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ABSTRACT
Tendons injuries occur in people of all ages and can range from soreness and inflammation to full
rupture requiring surgical repair. Larger injuries are typically preceded by accumulated damage
that can change the strength of the tendon, and the way it responds to stress1. A multimodal analysis
of the changing properties serves to elucidate some of the changes both histologically and
chemically, and how they affect the global properties like strength. Literature cites a number of
changes including increased glycosaminoglycan (GAG) content, disordered collagen fibers,
increased cellularity, increased cross-sectional area, and decreased Young’s Modulus2–8.

This paper analyzes these five altered characteristics using an in vitro loading protocol and a finite
element computational model. GAG content, collagen disorder, and increased cellularity were
evaluated experimentally in the lab using porcine tendons in which tendinopathic damage was
induced. A changing GAG content was not observed in the end regions of these samples, but
increased collagen disorder, tenocyte presence, and other histological evidence of micro tearing
was examined and determined to be indicative of tendinopathic properties in the central region of
the stretched samples, where the stress is thought to be the most highly focused. Highly variable
local properties in tendinopathic tissues led to the creation of a computational model to address the
impact of individual property changes. The model was created using the highly researched Achilles
tendon, but is intended to be adapted in the future to represent the tissues used in our in vitro
experiments to better analyze the impact of the changes on both global and local levels
simultaneously. The representative model shows the effects of changing Young’s Modulus and
Cross-sectional area.
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1. CHAPTER ONE: INTRODUCTION
Tendons are integral to maintaining joint stability and facilitating locomotion but are susceptible to
injury and overuse9. Their structural integrity comes from a hierarchy of intertwined type I collagen
and proteoglycans10–13. The helical structure of the components, combined with the crosslinks
between fibrils formed by the glycosaminoglycan side chains of proteoglycans contribute to the
elastic structure of the tendon as well as its ability to transmit mechanical loads generated by
muscles in the body. Proteoglycans are the protein component of tendons and, together with water,
form a matrix in between the collagen fibrils9,14. This matrix has been suggested to be an integral
component in the transmission and dispersion of loads and a contributor to important tendon
properties such as viscoelasticity15,16.

Tendon ruptures are commonly the result of the accumulation of tendinopathic overloading
damage, the pathology of which can include changes to the collagen structure, chemical
composition, and overall material properties2,7,17,18. The goal of this research was to investigate
tendon response to overloading through a multimodal analysis. This involved measuring GAG
content and collagen fiber arrangement of porcine tendons after they were stretched in vitro. The
effects of injury site microscopic and macroscopic changes on stress and strain distributions
globally throughout the tendon were assessed using a computational model.

Experiments with porcine tissue statically loaded the tendons, then looked at the pathology through
histological analysis and DMMB assays. Changes in the special distribution of the mechanical
properties of tendons that have evidence of micro-tearing were also assessed. Ultimately the results
did not show any significant changes in GAG content between the ends of the stretched samples
1

Newkirk

and the unstretched samples. Histopathological analysis of the center region of the stretched
samples showed evidence of tendinopathy damage, and suggested that this damage would be
localized to the region where stress was focused during loading. These experimental studies
functioned to set up a pathway for continued research into the area to investigate different outcomes
and new ways of loading the tendons that more closely mimic physiological loading conditions.

The computational model was created in COMSOL Multiphysics as a foundational model that
could be adapted to continued research or to take inputs from the data collected from the tendons
in the lab. It uses a human Achilles as a representative example to look at the individual
contributions that altered tendinopathic properties make to the overall stress and strain distributions.
The two parameters that were varied were the Young’s Modulus and the Cross-sectional area.
These two parameters have well documented changes in overworked tendons: the Young’s
modulus decreases and the cross-sectional area increases in sites of microdamage and injury2–4,19.
The model showed that increasing the cross-sectional area only in the tendinopathic region had
little effect on the stress or strain distributions. Changing the Young’s modulus had a much bigger
impact by creating a focus on the middle of the tendinopathic region where there were high levels
of both stress and strain being experienced. This is potentially dangerous for a region of the tendon
that is already more susceptible to failure due to the presence of micro-defects in the tendon which
could lead to an inability to withstand larger loads and a greater risk of failure.

From the start, this research has been greatly assisted by the dedication and work of a group of
undergraduate students who are passionate about gaining confidence in a lab and who have an
interest in pursuing future research endeavors. In its second semester it became a Creative Inquiry
(student-led research) course due to the immense interest from other students. It has only continued
2

Newkirk

to grow from there. It’s because of this that a secondary goal of the project has always been to use
this opportunity to teach important research skills and competencies, both in the classroom and the
lab.

1.1. LITERATURE REVIEW
1.1.1. TENDON STRUCTURE, FUNCTION, AND PROPERTIES
Tendons are found in joints, functioning to provide stability and assist in locomotion9,12. They
are soft tissues, but have a strength that is comparable to bone, and much stronger than muscle, per
unit area4. They form connections between the two, by merging with the fascia of the muscle at one
end, called the myotendinous junction, and with bone at the other, called the osteotendinous
junction2,10. As muscles contract a tensile stress is transmitted through the tendon to the bone.
During this process, tendons store elastic strain energy to be release during locomotion 20. In this
way tendons facilitate motion of the body as well as provide a measure of structural stability to
joints10.

The unique structure of tendons allows them to perform these functions. They are largely acellular
and avascular, with a main component of collagen, which makes up 77% of its dry weight8. This is
almost entirely type I collagen, although other types are present as well, including types II, III, V,
VI, IX, and XI21. Its smallest component is the tropocollagen molecule, made of three densely
intertwined polypeptide chains, forming a triple helix. This smallest level of organization is on the
order of 1 to 20 nm in size22. When five of these molecules combine they form a microfibril, which
aggregate to form fibrils. At this level that collagen is bound non-covalently to proteoglycans. The
proteoglycans form crosslinks between the fibrils and hold onto water to form a matrix surrounding
the collagen. The combination of collagen and matrix form fibers, which are wound around
3
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mechanoresponsive tenocyte cells, forming fascicles19,23. Fascicles are the second highest level of
hierarchical structure, and are on the order of 50 to 500 m22. They are wrapped in a thin sheet of
connective tissue called the endotendon or interfascicular matrix21,23. These endotendon wrapped
bundles are held together by more thin connective tissue, called the peritendon, to form the highest
hierarchical level, the tendon tissue.

At each level, the arrangement of collagen and its interaction with other important tendon
components dictate the mechanical and material properties of higher levels. The arrangement is
important because the collagen fibers are axially aligned making tendons uniaxial in their ability to
transmit forces. During movement, changing joint angles result in bending of the tendon but the
arrangement of the fascicles allows them to continue to transmit forces irrespective of these
changing angles21. Parallel fiber arrangement serves other functions as well, like allowing tendons
to retain contractile energy4, which is important for locomotion.

Collagen interactions with proteoglycans at the fibril level are the cause of tendon properties like
viscoelasticity10,21. Proteoglycans are the second most abundant component of the dry tendon by
weight. They are comprised of a protein core that attaches to collagen helices and linear
mucopolysaccharide sidechains. The two most common types of proteoglycans in tendon are small,
leucine-rich proteoglycans named Decorin and Biglycan10,14,19,22,24. They are important in
fibrillogenesis14 and contribute to the viscoelastic behavior of tendons. This property in tendons
influences . Another way they influence higher level properties is through proteoglycan-mediated
fibril to fibril load sharing15. Tendons are able to effectively transmit loading forces at the tissue
level because it allows the passing of shear forces to neighboring fibers. These shear forces can be
the result of multiple types of molecular interactions, including friction, tangling, electro-static
4
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forces, and surface tension. Tendon length and the length of its inner fibrils also contribute to the
higher level mechanical properties. Longer fibrils showed less sensitivity to depletion25.

The sidechains of proteoglycans are called glycosaminoglycans (GAGs), which make their own
contributions to tendon structural integrity and higher level mechanical and material properties.
The three most common types of GAGs in tendons are dermatan sulfate (DS), keratin sulfate (KS),
and chondroitin sulfate (CS)13–16. Importantly, all three are sulfated. Chondroitin sulfate and
dermatan sulfate both have attachment sites on the prevalent proteoglycans Decorin and Biglycan.
GAGs function as crosslinkers, providing structural integrity to the extracellular matrix 10, but
depletion studies have called into question whether their presence affects the load-bearing
capabilities of tendons16,25,26. One study found that even with 80% of the GAG content depleted,
the tendon retained as much as 86% of its stiffness, compared to the native tendon. Furthermore, a
mice knockout study14 showed that when levels of one of the two major proteoglycans was reduced,
there was an increase in the other to help compensate for it, so relatively low levels of abnormality
were exhibited in the tendon. Knockout mice expressing neither types of proteoglycan showed the
most abnormality in collagen morphology. GAGs have been suggested to have other functions like
assisting in the formation and correct alignment of collagen molecules.

GAGs are able to perform these varied functions because of their negative charge 15, which comes
from deprotonated sulfate and carboxylic acid groups at physiological pHs. The charge binds them
to the protein core of proteoglycans, as well as binding water and sodium molecules found in the
matrix. The water forms a hydration shell around the molecules, assisting in creating in structural
stability16. As with all components of tendons, GAGs are affected by the mechanical loading that
tendons experience. The application of a load causes the disruption of the shell of water molecules.
5
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It reforms when the load is released. There is evidence that when the hydration shell is disrupted,
the water molecules move out of the tissue entirely, resulting in non-isovolumetric loading27. In a
phenomenon known as “streaming potentials”, loading also causes the movement of positive ions
into and out of the matrix16.

Tendons are elastic materials, and experience a linear region in their stress-strain curve for much
of their physiological loading conditions10,12. Tendons follow this pattern when experiencing strains
above 2%, with 4% being reported as the normal physiological limit. Micro-damage begins to occur
between 8% and 10% strain10,12,28, and beyond that macroscopic failure begins. The exception to
the tendons’ linear elastic behavior is a toe region that occurs for strains lower than 2%10. The toe
region is attributed to the crimped nature of both collagen fibers and the GAGs that crosslink
them10,12,19,25. As tendons are loaded they require a certain amount of deformation before the crimps
straighten and the tendon begins to experience global linear deformation. These numbers have seen
some debate in recent studies, which have induced larger strains without causing rupture 29,30.
Additionally, a review of results from multiple studies finds inconsistencies in reported damage
levels, which may be due to properties that differ in tendons from different species. Due to their
viscoelasticity, tendons mechanical properties differ based on the rate at which they are being
strained10. At high strain rates, they are stiffer and more resistant to deformation, which makes them
more effective at transmitting high loads. At low strain rates, they are much more easily deformed
and cannot handle the same magnitude of loading. Instead they become more effective at absorbing
mechanical energy.

6
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1.1.2. TENDON INJURY
Tendon injuries can be acute or chronic, although most studies agree both types share the same
pathology, and represent varying levels of the same degradation process []. Chronic injuries include
tendinitis and tendinosis. Clinically, these terms are different. Tendinitis refers broadly to any
amount of pain or swelling that may occur in a joint or tendon, while tendinosis is a more severe,
and refers to specific pathological changes within the tissue31. In research these terms are combined
and collectively referred to as tendinopathies. More acute forms of injury include partial or total
rupture. Often these injuries occur in tendons that have already been weakened by accumulated
tendinopathic damage, although it is possible for a single movement to produce enough stress or
torque in a tendon that it exceeds the failure strength, causing rupture. This is commonly seen in
ACL tears.

