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Abstract

Mechanical characterization is vital to understand soft tissue behaviour in health and
pathology. In aortic aneurysms, for instance, it is used to develop techniques for rupture
risk assessment. In skin, for instance, it is used to assess the effects of freezing and anatomic
location, the information useful for donor tissue banks. Planar biaxial testing is one of the
most common tools for the mechanical characterization of soft tissues. In this experiment,
loadings such as displacements or forces are applied to the edges of the square specimens
yielding deformations at the center of the specimens that are measured digitally. Biaxial
testing is a great tool as it captures anisotropy and nonlinearity of soft tissues’ behaviour
and is capable of exploring a wide range of deformation states as it can apply different
combinations of loadings. However, because the deformations at the center of the specimens
are not controlled, no two mechanical tests are equivalent, complicating the consistency in

data extraction and comparison.

In this study, we propose a new approach for biaxial data analysis. First, a surface is fitted
to the biaxial data. Second, the mechanical response is interpolated at the true equi-biaxial
stretch deformation state (the state at which the deformations at the center of the sample
are equal). Third, the effective mechanical properties such as high /low elastic moduli, and
transition stretches/stress are extracted from the interpolated response. Other studies, in
contrast, extract properties at the equi-biaxial displacement deformation state (the state
at which equal strains are applied at the sample edges), which is due to the anisotropy of
soft tissues and experimental setup, varies from specimen to specimen. We argue that our

proposed approach of data extraction is more robust from the mechanical point of view.

To demonstrate that our proposed approach can result in drastically different data sets,
we apply it to previously tested aortic tissues from human donors and pigs. We com-
pare effective mechanical properties extracted from the interpolated equi-biaxial stretch
deformation state and conventionally used equi-biaxial displacement deformation state.
Statistical analysis shows a significant difference between two groups of mechanical mea-

sures whether the measures are compared individually within each group or the general
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comparison of groups is conducted. Particularly, measures related to the transition zones
(stress/stretch) linked to collagen fibres’ engagement behaviour were affected the most.
Overall, the results indicate that the way the data is extracted can impact the outcome of
biaxial studies. This further highlights the advantage of using the proposed approach of

biaxial data extraction at equivalent deformation states versus the conventional approach.

The proposed approach of the data extraction was also applied to human skin samples that
came from the same donor’s back. Prior to biaxial testing, the samples were frozen/stored
using three different freezing protocols (wet freezing in Phosphate Buffered Salin alone and
with the cryoprotectant Glycerol as well as dry freezing using Liquid Nitrogen). Then,
after testing, the effective mechanical properties were extracted and the effects of freezing
and the anatomic locations were evaluated. We found very little quantitive evidence that
the freezing storage approach mattered, although some qualitative observations were made
to highlight the distinct behaviour of the samples frozen using Liquid Nitrogen. In the case
of heterogeneity analysis, samples closer to the spine were different from samples further
away from the spine, with the transition zone properties affected the most, especially for
the samples subjected to Liquid Nitrogen freezing protocol. Future studies should assess
each of the effect of heterogeneity and the effects of freezing separately, however, the overall

approach of data extraction seems promising for intra-patient analysis.
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Chapter 1
Introduction and Background

The majority of the human body is comprised of soft tissues that serve important mechan-
ical functions [2]. These tissues facilitate various bodily movements, such as the bending
of joints, expansion and contraction of blood vessels, and flexibility of the skin. Tissues
are composed of various components, including cells, extracellular matrix, oriented fibres,
and fluids, which together govern their unique mechanical behaviour. As a result, these
soft living materials exhibit different mechanical responses depending on the direction and
magnitude of applied loads, necessitating the use of sophisticated testing methodologies to

capture their complete mechanical profile.

Mechanical testing plays a crucial role in understanding the mechanical behaviour of soft
tissues, which include various biological materials such as tendons, ligaments, muscles,
and blood vessels. These tests help researchers and engineers gain insights into the tissue’s
structural properties, viscoelastic behaviour, and response to external forces. Several meth-
ods are employed to conduct mechanical testing on soft tissues going from a microscopic
level to a macroscopic level. In this thesis, we aim to explore the mechanical behaviour
of various soft tissues through biaxial testing, investigating their anisotropic and nonlin-
ear properties captured through stress-strain relationships. By employing state-of-the-art

testing equipment and analysis techniques, we seek to contribute to the existing body of



knowledge and advance the field’s understanding of soft tissue biaxial mechanics. Further-
more, we aim to bridge the gap between experimental findings and biomedical applications
by examining the implications of biaxial testing in the context of aorta and skin tissue

biomechanics.

1.1 Soft Tissues Mechanical Response

Soft tissues typically exhibit nonlinear, viscoelastic, and anisotropic behaviour, meaning
their mechanical response is dependent on the magnitude, duration/rate, and direction of
applied forces. This behaviour is governed by the tissue’s structural organization and is
often observed in the corresponding stress-strain curves, which are a graphical representa-
tion of the relationship between the applied stresses (forces per unit area) and the resulting
strains (deformations) of material [2]. In addition to cells, which are tissue-specific, the
following microstructural components are considered load-bearing in soft tissues: ground
substance, elastic fibres and collagen fibres. The behaviour of these components is detailed

in the following paragraphs.

Ground substance is constituted of a gel-like substance playing a crucial role in soft tissue’s
mechanical behaviour. It is known for its isotropic behaviour meaning that it exhibits the
same mechanical properties in all directions and also demonstrates nonlinearity in the
stress-strain relationship. However, one of the most significant roles of this substance
resides in holding the elastic and collagen fibres due to its adhesive function maintaining
the structural integrity of the tissues [2,3]. Several studies investigated the mechanical
properties of the ground substance in various soft tissues. For instance, research on articular
cartilage demonstrated the nonlinear, time-dependent and strain-rate-dependent behaviour

of its ground substance affecting its viscoelastic properties [4].

Elastin is a highly elastic protein found in soft biological tissues, specifically in skin and
aorta. Elastic fibres are composed of elastin and are responsible for the elasticity and recoil

properties of these tissues [5]. These elastic fibres typically dominate the overall mechanical
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Figure 1.1: Elastic and Collagen fibres’ generalized response to loading resulting in soft

tissues’ nonlinear curves.

response at low levels of deformation. And when loaded, they respond to loads linearly
establishing a linear slope at the beginning of the stress-deformation curve, known as the
elastic or linear region (see figure 1.1). In this region, the fibres exhibit elastic behaviour,
meaning they can deform reversibly without permanent changes. The linear slope in this
region indicates the stiffness or modulus of elasticity of the elastic fibres, reflecting the
tissues’ resistance to deformation under low-stress conditions [5,6]. It is a challenge to
distinguish the response of the ground substance and elastic fibres at a low strain regime,

so these load-bearing microstructural components are often combined in modelling.

Unlike elastic fibres, collagen fibres are responsible for both the transition zone and the
linear region located after it (see figure 1.1). These fibres exhibit a wavy configuration in
the undeformed state which results from their hierarchical structure and allows them to
accommodate deformations [7]. Collagen fibres also show a specific orientation within soft

tissues. They also do not respond to loads until nearly or fully straightened which does not



usually happen at the low deformation regime (beginning of the stress-deformation curve).
At the transition zone, when large/moderate loading is applied, these collagen fibres start
to gradually recruit by losing their waviness throughout this zone: the more fibre straighten
up, the stiffer the transition zone becomes [8,9]. Once all fibres are fully straightened, the
transition zone ends and the linear region at the end of the stress-deformation curve is
formed [10-12].

In combination, collagen and elastic fibres define the fibre-related nonlinearity of the stress-
deformation curve as illustrated in figure 1.1 showing the generalized response of these
fibres in soft biological tissues. However, the overall response is tissue-specific due to
the different elastin and collagen ratios between soft tissues [13]. Further, this fibrous
behaviour is superimposed on the nonlinear response of the isotropic ground substance
fully defining the final stress-deformation curves (not shown here). Additionally, elastic
and collagen fibres often exhibit anisotropic behaviour, meaning that their mechanical
properties vary depending on the direction in which they are loaded or stretched. This
anisotropy arises due to the structural arrangement of the fibres and their orientation
within the tissue. Fibres may be aligned or organized in a specific pattern, resulting in
different mechanical responses along different directions. When characterizing the stress-
deformation curves in different directions, the same process is repeated. All characteristics
of the curves (tangents of the linear slopes of transition zone characteristics) are evaluated
separately for each direction. This allows for the assessment of anisotropic behaviour and

the determination of mechanical properties specific to each direction [11,14].

1.2 Methods for Mechanical Testing

There are different mechanical tests to capture soft tissue biomechanical response such
as stress/force measure vs deformation. In this section, different testing techniques used
in the literature are presented starting from the basic methods and ending with biaxial

testing which has gained the most interest in the course of this thesis.



First, one of the testing methods used in that field is shear wave elastography. It represents
an imaging-based technique used to evaluate the mechanical properties of soft tissues. It
uses ultrasound or MRI to induce shear waves in the tissue and measures their propagation
speed, which is related to the tissue’s stiffness or elasticity. Shear wave elastography
has gained popularity for assessing the mechanical properties of muscles, tendons, and
other soft tissues [15,16]. However, this testing technique is not widely spread due to
technical constraints, such as the MRI’s bad resolution as well as its high cost [17]. Another
limitation encountered in some studies [18] is the failure to maintain the skin tension leading

to a decrease in the skin’s shear wave elastography’s reproducibility.

Next, one other popular method is bulge testing. Bulge testing is a common method
used to characterize the mechanical properties of thin, compliant membranes or tissues,
such as aortic valves or bladder tissues. In this test, the specimen is clamped along its
edges and pressurized, causing it to bulge outward. One can determine parameters such
as the elastic modulus, burst pressure, and thickness-dependent behaviour of the material
by measuring the bulge profile and relating it to the applied pressure [2]. However, this
technique presents some challenges such as the dependency of Young’s modulus on the
accuracy of the thickness measurement, in addition to the inaccuracy in the deflection

amplitude determination [19].

Next, compression testing involves applying a compressive load to a tissue sample to de-
termine its compressive properties, including compressive strength, elastic modulus, and
stress-strain behaviour. This test is commonly used for cartilage and soft tissue applica-
tions [20,21]. However, for planar soft tissues it is associated with several limitations such

as the effect of sample size and inability to properly secure a sample for experiment [22].

In addition to all of that, shear testing evaluates the tissue’s response to shear forces by
applying forces parallel to the tissue plane. It provides insights into the tissue’s shear mod-
ulus, strength, and viscoelastic properties. Shear testing is essential for understanding the
behaviour of materials like skin and subcutaneous tissue [2,21]. Similarly to the previous

mechanical test, shear is hard to implement in planar soft tissues as it is hard to secure



the sample and make measurements [23].

Another test mentioned in the literature is indentation testing. This technique involves
applying a controlled force to the tissue surface and measuring the resulting deformation. It
provides information about the tissue’s mechanical properties, such as stiffness, viscoelastic
behaviour, and depth-dependent characteristics. Indentation testing is also widely used to
assess the mechanical properties of soft tissues such as articular cartilage [24]. However,

the results highly depend on the indenter size, shape and depth of indentation [25].

Tensile testing is arguably the most popular mechanical testing method used for the me-
chanical characterization of soft tissues, especially for planar ones. In tensile tests, tissue is
subjected to stretching forces. Uniaxial tensile testing is a method that involves applying
an axial load to a tissue strip (usually until failure) while measuring the resulting deforma-
tion. It provides information about the tissue’s tensile strength, elastic modulus, ultimate
stress, and strain behaviour along the loading axis [2,26]. To obtain anisotropic behaviour
differently oriented strips should be tested. On the other hand, in biaxial testing, a tissue
sample is subjected to loading along two orthogonal axes. This method more accurately
represents the complex stress and strain states experienced by most soft tissues in vivo.
Biaxial testing enables the evaluation of anisotropic properties and is particularly useful
for characterizing the mechanical behaviour of tissues such as blood vessels and cardiac
tissues [2,27]. This testing method constitutes a significant part of this thesis and will be

more detailed in the next section.

