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Abstract

Tendinopathy is one of the most common musculoskeletal injuries in humans (Walden

et al., 2017). It is also, due to the essential role that tendons play in everyday movement

and locomotion, one of the most impactful. The need to prevent, mitigate and treat its

occurrence is thus clear although, in order for this possibility to exist, greater insight is

first needed into the mechanistic causes of tendon damage and the structural responses

to it. While it is known that repeated overloading and, alternatively, fatigue loading of

a tendon will increase its susceptibility to damage there are a number of other factors

that can prove influential. One of these is diabetes - a disease that is correlated with

an increased incidence of tendinopathy (Abate et al., 2013) and can be considered as

equivalent to an increase in age (Monnier et al., 1984) - which is often investigated

experimentally via animal models. The mechanism behind the effect that diabetes

has on tendon is thought to be advanced glycation end-product (AGE) presence, an

increase in which can occur in both diabetic and older patients (Thorpe et al., 2010;

Eriksen et al., 2014). Another factor is the functional role of the tendon in question:

those that are involved in locomotion or are loaded heavily in vivo behave in a spring-

like manner - with the ability to store and then release energy - while those that are

‘positional’ and used for fine-motor control do not. In both cases these properties aid

the performance of the respective functions and the tendons have structural differences

associated with these (Ker et al., 2000). The aim of this dissertation was thus to explore

tendon damage - its mechanisms and markers - and the method of investigation included

using rat tendons from both a model of diabetes (‘STZ’) and from healthy controls with

energy-storage and positional functional roles both being considered (tail tendons and

Achilles tendons, respectively). Following a literature review (which, among other things,

explored the definition of ‘damage’ and how it is modelled) two different mechanical tests

were performed: static fatigue testing and ‘interrupted’ static fatigue testing. The first of

these enabled the measurement of phenomenological markers related to damage, including

the ‘steady-state strain rate’ (SSSR) which showed strong, significant differences with
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STZ treatment (p = 0.000001 in tails and p = 0.04 in Achilles tendon) and functional

role (p = 0.01 in STZ samples and p = 0.0001 in controls). The second mechanical

test allowed the relationship between SSSR and a generally-accepted marker of tendon

damage - a decrease in loading modulus - to be established in tail tendons (p = 0.24 in

STZ samples and p = 0.02 in controls). It was thus concluded that SSSR is indeed

a quantification of tendon susceptibility to damage. Finally, spectrofluorimetry was

performed on STZ-treated and control samples in order to measure AGE presence. This

revealed no significant difference (p = 0.15), leading to the conclusion that other factors

related to STZ treatment must necessarily be occurring. Possibly, these include AGE-

related stiffening of bonds within the tendon’s non-collagenous matrix.
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1. Introduction

This chapter provides a broad overview and a background to the project.

1.1. Problem Identification

Healthy tendon exhibits exceptional mechanical fatigue resistance properties. This

ensures it can perform its biomechanical functions over many millions of cycles per year;

transmitting tensile force between muscle and bone, absorbing shock and storing/releasing

energy during locomotion. However, the overuse and overloading of tendons - such as

may be experienced over time in a work environment that requires repetitive movements

and/or manual labour, or acutely during a contact, jumping or running sport - will result

in pain and, in extreme cases, rupture (Gomoll et al., 2004; Killian et al., 2012; Gross and

Nunley II, 2016). As many as half of all sport-related injuries involve tendons (Docheva

et al., 2015). The presence of additional risk factors such as advanced age (Moller and

Westlin, 1996; Dyment and Galloway, 2015) and a lack of regular moderate exercise

(Woo et al., 1980) (often exacerbated by obesity) can result in everyday movements also

becoming problematic: lifting, bending and twisting. A particularly common cause of

injury is accidental trips and falls, especially amongst the elderly and, with the proportion

of people over 60 years of age set to almost double by 2040 (World Health Organisation,

2015) this problem will become increasingly relevant. Already, up to one third of people

aged over 50 experience tendon disorders (Tempelhof et al., 1999) and 25% of the adult

population will suffer from tendon injury at some point in their lives (Walden et al.,

2017).

The effects of a tendon injury are considerable. They may include discomfort, a loss in

locomotive ability and a decrease in joint function often leading to disability, pain, an

affected quality of life and a reduced ability to work (Allenmark, 1992; Järvinen, 1992;

Praemer et al., 1992; Dunkman et al., 2013). Indeed, the most common occupational

1



1. Introduction

injuries requiring days away from work in the United States are tissue sprains, strains

and tears (36% of total) (US Bureau of Labor Statistics, 2016). Tendon injury costs the

United States healthcare system approximately $30 billion annually (Butler et al., 2010).

Although tissue is able to self-repair, this ability is limited. Treatment is thus often

costly, invasive, slow and not always effective (Sharma and Maffulli, 2005) with many

tendon problems becoming chronic. Reducing the degree to which tendon is susceptible

to damage is therefore particularly important from a clinical perspective.

The motivation to investigate the problem of tendon damage is thus clear. Unfortunately,

however, the mechanisms behind damage accumulation are poorly understood. New

insights are needed; ones that will provide a greater understanding of how tendon behaves

under load and why. Such knowledge would directly inform:

� Research into new ways of preventing, minimising and treating tendon damage

� Investigations related to the factors that put certain people at risk of tendon injury

(e.g. research with subjects who are diabetic, physically active, elderly, etc)

� The design of bioreactors that use mechanobiological principles (e.g. applying load

to samples to facilitate growth): loads that induce a healing response rather than

a damaging one are of particular importance

� Tissue engineers creating scaffolds for regenerative medicine

Tissue engineers especially have been challenged by this lack of mechanical knowledge in

the past; scaffolds that do not accurately mimic all aspects of tendon physical properties

are limited in their usefulness (Han et al., 2013; Duncan et al., 2014; Patel et al., 2018).

1.2. Current Knowledge

Previously published journal articles and experimental reports were considered when

analysing what is already known in the field of tendon damage.
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1.2. Current Knowledge

1.2.1. Literature Review

In order to address the problem of tendon injury it is important to first take cognisance of

the existing knowledge within this area. The anatomy, histology and physical structure

of tendon, for example, is particularly important due to its influence over how the

material reacts to load (Figure 1.1a). Secondly, the way in which a load is applied

has relevance (Figure 1.1b & c): a large force applied quickly (e.g. a ramp-to-failure test)

will elicit different behaviour than a smaller one for which time-dependent (viscoelastic)

behaviour should be considered. Likewise, additional response behaviours can be induced

through the different types of fatigue loading (static and dynamic) which are often more

physiologically relevant. The mechanisms behind all of these must be understood in order

to explain how tendon damages and, more importantly, explain how damage accumulates

and leads to injury and tendinopathy (Figure 1.1c). This task is complicated by a

lack of clarity within the literature as to the exact definition of ‘tendon damage’, and

this question should be addressed by looking at both phenomenological and mechanistic

markers that have been used to investigate damage in the past. Lastly, an investigation

has greater insight if it contains experimental variables, and so it is beneficial to consider

factors that influence a tendon’s mechanical properties (Figure 1.1d). Two of the most

impactful variables are the presence of diabetes - which is known to predispose patients to

tendinopathy (Holmes and Lin, 2006) - and tendon functional role - ‘spring-like’ energy-

storing tendons used during locomotion are known to be stronger but less stiff than those

used for positioning and fine motor control (Shadwick, 1990). These aspects of the field’s

current knowledge are explored through a Literature Review included in Chapter 2.

1.2.2. Previous Investigations

Tendon damage, in accordance with its high clinical importance, has been the topic

of a multitude of previous studies. These often included ramp-to-failure tests wherein a

sample was loaded at a constant rate until rupture (e.g. Veres and Lee (2012)) while static

fatigue tests (Wang and Ker, 1995) and dynamic fatigue tests (Abrahams, 1967; Wang

and Ker, 1995; Wang et al., 1995; Misof et al., 1997a; Fung et al., 2010; Veres et al.,

2013a,b; Herod and Veres, 2018), both of which allow for the investigation of damage

3
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Figure 1.1: How the Literature Review in Chapter 2 is structured so as to best
investigate the Current Knowledge. The review questions are shown in blue and the

eight sections that make up the chapter are shown in red. The main sub-themes within
each section are shown in green.

accumulation, were also commonly performed. Multiple different types of tendon have

been studied in the past and as such it is possible to compare their properties. This

can be used to investigate the aforementioned effect of functional role. Studies that have

tested and compared tendons of multiple types directly include Birch (2007) (ramp-to-

failure), Ker et al. (2000) (static fatigue) and Shepherd et al. (2014b) (dynamic fatigue).

Contrastingly, the other aforementioned factor - the effect of diabetes (or of animal models

of diabetes) - has only been investigated through ramp-to-failure tests (although dynamic

loading has been performed on ligaments (Duquette et al., 1996)). 14 such examples are

detailed in Table 2.18. Additionally, ‘creep rate’ - a measurement taken during a static

fatigue test - has not been reported for tendon in any of the reviewed literature. This is

despite its importance being recognised in other materials, such as metals, where its role

in fatigue life considerations has been accepted (Hearn, 1997). As such, there exists a

gap in the literature: the effects of diabetes on the fatigue properties of tendon, including

creep rate, which may be different in functionally-distinct types.
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1.3. Overview

The literature reports a disconnect between what is seen in the clinic and what is seen ex

vivo: it is generally accepted that diabetes increases the risk of tendon injuries in patients

(Holmes and Lin, 2006; Abate et al., 2013) yet, in the majority of mechanical tests, tendon

strength is actually greater in diabetic models than in controls (see Figure 2.18 and Table

2.1). No conclusive explanation for this has yet been developed and as such this is an

area open for investigation. Part of the effects may be due to diabetes-induced peripheral

nerve damage (Kumar et al., 1994) which has the dual-effect of altering gait patterns

(and thus tendon loading) (Salsich et al., 2000) and dulling pain feedback (increasing the

risk of injury and poor healing through neglect) (Harrison and Faris, 1976). Additionally,

the decreased innervation may couple with decreased vasculature (and thus decreased

oxygen supply) (Benjamin et al., 2008) to inhibit repair, allowing damage to accumulate

and leading to injury. Another part of the effects may be due to metabolic disorders:

tendon cells from diabetes sufferers have been seen to be permanently buckled (Pingel

et al., 2014) which would disrupt their mechanobiological functioning (Waggett et al.,

2006). Affected cells would slow the metabolic repair process down (Magnusson et al.,

2010).

With regards to the exact mechanism(s) through which ultimate tensile strength and

loading modulus is increased by diabetes an often-used hypothesis is that the disease

increases the presence of advanced glycation end-products (AGEs) (Fessel et al., 2014).

This comes after it increases the level of glucose within the extracellular matrix. These

intermolecular crosslinks are stronger and stiffer than those in healthy tendon and thus

they are thought to be responsible for the changes seen in diabetic tendons ex vivo

(Eriksen et al., 2014). However, it is not known if experimental models of diabetes (e.g.

rat models) will reproduce the mechanisms of clinical human tendinopathy - consider

the vastly greater lengths of time over which diabetes affects humans (many years) vs

laboratory rats (approximately eight weeks). Also, when clinical observations are made

the tissue in question is living whereas when mechanical tests are performed it is on

dead material. Thus, AGEs cannot be assumed to be entirely responsible for any results
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derived from models: other factors, such as increased viscosity of the ground substance

and/or altered proteoglycan (GAG-GAG) crosslinking, may be relevant to a greater or

lesser extent than in humans. It may be that if tests were performed on both ex vivo

human tissue and on dead rat tissue then the same general mechanical results would be

seen but different quantities of AGEs and/or proteoglycans would be measured.

Thus, ideally, multiple studies would be performed on both human and rat tendon - both

in vivo and ex vivo and with different experimental parameters - in order to elucidate

the various mechanisms that are relevant to each. However, this study will only be

concerned with ex vivo rat tendon, and will seek to add a material science perspective on

the mechanisms behind this structure’s resistance to mechanical damage. With regards

to testing parameters, while it is true that the tendinopathy seen clinically is usually

caused by dynamic fatigue (as this is what is induced by physiological, cyclic movement),

this has already been studied (Wang and Ker, 1995), although not extensively. The

knowledge gap that exists thus calls for an investigation involving creep loading in order

to investigate static fatigue resistance, and the effect of diabetes on this.

One challenge posed by this suggestion is that one of the previously-used definitions

of tendon damage - a decrease in loading modulus - cannot be measured during static

fatigue as it requires the applied load to be changed. While this has not been addressed

in previous literature, textbooks in the field of solid mechanics make mention of tertiary

creep rate as a measure of fatigue resistance (Hearn, 1997). This could thus be re-defined

for biological material and used as a measure of damage accumulation, although the

correlation between creep rate and damage susceptibility would need to be verified.

In summary, it is likely that diabetes acts to both increase tendon’s strength and stiffness

and decrease its ability to self-repair. This would thus make the structure more damage

resistant but, at the same time, less able to repair any microdamage that did occur and

so more prone to damage accumulation and injury overall.
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1.4. Aim

The aim of the project was to gain insight into the mechanisms behind, and the markers

of, tendon damage and its causes. This was done by considering the effects of a rat model

of diabetes on the properties of tail and Achilles tendon samples in order to achieve three

objectives (the relevant experimental approaches are included in brackets):

� Compare the tendons’ susceptibilities to mechanical fatigue damage (static fatigue

test)

� Establish the utility of steady-state strain rate/creep rate as a descriptor of this

susceptibility (interrupted static fatigue test)

� Confirm the presence of diabetes-induced advanced glycation end-products, a

possible mechanism for the differences that were measured (spectrofluorimetry)

1.5. Structure

Four chapters follow this introductory section, including a review of the literature and

three experimental chapters (each corresponding to one of the above bullet points in

order). The dissertation is then concluded by an overall discussion.
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2. Literature Review

Diabetes is known to affect biological tissue, causing functional deterioration, increased

scarring, structural abnormalities (Grant et al., 1997; Abate et al., 2014), tendonitis

(Deshmukh and Akarte, 2017) and degenerative features (Abate et al., 2010, 2016) whilst

inhibiting healing (Greenhalgh et al., 1990; Ahmed et al., 2012). It is correlated with

Achilles tendinopathy in men younger than 44 years (Holmes and Lin, 2006) and the

elderly (Abate et al., 2012, 2016) and rupture of this tendon is more likely as a result.

Diabetic Achilles tendinopathy is also, together with motor and sensory neuropathy

(which affects 42% of diabetic patients (Kumar et al., 1994)) and weakened tissue,

believed to contribute to the development of foot ulcers (‘diabetic foot’) by altering

patients’ gait (Salsich et al., 2000; Batista et al., 2008; Cronin et al., 2010) and sensory

feedback (Harrison and Faris, 1976; Giacomozzi et al., 2005; Diabetes UK, 2015). These

ulcers affect between 5.3% and 15% of diabetic patients (UK and US data respectively

(Kumar et al., 1994; Reiber, 1996)) and have an especially high risk of infection and

subsequent amputation (Girod et al., 2003). Two-thirds of patients experience symptoms

of diabetic foot (Rosenqvist, 1984). There is thus a pressing clinical need to investigate

the differences in properties between diabetic and healthy tendons; a better understanding

of the mechanisms behind these adverse effects can lead to better methods of treatment

and prevention.

This literature review will start by looking at the structure of tendons and similar

biological tissues (Sections 2.1 and 2.2) before considering this structure’s behaviour

under relatively small loads (Section 2.3) and relatively large loads (Section 2.4). The

current understanding of the mechanisms behind tendons’ response to these will then be

considered (Section 2.5) as well as how the type of tendon (Section 2.6) and the presence

of diabetes (Section 2.7) affect this response. Finally, diabetes will be discussed in the

context of research (Section 2.8).
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2.1. Collagenous Structures

Collagen is the primary structural component of connective tissue and it is probably the

most abundant protein in the animal kingdom (Gross, 1963) (see Figure 2.1). Specifically,

it is found in the ‘extracellular matrix’ (ECM) of tissue which is the structure into which

cells are embedded. Here is where collagen serves its primary function: providing strength

and resilience to the material. Within the ECM, it arranges itself into a number of

hierarchical levels (see Figure 2.2) which transmit force between each other and other

tissue components. It is these interactions, along with the composition of the collagen

in terms of what types are present (see Section 2.1.1), that determine the material’s

overall mechanical properties. In this section, the collagenous structure within one type

of connective tissue - tendon - will be discussed, although the general principles apply to

all types.

2.1.1. Collagen Types

There are 28 types of collagen (Types I to XXVIII) (Ricard-Blum, 2011), all of which

are structural in nature. Each type responds differently to load (Baer et al., 1987), and

thus anatomy will consist of different combinations of collagen types according to the

individual functional loading characteristics (Liu et al., 1995). If the loading pattern

changes, the structure will adapt its composition of collagen types accordingly (Liu et al.,

1995; Reeves, 2005). Of the collagen found in tendon, 97-98% is Type I with a small

amount of Type II in the cartilaginous zones, Type III in the walls of blood vessels and

in scar tissue (Józsa and Kannus, 1997) and trace amounts of Type V, XII and XIV also

present (Liu et al., 1995). Type III is thought to help form attachments to bone and

aid in healing processes (by rapidly forming crosslinks to stabilise the repair site) while

Types V, XII and XIV may control the fibre diameters (Killian et al., 2012) and/or the

initiation of fibril assembly (Wenstrup et al., 2004).
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Proteins
16%

Total Body Mass

Collagen
25-30%
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Type I
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Collagen

Water
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∼75-87%

Other

Elastin ∼2%
Proteoglycans

1-5%

Dry Tendon

Figure 2.1: Protein constitutes 16% of humans by mass (Brožek, 1966), around
25-30% of this protein is collagen (Neuberger, 1955) and it is estimated that 90% of this
collagen is Type I (Di Lullo et al., 2002). Regarding tendon specifically, 55-70% is water

(Aparecida de Aro et al., 2012) while the dry mass is between 75% (Lagier and Exer,
1960) and 87% (Amiel et al., 1984) collagen. Of the remainder, ∼2% is elastin and

1-5% is proteoglycans (Józsa and Kannus, 1997) with inorganic compounds making up
about 0.2% (Spadaro et al., 1970).

2.1.2. Molecular Level

The collagen molecule - also known as ‘tropocollagen’ - consists of three polypeptide

strands, each made up of 1055 amino acids (Bucci, 1994). The differences between the

aforementioned 28 types of collagen lie in which amino acids are present and in what

order they exist in each of the three strands (Baer et al., 1987; Lodish et al., 2000).

The molecules arrange themselves in such a way as to have a characteristic stagger of 67

nm (the ‘D-period’, see Figure 2.2) regardless of collagen type (Baer et al., 1987). This

occurs because some of the amino acids are polar and hydrophobic and thus interact

with neighbouring molecules; a 67 nm offset happens to result in these interactions being

strongest (Baer et al., 1987).
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Figure 2.2: There is no consensus as to the exact details or nomenclature of this
model; see Handsfield et al. (2016) for a review and Kastelic et al. (1978), O’Brien

(1997), Kannus (2000), Wang (2006), Screen (2009), Szaro et al. (2009), Edama et al.
(2015), Bojsen-Møller and Magnusson (2015) and Handsfield et al. (2016) for

individual models and sets of nomenclature. Additional information was taken from
Petruska and Hodge (1964), Fraser et al. (1979), Bucci (1994), Orgel et al. (2006),

Tresoldi et al. (2013) and Fessel et al. (2014). Not to scale.
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2.1. Collagenous Structures

2.1.3. Fibril Level

On a more macro level, the bundled-together molecules are given the functional term

‘fibrils’ - the fundamental building blocks of connective tissue (Parry and Craig, 1978).

When new collagen is synthesised by tendon cells, it is fibrils (as opposed to molecules)

that are produced. They are generally thought to run the entire length of the tendon or,

at least, they are long enough to be considered continuous for all practical purposes

(Provenzano and Vanderby, 2006) although there is no universal agreement on this

(Rigozzi et al., 2013). This implies that they are the chief load bearing unit. In unloaded

tendon, fibrils have a regular, wavy (‘crimped’) shape (Yahia and Drouin, 1989) of period

∼100 µm (Grytz and Meschke, 2009). They are also slightly helical in shape, similar to

man-made rope (Bozec et al., 2007), and the inner region is less stiff than the outer ‘shell’

(Gutsmann et al., 2003). While fibrils generally run co-axial to the longitudinal axis of

the tendon, parallel to one another, it is more precise to say that fibril alignment follows

the direction of load (and this may actually be haphazard) (Cooper et al., 1970). The

fibril alignment, in turn, influences the mechanical properties of a tendon and can adapt

so as to best suit the way in which it is loaded - similar to collagen type composition

as mentioned in Section 2.1.1. Both of these factors are controlled by the body through

collagen turnover: healthy fibrils are constantly (and at a relatively high rate (Eliasson

et al., 2007)) replaced by newly synthesised collagen, the type and alignment of which is

determined by the functional requirements placed on the tissue (Liu et al., 1995; Snedeker

and Gautieri, 2014). Note that this is only true for a minority of the collagen - most of

the human Achilles tendon tissue present at the age of 17 will remain there permanently

(Heinemeier et al., 2013). Only a small amount will be subject to turnover around this

‘core’.

2.1.4. Fibre Level Upwards

Bundles of fibrils make up collagen ‘fibres’ (Nimni and Harkness, 1988). These, along

with tendon cells, proteoglycans and certain other structures, make up the ‘fascicle’ (Baer

et al., 1987) which is surrounded by a sheath of connective tissue - the endotenon - that

helps it slide relative to other fascicles (Thorpe et al., 2015b). This sliding is aided by

13



2. Literature Review

peritendinous fluid which acts as a lubricant (Kannus, 2000). Collectively, the fascicles

are then bounded by a thin ‘epitenon sheath’ which, in turn, in some tendons, is covered

by the fatty areolar tissue of the ‘paratenon’ (although the naming convention for these

layers is inconsistent (Benjamin et al., 2008)). This outermost connective tissue contains

blood vessels, nerves and mesenchymal cells which the structure otherwise generally lacks

(Dunkman et al., 2013).

2.2. Non-Collagenous Components

The remaining components of tendon include other structural elements such as proteins

and proteoglycans as well as cells and the gel-like ‘ground substance’.

2.2.1. Tendon Cells

The majority - 90-95% (Abate et al., 2009) - of the cells found within tendon are

fibroblasts (cells which synthesise molecules - in this case collagen - in order to construct

the fibres that make up connective tissue) (Benjamin et al., 2008) and are known as

‘tenocytes’ (Kannus, 2000). Indeed, their main functions are to build, maintain and

repair the structural matrix (i.e. the ECM) that surrounds them (Józsa and Kannus,

1997). Attachment to this matrix is via molecules called ‘integrins’ (Wall et al., 2007).

They are long, thin (2-10 µm in diameter (Kannus, 2000)) and found in parallel rows

sandwiched between the collagen fibres that likewise run longitudinally along the tendon

(see Figure 2.3) (Screen et al., 2004a; Benjamin et al., 2008). While this fibre organisation

gives the tendon strength (Ross et al., 2003) and a resistance to tension (Liu et al., 1995)

it means that the rows of tenocytes are relatively far away from each other and scarce

(Ross et al., 2003). The functioning of tenocytes is influenced by mechanical stimuli and

the local strain environment (Waggett et al., 2006); indeed, Birch (2007) ascribed the

differences seen between functionally distinct tendons (see Section 2.6) to variations in

physiological strain causing differences in cell behaviour between tendons.
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Figure 2.3: Low-power longitudinal (a) and transverse (b) sections through the limb
tendon of a calf, stained with Haematoxylin and Eosin. Rows of elongated tenocytes
(TC and arrows) can be seen between collagen fibrils (CF). Notice the characteristic

crimp pattern in (a). Fascicles (FA) are shown, separated by endotenon (E).

Image credit: Benjamin et al. (2008)

2.2.2. Elastin

A protein - also produced by the tenocytes - that forms fibres which are thinner and less

stiff, but otherwise similar, to those of collagen (Ross et al., 2003). These are relatively

scarce (0.1-2% of tendon’s dry mass (Abate et al., 2009)) but are able to withstand

significantly larger strains (up to 100-150% (Abate et al., 2009)) than collagen (∼21%

(Shen et al., 2008)) with little hysteresis loss (Baldock et al., 2011), high fatigue resistance

(Gosline et al., 2002) and the capacity for spring-like energy storage (Gosline et al., 2002).

They thus increase the structure’s compliance and recoil considerably, especially in highly-

strained tendons which are involved in locomotion (and elastin is more abundant in these)

(Thorpe et al., 2015c). They are found running longitudinally through the tendon, located

particularly between fascicles (Grant et al., 2013) and around the tenocytes (suggesting

that elastin has an effect on tenocytes’ mechanical environment and thus mechanosensitive

cellular functions (Grant et al., 2013)). It may also play a role in maintaining macroscopic

crimp (Parry et al., 1978).

2.2.3. Proteoglycans

Proteoglycans (∼1-5% of the tissue’s dry mass (Koob and Vogel, 1987)) are proteins

onto which glycosaminoglycan (GAG) chains - highly anionic carbohydrate molecule(s)
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- have covalently attached in a process known as glycosylation (Yanagishita, 1993).

Glycosaminoglycans (also known as mucopolysaccharides) are a type of glycan (also

known as polysaccharides) which are a type of carbohydrate (also known as saccharides).

Proteoglycans are thus a specific type of ‘glycoprotein’ - a generic term for a protein

bonded with a carbohydrate (Sharon, 1988). The polar GAG chains (along with osmotic

pressure and intermolecular hydrogen bonds) attract water molecules which create a

swelling pressure inside the tissue, absorbing force (especially shock) (Baer et al., 1987)

and greatly affecting the viscoelastic properties (Thornton et al., 2001; Screen, 2008;

Legerlotz et al., 2013) although proteoglycans are thought to not carry considerable load

themselves (Screen et al., 2005b). One of the most important proteoglycans in tendon

is decorin which controls the rate of fibril production, affects collagen fibril assembly,

forms links between Type I fibrils (Scott, 1988; Yanagishita, 1993) and maintains the

interfibrillar distances (Danielson et al., 1997). It is also the smallest, with only one

GAG chain (Rigozzi, 2011).

2.2.4. Crosslinks

The chief source of mechanical strength and stiffness (Thompson and Czernuszka, 1995) in

Type I collagen is the peptide bond that links neighbouring collagen molecules (Puxkandl

et al., 2002) and fibrils (Eriksen et al., 2014) together. Indeed, if the crosslinks are

artificially removed from a tendon it will behave more like a liquid than a solid (Misof

et al., 1997b). In other words, there will be move viscous sliding between molecules and

fibrils than elastic stretching of these structures (Gautieri et al., 2013). The formation

of these covalent bonds is normally controlled by the lysyl oxidase enzyme, although if

a sugar molecule (usually glucose) is present it may also occur non-enzymatically. The

latter process is termed ‘glycation’ and the resulting crosslink an ‘advanced glycation end-

product’ or AGE (Avery and Bailey, 2006). Whereas the enzymatic process is essential

to matrix development, strengthening and repair, non-enzymatic glycation happens more

haphazardly and is instead associated with ageing and disease of the tissue (Fujimoto

et al., 1978; Monnier et al., 1992; Avery and Bailey, 2005; Snedeker and Gautieri, 2014).
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2.2.5. Ground Substance

The majority of the remaining space within the tendon will be filled up by a gel, also

produced by the tenocytes, known as the ‘ground substance’ (Puxkandl et al., 2002).