While tendon injuries can occur in any population, but they frequently occur during sports as high
levels of physical activity put the most stress on muscles and joints, and therefore on the tendons
that connect them as well. Its estimated that between 30 and 50% of all sports injuries occur in
tendons11,30.

1.1.2.1.
HISTOPATHOLOGY C HANGES
RESPONSE

IN

TENDON INJURY

AND THE

HEALING

Many of the major pathological changes in the tendon can be evidenced through histological
analysis, although other methods of damage quantification have been utilized as well. The function
of all these changes is not clear, but some have been suggested to aid in healing, while others result
in the formation of scar tissue or adhesions to surrounding tissue.
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Increased GAGs in pathologic tendons has been widely cited as a chemical change in pathologic
tissue. It is believed they play a role in the healing process18, although the exact mechanism remains
unclear. GAG content can be analyzed in a number of ways from colorimetric assay to histology
staining, but it is by no means the only change that occurs when tendons are damaged. Other
chemical changes include the increase in type III collagen. Although the total collagen content in
the tendons remains the same, making up 70 -80 % of the dry weight of the tendon8,10, the
percentage of type III compared to total collagen increases 8. Spatial analysis of samples shows a
variety of other markers of damage including an increase in mucoidal ground substance, and a loss
of ordered parallel arrangement of collagen fibers2,5,6,17,26. Tendons are normally largely acellular
and avascular, but increases in blood flow, vasculature, and cell numbers have been
reported2,5,6,17,18. Changes in tenocyte morphology have also been reported, resulting in cells with
more rounded nuclei, similar to that of chondrocytes. Mechanical properties of the tendon can
change including a decrease in the Young’s modulus3,11. Cross-sectional area has been reported to
increase as well2,4,22.

Many of the pathological changes above have been suggested to be part of the healing response of
tendons. GAGs, for example, have been implicated in healing and preventing tendinous
adhesions18. Other pathologic changes do little to improve the functioning of the tendon, like
tenocytes changing morphology to become more similar to chondrocytes, which leads tendon to
become stiffer. Since the damage that occurs in tendons is usually tearing, they follow a typical
wound healing response. Immediately following damage there is an inflammatory response which
involves inflammatory cytokines and the recruit of healing factors to begin the process. This
involves an intrinsic and extrinsic response, although there is debate as to which is more important.
An intrinsic healing response is less evident than it is in other types of tissue due to the lack of cells
8
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and vasculature9. Individual investigations of these factors and the pathways that govern them, both
intrinsic and extrinsic, are important in being able to clinically address and prevent injuries in the
future.

1.1.2.2.

ACHILLES TENDON INJURIES

One of the most common tendons to experience injury is the Achilles. Of the over 16.4 million
tendon and ligament injuries that occur in the United States every year, it is estimated that at least
100,000 involve the Achilles21. The prevalence of its injury, particularly during sports, means that
an abundance of research exists on its injury and repair processes both in vtiro and in vivo. It is the
strongest and largest tendon in the body21,32,33, attaching the calcaneus bone in the heel to the
gastrocnemius and soleus muscles of the calf. Between its proximal and distal insertion points there
is a region of the tendon called the “free tendon” which occurs approximately 2 to 3 centimeters up
from its distal end. Here the tendon experiences its smallest-cross sectional area and receives no
support from fibrous attachment to muscle along its anterior face as is the case for much of the
proximal portion of the tendon, due to its dual muscle attachments32. These factors combined result
in a portion of the tendon that is weaker than the rest of the tissue, and therefore is the most common
site for Achilles tendon injuries to occur. Injury risk is increased by the high loads that are
experienced by the tendon. Stress incurred is dependent on the type of activity, but in some cases
have been reported to exceed the failure strength of the tendon. For example, during running, loads
are reported to be up to 12.5 times the body weight3. Higher loading can also be caused by the rapid
deceleration of the joints that occurs, for example in quick pivoting movements.

A number of studies have assessed the mechanisms of Achilles tendon injury, as well as pathology
changes occurring at different stages of injury. The impact of regular exercise on the tissue’s
9
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morphology have also been addressed. When rupture occurs, it is typical for it to be the result of
the accumulation of degenerative damage. Two of the most well-documented changes that occur
in a tendinopathic tissue, and have been found in both chronically and acutely injured tendons, are
changing elastic modulus and changing cross-sectional area of the tendon. The tissue swells and
becomes stiffer, as a result of the microscopic pathological changes discussed above. Ruptured
tendons have demonstrated similar pathology to degenerated tendons, but to a more significant
degree5.

Our study used the Achilles as a well-documented test case for the creation of a foundational model
that would allow for future studies to analyze local pathologic changes, and the effects they have
on a global scale. Tendons that have experienced loading levels high enough to produce histological
damage do not experience these changes uniformly, and the accumulation of concentrated damage
may be an important determinant of how the tendon responds to loading.

1.1.3. MODELING OF TENDON LOADING AND INJURY MECHANISMS
Although all tendons have the same general structure and composition, the location of the tendon
has a huge impact on its properties, as they are adapted to the unique needs of that joint. One study
reports that applying the same magnitude of stress to three different tendons results in three
different levels of strain. Unique geometries of specific tendon, or subject specific geometric
changes can make creating effective representative models difficult. For example, the Achilles
experiences a much more linear and uniaxial strain as compared to the supraspinatus tendon in the
shoulder34, due to the anatomy and movement patterns of the joints. These complicated geometries
and the often complicated interactions of local pathology changes on a microscopic scale encourage
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the use of computational models to investigate multiple levels of pathology at once, and understand
the connections between them.
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2. CHAPTER TWO: ANALYSIS OF GLYCOSAMINOGLYCAN CONTENT IN
LOADED AND UNLOADED TENDONS
2.1. INTRODUCTION
Previous studies have demonstrated that when tendons are statically loaded, they will reach a stressrelaxation equilibrium point at 1800 seconds35. This occurs at the same time regardless of the strain
the tendon is placed under. By statically loading tendons beyond their normal physiological range,
for long enough for them to reach this equilibrium point, we hypothesize that damage can be
induced within the tendon, that mimics damage seen in tendinopathy injuries.

So much is still unknown about the way tendons heal, with ramifications for the clinicians,
surgeons, and physical therapists that treat injuries to them. The pathology of varying levels of
damage accumulation has been well established. It is a type of wound healing and thus follows a
typical wound-healing response with the first phase being inflammation. In vivo the healing
response includes and extrinsic pathway and an intrinsic pathway 9,28. In vitro analysis of tendons
removes vasculature and inflammatory factors, thus limiting investigations to the intrinsic response
factors. The inflammatory phase of wound healing follows for 24-hours after injury. Including a
24-hour incubation period following loading of samples, allows for the in vitro investigation of
damage induced by the stress, and the effects intrinsically determined healing factors during the
inflammatory period.

2.2. METHODS AND MATERIALS
The following protocol was followed through twice, with additional steps added the second run to
allow for histological analysis of tissues and to obtain dry weights of samples before digestion.

12
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Additionally, the second run stretch protocol was modified minimally to account for unintentional
tendon damage resulting from the clips used the first run.

2.2.1.

TENDON EXCISION

All tendon samples were sourced from Snow Creek Meat Packaging Facility in Seneca, SC. Porcine
joints were collected within hours of animal slaughter and transported back to the lab on ice. Both
knee and feet joints were initially collected, and protocols later refined to use only the feet, for
easier excision of tendons. In the lab, skin was removed from the top of the feet, exposing a thin
sub-cutaneous fat layer covering the branching network of digital extensor tendons. These tendons
were removed in segments between branching areas. Branched regions were not used to avoid
complicated stretching geometries from non-parallel fibers. Upon being released from the muscle
and surrounding fascia, tendons were moved to a petri dish of PBS to avoid drying out during
processing.

Tendons were cleaned of any attached muscle, vasculature, or peritendon, and split into two groups,
stretch (n =10 ,8) and control (n = 6, 6).

13
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Figure 2.1: Porcine Foot with Exposed Digital Extensor Tendon Before Excision

Porcine foot after the removal of the cutaneous layer, before removal of
subcutaneous adipose tissue that covers the digital extensor tendons, seen
branching at the top of the limb, and running distally down the hoof.

2.2.2. INITIAL MEASUREMENTS
Tendons in the stretch group were cut to 5 cm in length and initial weights were taken. Any tendon
that did not reach this length automatically became a control. The cut ends of longer tendons also
became controls. All tendons were re-weighed at the end of the 24 hour experimental period.
Stretched tendons lengths were also re-measured.

After measurements were taken, tendons were placed in an antimicrobial wash for transport to the
biological hood. The wash was made with a base of 500 mL of PBS. 2.5 mL 5 mM Benzamide
hydrochloride, 0.06 mL of 2 mM phenylsulfonyl fluoride, 1 mL of Protease Cocktail Inhibitor,
0.7306 5 mM EDTA, and 0.3128 g of 5 mM N-ethyleimide were added.

14
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2.2.3.

TENDON STRETCHING

In the hood, tendons were rinsed with fresh media, and controls were moved to a 6-well plate. Each
well contained one tendon sample covered with 5 mL of fresh media. This plate was moved to the
incubator and left for 24 hours, with no tension in the tendons. Media was made by combining445
mL of Low glucose DMEM with 5 mL 100x non-essential amino acid mixture and 50 mL of fetal
bovine serum.

Tendons in the experimental group, were stretched to 5.4 cm (an 8% strain), and fixed in this
position using microscope slides and binder clips. Slides were placed in 100% pure ethanol for 20
minutes in the hood, before being rinsed with ddH2 O. Clips were placed under UV light for 3
minutes. The use of binder clips was a revision to the protocol for the second run of the experiment.
The first run used alligator clips, cut off the ends of electrical wiring. They were sterilized with the
slides, first submerged in 100% ethanol, then rinsed with ddH2 O. The switch was made to preserve
the integrity of the tendon structure, as alligator clips were found to cause extraneous damage and
fraying to the ends of the tendons. The compressive forces created by the clips do not cause the
unraveling of collagen fibers in these regions28.

In the hood, slides were marked on the backside with 2 thin lines, 5.4 cm apart. The experimental
group of tendons were lined up, two to a slide with one end of each tendon at one of the marked
lines. They were secured using clips. Tendons were stretched by hand until they reached the second
mark on the slides. They were secured in this stretched position using a second binder clip.
Stretched tendons were placed in a media well container, and covered with enough media to ensure
they would not dry out during the stretching period. The tendons were left in this setup in the hood
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for 1 hour. This length of time ensure they will reach their stress-relaxation equilibrium point,
which was determined to be 1800 s (30 minutes)35.

After this time, tendons were released from their loaded condition, and placed in individual wells
of a 6 well plate. Each was covered with 7 mL of media, and the plate was placed in the incubator
for 24 hours, the length inflammatory phase of wound healing. The media did not contain
inflammatory factors. At the end of the experiment tendons were removed from the incubator,
reweighed and measured, and began to undergo testing. The first run of the experiment, all tendons
were moved to digestion protocol. The second run of the experiment, each tendon was cut into three
sections. The ends were moved to lyophilization and digestion protocol, and the middle sections
were taken for histological analysis.
Figure 2.2: Setup of Slides and Clips for Static Stretching

Tendons were stretched and secured to slides in the above arrangement. The well
was filled with enough media to cover the tendons and prevent drying during
loading.