1.3 Biaxial Testing and Data Inconsistency Issue

Biaxial testing is a method used to analyze the mechanical behaviour of soft biological
tissues under in-plane stress due to forces applied in two perpendicular directions. The
history of biaxial testing can be traced back to the early 20th century when researchers
began to recognize the importance of understanding material responses to complex stress

states. Field et al. mentioned that the first report of biaxial testing was in 1957 [28]. Over



the years, various types of biaxial testing equipment and techniques have been developed.
These advancements have provided valuable insights into the mechanical properties of ma-
terials and have been instrumental in the development of engineering design codes and
standards. Today, biaxial testing continues to be an active area of research, with applica-

tions ranging from material characterization to the design of structural components [29].

Biaxial testing is often applied to soft biological tissues which typically involves using a
specialized mechanical testing rig [27]. It allows for the characterization of various me-
chanical properties of soft biological tissues, including their elastic modulus, stiffness, and
ultimate strength in different directions. By applying loads along two orthogonal axes,
researchers can assess the anisotropic behaviour of tissues, which is crucial for understand-
ing their physiological function and designing tissue-engineered constructs. Lanir & Fung
have demonstrated this in most of their studies. For instance, they conducted research on
rabbit skin where biaxial testing was employed to retrieve its mechanical properties [30].
In [31,32] biaxial testing was used to understand tissue structure-function relationships.
Sacks et al. used biaxial testing to facilitate the design of tissue scaffolds with desired

mechanical properties [33].

Biaxial testing provides good coverage of stress-deformation data points that help in mod-
elling the mechanical behaviour of soft biological tissues. This data contribute to the devel-
opment of constitutive models for tissue simulation and computational modelling [27,34,35].
Constitutive models are essentially complex mathematical expressions allowing to relate
stresses and deformation via material constants. Even if the expressions are pre-defined, it
is often a challenge to select a suitable constitutive model and implement an optimization
algorithm to fit experimental data and find material constants. Many biomedical engineer-
ing studies that conduct biaxial testing for many specimens usually limit themselves to
reporting effective mechanical properties such as tangent moduli that come from biaxial
tests rather than resort to constitutive modelling. One of the reasons is perhaps the fact
that material constants are often either dependent or do not have clear physical meaning
and thus are not suitable to draw any scientific conclusions unless finite element simulations

are performed.



Importantly, there is currently no standardized method of either biaxial testing or biaxial
data analysis in the field. The tissue sample, often in the form of a square or cruciform
shape, is secured to a biaxial testing device with clamps or sutures. Controlled loadings
(either displacements or forces) are then applied independently along two orthogonal axes,
typically using computer-controlled motors or pneumatic actuators. The resulting defor-
mation is measured using a variety of techniques, such as video-based systems or digital
image correlation (DIC). Because deformations are not controlled and the response of the
specimens depends on the orientation/configuration of fibres, there are no two specimens
with the same deformations captured by DIC. This raises the issue - how can researchers
extract such properties as tangent moduli from two specimens and compare them if the
specimens’ deformation states are not comparable? The overwhelming majority of the
studies simply ignore this inconsistency [36-42]. Only a few researchers briefly discuss it
and actually tackle it. Some resorted to first conducting constitutive modelling and then
extracting properties at the equivalent deformation states from the model [1,43-45]. How-
ever, this approach is often cumbersome and depends on the quality of the constitutive
model fitting. For instance, if the fit is just acceptable and not perfect, the accuracy of
the extracted properties will be affected. A few other researchers have suggested bypassing
constitutive modelling and simply interpolating the response at the equivalent deformation
states using 3D surfaces fitted to 3D biaxial data [46,47]. This approach seems the best
way to ensure consistency in data extraction but it did not gain popularity yet. Perhaps
one of the reasons is the fact that no one specifically reported how the outcome of any
biaxial study can change when matched vs. unmatched deformation states are used for

data extraction.



1.4  Biomechanics of Aortic Tissue and the Impor-
tance of Biaxial Testing in its Properties’ Char-

acterization

The aorta is the largest artery in a living organism. It is a major blood vessel that carries
oxygenated blood from the heart to the rest of the body [48] through smaller branching
arteries [49]. Aortic tissue biomechanics play a crucial role in understanding the mechan-
ical behaviour of the aorta. Unlike other arteries, the aorta is divided into several major
segments: the ascending aorta, the aortic arch, the descending aorta and the abdominal
aorta [50]. Interestingly, the aorta possesses unique biomechanical properties that allow it
to withstand the strong pulsatile flow of blood directly from the heart and maintain its
structural integrity [51]. Similarly to most soft biological tissues, the aorta comprises elastic
fibres, collagen fibres, and smooth muscle cells that enable this biomechanical behaviour.
The elastic fibres provide the aorta with elasticity, enabling stretching during systole (ven-
tricular contraction) and recoiling during diastole (ventricular relaxation). The collagen
fibres provide tensile strength to the vessel, thereby both types of fibres contribute to
maintaining continuous blood flow [52]. An additional unique feature of the aorta is that
it contacts aortic valves that prevent the reverse flow of blood back into the heart [53].
One aspect of the aorta is the pathology called aneurysm. An aneurysm refers to the
localized dilation or bulging of an arterial wall, commonly occurring in older patients [54].
It is a significant health concern as it can lead to life-threatening complications such as
rupture, which carries a high mortality rate. Early detection and monitoring of aneurysms

are crucial for timely intervention and prevention of complications [55-58].

Biaxial testing is a commonly used experimental technique to investigate the mechanical
properties of aorta tissue. This testing method is used due to its ability in simulating more
realistic multi-axial loading conditions of the aorta mimicking its in-vivo behaviour [41,59].
In this approach, valuable insights are provided into the anisotropic and nonlinear nature

of aortic tissue, as well as its response to different physiological and pathological condi-



tions. The mechanical behaviour of the aorta is influenced by various factors, including
the composition and arrangement of its extracellular matrix, elastin fibres, collagen fibres,
smooth muscle cells, and endothelial cells. In the literature, several studies have investi-
gated aorta tissue biomechanics through biaxial testing. These studies provide valuable
insights into the mechanical behaviour of the aorta and reveal how important this test is in
the extraction of its mechanical properties. For example, a study by Holzapfel et al. inves-
tigated the anisotropic mechanical properties of human thoracic aorta tissue using biaxial
testing. The results revealed that the aorta exhibits pronounced anisotropy, with the stiff-
ness and strength varying significantly with the direction of loading [60]. Another study
by Kamenskiy et al. [61] biaxially tested different types of arteries such as the thoracic
and abdominal aorta, common carotid, etc. Most of the results showed a nonlinear and
anisotropic behaviour with the common carotid being the least anisotropic. Interestingly,
the effect of freezing also made its way into some studies where Matsumoto et al. conducted
biaxial testing on fresh and frozen porcine thoracic aneurysms. The samples were tested
at both room temperature and 37° C. The results showed that the elastic modulus and
the anisotropy were not influenced by the followed protocol [43]. Another biaxial study
was also conducted on human abdominal aortic aneurysm intraluminal thrombus (ILT) by

Siobhan et al. [62] where the effect of freezing on the mechanical properties of the ILT.

1.5 Biomechanics of Skin Tissue and the Importance
of Biaxial Testing in its Properties’ Characteriza-
tion

The human skin is a complex and remarkable organ that serves as the body’s first line of

defence against external threats. Composed of several layers, each with unique character-

istics and functions, the skin plays a vital role in protecting underlying tissues, regulating

body temperature, and facilitating sensory perception [63—65]. Interestingly, skin exhibits

10



a specific mechanical behaviour revealing its non-linearity, viscoelasticity and anisotropy.
First, the non-linearity of skin, especially observed in the stress-deformation curves, is
due to the elastic but mostly collagen fibres integrated into its microstructure [35]. The
skin is known to be highly viscoelastic [66,67], which is often demonstrated through creep
tests [68,69]. A study by Karimi et al. showed the relaxation behaviour of rat back and
abdomen skin after being extended and held at a constant displacement [70]. Finally,
anisotropy, physically known as the difference in the behaviour of skin in different direc-
tions [71], is widely reported through what is known as Langer lines [72] which define the
orientation of collagen fibres or natural tension lines [71,73,74]. Skin biomechanical char-
acterization is vital in many applications. Starting with needle insertion, many studies
simulated this process requiring precise mechanical properties of human skin [75-77]. As
another example, skin biomechanics is important for tissue engineering as autografts can

be optimized to reduce the risk of complications in transplantation [78].

Biaxial testing is a significant part of skin biomechanics. In the literature, it was proved
that the in-vivo behaviour of skin can be characterized by biaxial testing revealing its
importance in that field [30,79]. It allows researchers to assess its mechanical properties,
such as tensile strength, elasticity, and deformation behaviour of skin (see section 1.3).
Strikingly, Lanir and Fung was the first to develop a biaxial testing setup aimed to be
conducted on skin to describe its 3D behaviour [80]. It was used by several studies by
applying it on rabbit skin to evaluate its tensile and relaxation behaviour [30], as well as
the human skin mechanical characterization [81]. In contrast, a study by Holzapfel et al.
mentioned that biaxial testing is not a sufficient technique to fully characterize the skin
properties [82,83]. On the other side, studies also evaluated the effect of freezing on skin
samples. For example, a biaxial study was conducted on bat wing skin where frozen samples
were tested and the results revealed the characterized deformation, mechanical properties
and fibres distribution [84]. However, nowadays, biaxial testing is one of the most used
techniques in that manner as a significant number of studies rely on it considering the fact

that it mimics the in-vivo behaviour of skin very well.
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1.6 Effect of Mechanical Heterogeneity in Skin and
Aorta

After investigating the skin and aorta structures and evaluating the importance of biaxial
testing in their mechanical characterization, the heterogeneity of both these tissues will be
detailed in this section. Heterogeneity refers to the presence of variations or differences
within a particular entity or system. In the context of biological tissues and organs such as
the aorta and skin, heterogeneity can arise at different levels, including cellular, molecular,
and biomechanical characteristics. Aorta, for instance, exhibits inherent heterogeneity
across its various segments and layers [85]. For example, the ascending aorta has a higher
proportion of elastic fibres in the tunica media compared to the abdominal aorta, which
has a higher content of collagen fibres [86]. This regional heterogeneity influences the

mechanical properties and response to hemodynamic forces along the length of the aorta.

Similar to the aorta, the skin also exhibits heterogeneity in its structure and function.
Different regions of the skin, such as the face, palms, and soles, have distinct characteristics
in terms of thickness, hair follicle density, and sweat gland distribution. The skin’s dermis
layer shows variations in collagen and elastin content, influencing its mechanical properties
and elasticity [87-89)].

Understanding and characterizing the heterogeneity of the aorta and skin is essential for

unravelling the complexities of tissue function, development, and disease progression.

1.7 Effect of Freezing on Biomechanics of Skin and

Aorta

In addition to the effects of heterogeneity, an important factor that can be studied through
biaxial testing is the effects of freezing on soft tissues. The process of freezing is widely

employed as a preservation technique for soft tissues. On the one hand, freezing is often
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needed to transport tissue for further usage in research [90,91], as it helps to retain tissues’
structure and integrity. Aortic tissues, for instance, are often frozen before further research
is done [92]. On the other hand, freezing is the standard procedure for tissue banks,
where, for instance, donors’ skins are stored before being turned into skin grafts for burns

treatment [93,94].

Freezing involves decreasing the temperature of a substance below its freezing point, which,
in the case of soft tissues, can irreversibly change its biomechanical properties. One of the
intermediate effects is that freezing can cause changes in tissue stiffness [95] - the decrease
in elastic moduli has been reported [96]. Next, certain freezing protocols such as rapid
freezing can result in ice crystal formation, which may cause structural damage to the
tissue. This damage can affect the integrity and mechanical behaviour of the sample
during biaxial testing [97]. On the other hand, long-term effects rely on prolonged freezing
which can lead to tissue degradation over time, affecting the overall mechanical properties.
Woo et al. concluded that tissues frozen for a longer time might lead to loss of hydration
which can affect the tissue’s mechanical behaviour, such as its compliance and viscoelastic

properties [98].