This consists of water (60-80% (Abate et al., 2009)) together with the proteoglycans

and loose GAG chains. Chief amongst these chains is hyaluronan, thought to contribute

to structural integrity and maintenance of fibrils (Baer et al., 1987) and fibrillogenesis

(Scott, 1988). Additionally, adhesive glycoproteins will be present, connecting the ground

substance to the collagenous matrix and cells (Ivatt, 1984).

2.2.6. Other ECM Components

There will be nerves and blood vessels present in the ECM. However, the former mainly

exist in the paratenon (Ackermann et al., 2001) while the latter only penetrate as far as

the endotenon (O’Brien, 1997). This lack of vasculature means that the blood supply

to the fascicles is poor and, as a result, tendon is vulnerable to degeneration and poor

healing (Benjamin et al., 2008). Traces of calcium, magnesium, cadmium, copper, zinc,

lead, nickel, fluoride, phosphor and silicon are present, making up 0.2% of the dry mass

(Spadaro et al., 1970).

2.3. Non-Permanent Deformation

Tendon’s response to load is complex and influenced by a number of different factors.

To begin with, its non-permanent response (i.e. deformation which is recovered when

the force is removed) will be discussed. As with all sections, only tensile forces will be

considered.

2.3.1. Viscoelasticity

As detailed previously, tendon is comprised mostly of a collagenous matrix (which behaves

elastically) and water (which is virtually incompressible) (Reese and Weiss, 2013). This

combination is termed ‘viscoelasticity’ and results in three main phenomena: creep strain,

stress relaxation and hysteresis. These can be explained most simply through the Kelvin-

17



2. Literature Review

Voigt and Maxwell models of tendon (Puxkandl et al. (2002); Meyers and Chawla (2009),

see Figure 2.4) although the Standard Linear Solid (SLS) Model (Roylance (2001), see

Figure 2.5) and its generalised form, the Wiechert model (Vincent (2012), see Figure

2.6) are more accurate but more mathematically complex. In all cases, the models are

heuristic; linear springs and dashpots (dampers) are used to represent the elastic and

viscous behaviour of the collagen matrix and of the ground substance (Takács et al.,

2015). López-Guerra and Solares (2014) note that non-linear components should be

substituted in if a better fit of real-world experimental data is desired. See Appendix

A for the derivations of the mathematical descriptions. Note that, because tendon is

poroelastic (the matrix has interstitial spaces/voids in it which the water can permeate

into, creating the initial circumstances under which the viscoelastic behaviour can take

place (Hannafin and Arnoczky, 1994)), it is also possible to use poroelasticity models

(biphasic theory) to investigate behaviour (Detournay and Cheng, 1993). Another model

that could be considered is the Quasi-Linear Viscoelastic (QLV) theory (Woo et al.,

1982; Provenzano et al., 2001; Fung, 2004) which separates out the elastic and the

time dependent components of the response. However, this theory is derived in terms

of stress relaxation and is thus not immediately applicable to other manifestations of

viscoelasticity.

2.3.2. General Deformation Behaviour

Overall load response is determined by the aggregate of all of the deformation mechanisms

of each sub-structure and hierarchical level combined (Han et al., 2013). Sasaki and

Odajima (1996a) investigated three of these levels - molecular, fibril and macro - and found

the first two to be approximately Hookean while the third exhibited a more complicated

response (with distinct ‘toe’, ‘heel’ and ‘linear’ regions which are characteristic of tendon).

These are shown in Figure 2.7a. The implication is that a simple superposition of

molecular and fibrillar elongation is not sufficient to describe tendon’s full response to

load; other deformation mechanisms must necessarily be occurring.
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Figure 2.4: Strain creep: modelled most simply by (a) a spring and dashpot in parallel
which, when subjected to (b) a constant load, will (c) stretch over time. Stress

relaxation: modelled most simply by (d) a spring and dashpot in series which, when
subjected to (e) a constant stretch, will (f) relax over time. Hysteresis: better modelled

by Kelvin-Voigt (g) when the applied load is small and by Maxwell when the load is
large. When a Kelvin-Voigt is subjected to a cyclic tensile load (h), the stress-strain

response (i) will form loops that initially increase in strain but become more consistent.
Note that the application of stress and strain in (b) and (e) will not, in reality, be

instantaneous (although this is deemed inconsequential if the loading time � 10τ where
time constant τ equals η

E
).
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Figure 2.5: A compromise between simplicity and accuracy can be achieved by using
(a, d and g) a spring and dashpot in series with a spring parallel to both (i.e. the

Kelvin-Voigt and Maxwell Models in combination). Applying (b) a constant load will
result in (c) an initial elastic response followed by strain creep. Applying (e) a constant

stretch will result in (f) initial stress relaxation tending towards an elastic response.
Applying (h) cyclic tensile load will result in (i) closed loops in the stress-strain plot,

representing energy lost from the system as internal friction.
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(a) Wiechert Model
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Figure 2.6: The Standard Linear Solid Model can be generalised by adding additional
Maxwell elements in parallel (a), each representing an individual collagen fibre. If two

Maxwell elements are used (as Gautieri et al. (2013) and Shen et al. (2011) did to
model isolated fibrils) the strain response (b) to a constant load does not initially appear
to differ from that of a Kelvin-Voigt or of an SLSM (compare (b) with Figure 2.4c and
Figure 2.5c), but plotting that same response on linear-logarithmic axes (c) reveals that

there are in fact now two creep processes taking place concurrently, each with a time
constant derived from one of the Maxwell elements. This fits experimental observations

well - it appears as if two, separate viscoelastic responses take place at once; one fast
and one slow (Shen et al., 2011). Another method of generalisation would be to replace

the dashpot in the SLSM with another SLSM - the Nafion model (López-Guerra and
Solares, 2014) - but this does not add insight beyond the Wiechert model.

21



2. Literature Review

(a) Experimental Data (b) Illustration of the Regions
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Figure 2.7: (a) The stress-strain response of collagen molecules (black circles), fibrils
(white circles) and tendon as a whole (white squares) (Sasaki and Odajima, 1996a).

Note that the first two of these are approximately linear whereas the third exhibits the
classic toe, heel and linear regions illustrated in (b). Also, the fibril- and macro-level

stiffnesses are approximately equal once the linear region is reached. Fibril recruitment
and molecular unkinking can be modelled as (c), a set of springs in parallel which each

engage at different strains (Viidik, 1966; Frisén et al., 1969; Hollister, 2007). The
response of this model to load is shown in (d), for comparison with (b). Each spring in

(c) represents a fibril or molecule which adds to the stiffness of the material once
recruited or unkinked (Roy et al., 2011), hence the gradually increasing gradient in (d).
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2.3.3. Specific Deformation Behaviour

Deformation can be analysed in more detail by considering loads of different magnitudes.

Small Loads: When a gradually increasing tensile force is applied to a tendon, the first

mechanism of deformation to occur is the straightening out of the fibrils’ and fibres’ crimp

(Franchi et al., 2007), known as ‘recruitment’. This occurs at relatively small strains -

below 3-4% (Diamant et al., 1972; Hansen et al., 2002; Screen et al., 2004a) - and creates

the aforementioned toe region (see Figure 2.7) (Miller et al., 2012). It also has the effect

of being a shock absorber, increasing the amount of time over which a rapidly applied

load is taken up by the material (Riley, 2008). Additionally, elastin may stretch in the

toe region (Gosline et al., 2002), increasing the capacity for recoil (Smith et al., 2011)

whilst also aiding fascicle sliding (Smith et al., 2011). Beyond ∼3% strain (Fratzl et al.,

1997), it is likely that the long tropocollagen molecules begin to unkink. This results in

the ‘heel’ region of the plot (Fratzl et al., 1997).

Medium Loads: In the ‘linear’ region, the fibrils themselves elongate (Fratzl et al.,

1997). This elongation is a combination of three mechanisms: molecular sliding (Fratzl

et al., 1997), G-period increase (Sasaki and Odajima, 1996a) and molecular elongation

(Fessel et al., 2014). Sasaki and Odajima (1996a) suggest that the elongation - which is

due to an increase in the molecular helix pitch (Cowan et al., 1955; Sasaki and Odajima,

1996b) - is solely responsible for ∼85% of the strain that occurs in the linear region,

although Fratzl et al. (1997) and Puxkandl et al. (2002) claim that both molecular

elongation and sliding together account for only 40%. The remainder possibly coming

from sliding between fibrils, between fibres and/or between fascicles (Screen et al.,

2005a; Screen and Evans, 2009). Measurements from Screen et al. (2004a) show fascicle

sliding to account for ∼49% with local strain within fascicles making up a further

15%. Alternatively, the elongation could result from fibril translation, unfolding and

slippage (Provenzano and Vanderby, 2006) or from deformation of the proteoglycan

matrix (Puxkandl et al., 2002). Gautieri et al. (2013) note that elastic behaviour is

due to molecular elongation whilst viscous behaviour is molecular and fibrillar sliding. In

other words, viscoelastic behaviour is caused by two mechanisms: the movement of water
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molecules and the sliding of collagenous structures.

2.4. Permanent Deformation

If the load continues to increase the deformation will no longer be entirely reversible: if

the load were to be taken off after this point - and sufficient relaxation time then given

to allow viscoelastic effects to dissipate - the tendon would still not return to its original

state. Instead, it would retain a certain amount of strain and fibril disorganisation (which

could be called ‘damage’ although there is no precise definition of this term, see Section

2.4.3). Of course, in vivo, this ‘permanent deformation’ would not be permanent in an

absolute sense as the body has the ability to repair itself and reverse damage over time.

The timescale relevant to this section, therefore, is shorter than this ‘turnover time.’

2.4.1. Yield and Rupture

A tendon will be in the linear region until about 4% (Abate et al., 2009) or 5% (Screen

et al., 2004a) strain after which the fibres that are sliding start pulling free from one

another (Fratzl et al., 1997) as the intermolecular crosslinks start to break (Puxkandl

et al., 2002). This will cause permanent stretch and/or a loss in structural organisation

(Fessel et al., 2014). The first bonds to break will be sacrificial in nature; they will be

of a type that heals relatively easily (Thompson et al., 2001). Under further load, the

decreasing effective load-bearing area of the tendon (due to this fibre pullout but also

due to the Poisson effect) will lead to an increase in true stress and an eventual rupture.

This occurs at 8-15% elongation (Bennett et al., 1986; Sasaki et al., 1999) although, more

generally, the strength of a tendon is proportional to the amount of stress it experiences

in life (Wang and Ker, 1995). The exact mechanisms of this are likely tensile failure of the

fibres and shear failure between the fibrils (Abate et al., 2009). Some authors (Gutsmann

et al., 2003) believe that the fibrils rupture surface-first whilst others (Wenger et al., 2008)

believe that it happens uniformly. This lack of consensus stems from disagreement about

whether fibrils are homogeneous or not: Gutsmann et al. (2003) found evidence that

collagen molecules at fibrils’ surfaces are more crystalline in arrangement compared to
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2.4. Permanent Deformation

those in the more disordered core, which suggests a ‘tube-like’ structure. It is hypothesised

that the harder, more brittle shell will plastically deform first if an overload is applied,

preserving the softer, less dense centre of the fibril. Material might then be transported

down this fluid-like core during a subsequent healing process, restoring said shell. This

theory would also explain ‘buckling’ - the kinking of fibrils which have been subjected to

a large load that was then removed, see Figure 2.8.

Figure 2.8: Fibrils of healthy tendon that has not been loaded are straight (A) whereas
those of tendon that has been loaded to rupture and then unloaded display buckling (B).

Fibrils likely deform plastically at regular nodes along their lengths when overloaded,
meaning that these areas do not elastically return to their original shapes when unloaded

whilst the regions between them do.

Image credit: (Veres and Lee, 2012)

2.4.2. Fatigue Behaviour

Whilst Sections 2.3.3 and 2.4.1 detailed the response of tendon to acute loading, this

Section will address fatigue loading. The former is relevant when characterising the

elastic and total damage properties of a material but the latter is relevant when the post-

yield and damage accumulation properties are of interest. These are more representative

of clinical tendon problems - tendon injury usually occurs during periods of prolonged

overloading (e.g. playing sport/running) when plastic deformation accumulates (Kannus

and Jozsa, 1991; Tallon et al., 2001).

Fatigue can be induced by applying a static load or a dynamic load to a sample. These
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are the same loading parameters that were discussed in Section 2.3.1 and in Figures

2.4, 2.5 and 2.6 with regards to inducing viscoelastic strain creep and hysteresis except

that in this instance the loads are larger (sufficient to induce permanent deformation).

Stress relaxation is the odd-one-out of the viscoelastic phenomena in that it does not

have an analogous fatigue behaviour, although this type of loading can still result in

permanent deformation and damage (Legerlotz et al., 2011) which Shepherd and Screen

(2013) classify as fatigue damage.

Static Fatigue: Insight into a material’s post-yield (plastic) behaviour can be provided

by performing ‘creep’ testing (Tang et al., 2007): loading a sample with a constant stress

and monitoring its increase in length over time. Primarily, this allows the strain rate to

be measured. Given that microtears and permanent fibre elongation are markers of pre-

rupture behaviour (see Section 2.4.1) it may be that permanent strain (i.e. that beyond

∼5%) is a quantification of material damage. This would imply that the steady-state

strain rate is a measure of the rate of damage (see Chapters 3 and 4). Additionally,

the time to failure can be measured in creep tests, a potential measure of total capacity

for damage which correlates with the amount of stress the tendon usually experiences

in life (Ker et al., 2000). A handful of past experiments that used static fatigue testing

to measure mechanical properties in tendon have been found (Wang and Ker, 1995; Ker

et al., 2000; Wren et al., 2003; Shen et al., 2011; Gautieri et al., 2013) and an example of

one of these, showing creep behaviour, is shown in Figure 2.9a.

Dynamic Fatigue: A more physiologically-relevant loading scenario can be achieved

through ‘cyclic’ testing: applying an oscillating stress in a similar manner to how a

tendon would experience load in life (consider an Achilles tendon during walking, for

example). A number of past experiments have used this technique on tendon (Wang

et al., 1995; Schechtman and Bader, 1997; Pike et al., 2000; Eliasson et al., 2007; Fung

et al., 2009, 2010; Veres et al., 2013b; Thorpe et al., 2014b,a); one of these is shown in

Figure 2.9b. Note that a tendon is a flexible material and must therefore always remain

taut; it cannot be loaded in compression longitudinally. In other words, the applied stress

must always be positive and, thus, it must have a positive mean. This implies that it
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(a) Strain vs time data from a creep
(‘static fatigue’) test on wallaby tail
tendon (Wang and Ker, 1995). Note
the initial ‘strain creep’ viscoelastic
response in the first ∼2500 seconds
(similar to Figures 2.4c and 2.5c)
followed by a ‘damage response’ as

strain increases until rupture

(b) Load vs position data from a cyclic (‘dynamic
fatigue’) test on rat Achilles tendon (Eliasson et al.,
2007). Note that, initially, strain increases with each

cycle and hysteresis is large, but these effects
disappear and cycles become more consistent over
time (note the similarities with Figures 2.4i and
A.4). If a larger average load were applied the
response would likely bear more resemblance to

Figure A.2; strain would not stop increasing until
rupture occurred.

Figure 2.9: Examples of fatigue behaviour.

can be separated into a constant component and an alternating component which, in

turn, implies that dynamic fatigue necessarily includes static fatigue. However, static

fatigue does not include dynamic fatigue and, therefore, it could be considered the more

fundamental of the two despite being the less physiological (Ker et al., 2000). Note that

this does not mean that dynamic fatigue can be modelled as a simple addition of a static

load and an alternating load: the two types of fatigue are different phenomena. Data from

wallaby tail tendons shows that dynamic fatigue life is shorter than would be predicted

by a model that used accumulation of creep damage alone (Wang et al., 1995), and thus

the act of applying a load and then removing it causes damage in addition to that caused

by the load itself.

Modelling: Whilst the constitutive models introduced in Section 2.3.1 are accurate

in describing non-permanent tendon behaviour - i.e. that under relatively small loads

(Shen et al., 2011) - they are insufficient when considering permanent deformation.

Thus, alterations need to be made in order to incorporate this. A good starting
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point is the SLSM (see Figure 2.5) which explains all viscoelastic behaviours without

the mathematical complexity of the Wiechert model. It is also mechanistic rather

than phenomenological: it offers explanations of the mechanisms behind the behaviour

(the springs represent the collagen matrix stretching whilst the dashpot represents the

movement of water molecules) rather than just describing it, and thus this model relates

the structure to the function. Alterations would need to be made to this SLSM in order

to model the creep and cyclic behaviour seen in Figure 2.9 (note that stress relaxation no

longer needs to be modelled as it is generally not a behaviour linked with fatigue damage)

and it is known that this is caused by molecular, fibril and fibre sliding (this is the other

mechanism behind viscoelasticity, as mentioned in Section 2.3.3). This new mechanism

can be incorporated by adding a number of dashpots in parallel (see Figure 2.10). These

dashpots would have static friction associated with them - no sliding would take place

below a certain load - and thus this altered model would be exactly the same as an SLSM

below a certain force threshold. This ensures that behaviour at low loads is still correctly

modelled, and separates this model from similar ‘Maxwell-Kelvin’ models that have been

used in the past (Takács et al., 2015). This modified SLSM (Figure 2.11) will be used

for modelling during this dissertation. Note that while it is made up of components that

have all already been seen in the literature, this specific arrangement is novel. Note also

that this model is still relatively simple; a number of more complicated models (beyond

the scope of this dissertation) have been reviewed by Fang and Lake (2016).

2.4.3. Phenomenological Definitions of Damage

There is no definitive consensus as to what exactly tendon damage is. One definition

is that a region within the tissue is considered damaged if it no longer contributes to

the stiffness and strength of the material (Wang and Ker, 1995). Alternatively, ‘damage’

is an irreversible change in the microstructure that alters the macroscopic mechanical

properties (Lee and Elliott, 2017). Specifically, such changes would occur on the nanoscale

fibril-level as this is where cells interface directly with the collagen matrix (Herod and

Veres, 2018). Another definition might be ‘that which compromises the tendon’s ability

to perform its function.’ As the function of a tendon is to connect a muscle to a bone
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Figure 2.10: Molecular, fibril and fibre sliding can be modelled by dashpots in parallel
(a), with each dashpot representing the interface between two sliding elements. Under a
constant load σ, the dashpots will expand at a constant rate as shown in (b) up until ε1.
At this point, the piston of the first dashpot will pull out of its cylinder (representing a
microrupture: a fibril pulling away from its neighbour), causing the effective viscosity of
the system to decrease (as shown in Equation A.32 in Appendix A.5). The rate at which
the remaining dashpots will expand after ε1 is thus faster - although still constant - until
ε2 at which point the second dashpot likewise pulls out and the rate increases again.

This will continue for all dashpots, resulting in the full curve shown in (b). This curve
is well approximated by a combination of a linear and an exponential function,

representing the sliding and the ‘fast fracture’ behaviour, respectively.
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Figure 2.11: Combining the SLS model of viscoelasticity from Figure 2.5 with the
model of sliding and pullout from 2.10 yields the complete model that will be used in this

dissertation (a). The strain vs time response of this model is shown in (b): the
viscoelastic response of the SLSM appears in red and the linear and exponential

responses of the sliding and pullout model are shown in blue and green, respectively. The
mathematical description of each response is shown alongside its curve. The overall

response (i.e. the superposition of all three responses) is shown in black and should be
compared with the experimental data in Figure 2.9a.
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and transmit force between them, anything that causes this to be impossible (i.e. total

rupture) or difficult (painful; often labelled ‘tendinopathy’) could be considered damage

in a clinical sense (Kaux et al., 2011). However, this definition may prove limiting as

investigations into tendon are often conducted in vitro where pain cannot be detected,

and thus other phenomenological markers of damage must be used. Some candidates are

introduced here.

Stiffness Loss: A reduction in the loading modulus has been associated with tendons

that are nearing rupture during mechanical tests (Beaumont, 1989; Wang and Ker, 1995;

Wang et al., 1995; Schechtman and Bader, 2002; Wren et al., 2003; Fung et al., 2010;

Freedman et al., 2014) and with fragmented collagen (Thorpe et al., 2010). However,

exercise (Józsa and Kannus, 1997), ageing (Bailey et al., 1974) and diabetes (Volper et al.,

2015) all increase the modulus. More heuristically, it is known that loading modulus is

linked to functional role (see Section 2.6), and so a change in this property would cause

a tendon to be less optimal at performing its function. Note that, during a static fatigue

test, stiffness initially increases and then decreases until failure (Freedman et al., 2014)

which mirrors the behaviour in ramp-to-failure tests wherein stiffness increases in the

toe-heel region, remains constant in the linear region and decreases in the plastic region

(Gusachenko et al., 2012). Note that changes in the tendon’s cross-sectional area as a

result of damage might mask true changes in stiffness: Freedman et al. (2014) note that

cross-sectional area increases significantly in injured tendon.

Increased Permanent Strain: Also correlated with tendons nearing rupture (Wren

et al., 2003) but associated with lower levels of damage as well (Fung et al., 2009).

Percentage Increase in Peak Strain: Herod and Veres (2018) reported that, during

tendon dynamic loading, the cycle-on-cycle percentage increase in peak strain was a good

predictor (i.e. significant with low dispersion in the data) of the total number of cycles

before failure. No other mechanical parameters (loading modulus, hysteresis) were found

to predict the number of cycles.
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Decreased Ultimate Tensile Strength: An injured tendon will experience a decrease

in UTS proportional to its decrease in loading modulus (LaCroix et al., 2013). This would

impact its ability to perform its physiological function.

Decreased Viscoelasticity: Viscoelastic behaviour - which absorbs energy so as to

protect the tendon (Bonifasi-Lista et al., 2005) - decreases in damaged and diseased

samples (Abramowitch et al., 1999; Woo et al., 2000). Viscoelastic properties can also

change in tendinopathic and ruptured tendons, as these cause increased cross-sectional

area, increased hydration and an abnormal collagen-fibre structure (Soslowsky et al.,

2000; Lin et al., 2004).

Disrupted Mechanobiology: It is known that there is both ‘healthy’ and ‘unhealthy’

loading of tendon; loads experienced during moderate exercise, for example, are beneficial

(Kjær et al., 2005; Abate et al., 2009). These will stretch the Achilles tendon and the

extracellular matrix within it (strain of 5-6% is induced by physiological loads (Screen

et al., 2004a)) causing the fibroblasts to experience force and, in turn, strain. This will

induce a mechanobiological response: the mechanical loading causes the cells to produce

new collagen and proteoglycans (anabolism) (Vailas et al., 1985; Maeda and Ohashi,

2015). This collagen turnover replaces old collagen and, in this way, the structure is kept

healthy. Under too large a load, however, microruptures start to form. These disrupt the

tenocytes’ physical environment, buckling them (Pingel et al., 2014), which disrupts the

mechanobiology process as well (leading to excessive catabolism) (Magnusson et al., 2010;

Maeda and Ohashi, 2015). This is supported by evidence of cellular changes taking place

even before the development of tendinopathy (Cook et al., 2004). Given that Achilles

tendons experience loads close to their ultimate tensile strengths during normal running

(Komi, 1990), and that even physiological loads are large enough to cause microdamage

(Screen et al., 2004a), it is likely that unhealthy loading only starts beyond this point.

Note that ‘too little exercise’ and ‘too much exercise’ are both risk factors for tendon

injury: both increase the likelihood of overload. In the case of the former the tendons

are not adapted to large strains whilst in the latter insufficient time has been allowed for

damaged collagen to be replaced. Given this argument, it appears as if damage is likely
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a result of a build-up of permanent changes to the structure affecting cell reactions. This

is opposed to it being a result of more short term effects, such as would be measurable

by changes in mechanical properties (increased permanent strain, decreased UTS, etc).

Biochemistry: Following on from the previous paragraph, it may be that loads which

no longer invoke a healthy mechanobiological response but rather a ‘healing’ response are

what should be considered damaging (Gibbon et al., 1999). Markers of a healing response

include inflammation, the presence of matrix metalloproteinases (MMPS; enzymes which

degrade the matrix during catabolism) (Thorpe et al., 2015a) and increased collagen III

production which is associated with scar formation (and which has inferior mechanical

properties) (Pingel et al., 2014). The way in which inflammation plays a role is still

debated because tendinopathy can occur with or without this response (Yeung et al.,

2018); it possibly only appears when the matrix damage is severe (Shepherd and Screen,

2013). Jones et al. (2013) note that tendinopathy has been seen to be associated with

a decrease in collagen content and an increase in turnover rate and protease activity.

Kannus and Jozsa (1991) mention cellular proliferation and lipid accumulation as signs

of damage accumulation resulting from repeated overuse in older patients.

Disrupted Homeostasis: As discussed, an equilibrium exists between the rate of

anabolism and the rate of catabolism of collagen with activity such as exercise increasing

both (Magnusson et al., 2010). Indeed, cells’ deformation environment is vital for

homeostasis (Malaviya et al., 2000) and the mechanosensitivity creates a feedback loop

which maintains the equilibrium (Vailas et al., 1985). It may be that cells are programmed

to function specifically at the strain levels experienced by their anatomical location

(Snedeker and Gautieri, 2014) and if a disruption to their physical environment occurs

they then behave so as to counteract it (Birch, 2007). In this context, damage would only

occur as a result of an overload/unhealthy levels of loading. However, it may be that

damage occurs even during normal, everyday activities (Wang and Ker, 1995) and that

the turnover (‘repair’) process merely prevents it from accumulating. This would imply

that it is a disruption of the equilibrium that causes clinical problems, either an increase

in the rate of damage or a decrease in the rate of repair (or both), and that it is thus
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damage accumulation that is relevant (Archambault, 2003) together with a cell response

(Thorpe et al., 2015a). Indeed, tendinopathy can often develop without a traumatic event

having occurred, implying that it is caused by an accumulation of microinjuries (Kannus

and Jozsa, 1991; Wang, 2006).

Fibril Diameter: A greater ratio of small-diameter to large-diameter fibrils are found

in tendinopathic regions (Pingel et al., 2014). This is likely because a greater proportion

of the fibrils are newly-made and thus have not yet matured to full size. Additionally,

the regions of discrete plasticity would decrease in cross-sectional area due to the Poisson

effect and also dissociation.

Net Loss of Collagen after Exercise: Collagen turnover occurs in healthy tendon:

synthesis and degradation processes are constantly creating new fibrils and breaking down

old ones, respectively (Dyment and Galloway, 2015). Both these processes are elevated

after exercise, with this probably being a mechanobiological response of the tenocytes

to strain (Abate et al., 2009; Magnusson et al., 2010). In any case, this may imply

that insufficient rest after overloading (especially in the first 24 hours) may disrupt the

balance between anabolism and catabolism, leading to a net collagen loss and thus a

weaker structure (Arnoczky et al., 2007).

Fibril Disorder: The usually parallel alignment of fibrils, as discussed in Section 2.1.3,

is more fragmented and chaotic in tendinopathic samples (Kannus and Jozsa, 1991; Pingel

et al., 2014).