2.2.4.

DIGESTION

Control and stretched samples were digested using a papain digestion protocol. A digest buffer was
made by dissolving 3.402g sodium acetate, 0.384g cysteine HCl, 4.653g of EDTA in 250 mL of
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ddH2 O. A digestion mixture was made from (n+1) mL of , where n is the number of total samples
to be digested. For the first run, n= 14 total samples. For the second n = 14 total samples. The
samples were added to microcentrifuge tubes along with 1 mL of digestion buffer. They were
placed in a 60C water bath and left overnight. The tubes were removed and agitated to ensure a
homogenous mixture for testing.

For the second experiment, the above papain digestion procedure was followed, but the samples
were dried first. All samples were removed from media and cut into three sections. The middle
section of each was placed in 10% formalin overnight for histopathology analysis, described below.
The ends were dried through lyophilization. These portions were put in a 2 mL microcentrifuge
tube of know weight. Secondary caps were cut off extra tubes, and a small hole was made in each.
This cap was put on the tubes, and samples were put in a -80ºC freezer overnight. Samples were
moved to start lyophilization the next day, and were left to dry overnight. When dried samples were
removed, the secondary caps were discarded, and tubes were closed using their original caps. The
total weight of the tube and sample was taken. Dry weight was obtained by subtracting the weight
of the empty tube from the total weight.

2.2.5.

GAG CONTENT

The process of determining GAG content remained the same during both experiments. A
colorimetric DMMB assay was performed, as previously described36. A dimethyl methylene blue
working solution was created by dissolving 16 mg of DMMB dye in 1L of nanopore water and
adding 3.04g of 99% glycine, 2.37 g NaCl, and 0.1 M HCl. Chondroitin sulfate was used as a
standard. An initial working solution of 100 µg/mL was created, and diluted in PBS to total content
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of 0, 100, 150, 200, and 250 µg. The assay was run in a 96 well plate, with each standard and each
digest run in triplicate on the plate. Absorbance values were obtained at 525 nm.

Absorbance numbers were averaged for each sample and standard. The average number for the 0
standard was used as background absorbance of the DMMB working solution alone. This number
was subtracted from each absorbance reading. The adjusted standard values were used to create a
standard curve and generate an equation relating absorbance value to GAG content. This equation
was applied to the adjusted average value for each digest, giving a measure of GAG content in the
sample. In the first run of the experiment, the GAG value was then divided by the original weight
of the tendons. In the second run, this value was divided by the dry weight of the digested portion
of the sample.

2.2.6.

HISTOLOGICAL ANALYSIS

Sections were taken for histopathological analysis only from tendons in the second run of the
experiment, as the first run of the experiment required the entire tendon to be digested to preserve
weight measurement. The center portion of each tendon was taken for a thorough histological
analysis of the region of the tendons where damage was suspected to have occurred. These sections
were left in 10% formalin overnight, then were processed and embedded in paraffin wax. They
were then sectioned at 5m.

Care was taken to avoid sectioning artifacts by keeping samples on ice between each slice, and
switching out the blade frequently. Ultimately some samples were unable to produce clean artifacts
as the act of sectioning caused collagen fibers to bunch and their arrangement was disrupted by the
blade. Due to delicate nature of tendons, and the difficulties experienced when trying to section
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them, multiple slides were made of as many samples as possible. The cleanest slides were then
chosen for staining. Any tendon that failed to produce sections that maintained their integrity during
sectioning and transfer to slides was not used so as not to compromise the results. Clean sections
were taken obtained from 4 control and 5 experimental samples. Slides were divided and each
rehydrated, so they could be stained with one of two stains.

The first was a Mason’s Trichrome stain which stains collagen fibers blue, and keratin and
cytoplasm are stained red. The second was a standard H&E stain. This type of stain has been used
in past studies5,6 to examine factors of tendinopathic damage including fiber structure and
arrangement, and decreased collagen stainability.

After staining, the slides were viewed under a microscope and one of each sample and stain
combination was used for further analysis. Images were taken from the clearest part of the slides,
to allow visualization of the pathologic changes that had taken place. Multiple images were taken
at 200x magnification encompassing as many regions of the slide as possible. Each image set was
taken as a whole and analyzed. H&E image sets were then scored, using criteria previously
described5,6. The categories pulled from this study were fiber structure, fiber arrangement, and
cellularity. The scoring system was expanded and applied to evidence of tearing, where the number
of tear regions is assessed. Each set received one number score in each category. Slides stained
using Mason’s Trichrome were assessed based on color. Additional visual observations of
differences were made for both stains.
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2.2.7.

STATISTICAL ANALYSIS

GAG content values were determined relative to either the original wet weight, or the digested dry
weight of the tendon. In each case, the significance between the control and the experimental groups
was determined using two-tailed unpaired t-tests, with p-values of 0.05. The same test was used to
determine the significance of differences in the average percent weight increase from the beginning
to the end of the experiment.

Linear regression analysis was used to assess for correlations between the % weight and % length
increases of the tendon, as well as for a correlation between the GAG content and the starting
weight of the tendon. For both, an R-squared value was used, with a threshold for significant
correlation at 0.51.

2.2.8. PRELIMINARY MECHANICAL TESTING
A preliminary investigation of mechanical properties of fresh tendons versus tendons that had been
dynamically loaded was conducted. In the absence of a bioreactor for cyclic loading of tendons,
tendons were stretched by hand. After excision, they were moved to the hood, where they were
stretched to ~10% strain by hand for 10 minutes.

After being stretched, tendons were cut to 2-4 cm segments. Segments were glued to the bottom of
small petri dishes using super glue. Tendons were fixed at both ends, keeping enough tension along
the middle to remain still during testing. Glue was not applied under the center testing area of the
tendon to ensure fixing of the tendon did not interfere with its response to testing. Petri dished were
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filled with enough fresh media to cover the tendons as a way to ensure they did not dry out during
mechanical testing.

The Optics 11 Piuma Nanoindentor system was used to analyze the tendons. The system uses force
sensing to measure the micro-mechanical properties of soft biomaterials, such as tendons. Data
collected was used to create stress-relaxation curves and analyze variance in reported effective
elastic moduli.

Obvious limitations of this method of stretching include the inability for reproduction owing to an
inexact strain at an undetermined rate. For this reason, the results reported below should be taken
as preliminary, with future work aiming to address mechanical property changes in more depth.
These, preliminary results were sufficient to suggest general trends in tendon responses.
Figure 2.3: Setup of the Fixed Tendons in Media for Mechanical Testing

A sample tendon during mechanical testing. A. A portion of tendon glued at both
ends to a petri dish, and covered in media. B. A fixed sample being tested by the
Piuma Nanoindentor.

2.2.9. PREVIOUS CONTRIBUTING STUDIES
It is worth noting that these protocols were developed over the past two years, building off literature
reviews of previous studies, as well as trial and error of previous studies done in the lab.
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Past work in the lab work included refinement of excision protocol and the decision to narrow focus
to digital extensor tendons, as well as refinement of protocols designed to ensure tendon viability
through the duration of the 25-hour study. These protocols were tested through live-dead assays.
The cut sites of the tendons showed dead and damaged cells, as expected, but the presence of living
cells confirmed that tendon viability was maintained throughout the duration of our experiment.

2.3. RESULTS
2.3.1. WEIGHT AND LENGTH MEASUREMENTS
Since it is clear that the weight used for normalization of the tendon is important, we also report
the weight increases of the tendons during the 24 hours incubation period.
Table 2.1: Weight Increase of Tendons

A.
% Weight
Increase (SD)

Stretched
86.91%
(32.88)

Control
55.49%
(5.95)

P-value
0.0709

B.
% Weight
Increase (SD)

89.89%
(14.02)

90.99%
(11.35)

0.6432

Table 3.1. These tables report the reported weight increases of tendons after 24
hours of incubation in media. P-values were calculated using a two-tailed t-test.
Neither value was determined to be statistically significant. A. Results from
experiment 1. B. Results from experiment run two
Table 2.2: Length Changes of Stretched Samples (cm)

A.
Average Length
(SD)

Starting
5.0 cm

Ending
4.5 cm
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In the second experiment, the final length of the tendon after incubation was reported. All tendons
showed a decrease in length, averaging a 10% difference. The standard deviation value was 2.86%.
The length decrease versus the weight increase is reported to establish the lack of a correlation
between these two parameters.
Figure 2.4: Relationship Between % Weight and % Length Changes

% Length Change

0%
0%

20%

40%

60%

80%

100%

120%

140%

-5%

R² = 0.0221
-10%

-15%

% Weight Increase

This figure uses data collected from the stretched samples in the second run of the
experiment. The R-squared threshold value used to determine correlation was
decided to be 0.51.
The R-squared value of the graph in Fig 2.2 shows no correlation between how the length decrease
after stretching, and the weight increase from media absorption.
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Figure 2.5: Relationship Between % Weight Change and GAG Content

A.
% Weight Increase

1.2
1
0.8
R² = 0.2073
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0.2
0
0
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B.
1.4
1.2
1
0.8
0.6
0.4
0.2
0

R² = 0.3452

0
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3000
GAG Content (ug/mL *g)

4000
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Data collected from the second run of the experiment. The R-squared value
used as a threshold value for a correlation to be significant was determined to
be 0.51. A. The GAG content normalized to the dry weight of the digested
portion of the sample graphed versus the % weight increase of the entire
tendon from excision of the tendon to the end of the 24-hour incubation period
for control tendons. B. The GAG content normalized to the dry weight of the
digested portion of the sample graphed versus the % weight increase of the
entire tendon from excision of the tendon to the end of the 24-hour incubation
period for stretched samples.
For the R-squared values determined by these graphs, neither group showed a significant
correlation between the amount the weight increased and the GAG content in the dried portion of
the sample.
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2.3.2. GAG CONTENT
GAG content was first calculated and normalized to the initial excision weight of the tendon.
This showed a higher GAG concentration per gram of sample in the stretched samples than the
control, although it was not statistically significant, and large margins of error were reported.
Figure 2.6: GAG Content Normalized to Excision Wet Weight of the Tendons

GAG Content
(ug/mL * g )

2000
1500

939.425
1000

743.557

500
0

Stretched

Control

This graph uses data from the first run of the experiment. Absorbance data
collected at 525nm was used to calculate GAG content using a standard curve.
This value was normalized to the weight taken for each tendon when it was first
excised from the joint.
Subsequent testing normalized the GAG content of the tissue to the dry weight. This showed a
reduced margin of error, but did not show statistical significance between the stretched samples
and the control samples.
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Figure 2.7: GAG Content Normalized to Dry Weight of a Sample Section

GAG Content
(ug/mL * g)

6000

4246.6381

3891.8537
4000
2000
0
Stretched Samples

Control

This graph uses data from the first run of the experiment. Absorbance data
collected at 525nm was used to calculate GAG content using a standard curve.
This value was normalized to the weight taken for each tendon when it was first
excised from the joint.
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2.3.3. HISTOLOGICAL ANALYSIS
Figure 2.8: Representative Images for Histological Samples

Stretched Samples

Mason’s Trichrome

H&E Stain

Control Samples

Images were taken at 200x magnification from slides made from the samples in
the second run of the experiment. They are representative of the image sets used
for the assignment of score values.