Various freezing techniques are being used to preserve tissues’ mechanical properties -
from the utilization of cryoprotectants to the usage of liquid nitrogen. The study focusing
on the investigation of different effects of freezing protocols can shed light on the best

freezing-storage practices that will minimize changes in tissue biomechanics.
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Chapter 2

Rationale and Objectives

2.1 Rationale

The rationale for the present thesis stems from the existing challenges and inconsisten-
cies in the interpretation of biaxial testing data within the scientific field of soft tissue
biomechanics. Biaxial testing offers numerous benefits in understanding the mechanical
properties of soft biological tissues. However, the lack of consistency in data interpretation
poses a significant obstacle. Constitutive modelling is a commonly employed approach
where experimental data is fitted to a surface, which is then utilized for finite element
analysis. While this method can provide valuable insights, it often requires assumptions
and may not accurately capture the true mechanical behaviour of the tissue. On the other
hand, researchers in the biomedical field often focus on extracting specific mechanical prop-
erties directly from the biaxial data, such as stiffness or anisotropic parameters. However,
the inherent variability in deformation fields across different tests makes it challenging to

ensure consistent testing conditions between samples.
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2.2 Objectives

The objective of the present thesis is to address these limitations and enhance the technique
for extracting data from biaxial testing. By ensuring data is extracted at an equivalent
deformation state, researchers can bypass the need for constitutive modelling and obtain
more accurate and reliable insights into the mechanical properties of soft biological tissues.
This research aims to contribute to the field by providing a more standardized and con-
sistent approach to biaxial testing, ultimately advancing our understanding of soft tissue

mechanics and potentially informing biomedical applications.

Objective 1: Develop a robust and consistent approach to properly extract
mechanical properties from biaxial testing data.

Because the deformations at the center of the specimen can not be controlled in biaxial
testing, it is vital to extract properties at the equivalent deformation states for proper data
collection. Hence we propose and implement a new surface fitting approach using MAT-
LAB (version R2022b). A new GUI is developed to effortlessly plot the tested tissue’s 3D
data and fit a surface to it. This enables the possibility to extract the required mechanical

properties and run an analysis.

Objective 2: Analyze data provided from the previous studies and prove that
the proposed method of data extraction can lead to significant changes in the
results and thus is recommended to improve the accuracy of any biaxial study.
After the fulfilment of the first objective, data for different previously tested aortic samples
are used and statistically analyzed to assess this new technique. The resulting effective me-
chanical properties are extracted using the aforementioned approach and the conventional
approach. The objective is to analyze these properties and aims to prove the hypothesis by
finding the significant differences between these two approaches for the datasets available

at the time of launching this research project.
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Objective 3: Apply the newly implemented approach and assess its effectiveness
in the evaluation of small differences within the same tissue by investigating
the effects of heterogeneity and freezing protocol.

A human donor’s skin specimens were frozen then tested and analyzed. The surface fitting
approach was employed and, similarly, effective mechanical properties were extracted using
both the conventional and advanced data extraction approaches. This study enabled the
possibility to evaluate if this advanced extraction data approach is more robust and holds
great potential for studies centred on detecting subtle differences among diverse groups of
specimens within the same patient. In particular, this includes examining the impacts of

heterogeneity and the choice of the freezing/storage protocol.
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Chapter 3

Methodology

3.1 Objective

In this section, the first objective proposed in the previous Chapter 2 will be fulfilled.
We first discuss the basics of biaxial testing and biaxial data analysis. We show how
stress-deformation curves are derived. Then, we discuss how the conventional method of
extracting effective mechanical properties is conducted and highlight possible issues with
such an extraction method. Finally, we propose the more appropriate methodology for data
extraction, share the details of the developed GUI that applies this method and outline
statistical means that will be used in the following chapters to assess the effectiveness of

this method.

3.2 Biaixial tensile testing

In this thesis, the results from two different biaxial testing setups were utilized: Electro-
Force Systems (TA Instruments, Springfield, MO, USA) shown in figure 3.1a was used in
Chapter 4, and Cellscale Biotester 5000 (Cellscale Biomaterial Testing, Waterloo, Canada)
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shown in figure 3.1b was utilized in Chapter 5. Although these setups differ in their specific
design and capabilities, the underlying principles of operation, experimental procedure, and
mechanical data analysis approaches are similar. Therefore, the common methodology will
be described in this section for a generic tissue, and any specific tissue-, equipment- or/and

experimental protocol-related differences will be outlined in respective Chapters 4 and 5.

3.2.1 Specimen preparation

The biaxial machine employed in the experiments consists of four linear actuators and two
load cells to simultaneously extend a tissue sample in two orthogonal directions (labelled
“11” and “22”) and record corresponding forces (Fi; and Fys in figures 3.1¢ and 3.1d). The
sample is square-shaped and typically measures 10 to 20 mm on each side, depending on
the tissue and study purpose. The thickness of the specimen, H, ranging from 0.1 to 4mm
for planar tissues suitable for biaxial testing, is measured before the experiment by either a
calliper or thickness gauge. Typically, the specimen is marked to identify the orientation -
in our case, the dot is placed in the top right corner to specify that the horizontal direction

corresponds to “11” and the vertical direction corresponds to “22”.

As a part of specimen pre-processing, four hooks (two pairs of suture-connected hooks)
are commonly placed 1-2 mm away from the edge at equal distances along each specimen
side. For smaller specimens, two suture-connected hooks per side can be deemed sufficient
(see figure 3.1e ). Then, the specimen reference dimensions, denoted as Lq; and Loy, are
measured along two orthogonal directions as distances between the sets of the opposite
hooks. Also, the central part of the specimen is marked by either dots or speckles to

enable deformation tracking. These are all shown in figures 3.1e and 3.1f.

Next, sutures connecting pairs of hooks are used to mount the specimen to the linear
actuators through a pair of pulleys (figures 3.1c and 3.1d). The mounted specimen is
then submerged in a temperature-controlled bath at 37°C', simulating in vivo conditions

and maintaining a physiological environment. Finally, a camera is positioned above the
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Figure 3.1: Different biaxial machine setups: (a) ElectroForce Systems biaxial machine, (b)
Cellscale’s Biotester 5000, (c) Forces applied using ElectroForce Systems in the horizontal
(11) direction and vertical (22) direction (image from [1] is edited and used with permission
issued by Elsevier), (d) Forces applied using Biotester 5000 in the horizontal (11) direction
and vertical (22) direction, (e) Displacement and deformations tensor using ElectroForce

Systems, and (f) Displacement and deformations tensor using Biotester 5000
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specimen to record it at all times, and the experiment is ready to be launched (figures 3.1a
and 3.1b).

3.2.2 Testing protocol

The experimental protocol is set as follows. First, the sample is preloaded to eliminate any
tissue slack. Next, the desired displacements in the orthogonal directions are assigned. Be-
cause different specimens have different referential dimensions, for consistency, the strains
are used. First, the equi-biaxial displacement protocol, labelled as “1:1”, ensures the strain
applied in direction “11” is equal to the one in direction “22”. The displacement & corre-
sponding to the desired maximum strain e, is calculated based on the referential distances
Ly and Loy as § = g, - Ly;, 4 = {11,22}. For instance, if Lj; and Lgy are both 10 mm,
and the maximum desired strain is 60%, each arm of the sample is simultaneously extended
by 3 mm, resulting in a total displacement of 6 = 6 mm in each direction. The loading
and unloading process is repeated several times to ensure the repeatability of the sample’s
response. The length of the loading/unloading cycle can be set to ensure a specific loading
rate. Next, the process is repeated for other non-equibiaxial displacement protocols to ex-
plore tissue response at different deformations states. Typically, protocols “1:0.5”, “1:075”,
“0.5:1”7, and “0.75:1” are adopted, where the first number is the fraction of the maximum
strain in “11” direction, and the second number is the fraction of the maximum strain in
“22” direction. For instance, for the example earlier, protocol “1:0.5” corresponds to 60%
strain in “11” direction and 30% strain in “22” direction. The explored deformation range

can be seen in figure 3.2a.
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3.3 Biaixial data analysis

3.3.1 Derivation of stress-deformation curves

The machine records displacements (0;;, it = {11,22}) and forces (Fj;, i1t = {11,22})
for each experimental protocol. The actual data to produce stress-deformation curves
is collected only from one of the last loading cycles where the tissue is sufficiently pre-

conditioned.

The First Piola-Kirchhoff Stresses in “11” and “22” directions are calculated as the forces
divided by the undeformed tissue cross-section areas to which they are applied (measured

beforehand as the referential geometry):

Fll F22

Pi=—— Py= .
11 Loy H' 22 Lo H

(3.1)

Although the assigned displacements d;;, i = {11,22} are intended to achieve the desired
maximum strain based on the referential dimensions ¢y, it = {11,22}, it is widely ac-
knowledged in the field that the strains at the edges of a sample are affected by boundary
conditions [99-101]. Therefore, measuring deformations at the specimen’s center, where
they are presumably more homogeneous and unaffected by the boundary effects, using
means of Digital Image Correlation (DIC), is a common practice. Two commonly used ap-
proaches for tracking such deformations are the utilization of graphite speckles and marker
dots, which are placed at the center of the specimen (see figure 3.1c¢ and 3.1d) and pho-
tographed at the specified frequency throughout the experiment. DIC is then used to
optically track how the location of either marker dots (see figure 3.1c) or speckles (see
figure 3.1d) change with loading. Depending on the approach, either j triangle or j square

elements are used to mesh the tracked surface, and changes in the distances between sides
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of these shapes are used to calculate the local in-plane deformation gradients F';T ¥. These
local deformation gradients are then averaged across all elements of the mesh to produce

the averaged deformation gradient

Fy =0 22

)\11 F12 ~ O]

Here the non-diagonal element Fis and F5; are the shear deformations, that are relatively
small in the biaxial testing and are, therefore, neglected. Because of this assumption, the
diagonal elements representing the stretches in the horizontal and vertical directions, re-
spectively, can be assumed to be “principal” stretches. These exact stretches, collected
from the selected loading cycle, are plotted against the first Piola-Kirchhoff stresses (equa-
tions 3.1) to produce stress-deformation curves.

Notably, in contrast to the strains assigned at the border of the specimen ¢, i1 =
{11,22}, the stretches A;; and Ay calculated at the center of the specimen reflect the
tissue’s localized properties such as nonlinearity and orientation of fibres that are unique
for specific tissue, specimen and tracked specimen’s surface region. One can refer to figure
3.2a to see how the assigned deformations at the edges shown in figure 3.2b produce a
unique deformation field at the center of the specimen. Hence one can conclude that the

deformation ranges explored in two different tissue specimens tested biaxially are always

different even if the experimental protocol is the same.

3.4 Effective mechanical properties

After completing biaxial testing and deriving stress-strain curves, it is a common practice

to extract mechanical properties from these curves for various grouped specimens and

tThe actual deformation gradient in the biaxial testing is three-dimensional with the out-of-plane

component calculated from the incompressibility condition.

fThere is no agreement on whether dot markers or speckles produce better results as there are advan-

tages and disadvantages of each method for specific tissue/application [102,103].
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Figure 3.2: (a) Assigned deformations related to each protocol. (b) Unique actual defor-
mations of a sample. (c) Sketch defining the different mechanical properties: TZo, TZe,
LTM and HTM. (d) The difference shown by overlapping two samples by emphasizing
on the tangent moduli in blue and red. (e) The equistretches/interpolated curves after
overlapping the same two samples and showing that these curves are in the same plane.
(f) Surface fitted to a set of five protocols’ data showing the envelope shape in the “11”

direction. (g) Surface fitted to a set of five protocols’ data showing the envelope shape in

the “22’ direction.
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statistically compare them. Conventionally, stress-deformation curves corresponding to
the equi-biaxial displacement protocol €, = er,, (protocol “1:17) are used for extraction.
For instance, a green line in figure 3.2a corresponds to the strains assigned at the border for
protocol “1:17, while in figure 3.2b, it corresponds to the deformation (stretches) produced
at the center of the specimen, and finally, in figure 3.2c, it corresponds to one of two
directional stress-deformation curve produced. From the latter curve, effective mechanical

properties associated with the corresponding direction are conventionally extracted.