2.5. Deformation Mechanisms

While much previous work has been done around the changing behaviour of tendon as it

is loaded with force, the exact physical mechanisms behind these changes are yet to be

fully elucidated. This section will look at what is currently known in this area.
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2.5.1. Molecular Level

At the lowest hierarchical level are the long, thin tropocollagen molecules arranged in an

ordered structure approximately parallel to the axis of the fibril which they comprise.

Molecular Unkinking: When unloaded, the gap region (G-period) between molecules

often creates kinks in the structure (Wess et al., 1998b). Under load, these are soon (in

the ‘heel’ region of the stress-strain graph) straightened out (Fraser et al., 1983; Folkhard

et al., 1987; Misof et al., 1997a).

Triple Helical Microunfolding: While usually twisted into a triple-helix shape, an

applied tensile load can cause individual molecules to unwind and straighten out, breaking

the intra-molecular hydrogen bonds that exist between polypeptide chains (Sasaki and

Odajima, 1996a). This takes place at loads much lower than those traditionally associated

with damage (Bourne et al., 2014) and is recoverable (Veres and Lee, 2012). Gautieri

et al. (2013) attribute viscous behaviour to the breaking and re-forming of these H-bonds.

Molecular Denaturation: While microunfolding is a pre-yield phenomenon, the post-

yield region sees a further structural change taking place. This is described as an uncoiling

of the triple helix and is again attributed to the breaking of intra-molecular hydrogen

bonds (Veres and Lee, 2012). Possibly, this mechanism may be a consequence of the

disruption of the matrix that takes place at high loads (fibril dissociation) creating more

lateral space and thus allowing more microunfolding to occur. It may be permanent

and increases in tendons that have been overloaded (Steven et al., 1975; Willett et al.,

2007). Denaturing occurs first at the sites where the fibrils were kinked (indeed,

discrete plasticity, fibril kinking and denaturation are probably all directly related), see

Section 2.5.2, with further denaturing then occurring on the surface of some disrupted

fibrils (which suggests that fibrils are ‘tube-like’ with different properties on the surface

compared to in the core) (Veres and Lee, 2012).

Molecular Elongation: In the linear region, the now-straight molecules stretch as an

affine lengthening which is usually non-permanent (Mosler et al., 1985; Folkhard et al.,

1987). However, when a large enough strain is applied (>5%) the molecules become
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stiffer, possibly due to the triple helix tightening and reduced microunfolding and/or

reduced amino-acid mobility (Bianchi et al., 2016).

Molecular Rearrangement: The fibril D-period increases with load, partly due to

molecular sliding (whereas, on the other hand, molecular elongation does not change

the D- or O-periods) and partly due to rearrangement of the molecular matrix (Sasaki

and Odajima, 1996a; Fratzl et al., 1997). In healthy tendons, this D-period lengthening

is due to elongation and rearrangement in equal parts, but in ‘damaged’ (pre-strained)

tendons the latter is more prominent (and also happens marginally later). This suggests

that damage involves a degradation of inter-molecular crosslinks which exist all along

molecules’ lengths but are most highly concentrated in the overlap regions. This, despite

the molecular stiffening mentioned previously, results in a net loss in stiffness for the

fibril (Bianchi et al., 2016). Gautieri et al. (2013) cite molecular rearrangement as one

of the reasons for viscoelastic behaviour. Eventually, the D-banding (which is visible

under scanning electron microscopy) will disappear completely from the surface fibrils

(which were the first to be recruited and also the first to plastically deform), signalling a

disrupted packing arrangement and further denaturation (Veres et al., 2013b).

Lateral Molecular Motion: While it is initially possible for molecules to undergo

a small amount of lateral movement, this ability disappears at the same time as fibre

uncrimping occurs (i.e. at very low loads, in the toe region) (Misof et al., 1997a).

Molecular Sliding: Molecules are connected to each other by both covalent crosslinks

(specifically, lysine bonds (Barnard et al., 1987)) and Van der Waals forces (Hooley et al.,

1980). Under increasing load, these bonds shear and allow molecules to slide (Folkhard

et al., 1987). Initially, this sliding is mostly reversible (Mosler et al., 1985) and results

in the linear region of the stress-strain plot (along with molecular and fibril elongation)

(Misof et al., 1997a) and the viscoelastic regions of the stress- and strain-time plots

(along with the movement of water molecules (Screen et al., 2013)). Under larger forces,

however, the sliding is permanent and results in the plastic region of the stress-strain

plot. A possible explanation for these two behaviours is detailed in Figure 2.12.
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Discrete Plasticity: The first molecules to exhibit permanent sliding will be those that

were recruited first, resulting in ‘discrete plasticity’ when some regions are plastic and

others not. This non-uniform response suggests that either load is not distributed evenly

or local regions do not have equal mechanical properties (Veres and Lee, 2012). Increasing

loads and/or fatigue will cause a greater density of plasticity (Fung et al., 2010). Plastic

deformation disrupts the gap period in the molecular structure, and thus if load were to

be removed at this point the plastic regions of fibrils would show greater kinking (Fung

et al., 2009). Wiens et al. (2016) and Veres et al. (2013b) mention that the molecular

sliding and denaturation associated with discrete plasticity are mechanisms for absorbing

excessive strain in overloaded tendons, protecting it. Veres et al. (2013b) go on to note

that discrete plasticity does not decrease load bearing capacity.

(a) (b) (c) (d) (e)

Figure 2.12: It may be that some of the inter-molecular crosslinks are longer than
others, represented in green and red respectively, with collagen molecules in grey (a).

Under a small amount of load (i.e. in the heel region, once the fibril in question has been
recruited) only a small amount of sliding is possible (b). In the linear region, however,

the smaller, ‘sacrificial’ bonds break which allows greater sliding and delays the onset of
damage (c) (Smith et al., 1999). If load was removed at this point, the Van der Waals
forces between the molecules (due to polar amino acids) would result in a return to the

original configuration (d). The sacrificial bonds would then self-heal relatively easily
(Thompson et al., 2001). If, however, more load were to be applied such that the tendon

entered its plastic region then even the long crosslinks would break (e). A microtear
would be created, forming a region of ‘discrete plasticity’ and the permanent

deformation would be measurable as an increase in the gap period. Beyond the UTS
point, the build-up of microtears would start to affect the tendon’s structural integrity

and lead to total rupture. It is not clear how broken crosslinks are dealt with: they might
be repaired or replaced, or the entire fibril might be repaired or replaced as part of a

homeostasis or a healing response.
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Molecular Pullout (Microrupture): If molecules continue to slide/have their inter-

molecular bonds broken, eventually they will pull away from one another (‘pullout’). This

is also described in Figure 2.12.

2.5.2. Fibril Level

Evidence suggests that tendons’ sub-rupture characteristics are due to mechanisms that

occur on this level (Svensson et al., 2012). This may be because the cellular processes of

tenocytes are found here, implying that collagen-cell interactions are most influenced by

fibril-level structures (Orgel et al., 2011; Herod and Veres, 2018).

Movement of Water Molecules: The gel-like ‘ground substance’, containing hy-

drophilic proteoglycans (among other components), exists in the spaces between fibres

(bundles of fibrils). Water molecules are held by the proteoglycans which creates a

swelling pressure and absorbs force (especially shock) in the toe region (Baer et al., 1987).

If a load is applied for an extended period of time the stress induces diffusion of free fluid

molecules from the intra-fibril space into the extra-fibril space. This is a viscoelastic

response and is thus one of the mechanisms behind the creep, stress relaxation (although

the direction of flow is opposite in this case (Screen et al., 2011)) and hysteresis properties

of collagenous material. Specifically, it is responsible for the longer-duration viscoelastic

behaviour as it occurs more slowly than fibril sliding (Gautieri et al., 2013); this is because

there is friction that hinders the water’s flow. Strain energy that would otherwise be

conserved in the spring-like collagen matrix is instead lost due to this movement (Veres

and Lee, 2012). If a dry tendon that has permanent strain is rehydrated, that strain will

disappear (Gautieri et al., 2013) suggesting that water molecules ‘push’ their way back

into the interstitial locations rather than just passively responding to load. It may be

that molecular sliding is only possible because the water molecules have the ability to

move out of the way (Sarkar et al., 1987).

Osmotic Pressure: Changes in the distribution of water within the tendon (essentially,

small amounts of relative ‘drying’ occur in the regions that water flowed out of while the

other regions remain ‘wet’) causes stresses to be set up due to the pressure differences
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(Masic et al., 2015).

Fibril Uncrimping: The first deformation mechanism to occur when a tendon is loaded

- in the toe region - is the straightening out of fibrils (which have a wavy shape under no

load) (Viidik, 1972; Bruehlmann et al., 2004). This absorbs shock and may add to the

ability of a spring-like tendon to store energy by increasing its elastic recoil (Screen et al.,

2013). Once a fibril has become straight and aligned with the loading axis it starts to

bear load directly and elongate; it has been ‘recruited.’ Fibrils do not recruit uniformly:

those nearer the surface of the fibre will straighten and start to be stretched first whilst

those in the core are still uncrimping. Those that are recruited first will start elongating

first (discrete plasticity). When overloaded (but not ruptured) and then unloaded, some

of the crimp will return whilst other fibrils will remain straight (Wiens et al., 2016). Also,

cyclic loading increases crimp amplitude (Freedman et al., 2015). This kink morphology

following overload may be what induces the cellular healing response to injury (Veres

et al., 2013b).

Fibril Rearrangement: Unloaded fibrils are slightly twisted, similar to rope. When

subjected to a force they will untwist, straighten and align, becoming more parallel

(Gusachenko et al., 2012). If they are loaded to the plastic region and then unloaded,

however, they will become distorted and lose alignment (Veres and Lee, 2012). As with

stiffness, fibrils are not uniformly twisted: those near the outer surface of fibres will have

a more oblique torsion angle. This contributes to the lack in consistency of the fibril

loading modulus (Yahia and Drouin, 1989; Benjamin et al., 2008).

Fibril Elongation: When deformation occurs on the molecular level the fibril level will

also deform. Specifically, molecular elongation will cause elastic strain of the fibril whilst

molecular sliding will cause plastic strain. The latter is evidenced by a loss of visible D-

banding on the fibril surface, thought to be caused by disruption of the packed molecular

structure as a result of sliding and rearrangement (Veres et al., 2013b).

Fibril Kinking: As fibril elongation does not happen uniformly within the fibre, areas

of plastic strain develops in patches (Gupta et al., 2004; Veres et al., 2013b; Fessel et al.,
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2014) and, specifically, those fibrils that are recruited first will strain first. If load is

subsequently removed from the tendon - as happens during cyclic loading to zero (or

near-zero) load - these patches of plastic strain form ‘kinks’ whilst the rest of the tendon

recoils elastically (Fung et al., 2009, 2010; Shepherd et al., 2014a), as described by the

‘Compression of Unrecovered Elongation’ (CUE) model (Herod and Veres, 2018). These

fibril kinks are not to be confused with molecular kinks which form in the gap regions of

the molecular structure (Fratzl et al., 1997; Wess et al., 1998a) and were discussed earlier,

although molecular kinks cause fibril kinks. Their presence increases in tendinopathic

tissue (Pingel et al., 2014) and at low levels of damage in proportion with the amount

of permanent strain (Fung et al., 2009). They develop transversely across the tendon

(Fung et al., 2010). It has been noticed that molecular denaturation occurs primarily at

kinking sites (Veres and Lee, 2012) and thus denaturation, molecular sliding, molecular

kinking, fibril kinking, fibril elongation and cell-kink interactions are likely all related.

Also, kinks will appear at regular intervals all the way along a fibril’s length (see Figure

2.8B) (Veres et al., 2013b). This suggests that plastic deformation (i.e. molecular sliding)

strengthens that particular patch of fibril (strain hardening): if the opposite was true,

the fibril would plastically deform at its weakest point and then simply rupture there

before further kinking had a chance to occur (Veres et al., 2013b). However, the evidence

is conflicted: stress-strain curves from mechanical tests of single fibrils do not always

display strain hardening and, indeed, often show perfectly plastic deformation or strain

softening (Shen et al., 2008).

Fibril Dissociation: Beyond the yield point, fibrils dissociate into substructures (see

Figure 2.13) (Torp et al., 1975; Kastelic et al., 1980; Knorzer et al., 1986; Fung et al.,

2009; Veres et al., 2013b). However, this may only occur in certain, poorly crosslinked

tissues (Nemetschek et al., 1977).

Fibril Rupture: Fibrils are the first structures to rupture, which they do in a brittle

manner (Gautieri et al., 2013), with these ruptures merging to form larger tears (Pierre-

Jerome et al., 2010; Calleja and Connell, 2010). The damage area fraction increases

with fatigue (Fung et al., 2009). It is presumed that the mechanism of fibril rupture
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Figure 2.13: Kinked fibrils without (A) and with (B) dissociation into ‘sub-fibrils’

Image credit: (Veres and Lee, 2012)

is molecular pull-out (sliding until they lose contact with one another). Tears develop

independently throughout the material (Nakama et al., 2005) and grow until total tendon

rupture occurs. In vivo, healthy tendons seldom rupture and it is more likely that an

accumulation of microtears over time (i.e. fatigue (Magnusson et al., 2010)) leads to

tendinopathy (Frost et al., 2002) or degenerative changes which increase the ease with

which further microtears develop and spread from then on (and this would then contribute

to the risk of total rupture) (Nakama et al., 2005; Hodgson et al., 2012).

Fibril Sliding: Fibrils are connected to each other via covalent crosslinks between their

surface molecules (Sims et al., 2000) and to proteoglycans in the ground substance via

hydrogen bonding with glycosaminoglycans (GAGs) (Gupta et al., 2010). Note that

the crosslinks formed by GAGs between fibrils are only incidental, they do not serve

a major mechanical roles and the main function of GAGs is rather to facilitate fibril

sliding via their hydrophilic properties (Rigozzi et al., 2013). Fibrils are also connected

directly via fibril branching (small offshoots from a main fibril will form physical bridges

to neighbouring fibrils, thus creating a continuous fibril ‘network’) (Szczesny et al., 2017).

Initially, a small amount of sliding can happen easily because the proteoglycans readily

deform (Screen et al., 2011; Rigozzi et al., 2013). Over time, further sliding can occur as

the proteoglycans release their water molecules and unravel under stress (Sarkar et al.,
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1987; Screen et al., 2011). Eventually, fibril-fibril (Puxkandl et al., 2002; Cheng and

Screen, 2007) and fibril-ground substance (Fessel and Snedeker, 2009; Svensson et al.,

2011; Szczesny and Elliott, 2014b; Pensalfini et al., 2014) shearing occurs. However,

the latter (‘shear-lag’) may be negligible in dissipating load compared to the former

(Szczesny et al., 2017) and both might be negligible compared to other deformation

mechanisms; the major component of fibril deformation is likely molecular deformation

(i.e. fibril elongation) as opposed to fibril sliding (Gonzalez et al., 2014). Regardless,

Rigozzi et al. (2011) claim that this mechanism is relevant up to 5% strain and Svensson

et al. (2012) found tendon strain-at-failure to be greater than that of individual fibrils

(implying that a significant amount of fibril sliding occurs).

2.5.3. Fibre Level

This hierarchical level is responsible for the majority of tendon extension (Puxkandl et al.,

2002; Sasaki and Odajima, 1996a).

Fibre Uncrimping: Similar to fibrils, unloaded fibres display a crimping pattern which

also disappears in the toe region as they get recruited (Ciccone et al., 2006).

Fibre Reorganization: Fibres reorganise themselves under small loads - becoming more

aligned and increasing in stiffness - with this happening to a greater degree in tendons

that have a load-bearing function as opposed to a positional function (Screen et al., 2013).

During stress relaxation, transverse contraction occurs possibly due to the flow of water

out of the structure. There is also a small amount of fibre rotation due to the structure

having a slight helical shape (Screen, 2008).

Fibre Disorganization: While healthy fibres are continuous, well-aligned and crimped,

tendinopathic fibres are fragmented, disordered and less structured (Khan et al., 1999;

Maffulli et al., 2004).

Fibre Sliding: Inter-fibre sliding has been identified as one of the chief mechanisms

behind stress relaxation (Screen, 2008; Screen et al., 2013) although, in contrast to the

fibril level, the forces connecting neighbouring fibres are negligible (Haraldsson et al.,
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2008). It is the chief mechanism of failure for fascicles, occurring at strains between 8

and 14% (Screen et al., 2004b).

Fibre Elongation: Strain due to individual fibre extension is 6-8% smaller than that

due to fibre sliding (Screen, 2008). During the first 4% of macro strain it contributes to

fascicle elongation, but after this point only fibre sliding does (Screen et al., 2004b).

Cell Disruption: Tenocytes in tendon that has tendinopathy are found to be

permanently buckled, rounded and shortened (Pingel et al., 2014; Thorpe et al., 2015a).

The cause might be fibril kinking. This affected mechanical environment likely results in

disrupted mechanobiology, as mentioned previously.

Ground Substance: While it may be true that proteoglycans form bridges between

neighbouring fibres, it is thought that the load carried by these is negligible (Szczesny

et al., 2012). For example, the loading modulus of a tendon in the transverse direction

is orders-of-magnitude lower than that in the direction of load (Lynch et al., 2003).

The proteoglycans merely have an indirect affect in that they attract water molecules.

Deformation of the ground substance happens easily as it requires only relatively weak

intermolecular forces to be overcome (Screen et al., 2004a).

Total Rupture: It is thought that a build up of microtears on the fibril level (due to

molecular pullout) will lead to macro level tendon rupture (Fung et al., 2010). Indeed, a

ruptured tendon will often show degenerative changes, implying that it had accumulated

damage before failure (Kannus and Jozsa, 1991; Tallon et al., 2001). A ruptured fibril will

not contribute to load-bearing, and thus the effective cross-sectional area of the tendon

will decrease and more load will be transferred onto the remaining fibrils. The other

fibrils will be more likely to rupture as a result and a snowball effect will develop. For

this reason, a tendon as a whole is only marginally stronger than its weakest fibril, which

is backed up by Svensson et al.’s (2012) findings that a tendon’s stress-at-failure is lower

than that of individual fibrils. This also takes into account the fact that tendons contain

components which do not carry significant load - cells, elastin, proteoglycans, etc - while

fibrils do not (they are entirely collagen and water).
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2.5.4. Fascicle Level

Although it is a build up of fibril level microtears that causes failure, the rupture on a

macro level will occur via fascicle pullout, see Figure 2.14.

Fascicle Sliding: In some cases, a tendon will originate from more than one muscle: the

Achilles tendon, for example, forms out of both heads of the gastrocnemius and also out

of the soleus (see Figure 2.15). The fascicles from each muscle fuse to form the tendon

proper. However, each of these individual fascicle groups within the single tendon will

experience a slightly different loading pattern because each of the three muscle endings

contract with a slightly different force. Thus, a large amount of inter-fascicle sliding

occurs - more than on any other hierarchical level (Handsfield et al., 2016) - and each

fascicle can be considered as a functionally independent structure bonded only weakly to

its neighbours (Haraldsson et al., 2008; Franz and Thelen, 2016). The superficial region

of the human Achilles tendon, for example, elongates 16-29% more than the deep region

with faster walking creating greater non-uniformity (Franz et al., 2015). This difference

in fascicle movement allows the muscles to act more independently and thus perform

their specific functions more effectively (Thorpe et al., 2012): the gastrocnemius’s chief

function is forward propulsion whilst the soleus’s is vertical support (Franz and Thelen,

2016).

Fascicle Twisting: In the Achilles tendon, the fascicles from the three origins twist

together as they fuse and, as such, the tendon has a helicity to it. This twist is

approximately 90° - although a large amount of natural variation exists - with fascicles

which are on the posterior surface at the proximal end of the tendon inserting onto the

lateral side of the calcaneal tuberosity (Edama et al., 2015). When load is applied this

twist tightens, similar to the strands of a rope, causing part of the load to be carried in

compression and thus more efficiently. It also reduces the need for fascicle sliding (Roukis

et al., 1996). However, it emphasises the heterogeneity of fascicle strain and muscle force

dissipation - albeit to a lesser extent than fascicle sliding - which may be a contributing

factor to injury (Edama et al., 2015; Handsfield et al., 2016).
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Figure 2.14: Still frames from a video depicting rat tail tendon rupture that was
captured as part of the experiment detailed in Chapter 3. Four blue dots were drawn on
the tendon, labeled as in (A). Notice that by (C) the second dot has split. In (F) these
two pieces are explicitly labeled as dots 2a and 2b. Later, dot 3 also splits - albeit less

clearly - and forms pieces 3a and 3b in (J). This implies that macro failure occurs along
the tendon - rather than at a certain point - via the mechanism of fascicle sliding and

pullout; this is depicted in the diagram on the right. A similar observation was made by
Ker (2007).
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Figure 2.15: The Achilles tendon originates from the medial and lateral heads of the
gastrocnemius as well as from the soleus.

Image credit: (Drake et al., 2015)

2.5.5. Summary

The chief mechanisms that govern tendon response are summarised here and in Figure

2.16.

Ramp-to-Failure: If an increasing load is applied to an unloaded tendon quickly, there

will be uncrimping, molecular elongation and then fibril and molecular sliding as the

bonds between these structures are broken. On a fibril level this will form discrete

plasticity (microdamage) then molecular-level pullout (microrupture) and fascicle-level

pullout (macrorupture). Mechanisms will appear first in those fibrils that are recruited

first.

Static Fatigue: A constant load, sufficient to cause damage but not rupture, will trigger

the same deformation mechanisms as a ramp-to-failure test while, at the same time, it

will also trigger mechanisms that are time-dependent. As discussed in Section 2.4.2 and

Figure 2.11, creep appears to comprise of a non-permanent viscoelastic response, a linear

response and an exponential failure response. The mechanisms behind these are likely
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Figure 2.16: A summary of Section 2.5. The stress-strain response of a tendon can be
divided into regions according to the load response behaviour in each, as shown on the

left. The mechanisms that cause these various behaviours are shown on the right,
colour-coded to correlate with the region in which they occur and linked with arrows to

show causality.

movement of water molecules and fascicle sliding (viscous), non-permanent molecular and

fibril elongation (elastic), molecular sliding and discrete plasticity (linear) and molecular

pullout (exponential) which accumulates and leads to fascicle pullout (failure). Note that

the two linear processes do not decrease the load-bearing capacity of the tendon (Veres

et al., 2013b) as the effective cross-sectional area remains unchanged.

Dynamic Fatigue: It has previously been mentioned that cyclic loading consists of a

static load combined with an alternating load. The static load will cause the mechanisms

mentioned above while the alternating load will additionally cause molecular and fibril

kinking and increased fibril crimp during the unloading (Fung et al., 2010). Kinking is

likely a damage mechanism in and of itself, which explains why cyclically loaded samples
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accumulate damage faster and fail sooner than would be predicted by creep alone (Wang

and Ker, 1995; Thornton et al., 2007).

Long-Term: Mechanisms of damage that only appear in vivo include a disrupted

physical cell environment as a result of discrete plasticity and/or microtears, affecting

the mechanobiology and collagen production. This impairs the healthy turnover,

homeostasis and healing processes, and thus allows microdamage to accumulate. It is

this accumulation that causes injury and tendinopathy.

2.6. The Effect of Functional Role

As discussed previously, the functional role of a tendon - whether it is energy-storage

for use in locomotion or positional for use in fine-motor control - will have an impact

on its properties. This is because tendons have to be strong enough to handle the loads

they experience in life but, at the same time, small enough to be efficient (Ker et al.,

2000) and so a ‘one-type-fits-all’ structure would not be feasible. To a certain degree,

mechanical properties are pre-programmed into tendons even before birth (the mechanical

properties of embryonic tendons start to develop before they experience load for the first

time (Birch, 2007; Schiele et al., 2015)) although a large amount of adaptation can take

place in response to the physical stresses experienced during use (Shadwick, 1990; Ker

et al., 2000). This is analogous to how bone adapts under Wolff’s law.

2.6.1. Tendon Types and Functional Roles

The types of tendon that have relevance to this project are the energy-storing Achilles

tendon and the positional tail tendon.

Human and Rat Achilles Tendon: Connecting the muscles in the superficial posterior

compartment of the leg to the calcaneus (calcaneal bone) in the heel, the calcaneal

(Achilles) tendon is the largest, strongest and thickest in the body (Wren et al., 2001;

Benjamin et al., 2008; Baravarian and Redkar, 2016) and enables plantar flexion of the

foot. Tension is applied during concentric, eccentric and isometric contractions of the
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soleus and gastrocnemius muscles with these occurring, respectively, during locomotion

(in the ‘Terminal Stance’ phase of the gait cycle as the forefoot pushes against the ground,

or when jumping up), landing (such as from a jump or when walking down stairs) and

standing. The tendon thus experiences large amounts of load - up to four times body

weight when walking and eight times when running and/or jumping (Giddings et al.,

2000) - and, indeed, comes closer to its ultimate stress than any other tendon during

normal use (Magnusson and Kjær, 2003). As a result - and in spite of its strength -

it is the most commonly injured tendon in humans (Kannus and Jozsa, 1991; Maffulli

et al., 1999). It is susceptible to both acute and chronic damage (Baravarian and Redkar,

2016) caused during either concentric or eccentric contraction or by sudden dorsi- or

plantarflexion uncontrolled by muscle contractions. In humans, the weakest part is 2-6

cm above the insertion zone (the ‘watershed area’ (Carr and Norris, 1989)) where, due

to a number of factors (concentrated torsional stress, small cross-sectional area, poorest

blood supply, relatively high proportion of fibrocartilaginous material) 75% of ruptures

occur (Abate et al., 2009; Gwynne-Jones et al., 2011). See Figure 2.17(a).

Rat Tail Tendon: The tail serves two purposes - thermoregulation (Vanhoutte et al.,

2002) and balance (Hanson, 2004) - of which only the latter is relevant when considering

tendons. Similar to a tightrope walker’s pole, the tail increases the rotational inertia of

the animal to help it avoid toppling over when turning quickly. Additionally, it can be

accurately positioned and held steady if needed, enabling fine control over the location

of its centre of gravity (useful when traversing ropes and wires) and acting as a rudder

when swimming or as a counterbalance when jumping. As a result, a single tail will

contain many tendons of various lengths (but almost all relatively long) that can slide

large amounts relative to the tail skeleton and skin in order to pull it to one side, see

Figure 2.17(b). It shares the same hierarchical structure as the Achilles, including fibrils,

fibres, fascicles, ground substance and endo-, epi- and paratenons which facilitate the

sliding (Rowe, 1985). Unlike the Achilles, however, crimp exists even in situ (Rowe,

1985), indicating that tail tendons experience complete unloading (which the Achilles

never does). Their long, thin shape, ease of isolation and abundance makes them a

popular choice for tendon experiments.
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0 mm

10 mm

20 mm

(a) A rat Achilles tendon. Notice, from top
(proximal) to bottom (distal), the flat

aponeurosis sheath which interfaces with the
gastrocnemius muscle, the individual fascicles

before they have fused together, the tendon
proper and, finally, the cartilaginous material

surrounding the calcaneal bone.

(b) Pulling on a tendon from the proximal
end of a rat tail will cause the distal end to
curl dramatically, illustrating both the length

of the tendon and the mechanism of function.

Figure 2.17: Rat Achilles and rat tail tendons.

