosts. However, a direct comparison of the results
from methodologies using the same tissue and a comparison using identical protocols
with different hosts had yet to be performed. It was found that porcine kidney material
properties are similar to those of human kidneys and thus a feasible substitute. The
probing protocol resulted in slightly higher elastic modulus highlighting how different
methods can yield different results. A strain rate dependency was found for the elastic

modulus and failure stress with this effect starting to saturate at a rate of 100%/s.

Human and porcine spleens were also tested using the compression protocols.
Porcine spleens were found to be a feasible substitute for human tissue in both probing
and unconfined compression protocols. The probing protocol resulted in a higher

stiffness than what was found using unconfined compression, highlighting how the
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testing protocol can affect the results obtained. A strain rate dependency for the elastic
modulus and failure stress was found and numerically modeled. The failure stress and
elastic modulus increased as strain rate increased, but the relationship starts to saturate

at a rate of 100%/s.

Three more organs were investigated using a tension testing protocol. Due to the
structure of the gallbladder, bladder, intestine a uniaxial tension protocol was most
suitable to mimic the in-vivo loading conditions. The elastic modulus, failure stress,
and failure strain was determined for all four organs from both human and porcine
hosts at varying rates. Porcine tissue was determined to be a feasible substitute for
human tissue as similar results were found for elastic modulus and the failure properties
for almost all organs investigate. Further research is required for the bladder as the
elastic modulus and failure stress was doubled, and failure strain was half that of human
specimens as they for porcine. A strain rate dependency was observed in the gallbladder,
bladder, intestine. The failure stress of the gallbladder, bladder, and intestine exhibited
a saturation in strain rate dependency above the rates of 100%/s. However, only the
elastic modulus of the intestines were observed to have a diminishing effect of strain

rate above the rates of 100%/s.

Overall, valuable information was gathered that expands the knowledge of
material properties for researchers in this field. The results can be used to improve the
accuracy and expand the abilities of finite element models regarding the human
abdomen. A better understanding of the mechanism of various injuries to the abdomen
in high force traumatic situations can thus be achieved using higher fidelity models that

more accurately capture the material behavior at varying strain rates. Improved finite
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element models will aid the fields of forensics, diagnostics, injury prediction, personal

protective equipment development, and many other fields.

6.2 Future Work

Possible continuation of this research could include further testing of human
specimens. Currently, the number of specimens tested for most of the human organs is
too small for statistical testing of the failure properties. Also, rates were tested up to
1000%/s in tension and unconfined compression tested, but only 25%/s for probing

testing. Further characterizations at rates higher could be considered for future testing.

Only probing and unconfined compression testing protocols were compared
through this research. Other protocol comparisons could be made such as tension
testing and inflation testing or the Kolsky Bar Technique versus compression. Further
comparisons between different techniques will enable researchers to fully understand

the mechanical behavior of organs under different loading scenarios.

Future research extending from this work is to incorporate the measured
material properties into finite element models and determine the effect this has on the
results. With material properties characterized at several different rates, a sensitivity
analysis can be performed on existing models to determine the effects of varying
material properties due to strain rates on a model. The properties determined in this
research can also lead to more detailed models that factor in previously ignored organs
such as the intestines, bladder, and gallbladder. Incorporating these organs into the

models will enable more research on the mechanism of injuries for the intestines,
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bladder, and gallbladder as well as improve the understanding of other organs

interaction with these surrounding tissues.

Furthermore, this work is the first of its kind to do such comprehensive work on
characterizing the material properties of several organs within the abdominal cavity.
One challenge for researchers is finding the most appropriate material properties to use
within their model. A future step for this research is organizing an easily accessible
database that will enable researchers in the field of modeling to have a resource which

will increase their efficiency in being able to complete their work.
6.3 Research Significance/Contributions to the Field

The results of this research will make a significant impact in several different
fields. Establishing and further characterizing the material property of abdominal
organs is fundamental research that can be translated into many areas. First, the failure
testing establishes threshold limits and provides an understanding of how much
pressure the tissue can withstand which is significant in understanding that tolerance
each organ has to resist force. Second, these material properties can be used within
models that can provided a better understanding of the mechanism of injury for these
organs. This better understanding of failure limits and improved models will aid fields
such as injury prediction, personal protective equipment assessment, forensics, medical

diagnosis, and many others.

The development of a numerical model to quantify the relationship between
strain rate and material properties adds substantial knowledge to the field of abdominal

organ material behavior. Through this research, not only is the strain rate dependency
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established, it is measured and quantified. This information will aid researchers who

create models for situations involving higher velocity impacts to the abdomen.

It has been a long unanswered question as to whether or not the material
properties from an animal host is comparable to a human host for the purposes of
mechanical modeling. This question was addressed for several abdominal organs within
this dissertation. Previously, no research has been conducted that makes a direct
comparison between porcine and human hosts using identical protocols. From the
results of this research, an understanding is gained regarding which porcine organ
material properties might be feasible substitutes for human material properties. This
knowledge will help assess the accuracy of current models that often resort to using
material properties derived from porcine organs as resources are limited for conducting

this research on humans.

The knowledge gained from the work for this dissertation is intended to be
published as technical reports to the funding agency, in peer-reviewed journals and
presented at the scientific conferences. A total of 4 publications, which have already
been written and constitute different portions of this dissertation, are under review, or
planned for submission. The titles and status of these submission are in Table 6-1. This
research has also resulted in several scientific conference presentations and a technical
report that are also summarized in Table 6-1. Furthermore, concurrent with my
dissertation research, other papers, conferences, and technical reports have been
completed throughout the PhD program, and these are also summarized in Table 6-1.

Honors and awards that are a result of the research performed are detailed in 6-2.
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Table 6-2: List of peer-reviewed publications, conference
presentations/abstracts/papers and technical reports *presented in this dissertation
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In Review
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