There are a few effective mechanical properties of interest that can be extracted from the
stress-deformation curves, and they are associated with the behaviour of load-bearing mi-
crostructure, which has been discussed in Chapter 1.1 and figure 1.1. Starting from the
beginning of the stress-deformation curves (figure 3.2¢) - LTM or, simply, initial slope,
can be extracted. This effective property is usually associated with the combined be-
haviour of elastic fibres and ground substance. Next, the initial linear slope is followed by
Transition Zone (TZ), dominated by gradually engaging collagen fibres. Such effective me-
chanical properties as TZo and TZe are useful in characterizing collagen fibre recruitment
behaviour. Finally, when all collagen fibres are engaged, the transition zone is replaced
by the linear zone with the HTM. This effective mechanical property characterizes the
stiffness of engaged collagen fibres [104].

When the effective mechanical properties are extracted from one direction, i.e., P;; — Aqq
stress deformation curve, the process is repeated for the other direction as well (Pag — Ago).
One of the simplest ways to analyze anisotropy is to look at the ratios of effective mechanical
properties in two directions, i.e., dividing a specific property in the direction “11” by the
same property in the direction “22”7. In general, if the ratio outcome is close to 1, the
property is said to be isotropic, otherwise - anisotropic. However, even this measure is
relative and it depends on the variability within the specific effective mechanical property.
For example, in the case of stretches where the values and variability are considerably small
(1-1.1), the determined ratios can always be fairly close to 1. In this case, the values very
close to 1 indicate isotropy (e.g., 0.99). The further the ratios will get from 1 will indicate

an anisotropic behaviour (for example, a ratio of 0.95 would be anisotropic in that case).
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HTM values vary much more, for example, from 2000 KPa to 8000 KPa, and, therefore,
the ratios wouldn’t be as close to 1 compared to stretches. Therefore, for this effective
property, a ratio of 0.95 would indicate a fairly isotropic behaviour, while a ratio larger
than 2 or less than 0.5 would indicate that one direction is twice as stiff as the other one.
Notably, there is no agreement in the literature on how to define anisotropy so we used the
simplest definition [33, 105].

Importantly, due to nonlinearity and anisotropy, each soft biological tissue sample produces
a unique deformation state where the effective properties discussed earlier are compared.
For example, in figure 3.2d, two different samples’ stress-strain curves were overlapped.
This highlights the difference observed through HTM and emphasizes the fact that no two
samples will lead to the same deformations at the center which is the central issue raised in
this thesis. There is a need to extract these properties at the equivalent deformation states
A11 = Ag2 which are not captured through biaxial testing (see figure 3.2e). There are two
approaches to do that - through constitutive modelling as described in the introduction
which is out of the scope of this thesis and through interpolation from surface fitting which

is detailed in the following section (3.5).

3.5 Surface Fitting

Given that sufficient data is available from biaxial testing, three-dimensional curves can be
plotted representing the response of soft biological tissue to each applied protocol. These
curves show the envelope shape to which a surface can be fitted (see figure 3.2f and 3.2g).
Therefore, from this surface, the interpolated protocol can be extracted, and repeating
this process on different specimens results in consistent deformation states from which the
effective mechanical properties can be extracted. From now on, and for the rest of this
thesis, the conventional approach of extracting data from protocol “1:1” will be referred to
as the “experimental protocol” or “Exp” because it represents the actual curves resulting

from the data collected after an experiment. And the proposed method of extracting data
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from the curve interpolated from the surface fitted to the data will be referred to as the

“interpolated protocol” or “Interp”.

The proposed surface fitting method was implemented into MATLAB (version R2022b), for
which a GUI was developed. The outline of this GUI is shown in figure 3.3 and comprises
different features. First, running the program enables the possibility to select the desired
set of data to analyze. After the data is plotted, and in case any protocol appears to
be either irrelevant or ill-behaved, the user will have the choice to drop it. To facilitate
this process, stretches are also plotted in 2D (see Graph 3 figure 3.3. Then, the surface
can be fitted to the data (Graph 1 and 2 figure 3.3). Three different MATLAB built-in
surface types are available: Linear, Cubic and Lowess. These fit types include an option
to modify the number of points resulting in a mesh increase for higher accuracy. As soon
as the surface is fitted, the interpolated protocol corresponding to A;; = Aoy is displayed
in both 2D (Graph 4 figure 3.3) and 3D (Graph 1 and 2 figure 3.3). Toggling the “closest
protocol” button will plot the closest protocol to the interpolated response in 2D (Graph 4
figure 3.3). This feature helps ensure that the characteristics of the curves were preserved
by the surface. Next, effective mechanical properties can now be generated by ticking the
desired property in the “Effective Mechanical Properties” tab. An option to get smoother
curves is also included in this GUI. Also, this interface comprises different buttons located
at the bottom: the “Open” button makes it easier to jump to a new set of data by selecting
a new sample’s folder, and the “Refresh” button makes it either to apply and show any
modified inputs the user selects on the interface. The “Save” button saves the last 2D plot
showing the interpolated response, as well as all its data points. Finally, to quit the GUI,
the “Quit” button can be used.

To elaborate more on the surface fitting approach, linear fitting is a widely used method
to fit a straight line to a set of data points using linear regression [106] where an assump-
tion of a linear relationship is made between the dependent and independent variables.
For instance, stretches constitute the dependent variables, while stresses represent the in-
dependent variables. An extension of linear regression is called linear surface regression

using a linear function to determine a plane that best fits 3D data points. Next, cubic
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fitting is based on the same concept of plane fitting in a three-dimensional space using
cubic polynomials. It is more relevant and useful when it comes to complex patterns and
curvatures in the available data [107]. Last but not least, Locally Weighted Scatterplot
Smoothing (LOESS) consists of fitting a weighted polynomial regression to datasets by
giving higher weight to closer points and lower weight to distant points. Similarly to cubic,
it is also useful when having complex and nonlinear data [108,109]. Any of the proposed
surface fitting approaches can be used but some work better for more curves with more

pronounced nonlinearity, others - for curves with less pronounced nonlinearity.

This GUI and data extraction approach are tested in Chapters 4 and 5. By employing the
interpolated response specific to each data set and employing the experimental protocol
“1:17, the relevant effective mechanical properties such as low/high elastic moduli and
transition stretches/stresses can be successfully extracted. One can also introduce an
interesting parameter - “percentage difference” which is defined in this thesis as the ratio of
a property’s interpolated response subtracted from its experimental response, then divided
again by its experimental response. This ratio results in a numeric value reported in (%)
showing how significant the observed difference is. For example, the percentage difference
for HTM1 is defined as follows:

HTMlEXp - HTM 1Interp

HTMI1percent diff = HTM1
Exp

- 100%. (3.2)

Some quantities are measured starting from 1 (stretch), so for calculating percent differ-
ences 1 is subtracted from denumerator

TZOlEXp — TZOlInterp
TZO]—EXp —1

TZ01 percent aie(Stretch) = -100%. (3.3)

3.6 Statistical Analysis

Having effective mechanical properties obtained with the tool developed in the previous

section (section 3.5), the properties can be grouped and statistically analyzed. Statistics
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Figure 3.3: Example of a data set using the developed surface fitting program

can be used to assess how extraction methods affect the outcome of the study and how the

mechanical properties associated with grouped specimens vary.

Mechanical properties are often non-normal, so to have a valid analysis, we considered
the normality of these data and evaluated it using the Shapiro-Wilk test. Then, the
comparison was assessed based on the number of groups. In the case of two groups, T-
test was used for normal data, and the Mann-Whitney U test was applied to non-normal
data. On the other hand, having three or more groups resulted in using the ANOVA
test for normal data and the Kruskal-Wallis H test for non-normal data. This will help
determine significant differences between selected groups via the evaluation of p-values.
For instance, a p-value less than the predetermined significance level (e.g., p = 0.05)

suggests a statistically significant difference, while a p-value higher than the significance
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level indicates no significant difference. In figures, asterisks will be used to indicate

significant differences, with a single “*” for p < 0.05, double “**” for p < 0.01, triple “***”

for p < 0.001 and quadruple “****” for p <0.0001.

Next, two additional parameters will be used in statistical discussions. First, the median
(-: this parameter determines the central tendency, which is characterized by the middle
value resulting from arranging each dataset in an increasing or decreasing order. After
arranging a dataset, the median can be extracted or calculated: if the number of values
in the dataset is odd, the median is exactly the middle value. Whereas, if the number
of values is even, the median is the average of the two middle values. Then, the second
parameter is called iQR. It is a statistical indicator evaluating the region of variability of a
dataset. In that manner, if the data is widely spread, the iQR is known to be larger, while

if the data is more concentrated, the iQR should be smaller.

All statistical simulations are implemented using MATLAB (version R2022b).
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Chapter 4

Demonstration of Capabilities of the
Proposed Biaixial Data Extraction

Approach Using Previously
Published Biaxial Data

4.1 Objective

In this chapter, the second objective proposed in Chapter 2 will be fulfilled. The main
idea is to test whether the proposed advanced method of biaxial data extraction (based
on surface fitting) generates data different from the data produced by conventional biaxial
data analysis. For this purpose, the existing biaxial data from aortic tissue samples will
be utilized. First, the source of data will be discussed. Then the brief details/specifics of
the sample preparation/experimental protocol will be provided (more detailed steps can
be found in Chapter 3). The developed GUI will be used to process all data and generate
two sets of effective mechanical parameters for each sample - based on the interpolated

and based on experimental data extraction approach. Next, various statistical tests will be
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performed by either assessing the differences between the experimental and interpolated
response of each effective mechanical property or comparing results within aortic tissue
groups. Finally, the implications of choosing either conventional or proposed methods for
biaxial data analysis will be discussed. Some interesting results related to aortic tissue

comparisons will be highlighted.

4.2 Methodology

4.2.1 Tissue/Data Sourcing

The Biological Tissue Mechanics Laboratory (PI: Elena Di Martino, University of Calgary)
kindly provided biaxial data from three groups of aortic tissues for analysis. Two groups
of tissues came from human ascending aortic aneurysms with different types of valves,
normal tricuspid aortic valves (TAV) and abnormal bicuspid aortic valves (BAV) [1, 104].
Human aneurysm samples were collected from surgical repairs of male and female patients
with a mean age of 61.58 years (standard deviation of 11.5 years) with aneurysms of
mean diameter of 5.31 cm (standard deviation of 0.75 cm). The third group of specimens
came from healthy PIG animals [110] collected at a slaughterhouse (6-month-old, Yorkshire
breed, 250 1b). Overall, data from 10 TAV samples, 13 BAV samples, and 8 PIG samples

were used.

4.2.2 Specimens Preparation

All specimen preparation steps mentioned in Chapter 3 were followed. All samples were
frozen at —80°C' and then thawed before testing. Human aortic specimens TAV were
squares with at least 8 mm per side with the median thickness of ()2 = 2.06 mm reported
(1QR = 0.49 mm) [1]. There was no information on thickness provided for BAV samples,
but the square samples’ sides were at least 10 mm per side [104]. Then, the PIG samples
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were also squares of 13 x 13 mm with a median thickness of 2.1 mm [110]. Four hooks
per side were used for TAV and BAV samples, and two hooks per side were used for PIG
samples. Five dots were drawn on the surfaces of all samples from three aortic tissue groups

for deformation tracking.

4.2.3 Testing Protocol

The ElectroForce Systems planar biaxial device (see Chapter 3 figure 3.1a) with two load
cells (22 N each) from TA instruments (Springfield, MO, USA) was used to test the aortic
tissue samples. A 0.01-0.05N preload was applied to all specimens. Human samples TAV
and BAV were tested with a quasi-static loading rate of 0.33 mm/s and pre-conditioning
of 10 loading-unloading cycles. The displacements were applied to reach the maximum
strain of €7, = 60%. To explore responses to a variety of loading regimes, protocols “1:17,
“1:0.5”, “1:075”, “0.5:1”, and “0.75:1” were conducted [1].

PIG samples were tested with a quasi-static loading rate set so that each cycle length was
10 s. Preconditioning was set to 5 loading-unloading cycles with a maximum strain of
er;; = 80%. Protocols “1:17, “1:0.5”, “1:0.2”, “0.5:1”, and “0.2:1” were conducted [110].

4.3 Results

In this section, the effective mechanical properties for each group of aortic tissue samples
were extracted following both the conventional approach of data extraction (extracting
from protocol “1:1” and denoted as “Exp” referring to “experimental response” as defined
in Chapter 3 section 3.5) and the proposed advanced technique of data extraction (referred
to as “interpolated response” and denoted as “Interp”). The developed GUI was utilized.