2.3.4. PRELIMINARY MECHANICAL TESTING
The following results were obtained from the indentation data collected by the Piuma system by
Optics 11. Results should be considered preliminary due to an inexact stretching mechanism, and
experimental testing protocols. Input parameters for cantilever movement were manipulated to
obtain clearest possible results, but as this was preliminary, standards for inputs during testing have
not yet been established.
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Figure 2.9: Effective Elastic Moduli of Stretched and Unstretched Samples

Effective elastic moduli calculated from indentation test on control and stretched
tendon samples. The stretched samples showed significantly more variability of in
modulus over the surface of the tendon samples.
Figure 2.10: Stress-Relaxation Curves for Stretched and Unstretched Samples

A.

B.

A. Stress Relaxation Curve for stretched samples. B. Stress Relaxation Curve for
control samples. This suggests that an equilibrium point for both samples was
reached by 15 seconds, although this data was collected in the transverse
direction, perpendicular to the direction of the applied strain.
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2.4. DISCUSSION
Tendon loading has effects on multiple level of the structural hierarchy and overloading can create
lasting local damage, with effects on the tissue globally. This damage presents in multiple ways
which can be examined individually or separately. Our results confirmed the presence of damage
through histological analysis. Other altered tendon characteristics were also examined and
quantified, to examine changes that occurred both locally and globally.

The first factors these studies examined were physical changes in tendon geometry, and chemical
changes in glycosaminoglycan content. When tendons are loaded the hydration shells surrounding
the negatively charged GAGs are dispelled from the tendon, then reformed upon the release of the
load. Injured tendons have been found to have an increased level of water in their matrix 7,
presumably as the result of increased negatively charged GAG molecules for the water molecules
to bind to. Our study did not determine total water content, only change in water content based on
physiological weight at excision and percent weight change at the end of the study. An increase in
weight was seen in all tendons, regardless of whether they were in the experimental or control
group, suggesting that at physiological conditions, not all negative charge sites are full. We found
no significant difference between average percent weight increase between the two experimental
groups, in either run of the experiment. Change in tendon length of experimental tendons was
recorded in both runs of the experiment, but unraveled ends of tendons used in the first experiment
make final length measurements inserts uncertainty into the reliability of the measurements. In the
second run of the experiment, the use of different clips in the protocol allowed for more precise
measuring of the experimental group tendons at the end of the study. This data showed that the
tendons decreased in length by the end of the 24-hour incubation period. While data was not
collected on cross-sectional area (CSA), an increase in weight combined with a decrease in length
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allows us to conclude that the cross-sectional areas did increase, as is consistent with previous
studies of tendinopathic tendons22. Although our control tendons increased in weight as well, length
data was not taken, and therefore conclusions of CSA changes could not be inferred. The degree to
which the CSA changed could not be compared between the two groups, as quantitative data was
unavailable. Other studies have found a statistically significant difference in tendon CSA at the site
of tendinopathic damage18.

In the first run of this experiment, a higher GAG content was reported in the stretched samples,
although it was not determined to be a significant difference, due to the high variability and large
margins of error. Although water content and saturation levels could be responsible for this, high
variability has been reported in this respect in other studies7, including ones that performed assays
on dried samples7. As this variability was in line with findings from other studies, other aspects of
potential variability were investigated. Ultimately, we determined that this test was inconclusive in
determining the presence of damage. As GAG content increases in damaged tendons have been
well-documented in previous studies, our lack of determined statistical significance between the
two groups points to a lack of damage in the stretched tendons. However, the high levels of
variability in these tendons, as evidenced in the margins of error and magnitude of the range of the
data compared to the control group, aligns with the variability that has been reported in damaged
tendons in previous studies.

This initial GAG content assay was performed on the entire tissue sample so as to be able to
normalize determined concentrations from the assay to the weight, which differed for each tendon
sample. A linear regression showed no correlation between the calculated GAG content and its
original weight indicating that initial tendon weight does not have an effect on tendon loading
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response, and therefore is likely not a contributing factor to high GAG content variability. Since all
samples were digested in their entirety, the GAG content levels were reported globally. Past
research has showed global properties can be affected by local changes in injured tendons, which
can be highly variable depending on the distribution of damage. A loaded tendon does not sustain
damage equally along its length, instead strain is increased at the weakest point of the tendon, or at
the point experiencing the most stress. The Achilles tendon in humans, for example, is weakest at
a region a few centimeters proximal to its distal end, because that is where the smallest crosssectional area can be found37. Approaching its proximal and distal ends it experiences increasing
cross-sectional area, and forms extended junctions with muscle and bone32. At its myotendinous
junction, this effect is compounded by its insertion with two different muscles, creating an area a
few centimeters high where its anterior face is joined to muscle through a continuous region of
fibrous tissue. For our lab work in vitro, when a section of healthy tendon is being stressed equally
at both ends, the focus point for stress and damage would be the center of the tendon, where the
deformation is the greatest. In the control sample group, the tendons can be expected to show
uniform properties throughout as they experienced uniform conditions throughout the experiment.
In both groups, some damage may have been incurred at the cut sites at both ends. Since the effects
of this would have showed up in both groups, we considered it negligible.

These findings promoted the two changes that were made to the protocol for the second run of the
experiment. The first was to determine GAG content using lyophilized samples, so to eliminate the
possible confounding effect of varying water content. The second was to separate out the region
that was the most likely spot for damage accumulation and test it separately from the ends of the
tendons, where damage was less likely to be found. To confirm this lack of damage in the end
portions, GAG content was compared between the control samples and the ends of the tendon
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samples where past in vitro research suggests no damage would have been sustained. The central
thirds of the experimental samples were then taken for histological analysis, so that spatial
histological factors could be examined. While GAG content is one commonly used marker of
tendinopathic damage, a spatial analysis of histology provides a more thorough identification of
the presence of multiple factors of damage. As expected, the second run of the GAG analysis
showed decreased variability in the experimental group, and no statistically significant difference
between the experimental and control groups. This seems to confirm that the ends of the
experimental tendons did not incur damage as a result of stretching, as both those factors are
important damage markers. The fact that both sample groups saw a reduction in the margins of
error suggests that water content can affect the assay outcomes, and therefore future experiments
should freeze-dry tendons before performing GAG content assays.

The H&E slide sets showed differences in all of the criteria that were used for scoring. These criteria
have previously been found to be significantly changed in damage regions, which allows us to
conclude that damage is present in our loaded tendons. Slides were scored on four criteria, three
directly from Maffulli et al6, and the fourth added to analyze tendon tearing. The scores are on a
scale of 0 to 3, with the following designations: 0 = normal, 1 = slightly abnormal; 2 = abnormal,
3 = markedly abnormal. For the added criteria, a previous study looking at tear regions in
tendinopathic tendons was used30.

The stretched tendons had higher scores in all four categories, showing increased collagen disorder
and non-parallel arrangement of their fibers, as well as increased cellularity, and more tear regions.
When the four scores were totaled out of 12, the control tendon scores averaged 1.75, while the
stretched tendons averaged a score of 10.25. It’s important to note that unlike the Maffulli et al.
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study or the Tallon et al. study that used the same criteria and scoring system, scoring our images
was not blinded.

Areas of tearing can be seen in our samples showing up as areas of white space where the fibers
appear to have split. Our determination of tears included looking at regions where the edges of the
tear region for evidence of frayed fiber ends or increased disorder surrounding the region. Tear
regions that had smooth cut or rounded configurations were not included. Additionally, microtears
have been determined to be on the order of 30 to 300 um30, and anything outside of that range can
be determined to be a sectioning artifact. While it’s still possible that some of this tears are artifacts
from sectioning, it is the difference in the number of these tears that was quantified in scoring. Past
studies have used various methods of quantifying presence of tears, including using a grid system
overlaid on images to determine the total tear area, or density of tear regions within the sample. For
continuity, we chose to include a new category in the scoring system. Figure 2.11 below, shows an
example of an H&E slide of an experimental tendon sample, with a box around some of the example
regions that we have identified as tears. Image sets were scored on an estimate of the average
number of tearing regions that were identified.
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Figure 2.11: Identification of Tear Regions

Boxed regions highlight three different size tear regions identified in this image
taken from an H&E stained stretched sample. All region fall in the 30-300 um size
range, and all exhibit irregular fiber patterns around the edge of the tear region.
This scoring system assigns quantitative values to a qualitative assessment of the histopathology of
the tendons, which therefore makes it important to understand what observations were made in the
assigning of values. The criteria of fiber structure and fiber arrangement are similar, and closely
related to tearing values as well. In the healthy tendons, collagen fibers were seen to be parallel to
each other and nearly straight. The parallel arrangement stays consistent across the fascicles. There
are some regions of space between the fibers, but they are typically thin, and short, along the length
of the fibers. They are not disruptive to the overall parallel arrangement. In contrast, the spaces
between fibers in the stretched tendons are wider, longer, and more irregularly shaped, resulting in
a loss of packing density among them. They appear wavy or crimped as opposed to straight, and
the combination of this with irregularity of the spaces between fibers results in a loss of parallel
arrangement. While sections of fibers between those spaces are parallel to each other, when looking
at the arrangement overall, there is much more disorder. The spaces between the fibers appear
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white, but that space is filled with mucoidal ground substance, which has been proven to increase
in tendinopathic tendons2,5,6,17,18. This is called hyalinization. Assessing tearing regions also
requires looking at the blank space, but the space at the end of the fibers to assess the fiber
continuity and injury. Disorganized fibers appear discontinuous and may be shorter in length4. In
healthy tendon, the fibers are functionally continuous, and have a fine structure 4,6,21. The
tendinopathic fibers have lost their finer structure and have been shortened, due to tear regions both
in the middle of the fibers and at the junctions between fibers. Images were analyzed and the
number of tears counted in each image. The average number of tears in each image of a set was
then estimated. One or two suspected tear regions in a healthy tendon could be considered normal,
but high number of tear regions or large tears areas are more markedly abnormal.

The last scoring category is in overall cellularity of the tendons. Unlike many previous studies, our
protocol included the incubation of the tendons for 24 hours, during the typical inflammatory phase
of the healing process. As an in vitro study, no inflammatory cytokines were present, therefore
allowing only intrinsic healing mechanisms to be observed. The three main factors that have been
suggested to be a part of intrinsic tendon healing are proliferation of cells in the endotenon and the
epitenon, an increase in blood supply within the tendon, the lack of adhesion formation 9. Our
tendons experienced no blood flow, and had nothing to form adhesions to, so the intrinsic healing
response was gauged by comparing the proliferation of cells. The H&E stains allowed for
visualization of increased levels of tenocytes in the endo- and epi- tendon. This can be seen in Fig
2.10. The initial cellular response in injured tendons in a slight decrease in number, but prolonged
observation shows that the ultimate response is a marked increase18. At 24 hours after initial damage
occurred, we saw an increase in cellularity throughout the tendon, both in number of cells, and their
prominence and visibility.
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Figure 2.12: Comparison of Tenocyte Presence in Endotenon Regions

Both images are H&E stained slides showing the endotenon region. A. Control
tendon. B. Stretched tendon.
The scores were given to a grouping of images that within them showed some variability. The
images below in Figure 2.13 are both taken from an experimental tendon, but from different
locations within the sample. Scoring multiple images individually and assessing for changes along
the length of the sample could help quantify local changes on a histological level. Both images
show a level of fiber separation and parallel alignment irregularities, but to different degrees.
Figure2.13 B was taken closer to the end of the portion of the sample used for histological
evaluation, meaning it was further from the middle of the complete sample. Even within this image,
the fibers towards the right show a higher density than the fibers on the left hand side of the image.
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Figure 2.13: Comparison of Histological Damage Markers in Different Regions of the Same Tendon Sample

Images from difference sections of the same H&E slide from the same stretched
tendon sample. A. was taken closer to the center of the sample section than B.
Mason’s Trichrome was used for visualization of the increased mucoidal ground substance, keratin
and cytoplasm that the stain shows. Collagen fibers are stained blue, which allows for additional
visualization of the irregular and non-parallel patterns they adopt after being stretched. As this was
quantified above, observations about these irregularities were addressed only qualitatively in these
images. We determined above that there was an increase in hyalinization, or the widening of the
spaces between the collagen fibers, but H&E stains did not show what is in this space. In a Mason’s
Trichrome stain, it is colored red38. There is an easily observable difference in the coloring of the
two images, that was consistent across all images taken. The increase in red-stained material in
these images points to the increase in mucoidal ground substance in the injured regions of the
tendons.