2.6.2. Effect on Collagenous Structures

While total collagen content is the same, the proportional collagen content is greater in

positional tendons (98% (McLennan et al., 1986)) compared to energy-storing ones (75%

to 87% (Lagier and Exer, 1960; Amiel et al., 1984)). The former also have a larger average

fibril diameter (Birch, 2007) and will be longer and thinner than the latter (Józsa and

Kannus, 1997). The rate of collagen turnover is faster in tendons that are energy-storing

in nature; the larger loads cause more microdamage to occur, resulting in more fibrils

needing to be replaced more often (Ker et al., 2000; Birch et al., 2008; Abate et al., 2009).

However, Birch (2007) reported the opposite (albeit in horses), postulating that a slower

turnover rate is the reason why damage accumulates and leads to rupture more often in

these tendons. Another explanation could be that remodelling weakens the structure and
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so tendons subjected to high loads do not do so readily (Laurent, 1987).

2.6.3. Effect on the Non-Collagenous Components

Energy-storage tendons are larger and contain fewer nerve fibres and endings (Abate

et al., 2009), but more water (Birch, 2007). They have more glycosaminoglycans (GAGs)

(Batson et al., 2003) and, in particular, higher levels of sulphated GAGs (indicative of

different types and quantities of proteoglycans being present) which likely has a regulating

effect on fibril diameter (Birch, 2007). It is hypothesised that tension inhibits the

catabolism of GAGs and proteoglycans (Arnoczky et al., 2004). Energy-storage tendons

also have higher levels of DNA, which affects cellularity (Birch, 2007), and their inter-

fascicular matrices behave more elastically (Thorpe et al., 2016) helped by a greater

proportion of elastin (Thorpe et al., 2015c). The types of inter-molecular crosslinks

present and the distribution of proteoglycans also differs (Thorpe et al., 2010).

2.6.4. Effect on Deformation and Damage Properties

Energy-storage tendons have been shown to have lower stiffness (loading modulus), more

fibril reorganisation, less hysteresis, less stress relaxation and higher strains at failure

and at the onset of plasticity compared to positional tendons, but there is no significant

difference in ultimate tensile strength (UTS) (Shadwick, 1990; Birch, 2007; Shepherd and

Screen, 2013; Screen et al., 2013; Thorpe et al., 2015b). They also have a greater fatigue

life when compared directly to positional tendons (Batson et al., 2003; Shepherd et al.,

2014a) but an equal fatigue life/rate of damage when testing is done at the stress levels

experienced in vivo (Ker et al., 2000). The lower stiffness in energy-storage tendons is

likely due to the smaller fibril diameters; there is a correlation between loading modulus

and mass average fibril diameter due to inter-molecular crosslink concentration (Smith,

2006). Importantly, this means that functionally different tendons will adapt their loading

moduli by changing their thicknesses; the intrinsic material property is not the controlled

variable (Pollock and Shadwick, 1994; Ker et al., 2000). From a functional perspective,

low stiffness decreases the amount of control a muscle has over the length of a tendon and

thus the position of the anatomy it is attached to, which is why positional tendons are
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more stiff. Similarly, the toe regions are smaller in these tendons (Screen et al., 2004a);

they are larger in energy-storing ones where they are needed for shock absorption. In

contrast to positional tendons, low stiffness is beneficial in energy-storage tendons as

it increases their compliance, allowing muscles to act over a shorter distance (Gomes

et al., 2017). For example, a short, powerful contraction of the gastrocnemius muscle

creates a tensile force in the Achilles which is partly absorbed and partly transmitted

to the foot. If the foot then starts to plantarflex in response to this, the tendon will

shorten but still be able to maintain the same force due to the absorbed energy. Thus,

the muscle does not need to contract as much in order to transmit that force, which is

more efficient. The higher maximum strain in energy-storage tendons is due to increased

fascicle sliding (Thorpe et al., 2012). Also, these tendons have a lower ‘safety margin’

- even physiological loading is enough to cause permanent deformation (Birch, 2007).

While this is a necessary property given the functional requirement, it has been cited

as the reason for the increased disposition of these tendons to degeneration and rupture

(Rees et al., 2006). By definition, energy-storage tendons exhibit more resilience.

2.7. The Effect of Diabetes

Diabetes leads to changes in tendon which are associated with deteriorating function,

increased propensity to damage and poorer healing (Lui, 2017).

2.7.1. Mechanism Behind Diabetic Changes

The cause of the effects detailed in this section is thought to be an increase in the

formation of advanced glycation end-products (AGEs, which are stronger than regular

crosslinks, see Section 2.2.4, and thus cause a stiffening of the structure (Eriksen et al.,

2014)) (Fessel et al., 2014). This increase results from a higher presence of glucose in

the tendon, it having perfused out of the vascular system due to its diabetes-induced

high concentration in the bloodstream (Vogt et al., 1982). Note, however, that Couppé

et al. (2015) and Batista et al. (2008) both reported that the effectiveness with which the

diabetes is managed has no significant impact of the effect on tendon and Volper et al.
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(2015) suspect that hyperglycaemia is not the sole cause of the mechanical changes seen.

It is also know that AGEs increase naturally in people and animals as they get older

(Thorpe et al., 2010) and a number of studies related to age (and unrelated to diabetes)

have independently found AGEs to be correlated with increased loading modulus, failure

stress and failure strain (Reddy, 2004; Peffers et al., 2014; Thorpe et al., 2015b). Diabetes

can thus be considered to have the effect of accelerating age (Monnier et al., 1984).

2.7.2. Effect on Collagenous Structures

It is thought that fibrils pack together more tightly in diabetic tendon due to AGE

crosslinks pulling them together (Abate et al., 2009): the diameters of individual fibrils

decrease (Bai et al., 1992) and collagen density increases (Couppé et al., 2015) causing an

increase in strength (Maffulli et al., 2003). However, tendon size increases in diabetic

females (and males who also suffer from either retinopathy or neuropathy, both of

these being established complications of diabetes) (Akturk et al., 2007), thickening (and

scarring) of the Achilles can occur (Reddy et al., 2002) and total collagen content

increases (de Oliveira et al., 2012). This would suggest that there are more fibrils

overall. Paradoxically, however, diabetes decreases collagen production (Magnusson et al.,

2010) which would suggest that collagen anabolism decreases too, by a greater amount.

Additionally, changes in the remodelling and homeostasis processes of the collagen have

been reported (Fox et al., 2011). Lastly, whilst the structure and arrangement of fibres

remain the same (Volper et al., 2015) the disorganisation of fibrils (linked to tensile

strength (Scott, 1988)) becomes more pronounced (Reddy et al., 2002).

2.7.3. Effect on Non-Collagenous Components

As already mentioned, more AGE crosslinks form. The altered deformation properties

that result (see following paragraph) will mask mechanical stimuli and thus hinder cells’

mechanobiological functioning (Snedeker and Gautieri, 2014). Neuropathy occurs in

extremities (Diabetes UK, 2015), interfering with feedback responses and thus indirectly

increasing patients’ susceptibility to injury. Additionally, cell density and the density of

proliferating cells increases (suggesting the presence of inflammation and thus increased
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damage accumulation from everyday loads) (de Oliveira et al., 2013) leading to an

inhibited capacity for repair and remodelling (Bedi et al., 2010). Indeed, cell proliferation

levels at a rupture site will be less than those in a non-diabetic patient, indicating a

decreased healing ability (Loots et al., 1999). Additionally, this healing will be fibrotic

when it does occur (Ackerman et al., 2017). The levels of glycosaminoglycans do not

change (Connizzo et al., 2014).

2.7.4. Effect on Deformation and Damage Properties

With a few exceptions, ultimate tensile strength (UTS) and stiffness/loading modulus

(E) increases in diabetic samples, see Table 2.1 and Figure 2.18, with these increases

being greater on average in rat tail tendons compared to rat Achilles tendons. While, ex

vivo, these changes create a material that is more resistant to load it is suggested that,

in vivo, they increase the likelihood of tendinopathy and rupture (Fox et al., 2011). A

diabetic Achilles tendon that is stiffer and thicker may alter the gait pattern and thus the

distribution of pressure on the foot, contributing to greater wear of the skin on the forefoot

(Abate et al., 2013) leading to ‘diabetic foot’ (de Oliveira et al., 2011). There is also a

considerable reduction in the viscoelastic response of the material: inter-fibre sliding and

lateral fibre movement is drastically reduced whilst fibre stretching accounts for more of

the strain (Snedeker, 2016). Note that Table 2.1 does not include any reports on tendon

fatigue properties, a topic which - in general - has not been extensively researched and

still constitutes a gap in the literature.
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(a) Ultimate tensile strength
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Figure 2.18: Summaries of the most relevant information from Table 2.1. Each
vertical bar represents one diabetic experimental group from a study shown in the table
with the height representing the number of samples involved and the horizontal position

representing the increase or decrease in ultimate tensile strength (UTS) or loading
modulus (E), relative to healthy samples. RTT = rat tail tendons, RAT = rat Achilles

tendons, HAT = human Achilles tendons. As can be seen, most studies reported an
increase in both UTS and E; the exceptions to this are discussed in the caption of Table

2.1. When these exceptions are removed, it can be noted that rat tail tendons are
affected more on average than rat Achilles tendons (the weighted mean increases are

42.1% vs 27.0% for UTS and 25.0% vs 16.2% for E, respectively)
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Table 2.1: Summary of past studies related to the effect of diabetic models on tendon strength (UTS) and loading modulus (E).

All reported an increase or no change in UTS and E with a few exceptions. Grant et al. (2005) reported decreases in UTS
(-51.5%) and E (-70.7%) although the diabetic samples used in this instance were all sourced from patients with Charcot foot
(neuropathic arthropathy); a comorbidity that may affect the Achilles to a greater degree that diabetes in and of itself. Boivin

et al. (2014) also reported decreases in UTS (-41.0%) and E (-50.0%) in db/db mouse Achilles, however, their protocol included
significant pre-conditioning, a strain-based (as opposed to displacement-based) loading rate and no method for keeping the

samples hydrated during the experiment (dehydration is known to affect tendon mechanical properties (Haut and Haut, 1997)).
de Oliveira et al. (2011) measured a decrease in E only (-63.3%) but, similarly, did not keep samples hydrated. Fox et al. (2011)

also measured decreases in E only (-19.0% and -14.8%) but in rat tibia-patellar tendons.

Authors Animal Tendon n
Age at Trial

Model
Result (vs Control)

Significance
Start* Length* UTS E

Galeski et al. (1977) Rat Tail 1 8 28 Alloxan 0.1% ↑
Galeski et al. (1977) Rat Tail 1 8 27 Alloxan 33.2% ↑
Galeski et al. (1977) Rat Tail 1 8 38 Alloxan 0.01% ↓
Andreassen et al. (1981) Rat Tail 8 21.3 1.3 STZ (70) 20% ↑ ↑ 2p < 0.05

Andreassen et al. (1981) Rat Tail 8 18.4 4.2 STZ (70) 50% ↑ ↑ 2p < 0.05

Andreassen et al. (1981) Rat Tail 8 18.4 4.2 STZ (70)i = = 2p < 0.05

Reddy et al. (2002) Rabbit Achilles 12 12-16 8 Ribose 110.7% ↑ 108.4% ↑ p < 0.01

Reddy (2004) Rabbit Achilles 6 12-16 8 Ribose 159% ↑ 161% ↑ p < 0.001

Grant et al. (2005) Human Achilles 20 Charcot 55.1% ↓ 70.7% ↓
Fox et al. (2011) Rat Tibia-patellar 8 2.5 STZ (65) = 19.0% ↓ p < 0.02

Fox et al. (2011) Rat Tibia-patellar 8 1.5 STZ (65) = 14.8% ↓ p < 0.04

de Oliveira et al. (2011) Rat Achilles 7 10 10 STZ (60) 38.3% ↑ 63.3% ↓ p > 0.01

de Oliveira et al. (2012) Rat Achilles 11 10 10+ STZ (60)t 54.6% ↑ 29.3% ↑ p < 0.01

Connizzo et al. (2014) Mouse Achilles (ins.) 8 8.4 N/A db/db ↓ p < 0.025

Connizzo et al. (2014) Mouse Achilles (mid.) 8 8.4 N/A db/db = p > 0.05

Connizzo et al. (2014) Mouse Patellar (ins.) 8 8.4 N/A db/db = p > 0.0555



2.
L

iteratu
re

R
ev

iew
Connizzo et al. (2014) Mouse S’spinatus (ins.) 8 8.4 N/A db/db = p > 0.05

Connizzo et al. (2014) Mouse S’spinatus (mid.) 8 8.4 N/A db/db = p > 0.05

Connizzo et al. (2014) Mouse Patellar (mid.) 8 8.4 N/A db/db = p > 0.05

Boivin et al. (2014) Mouse Achilles 10 5 N/A db/db 41.0% ↓ 50.0% ↓ p/2 < 0.001

Gonzalez et al. (2014) Rat Tail 4 20 12 ZDSD 31.5% ↑ 23.6% ↑ p = 0.016

Fessel et al. (2014) Rat Tail 15 17-24 N/A MGO 110% ↑ 35 % ↑ p < 0.03

Couppé et al. (2015) Human Achilles 21 ∼58 yrs N/A PCD 28 % ↑ p > 0.05

Couppé et al. (2015) Human Achilles 20 ∼60 yrs N/A WCD 24 % ↑ p > 0.05

Couppé et al. (2015) Human Achilles 17 ∼58 yrs N/A PCD 47.1% ↑ p > 0.05

Couppé et al. (2015) Human Achilles 17 ∼60 yrs N/A WCD 47.1% ↑ p > 0.05

Volper et al. (2015) Rat Achilles 8 9 10 STZ (60) 20.7% ↑ 0.44% ↓ p > 0.05

Volper et al. (2015) Rat Achilles 8 9 10 STZ (60)i 1.7% ↑ 1.1% ↑ p > 0.05

Volper et al. (2015) Rat Achilles 9 18 1 STZ (60) 12.1% ↑ 14.2% ↑ p > 0.05

Volper et al. (2015) Rat Tail (ventral) 9 18 1 STZ (60) 10.9% ↑ 4.5% ↑ p > 0.05

Volper et al. (2015) Rat Tail (ventral) 8 9 10 STZ (60)i 21.5% ↑ 10.2% ↑ p > 0.05

Volper et al. (2015) Rat Tail (ventral) 8 9 10 STZ (60) 28.5% ↑ 25.1% ↑ p > 0.05

Volper et al. (2015) Rat Tail (dorsal) 8 9 10 STZ (60) 42.8% ↑ 21.4% ↑ p > 0.05

Volper et al. (2015) Rat Tail (dorsal) 8 9 10 STZ (60)i 48.1% ↑ 50.6% ↑ p > 0.05

Volper et al. (2015) Rat Tail (dorsal) 9 18 1 STZ (60) 1.1% ↑ 22.1% ↑ p > 0.05

STZ = Streptozotocin (followed by dosage size in mg/kg), PCD = poorly-controlled diabetes, WCD = well-controlled diabetes, ZDSD = Zucker diabetic

Sprague-Dawley, MGO = methylglyoxal (a producer of AGEs rather than a model of diabetes per se), Charcot = patients with diabetic neuropathic

arthropathy, (ins.) = insertion, (mid.) = midsubstance, i = included insulin treatment, t = included regular moderate exercise

*Age and trial duration are both given in the format <weeks>.<days> unless specified otherwise
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2.8. Diabetes

The need for research into diabetes is well established; £60 million is spent on it annually

in the United Kingdom (Diabetes UK, 2017a). This is due to the great and very visible

impact of the disease on society in general and sufferers in particular, details of which

will be discussed in this section.

2.8.1. Pathophysiology

Diabetes is a disease related to the production and utilisation of the insulin hormone.

Normally, insulin is produced by the pancreas and released into the bloodstream in

proportion with the amount of glucose present there (Sonksen and Sonksen, 2000). It acts

to accelerate the rate at which this glucose is absorbed by cells (although this absorption

can still take place without insulin (Sonksen and Sonksen, 2000)) and also stimulates

its conversion into glycogen (the form in which it can be stored) by the liver. In this

way, it reduces the ‘blood sugar level’. Once reduced, the production of insulin likewise

decreases and the liver begins converting the glycogen back into glucose, increasing this

level again (Sonksen and Sonksen, 2000). A feedback loop thus exists, regulating glucose

concentration to within tight limits. Some glucose perfuses out of the blood into tissues

where ‘glycosylation’ reactions occur, mediated by enzymes.

However, in patients with diabetes mellitus (‘diabetes’), the rate at which blood glucose

levels return to normal after a sharp increase (such as which occurs after eating) is

reduced, creating a state of excess blood glucose (hyperglycaemia). The cause of this

depends on the type of diabetes (World Health Organisation, 2013):

� Type 1: formerly ‘insulin-dependent’ or ‘childhood-onset’ diabetes; parts of the

insulin-producing regions of the pancreas (the β-cells of the islets of Langerhans)

are non-functional - possibly having been destroyed by an autoimmune reaction

that is likely either genetically-caused or a response to an infection - creating a lack

of insulin

� Type 2: formerly ‘non-insulin-dependent’ or ‘adult-onset’ diabetes; insulin is still
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produced (although, over time, the rate may reduce) but cells are less able to use it

to accelerate their absorption of glucose (‘insulin resistance’). Comprising 90% of

diabetes cases worldwide (World Health Organisation, 1999), it is primarily caused

by obesity and physical inactivity.

� Gestational diabetes: during pregnancy (when demand for insulin is higher)

production does not increase accordingly. The condition disappears after giving

birth.

� Less common types include ‘maturity onset diabetes of the young’ (MODY),

neonatal diabetes, Wolfram Syndrome, Alström Syndrome and cystic fibrosis-

related diabetes (Diabetes UK, 2017b)

The increased level of blood glucose results in increased perfusion into tissues. This

affects the glycosylation reactions, causing them to no longer be mediated by enzymes

and thus be less controlled. This nonenzymatic process is termed ‘glycation’ and, notably,

produces ‘advanced glycation end-products’ (AGEs) which bind, irreversibly, to proteins

(Brownlee et al., 1989). It is the accumulation of these over a number of years that has

been linked with diabetic complications in tissues (Brownlee et al., 1989; Grant et al.,

1997; Brownlee, 1995). Note that AGE-levels also increase naturally in humans over time

(Araki et al., 1992), meaning that age- and diabetes-related tissue changes are, generally,

similar.

2.8.2. Prevalence and Impact

An estimated 415 million adults (∼9.4% of this age group) were living with diabetes

worldwide in 2015 with a 55% increase expected by 2040 (Diabetes UK, 2015). In

the United Kingdom, the estimated figures are 3.5 million diagnosed and 0.55 million

undiagnosed (6.3% of the population altogether), up ∼150% since 1996 and predicted to

rise a further 25% by 2025 (Diabetes UK, 2015). The financial impact on UK sufferers

is an estimated £23.7 billion per annum (expected to rise to £39.8 billion per annum by

2035/6) with the National Health Service spending approximately £1 million an hour -

10% of its budget - on diabetes (Hex et al., 2012).
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2.8.3. Experimental Models for Diabetes

Extensive descriptions of these models, as well as of others, have been written by King

(2012).

Streptozotocin: One of the most widely used methods involves the injection of

streptozotocin (STZ), a chemical that is toxic to the insulin-producing β-cells of the

pancreas (Szkudelski, 2001; Lenzen, 2008). This induces hyperglycaemia and models

either Type 1 (if administered in multiple low doses) or Type 2 (if administered in a

single large dose) diabetes (Reed et al., 2000; Zhang et al., 2008). According to Volper

et al. (2015), a rat culled 10 weeks after STZ injection models 6-7 years of diabetes in

humans.

Alloxan: Another chemical that targets pancreatic β-cells, although the mechanism via

which this happens is different to that which occurs with STZ. However, it can have side

effects on rats and the range of dosages over which it is effective without being non-lethal

is small, leading to it being the less preferred method of the two (Mansford and Opie,

1968; Szkudelski, 2001; Lenzen, 2008).

Glucose Incubation: Alternatively, tendons may be isolated and soaked in a ribose- or

glucose-rich liquid in order to mimic hyperglycaemia. However, the accuracy with which

this model reproduces in vivo conditions is generally considered to be poor (Volper et al.,

2015).

Other Considerations Related to Animal Models: In terms of species, Sprague-

Dawley (Volper et al., 2015), Fischer 344 (Brennan, 1989) and Wistar rats (Kamalakkan-

nan and Prince, 2006) have all been used in STZ models of diabetes. Body weight loss

and poor growth is often reported in STZ- and alloxan-treated rats, with these potentially

affecting tissue properties such as collagen solubility (Etherington and Bailey, 1982).
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3. Investigating the Susceptibility of
Tendon to Damage

3.1. Abstract

The accumulation of tendon damage is a debilitating and widely prevalent problem for

which there is currently little mechanistic understanding. Tendinous structures play

important physiological roles as energy-storing ‘springs’ during locomotion or as accurate

positioning elements during fine motor control, depending on anatomical location. Their

mechanical structures and properties are aligned with their functional roles, although

diseases such as diabetes can disrupt this and lead to deterioration. These areas

(functional role and diabetes) were thus investigated in order to gain greater insight into

the process of tendon damage accumulation. Such knowledge will inform future research

in the fields of tissue engineering, tendon damage prevention and diabetes diagnosis and

monitoring. The mode of investigation was static fatigue testing on Achilles and tail

tendons from a streptozotocin (STZ) murine model of diabetes. It was found that steady-

state strain rate (a potential quantification of damage accumulation rate) significantly

decreased in STZ-treated tendons vs controls (57.5 vs 826 µstrain/s in tail and 1.91 vs

34.4 µstrain/s in Achilles tendons). This is possibly due to the presence of advanced

glycation end-products (AGEs) in the STZ-treated samples. This treatment, and thus

diabetes, therefore potentially decreases the rate at which rat tendon is damaged.

3.2. Introduction

This introductory section will expand on the clinical motivation behind the investigation

before briefly detailing the effects of both diabetes and functional role. Finally, the means

of investigation that was used is discussed.
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3.2.1. Problem Identification

The healthy functioning of tendon can become compromised as a result of diabetes, a

disease associated with an increased risk of tendinopathy and tendon rupture (Abate et al.,

2013) accompanied by debilitating pain, lengthy healing times and a loss of productivity.

In 2015, over 415 million people suffered from diabetes worldwide and a 55% increase -

to 12% of the world’s population - was predicted over 35 years (Diabetes UK, 2015). The

mechanisms behind tendon mechanical damage, and behind the increased susceptibility

to tissue damage seen in diabetic patients, are not well understood. The effect of the

mechanical differences seen between tendons with different functional roles (those used

for fine motor skills are stiffer than those used for locomotion, for example (Shadwick,

1990)) are likewise yet to be fully investigated. Greater knowledge in this area is needed

in order to enable advances in tendon treatment (both active and preventative) and tissue

engineering.

3.2.2. The Effect of Diabetes

Another major risk factor for tissue damage is diabetes: in men younger than 44 years,

the disease correlates significantly with Achilles tendinopathy (Holmes and Lin, 2006). It

has also been linked to tendon deterioration, poor healing and structural abnormalities

(Grant et al., 2005; Akturk et al., 2007; Batista et al., 2008; Abate et al., 2010; Fox et al.,

2011; Ahmed et al., 2012), although the exact mechanisms by which these are caused are

still largely unknown. Investigations into diabetic tendon can thus be especially beneficial:

they have the potential to reveal more about these mechanisms whilst also allowing for

comparisons with healthy tendon to be made. Such comparisons could enable additional

information about damage in general to be gleaned. Greater insight in this area will also

lead to clinicians being better informed as to patients’ risks of developing tendon and

musculoskeletal injuries and thus more able to offer advice (Fox et al., 2011).

3.2.3. The Effect of Functional Role

The structural properties of a tendon are influenced by its function: those involved

in high load-bearing movements such as locomotion are stronger, more extensible and
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more resilient than those involved in low load-bearing movements and fine motor control

(Shadwick, 1990). This ensures that they are well-suited to their functional role. An

example of this is the Achilles tendon (which bears up to 2-3 times the weight of the body

when walking and up to 12.5 times when running) (Komi, 1990) having the ability to act

as a spring: it absorbs and then releases mechanical energy - with an efficiency of 90-96%

(Ker, 1981) - during a stride in order to aid the movement (Alexander, 1991). Conversely,

‘positional’ tendons such as those in human fingers or rat tails act as cords by transmitting

muscle-generated force through them - without energy absorption - for precise controlling

of bone movement around a joint (Birch et al., 2008). This requires them to be relatively

inextensible (Birch et al., 2008). Controlling for functional role during experimentation

can thus prove insightful as to the variation in damage accumulation properties that

tendons with these different microstructures can show. Previous studies that have done

this found energy-storage tendons to have superior fatigue resistance properties (Ker

et al., 2000; Thorpe et al., 2015d). It also has clinical relevance: energy-storage tendons

are considerably more prone to tendinopathy and rupture than those which are positional

in nature (Ely et al., 2004; Birch, 2007). The particular energy-storage tendon that will

be investigated here is the Achilles tendon due to its clinical importance. It is the most

frequently ruptured tendon in humans (Maffulli et al., 1999) - constituting 20% of all large

tendon injuries (Gillies and Chalmers, 1970) - and 6% of the population will experience

Achilles tendinopathy at some point in their lifetime (Kujala et al., 2005). Additionally,

the incidence rate of rupture has increased significantly over the past decades (Moller and

Westlin, 1996; Nyyssönen et al., 2008), rising by 900% in Finland (1979-2011) (Lantto

et al., 2015), 48% in Denmark (1991-2002) (Sode et al., 2007) and 30% in Scotland (1980-

1995) (Maffulli et al., 1999).

3.2.4. Mechanical Damage

While ‘damage’ is a pertinent topic for investigation, and is especially relevant when

diabetes and functional role are also considered, there is no precise definition of this

term or consensus as to how it should be measured in biological material. This was

thus one of the knowledge gaps explored in the Literature Review of Chapter 2 where
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it was noted that many previous studies have also expressed difficulty in defining it.

However, a number of insights as to the markers of tendon deterioration (a state commonly

induced via fatigue testing) that can be sought were found. These markers fall into

two broad groups - phenomenological and mechanistic - with the former describing how

tendon properties change and the latter answering why. More precisely, phenomenological

models are those which fit mathematical formulas to experimental data while mechanistic

ones consider the behaviour of constituent structures. Previously used phenomenological

markers include permanent strain (Fung et al., 2009), loading modulus (stiffness/Young’s

modulus) (Volper et al., 2015) and strain energy (Alexander and Bennet-Clark, 1977).

If the fatigue test used is a ‘creep’ test, markers related to time and strain can also

be recorded as the stress applied to a sample is held constant. Surprisingly, despite it

being known that strain rate influences a tendon’s properties (Svensson et al., 2012), the

characteristic creep rate (i.e. the minimum strain rate measured during a creep test) is

seldom reported, with a few exceptions (Wang and Ker, 1995). Indeed, this steady-state

strain rate (SSSR) represents a point of balance between the two creep regimes - an

initial regime with decreasing rate and a final regime with increasing rate (leading to

rupture). For this reason, it is often reported during material testing of metals (although

in these instances the initial and final processes are work hardening and thermal softening,

respectively, which are not relevant to biological material) (Sherby and Burke, 1968).

Other descriptors of resistance to damage exist but often show high variability: the time

at rupture, for example, is heavily biased by the weakest points in the material and occurs

at the end of an unstable process (once the tendon starts to rupture it continues to do so

at an exponentially increasing rate). The SSSR thus has the potential to be superior in

this regard.