The median and interquartile values for all effective mechanical properties for each aortic
tissue group (TAV, BAV and PIG) are summarized in Table 4.1.
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As stated in the objective section of the current chapter (Section 4.1), the main focus is to
show that the different data extraction approaches result in different outcomes. To validate
that, differences between the experimental response and the interpolated response will be

thoroughly explored.

TAV BAV PIG
Exp | Interp | Exp | Interp | Exp | Interp
Q2 1.094 1.087 1.075 1.065 | 1.1902 | 1.095
QR | 0.068 0.04 0.068 0.037 | 0.056 | 0.029
Q2 1.092 1.088 1.075 1.068 | 1.1902 | 1.095
QR | 0.063 0.029 0.071 0.04 0.058 | 0.034
@ |1 1 1 1 1 1.001
QR | 0.0037 | 0.041 0.0057 | 0.0051 | O 0.0048
Q> | 17.65 16.18 23.49 25.29 42.69 | 32.8
QR | 13.96 12.07 15.86 15.12 7.74 5.9
Q2 | 15.54 15.39 22.09 24.37 36.59 | 21.84
QR | 11.39 11.96 18.54 19.22 6.33 8.37
Q> | 1.078 1.039 1.021 1.084 1.058 | 1.65
QR | 0.403 0.58 0.39 0.54 0.19 0.51
Q2 1.182 1.148 1.163 1.123 | 1.361 1.176
QR | 0.097 0.053 0.081 0.07 0.078 | 0.047
Q2 1.181 1.151 1.166 1.123 | 1.365 | 1.186
QR | 0.123 0.06 0.083 0.058 | 0.085 | 0.055
@y |1 1 1 1 0.997 |1
1QR | 0.00065 | 0.0069 | 0.00029 | 0.008 0.0057 | 0.0059
@y | 42.53 36.57 56.09 24.85 107 68.32
1IQR | 32.86 25.04 39.38 33.52 21.63 | 14.42
Q> | 40.02 27.81 50.54 48.08 94.05 | 45.1
QR | 25.07 24.004 | 44.28 39.84 15.02 | 17.8

Property/Group

TZol-Stretch

TZo2-Stretch

TZol:2-Stretch

TZol-Stress (KPa)

TZo2-Stress (KPa)

TZol:2-Stress

TZel-Stretch

TZe2-Stretch

TZel:2-Stretch

TZel-Stress (KPa)

TZe2-Stress (KPa)
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Q> | 1.086 1.039 1.032 1.078 1.06 1.65
TZel:2-Stress ‘

QR | 0.44 0.603 0.42 0.53 0.21 0.48

Q- 149 152 328 373 246 294
LTM1 (KPa)

iQR 125 128 108 165 41.2 87

Q- 156 145 296 320 179 173
LTM2 (KPa) ,

QR | 80.68 99.28 | 80.32 119 25.64 | 30.9

Q> | 1.106 1.079 1.105 1.133 1.307 | 1.59

LTM1:2

QR | 1.12 0.93 0.39 0.31 0.42 0.52

Q> 626 544 622 655 591 683
HTM1 (KPa) :

QR | 736 566 572 361 255 113

Q2 | 553 420 594 678 591 438
HTM2 (KPa) ,

QR | 678 854 816 481 272 287

Q> | 1.05 1.084 0.89 1.002 0.773 | 1.5

HTM1:2
QR | 0.57 0.55 0.56 0.42 0.39 0.63

Table 4.1: Median and interquartile values of effective mechanical properties for TAV, BAV

and PIG aortic tissue groups.

4.3.1 Influence of the Data Extraction Method on Parameters

Within Each Group

First, we study how each effective mechanical property is affected by the extraction algo-
rithm in each aortic tissue group. Figures 4.1, 4.2 and 4.3 show the boxplots of all effective
mechanical properties derived by two extraction methods (“Interp” and “Exp”) plotted
for TAV, BAV and PIG groups.

Starting with effective mechanical properties characterizing the onset of the transition
zone for human samples, TZo-Stretch/Stress values derived by the conventional extraction

method (“Exp”) were not significantly different (p > 0.05) from values obtained by the
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Figure 4.1: Effect of the data extraction approach (“Exp” and “Interp”) on the effective

mechanical properties within human aortic tissue group TAV.
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Figure 4.2: Effect of the data extraction approach (“Exp” and “Interp”) on the effective

mechanical properties within human aortic tissue group BAV.
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advanced extraction approach (“Interp”). However, for TZo-Stretch, the variability in the
data (iQR) was decreased for the “Interp” type of analysis as visualized in figures 4.1-4.2
and reported in table 4.1. As for the porcine aorta (PIG), the significant differences between
“Interp” and “Exp” types of analysis were detected: 1) TZo-Stretch with p-values equal to
0.02 in both directions, 2) TZo-Stress with p-values equal to 0.02 and 0.003 in directions
“117 and “22” respectively (see figure 4.3). As for the anisotropy ratios TZol:2-Stretch
and TZol1:2-Stress, the type of analysis (“Exp” and “Interp”) had a mixed impact on the
resulting properties. Extraction of data using the advanced approach (“Interp”) made
some properties more isotropic (e.g, TZol:2-Stretch for BAV), others - more anisotropic
(e.g, TZo1:2-Stretch for PIG), with the trend of increased data variability iQ R. For stresses
in PIG group, there was a significant difference between values of anisotropy depending on

the data extraction approach (p = 0.02).

Moving onto the properties characterizing the end of the transition zone, TZe-Stretch
and Stress, the results are very similar to the onset of the transition zone. However,
this time, there are also statistically different results depending on the type of analysis
(“Exp” and “Interp”) in TZe-Stretch for BAV group of human tissues (p = 0.04 in both
directions), while the statistically significant differences for porcine tissues (PIG) are more
pronounced (TZel-Stretch: p = 0.03; TZe2-Stretch and TZel-Stress: p = 0.003; TZe2-
Stress: p = 0.00007) with the exception of TZel:2-Stress, in which significance is similar
(p = 0.02).

Now, the aim is to evaluate the mechanical properties associated with the stiffness of
the response at the start and the end of the stress deformation curves - LTM and HTM.
“Interp” type of analysis always increased variability in LTM and had a mixed effect on
the variability of the data in HTM sometimes producing less variable data (HTM1) and
more variable data in other instances (HTM2 for both TAV and PIG). The only significant
changes due to the type of analysis used were observed in HTM2 and HTM1:2 (as seen in
figure 4.3 for PIG group (respective p-values are 0.04 and 0.01).
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4.3.2 The Most Affected Parameters based on the Percentage

Differences

In this section, the percentage differences in all effective mechanical properties due to the
new type of analysis (“Interp”) will be investigated to assess which properties are the most
affected by inconsistencies in the deformation states (“Exp”). Importantly, if in half of
the samples, one property increased due to the new type of analysis and, in the remaining
samples, it decreased by the same amount. Qualitatively, the comparison of median values
will reveal no difference between data extraction approaches, while individual changes will

still occur. In contrast, percentage difference analysis will capture individual changes.

Figure 4.4 shows percentage differences in all effective mechanical properties for each tissue
type (TAV, BAV, PIG). For clarity, measures are grouped by type - Stretch, Stress, and
Stiffness.

Changes in stretches due to the new type of analysis (“Interp”) are fairly large, ranging
between 0% and 70%, with the most notable changes for porcine aortic tissues. Generally,
stretches associated with the onset transition zone and the end of the transition zone are
affected more, while anisotropy (TZol/TZo2-Stretch and TZel/TZe2-Stretch) is barely

impacted.

Changes in stresses due to a new type of analysis are more noticeable with the median
values ranging between 10% and 50%, qualitatively. In most tissue groups, the response in
direction 722" is more affected than the response in 711”7 except for TZo2-Stress for BAV.
As expected based on the previous section, a new type of analysis changed the data results

for PIG tissue group the most.

Finally, changes in stiffnesses due to a new type of analysis (“Interp”) are as noticeable
as for stresses with a qualitative median ranging from 8% to approximately 20%. HTM
was more affected than LTM for all groups but especialy for PIG. In contrast to stresses
and stretches, the anisotropic ratio of stiffness values is quite impacted by the data ex-

traction method (“Interp”), especially HTM for PIG reaching almost 200% as the highest
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Figure 4.4: Percentage differences for all effective mechanical properties
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percentage difference.

4.3.3 Influence of the Data Extraction Method on Comparison
Within Groups of Interest

In this section, the goal is to compare the effective mechanical properties among the aortic
tissue groups (TAV, BAV and PIG) and analyze how these groups differ. First, the sta-
tistical analysis will be done for the data extracted by the conventional approach at the
different deformation states (“Exp”), then the process will be repeated for the data ex-
tracted from equivalent deformation states (“Interp”). We will assess if the data extraction

process impacts group comparisons.

Figure 4.5 provides group comparisons for each property performed for “Exp” or “In-
terp” data separately. When TZo-Stretch and TZe-Stretch measures are obtained by
“Exp” analysis, significant differences between aortic tissue groups are statistically detected
(TZo1-Stretch: p = 0.00004, TZo2-Stretch: p = 0.0001, TZel-Stretch and TZe2-Stretch:
p = 0.000001). PIG samples seem to have a transition zone much later than human tis-
sues. BAV have transition zone slightly earlier than TAV. However, when all measures
are extracted at the equivalent deformation states (“Interp”), statistical significance with
larger p-values compared to the “Exp” type of analysis (TZol-Stretch: p = 0.047) or no
significance at all (TZo2-Stretch: p = 0.083, TZel-Stretch and TZe2-Stretch: p = 0.05)
are observed. As for the anisotropy, the onset transition zone showed similar results for
both types of analysis (“Exp” and “Interp”). All the properties (TZol/TZo2-Stretch and
TZel/TZe2-Stretch) showed mostly an isotropic behaviour (see figure 4.5) except for P1G
(“Exp”) and TAV (“Interp”) that had earlier full collagen engagement in the “22” direc-
tion. The significant differences between anisotropic stretch properties of different aortic
tissue groups were only observed in TZel/TZe2-Stretch extracted using the conventional
approach (p = 0.022).

Next, figure 4.5 also depicts the same groups’ comparison but for the stress properties.
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Figure 4.5: Effect of the data extraction approach on the stretches and stresses within the

experimental groups and interpolated groups
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Figure 4.6: Effect of the data extraction approach on the stiffness within the experimental

groups and interpolated groups

While the stretch properties discussed earlier in this section showed mixed results, the
groups revealed a higher tendency towards significant differences for most stress properties
using conventional and advanced approaches (“Exp” and “Interp”). Some of them showed
some significant differences extracted using the conventional approach (TZol-Stress and
TZel-Stress: p = 0.001), while others showed lower p-values indicating this significance
(TZo2-Stress: p = 0.0006 and TZe2-Stress: p = 0.0007). As for the advanced approach, all
the properties also showed significant differences mostly presenting higher p-values than
for the conventional approach except for the end transition zone property in direction
“22” (p = 0.15). While the stress properties mostly showed significant differences for all
the properties extracted using both approaches (“Exp” and “Interp”), the ratios for each
of the onset and end of the transition zone properties only showed significant differences

for the data extracted using the advanced approach (TZol/TZo2-Stress: p = 0.04 and
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TZel/TZe2-Stress: p = 0.01). Some interesting results can be reported for aortic tissues.
By comparing the conventionally derived transition zone stresses, PIG tissues had the
highest stress values followed by BAV and then TAV. However, both PIG and BAV showed
mostly similar values using the advanced data extraction approach. Interestingly, PIG
exhibits the highest anisotropy using the advanced approach, while this was not visible at

all using the conventional data extraction approach.