2.5. CONCLUSION
The findings of these studies are important as a part of addressing tendon load response. They
clearly demonstrate that an 8% strain, when applied until past the stress-relaxation equilibrium
point, can have damaging effects that are comparable to the effects seen in tendinopathic tendons.
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Clinically, these histopathological changes are markers of tendinosis damage. Further testing of
other commonly affected global factors, such as increased cross-sectional area and decreased
mechanical properties could be useful in further verifying that the damage we induced fits the
profile of tendinopathic damage on both a global and local level.

This analysis of damage locally and globally is essential to understanding. Our initial global GAG
content analysis was inconclusive in determining whether damage was present or not, necessitating
further testing. The second run of the experiment took local variability into account by testing
regions of the tendon differently based on likelihood that damage was sustained there. This
adjustment is important, but still only addresses local properties on a macroscopic scale. Other
studies have gone much further in exploring local variability.

While this study was primarily a histochemical one, preliminary mechanical testing results
supported the idea that there is a high level of local variability in tendinopathic tendons. This is
most obviously seen in the large ranges of reported effective elastic moduli seen in Figure 2.9
above. As we saw in Figure 2.12 above, collagen fiber arrangement indicates a rapid shift in damage
level within the same tendon sample. These mechanical studies do not allow us to draw conclusions
as further testing is necessary, but these preliminary results to draw parallels to the rest of our
results, underscoring the importance of understanding local changes to understand global ones

A complete investigation of tendon loading response needs to address both extrinsic and intrinsic
healing factors, with pathologic changes analyzed locally to determine their effects on global
properties. It would also explore the way loads are distributed in different regions of the tendon and
at different hierarchical levels, causing damage to accumulate unevenly. While future in vitro and
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in vivo testing could answer some of these questions, they would likely be unable to answer all of
them simultaneously.
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3. CHAPTER THREE: MODELING IN VIVO TENDON LOADING AND
RESULTANT STRESS DISTRIBUTIONS THROUGH A FINITE ELEMENT
MODEL
3.1. INTRODUCTION
Tendon tissue-level mechanical and material properties are determine by interactions of the lower
hierarchical levels of their structure. Changes in the properties at lower levels can have varying
degrees of influence on global structure. Damage and micro-structural property changes do not
occur uniformly throughout the tendon, and are highly dependent on location, stress distribution
and other local morphological factors, making them hard to assess. These property changes come
from a variety of factors, from collagen fiber arrangement to the increased expression of healing
factors like GAGs, to increased regions of micro-tearing resulting in weakened mechanical
strength. The concentration of local changes can have an impact on the tendons global loading and
failure responses. This affects the way tendons are able to perform their primary function of
transmitting loading forces from muscle to bone during movement. The high level of variation in
local properties was demonstrated in the lab and supported by prior research. In vitro models are
unable to address both global and local effects of loading at the same time. A computational model
can address this by allowing for analysis of local properties, changes, and stress distributions
simultaneously to a global exploration, and without destroying the tendon. Additionally, damage
effects have a wide-reaching pathology which can make it difficult to assess the effects of varying
factors independently.

A computational model is able to separate out these changes and analyze the contributions of each
individual local change, on a global scale. Our two-dimensional finite element model looks at two
specific changes, local stiffening and local thickening, in a well-defined tendinopathic region,
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which makes up approximately 5% of the total tendon area. This type of model has been used by
other studies in the past to investigate stress distributions and other global parameters of tendons
like the supraspinatus tendon34.

Ideally this model would represent our in vitro tendons to truly explore the effects of our testing,
but data was not available to accurately recreate our experiment and tendon properties. Therefore,
a test case of an Achilles tendon was used in the development of this model, as its mechanical and
material properties, as well as geometry and injury mechanisms have been extensively studied and
well-documented. A literature search was conducted to collect this data and analyze it for
agreement across multiple studies.

3.2. DEVELOPMENT OF A FINITE ELEMENT MODEL
COMSOL Multiphysics version 5.2 was used to develop a model of a human Achilles tendon using
the input values reported below, taken from a literature search of previous studies. These studies
investigated mechanical and material properties of Achilles tendon from different subjects and
different levels of damage. The results are reported in Figure 3.2. The values and equations were
defined as global parameters of the model, and the geometry was built through reference to them.
This allows the model to be easily adapted to reflect updated research or new experimental
conditions. This model was created this way to be updated by future studies of the Creative Inquiry
and to be used as a teaching model. Model geometry variables were defined as seen in Figure 3.1.
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Figure 3.1: Definition of Global Parameters Defined in COMSOL Multiphysics

3.2.1. DETERMINING PARAMETERS
In evaluating reported values for these parameters, effects of inherent personal characteristics on
these parameters was taken into consideration. These characteristics included sex and age. Research
looking at the effect of gender on tendon strength and size characteristics found no significant
differences. They determined that other factors were more important in predicting differences12.
However, research also showed that age does matter. Studies that breakdown characteristics based
on age group have found that tendons in those individuals over the age of 50 are much more likely
to exhibit lower mechanical strength, and increased area, not unlike tissues that are tendinopathic13.
For these reasons, studies reporting an average age near or above 50 were not used in determining
values for these characteristics. Additionally studies that used fixed cadaveric, or non-viable
tendons in their studies were not used, since fixation techniques effect mechanical properties and
since, in the long term, cellular viability could play an important role in stress response4.
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Figure 3.2: Summary of Parameters Values From Literature Search

Parameter

Representative
Value

Range in Literature

Resting Length

200 mm

183 mm39 → 252.32 (11.96) mm3 ;
62.4 (12.7) mm for free tendon40

Cross-Sectional Area

0.500 cm^2

0.439 (0.081) cm^241 →
56.23 (5.57) mm^23

Tendinopathic Crosssectional Area

40% increase

92.90 (14.11) mm^23;
20-66%37

Healthy Young’s
Modulus

1.6 GPa

1.16 (0.15) GPa20 → 2.0 (0.4) GPa42

Tendinopathic Young’s
Modulus

0.8 GPa

818.72 (217.03) GPa3

Poisson’s Ratio

0.4

~0.4
> 0.5 (“large”)43,44

Boundary Load
(Running)

1700 N

~1700 N45;
111 MPa46

Resting Length
Resting length is the length of the tendon when the foot is in the neutral position, with
gastrocnemius muscles relaxed, so no load is being transferred to the tendon. Typically this is
reported as being measured from the osteotendinous junction at the calcaneus bone to the
myotendinous junction where the tendon meets the medial gastrocnemius muscle 2. Some studies
refer instead to a “free tendon length”19,25. While not always well defined, it can be surmised that
this is a measure of the distance from the calcaneus at the distal end, to the insertion with soleus
muscle at the proximal end. Between its myotendinous junction with the gastrocnemius and its
myotendinous junction with the soleus, the tendon’s anterior surface remains continually joined to
the muscles26.
For this model, a tendon length of 20 cm was used.
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Cross-Sectional Area
The Achilles tendon does not have a uniform shape along its length. It widens at the ends, near the
points of insertion with muscles and bone. One of the assumptions made by this model is a uniform
cross-sectional area along the length of the tendon. In studies reporting cross-sectional area, the
issue of a non-uniform CSA is addressed in one of two ways: (1) Measurements are taken at various
points along the length of the tendon, then averaged2 or (2) a specific marker along the tendon is
chosen, and all measurements are taken from this point. The lateral and medial malleolus are an
often used single marker4, while image series typically average values from 2 cm, 4 cm, and 6 cm
proximal of the calcaneus junction2,30. Given the aim of this study is to understand the effects of
morphological and mechanical property changes on a tendon’s ability to withstand loading at a
point in time just before macroscopic failure, a CSA was chosen that represents an average for the
thinnest point of the tissue, which is most susceptible to the effects of stresses placed on the
tendon11.

Studies addressing a the difference in tendon cross sectional area agree that there in an increase in
the CSA in tendons exhibiting tendinopathy. The degree to which it changes is not specifically
agreed on, but falls in a range of 20%-66% increase22. This model used a representative value of a
40% increase, which is in agreement with a previous in vivo study27.

Transverse Diameter
To translate cross-sectional area into parameter useful for a 2-D model, a diameter was calculated.
Achilles tendons are not cylindrical, and instead have a more elliptically shaped cross section. A
study aiming to create standards for ultrasound images measurements at a variety of anatomical
markers throughout the body imaged over 250 people to find these values. They reported both a
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transverse and a sagittal diameter for the Achilles tendon31. Using these values as the axis values
for an ellipse, we were able to determine a formula that reports the transverse diameter from the
cross-sectional area.
Equation 3.1: Relationship Between Cross-sectional Area and Transverse Diameter

D =2∗√

A
π ∗ 0.301

Young’s Modulus
Studies reporting the elastic modulus of the Achilles tendon are fairly consistent. They fall into a
range of 1.16 (0.15) GPa21 to 2.0 (0.4) GPa19. Other reported values fell close to the middle of that
range2,25, with the exception of a cadaveric study15, which was discounted. The first reason for this
was because of the limited understanding of how the Young’s modulus would be affected in nonviable tissue. The second reason was because the mean age of the study was 56.8 years, with some
subjects as old as 80 years. Given the proven effect age has on decreasing the Young’s modulus in
much the same way tendinosis does, this study was determined to not to be representative of a
healthy tendon in this parameter, despite being used as a reference for tendon length measurements.

Ultimately, our model used a value of 1.6 GPa for the Young’s modulus of a healthy tendon.

There is debate about whether a tendinopathic region in a tendon will change the global elastic
modulus, but most studies agree that the local elastic modulus will be changed significantly11. The
tendinopathic Young’s Modulus was reported by one study to be around 800 MPa2. This same
study reported a healthy Young’s Modulus to be in the middle of the range of values reported, and
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close to the representative value we choose, and therefore we chose a tendinopathic Young’s
Modulus of 800 MPa, or 0.8 GPa.

Poisson’s Ratio
Most studies that address tendon mechanical properties, and particularly those that address changes
in tendinopathic tissue, don’t address Poisson’s ratio. Studies that do address this value often have
little agreement between them. A number of studies found the value to be between 0.2 and 0.45,
which corresponds with the values typically reported for most biological tissues. Some studies
reported values that were significantly different from these values, including “large values, above
the accepted 0.5 threshold for isotropic materials13,23,32, or which points to the necessity of further
tendon research to fully understand their properties and response to mechanical loading.