3.2.5. Static Fatigue Testing

The susceptibility of a biological material to the accumulation of mechanical damage may

be quantified through static fatigue (‘creep’) testing, during which a constant stress is

applied and the strain is then measured over time (Ker et al., 2000; Wren et al., 2003).

The SSSR (i.e. the gradient of the strain-time curve at the point of inflection, see Figure
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Figure 3.1: The creep response of a tendon under static fatigue (left) and its derivative
(right). The minimum of the latter is equal to the gradient at the point of inflection
(PoI) of the former, and this value is defined as the steady-state strain rate (SSSR).

3.1) is then calculated. Note that cyclic testing, which would involve an alternating

load being applied to samples, is not being performed. Such a test would require the

alternating load to always be positive (as a tendon cannot be loaded in compression

axially) and thus the sample would effectively be experiencing a constant positive load

and a zero-mean cyclic load at the same time. This would, concurrently, induce both

static and dynamic fatigue, and it would be unclear as to what mechanical effects were

being caused by which type of fatigue.

3.2.6. Murine Models

Laboratory experiments, including those concerning tendon, are often carried out using

rat models for practical and ethical reasons. Diabetes can be investigated in these models

through the use of streptozotocin (STZ), a chemical that is toxic to the insulin-producing

β-cells of the pancreas (Szkudelski, 2001). Functional role can be investigated by testing

both Achilles (energy-storage) and tail (positional) tendons (Fessel et al., 2014).

3.2.7. Aim

To compare susceptibility to mechanical damage between tendons of positional and

energy-storing roles from an STZ model of diabetes with healthy controls. Further, the

utility of the steady-state strain rate in capturing different damage behaviour is assessed.
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3. Investigating the Susceptibility of Tendon to Damage

This is achieved using static fatigue testing of Achilles and tail tendons from an STZ-

treated murine model of diabetes and controls.

3.2.8. Hypotheses

The following hypotheses are tested:

� Samples from the diabetic model will show a higher susceptibility to mechanical

damage than control tendons of the same type

� Tail tendons will show a higher susceptibility to mechanical damage than Achilles

tendons from the same group

� A parameter exists that can be measured during fatigue tests and used to quantify

these changes

where ‘type’ refers to the type of tendon (Achilles or tail) and ‘group’ refers to the

experimental group (diabetic model or control).

3.3. Materials and Methods

The procedure followed during the experiment is detailed here.

3.3.1. Sample Collection

STZ-treated Achilles (n = 7) and tail (n = 20) tendons were obtained from adult male

Wistar and Sprague-Dawley rats (Charles River Laboratories and Harlan/Envigo, UK)

that had been culled for unrelated experiments (Wistar: Egom et al. (2016); Sprague-

Dawley: Newton et al. (2017)). These experiments had not affected the tails or the

limbs. In accordance with standard procedure (Like and Rossini, 1976), rats had been

administered with STZ after reaching maturity which, due to the predictable relationship

between rat age, maturity and weight (Taconic Biosciences, 2018), had been estimated

from the animals’ masses (Jackson et al., 2017). Specifically, masses varied between 286

and 425 grams (approximately 9 to 12 weeks old). Culling was done after eight weeks of
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treatment along with age- and weight-matched controls from which Achilles (n = 18) and

tail (n = 27) tendons were similarly collected. Full details of the samples are listed in

Table 3.1. Usually, two Achilles (one from each hind leg) and one tail tendon was obtained

from each carcass, the exceptions being those that arrived with one leg already resected

(as part of the aforementioned unrelated experiments) from which only the remaining

Achilles could be used. Additionally, a number of extra tail tendons were tested (from

rats 7, 8, 13 and 15) in order to increase the sample size. The data from rats 1 to 6 had

initially been collected as part of a tail-only pilot study (Mansel et al., 2015) but was also

included as the protocol was identical.

3.3.2. Dissection

A full video protocol of the dissection process was made with select still frames being

included in Figure B.1 in Appendix B. With regards to Achilles tendons, care had to be

taken to leave the tendinous aponeurosis intact at the proximal end in order to retain

as much material as possible. This was to allow the sample to be gripped more easily

during testing, and was achieved by scraping the red gastrocnemius muscle away with

the blunt edge of a scalpel blade until only white material remained (Best et al., 1993;

Probst et al., 2000). At the distal end, the calcaneus was left attached to the tendon. The

tibial nerve and tendon of the plantaris muscle - structures easily mistaken for Achilles

tendon fascicles - were purposefully removed. Additionally, the peritenon sheath which

surrounds the tendon and requires considerable effort to remove without affecting the

tendon proper was given particular focus. Contrastingly, tail tendons were collected with

relative ease. Through-slices were made near the distal and proximal ends of the tail

in order to access the mid-span, and tendon fascicles could be harvested from this with

forceps. It was easier to harvest from the distal end as tendons visible here do not have

attachments in the tail. Those visible from the proximal end may attach in the middle of

the structure and thus be difficult to remove. Post-dissection, samples were immediately

frozen in phosphate-buffered saline (PBS) at -18°C, which has been shown to preserve

mechanical properties (Huang et al., 2011), and kept until needed (although not longer

than five months (Lee and Elliott, 2017)).
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3. Investigating the Susceptibility of Tendon to Damage

Table 3.1: Details of the rats used and the samples obtained from each

Rat # Strain Group Achilles Tail Mass [g] Breeder

1 Sprague-Dawley Control 0 5 350-375 Charles River

2 Sprague-Dawley Control 0 5 350-375 Charles River

3 Sprague-Dawley Control 0 5 350-375 Charles River

4 Sprague-Dawley STZ 0 5 350-375 Charles River

5 Sprague-Dawley STZ 0 5 350-375 Charles River

6 Sprague-Dawley STZ 0 4 350-375 Charles River

7 Wistar STZ 2 3 370 Charles River

8 Wistar STZ 2 3 425 Charles River

9 Wistar Control 2 1 420 Charles River

10 Wistar Control 1 0 436 Charles River

11 Wistar Control 2 1 412 Charles River

12 Sprague-Dawley Control 2 1 300-325 Charles River

13 Sprague-Dawley Control 2 3 300-325 Charles River

14 Sprague-Dawley Control 2 1 300-325 Charles River

15 Sprague-Dawley Control 2 3 300-325 Charles River

16 Sprague-Dawley Control 2 1 300-325 Charles River

17 Sprague-Dawley Control 1 0 300-325 Charles River

18 Wistar Control 1 0 386 Harlan

19 Wistar Control 1 1 387 Harlan

20 Wistar STZ 1 0 286 Harlan

21 Wistar STZ 1 0 304 Harlan

22 Wistar STZ 1 0 300 Harlan

Totals
12 Sprague-Dawley 14 Control

25 47
17 Charles River

10 Wistar 8 Diabetic 5 Harlan

3.3.3. Sample Preparation

Following 15 minutes of thawing, tendon diameters were measured at five points along

the samples’ lengths using an optical micrometer (Keyence, UK & Ireland) with two

measurements 90° to each other being taken at every point. Cross-sectional areas were

then calculated, assuming an ellipsoidal shape, at each of these points (de Oliveira et al.,

2012). The smallest of these values was taken, representing the weakest section of the

tendon (where damage was most likely to occur). Following measurement, marks were
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made on the tendons’ lengths using a fineliner pen. While excess PBS was removed from

the samples before diameter measurement and again before marking, care was taken

to prevent them from drying out completely (Ker, 2007). Re-hydration took place via

submersion in PBS after each stage of the sample preparation process (Screen et al.,

2004a).

3.3.4. Apparatus

A universal testing machine fitted with a calibrated 5 kN load cell was used for all

experimental runs (Zwick/Roell UK), see Figure 3.2a. A camera was set up and connected

to the testXpert II software that controlled the apparatus in order to record the runs and

a manual timing device was placed in the background of the camera’s field of view in

front of a white backing (Figure 3.2c). Aluminium grippers and a Perspex PBS bath

were custom-built in-house so as to fit onto the testing machine’s existing clamps (which

had been deemed inappropriate for this particular application). These grippers extended

down into the PBS bath such that samples remained wholly submerged during runs.

3.3.5. Sample Loading

Gripping was achieved by placing one end of the sample between two pieces of rubber and

clamping these together between the two aluminium plates of a gripper (screw-tightened).

The other end of the sample was then either likewise clamped in the remaining gripper

(Figure 3.2b) or, in the case of the calcaneus, was wedged into a V-shape on the gripper

(Figure 3.3b) (Probst et al., 2000). Once the grippers had been loaded with a sample they

could in turn be fastened onto the testing machine. This was achieved by hooking one

into the machine’s upper clamp and attaching the other to the Perspex bath via screws

(Figure 3.2c). Care was taken to avoid applying longitudinal force to the tendon at any

point during loading.

3.3.6. Static Fatigue Testing

An extension rate of 6 mm/min (Probst et al., 2000; Eliasson et al., 2007; de Oliveira et al.,

2012; Ahmed et al., 2012; Volper et al., 2015), which is approximately physiologically
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3. Investigating the Susceptibility of Tendon to Damage

(a) Universal testing machine

(b) A tail tendon sample marked with
four dots and loaded into the grippers

(c) The custom-built testing apparatus and
camera during an experimental run

Figure 3.2: Apparatus used for the static fatigue testing

relevant, was applied to the initially-slack sample until a force corresponding to either 10

MPa (Achilles tendons) or 30 MPa (tail tendons) was reached. These stresses were chosen

as previous testing (data not shown) suggested that they would cause creep damage

and eventual failure rather than fast failure (rupture within the first minute). Once

achieved, these stresses were held constant until total rupture occurred. Note that pre-

conditioning, which is often used in mechanical tests on tendon, was not performed in

this instance: the protocol being described here was designed to investigate damage

accumulation properties and therefore introducing damage before the tests began would

have been counter-productive. Video capture was taken at a frame rate of 10 Hz and

force, clamp-to-clamp separation and time data was collected at 11 Hz. The resolutions

of these were 0.05 N, 10 µm and 0.1 s, respectively. Initial length of the sample was

defined as that which was instantaneously measured when the load was equal to twice
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the resolution limit of the load cell (Calve et al., 2004), i.e. 0.1 N. Once rupture had

occurred, the sample was left submerged in the PBS bath for at least three minutes. This

was to allow the collagen, now unloaded, to relax and assume its plastically-deformed

length. Both fragments of the sample were then removed from the apparatus. The

smaller of the two was disposed of while the larger was re-loaded and re-tested. The

purpose of the re-test was merely to have the sample be loaded to its tare load of 0.1

N for a second time, this being necessary in order to measure initial length again and

thereby calculate permanent strain (see Section 3.3.8).

3.3.7. Calibration

After the test, the force data was divided by the sample’s cross-sectional area to obtain

engineering stress. The start- and end-points of the test were then defined, these being the

times at which the aforementioned tare load of 0.1 N was first reached and at which the

target engineering stress (30 or 10 MPa) was last measured, respectively. Synchronisation

between imaging and load cell data was achieved with an accuracy of one frame (∼90 ms),

see Figures 3.3a and 3.3b. A manual image analysis method (Figure 3.3c), corrected for

foreshortening, was used to convert the ‘clamp-to-clamp separation’ as measured by the

apparatus into ‘sample length’ (Figure 3.3b, accuracy ∼150 µm) and subsequently into

engineering strain (Figure 3.3d) using the aforementioned initial length. A flowchart of

this process in show in Figure 3.3e. Next, true stress and true strain were calculated using

σtrue = σeng (1 + εeng) and εtrue = ln (1 + εeng). These formulas assume that the volume

of the sample remains constant - i.e. the material has a Poisson’s ratio of 0.5 - which

is indeed what has been reported in the literature (to within experimental uncertainty)

(Vergari et al., 2011). Finally, an adjustment factor was incorporated to correct for

end-effects caused by the grips. This involved plotting compliance × cross-sectional

area against initial length for each sample and finding the point at which the regression

line crossed the x-axis (Ker, 1981; Legerlotz et al., 2010). This yielded an estimate

of the magnitude of the end-effects, which was added to the samples’ length data to

give their effective lengths before re-running the analysis with the new values. While

mathematically addressing the problem of end-effects is commonly done it should be
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3. Investigating the Susceptibility of Tendon to Damage

noted that this is not a comprehensive solution.

3.3.8. Data Analysis

Following the discussion in Section 2.3.1, a Standard Linear Solid Model was chosen

for this experiment including (as discussed in Section 2.4.2) a modification that allows

it to model static fatigue behaviour (Figure 3.4a). This model is a superposition of

a viscoelastic, a sliding and a pullout response, as shown in Figure 2.11 where the

mathematical descriptions of each of these responses is also shown. The governing

equation of the overall model is a simple summation of each of these three constituent

responses, and thus it reads as follows:

ε = (ε0 − ε∞)× e(−t
τv

) + ε∞ +m× t+ A

(
e

(
t
τd

)
− 1

)
(3.1)

See also Appendix A.3. For each sample, this equation was fitted to the strain vs time

data (see Figure 3.4c; note that Figures 3.3d and 3.4c, d, e, and f come from the same

specimen and so should be considered as a worked example of the data analysis process).

This fitting procedure was performed in Python 3.6 using the least squares function as

provided by the scipy.optimize package1. This involved estimates for Equation 3.1’s

constants being provided and then optimised for the given sample’s strain, ε, and time,

t, data. Usefully, these constants have physical meaning in the context of static fatigue

tests, as shown in Figure 3.4b, and they are named as below:

� Initial viscoelastic strain, ε0

� Final viscoelastic strain, ε∞

� Viscoelastic time constant, τv

� Sliding gradient, m

� Damage scale factor, A

1This procedure is used to solve non-linear least-square problems that have bounds on the variables.
The minimisation algorithm used was the Trust Region Reflective which the SciPy.org docs describe as
“particularly suitable for large sparse problems with bounds. Generally robust method”.
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(a) Screenshot (b) Video Frame (Sample Length in Magenta)

(c) Ruler Photo (d) Calibrated Stress, Strain and Time Data
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(e) Flowchart of the Synchronisation Methodology
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Figure 3.3: Summary of the calibration process for strain values
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� Damage time constant, τd

The next step was to identify the graph’s point of inflection (PoI). This was done by

finding the minimum of the derivative of the fitted curve (Figure 3.4d). Explicitly, the

derivative of Equation 3.1 is:

ε̇ =
− (ε0 − ε∞)

τv
× e(−t

τv
) +m+

A

τd
× e

(
t
τd

)
(3.2)

The minimum value of the derivative was defined as that sample’s steady-state strain rate

(SSSR) - the gradient at the PoI. The time and strain at the PoI were also calculated

from this point.

A stress vs strain graph was then plotted and similarly fitted with a curve2, see Figure

3.4e. This allowed the loading modulus (gradient of linear region) and strain energy at

the PoI (area under the curve multiplied by the sample’s volume, the latter being found

by multiplying the cross-sectional area by the initial length) to be found. Next, the video

frames that corresponded to the sample’s initial length - i.e. from the instants when the

applied load was 0.1 N - were obtained for both the primary run and the secondary

(post-rupture) run, see Figure 3.4f. Comparing the number of pixels between the same

two blue dots before and after rupture allowed permanent strain εp to be calculated via:

εp =
L0,D,S − L0,D,P

L0,D,P

(3.3)

where L0,D,P is the initial distance (‘L0’) between two of the four fineliner dots (‘D’)

during the primary (‘P ’) run and L0,D,S is the initial distance between these same two

dots during the secondary (‘S’) run.

3.3.9. Statistical Analysis

This took place in three parts:

2The toe and heel region was fitted with an exponential curve and the linear and constant regions
were both fitted with straight lines.
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(a) Modified SLSM (b) The Model and its Components
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(c) Curve-Fitting of Strain Response
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(e) Curve-Fitting of Stress-Strain
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Figure 3.4: Summary of the data analysis process
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Outlier Rejection: The standard deviation of each data point in each category (control

Achilles, control tail, STZ Achilles and STZ tail) was calculated for each of the six reported

results and the corresponding probability of a data point being found at that distance

away from the mean was then derived. If this probability fell below a certain threshold

- known as Chauvenet’s criterion - based on the number of samples in the category then

that data point was rejected as an anomaly. Only one instance of rejection occurred: the

strain energy at PoI of an STZ-treated tail tendon.

Normality Testing: In order to ascertain if the data was Normally distributed, six

tests for Normality were performed. These were the Lilliefors, D’Agostino, Jarque-Bera,

Shapiro-Wilk and Anderson-Darling tests as well as qualitative quantile-quantile plot

assessment. While a number of individual result categories were judged Normal by a

majority of the tests, none had all categories deemed as such.

Significance Testing: The lack of Normality in general, together with the relatively

small sample sizes and the need for consistency when handling the results, led to a decision

to use the Mann-Whitney U test for statistical significance (Graziano and Raulin, 2014).

This test is recommended when performing inferential statistics on two, independent

groups of ordered data which are not necessarily Normally-distributed. As per the

requirements for this test, the final results are presented as medians together with their

corresponding inter-quartile ranges (IQRs). p ≤ 0.05, two-tailed, was taken as significant.

3.3.10. Uncertainty Analysis

The six results being reported are, fundamentally, based upon measurements of stress,

strain and time. Such measurements need, in turn, to be derived from the force, distance

and time readings made by the apparatus (which have uncertainties equal to their

resolutions: 0.1 N, 10 µm and 0.1 s, respectively) through calibration that is performed

using micrometer measurements (uncertainty of 10 µm) and by counting pixels in various

video frames (uncertainty of 2 pixels). By propagating these errors, the uncertainties

associated with stress (0.39%), strain (0.283%) and time (0.0167%) could be calculated

for representative data points. From this, the uncertainty of each individual result could
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be estimated. These final uncertainties ranged from 0.017% (time at the PoI) to 1.35%

(loading modulus).

3.4. Results

The static fatigue test protocol was performed on all samples and the creep (strain vs

time) plots are shown in Figure 3.5. Notably, all control tail tendons ruptured before 2

000 seconds whilst their STZ-treated counterparts all failed after this point. A similar

pattern can be found in the Achilles tendon data - all control samples ruptured before

6 000 seconds and all STZ samples after 10 000 seconds - although four anomalies exist

(one STZ sample that ruptured quickly, one control sample that ruptured after 14 000

seconds and a further two control samples that did not rupture at all for a run length of 5

hours). Note that all samples reached creep load well before 10τv - the accepted criterion

for an inconsequentially fast loading rate (see description of Figure 2.4) - although this

data is not shown except for one sample in Figure 3.3d. See Appendix E for τv values.

3.4.1. STZ Model vs Healthy Controls

Significance due to STZ treatment was found in the values of steady-state strain rate

and also in the times at which these values were measured (i.e. the time at the point of

inflection). In both cases, this significance held for both tendon types and the differences

were greater than an order of magnitude (close to 20-fold increases and decreases in the

measured values, respectively). As mentioned, data from a pilot study that measured

the steady-state strain rates and loading moduli of tail tendons, according to the same

protocol, has been included. This is reflected in the larger sample sizes of these particular

results in Figures 3.6a and 3.6c (n = 27 for control tail tendons - although two samples

did not have measurable steady-state strain rates - and n = 20 for STZ-treated tails

tendons).
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3.4.2. Energy-Storage vs Positional Functional Roles

As shown in Table 3.2 and Figure 3.6, significant differences were found due to functional

role in all of the six markers apart from permanent strain (which showed no significance

between any groups) regardless of tendon type. In steady-state strain rate and loading

modulus, these differences were increases (in tail tendons compared to Achilles) whilst in

the other markers measured at the point of inflection they were decreases.

3.4.3. Mechanistic Markers

Additional results are reported in Appendix E.

3.4.4. Wistar vs Sprague-Dawley

As two different strains of rat were used in this experiment the possibility existed that

this would influence the result. However, no significant differences were found when these

two variables were separated out (see Table F.1 and Figure F.1 in Appendix F). These

two rat strains thus appear to have no relevant differences in the mechanical properties

of their tendons, justifying the grouping of their results together.
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Figure 3.5: Creep plots of all samples - Achilles tendons (top) and tail tendons
(bottom) - showing that most control samples ruptured before 6 000 seconds and 2 000

seconds (Achilles and tail tendons, respectively). The STZ-treated samples mostly
ruptured after these time points.
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Table 3.2: Data is reported as median ± IQR and p-values (Mann-Whitney U test)
are shown in italics alongside the experimental groups they refer to. Significance

(p ≤ 0.05) is denoted with a star (?) when it refers to STZ and with a circle (◦) when it
refers to functional role. For sample sizes, see Figure 3.6

Steady-State Strain Rate, ε̇PoI [µstrain/s]

STZ Control Significance
Tail 57.5±84.9 826±1010 p=0.000001?

Achilles 1.91±3.23 34.4±66.2 p=0.04?
Significance p=0.01◦ p=0.0001◦

Loading Modulus, E [MPa]

STZ Control Significance
Tail 227±436 186±654 p=0.40

Achilles 38.7±29.2 63.4±62.0 p=0.11
Significance p=0.0001◦ p=0.0000002◦

Permanent Strain, εP [%]

STZ Control Significance
Tail 6.09±7.21 2.30±3.25 p=0.16

Achilles 5.17±6.44 2.46±4.46 p=0.93
Significance p=0.43 p=0.34

Strain Energy at the PoI, UPoI [J ]

STZ Control Significance
Tail 0.797±0.175 1.01±0.498 p=0.12

Achilles 30.8±5.72 47.0±32.0 p=0.11
Significance p=0.003◦ p=0.00001◦

Time at the PoI, tPoI [min]

STZ Control Significance
Tail 25.0±35.8 1.07±2.97 p=0.0009?

Achilles 257±147 11.1±41.2 p=0.008?
Significance p=0.04◦ p=0.0003◦

Strain at the PoI, εPoI [%]

STZ Control Significance
Tail 6.12±3.49 6.78±5.21 p=0.28

Achilles 84.6±82.8 41.8±46.3 p=0.14
Significance p=0.003◦ p=0.00001◦
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Figure 3.6: Box-and-whisker plots of the phenomenological markers showing
significant differences (p ≤ 0.05, Mann-Whitney) in steady-state strain rate (a) and time
at the point of inflection (d) in STZ-treated samples. Significance due to functional role

is seen in all results except permanent strain (e).
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3.5. Discussion

The results show that STZ and functional role have significant effects on certain markers

of tendon damage, which will be discussed here. Note that the estimated uncertainties of

the results - which ranged from 0.017% (time at the PoI) to 1.35% (loading modulus) -

were deemed too small to be relevant. In particular, this is due to the large scatter in the

data (i.e. the large relative sizes of the inter-quartile ranges compared to the medians).

Note also that one of the anomalies that was seen in the Achilles creep curves (Figure 3.5)

might be explained by the weight of the rat in question: one of the control samples that

took longer than expected to fail came from rat 10 which happened to be particularly large

(see Table 3.1). However, the other two anomalous control samples and the STZ sample

that failed quickly all came from rats of average weight (rats 13, 18 and 7), and rats 7 and

13 both had contralateral Achilles tendons tested without notable results. There is thus

little evidence to suggest that animals that are over- or under-weight (while still being

within the bounds of expected natural variation) lead to anomalies in the results. The

considerable spread seen in the weights of the animals (despite mass - as opposed to age

- having been used to determine the point of cull) can thus be ignored.

3.5.1. STZ Model vs Healthy Controls

The importance of the point of inflection of a strain response has already been mentioned:

it represents the transition from a net recoverable response to a net damaging response

and is relatively stable (and thus more likely to be an intrinsic property of the material)

as opposed to stochastic. Accordingly, four measurements were taken at the PoI: the

strain, the strain energy, the gradient (the steady-state strain rate) and the time. The

latter two results were significant, suggesting that STZ causes tendon to strain more

slowly and thus delay the onset of the net damage response. The lack of significance in

strain and strain energy at the PoI suggests that net damage is a function of one (or

both) of these: tendon damage is caused by a tendon being strained to a certain amount

as opposed to it being subjected to a certain load or being loaded for a certain length

of time. This evidence is not conclusive, however, and testing at different stresses would
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be needed to further separate out the effects of stress, strain and strain energy. Previous

literature to propose a strain-based model of damage such as this includes Fung et al.

(2009) and Wren et al. (2001), whereas a stress-based model is supported by Schechtman

and Bader (2002) and Wang and Ker (1995). No reports could be found of strain energy-

based models. In terms of loading modulus, the measured differences not only lacked

significance but also consistency: Achilles tendons saw a decrease with STZ while tail

tendons saw a slight increase. This is in contrast with the majority of the literature

which found a marginal increase with STZ in both tendons, see Figure 2.18. When

compared directly with previously reported values for loading modulus as measured by

tests that also used a strain rate of 6 mm/min, the control and STZ Achilles results

both agree with those of de Oliveira et al. (2012) and Ahmed et al. (2012) to within

the given standard deviations. However, control Achilles’ results disagree with Eliasson

et al. (2007) and all four groups disagree with Volper et al. (2015). It is important to

only compare loading moduli with other experiments if they used the same strain rate.

This is because a tendon’s mechanical properties depend on the rate at which it was

loaded (Cohen et al., 1976). Note, however, that Volper et al. (2015) tested Achilles

tendons that had been sectioned (which likely introduced damage) and used a clamping

method that was found to be unsuccessful when it was attempted during this experiment

(namely, gluing the dry ends of the samples down). Similarly, Eliasson et al. (2007) used

sandpaper to grip the samples and moist gauze for hydration as opposed to a PBS bath.

The influence of the gripping and hydration methods should not be disregarded; they

are considerable challenges that many previous studies cite as difficulties (Ker, 2007).

Finally, the permanent strain results showed no significance between any groups. This is

a measurement that is likely related to the elastic parts of a tendon’s structure (because

ruptured samples were allowed to relax until the viscoelastic effects had dissipated before

measurement took place) as is loading modulus (which is measured over too short a period

of time for viscoelasticity to be influential). Thus, the fact that both of these results

show no significance with STZ suggests that this particular model of diabetes affects

the viscous components of tendon more than it does the elastic ones. Additionally, no

significant differences in permanent strain again supports a strain-based damage model:

83



3. Investigating the Susceptibility of Tendon to Damage

the tendons appear to have failed when a certain level of permanent strain was reached

which thus might mean that ‘permanent strain at failure’ is an intrinsic material property.

3.5.2. Energy-Storage vs Positional Functional Roles

Five out of the six phenomenological markers showed significant differences due to

functional role in both tendon types. Broadly, this supports the idea that a tendon’s

resistance to fatigue damage is related to its functional role. Indeed, Ker et al. (2000)

argued that it is related to the level of stress experienced by the tendon in life. Moreover,

in all cases, the results suggest that a tendon’s properties aid it in performing its function.

For example, lower SSSR values were found in the highly-stressed Achilles tendons which

would allow them to strain more slowly, delaying the onset of damage to a degree that

less-stressed tail tendons would not need. Likewise, Achilles tendons are subjected to

larger strains in vivo and thus would benefit if their net damage responses only started

occurring when they were more stretched, which is indeed what is seen in the strain-

at-the-PoI results. They are also loaded for longer periods of time in vivo, thus being

suited to the higher times-at-the-PoI which were measured. Their ability to act as springs

in order to aid in locomotion is reflected in their larger ability to absorb strain energy

before the inflection point occurs, whilst the ability of tail tendons to effectively transmit

force from muscle to bone is reflected in their larger loading moduli. Finally, it might

be the case that permanent strain, the only marker to not show significance, affects

the tendon greatest on a molecular level (i.e. permanent strain might be mostly due to

permanent molecular sliding). As the two tendon types are most similar when viewed

on the molecular level, a property that was related to molecular behaviour would be less

likely to show a difference.