Moving to the properties associated with stiffness, and as illustrated in figure 4.6, at
the start of the stress deformation curves, LTM revealed significant differences for the
extracted data both using the conventional approach and the advanced approach (LTM1-
Exp: p = 0.0004, LTM2-Exp: p = 0.0001, LTMI1-Interp: p = 0.00006 and LTM2-Interp:
p = 0.00004). As for the end of the stress deformation curves, HTM showed contradicting
results. None of the extracted data for high tangent moduli showed significant differ-
ences within the groups for both approaches (HTM1-Exp:p = 0.9, HTM2-Exp=p = 0.5,
HTM1-Interp: p = 0.57 and HTM2-Interp: p = 0.32). Next, stiffness ratios computed
for the anisotropy analysis did not show any significant differences (p > 0.05). Now, it
is interestingly noticeable that BAV revealed the highest LTM in both the conventional
and the advanced approach. However, HT'M1 showed closer median values qualitatively
for the three aortic tissues, but HTM2 values were varying. PIG appeared to have the
highest HTM2 using the conventional approach, while, for the advanced approach, BAV
was the stiffest. As for anisotropy, the type of analysis did not show any major impact,
keeping PIG the most anisotropic. Now, switching to HTM, PIG showed anisotropy in
both approaches where the ratios revealed that HTM1 was stiffer being extracted using
the conventional approach compared to HTM2 which was higher using the advanced data

extraction approach.
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4.4 Discussion

The goal of the chapter was to demonstrate that the way the effective mechanical properties

are extracted can have a significant impact on the outcome of the study.

First, we analyzed the impact of the extraction method on all effective parameters within
individual aortic tissue groups. A lot of significant differences were observed, especially in
PIG tissue where the transition zone parameters were affected the most. While human aor-
tic tissues did not show major significant differences, the type of data extraction impacted
the variability in effective mechanical properties (iQR), with, for instance, a decreasing
variability in stretches that can potentially impact any statistical analysis that explores

collagen recruitment through biaxial response.

To further investigate the impact of the type of analysis, we explored how conventionally
derived individual effective mechanical properties change when the advanced type of data
extraction is used. For this purpose, the percentage differences between “Exp” and “In-
terp” values were calculated. Nearly all effective parameters are affected by the median
percentage changes due to the type of analysis ranging between 15% and 20% in all the

groups, with even higher values in PIG aortic group.

Finally, we performed aortic tissue group comparisons to investigate how the statistical
outcome is affected by the type of analysis. In some cases (i.e., stretches), the convention-
ally derived data revealed statistical differences with lower p-values between tissue groups.
These differences were either revealed with higher p-values or just diminished when the
advanced data extraction approach was used. In other cases (i.e., stresses), significant
differences were observed using both approaches or using only the advanced extraction

technique.

It is evident that the outcome of the data analysis is affected by the type of data extraction
used. Because different deformation states trigger the tissues’ load-bearing microstructure
differently, the comparison between effective mechanical properties from samples with dif-

ferent deformation states might lead to false statistical outcomes. We believe that effective
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mechanical properties should be compared at the equivalent deformation states. Many
studies urged to use the correctly extracted data, with some employing constitutive mod-
elling [1,43] and others using similar methods to ours [46, 111]. However, to the best of
our knowledge, only this study investigated the exact effect of the extraction method and

provided evidence of potential inaccuracies.

Speaking of aortic tissues, the analysis of the presented effective mechanical properties is
very important in understanding the health and pathology of the aorta. As mentioned ear-
lier, porcine aortic tissues were the most affected during this study and that is due to several
factors. One of these reasons is the testing protocol. Higher strains were applied to porcine
aortic tissues compared to human aortic tissues allowing to explore more extreme deforma-
tions. Furthermore, pig aortas came from breed/age/weight-matched animals, whereas the
human aortas came from donors of different ages, sexes, aneurysm sizes, and likely different
aneurysm progression stages. This could be another reason behind the affected statistical
comparison and the increased variability observed in the results. Notably, different studies
proved that pig aortic tissues can represent human aortic tissues in research, thus, porcine

aortic tissues can be a healthy substitute for human tissues [112,113].

Overall, we were able to capture some interesting differences between different aortic tissue
groups. As introduced in Chapter 1, elastic fibres are responsible for the linear region at the
start of the stress-deformation curves. Therefore, LTM associates with elastic fibres/ground
substance behaviour. It was observed that LTM were the largest for BAV among the other
aortic tissues. One would expect healthy PIG tissues to exhibit higher elasticity (ability
to recoil) [112] because aneurysm progression in human tissues causes elastin to degrade.
But in the context of this thesis, porcine aortic tissues came from descending aorta which

is expected to be less elastic than tissues excised from ascending aorta.

As for the other effective mechanical properties, the collagen engagement patterns are
characterized by the transition zone properties (see Chapter 1). Interestingly, stretches
and stresses, illustrating the onset and end of the transition zone, were significantly, if

not, the most affected. In pathology, elastic fibres are replaced by collagen leading to the
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importance of these parameters in tracking the progression of aneurysms [104]. Noticeably,
and qualitatively, the overall higher median values were found for PIG compared to TAV
and BAV. This proves that the collagen fibres engaged earlier in human aneurysmal tissues
compared to porcine aortic tissues demonstrating the unhealthy behaviour of the collagen

fibres replacing elastic fibres in pathology.

Both effective mechanical properties extraction techniques revealed different results empha-
sizing the fact that the choice of extraction method does matter. However, the literature on
modelling biaxial testing conditions (such as biaxial sample attachment, load application
and etc.) aimed to improve/standardize the biaxial testing experiment highlighting the
importance of measuring the deformations at the center of the specimens to diminish the
boundary effects at the edges [114—117]. These studies further insist that the load applied
at the borders of specimens in soft biological tissues does not transfer to the middle of the
specimens in the same way due to differences in the specimens’ microstructure. Therefore,
identical experimental conditions at the boundary (which are also hard to ensure for two
different specimens due to size/difference and hooks/rakes placement) will lead to different
experimental loading conditions at the center of the specimens. As such, it is undoubt-
edly better from the general mechanical point of view as well as based on the bulk of the
literature modelling the biaxial experiment to compare tissue response readings at equiv-
alent loading conditions at the center of the specimens, which are only obtained through
approaches like ours. Therefore, our data extraction approach is better while the com-
monly used data extraction approach based on protocol “1:1” can lead to inconsistencies
and inaccuracies in the data as demonstrated in section 3.4 for aortic tissue groups specif-
ically. Nevertheless, future research can evaluate whether the effect of the consistent data
extraction approach (equivalent loading conditions at the border vs. equivalent loading
conditions at the center of specimens) is critical enough for specific tissue groups to be

worth integrating as an additional step in data analysis.
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4.5 Limitations

Some limitations were encountered which could have an impact on the results observed in
the current chapter. First, as seen in section 4.2.2, the human aortic specimens (BAV and
TAV) were cut into squares having different sizes compared to the samples of the porcine
aorta, as well as fewer number of samples available were for PIG. Moreover, although the
human aortic tissues are comparable to porcine aortas [112], in this chapter, the collected
data came from different locations within the aorta: from the ascending aorta for humans
and the descending aorta for pigs. Ideally, it would be more reliable if healthy human
aortic tissues were available instead of healthy porcine tissues. Next, aneurysmal tissues
belonged to patients of different ages and stages of aneurysm progression which impacted
the statistics as well. Also, due to the limited availability of soft tissues, this study only
relied on these three aortic tissues, but we do believe that the evaluation of the impact
of the extraction method in additional types of tissues would be very beneficial. Finally,
it should be noted that the aortic tissue group comparisons would benefit from additional
post hoc analysis to make a more specific conclusion on group differences but it was out

of the scope of this chapter, where the focus was on the extraction method comparisons.
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Chapter 5

Capabilities of the Proposed Biaxial
Data Extraction Approach to Study
Effects of Freezing and Heterogeneity

on Skin Biomechanics

5.1 Objective

In this chapter, the aim is to apply the new advanced data extraction approach to study the
effects of freezing and heterogeneity in the human back skin following the third objective
proposed in Chapter 2. First, we will discuss where the tissue came from and how it was
stored and tested. Next, similarly to the previous chapter (Chapter 4), two approaches of
biaxial data extraction will be applied for data analysis. Along with demonstrating the
different outcomes of different types of analysis, the effect of freezing and heterogeneity will
be statistically evaluated. First, we will discuss if there is a difference in skin biomechanics
depending on the freezing protocol. Then, we will assess whether effective mechanical

properties vary across the different locations on the human’s back.
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5.2 Methodology

5.2.1 Specimens Collection

The study was approved by the University of Waterloo’s Office of Research Ethics (Title:
Effect of Freezing and Anatomic Location on Skin Mechanical Properties; Application No.
44749). Forty-two skin samples were collected from a 88 years old human male donor
after an autopsy at the School of Anatomy (Kinesiology and Health Sciences Department,
University of Waterloo, Waterloo, Canada) after approval from the Office of the Chief
Coroner and the Ontario Forensic Pathology Service. These samples were excised from
the donor’s back and then divided into four groups of fourteen specimens. Figure 5.1
illustrates the donor’s back divided into sets of two symmetric columns separated by the
spine (red line). The aforementioned forty-two samples were divided equally on each of
the left (denoted as “L”) and right (denoted as “R”) sides of the spine where the closest
column to the spine is enumerated as column “1”. For instance, a sample located in the
left column close to the spine is labelled as “L1”, and a sample located also on the left side
but further from the spine is labelled as “L2”. The orientation of the sample “11” and
“22" are shown as perpendicular to the spine and parallel to the spine, respectively (see
figure 5.1).

The orientation of each sample was marked on its top right corner, and every group of four-
teen samples was immersed in three different solutions: 1XPBS (“FR”), Glycerol (“GL")
and Liquid Nitrogen (“NG”). The pilot samples (“PL”) were designated for trials. The
choice of these freezing solutions was made based on several factors. For instance, PBS
(Phosphate Buffered Saline) is commonly used in studies either as a thawing procedure
after the freezing of soft tissues [118] or a hydration technique before freezing or even as
a freezing protocol [119]. Furthermore, Glycerol also made its way in the freezing stud-
ies [120] as it has a decreased soft tissue cell toxicity [121], can spread through the cells
and it can provide stability to the cell membrane [122]. Interestingly, some studies re-

vealed the solution used is a mix of PBS and Glycerol where 10% of Glycerol is added to
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PBS [123]. Indeed, Glycerol is considered a better way of freezing storage compared to
PBS [124]. Therefore, it was intriguing to explore the biomechanical differences between
these two storage protocols. Additionally, the effect of Liquid Nitrogen, commonly used
for rapid dry tissue freezing, on skin biomechanics was of interest here since such freezing
protocol is known to cause ice crystal formation and tissue cell death [125]. In the case
of Liquid Nitrogen, no PBS was added to the tissue so it was a dry environment. After
the preparation required for the specific freezing solutions, each sample was enclosed in a
small container. After that, the containers were transported to the lab on ice in a tightly

locked large container following the University of Waterloo regulations and transferred to
a freezer at —80°C.
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Figure 5.1: (a) Human donor back sketch showing samples’ location. (b) Graph an example

representing all the applied protocols with their number of cycles and applied displacement
over time.
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5.2.2 Samples Preparation

After storage for eight weeks, one sample at a time was taken out of the freezer and was
thawed in PBS for fifteen minutes before testing. Following the sample preparation steps
described in Chapter 3, each specimen was cut into a square of approximately 17 millimetres
per side, and the subcutaneous fat was pulled out. The thickness for these specific tissue
samples ranged between 1.9 to 2.5mm. Hooks were attached to the specimen, speckles were
applied, and the sample was mounted to the CellScale Biotester 5000 machine to start the

tests.

5.2.3 Testing Protocol

A preload of 40mN was applied and the camera frequency was set to 15 Hz. Then, each
specimen was subject to five protocols at a maximum displacement equivalent to a 30%
strain of the measured hook-to-hook distance at a strain rate equal to 1.5%/s, and the
same 40mN preload was applied at the start of each cycle. The first protocol “1:1” consists
of four preconditioning cycles and each of the remaining experimental protocols (“1:075”,
“1:05”, “05:1” and “075:1”) consisted of three cycles, with a standardized duration of forty
seconds per cycle (see figure 5.1 (b)).

5.3 Results

In this section, we will first focus on the effect of freezing by conducting freezing protocols
(PBS, Glycerol and Liquid Nitrogen) group comparisons for all the effective mechanical
properties, extracted using both the conventional approach (referred to as “Exp”) and the
advanced approach (referred to as “Interp”). Next, we will move onto the discussion of skin
heterogeneity by, first, displaying the effective mechanical properties along the back from

top to bottom and, second, by grouping and comparing specimens based on their location
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w.r.t to the spine. As before, the process will be repeated for both types of extraction

approaches.