Our model uses a Poisson’s ratio of 0.4, and assumes that it does not change between a healthy and
a tendinopathic tissue.

Loading Force
Any activity involving movement of the lower extremities results in some force being applied to
the Achilles tendon. The magnitude of this force is dependent on the activity, and the more
specifically on the amount of tension being created by the contraction of the gastrocnemius and
soleus muscles. The activity that generates one of the largest force magnitudes is running2,4,15. A
study by R. Anitas and D. Lucaciu45 investigated the running gait of a specific participant to
determine the average maximum force of one step. The physical characteristics of this participant
are within the range of characteristics of participants evaluated for mechanical characteristics from
which we determined the global parameters of our model. Therefore, the value reported in that
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study, roughly 1700 N max force for each step, was used as the magnitude of force applied as a
boundary load to the upper edge of our tendon.

3.2.2. ASSUMPTIONS MADE BY THE MODEL
A number of assumptions were made in the creation of this model. All of them affect, to some
degree, the accuracy of the model compared to a true Achilles tendon in vivo, introducing a degree
of uncertainty to the reported results. As this is a foundational study, intending to allow for future
modifications, many of these assumptions can be addressed and modified using additional research
collected by future studies in the project. Making use of additional research and modifying
assumptions can allow for a more accurate representation of tendon loading conditions and improve
study results. Some of the assumption outlined below were made to simplify the model and the
calculations, while others were made to account for a lack of reported values in literature

The first assumption made for simplification of the model was the overall geometry of the tendon.
The model tendon has a uniform width from the proximal to distal end, outside of the tendinopathic
region. A true Achilles representation of the Achilles tendon would experience widening at its
insertion points with the gastrocnemius muscle at its proximal end and the calcaneus bone at its
distal end. The thinnest and weakest point of the tendon occurs between 2 and 6 centimeters up
from the calcaneus47 or roughly 72% of the distance from its most proximal end. This point is on
the model is marked by the center of the tendinopathic region, as its where a majority of reported
Achilles tendon injuries have occurred.

The second assumption made by the model is that tendons behave as isotropic, linear elastic
materials. Both these parameters were defined in COMSOL to tell the program how to evaluate the
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test cases of the model. In actuality, tendons are anisotropic as opposed to isotropic. This property
results from the parallel arrangement of the lower hierarchical levels of collagen. However the
assumption of isotropy was made for due to a lack of literature defining the value of mechanical
properties in the transverse direction. In future studies it may be possible to properly characterize
these values, allowing them to be used to define the true anisotropic nature of the tendon. For this
foundational model, a stress is being applied in only one direction, parallel to the direction of the
fibers in the tendon, the effects of defining the model as isotropic will be mitigated. The second
material property defined in COMSOL is its linear elastic behavior. As mentioned before, this
assumption is accurate for strains above 2%10. Below that, tendons experience a non-linear toe
region. The strains in this model are high enough that defining the material as linear elastic is an
accurate representation of the tendon’s stress response.

3.3. TESTING THE MODEL: RESULTS AND DISCUSSION
3.3.1. TEST CASES
Five test cases were run on this simulation, to analyze the effects of tendon stiffening and thickening
separately and tougher, as contributing factors to a tendinopathic response. The models are: (1)
healthy tendon; (2) a tendinopathic region experiencing stiffening, from a decreased Young’s
modulus; (3) tendinopathic region experiencing thickening, with an increased cross-sectional area;
(4) tendinopathic region with altered Young’s modulus and cross-sectional area, experiencing both
thickening and stiffening; (5) a tendon exhibiting tendinopathic Cross-sectional area and Young’s
Modulus along its entire length. They have been abbreviated as “h”, “tYM”, “tCSA”, tY,C”, and
“t” respectively, or are referred to as thickened or stiffened where appropriate. Each test was run as
a finite element model, declaring plane stress in the tendon. This study applies a constant load and
is not time dependent, therefore simulating a quasi-static strain rate, which in strain-dependent
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studies is reported as 1%15. The first and the last run of the model show tendons with uniform elastic
modulus and no change in the cross-sectional area. The models run with tendinopathic thickening
and stiffening properties are of greater interest, and therefore are the models that were examined
for their stress and strain distributions as well as the changes in X deformation.

The choice to use an elliptical shape for the section of the tendon that exhibits tendinopathic
properties was made due to the simplicity of its geometry. It acts as a representative test case for a
region that is not always clearly defined, and that changes depending on the extent of the damage
accumulated.

A simple mesh refinement was run on the model using four different meshes, defined in COMSOL
as “Extremely Coarse”, “Fine”, “Finer”, and “Extra Fine” The number of mesh elements, along
with output values for Maximum Second Piola-Kirchhoff Stress in the Y direction were recorded.
These numbers were plotted for our main test cases, changing Young’s Modulus, changing Crosssectional Area, and changing both parameters.
Figure 3.3: Output Max Stress Values for Increasing Numbers of Mesh Elements

Maximum Second Piola-Kirchhoff
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(N/m^2)
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Number of Mesh Elements

49

Newkirk

Figure 3.4: Geometries with Mesh

Geometries with finite element mesh for three test cases. A. Stiffening of tendon, with
decreased elastic modulus within the elliptical tendinopathic region. B. Increased Crosssectional area and decreased Young’s Modulus in the tendinopathic region. C. Increased
Cross-sectional area in the tendinopathic region, with an unchanged Young’s Modulus.

3.3.2. ANALYZING OUTPUTS
Figure 3.5: Deformation in the X Direction

A case of reduced Young’s Modulus in the tendinopathic region. B. A case of
reduced Young’s Modulus and increased Cross-sectional area in the tendinopathic
region. C. A case of increased Cross-sectional area in the tendinopathic region.

50

Newkirk

Figure 3.5 shows the deformation of the affected region of each tendon of interest in the X direction.
This allows us to visualize the X deformation towards the centerline that is increased in the
tendinopathic region. In the stiffening model (tYM) this creates a region with a smaller crosssectional area (CSA) comparative to the rest of the tendon. A true Achilles experiences increased
damage in the specified tendinopathic region because of its small CSA. Although the model does
not account for the disparity in the CSA, the increased X deformation shown in the tendinopathic
region of the model would likely compound with a region of already comparatively small CSA,
further increasing the stress focusing at that point.

In the other two models, there is an even more pronounced X deformation towards the centerline,
which would result in a higher strain in this region, and therefore an increased risk of injury, despite
not having a comparatively small CSA due to the thickening present in that region.
Figure 3.6: Total Deformation of the Tendon

Deformation (cm)

0.0035

0.0029177

0.003
0.0025
0.002
0.0015

0.0014589 0.0015306

0.001457

0.0015165

tCSA

tY,C

0.001
0.0005

0
h

tYM

t

The total change in length of each test case of the tendon, shown in a h: a healthy
tendon, tYM: a model showing a decreased Young’s Modulus only in the
tendinopathic region, tCSA: a model showing increased cross-sectional in the
tendinopathic region, tY,C: a model showing both decreased Young’s modulus and
increased Cross-sectional area in the tendinopathic region, and t: a tendon
exhibiting a decreased Young’s modulus along the entire length of the tendon, with
no change in geometry.
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In each of the first four trial runs, the overall deformation remains nearly constant, which means
that the global strain of the tendon is constant. Since we know the magnitude of the applied global
stress, we know that too remains constant, but how does that stress distribute locally in a region of
tendinopathy?
Figure 3.7: Second Piola-Kirchhoff Stress in the Y Direction

A Gauss-point evaluation of the Second Piola-Kirchhoff stress determined in the
global Y direction. A. A stiffening model showing decreased Elastic modulus in the
tendinopathic region. B. A stiffening and thickening model showing decreased
Elastic modulus and increased Cross-sectional area in the tendinopathic region.
C. A thickening model showing increased Cross-sectional area in the
tendinopathic region
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Figure 3.8: Second Piola-Kirchhoff Stress in the X Direction

A Gauss-point evaluation of the Second Piola-Kirchhoff stress determined in the
global X direction. A. A stiffening model showing decreased Elastic modulus in
the tendinopathic region. B. A stiffening and thickening model showing decreased
Elastic modulus and increased Cross-sectional area in the tendinopathic region.
C. A thickening model showing increased Cross-sectional area in the
tendinopathic region
The stress was calculated as the Second Piola-Kirchhoff stress, using the Gauss point. This allows
us to use global X and Y directions to evaluate the distribution of stress along different axes in the
tendinopathic region. The arrows show the direction of the first principal stress for the surrounding
elements of the mesh. Below the tendinopathic region, the first principal stress occurs in the Y
direction in all three models. At the tendinopathic region, the stress direction focuses in towards
the center line of the tendon. These lines represent the generalized trend of the surrounding area,
but examining the stress in the X and Y directions at this point gives a clearer picture of the stress
distributions throughout the region. As this is already a region of tendinopathy and damage
accumulation, it is the most likely to be affected by further overloading, and ultimately fail when
its material properties are weakened enough to no longer be able to withstand the loading force.
Achilles ruptures have been reported to be proceeded by the accumulation of trauma in the
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tendon3,11,33. The region begins to accumulate small areas of micro-tearing which will eventually
expand with increased loading, and cause macroscopic failure, or rupture. These small regions of
micro-damage do not appear in this model, which assigns homogenous properties to the entire
region. In these test cases local has been assigned to mean the region that is shown within the box,
and global is the tendon as a whole. With the refinement of the model, these more microscopic
changes, like presence of microtears, could be redefined to be the local properties, and what we are
now addressing as local would become the global (all of what’s shown in the images). These terms
are relative, but in any definition, the interplay between the two levels is important, as the smaller
levels of change dictate how the larger levels behave.

On a global level, the strain can be calculated easily by dividing the stress by the Young’s modulus
but this becomes inaccurate when we stiffen the tendinopathic region of the model. It would still
be fairly simple to determine the engineering strain using the original length of the tendon and the
reported total deformation for each test case. However, the most useful measurements will be the
distribution of the true strain, and an analysis of its magnitude in the first principal direction for
each mesh element. These distributions are reported in Figure 3.9, along with the direction of the
principal stress.
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Figure 3.9: First Principal Strain Distributions

A reporting of the magnitude and distribution of the first principal strains. The
arrows represent the first principal stress direction for each of the mesh elements
across the tendon. A. A stiffening model showing decreased Elastic modulus in
the tendinopathic region. B. A stiffening and thickening model showing decreased
Elastic modulus and increased Cross-sectional area in the tendinopathic region.
C. A thickening model showing increased Cross-sectional area in the
tendinopathic region
This model represents a very specific test case that is representative of a typical Achilles tendon
during running, but which is not specific to any one person’s Achilles. To improve the accuracy of
the model, it should show a specific instead of generic geometry and loading response. For this
reason, studies in the past have used ultrasound technology to create a precise mapping of a specific
Achilles39, and use that person’s specific gait patterns to determine the application of loads. While
this is not the aim of our study, similar steps could be taken to map the specific geometry and
properties of the tendons in the lab and update the model to reflect them and the experiments done
in the lab.
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3.3.3. LIMITATIONS AND FURTHER QUESTIONS
Ultimately this model is limited by a number of assumptions and, to some extent, the data that was
input. Some of these were mentioned above under the assumptions the model made. However, there
is another one worth noting, that future research has the potential to address improving the accuracy
of the model’s predictions. This limitation is the binary assignment of material properties as either
healthy or tendinopathic. This limitation can be visualized when the von Mises stress of the model
are determined. This type of stress is show weak points in a system, or where points of failure are
likely to occur. As Figure 3.10 A and B show, there is an increased stress region (seen in the
yellowing of the area just above the tendinopathic area) along the junction between the two regions
and therefore higher chance of failure along the boundary of the two regions. Figure 3.9 shows the
abrupt boundary between strains from one set of properties to the next. This is not defined as a
border, but the abrupt transition from one set of properties to another creates a mismatch which
reduces the regions ability to withstand applied loads. A smoother transition, including a gradual
change of properties is needed to produce better results. However, research could not be found that
focused transition region, making assignment of size, geometry, or material properties pure
speculation. Future research could provide data quantifying and these parameters thus allowing a
transition region, or gradient of pathologic tissue to be accounted for in the model. Presumably,
this region would have mechanical and material properties that lie somewhere between the values
of a completely tendinopathic tissue and a healthy one, as they would show some micro-structural
damage, but a much lower level. Future studies would do well to use this model as a foundation in
which to put in experimentally derived data to look at global effects of local changes in a more
concrete way, and to have experimentally derived data to compare the model to.
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Figure 3.10: von Mises Stress Distributions