3.5.3. Implications

The results of both sets of markers (the phenomenological markers reported here and the

mechanistic ones reported in Appendix E) suggest that STZ causes the viscoelastic process

to lengthen without affecting its magnitude. Moreover, this is achieved due to changes in

the viscous deformation mechanisms (i.e. those related to the loading and movement of
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water molecules, to the sliding of collagenous structures and to the untwisting of collagen

molecules) rather than elastic ones. In tail tendons, it is specifically the viscosity of these

viscous mechanisms that is affected (Figure E.2b) whilst in Achilles tendons is it the initial

loading of the water (Figure E.2f). As it is known that diabetes (and STZ, although

this was not confirmed in this experiment) increases the abundance of hydrophilic

advanced glycation end-products (AGEs; thought to increase the strength and stiffness

of intermolecular bonds) in tendon, this is thus the most likely underlying explanation

for these effects (Fessel et al., 2014). However, in tail tendons, the intermolecular bonds

are likely already very stiff; the structure is taut and non-energy-absorbing. As such,

increasing the AGE levels probably has little affect on these bonds and, rather, it may

be the hydrophilic properties that are more influential. This would explain the increased

viscosity in tail tendons (Figure E.2b): additional hydrophilic AGEs resist the movement

of water molecules. Conversely, in Achilles tendons, the more compliant structure would

be more affected by the addition of stiff AGEs and, as a result, relatively more energy

would be absorbed by intermolecular bonds during initial loading. This, in turn, would

explain the decreased initial loading of the water (Figure E.2f): the Achilles tendon is

less reliant on it to absorb energy. In addition to AGEs, another known effect of diabetes

is to increase the susceptibility of a patient to tendon disease. Initially, the current

results appear to contradict this: net damage is delayed as a result of STZ. However, it

is also known that there exists a healthy level of tendon over-loading and fatigue; a small

amount of ‘damage’ triggers a mechanobiological reaction that ensures the maintenance of

homeostasis. It is thus possible that by delaying net damage diabetes might allow a living

structure to deteriorate over time. As for the concept of ‘damage’, the results suggest that

this is best quantified by strain (although it may be that permanent strain and/or strain

energy is a more complete answer - additional experimentation would be need to explore

these markers in isolation). Notably, loading modulus was not found to be significant,

which contradicts some of the reports listed in Table 2.1. With regards to the effects

of functional role in general, the results clearly suggest that mechanical properties are

affected by and adapted to suit the tendon’s purpose and the in-life forces it experiences

(Ker et al., 2000). Exceptions to this can occur when the marker in question is dependent
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solely on the collagen molecules (e.g. permanent strain) or when STZ is present. In the

case of the former, the hierarchical level on which the mechanism is relevant is small

enough that the functional role is irrelevant: collagen is effectively identical on a molecular

level in both tails and Achilles. In the case of the latter, the diabetic model appears to

be able to mask the effects of functional role in a minority of cases.

3.5.4. Limitations and Future Research

As with any animal model, the degree to which the findings can be applied to humans

is open to debate. In particular, while the rats in this experiment had been culled eight

weeks after receiving STZ - an established model of chronic Type 2 diabetes (Mansor et al.,

2013) - it is known that the effects of diabetes in humans can take many years to manifest.

It is thus possible that time has a considerable influence, or that there are secondary

effects of diabetes that need to build up before becoming noticeable. Secondly, the exact

mechanisms of the effects of AGEs are still not fully understood. The role that they played

in producing these results would require further investigation. A technique such as X-ray

diffraction could be considered if greater understanding of the microstructural changes

was desired. Additionally, the number of AGEs that were present in the tendons was not

quantified. Ideally, the magnitude of effect due to STZ would need to be compared against

the level of AGEs measured inside a tendon (and against the quantity of STZ that was

administered). Another question that has not been fully answered is which of the markers

represent ‘damage’ as discussed in Section 2.5. While steady-state strain rate has shown

significant results and appears to be insightful, it would need to be compared with other

indicators of tendon deterioration. With regards to the experiment itself it was noted

that, while many of the problems related to sample gripping were overcome, the majority

of Achilles tendons failed at either the calcaneus or the aponeurosis (all tail tendons failed

mid-span). Although this is to be expected - these regions are naturally weaker than the

mid-span due to their higher levels of fibrocartilaginous material - it is also known that

end-effects caused by sample gripping can influence measurements of tendon mechanical

properties (Legerlotz et al., 2010). While it is true that these effects were corrected for,

the process used to perform this correction is merely an approximation. As such, the
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values for the properties reported during this experiment should be taken as minimums.

A possible improvement would be the use of video extensometry; using computer vision

to track the strain of the mid-section only. This would provide greater accuracy than

using grip-to-grip distance.

Time to Failure: Previous work (Ker et al., 2000) has found that, when creep tested

with a common load, the time taken for a tendon to rupture correlates with ‘stress-in-life’

(the amount of load that the tendon in question would experience in vivo). When creep

tested with a load relevant to their stress-in-life, however, the time to failure of all tendons

was found to be similar. Note that these experiments were performed on wallaby tendons

and so may not be relevant to rat tendons; indeed, neither of these findings manifested

in this experiment. Here, while the tail tendons were loaded to 30 MPa, attempts to load

Achilles tendons to this stress always resulted in premature rupture (data not shown)

and hence a load of 10 MPa was used instead. It is thus unlikely that loading the tail

and Achilles tendons to the same stress would have shown a greater time to failure in the

Achilles. Similarly, whilst the stress-in-life of the Achilles tendon is ∼4.5 time greater

than that of the tail tendon (in wallabies) (Ker et al., 2000) it is unlikely that loading

the (rat) tendons from this experiment in this proportion would have yielded consistent

measurements. A likely explanation for this discrepancy is stress concentrations: the

previous experiment used a different gripping mechanism which may have induced end-

effects in the material to a greater or lesser degree than the current experiment. Also,

the natural differences between rat and wallaby material likely influences this behaviour

and may account for the relative lack in strength of the rat Achilles.

3.6. Conclusions

The effect of an STZ model of diabetes and of functional role on rat tendons’ susceptibility

to mechanical damage has been measured. More specifically:

� Samples from the diabetic model showed a reduced susceptibility to mechanical

damage than control tendons of the same type
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� STZ has the effect of lengthening the viscoelastic response - which delays the onset

of net damage - although its magnitude (and that of the elastic mechanisms) is not

changed

� It is likely that AGEs cause these effects by increasing the difficulty with which

adjacent fibres and water molecules can move (tail tendons) and by reducing the

amount of stress initially taken up by the ground substance (Achilles tendons)

� Tail tendons showed a higher susceptibility to mechanical damage than Achilles

tendons from the same group

� Energy-storage tendons are less stiff and thus their response to (and their absorption

of) load in the short-term is greater

� Steady-state strain rate is a parameter that shows clear differences between STZ-

treated and control groups and between energy-storage and positional functional

role groups

� Tendon damage is most likely strain-based

88



4. Steady-State Strain Rate as a Measure of
Damage Accumulation

4.1. Abstract

A previous investigation into the effect of a streptozotocin (STZ) rat model of diabetes on

the damage accumulation properties of tendon has found the gradient of the strain vs time

curve at its point of inflection (the ‘steady-state strain rate’ or SSSR) to differ significantly

with the treatment. This has raised the possibility of the measurement having utility as

a descriptor of a material’s susceptibility to fatigue damage. Such a finding would have

implications for research both into tendon damage and into the mechanisms behind the

effect of diabetes on collagenous tissue. An experiment was performed on tail tendons

from rats from the same STZ model of diabetes, together with controls, using a pseudo-

static fatigue test that allowed for the measurement of the change in various material

properties as the test progressed. Results indicate that SSSR is strongly correlated with

the rate of increase of elastic strain (p = 0.01 for both STZ and control samples) and

with the rate of decrease of loading modulus in control samples (p = 0.02) but not STZ

samples (p = 0.24). This data confirms the relationship between SSSR and tendons’

damage susceptibility that was proposed in Chapter 3. Additionally, in control samples,

the strain response’s point of inflection occurs sooner when SSSR is larger (p = 0.04)

while, in STZ samples, it occurs only after a larger amount of strain energy has been

absorbed when SSSR is larger (p = 0.03). These findings complement both the inverse

relationship between SSSR and STZ treatment that was reported in Chapter 3 and the

established relationship between damage susceptibility and diabetes (which STZ is a

model of) from the literature (Lui, 2017). These effects are possibly due to the presence

of advance glycation end-products (AGEs) in STZ-treated samples. SSSR can thus serve

as a marker of fatigue damage susceptibility and be used to differentiate between materials

with different propensities to damage.
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4.2. Introduction

In this section, the purpose behind an investigation into steady-state strain rate will be

outlined and the concepts surrounding the measurement will be discussed.

4.2.1. Problem Identification

In Chapter 3, one of the parameters measured as part of the static fatigue testing - steady-

state strain rate (SSSR) - showed highly significant results across experimental groups

(STZ-treated samples vs controls) for both tendon types: p = 0.000001 for tails and

p = 0.04 for Achilles. As SSSR is a relatively unexplored concept in biological material,

no literature exists as to its mechanical importance or mechanistic implications. However,

as a link between it and the STZ diabetic rat model has now been found - and the

clinical importance of diabetes already established - motivation thus exists to investigate

it further. In particular, it should be investigated with regards to its relationship with

tendon damage, a phenomenon that has clinical relevance of its own (Mazzone and

McCue, 2002) in addition to being a possible route into investigating diabetes (due to

it being influenced by the disease (Abate et al., 2013)). Greater understanding of the

microstructural processes behind tendon damage is needed in order to inform research

into tendon behaviour and, specifically, into the prevention, mitigation and treatment of

tendinopathies (Szczesny and Elliott, 2014a).

4.2.2. Steady-State Strain Rate

SSSR is an important engineering measurement in, for example, metals (where it is usually

referred to as the ‘secondary creep rate’ or just ‘creep rate’) when it is used in fatigue

considerations and when designing-for-use (Hearn, 1997). In Chapter 3, SSSR was defined

for a tendon as a measure of the rates of strain at the end of the recoverable (viscoelastic)

response, at the start of the damage response and of the constant response. It is thus

proportional to the rate at which these combined processes happen. As these processes

are governed by activity on the macro- and nanoscale (see Section 2.5) and strain is often

considered to be the basis of tendon damage (Wren et al., 2001; Fung et al., 2009), SSSR
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has the potential to elucidate details about these behaviours. It would thus represent

the ease with which damage occurs and the potential rate at which it occurs. Note also

that, as the experiment is performed at a constant stress, SSSR also represents the rate of

absorption of strain energy. This may or may not be a more correct definition of damage

accumulation.

4.2.3. Material Properties

A material property is that which is the same for all samples of a given type, independent

of measurement technique. The value is a function of the material itself, not of the test.

Material properties are useful in characterising, comparing and understanding material

behaviour. In particular, if such a property is measured in a sample both before and after

a certain procedure is performed, or treatment is applied, then any differences between

the two measurements can, with a fair degree of certainty, be attributed to the treatment.

This premise can be used to form the basis of an experimental design. While SSSR has not

yet been established as a tendon material property, the coefficients of variation calculated

using data from Chapter 3 suggest that it might be. A coefficient of variation is a measure

of variability in a dataset, equal to the standard deviation divided by the mean (Abdi,

2010) and the SSSR values of the STZ tail tendons, control tail tendons and STZ Achilles

tendons from Table 3.2 yielded relatively small values (0.74, 0.83 and 0.69, respectively)

after adjusting for outliers. Only control Achilles tendons returned a large value (1.97).

This is, however, only an estimate of material property status: the values in question

are not Normally distributed and as such taking their standard deviations can, at best,

merely approximate their dispersions. If it were indeed the case that SSSR was a material

property it would be immediately relevant to future research: a portion of the samples in

a batch could be used for SSSR measurement (which is a necessarily destructive process)

and these results then generalised to represent the entire batch. A treatment could then

be performed on the remaining samples and their SSSRs measured after this is completed.

Any difference between the average of these post-treatment SSSRs and the average of the

pre-treatment SSSRs would then be attributable to the protocol. Such information would

add insight and aid investigations into the mechanisms behind tendon damage.
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4.2.4. Phenomenological Markers of Tendon Damage

Various material properties have been used, directly or indirectly, as phenomenological

markers1 of the current damage level (i.e. measurements relating to the phenomena arising

from damage rather than to the damage mechanisms themselves). Indirectly, changes

in tendon strain-at-failure, stress-at-failure (UTS) and loading modulus, as measured

during ramp-to-failure and dynamic fatigue tests, have been used by Volper et al. (2015)

and Shepherd et al. (2014b) to investigate the effects of a diabetic model and the

effects of functional role, respectively. While these authors did not claim that their

phenomenological results implied that diabetic and energy-storing tendons damage more

easily, both of these groups have shown a higher propensity to damage in vivo (Deshmukh

and Akarte, 2017; Jozsa et al., 1989). Thus, a correlation might exist between changes

in these measurements and damage. Other such potential markers of damage from past

studies include decreased time-to-failure (Ker et al. (2000), static fatigue) and increased

permanent strain (Abrahams (1967) and Veres et al. (2013b), dynamic fatigue). On

the other hand, a change in loading modulus is the only property that has been used

as a marker of damage directly : Lemaitre (1984) introduced a ‘damage variable’ which

effectively accounts for damage by decreasing the mathematical value of the modulus

in calculations. Similarly, Wang and Ker (1995) (static fatigue) introduced a ‘damage

hypothesis’ which was quantitatively defined as a decrease in this measurement. Thus,

a change in loading modulus is currently the best phenomenological estimate for the

amount of ‘damage’ in a tendon (as is, equivalently, the rate of change of modulus the

best estimate for the rate of damage). Strain- and stress-at-failure are also accepted

when investigating elastic properties (i.e. when performing ramp-to-failure tests) while

a change in permanent strain may also be relevant to fatigue damage. However, time-

to-failure as measured over a fatigue test is probably too stochastic to be reliable; the

fast-failure response of a tendon immediately prior to failure is governed by random

factors such as the exact moment when fibrils pull out from one another and/or the

1The terms “marker” and “indicator” can be used interchangeably in this context. “Marker” implies
that correlation (but not necessarily causation) has been established whilst “indicator” implies that the
relationship is based on cross-sectional evidence as opposed to longitudinal studies (Burt, 2001). Both
are thus applicable here.

92



4.2. Introduction

statistical distribution of defects and the weakest interfibrillar bonds. They therefore

cannot be predicted accurately. Note that no example has been found of a predictive

phenomenological marker: a measurement that could predict how much damage a certain

tendon will accumulate during a certain loading regime.

4.2.5. Fatigue Testing

This experimental methodology was introduced in Chapter 3. While static fatigue testing

enables the measurement of a variety of markers, including the SSSR, a disadvantage that

exists when compared to cyclic fatigue testing, for example, is that each measurement

can only be performed once (as opposed to every cycle). Thus, the change in the value

of a marker cannot be tracked. This inhibits investigations into tendon damage as two

of the aforementioned indicators of damage - the change in loading modulus and the

change in permanent strain - cannot be quantified. However, in order to perform a

comparison between SSSR and recognised markers of damage it will be necessary to

measure all of these values on the same sample during the same experimental run and,

as such, an alteration must be made. Therefore, a new testing procedure has been

defined - an ‘interrupted creep test’ - which consists of a standard creep test during

which load is periodically removed from the sample (in order to allow for the repeated

measurement of permanent strain) and then re-applied (in order to allow for the repeated

measurement of loading modulus). Upon test completion, a ‘pseudo-SSSR’ can be

measured by considering only those portions of the test during which the sample was

under load and finding the minimum of the derivative of the strain vs time graph formed

by concatenating this data. This protocol thus combines features of both static and cyclic

fatigue testing. It must be noted that any measurements taken during such a test will

only be relevant in relation to other measurements from the same test; the non-standard

nature of the procedure makes comparisons with standard values (e.g. of loading modulus)

measured during other tests meaningless. One of the factors introduced by the unloading

of samples that is not seen in standard static fatigue tests is the formation of fibril kinks,

a phenomenon which is equivalent to introducing additional damage (Herod and Veres,

2018).
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4.2.6. Streptozotocin Treatment

The investigation into steady-state strain rate was performed using the same model of

diabetes which had been found, in Chapter 3, to significantly decrease this measurement’s

value. The model has already been discussed at length there, as well as in Chapter 1.

4.2.7. Aim

To establish the utility of steady-state strain rate as a descriptor of tendon susceptibility

to fatigue damage. This was achieved using ‘interrupted’ static fatigue testing of rat tail

tendons from an STZ model of diabetes and from healthy controls at a range of stress

levels. Damage was defined both as a decrease in loading modulus and as an increase in

permanent strain.

4.2.8. Hypothesis

Steady-state strain rate can be used to differentiate between materials with different

susceptibilities to fatigue damage. Secondarily, the following hypotheses were also tested:

� Steady-state strain rate will be correlated with changes in previously-used markers

of damage

� Steady-state strain rate is a material property and as such will be independent of

the applied stress

� Loading modulus will decrease and permanent strain will increase over the course

of an interrupted static fatigue test

� These changes will be greater in magnitude in samples with larger steady-state

strain rates

� SSSR will show a decreased rate of damage in STZ-treated tendons compared to

controls

In summary, SSSR is thought to be a material property that predicts the response to

load over time, and thus predicts how quickly the tendon will damage. This is opposed to
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changes in loading modulus and permanent strain which represent how much damage has

already occurred, independent of time. Comparing the SSSRs of two groups of tendons

- one treated in some way and the other untreated - could allow an inference about the

effect of that treatment on the tendons’ resistance to damage to be made.

4.3. Materials and Methods

While similar to that used in Chapter 3, the procedure used in this experiment differed

from a traditional static fatigue test in a number of ways.

4.3.1. Sample Collection

Tail tendons from male Wistar rats (Harlan/Envigo, UK) were used with all rats having

been culled as part of an unrelated experiment (on diabetic cardiomyopathy: Le Page

et al. (2015)). These rats fell into two experimental groups - diabetic and control - with

the model of (Type 2) diabetes in question having involved a high fat diet and a 25 mg/kg

injection of streptozocin (Mansor et al., 2013) at 8 weeks of age. Ages at cull ranged from

10 to 14 weeks, implying that all had reached maturity (Provenzano and Vanderby, 2006)

and thus ensuring that the tendons and the properties thereof were fully developed. The

tails were stored at -70°C until being fully thawed (∼30 min) when needed. 16 tails, all

of which were blind-labelled with regards to their experimental group (STZ-treated or

control), were dissected with five tendons being harvested from each. These were placed

in phosphate-buffered saline (PBS) to prevent dehydration and one tested immediately

whilst the others were re-frozen for later use (at which point they were re-thawed for

∼15 min). No tendon was frozen for longer than five months in total (which would have

affected the mechanical properties (Lee and Elliott, 2017)).

4.3.2. Sample Preparation

As in the previous experiment, sample cross-sectional area A was calculated by taking two

measurement of the diameter - d1 and d2 - at 90° to each other using an optical micrometer

(Keyence, UK & Ireland) and assuming an ellipsoidal shape (i.e. A = π× d1
2
× d2

2
). This was
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repeated for five points along the samples’ lengths and the smallest of these (representing

the weakest section of each tendon, where damage would most likely occur) was used.

Although excess liquid was removed from the samples before diameter measurement took

place they were never allowed to dry fully, being returned to PBS as soon as possible.

4.3.3. Apparatus and Sample Loading

The identical apparatus and loading method was used for this experiment as in the

previous. The following elements were involved:

� Universal material tester with 5 kN load cell (Zwick/Roell UK)

� testXpert II software (Zwick/Roell UK)

� Webcamera (Logitech QuickCam Pro 9000)

� Manual timing device with white backing

� Custom-made aluminium grippers and Perspex PBS bath

A video protocol was made for the apparatus setup and sample loading, frames of which

are included in Appendix G. Samples were loaded so as to be initially slack.

4.3.4. Interrupted Static Fatigue Testing

Each of the five samples harvested from each tail was assigned a ‘creep stress’ - either

30, 28, 26, 24 or 22 MPa. This was the stress at which static fatigue testing would

be performed. From this, the required ‘creep force’ was calculated by multiplying by

cross-sectional area. A ‘relaxation force’ of 0.1 N was also defined for all samples (this

being twice the resolution limit of the load cell which is used as the ‘no load’ force, see

Section 3.3.6). The testing protocol was then started, beginning with the ‘loading phase’:

the material tester’s clamps moving apart at a rate of 6 mm/min (the same strain rate

as in Chapter 3) until a load equal to the creep force was measured over the sample.

At this point the force was held constant for 60 seconds (‘creep phase’) after which it

was removed (the clamps moved together at 6 mm/min) until ‘no load’ was registered

(‘unloading phase’). This force was held constant for 600 seconds (‘relaxation phase’),
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sufficient time for viscoelastic relaxation effects to dissipate (Sverdlik and Lanir, 2002;

Screen et al., 2013). These four phases were then repeated until rupture occurred. As

before, force, clamp-to-clamp separation and time data was collected at 11 Hz.

4.3.5. Calibration

Following test completion the raw data was transferred and imported into a Python

script for calibration. The overall start and end of the test was defined as the point

at which no load (0.1 N) was first registered and at which the applied force dropped

below 99% of the creep force for the last time, respectively. The starts and ends of

each of the testing protocol’s phases were then found (Figure 4.1a). Clamp-to-clamp

separation was converted into sample strain in the same way as described previously:

a manual image analysis method (accuracy of ∼90 ms) using a graduated ruler as a

reference found the sample length at ‘no load’ (accuracy of ∼150 µm) and the difference

was subtracted from the raw data to obtain sample length at all time points. Dividing

through by this initial length yielded engineering strain which was then converted into true

strain. Force data was divided by cross-sectional area to obtain engineering stress which

was likewise converted into true values. These conversions were performed by assuming

incompressibility of the tissue (i.e. a Poisson’s ratio of 0.5, which is indeed what has been

reported in the literature to within experimental uncertainty (Vergari et al., 2011)) and

thus using the following equations: σtrue = σeng (1 + εeng) and εtrue = ln (1 + εeng). An

adjustment to account for end-effects at the grips was also made (Ker, 1981; Legerlotz

et al., 2010).

4.3.6. Data Analysis

The strain at the end of each relaxation phase was defined as the permanent strain after

each cycle. The rate of change in permanent strain (ε̇p) was then calculated as the gradient

of a straight line fitted to these points, as shown in Figure 4.1b. A curve-fitting routine

was then applied to each of the cycles, identifying a combined viscoelastic and sliding

response in every creep phase (Figure 4.1c). A number of values could then be calculated

from each of these, as defined in Section 3.3.8, and a linear fit was then again used to
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Figure 4.1: Summary of the data analysis process. Note that the data in Figures (a),
(c) and (e) has been truncated for clarity.
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quantify their rates of change. For consistency, data points associated with the first and

last cycles were omitted. The results obtained in this fashion are as follows:

� Rate of change of viscoelastic time constant (τ̇v)

� Rate of change of elastic strain (ε̇0)

� Rate of change of viscous strain (ε̇∞−0)

� Rate of change of viscosity (η̇)

� Rate of change of Kelvin-Voigt stiffness (Ė1)

� Rate of change of Maxwell stiffness (Ė2)

with the first three having being derived from the previously discussed model (the

modified SLSM, see Figure 2.11 and Figure 3.4b) and the latter three having been

derived from its associated equation (see Figure 3.4a, Appendix E.1 and Equations A.21

to A.23 in Appendix A.3). See also Figure 4.2 for explanations of the various strain-based

measurements.

(a) Stress vs Strain

0 2 4 6 8

Strain, ε [%]

0

10

20

30

40

S
tr

es
s,
σ

[M
P
a
]

εp
ε0 ε∞−0

ε∞

1st cycle

2nd cycle

(b) Strain vs Time

0 200 400 600

Time, t [s]

0

5

10

S
tr

a
in

,
ε

[%
]

εp

ε0

ε∞−0

ε∞

1st cycle

2nd cycle

Figure 4.2: Two plots both showing the first one-and-a-half cycles of a particular
sample’s test. Permanent strain (εp) and non-permanent (‘recoverable’ or ‘viscoelastic’)

strain (ε∞) are both shown, the latter being divided up further into elastic (ε0) and
viscous (ε∞−0) strains.

An algorithm was used to automatically concatenate the creep phases (Figure 4.1c) into

a single pseudo-static fatigue test or ‘interrupted creep test’ (Figure 4.1d). This was then
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treated in the same manner as the data from Chapter 3: a curve was fitted and the

minimum of the derivative thereof taken as the (pseudo-)steady-state strain rate (SSSR;

ε̇PoI). This was also used to define the point of inflection (PoI), allowing strain, time

and strain energy at the PoI to be found (Figure 4.1d). The latter required stress vs

strain to be plotted for the concatenated curve, and this was also done for each cycle

individually (Figure 4.1e) as well as for the entire run (Figure 4.1f). These allowed the

loading modulus (E) - the gradient of the linear portion of the relevant loading phase -

to be calculated for each cycle:

E =
∆σlinear
∆εlinear

(4.1)

where ‘linear’ refers to a straight section of the loading phase of a stress vs strain plot.

Additionally, an ‘elastic strain modulus’ (Eε0) was calculated as the gradient of the

straight line connecting the start of the loading phase to the point at which elastic strain

ε0 was reached:

Eε0 =
σcreep − σrelax

ε0
(4.2)

for creep stress σcreep and relaxation stress σrelax (the latter being close to zero). As

such, this parameter represents the behaviour of the material in a way that includes the

viscoelastic toe and heel regions. Both of these moduli are represented in Figure 4.1e and

both sets of readings were fitted with straight lines from which their rates of change were

reported (as before).

4.3.7. Statistical and Uncertainty Analyses

These were performed identically to Section 3.3; the Mann-Whitney U test was used

(Graziano and Raulin, 2014) and p ≤ 0.05 taken as significant. It was confirmed that no

outliers existed in the data, that a majority of the datasets were not Normally distributed

and that the data’s uncertainties were relatively small.
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4.4. Results

Following the completion of all testing, and of initial analysis, the experimental blind

was removed to reveal that nine of the 16 tails had come from the diabetic model with

the remaining seven having been healthy controls. While five tendons had been tested

from each tail (80 samples total), 21 of these subsequently had to be excluded (leaving

59 viable for analysis): 6 of these were due to the tendon having gone slack during one or

more of the relaxation phases (visible as a drop-off in the strain vs time plots and falsely

resulting in a decrease of measured permanent strain) and 15 of these were due to rupture

having occurred before the completion of three full cycles (rendering a calculation of the

change in measurement from the middle cycles impossible). As such, the sample sizes for

each group were as follows:

Table 4.1: Sample sizes for the analysis of the interrupted static fatigue test data

Creep Stress [MPa]

22 24 26 28 30 Total

STZ 6 7 5 7 5 n = 30

Control 7 6 4 6 6 n = 29

Steady-state strain rate (the rate of strain at the point of inflection; ε̇PoI) was calculated

for each of the 59 samples, as shown in Figure 4.3. The value of this measurement increases

with the amount of creep load applied for both control and STZ-treated samples, and the

latter correlation is statistically significant (Figure 4.3). It was also lower, significantly,

in STZ samples (Figure 4.4) which replicates the results found in Chapter 3.