5.3.1 Effect of Freezing by Comparing Effects of Different Stor-
age Methods

In this section, the aim is to compare the effective mechanical properties of the tested
human skin among three groups of specimens stored using freezing protocols: “PBS”,
“Glycerol” and “Liquid Nitrogen”. The statistical analysis will be performed on the data
extracted using the conventional approach (“Exp”) and the advanced approach (“Interp”).
The impact of each freezing solution will be assessed on the data extracted based on both

approaches.

Figure 5.2 provides freezing protocol comparisons for all the effective mechanical properties
associated with the transition zone (TZ-Stretch/Stress), for both “Exp” and “Interp” types
of analysis. Irrespective of the type of analysis, for stretches and stretch ratios (anisotropy),
there is no difference between different freezing protocols and the overall behaviour is fairly
isotropic. Now, regarding the freezing protocol, it is visible that, in most cases, the median
values for the stretches were slightly higher for the Glycerol group of specimens than for
PBS and Liquid Nitrogen groups, irrespective of the data extraction approach. Only TZel-
Stretch and TZe2-Stretch extracted using the “Exp” approach showed a similar median
value for both PBS and Glycerol (@2 ~ 1.06), and these properties were slightly lower for
Liquid Nitrogen (@2 ~ 1.05).

Moving to stresses, when TZol-Stress and TZe2-Stress measures were obtained from the
conventional approach, no significant differences were determined. Only the onset and end
transition zones properties in direction “22” extracted using the “Exp” analysis revealed
significant differences ( TZo2-Stress: p = 0.03 and TZe2-Stress: p = 0.044 ). However,
these significant differences were not detected when using the “Interp” type of data extrac-

tion and considering equivalent deformation states. While some of the stress properties
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Figure 5.2: Effects of each freezing solution on the stretches and stresses extracted using

the conventional and the advanced approaches
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showed some significant differences, the onset and end stress transition zone ratios did
not show significant differences at all for both extraction methods. Still, interesting re-
sults assessing the anisotropy were revealed. As shown in figure 5.2, the Liquid Nitrogen
properties, extracted using both the “Exp” and “Interp” type of analysis, showed a more
anisotropic behaviour. Interestingly, Liquid Nitrogen measured the highest median values,
qualitatively, for the onset transition zone stresses among all the other groups (Qs ~ 25
KPa) for the data extracted using the conventional approach. While TZol-Stress also
showed the highest median for Liquid Nitrogen using the “Interp” analysis (@2 =~ 18
KPa), the end transition zone stress property in direction “22” had almost equal medians
for both Glycerol and Liquid Nitrogen. Similar results were observed for TZel-Stress and
TZe2-Stress where the highest median values were recorded qualitatively for Liquid Nitro-
gen for TZel-Stress extracted using the advanced approach and TZe2 extracted using the
conventional approach. Overall, the lowest stress properties’ values were revealed in PBS

group for both the onset and the end transition zone properties.

Next, figure 5.3 depicts the effective mechanical properties associated with stiffness at the
beginning and at the end of the stress-deformation curve. Starting with LTM, no significant
differences were revealed for any of the data extracted through the “Exp” and “Interp”
approaches. Similarly, HTM did not reveal significant differences for the data extracted
using the conventional approach. However, the advanced approach showed a significant
difference for HTM1 (p = 0.049). As for the anisotropy, none of the ratios showed any
significant differences. “Interp” type of analysis displayed values with more anisotropic
behaviour (e.g, HTM1/HTM2) or switched the stiffer direction (e.g, LTM1/LTM2). Fur-
thermore, a qualitative assessment of the median values was performed on the stiffness
properties. For for LTM, the median values showed mixed results. While LTM1 appeared
to be the highest for Glycerol data extracted using the conventional approach, it switched
to be the lowest using the advanced approach although a close value for Glycerol was main-
tained in both cases (PBS and Liquid Nitrogen groups went either lower or higher). As for
HTM1, the highest median value was recorded for Liquid Nitrogen specimens using both
the “Exp” and “Interp” approaches. While HT'M2 also revealed the highest value using the
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Figure 5.3: Effects of each freezing solution on the stiffness extracted using the conventional

and the advanced approaches

“Interp” analysis for Liquid Nitrogen, this was not the case for the data extracted using

the “Exp” approach where the Glycerol group was the stiffest.

5.3.2 Effects of Heterogeneity

In this section, we focus on investigating the heterogeneity across the human donor’s back
based on the effective mechanical properties extracted using both the conventional ap-
proach (“Exp”) and the new type of analysis (Interp”). By plotting and analyzing these
properties w.r.t their anatomic location (parallel and perpendicular to the spine) for each
freezing solution used during the biaxial testing procedure, we gain insights into their vari-
ations across different regions of the skin. This approach enables us to visualize and assess

how the mechanical properties differ depending on the location of the skin, thus proving
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Figure 5.4: Transition zone stretch effective mechanical properties for each of the three

freezing solutions

the heterogeneity in the skin’s behaviour. Symmetry was assumed between the two left
(“L”) and right (“R”) sides as supported by some studies [126].

Figure 5.4 reveals line plots displaying the TZ effective mechanical properties of the tested

specimens with respect to their anatomic location along the back from the top to the bot-

tom (Figure 5.1(a)). Different freezing protocols are outlined in different colours. Starting

with transition stretches, some variability can be detected depending on the anatomic lo-

cation with the highest TZo/TZe-Stretches observed in the Liquid Nitrogen group closer

to the bottom of the back. However, the Glycerol group exhibits less variability especially
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Figure 5.5: Transition zone stress effective mechanical properties for each of the three

freezing solutions

when the “Interp” type of analysis is used. Noticeably, the onset and end of the transition
zone stretch (TZo-Stretch and TZe-Stretch) recorded the highest value at the top of the
back for the PBS data extracted using the “Exp” type of analysis. As for the anisotropy,
mixed results were observed. First, the onset transition stretch exhibits higher values in
direction “22” for the “Exp” type of analysis where the highest ratio reached did not exceed
the value of 1. However, the data extracted using the “Interp” type of analysis revealed
a more isotropic behaviour (closer to the value of 1) while having larger measures in the
direction “11” at the top of the back. Similarly, the end transition zone stretches displayed

an isotropic behaviour for the data extracted using the conventional approach (“Exp”),
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Figure 5.6: Stiffness effective mechanical properties for each of the three freezing solutions

where TZel-Stretch was stiffer for Liquid Nitrogen and TZe2-Stretch was the stiffest for
PBS and Glycerol groups at the top of the back. In contrast, the same properties extracted
using the advanced approach (“Interp”) revealed a lot of changes in the values where the
stretch ratios seemed to either increase or decrease while going from the top of the back

to the bottom.

In figure 5.5, both the onset and the end transition zone stresses are reported. Interestingly,
these effective mechanical properties showed a more pronounced variability compared to
the stretches, except for the PBS group. While PBS revealed the lowest values in all
the properties for both the “Exp” and the “Interp” type of analysis, Glycerol and Liquid

Nitrogen exhibited similar variations through the data extracted using the conventional
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approach (“Exp”) where, most of the times, Liquid Nitrogen always had the tendency of
higher stresses at the top of the back. Furthermore, samples stored using this freezing
protocol exhibited a lot of jumps in stresses along the back. Moving to the bottom of
the back, Glycerol samples had higher stresses compared to the other freezing protocols.
However, the properties extracted using the “Interp” type of analysis revealed that the
Liquid Nitrogen group displayed the highest values for both the onset and transition zone
stresses. In that case, stresses showed some different results compared to stretches. Using
the “Exp” type of analysis, the onset transition zone stress properties showed less variation
than the end transition zone stress properties. Also, all transition stresses were fairly
anisotropic with TZo and TZe stiffer in the “11” direction for most of the samples going
from the top to the bottom of the back. Interestingly, the Glycerol group, most of the time,
had the highest values for TZel/TZe2-Stress for the data extracted using the conventional
approach (“Exp”).

Next, figure 5.6 shows the variations in stiffness properties along the back (lower and higher
tangent moduli). Overall, the properties revealed a lot of jumps and variations. Strikingly,
samples stored with Liquid Nitrogen exhibited the highest values for each of LTM2, HTM1
and HTM2 extracted using the “Exp” type of analysis at the top of the back. However, in
this same location, LTM1 was the most pronounced for the PBS group. On the other side,
at the bottom of the back, the Glycerol group made its way being the stiffest followed by
the Liquid Nitrogen group. Although PBS specimens were showing larger stiffness values
close to the other freezing protocols at the top of the back, for the samples located at the
bottom of the back, the values were decreased. As for the data extracted using the advanced
approach (“Interp”), the properties of the Liquid Nitrogen group were the stiffest at the
top of the back, while Glycerol specimens had the lowest stiffnesses LTM1 and LTM2,
and PBS group had lower values of HI'M1 and HTM2. Interestingly, Liquid Nitrogen
samples kept being stiff even at the bottom of the back for HTM1 and HTM2. However,
in the same location, Glycerol was stiffer for the effective mechanical properties at the
start of the stress-deformation curve (LTM1 and LTM?2). As for anisotropy, LTM1/LTM2

revealed small variations for both the “Exp” and “Interp” types of analysis, except around
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the middle of the back, where the stiffness ratios reached peak values for the PBS group
(“Exp”) and for Liquid Nitrogen group (“Interp”). Same as for stresses, all the stiffness
properties displayed anisotropic behaviour. Interestingly, LTM1/LTM2 exhibited very high
values where the ratio exceeded 7 for PBS for the data extracted using the “Exp” type of
analysis. Additionally, this same ratio almost reached a value of 14 for Liquid Nitrogen
using the “Interp” type of analysis. As for the high tangent moduli ratio, both the data
extracted using the conventional (“Exp”) and the advanced (“Interp”) approaches showed
values hovering around 1.5 to 2, which confirms the anisotropy for these properties, as well

as the fact that HTM1 was stiffer than HTM2 in both types of analysis.

Because a lot of jumps along the back were observed in the previous results of this section,
an additional analysis was performed to study the results of taking samples from two
locations with reference to the spine - close to the spine (e.g.: “L1”) and further away from
the spine (e.g.: “L2”). The specimens from each freezing protocol were grouped having
a total of three sets of analysis. To better understand this procedure, and following the
sketch in figure 5.1(a), the PBS samples are located on the left and divided into both
columns “L1” and “L2”.In contrast, the Glycerol and Liquid Nitrogen samples are located
on the right side and divided into “R1” and “R2”. Therefore, the PBS samples located
in “LL1” were compared to the PBS specimens located in “L.2”, and the same goes for the
other freezing protocols where the samples in “R1” were compared to the samples of the
same freezing solution in “R2”. Due to the abundance of results, only the Liquid Nitrogen
group was selected and discussed in this section, while the results for PBS and Glycerol

groups were moved to Appendix A.

Figure 5.7 depicts the effective mechanical properties associated with the transition zone
(TZ-Stretch/Stress), for both “Exp” and “Interp” types of analysis, comparing the samples
of Liquid Nitrogen (NG) located in “R1” zone to the samples of Liquid Nitrogen (NG)
located in “R2” zone (see figure 5.1(a)). Irrespective of the analysis type, the onset and

end transition zone stretches in the sample group closer to the spine are significantly
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Figure 5.7: Stretches and stresses effective mechanical properties for samples frozen in

smaller than the same stretches in the sample group further away from the spineff. As

t“Exp”: TZol-Stretch with p = 0.016, TZo2-Stretch with p = 0.011, TZel-Stretch and TZe2-Stretch
with p = 0.005; “Interp”: TZol-Stretch and TZo2-Stretch with p = 0.011, TZel-Stretch and TZe2-Stretch
with p = 0.01
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Figure 5.8: Stiffness effective mechanical properties for samples frozen in Liquid Nitrogen

for anisotropy, the ratios did not show any significant differences for both the “Exp” and
“Interp” types of analysis. Furthermore, the properties appeared to be more isotropic in
most cases. However, TZol-Stretch, TZo2-Stretch and TZel-Stretch all appeared to be
stiffer for the data extracted using the conventional approach (“Exp”), while TZo2-Stretch
and TZe2 were the stiffest for the data extracted using the “Interp” type of analysis.