A Gauss-point evaluation of the von Mises stresses across the tendon, indicating
the most likely points of failure. A. A stiffening model showing decreased Elastic
modulus in the tendinopathic region. B. A stiffening and thickening model showing
decreased Elastic modulus and increased Cross-sectional area in the
tendinopathic region. C. A thickening model showing increased Cross-sectional
area in the tendinopathic region
This reporting of stress varies only slightly from the reporting of the Second Piola-Kirchhoff stress
reported in the Y direction, due to the linear application of stress and linear deformation of the
material, parallel to the Y axis.

3.4. CONCLUSIONS
The location of the tendinopathic region in this model was chosen based on literature evidence
reporting the most common location of the Achilles tendon. The Achilles specific geometry and its
attachment to the calcaneus and gastrocnemius determine where this weakest point occurs. Data
collected in the lab showed damage accumulated in the center third of the tendon, although its exact
location and extent of the that damage was not determined beyond that.
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Future mechanical testing and histopathological analysis of tendons in the lab could narrow down
the exact location and extent of damage that was induced, allowing this model to be updated to use
more accurate material property values. Thus the model could be used in combination with lab data
to give a more complete view of both the local and global properties of tendinopathic tendons, how
these factors interact, and how intrinsic repair mechanisms affect both.
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4. CHAPTER FOUR: THE USE OF A MULTIMODAL ANALYSIS AS A
FOUNDATION TO TEACH RESEARCH PRINCIPLES

The project that eventually developed into the project presented in this thesis started with an initial
curiosity about the mechanism of injuries in sports, and a desire to further explore the topic in the
lab. By the second semester of exploration, it became clear that there was a number of other students
who were interested in the topic, and the project was turned into a Creative Inquiry with a total
enrollment of four students in its first semester. The CI has developed and expanded and will be
run for its fourth semester this fall. It will enroll 11 undergraduate students, working on projects
that explore multiple aspects of mechanism of sports injuries. These projects are student-directed
and follow the interests of the students involved in the project. While the CI has a broad focus on
tendon-based sports injuries, it recognizes that research projects produce the best outcomes when
the topic is of interest to the researchers, and therefore puts a focus on giving undergraduate
students the necessary skills to ask intelligent questions, develop and execute research plans to
address them, and effectively present results to the scientific community.

4.1. PROJECT DEVELOPMENT AND TIMELINE
Since the time I started the project it has grown and evolved in many ways. The development of
the project is outlined below.

4.1.1. SPRING 2017
The idea for this project started during the Spring of 2017 with an assignment for
Dr. Nagatomi’s Biomechanics class on the topic of pitching biomechanics of professional baseball
players both before and after undergoing Ulnar Collateral Ligament (UCL) Reconstructive surgery,
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commonly known as Tommy John Surgery. While the group paper focused broadly on the
mechanics of pitching, the mechanism of surgery, and post-operational performance, my portion
was focused on pitching mechanics, and the kinetics specifically in the elbow during the motion.
This lead to further research into the prevalence of UCL ruptures within the Major League Baseball
organization, and about the mechanisms and forces that lead to ligament failure. This research
continued into the summer of that year, and included looking into CI opportunities in this area, as
well as professors who conducted this type of research and had on-going projects I could join.

4.1.2. FALL 2017
In the fall, Dr. Dean’s Bioinstrumentation class included a lab-based project that offered an
opportunity to take my interest in sports injuries one step further and create a device able to track
pitching kinematic data, using Inertial Motion Sensors placed along the length of the arm. The
ultimate goal of the project was to make it possible to use this collected kinematic data to calculate
the kinetics generated in the elbow as a way to predict injury to the ulnar collateral ligament.

While this project never got the validation step in the scope of that class, it now makes up the basis
for one of the ongoing projects in the CI. This project will take on a bigger focus this upcoming
fall.

It was also in this semester that I reached out to Dr. Dean about pursuing independent research in
the lab to get a closer look at the microscopic damage that was occurring leading up to failure of
the ligament.

4.1.3. SPRING 2018
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At the beginning of this semester, the interest garnered in the project warranted the creation of a CI
to allow other students to participate. This change was made in the first week of the semester, and
ultimately enrolled four students, including myself. Classroom focus during this semester was the
development of a defined research plan to address the questions of interest. This included focusing
down the questions to determine which outcomes we were going to test. During this semester, we
began to prepare an Internal Review Board proposal to have a pathway to collect kinematic data
from study participants, including Clemson’s athletes. This proposal was not submitted, but there
are plans to do so in the future.

During this semester, research was presented at the Focus on Creative Inquiry Poster session, and
an abstract was submitted to present research at Biomedical Engineering Society conference in
October of that year.

4.1.4. SUMMER 2018
Lab based work during the summer focused on the arm development of the arm motion tracking
wearable device. It focused on using one IMU only, and refining the code to enable data collection
and manipulation to get the desired values.

The other major focus of the summer was the development of a curriculum that would teach
universal research skills using the projects of this CI as the basis. The project attracted the interest
of seven new students, four of whom ended up joining the project.

4.1.5. FALL 2018
In addition to the four new students who joined the CI over the summer, two students continued
from the Spring, and two other students joined at the beginning of the semester. This gave the CI a
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total enrollment of eight students in addition to myself. Most students joined because they had a
personal connection to sports injuries, or wished to pursue careers in the area. Many of them had
not spent time in a lab before but were excited to learn. The semester started with basics of lab
safety, and progressed to basic research skills. Although I started the semester with an idea of skills
I wanted to teach and a syllabus including a schedule for the semester, I worked with students and
understand what areas they wanted to improve in, and what they wanted to learn. This lead to a
focus on public speaking and presentation skills, particularly concerning the communication of
scientific research and ideas, which carried over into the next semester. Students began to seek out
opportunities to practice these skills through the presentation of our work at varying conferences.
Conferences presented at this semester including BMES in Atlanta, and Biomaterials Day hosted
at Clemson. An abstract was submitted to the Society for Biomaterials conference in April.

Projects this semester focused mainly in the wet lab. Most of the semester was spent refining the
excision and incubation protocols to ensure increased longevity of the tendons in vivo. These steps
were important in the preparation for experiments investigating the effects of irradiation and
mechanical loading on tendon micro-properties.

4.1.6. SPRING 2019
Enrollment in the spring was nine after we lost three students, and gained five. The lab portion was
taken over by three students who had expressed particular interest in growing their research skills,
and taking on more responsibility within the project. With a large number of returning students,
both the lab and class became more collaborative as returning students stepped up to offer advice
to new students and help them master new skills. Two new projects were added this semester, both
working in biomechanics as we added two new students who were more interested in that area.
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These projects included a refocus on the creation of a wearable arm device for collection of
kinematic data and a device to dynamically mechanically load tendons in the lab. Work in the wet
lab progressed to running experimental protocols that involved loading the tendons or irradiating
them. They were then analyzed using techniques from histological analysis to mechanical testing,
to DMMB and hydroxyproline assays.

This semester included presentation of work at the Society for Biomaterials conference in Seattle
in April, and the Focus on Creative Inquiry Poster Session in April. Three separate abstracts have
been submitted to present research at the upcoming Biomedical Engineering Society conference in
Philadelphia in October of this year. Owning to the diversification of the project, three abstracts
were submitted, covering varying sub-projects.

4.1.7. FUTURE GOALS
At the end of the spring semester, eight students reached out about joining the project. Three of
them will join the project in the fall. After losing a few students to graduation and co-op
opportunities, total enrollment in the CI will be 11 undergraduates.

The projects outlined below will be led by three students who have been in the project the longest,
and who have expressed an interest in research leadership. The class will be run by these three
students collectively, using resources that I will be leaving for them. I will continue to be involved
in the CI remotely, to the extent that these students feel they need my guidance and input.

4.2. CURRENT SUB-PROJECTS
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Most of the undergraduate students involved in the Creative Inquiry are bioengineering majors, but
there are a few from other majors including Mechanical Engineering, Biochemistry, and Biology.
Each student came in with their own background and interests, which has led to the diversification
of our focus. Some of these sub-projects were intentionally created to accommodate the varied
interests of my students, and some were largely student-directed as they identified needs in the lab.

4.2.1. TENDON MICRO- AND MACRO- R ESPONSE TO MECHANICAL STRESS LOADING
Stemming from the original questions of interest, this sub-project works with porcine tendons in an
in vitro environment to evaluate their response to static and dynamic mechanical loading. This
project is closely aligned with the work that is presented in this thesis. Tendons are mechanically
loaded, either dynamically by hand for ten minutes, or statically for an hour. Upon unloading,
tendons were left to be incubated for 24 hours, and then tested. The tests aims to elucidate the
chemical and physical histological changes that occur as a result of the loading. We also aim to
understand the changes in the mechanical properties and mechanical strength of the tendon on the
macroscale.

4.2.2. TENDON R ESPONSE TO IRRADIATION
A continuation of the master’s project of a former student in Dr. Dean’s lab, this project aims to
investigate the response of tendons to exposure to a dose of radiation. Many of the tests that are
used to explore the changes that occur within the tendon are aligned with those being run on tendons
that have been exposed to mechanical loads.

4.2.3. DEVELOPMENT OF A CYCLIC LOADING DEVICE FOR T ENDONS
Owning to a need to improve the way in which we load tendons in the lab, a design was proposed
to load the tendons in a uniform way. This project was created in collaboration with a student in
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the project, who saw a need for it in the lab, and came up with an idea for this device. She came to
me with the suggestion, and her and I have worked closely together to make it happen. We have
meet frequently to talk about its design and what is required of the device for it to be useful in the
lab. The design inputs include the ability to hold the tendons securely, controllable inputs for
maximum strain as well as strain rate, and use of components that are able to be sterilized whenever
possible, particularly for those parts that will come into contact with tendons. Other requirements
of the device include the ability to hold media so tendons maintain moisture while, and housing for
electrical components that is separate from the media well to stay dry.

A section of the poster the CI presented at the Society for Biomaterials conference in April included
plans for creation of this device. We were approached by a publisher who expressed interest in
publishing a paper about the device in his journal of hardware. This paper is currently being worked
on in conjunction with the development of the device.