4.4.1. Phenomenological Markers

In addition to SSSR, a number of phenomenological results were calculated for each

sample. For each of the ten categories shown in Table 4.1 (five creep stresses times two

experimental groups) these were averaged and plotted against SSSR (Figure 4.5). All

results (i.e. not as averages) were then compared across experimental groups (Figure
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4.7).

Correlations with SSSR: Statistically significant correlations were found between

samples’ SSSRs and their rates of change of loading modulus (Ė) for control samples

only (Figure 4.5a) with the same being true for their rates of change of elastic strain

modulus (Ėε0 ; Figure 4.5c). The correlation between SSSR and the time at the PoI

(Figure 4.5d) was likewise significant for control tendons only while between SSSR and

strain energy at the PoI it was significant for STZ samples only (Figure 4.5b). However,

in the latter two cases the correlation was negative in control samples but positive in the

STZ samples, and the same juxtaposition is seen in strain at the PoI (Figure 4.5f). The

rate of change of permanent strain is positively correlated with SSSR in both groups, but

not significantly (Figure 4.5e).

STZ Model vs Healthy Controls: the rates of change of loading modulus, of elastic

strain modulus and of time at the PoI are significantly larger in STZ samples (Figures

4.7a, 4.7c and 4.7d, respectively) while the rates of change of strain energy at the PoI, of

strain at the PoI and of permanent strain remain unchanged (Figures 4.7b, 4.7f and 4.7e,

respectively). These results mirror those reported in Chapter 3 from tail tendons, except

for loading modulus which was originally unchanged with STZ.

Previously-Used Markers of Damage: The moduli (both loading modulus and elastic

strain modulus) decreased over the course of the interrupted creep tests. The rates at

which these changes in modulus occurred increased as SSSR increased (significant in

control samples only; Figures 4.5a and 4.5c) but were significantly smaller in STZ-treated

samples than in controls (Figures 4.7a and 4.7c). Permanent strain increased over the

course of the tests with the rate of increase itself increasing if SSSR was larger (Figure

4.5e). This rate was no different in STZ samples compared to controls (Figure 4.7e).

4.4.2. Mechanistic Markers

These six results represent the rates of change of mechanistic markers of fatigue response

as derived from the applied model (namely the modified standard linear solid model

(Frisén et al., 1969; Fung, 2004) as was used in Chapter 3, detailed in Figure 2.11 and

102



4.4. Results

derived in Appendices A.3 and A.5). They were likewise averaged and plotted against

SSSR (Figure 4.6) and, separately, compared across experimental groups (Figure 4.8).

Correlations with SSSR: The rates of change of markers from the SLSM (viscosity,

Kelvin-Voigt stiffness and Maxwell stiffness) were all negatively correlated with SSSR,

with these correlations being significant for viscosity in STZ-treated samples only (Figure

4.6b), for Kelvin-Voigt stiffness in control samples only (Figure 4.6d) and for Maxwell

stiffness in both groups (Figure 4.6f) with the largest coefficients of determination (r2

values) also being found here (0.93 and 0.98). Regarding the rates of change of markers

from the equation (viscoelastic time constant, elastic strain and viscous strain) all the

correlations with SSSR were positive, although in STZ-treated samples the viscoelastic

time constant and viscous strain correlations were notably flat (Figures 4.6a and 4.6e,

respectively). The correlation in control samples, however, was significant for viscous

strain. The rate of change of elastic strain was correlated with SSSR in both groups

(Figure 4.6c), and these coefficients of determination were the second largest out of all

the results (0.93 and 0.92).

STZ Model vs Healthy Controls: Rates of change of each of the SLSM markers

increased with STZ (Figures 4.8b, 4.8d and 4.8f) while rate of change of elastic strain

decreased with STZ (Figure 4.8c). The rates of change of viscoelastic time constant

and of viscous strain remained unchanged (Figures 4.8a and 4.8e, respectively). These

results mirror those from Chapter 3 for viscosity and viscous strain, while viscoelastic

time constant has lost significance and elastic strain, Kelvin-Voigt stiffness and Maxwell

stiffness have gained it.
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Figure 4.3: Dispersion (given by the coefficients of determination, r2) and correlation
(given by the significance levels, p) of the steady-state strain rate data at the various
creep stresses for both experimental groups. Significance is determined by a two-sided
hypothesis test the null hypothesis, H0, of which states that the gradient of the line of

best fit is zero. H0 is rejected if p ≤ 0.05, as indicated by an asterisk*.
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Figure 4.5: Correlations between SSSR and the phenomenological markers (b, d, and
f) or their cycle-on-cycle changes (a, c, e). Results at each creep stress (22, 24, 26, 28
and 30 MPa, as indicated) have been averaged. The coefficients of determination (r2)

have been included in the legends along with the significance levels of a two-sided
hypothesis test the null hypothesis, H0, of which is that the associated gradient is zero
(p ≤ 0.05 is indicated by an asterisk*). Axes do not start at the origin; results are for

comparison only and are not valid as standalone values.
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Figure 4.6: Correlations between SSSR and cycle-on-cycle changes in the
characteristics of the applied model. Results at each creep stress (22, 24, 26, 28 and 30
MPa, as indicated) have been averaged. The coefficients of determination (r2) have been

included in the legends along with the significance levels of a two-sided hypothesis test
the null hypothesis, H0, of which is that the associated gradient is zero (p ≤ 0.05 is

indicated by an asterisk*). Axes do not start at the origin; results are for comparison
only and are not valid as standalone values.
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Figure 4.7: Box-and-whisker plots of the phenomenological markers showing
significant differences associated with STZ treatment (p ≤ 0.05, Mann-Whitney) in rate
of change of loading modulus (a), rate of change of elastic strain modulus (c) and time

at the point of inflection (d).
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Control STZ

-3

-2

-1

0

[M
P
a
/
s]

?
n = 29 n = 30

(e) d
dt Viscous Strain, ε̇∞−0

Control STZ

0

100

200

[µ
st
ra
in
/s

]

n = 29 n = 30

(f) d
dt Maxwell Stiffness, Ė2
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Figure 4.8: Box-and-whisker plots of the characteristics of the applied model,
representative of mechanistic markers. Significant differences (p ≤ 0.05,

Mann-Whitney) associated with STZ treatment are seen in the rates of change of
viscosity (b), elastic strain (c), Kelvin-Voigt stiffness (d) and Maxwell stiffness (f).
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4.5. Discussion

Interrupted static fatigue tests were performed on rat tail tendons from an STZ model

of diabetes as well as from healthy animals. The data from the creep phases of these

tests was extracted and analysed as pseudo-static fatigue tests using a modified form of

the Standard Linear Solid Model. The results indicate that steady-state strain rate is

correlated with a number of properties and characteristics of tendon under static fatigue

loading, with these being influenced by the STZ model. Many of these results were

measured at the point of inflection (PoI) of the relevant concatenated strain response.

The PoI is significant as it can be considered the ‘tipping point’ of tendon damage; it

marks the balance between the material being able to contain the load being placed upon

it (represented by the viscoelastic response) and it stretching exponentially more quickly

until failure (represented by the pullout response). Thus, measurements taken here - such

as the SSSR - may be able to act as descriptors of the material’s ability to resist strain

and mechanical damage.

4.5.1. Steady-State Strain Rate as a Material Property

The plot of SSSR vs creep stress in Figure 4.3 indicates that the two variables are

positively correlated, with this correlation being significant for STZ samples (p = 0.01)

and near-significant for control samples (p = 0.07). As such, SSSR is not independent

of loading conditions and thus does not appear to be a material property. At the same

time, the high levels of dispersion in the data for both groups (the r2 values are relatively

low; 0.24 and 0.11 for STZ and control respectively) suggest that it is not possible to

accurately predict what a sample’s SSSR will be for a given creep stress. Thus, SSSR is

unlikely to be an innate property of the material but rather a function of other factors,

some of which may be stochastic characteristics particular to the specific sample.

4.5.2. Phenomenological Markers

A sample’s SSSR influences its stress- and strain-response to load over time.
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Correlations with SSSR: A larger SSSR is correlated with a quicker decrease in loading

modulus which suggests that it is an indicator of a sample’s increased susceptibility to

mechanical damage. Moreover, it is correlated with a quicker decrease in ‘elastic strain

modulus’ (Eε0), which is similar to loading modulus (E) but is explicitly related to creep

stress (σcreep) and elastic strain (ε0) as opposed to being approximately related to them

(see Figure 4.1e and Equations 4.1 and 4.2). Indeed, Figures 4.3 and 4.6c confirm that

SSSR is correlated with, respectively, the creep stress and the rate of change of elastic

strain. This is especially the case with the latter which has both low dispersion and

large significance, suggesting that SSSR and the rate of change of elastic strain likely

both measure the same aspect of damage. Possibly, this could also be true for other

strain-based measures.

In addition to a larger SSSR being associated with a quicker decrease in loading modulus

it is also associated with permanent strain increasing more quickly (Figure 4.5e), albeit

not significantly and with moderate dispersion. This is another indication that SSSR

is related to damage susceptibility. It is also associated with the PoI occurring sooner

(Figure 4.5d) but at approximately the same level of strain (Figure 4.5f) - i.e. at a lower

level of strain energy (given that stress is constant) - in control samples but not in STZ

samples. Indeed, the PoI occurs at approximately the same time but at a larger strain

in STZ samples, implying that a larger level of strain energy has been absorbed. This

is corroborated by the strain energy at the PoI results (Figure 4.5b). As discussed in

Section 4.2.2, the PoI may represent the transition point between the recoverable and

the damage responses of tendon to load. Thus, in effect, it appears as if STZ treatment

causes the samples to damage more easily if the load (and SSSR) is low but less easily if

the load (and SSSR) is large.

A possible explanation for this may be found by considering the mechanistic markers’

results from Chapter 3, which have been included in Appendix E. In particular, in

tail tendons, it was found that the viscosity (η; the resistance to the flow of water

molecules from the inside to the outside of the fibrils) increased significantly with STZ

treatment while Kelvin-Voigt stiffness (E1; approximately the stiffness of the collagenous
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matrix) and Maxwell stiffness (E2; approximately the stiffness of the non-collagenous

matrix) remained unchanged. Thus, in STZ tendons, water remains within the fibrils

for longer. While the presence of these molecules can contribute to strength during

the early stages of a static fatigue test (acting as a ‘shock absorber’, although shock is

not the loading protocol in this instance) they do not add structural integrity per se;

once collagen molecules start to pull out due to fatigue the water will simply flow away.

This would explain the aforementioned reduced fatigue resistance in STZ samples at low

loads: more water being present in the collagenous matrix as a result of it not being

able to flow out into the ground substance as easily would reduce its fatigue strength.

At high loads, however, the deformation of the structure becomes relevant: a tendon

would decrease in cross-sectional area (due to the Poisson effect) less if it contained many

water molecules, artificially reducing the stress it experienced. Due to the square-linear

relationship between length and radius for a constant-volume material such as tendon (the

governing equation is V = πr2L for a fibril of volume V , radius r and length L) this effect

would only be noticeable at high strains. Hence, this would explain the aforementioned

increased fatigue resistance in STZ samples at high loads.

STZ Model vs Healthy Controls: Similar to what was found in Chapter 3, STZ

treatment lead to the PoI occurring later and, when it did occur, occurring with a slower

rate of strain. However, the act of unloading and loading the samples, as happened

during the interrupted creep tests, caused STZ to also increase stiffness. It may be that

the mechanisms behind STZ’s effects on tendon - e.g. increased crosslink strength due to

AGE presence - become more pronounced under repeated loading.

Previously-Used Markers of Damage: SSSR is indeed correlated with previously-

used markers of damage - decreasing loading modulus and increasing permanent strain.

Additionally, it is correlated with decreasing elastic strain modulus, a measurement

related to loading modulus but altered in order to take advantage of the large correlation

that exists between SSSR and the rate of change of elastic strain. In all cases, the results

suggest that STZ-treated samples damaged more slowly than control samples.
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4.5.3. Mechanistic Markers

Steady-state strain rate was also correlated with a number of the rates of change of

model-derived, mechanistic markers.

Correlations with SSSR: A larger SSSR has no correlation with the rate of decrease

of the time constant of the viscoelastic processes within the tendon. It also has no effect

on the rate of increase of viscous strain for STZ-treated samples, but is highly correlated

with it in control samples. Conversely, it increases the rate of decrease of viscosity in STZ

samples but has no effect in control samples. In other words, if AGEs are not present, a

higher rate of strain causes more strain to occur due to water molecules having flowed out

of the collagenous matrix/due to non-collagenous matrix deformation. If they are indeed

present, the increased intermolecular bond strength prevents this increase in strain from

occurring, and instead the decrease in the resistance to the flow of water molecules/to non-

collagenous deformation happens more quickly (although, possibly, less of it is happening

due to less viscous strain occurring). Finally, SSSR is highly correlated with an increase

in the rate of increase of elastic strain, an increase in the rate of decrease of Kelvin-Voigt

stiffness and an increase in the rate of decrease of Maxwell stiffness. This supports the

phenomenological results discussed previously, as all three of these phenomena are related

to loading modulus decreasing more quickly (which is something that has already been

established as occurring).

STZ Model vs Healthy Controls: These results (Figure 4.8) differ considerably from

their equivalents in Chapter 3. The process of removing and then re-applying load during

a fatigue test appears to have the effect of masking the increase STZ causes in the

viscoelastic time constant whilst galvanising a decrease in elastic strain, an increase in

Kelvin-Voigt stiffness and an increase in Maxwell stiffness. Notably, however, these latter

three are all related to an increase in loading modulus which, as mentioned earlier, occurs

with STZ treatment only under a repeated loading regime. There is no change to viscosity

being increased or to viscous strain being unaffected by STZ.
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4.5.4. Implications

These results suggest that SSSR is proportional to the rate of decrease of loading modulus

and, thus, to the rate of damage (as modulus has been taken to be a marker of this in

the past). Therefore, the results of Chapter 3 do indeed suggest that STZ decreases

the susceptibility of a tendon to damage, and thus that diabetes does the same. It

appears as if the mechanism behind this effect is increased crosslink strength and stiffness

affecting the viscous behaviour. Also, damage may be better understood by considering

the accumulation of strain in a sample than by its change in modulus. Additionally,

the SSSR is not a material property; its value depends on the loading conditions of the

tendon during the static fatigue test in which it is measured. However, as long as the

loading parameters are kept consistent, it can still be used in the design of an experiment:

comparing the average SSSR of the samples in a control group to the average SSSR of

the samples in an experimental group will elucidate the effect of the relevant treatment

on damage susceptibility. Indeed, it is a superior measurement that the oft-used change

in loading modulus when fatigue damage is being investigated as it incorporates the time

element of fatigue. Loading modulus, on the other hand, is an elastic property measured

over only a short period of time; it is limited in its relevance to fatigue behaviour. With

regards to the loading regime used in this investigation it indeed seems to be the case that

repeated loading and unloading affects the tendon (and thus it can only be considered

to be a pseudo-static fatigue test). Specifically, this may manifest as an exacerbation of

the effects of STZ, making them more pronounced. This means that, as STZ has been

associated with a decrease in SSSR (Chapter 3) which now has been associated with a

decrease in damage susceptibility, repeated loading effectively increases damage. This

agrees with the literature which identifies the unloading of tendon as the cause of kink

formation and kinks, in turn, as having a damaging effect on tendon (Herod and Veres,

2018).

4.5.5. Data Analysis

A number of the aspects of the data analysis process as introduced in Section 4.3.6 will

be justified and expanded upon here:
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� The ten-minute relaxation phases that occurred before permanent strain measure-

ments ensured that all viscoelastic behaviour was allowed to dissipate; 600 seconds

was considerably longer than the viscoelastic time constants calculated for tail

tendons in Appendix E.

� As mentioned, each cycle’s creep phase was fitted with a combined viscoelastic and

sliding response. The pullout response, which is included in the full model, was

omitted. The equation used for the fitted routine reflected this - it did not contain

an exponentially increasing term - and it is shown in Figure 4.1c. The reason for

using a reduced model is that each creep phase was only 60 seconds in length; this

was deemed too short for a pullout response to be influential.

� All of the ‘rate of change’ parameters were calculated by measuring them individ-

ually in each cycle (except for the first and the last cycles), plotting them against

concatenated time and taking the gradient of the straight line approximation. A

linear fit was chosen as it was deemed sufficient for this purpose: estimating a

variable’s overall increase or decrease over time with the exact relationship being

unimportant.

� The reason for omitting the readings from the first and last cycles when calculating

rates of change (as mentioned in Section 4.3.6) was that these were too long and too

short for consistent data to be obtained, respectively. This was determined after

manual assessment of the data points for a number of sets of readings. The first

cycle is long because it involves stretching the tendon for the first time; the material

has not been ‘broken in’ and so has additional internal resistance relative to the

subsequent loading phases. Practically, this is likely due to the kink formation that

occurs during unloading phases (Herod et al., 2016) and thus which has not yet

happened when the first creep phase is performed. On the other hand, the final

loading cycle is always truncated because this is when rupture takes place, and so it

can never be completed. These complications had noticeable effects on the data; it

was often observed that the middle data points were highly linear while the first and

last stood out as obvious outliers. A representative example of this - a calculation
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of a sample’s rate of change of viscous strain - is shown in Figure 4.9a: the middle

points follow a linear trend while the first and last do not.

� The permanent strain values were an exception to the above and so these rates of

change were indeed calculated from all cycles’ readings.

� The concatenation step that created the interrupted creep tests involved finding

the ‘strain resumption’ points, these being when the sample strain returned to the

same levels as were recorded at the end of the previous creep phases, see Figure

4.9b. These mark when the ‘interrupted’ static fatigue test ‘resumed’ creep loading.

Once found, it became possible to remove the data from the interrupted sections

and concatenate the remaining data.
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Figure 4.9: (a) The viscous strain (ε∞−0) as measured during each loading phase for a
particular sample. Note the strong linear trend that can be fitted when the first and last

points are removed - a common observation. (b) Illustration of the algorithm used to
locate the points where strain resumed its pre-unloading-phase level. Following this step
the algorithm could remove the intermediate data and concatenate that which remained

into a pseudo-creep curve.

4.5.6. Limitations and Future Research

It is not clear if the trends seen here are applicable to tendons that serve other functional

roles, such as energy-absorbing Achilles tendons. Indeed, the significant influence that

functional role has on mechanical properties, which was seen in the previous experiment,

shows that not all tendons can be assumed similar. Further testing is thus needed, using
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the same protocol but with rat Achilles tendons and stresses in the region of 10 MPa (this

being approximately equivalent, in terms of damage, to 30 MPa in a tail tendon - see

Chapter 3). Additionally, the concept of energy absorption could be considered: it may be

that a tendon will fail once it has absorbed a certain amount of strain energy. This would

require the stress vs strain plots (Figure 4.2a) to be re-analysed but it would not be trivial:

some energy is lost as dissipation due to internal friction (hysteresis) and this would need

to be separated out from that which is being absorbed due to strain. The proportion of

strain energy absorption that manifests as permanent strain (as opposed to the proportion

that manifests as non-permanent strain and thus which can be recovered) might also be

relevant. Also, future testing might consider augmenting the loading regime in order to

not fully unload the samples; doing so is known to induce kinks which is damaging in and

of itself (Herod and Veres, 2018). A regime that avoided this would more closely represent

a true creep test. Finally, the spring-and-dashpot viscoelastic model that has been used

to derive the mechanistic markers is relatively simplistic. Caution should be taken when

using it to directly map macro-scale measurements onto micro-scale mechanisms, and

future experiments should consider using more intricate models.

4.6. Conclusions

Steady-state strain rate can indeed be used to differentiate between materials with

different susceptibilities to fatigue damage. This is due to it being correlated with a

increase in the rate of decrease of loading modulus - a marker accepted as being indicative

of such - with both this rate and SSSR being smaller in samples treated with STZ (which

is known to affect damage susceptibility). This conclusion is also supported by SSSR

being correlated with an increase in the rate of increase of permanent strain, another

previously-used marker. Specifically, SSSR is correlated with the rate of change of elastic

strain, a property which influences loading modulus to a large degree. The mechanisms

behind this correlation with elastic strain are correlations with the rates of change of

Kelvin-Voigt stiffness and of Maxwell stiffness. These represent, roughly, the material’s

resistance to elastic strain (Kelvin-Voigt stiffness) and viscoelastic strain (both together).
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5.1. Abstract

Previous data from investigations into a streptozotocin (STZ) rat model of diabetes has

shown a significant decrease in the susceptibility to mechanical damage with treatment

(Chapters 3 and 4). While it has been speculated that this change is due to the presence

of advanced glycation end-products (AGEs) in the structure, this has not been verified.

As such, AGEs were quantified in tail tendons from STZ-treated rats and from healthy

controls using spectrofluorimetry to measure the concentration of fluorescing collagen in

the tissue. The results showed no significant difference between the groups (p = 0.15). A

concentration standard curve was also generated, which serves as evidence of the validity

of the assay. Following this experiment, the exact mechanisms behind the effects of STZ

and diabetes remain unknown and in need of elucidation if a greater understanding of

tendon damage - and the prevention and treatment thereof - is to be developed.

5.2. Introduction

Background information relevant to the experiment and the means of investigation will

be discussed here.

5.2.1. Problem Identification

In two previous experiments (Chapters 3 and 4) it was found that steady-state strain

rate (SSSR) - a property of a material that quantifies its susceptibility to fatigue damage

- decreases significantly in rat tendon from a streptozotocin model of diabetes. This

has relevance for research into tendon damage and the effect that diabetes has on it.

However, it has been taken for granted that the samples had been affected by STZ in the

same way that tendons are altered by diabetes in vivo. Specifically, it has been assumed
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that advanced glycation end-products were present, and that the mechanical changes

seen so far can be attributed to these. In order to gain a greater understanding of the

exact microstructural processes that cause increased susceptibility to fatigue damage,

both in vivo and in tendons from this particular model, this AGE presence will need to

be confirmed. If significant levels are indeed present it will support the theory that these

crosslinks caused the measured changes. If not, a different potential explanation should

be sought.

5.2.2. The Effect of STZ and of Diabetes

The exact mechanisms that cause the change in SSSR seen in STZ samples have not yet

been established. It has been theorised that AGEs, the presence of which increases in

diabetic tendons (as well as in those of advanced age), cause these effects by creating

stronger intermolecular crosslinks (Thorpe et al., 2010; Eriksen et al., 2014). These

reduce the amount of sliding that takes place between molecules (Fessel et al., 2014) and

increase failure stress and strain (Reddy, 2004; Thorpe et al., 2015b). This, in turn,

disrupts the natural mechanobiological processes related to healthy collagen turnover

(Kjær et al., 2005; Abate et al., 2009) and thus increases the incidence of tendinopathies

(Lui, 2017). However, various other processes may also affect the diabetic tendon and/or

the STZ-treated tendon, and the questions surrounding cause-and-effect have not yet

been definitively answered. A greater understanding of the role AGEs and other processes

play in affecting the tendons of diabetic patients can have considerable real-world impact:

already, clinically-approved non-invasive diagnostic and monitoring devices exist that use

skin autofluorescence to measure patients’ AGE levels (Meerwaldt et al., 2004). An

improved ability to interpret this data will help inform clinicians about a patient’s status

and their risk of cardiovascular disease, atherosclerosis, kidney disease and diabetes-

related illness (Lutgers et al., 2009).

5.2.3. The Streptozotocin Rat Model of Diabetes

The model in question was developed by Mansor et al. (2013). It uses rats that have been

fed with a high fat diet for three weeks and injected with STZ (25 mg/kg) after the second
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week. This protocol replicates Type 2 diabetes by inducing symptoms and co-morbidities

associated with that disease: increased blood glucose levels, increased cholesterol (Mansor

et al., 2013), impaired insulin secretion from the β-cells of the pancreas (Schnedl et al.,

1994; Reed et al., 2000), obesity (following the high fat diet) and, possibly, weight loss

(following STZ injection). It is thus an attractive model for use in studies of diabetes

although, as with all animal research, its ability to be generalised to humans is limited.

This drawback must be weighed up against the advantages of using a rat model: cost-

effectiveness, high turnover (rat maturity is reached within a few months), ease of sample

harvesting, large quantities of samples (both in terms of rats and tendons) and a relatively

low barrier to ethical approval.

5.2.4. Spectrofluorimetry

If electromagnetic radiation of a certain wavelength is directed towards a material with

fluorescent properties, such as tendon, it will absorb and then emit a certain amount

of that energy. This phenomenon occurs in a predictable way and, as such, can be

measured and used to reveal information about the microstructure (Nahata, 2011). Of

most importance to this investigation are collagen AGEs, the excitation and emission

spectra of which are 370 and 440 nm respectively (Reiser, 1994). This knowledge can be

used to measure their presence in prepared quantities of tendon.

5.2.5. Aim

To quantify the presence of advanced glycation end-products in tail tendons from a

streptozotocin rat model of diabetes. This was performed using spectrofluorimetry. Such

evidence is needed in order to help verify that the effects induced by this rat model are

the same as those induced in humans by diabetes, and thus confirm its usefulness as a

model of diabetes in tendon.

5.2.6. Hypothesis

The concentration of AGEs will be higher in the STZ-treated tendons than in the control

samples.
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5.3. Materials and Methods

In addition to the Written Protocol and Video Protocol which are included in Appendices

H and I, respectively, the procedure followed during this investigation is briefly detailed

here. This method is based upon that used by Li et al. (2013).

5.3.1. Sample Collection

Tails from STZ-treated adult (10-14 wks) male Sprague-Dawley rats (Harlan/Envigo,

UK) that had been culled for unrelated experiments (on diabetic neuropathy: Newton

et al. (2017)) were obtained, along with age-matched healthy controls. These were stored

at -70°C for a maximum of five months (Lee and Elliott, 2017) until needed and were

labelled in a way that kept the experimenter blind as to the group of each. A sample size

calculation was performed (Chow et al., 2008) using the results of a previous experiment

that had used the same method (Li et al., 2013). This indicated that n = 5 for each

group (i.e. ten samples in total) would provide sufficient power for statistical significance.

However, as the experiment would be run blind, it was decided to test 20 samples in

order to increase the probability that at least five from each group would be tested.

Additionally, two samples - one from each group - were tested separately in order to

create a concentration standard curve (as detailed in Section 5.3.6).

5.3.2. Apparatus and Materials

Before testing began, the following items were obtained and/or prepared:

� Hydrochloric acid (HCl), 6M concentration

� Phosphate buffered saline (PBS), 10X and 1X concentrations

� Liquid nitrogen supply

� Safe-lock Eppendorf tubes (Sigma-Aldrich), each of known mass

� Hot block for use with Eppendorf tubes (Techne)

� Centrifuge (Spectrafuge, Labnet)
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� Microplate spectrometer (FLUOstar Omega, BMG Labtech)

Training in order to handle the liquid nitrogen and use the microplate spectrometer was

obtained.

5.3.3. Day One

Following the defrosting of five tails (∼30 min), five tendons were harvested from each

and stored in PBS until needed. Each group of five tendons was placed into a mortar and

flash frozen with liquid nitrogen before being ground with a pestle. The material was

then transferred into an Eppendorf tube after which drops of HCl were added via pipette

(sufficient to completely cover the material). The tubes were then closed and placed into

the hot block for 24 hours at 110°C.