Next, the stresses associated with the transition zone also revealed significant dependence
on the anatomic location in the direction “11” with statistical difference showing smaller
p-values for “Exp” type of analysis!. Overall, higher stresses were observed in both di-
rections for specimens closer to the spine (“R17). Notably, the anisotropy results were

fairly consistent with no significant differences. TZo1-Stress and TZel-Stress appeared to

«Exp”: TZol-Stress with p = 0.0027, TZel-Stress with p = 0.005; “Interp”: TZol-Stress with
p = 0.02 and TZel-Stress with p = 0.015
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be larger than TZo2-Stress and TZe2-Stress in both zones for both types of analysis.

Finally, figure 5.6 shows the effective mechanical properties associated with stiffness by
comparing the Liquid Nitrogen samples located in the “R1” zone to the samples located
in the “R2” zone. LTM1 and LTM2 did not reveal any significant differences. Still, both
showed, qualitatively, a decrease in the median values for the stiffnesses further away from
the spine (“R2”) extracted using the “Exp” type of analysis. Similar results were observed
for LTM1 from the “Interp” type of analysis, while for LTM2 the median values were
matching for both locations. Next, significant differences w.r.t location were deteced for
the high tangent modulus in direction “11”7 (HTM1) in both the conventional (“Exp”)
and advanced approach (“Interp”) (“Exp”: HTMI1 with p = 0.014; “Interp”: HTM2
with p = 0.008), while for HTM2 no significant differences were revealed. Strikingly,
both high tangent moduli of the data extracted using the two types of analysis measured,
qualitatively, higher median values for the samples located closer to the spine - “R1”7. As
for anisotropy, only LTM1/LTM2 extracted using the “Interp” type of analysis revealed
a significant difference (p = 0.015) with samples in “R1” being much stiffer in direction
“117. It is interesting to see that, based on the ratio of the tangent moduli extracted using
the “Exp” type of analysis, LTM2 was stiffer than LTM1 in both locations (R1 and R2).
For high tangent moduli, direction “11” appears to be stiffer on average with matching
median values of stiffness for the “Interp” type of analysis and stiffer “R1” samples for the

“Exp” type of analysis.

5.4 Discussion

In this section, the results obtained from the comparison of the effective mechanical proper-
ties of human skin specimens from different locations on the back and stored using different

freezing protocols will be discussed.

First, the results of this chapter reflected the results in Chapter 4, where the type of

analysis (“Interp” vs “Exp”) had noticeable effects on the statistical outcomes. In our
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simulations, in particular, the statistical difference between groups was diminished in two
cases (TZ Stresses in “22” direction) and revealed in one case (HTM1) when “Interp”
type of analysis was employed. Interestingly, in Chapter 4, different aortic tissue groups
were compared while here we compared different sample groups within the same patients.
Therefore, the data extraction approach matters whether it is of interest to detect either
inter-group differences (differences between different groups) or intra-patient differences
(differences within the same patient). Some studies [1] claim that intra-patient differences
may be blurred by inter-patient differences when the combined impact is considered. The
robust analysis based on the measures extracted at equivalent deformation states has the
potential to make the outcome of statistical studies mixing/separating inter- and intra-

effects more reliable.

The comparison of freezing protocols (PBS, Glycerol and Liquid Nitrogen) on the effective
mechanical properties of human skin revealed interesting findings. Quantitively, almost no
significant differences were detected. The onset and end transition zone stretches were sim-
ilar for all types of freeze-storage. For instance, in most cases, the median stretches were
slightly higher for the Glycerol group compared to PBS and liquid nitrogen groups. How-
ever, these qualitative differences were relatively small. Since the transition zone stretches
reflect the behaviour of the collagen fibres (see Chapter 1, section 1.1), we can conclude
that the configuration of collagen fibres [10] is either relatively unaffected by the way the
tissue is stored or affected in the same way for all the freezing protocols. Stiffness LTM
associated with elastic fibres and ground substance response at small deformation was
also relatively unaffected. However, when considering transition stresses and high-strain
tangent moduli HT'M, the freezing protocol influenced the mechanical properties to some
extent. Because both sets of effective mechanical properties describe the ability of collagen
to resist loading, this might indicate that collagen fibres’ quality changed depending on
the freezing-storage approach. Particularly, the PBS and Glycerol groups were displaying
more or less similar results while the Liquid Nitrogen group was more distinct with larger
variability detected. This is perhaps not surprising considering that Glycerol solution is

mixed with PBS, and thus, both freezing groups create a wet environment for samples to
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freeze in. Some studies pointed out that the use of Glycerol as a cryopreservation tech-
nique is better than PBS [123,124], but we did not capture any biomechanical differences.
Liquid Nitrogen specimens, in contrast, are rapidly freeze-dried and could result in the
creation of ice crystals that had a more pronounced impact on the load-bearing capacity
of collagen fibres while keeping their configuration (waviness) unaffected [125]. However,
it is important to note that these are only qualitative observations and deeper analysis is

needed to make a conclusion about specific freezing protocols.

The investigation of heterogeneity along the back provided valuable insights into how
effective mechanical properties vary at different locations. Variability based on the location
along the back, from the top to the bottom, parallel to the spine, was fairly noticeable in
line plots although it is hard to draw any specific conclusion because the statistical analysis
could not be performed. Still, some interesting points can be raised. The orientation of
collagen fibres is known for the human back based on the maps of Langer lines [72,127],
it is at an angle toward the spine. Because the loading was applied along the spine and
perpendicular to the spine, the properties should either exhibit isotropy meaning that fibres
are at 45 degrees or anisotropy with a more pronounced response in the direction to which
fibres are closer inclined. Based on stresses and stiffnesses, larger stresses are produced in
the direction “11” during the collagen recruitment process and the overall stiffness is larger
which indicates that fibres are oriented at an angle closer to the perpendicular to the spine.
Similar results were observed in [128] for uniaxially tested skin taken from the porcine
back pointing out similarities between animal and human back skin models [129]. Notably,
there is some variation in values along the back indicating that the preferred orientation
and likely dispersion of collagen fibres slightly varies parallel to the spine. Interestingly,
transition stretches did not exhibit the tendency to engage earlier in one direction over the
other (at least for a more robust “Interp” type of analysis). This might point out the fact
that collagen waviness is quite location-dependent with the location-specific functions and
underlying microstructure dictating the response, as it was also noted in [46] for equine

skin.

The differences between specimens taken closer to the spine and further away from the spine
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were striking. Based on the transition zone analysis, collagen fibres engaged consistently
later for specimens further away from the spine and at, usually, lower stresses (significance
was detected for the Liquid Nitrogen group). Stiffness was also mostly lower for the
specimens further away from the spine. This points out very different configurations and
load-bearing capacities of collagen fibres based on their distance from the spine. Meanwhile,
no consistent results were observed for anisotropy, possibly supported by the fact that
Langer lines do not experience sudden orientation changes when moving away from the

back [127,130].

5.5 Limitations

There were some limitations associated with biaxial testing of human back skin samples and
biaxial data analysis. First, it was of interest to assess the effect of freezing by comparing
freshly tested samples to the frozen specimens studied in this chapter. However, due to
some delays in the approval to provide the donor’s back samples, as well as some technical
issues faced with the biaxial machine, the biaxial testing of fresh samples could not be
performed on time. So the designated specimens were used for pilot testing. Second,
some samples failed due to issues with image tracking - 3 PBS samples, 2 glycerol samples
and 1 liquid nitrogen sample. Because of limited samples in each of the freezing groups,
some statistical outcomes could be affected, for instance, the heterogeneity analysis (e.g.
Liquid Nitrogen group: 7 vs 6 samples were used in “R1” and “R2” anatomic locations,
respectively). Therefore, due to the limited number of PBS samples used on the left side (
in “L.1” and “L2”) compared to the right side (for Glycerol and Liquid Nitrogen), assessing
the symmetry based on the anatomic location would lead to inaccurate results. Next, only
tissues from one senior donor have been used in the analysis. More donors need to be
used in future studies to confirm/strengthen the results. Finally, the use of quantitative
statistics would be a better approach instead of qualitative observations to discuss some of

the results, but unfortunately, in most cases, we were limited by the number of samples and
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the experiment design where the heterogeneity and freezing effects could not be separated
Ideally, two different studies have to be conducted in the future where effects of freezing

storage and heterogeneity are studied separately.
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Chapter 6
Significance and Future Work

Mechanical characterization is of high importance in investigating the behaviour of soft
biological tissues. Planar biaxial testing is the state-of-the-art test to establish this char-
acterization by capturing the anisotropy and nonlinearity of soft tissues. Biaxial testing is
often used to compare effective mechanical properties between different tissue groups and
point out important differences. However, the way these effective mechanical properties
are extracted is not well discussed across biaxial studies, and most studies choose to extract

measures at the inconsistent deformation states that can mislead the statistics.

In this thesis, we proposed a robust approach for the extraction of data from biaxially
tested soft biological tissues. This method consists of surface fitting software facilitating the
extraction of the effective mechanical properties of soft tissues at the equivalent deformation
states. Using real experimental data on the aorta and skin, we were the first to show
how the data extraction approach can statistically impact tissue properties and tissue
group comparisons’ outcomes. Perhaps, future studies should focus on the computational
proof-of-concept, in which the finite model of biaxially tested specimens with different
fibres’ configurations are simulated, and the effective mechanical properties from two set

deformation states are extracted and compared.

Using the proposed approach for the data extraction, we were able to point out interest-
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ing differences between different aortic tissue groups highlighting how aneurysmal human
tissues are microstructurally different from healthy porcine tissues. Future studies should
focus on the robust comparison between healthy and pathology-affected aortic tissues to
draw conclusions on how microstructure is different between animal and human models
and how microstructure is affected by the pathology progression. Extracting the data at
the equivalent deformation states, as proposed in our study, will improve the quality of

such comparisons.

Next, the proposed approach allowed us to conduct some intra-patient analysis on the
human donor back, which, as we argued, could be more affected by the quality of the data
extraction approach compared to the inter-tissue type studies. We compared the effect
of three freezing solutions on the mechanical properties of the skin - PBS, Glycerol-based
PBS and Liquid Nitrogen. Even though we were not able to compare how freezing im-
pact changes the mechanical properties of the fresh tissues, we qualitatively observed that
mixing Glycerol with PBS or just using PBS alone does not seem to impact the mechan-
ical properties, while rapid dry-freezing of samples with Liquid Nitrogen leads to some
noticeable collagen changes compared with wet-environment freezing of PBS groups. More
research should be conducted to conclude which freezing approach is the most suitable, and
perhaps, the animal models should be used first due to the difficulties of obtaining fresh
human skin. This could improve standards of tissue storage which could be important for
many biomedical engineering skin research studies as well as for skin tissue banks and the

skin transplantation sector.

Finally, the proposed approach also allowed to study human back skin heterogeneity, even
in the context of one patient only. The skin on the back is indeed heterogeneous. Some
variability in the skin biomechanics was qualitatively observed along the back parallel to the
spine that could be related to the underlying microstructure but no statistical comparisons
could be performed. Ideally, the heterogeneity along the back should be studied for a
group of patients, which future studies should focus on. Still, some statistically significant
changes were observed for samples grouped based on the distance from the spine pointing

out remarkable differences in collagen configuration and collagen load-bearing capacity.
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This suggests that various studies should be careful when utilizing skin from adjacent
locations on the back and treating these samples as equivalent. More research needs to be
done to shed light on the reasons behind back skin heterogeneity as back skin is often used

in tissue banks.

To re-iterate, this thesis aimed to propose a robust approach of biaxial data extraction
from tissues’ equivalent deformation states rather than the deformation states that vary
from sample to sample. By comparing the conventional and proposed advanced data ex-
traction techniques, we demonstrated how the choice of analysis can impact the extracted
mechanical properties in soft tissues and the outcome of the biaxial studies. Furthermore,
the investigation into the inter-aortic tissue types differences and the effects of freezing
storage protocols/heterogeneity on intra-patient back skin biomechanics emphasized the
importance of accurate data extraction. Our findings shed light on the complexities and
intricacies involved in characterizing soft tissues, and the implications of these variations on
biomechanical studies. Ultimately, this work contributes to advancing the field of mechan-
ical characterization of soft biological tissues and provides a solid foundation for further
research in this area, with potential applications in clinical and tissue engineering set-
tings. So after all of that, will future studies consider the importance of data extraction

at equivalent deformation states?
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