4.2.4. DEVELOPMENT

OF A WEARABLE ARM DEVICE USING INERTIAL MOTION

SENSORS TO EVALUATE

Initially developed in a rudimentary form as a final project for Dr. Dean’s Bioinstrumentation class,
this device is designed to collect kinematic data from baseball pitchers for use in calculation of
kinetics of the elbow, and specifically of the Ulnar Collateral Ligament. The original design
included four Inertial Motion (IMU) sensors spaced along the arm, and connected to an Arduino
board that will transmit data back to the computer. The project was restarted at the end of last
semester and will continue in the fall.
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An IRB form has been prepared outlining use of this device for data collection from current or
former athletes who pitch at a high level. Submission of the form is pending validation of the
devices.

4.2.5. FUTURE ENDEAVORS
It was always my intention that the project should continue, even after I leave. Next semester three
undergraduates will be taking over teaching both the class and the laboratory. These students, like
many of the students in the class, have expressed particular interest in developing their own projects
to pursue research questions they are interested in. A focus of the class has always been to prepare
students to create or pursue new research, and I have worked individually with a number of students
to help them take advantage of the opportunity the CI provides for them to investigate new avenues
within the topic. I am confident that in the coming semesters, the list projects being worked on will
continue to grow and evolve to fit the specific interests and curiosities of the students involved. I
am excited for any student with a passion for research to have the platform to pursue new ideas,
and take ownership over the continued progress of the CI. I plan to be accessible to them as they
transition into this leadership role.

4.3. CURRICULUM CREATION AND GOALS
In creation of a curriculum, the main focus was to give every student in the class the skills to
contribute to a collaborative environment in the lab and the classroom, so the project could be
advanced, and challenges overcome, as a team. I was still in the process of developing the research
project when it became a CI, and therefore there was still a need for refinement of protocols and
project aims. It was my goal to give students the opportunity to be involved in every step and
decision so they could take ownership of the project.
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Figure 4.1: Fall 2018 Class Topics Schedule

Date

Topic

Aug 27
Sep 3
Sep 10
Sep 17
Sep 24
Oct 1
Oct 8
Oct 15
Oct 22
Oct 29
Nov 5
Nov 12
Nov 19
Nov 26
Dec 3

Introduction and Expectations
Keeping a Lab Notebook
Article Discussion & Database Searching
Critiquing an Article
Article Discussions
Article Discussions
Elevator Speeches & Presenting Your Work
BMES Prep – Non-Mandatory Class
Hypothesis
Design Criteria
FALL BREAK – NO CLASS
Setting a Timeline
NO CLASS – Liv’s in Denmark
Semester Recap & Last Day to Present Speaker
Last Meeting – Maria & Grad School Research

Assignment Due
Safety Trainings
Lin Article
Journal Article
Slides
Article Revisions & Suggestions
Elevator Speech Due
Hypothesis Due
Design Criteria Due
Research Plan
Lab Notebook & Summary

4.3.1. LABORATORY GOALS
For many of my students, this was their first research experience. They had not spent much time in
the lab, and what time they had spent was limited for classes. This presented a challenge to me to
determine what baseline of skills I thought was important for students to have to participate in the
lab for this project, as well as what skills were important for them to bring to future projects and
laboratory environments.

The first set of skill that was necessary to teach was laboratory safety, and protocols specific to Dr.
Dean’s lab. At the beginning of the semester all students were required to complete all necessary
safety trainings, and were given a tour of the lab. The tour included explaining the proper use of
the hoods in the lab (biosafety, chemical, and dissection), the biohazard bins, the sharps container,
and the dirty dish bin. Students were instructed on keeping a lab notebook, to ensure that all
experiments performed for these projects were accurately documented in a joint notebook, and
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could be easily referenced later. This was of particular importance when we were trying to
determine what adjustments to make to protocols when experiments failed, or when we were not
getting the outcomes we expected.

Further laboratory skills fell into two categories. The first was the skills that allowed students to
perform the experiments accurately and effectively, and the second category was how to analyze
the results. Skills necessary for performing the experiments began with general laboratory skills
such as pipetting, and then moved to skills specific to the project. The latter included proper aseptic
technique, dissection of pig joints, and excision of tendons, as well as making tendon wash and
media. These techniques have been taught each semester, and retuning students have consistently
been an instrumental part of helping new students master these skills. Skills are refined, and new
skills are continually added as the project progresses and requires new techniques to be used.

Methods of evaluation of results that have been employed thus far include histological imaging,
mechanical testing, and protein content assays. Histology has been taught at every stage of the
process from sample collection, to making and staining slides. Students have then helped to analyze
slides to look for cells, collagen structure and formation, and protein content.

While most students entered the lab unsure of their abilities and hesitant to participate in these
discussions, by the end of the semester most students felt more confident both in the work they
were doing, and in being an active participant in addressing failures, and adjusting protocols. This
growth has been hard to quantify, but it can be seen in the work that students produce and the
initiative they take in the lab. What comes with that is my confidence in my students, and my
comfort in assigning them tasks and knowing they’re going to do it correctly and without issue.
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4.3.2. CLASSROOM GOALS
Time spent in the classroom allowed for discussions about the foundational science behind what
we were doing in the lab, but also how students could further their own knowledge of the topic, or
any topic of interest to them. The goal for time spent in the classroom focused on preparing students
for future research opportunities by focusing on conducting background research, asking research
questions, presenting research results, and applying for research opportunities.

Particular focus was put on ability to clearly communicate research results. This was coupled with
a public speaking skill focus as each semester all students were responsible for choosing a paper
within the scope of the CI’s projects, and prepare a presentation for the class. They were asked to
critique each other on public speaking style and skills, as well effectiveness in communication of
the important points of the paper. In addition, students were also taught how to present their own
research. These lessons coincided with preparation of abstracts and posters for conferences the CI
was planning to attend. Students spent lab and class-time working collaboratively on the abstracts
before submission, and on updating the posters with any new results they had found since the
previous conference.

Students in the creative inquiry spanned from sophomores to seniors, and thus were in different
places in their preparation for future internships, jobs, or graduate programs. with some attention
given to the distinction between resumes and CVs. Beyond that, I made myself accessible to
students for questions specific to their needs. As a result, I met one-on-one with students to discuss
job application specifics and interview skills, or to help them in planning for future plans to apply
to graduate or medical school. I also met with a student to talk through their summer internship
plans, to choose what was best for her. These individual conversations allowed me to engage with
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the students, and help them prepare for their futures, without overwhelming the class with general
information on topics that may not be relevant to them at the moment.

4.3.3. STUDENT DEVELOPMENT
The Fall semester of 2018 is when the project really increased in involvement the most. Only two
of the students involved in the project were continuing students that semester, both of whom took
on leadership roles, by helping run projects in the lab. During that semester, two other students
stepped up in both the lab and the classroom and showed an interest in pursuing not just future
research, but leadership in research. Throughout the fall they stepped up in the lab and in the class.
In the Spring these students took over leading lab activities, and in the fall they will take over the
class as well.

There are other students who I saw huge amounts of growth in during the fall semester, and even
more so between that fall and the following spring semester. One student in particular participated
in the fall and was reliable in performing research tasks. She was present and focused in the lab,
and enthusiastic about presenting at conferences. However, she did not express great interest in
research leadership, or pursuing future research opportunities. At the end of the semester she
became an advocate for the project, and was instrumental in recruiting members for the next
semester. As we returned to the lab in January, I could see a change as she began to take ownership
of the project. This is likely due in part to not being the newest person on the project, which allowed
her to settle into her position as senior member of the project and feel more confident in her abilities.
During the Spring semester she made the decision to apply to research internship opportunities for
the summer, and sought my help in applying and interviewing for these positions. I am confident
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in her ability to have great success in her future research and academic endeavors, and I am proud
to have been a part of helping her pursue these opportunities.

4.4. PRESENTATIONS
The following are conferences to which our research was submitted for presentation through at
poster sessions. Students enjoyed attending these conferences and put in the effort to find new
opportunities, and write the abstracts to be able to attend them.
1) FoCI 2018, 2019, Clemson University
2) BMES 2018, 2019, Atlanta, Georgia and Philadelphia, Pennsylvania
3) SFB 2019, Seattle, Washington
4) Biomaterials Day 2018, Hosted at Clemson University

4.5. PUBLICATIONS
The papers below are in preparation for submission. Both papers are being worked on in
collaboration between me and other students in the Creative Inquiry. A number of students have
expressed interest in pursuing their own papers in the future, and it is my intention to continue to
assist them in these endeavors.
1) Review Paper of Baseball Pitching Kinetics
2) Device Design Paper for HardwareX for a Tendon Stretcher for Cyclic Loading

4.6. PERSONAL GROWTH THROUGH TEACHING
While the CI focuses on teaching skills to undergraduate students, I find it important to mention
here that through the development of this curriculum, I have experienced great personal growth as
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a student and a researcher. As I mentioned earlier, the first obstacle I faced was in how to teach a
topic that I didn’t feel confident in my complete knowledge of, and lead a project I was still in the
beginning stages of planning. My initial reaction was to rush the development of a research plan in
fear that students would think their time was being wasted on a project that didn’t yet have a defined
question, or clear outcome measures. After realizing it was unrealistic to develop the project in its
entirety, I changed my focus to creating a class and lab environment that was collaborative and
would give my students the opportunity to actively engage in the entire research project in a way
that went beyond following protocols that were already in place. Instead of focusing on teaching
about sports injuries, I focused on foundational research skills. As a result, I was able to reinforce
the skills I had learned through my experience working in three different research labs. This helped
solidify those concepts in my mind, as I created lesson plans to pass the skills onto my students. I
also took the opportunity to reach out to professors and older graduate students to learn more about
the concepts I was teaching. The act of teaching in itself challenged my public speaking skills and
my ability to communicate ideas, specifically scientific ideas. This experience has been an integral
part of my time at Clemson and my graduate research experience, and has made me a better a
researcher and scientist.
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5. DISCUSSION AND CONCLUSIONS

The overarching aim of this study was to address multiple perspectives of analyzing tendon injuries,
in a way that was accessible to younger students. In aligning with this goal, the methodology used
aimed to cover a breadth of the resources available for conducting bioengineering research.
Methods of in vitro tendon analysis continue to be expanded, with new studies beginning on
ultrasound analysis of changing properties resulting from tendon mechanical loading, and the
effects of tendon exposure to radiation.

The work presented in this thesis focused on two main parts of the experiment, and the connection
between them. The first was the histochemical analysis of tendinopathic tissue, and the second was
a complementary foundational model created to allow for a more complete investigation of local
and global tendon properties simultaneously. This was determined to be a shortcoming of in vitro
testing, with both local and global properties proving invaluable for understanding the complex
mechanisms that govern how tendons respond to overloading, and attempt to repair the resulting
damage.

Future work would allow for models to be created that mimic the conditions of experiments run in
the lab to assess distribution of stress and strain that are created, allowing better identification of
where to look for damage. In turn, further investigation of the local properties in these regions, and
how they differ from neighboring areas, can provide detail of structural and functional parameters
that, when put into the model, can more closely predict what the global properties of that tendon
would be. This combination of lab work and model would allow for investigation of varying

73

Newkirk

loading conditions, as well as the effects of loading tendons that have already been overused, the
answer to which has important clinical implications.
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APPENDIX A: DMMB STANDARD CURVES
STANDARD CURVE FOR DMMB ASSAY OF WET TENDON SAMPLES
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