5.3.4. Day Two

The hot block was turned down to 35°C and the lids of the tubes opened. Another 24

hours were then allowed to pass.

5.3.5. Day Three

With all moisture now evaporated from the tubes, each was weighed in order to obtain

the sample mass (current mass of tube, including sample, minus original mass). For each

tube, 1 ml of 1X PBS was added for every 14 mg of sample it contained in order to create

suspensions. These were then centrifuged for 10 min at 1500 g. Three aliquots of each

supernatant were created in a 96 well plate along with H2O and PBS wells for reference.

These were then placed into the microplate reader and assayed for AGE fluorescence

(excitation wavelength of 370 nm, emission wavelength of 440 nm (Li et al., 2013)). The

entire process was then repeated an additional three times after which all 20 samples had

been tested.

5.3.6. Concentration Standard Curve

The amount of HCl that needed to be added to each sample was not specified and it

was not known if this quantity would affect the result. As such, ten additional groups
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of tendons from two tails (five from an STZ-treated tail and five from a control tail)

were also tested, each having either 5, 10, 15, 20 or 25 ml of HCl added per g of tendon.

These results formed a concentration standard curve to elucidate the effect of HCl on the

measured value of fluorescence.

5.3.7. Analysis

The fluorescence values measured by the spectrometer were not calibrated and as such are

reported as ‘arbitrary fluorescence units’ per mass of sample (aFU/mg). The fluorescence

readings for each of the three aliquots were summed before dividing by sample mass. The

primary results (i.e. not those from the concentration standard curve) were tested for

Normality and the STZ-treated samples failed, implying that the results in general could

not be considered Normal. As such, a Mann-Whitney U test (which does not assume a

distribution) was used to test significance (Graziano and Raulin, 2014). p < 0.05 was

taken as significant. Outlier identification was performed using Chauvenet’s criterion and

no outliers were found. The greatest source of experimental uncertainty related to the

use of the pipette: 0.05 ml.

5.4. Results

Following all testing the results were collated and are shown in Table 5.1. Upon removal

of the experimental blind it was revealed that 12 samples had been from the STZ-treated

group with the remaining 8 having been controls. Uncertainty due to the use of the

pipette amounted to between 2.3% and 7% of the results, depending on the mass of the

sample in question.

Table 5.1: Data reported as median ± IQR with significance (Mann-Whitney U test)

Fluorescence [aFU/mg]

STZ Control Significance

Tail 429±94.1 464±104 p=0.15
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The results are also shown in Box-and-Whisker form in Figure 5.1a. The difference

between the groups was not significant. The concentration gradient is shown in Figure

5.1b. Neither of the groups show a significant relationship with the quantity of acid

used, and this lack of correlation becomes more evident when both groups are considered

together.
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Combined, r2 = 0.01, p = 0.80

Figure 5.1: The fluorescence (in ‘arbitrary fluorescence units’) per unit mass due to
AGE presence in STZ-treated and control tail tendons. The results from 20 tendons are

shown in (a) and those from two tendons, divided into five samples each and treated
with various quantities of HCl, are shown in (b). In the latter, trend lines have been
added for both sets of data as well as an additional (black) line fitted to all points.

5.5. Discussion

The results showed no significant difference in fluorescence between STZ-treated and

control tendons, and no relationship between the amount of HCl and fluorescence. As

the level of uncertainty (2.3% to 7%) is small relative to the interquartile ranges (22%

for both groups) it can be dismissed as inconsequential.

5.5.1. Quantification of AGEs

The lack of significance implies that there is no difference in the amount of AGEs present

in the two types of tendon. This contradicts the hypothesis of this experiment. It also

contradicts the assumptions that were made about what mechanistic effect STZ has on

tendon in this particular model of diabetes.
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5.5.2. Concentration of Hydrochloric Acid

As the abovementioned results are unexpected it is useful to seek confirmation that the

assay used in this experiment is indeed accurate. For this reason, a concentration gradient

was set up, shown in Figure 5.1b. This involved testing five groups of tendons from the

same tail, each using a different quantity of hydrochloric acid (HCl) in the relevant step

of the protocol, for both an STZ-treated and a control tail. In order to quantify the

existence of a relationship between HCl and fluorescence a statistical test was performed

on the results which, if significant, would have indicated such. However, the opposite

was seen: both STZ and control samples returned low significance levels (p = 0.21 and

p = 0.33, respectively) and, indeed, all data points combined returned a particularly

low significance (p = 0.80) together with a low coefficient of determination (r2 = 0.01)

which actively suggests a lack of a correlation. This supports the accuracy of the assay.

Additionally, the STZ and control results within this concentration gradient did not

differ considerably, reinforcing the main results. An alternative method of confirming the

reliability of the assay would have been to repeat the experiment with a commercially-

available standard assay and/or to have performed it on samples with a known quantity

of AGEs. The various sets of results could then have been compared. However, as it was

felt that the protocol had been set up and carried out to a satisfactory level of accuracy,

it was deemed that such measures were not necessary.

5.5.3. Implications

It is now not clear what mechanisms have caused the results seen in the previous two

experiments to occur. One possible explanation is that the viscous components of the

tendon (e.g. the ground substance) are affected differently by the hyperglycaemia in vivo

than the collagenous components are. A major difference between the rat model of

diabetes being considered here and diabetes in a human patient is the length of time over

which the disease acts - a few weeks in the rats vs years in a human (notwithstanding

the possibility that a few weeks for a rat might be equivalent to many years in a human

(Sengupta, 2013)). It may be the case that the increased levels of glucose affect the

ground substance - interacting with the glycosaminoglycans (GAGs) present in it - more
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quickly that it affects the collagen. This could be due to it having the ability to diffuse

through the liquid more easily than through the solid. Alternatively, it may be that these

GAGs are simply more reactive to glucose (or more plentiful) and are thus affected first.

Given more time, it may indeed be the case that AGE levels in the collagen increase.

The idea that the viscous components are especially affected is supported by the results

of Chapters 3 and 4: the tail tendons showed significant changes in viscosity but not in

the Kelvin-Voigt or Maxwell stiffnesses due to STZ in Chapter 3 (Figure E.2). Similarly,

while changes in all three of these measurements were significant in Chapter 4 (Figure

4.8) there was a considerable increase in significance of the rate of change of viscosity

in STZ samples compared to controls while the significance levels of the two stiffnesses

did not change as drastically (Figure 4.6). The Achilles tendons in Chapter 3 were,

conversely, not affected in this way and as such they likely respond differently to STZ. It

may be, for example, that the larger size of the Achilles increases the diffusion distance

from blood vessels to deep fibrils to an influential degree. It is not known if performing

spectrofluorimetry on these would produce an AGE difference due to STZ or not.

Alternatively, it is possible that direct chemical effects of glucose on structural matrix

proteins are not the mechanism behind the measured effects at all. One theory suggests

that disruptions to the mechanobiological and homeostatic metabolic processes have

significant effects (Birch, 2007; Magnusson et al., 2010). The increased glucose levels

in the tendon may inhibit or mask the mechanical or cellular behaviour in such a way

as to cause one or both of these disruptions, with no (or merely an incidental) change in

AGEs. Alternatively, molecular denaturation (with or without associated kink formation

as would occur in dynamic and static fatigue, respectively) and/or biological damage

from cell cleavage (marked by the presence of matrix metalloproteinases - MMPs) might

be the most influential mechanism(s). If this is indeed the case it may be that damage

‘operates’ on a hierarchical level below that of AGEs. Regardless, it is unlikely that the

unexpected results of this experiment are due to the model of diabetes being poor; it

is well established that STZ injection coupled with a high fat diet induces an accurate

diabetes-like state (modelling either Type 1 or Type 2 depending on whether the STZ

dose is high or low) (Mansor et al., 2013). Certainly, it is not the STZ per se that is
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causing the measured effects, but rather the induced hyperglycaemia (without ketosis)

and normoinsulinaemia following compromise of the pancreatic β-cells.

5.5.4. Future Research

The same protocol can be repeated on Achilles tendons from the same two groups to

confirm the results in functionally distinct tendons. In terms of seeking an alternative

explanation to AGEs, X-ray diffraction can be used to investigate the micro- and

nanostructures, the deformation mechanisms and the mechanical properties of STZ and

control tendons and their responses to damage (fatigue and otherwise) (Bianchi et al.,

2016). Additionally, the amount of GAGs present in the tendon and/or their reactivity

with glucose could be quantified. Finally, given the aforementioned possibility that the

time over which AGEs were allowed to develop might be relevant, the rate constant of the

Maillard reaction should be investigated in rat models and compared to that measured

in humans. This reaction is what creates AGEs (Monnier et al., 1992) and, if the time

constants are significantly different, it may explain the difference in their presence.

5.6. Conclusions

The presence of advance glycation end-products has been quantified, using spectrofluo-

rimetry, and found to not be significantly different in tail tendons from an STZ rat model

of diabetes compared to controls (p = 0.15). The previously-measured effects of this

model on this material might thus not be due to these crosslinks. Alternatively, they

may indeed be due to the AGEs but via a different mechanism. The accuracy of the

assay was confirmed via a concentration gradient which showed no relationship between

HCl quantity and fluorescence.
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Following the literature review and the three investigations that have been performed,

this chapter summarises the outcomes and conclusions that can be drawn.

6.1. Steady-State Strain Rate

This has been shown to be lower in tendons treated with STZ (Figure 3.6a), in tendons

with an energy-storage-related functional role (Figure 3.6a) and in tail tendons with a

lower absolute rate of change of loading modulus (significant in control tail tendons only;

Figure 4.5a). These results suggest that SSSR is an indicator of susceptibility to damage

in tendon. However, it appears as if STZ has a masking effect on damage properties,

causing tail tendons’ properties to become more similar to those of Achilles tendons and

also causing them to be less closely related to the rate of strain compared to healthy

samples. With regards to the first of these - the effect of a difference in functional role

being masked - it is possible that STZ simply affects one type of tendon more than the

other (and the results suggest that this would be positional tendons). With regards to

the latter - the relationship between damage (defined as the rate of decrease of loading

modulus) and steady-state strain rate being masked - an explanation can be found in the

fact that the rate of change of elastic (initial) strain remains highly significant in STZ

samples (Figure 4.6c). This is because damage is probably more closely related to strain

than it is to stress - something which has already been proposed in the literature (Wren

et al., 2001; Fung et al., 2009) - and it may also be that STZ affects the viscoelastic

properties more than it does the elastic ones. This latter assertion is supported by STZ

having affected viscosity more than Kelvin-Voigt or Maxwell stiffness in tail tendons

during the static fatigue tests (Figures E.2b, d and f). This explanation for the loss of

correlation between SSSR and rate of change of loading modulus with STZ is presented

more clearly in the next section, together with Figure 6.1.
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Figure 6.1: Illustration of the ‘masking’ effect of STZ treatment

6.1.1. Correlation Between SSSR and d
dt Loading Modulus

Consider four hypothetical tail tendons - two STZ-treated and two controls - each loaded

over a short period of time to either a large or a small creep stress (σl or σs where l = large

and s = small), see Figure 6.1. In the first loading cycle of an interrupted fatigue test (or

equivalently, in the only loading cycle of a traditional static fatigue test), shown in 6.1a,

all four have the same loading modulus (as per Figure 3.6c) but the STZ samples have a

larger toe-heel region due to their larger viscoelastic effects and larger viscoelastic time

constants (which imply that the initial responses will be stiffer than those of the control

samples) (Figures E.2a and b). Both heavily loaded samples have the same elastic strain

(ε0,l) as do both lightly loaded samples (ε0,s) with the latter being smaller than the former

(again, l = large and s = small). After an arbitrary number of cycles, n, as shown in 6.1b,

all four samples have larger elastic strains and lower moduli although these changes are

greater in the more heavily loaded samples (as per Figures 4.6c and 4.5a). Additionally,

the increases in elastic strain are proportional to the amount of damage each sample has

sustained (as rate of change of elastic strain is proportional to SSSR - Figure 4.6c - which

represents susceptibility to fatigue damage - Section 4.6 - and which is higher in more

heavily load samples - Figure 4.3) which is why these are slightly larger in the control

samples. For the control samples, the decreases in loading moduli are also proportional to

damage (Figure 4.5a) while the changes in the toe-heel regions are arbitrary: the elastic

strains and the loading moduli are the driving forces behind the shapes of the graphs at
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this point. This is because they are both determined by the amount of damage that has

been sustained while the toe-heel region (i.e. the short-term viscoelastic effects) can be

whatever it needs to be in order for this shape of graph to occur. For the STZ samples,

however, the treatment has affected the viscous properties (the manifestations of this can

be seen in the long-term viscoelastic effects shown in Figures 4.6a and e - which are both

strongly independent of SSSR - Figure 4.6b and Figures E.2a and b) and thus these are

now a driving force of the graphs’ shapes. Elastic strain is also, still, an influential factor

in graph shape (because damage is probably strain-based, as discussed in Section 4.5)

which means that loading modulus (which is both stress- and strain-based, hence why

it is less closely associated with damage than elastic strain is) has only enough influence

for its rate of change to merely be approximately proportional to damage (and thus to

SSSR). It has been ‘masked’ by STZ.

6.2. The Effect of STZ

The previous section discussed how STZ masks some of the phenomena seen in control

tendons. The mechanism behind this masking effect might be a strengthening of the

covalent bonds between components of the ground substance such as proteoglycans and

GAGs - similar to what, in Chapter 5, was hypothesised to be occurring in the collagenous

matrix due to AGEs. Indeed, an increase in the stiffness of the interfibrillar matrix due

to STZ has already been reported (de Oliveira et al., 2017). As the ground substance

is unlikely to be affected by fatigue damage relative to the collagen (mechanical damage

is not usually associated with a liquid) this would explain why the rates of change of

the viscoelastic time constant and of viscous strain are independent of damage (Figures

4.6a and e) while the rate of change of viscosity (which represents the transfer of load

from the ground substance to the gradually more damaged collagen; Figure 4.6b) is. STZ

affecting the ground substance more than the collagen would also explain the different

toe-heel regions but similar loading moduli in Figure 6.1a. Note that the ‘effect of STZ

on tendon’ is actually an indirect effect: STZ causes the pancreas to produce less insulin

which, coupled with a high-fat diet, induces hyperglycaemia in the rats. The increased
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blood sugar then perfuses into the tendons and affects them from there - it is not the

STZ that affects them per se.

6.3. Tendon Damage

While it has been established that SSSR reveals information about susceptibility to fatigue

damage, this is not the only concept potentially related to damage out of those discussed.

Permanent strain, for example, has been discussed in Section 4.5 and is loosely correlated

with SSSR; it is probably associated with damage but not as strongly as loading modulus.

The point of inflection, on the other hand, has been claimed to be the ‘point of balance’

between the net effect of a load being damaging or recoverable. In STZ-treated samples

the PoI occurs significantly later (Figure 3.6d) but at the same levels of strain and strain

energy (Figures 3.6f and b). If it were the case that strain and strain energy were related

to damage - which, following what has been discussed in each chapter, is indeed likely

- then this would suggest that a tendon becomes ‘net damaged’ once it has absorbed a

certain amount of strain energy/strained to a certain point (given that stress is constant

in a static fatigue test, these two are equivalent). The decrease in susceptibility to damage

caused by STZ treatment would thus be by virtue of it delaying the PoI, with SSSR then

decreasing as a knock-on effect of this delay. However, the rates of change of strain energy,

time and strain at the PoI do not correlate consistently with SSSR: indeed, STZ causes

them to reverse their correlations from negative to positive (Figures 4.5b, d and f). This

is possibly, again, due to STZ affecting the ground substance. In healthy samples, high

loads/larger SSSRs/larger susceptibilities to damage (these three concepts being roughly

equivalent) are significantly correlated with a decrease in the time at the PoI and not

correlated with strain or strain energy at the PoI (although there is a marginal negative

correlation with both), which is as expected. The marginal negative correlations may be

due to the kinking that likely occurs during unloading: this has the effect of introducing

extra damage without an increase in strain or strain energy (thus keeping these values

artificially low) and it is known that higher loads introduce kinks more readily (Veres

et al., 2013a) (which keeps these values especially low). After STZ treatment, however,
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the affected ground substance now causes the rates of change of the viscoelastic properties

(viscoelastic time constant and viscous strain) to be independent of load (Figures 4.6a

and e) and thus the viscoelastic response is independent of load. Thus, while the time at

the PoI is still delayed compared to healthy samples, it also becomes independent of load.

This means that net damage is being reached after the same amount of time regardless of

load, and thus the correlation seen in healthy samples in Figure 4.5d disappears. Also, as

viscous strain is not independent of load, the strain at the PoI is largely determined by

the initial elastic strain which, understandably, would be higher for higher loads. Hence

the positive correlation in Figure 4.5f. The combined effect of time and strain at the PoI

being independent of and positively correlated with load, respectively, is necessarily that

strain energy at the PoI is positively correlated with load, which is indeed seen in Figure

4.5b.

6.4. Limitations and Future Research

While it has effectively been found that STZ decreases a tendon’s susceptibility to

damage, this is at odds with the clinical observation that diabetic patients are more

prone to tendon injuries (Abate et al., 2013). One possibility is that tendon damage

is actually healthy in regular, small amounts as it catalyses collagen turnover and cell

activity (Kjær et al., 2005; Abate et al., 2009), and thus decreasing susceptibility to it

decreases the mechanobiological healing response. An experiment might thus be designed

to investigate this using a bioreactor: as opposed to dealing with the tipping point between

the recoverable response and the damage response of a tendon under creep load (i.e. the

point of inflection) the tipping point between the healthy and damaging processes that

occur over time in a living material due to load could be looked at. The repair process

can also be investigated by performing in vivo experiments, using factors such as diabetes

but also exercise (which is also known to influence the repair process (Langberg et al.,

2002)) as variables.

Additional sources of uncertainty associated with the experiments include their use of an

animal model - as discussed elsewhere (Section 2.8.3) - and their use of the fairly simple
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standard linear solid model (SLSM) which may have hidden some of the complexities of

the tendons’ responses. The decision to use a model of viscoelasticity, which the SLSM is,

may also not have been the most accurate (although it is commonly done (Fung, 2004))

when, for example, a poroelastic model may possibly have been better. Such a model

would be built on the fact that tendon is comprised mostly of a collagenous matrix (which

behaves elastically) and water (which is virtually incompressible) (Reese and Weiss, 2013).

When tension is applied to this model the matrix starts to deform and the water starts

to flow out of it (similar to a towel being wrung), but viscosity slows this flow down and

absorbs energy in doing so. As such, there is a large resistance to this deformation in

the short term. This is a ‘shock absorber’ mechanism; a sudden change in load will be

‘carried’ partly by water, protecting the matrix from potential damage. However, as time

goes on, the pressurised water will continue to flow out of the structure whereafter this

effect is no longer seen. This time-dependent response is the viscoelasticity - a viscous

substance acting as a damper to an otherwise elastic material.

Another aspect that could be addressed in future work is the testing of additional

collagenous material. It is not necessarily the case that the results generated here will

be seen in all sample types, and other potential materials include bladder (relevant to

urodynamics), horse flexor and extensor tendon (frequently damaged and commercially

relevant) and human material (including patellar, rotator cuff and bicep tendon, all of

which are frequently injured).

Additionally, the apparatus that was used did not allow for true values of stress to be

applied during the test. Instead, engineering values of stress were used which likely caused

the samples to fail artificially early. Although a conversion was made from engineering

to true values during the data analysis processes this was post-hoc and the samples had

already been affected. Data more representative of the materials’ mechanical structures

might thus be obtainable if live measurement of the samples’ diameters was performed

(e.g. using computer vision) and used in a feedback loop to control the applied force.

It may be that samples would not fail at all under such a protocol; the long time-

dependant viscoelastic mechanisms (fibril sliding and the movement of water) might
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naturally dissipate if true stress was constant. Options for this type of more advanced

programming of the control software should be explored; specifically, an upgrade should

be sought that will allow for scripts written in the ZIMT (Zwick Interpreter for Materials

Testing) language to be utilised.

Finally, various other methods of investigation have the potential to be useful when

exploring the tendon properties discussed here, including x-ray diffraction and multi-

photo microscopy (imaging methods used to characterise the multi-scale properties of

the structure) coupled with a traditional dynamic fatigue loading regime. Such an

investigation may have the potential to elucidate the exact mechanisms of STZ’s effect of

tendon and the influence of previously-discussed complications such as kinking, fibril

disorder, ground substance behaviour and differing functional roles (both with and

without STZ treatment). Similarly, such methods may help reveal more information

about the nature of cell-matrix interactions; this is an area of prime importance if new

strategies for tendon healing and repair are to be developed (Screen et al., 2015).

6.5. Conclusions

Insight into the mechanisms behind, and the markers of, tendon damage and its causes

has been gained. This was done by considering a rat model of diabetes and its effects on

the properties of tail and Achilles tendons. Additionally, the following conclusions have

been drawn:

� Steady-state strain rate is a property of a tendon that quantifies its susceptibility

to fatigue damage

� The streptozotocin rat model of diabetes decreases the susceptibility of a tendon to

fatigue damage

� The mechanisms of the effects of STZ treatment are not associated with any change

in measurable AGE concentration. This does not, however, imply that the same is

true for the mechanisms of the effects of diabetes in humans.
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� An energy-storing functional role decreases the susceptibility to fatigue damage

� The standard linear solid model is adequate when greater insight into the material

behaviour is desired

� Following the literature review, it is concluded that ‘tendon damage’ has no

categorical definition although phenomenological markers (e.g. a decrease in loading

modulus) are often used to represent it. Ex vivo, strain can be recoverable

(viscoelastic) with the point of inflection representing the balance between this

response and the damage (permanent) response. In vivo, a healing process exists

which leads to ‘healthy’ and ‘unhealthy’ loading regimes both being possible.

6.6. Implications

Following the outcomes of this research a number of suggestions can be made, in various

areas of tendon work:

� Basic science: SSSR is a new tool/experimental parameter that allows experiments

that interrogate susceptibility to clinically-important damage and the functional

differences between tendons to be designed (by including comparisons of the SSSRs

of different samples)

� Solid mechanics: the rate at which strain occurs represents susceptibility to fatigue

damage and should be quantified. This has relevance for material science and can

be used when developing new composites and biomaterials.

� Ex vivo experimentation: fatigue damage is vital to the understanding of tendon

damage; investigations into damage cannot be comprehensive unless fatigue is

considered

� Diabetic models: the short time over which STZ acts in this particular rat model

might limit its relevance to diabetes. The time constant of the Maillard reaction

should be investigated in this regard.
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� Experimental design: research into how tendon injuries are treated, and how their

risk factors are addressed, should use strain rate as one of their measures of success

� Medical trials: treatments for tendinopathy could be assessed using changes in

tendon strain rate

� Tissue engineering (bioreactors): biorectors should be calibrated so as to develop

tendons with similar strain rate properties as those found in healthy samples

� Tissue engineering (scaffolds): it may be that scaffolds used in tendon regenerative

medicine could benefit from having the same steady-strain rate and/or susceptibility

to damage as healthy tendons. Specifically, it may help with the seeding of stem

cells onto the scaffolds - this is a process that involves cyclic mechanical stimulation

(Butler et al., 2010) - and thereby improve the mechanical properties of the tissue

produced. Scaffolds’ SSSRs might be controllable by varying the degree to which

their molecules are crosslinked.

� Cell biology: using the mechanical properties of extracellular matrix as a way of

modulating cell behaviour for the purpose of targeting diseases is already being

considered (Lampi and Reinhart-King, 2018)

� Biochemistry: the susceptibility of patients, especially diabetics and the elderly, to

tendon damage could be reduced by treatments that target AGE formation, AGEs

themselves, the glycation process or a combination of these

� Clinical work: SSSR should be measured in patients - using ultrasound (Hsiao

et al., 2015) or magnetic resonance elastography (Cortes et al., 2015) - in order

to aid the diagnosis and monitoring of tendinopathies. ‘Healthy’ values of SSSR

should be established (‘healthy rates of damage accumulation’) (Magnusson et al.,

2010) as it is known that both beneficial and detrimental rates of strain can exist

(see ‘Disrupted Mechanobiology’ in Section 2.4.3)
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Wren, T. A. L., Lindsey, D. P., Beaupré, G. S., and Carter, D. R. (2003). Effects of creep and cyclic loading on the
mechanical properties and failure of human Achilles tendons. Annals of Biomedical Engineering, 31(6):710–717.
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A. Viscoelasticity Models: Derivations

In this section, some calculations were performed using Wolfram Alpha (www.wolframalpha.com).

A.1. Kelvin-Voigt Model

The collagenous matrix is modelled as a spring s with loading modulus E and the ground

substance as a dashpot d with viscosity η. These components are placed in parallel and

subjected to a stress σ and a strain ε over time t.

E

η

ε

σ

σ = σs + σd (A.1)

ε = εs = εd (A.2)

σs = Eεs (A.3)

σd = ηε̇d (A.4)

Stress Response

Substituting A.3, A.4 and A.2 into A.1:

σ = Eε+ ηε̇

which is shown in Figure 2.4a.
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Strain Creep

Given loading parameter σ = σ0 (i.e. constant stress applied as a step response at t = 0),

shown in Figure 2.4b, and rearranging the previous equation:

σ0 − Eε
η

=
dε

dt

∴ 1dt =
η

σ0 − Eε
dε

∴ 1dt =
η

E

1
σ0
E
− εdε

Integrating with regards to time:

t =
−η
E
ln

(σ0

E
− ε

)
+ C

∴
−E
η
t− C = ln

(σ0

E
− ε

)

∴ e(
−E
η
t−C) =

σ0

E
− ε

∴ e(
−E
η
t) ÷ eC =

σ0

E
− ε

Let K =
1

eC
:

∴ ε =
σ0

E
+Ke(

−E
η
t)

Substituting in boundary condition ε = 0 @ t = 0:

0 =
σ0

E
+K ⇒ K =

−σ0

E

∴ ε =
σ0

E

(
1− e(−E

η
t)
)

which is shown in Figure 2.4c. As t→∞, ε→ σ0

E
, which is also shown in Figure 2.4c.

Hysteresis

Given loading parameter σ = σ̄ sin(ωt) + σ̄ (i.e. cyclic tensile loading where the average

load is σ̄, the peak load is 2σ̄ and the minimum load is 0 MPa, as shown in Figure 2.4h)
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for many loading cycles and substituting into the stress response equation:

σ̄ sin(ωt) + σ̄ = Eε+ ηε̇

∴ 0 = −σ̄ sin(ωt)− σ̄ + Eε+ ηε̇

The solution to this first-order linear ordinary differential equation is:

ε = Ce
−Et
η + σ̄ × ω2η2 − ωEη cos(ωt) + E2 sin(ωt) + E2

E3 + ω2Eη2

Substituting in boundary condition ε = 0 @ t = 0:

0 = C + σ̄ × ω2η2 − ωEη + E2

E3 + ω2Eη2

∴ ε =
ωEη − ω2η2 − E2

E3 + ω2Eη2
σ̄e

−Et
η +

ω2η2 + E2

E3 + ω2Eη2
σ̄+

ωη

E2 + ω2η2
σ̄ cos(ωt)+

E

E2 + ω2η2
σ̄ sin(ωt)

Note that the sine and cosine terms represent the in-phase (energy storage) and out-

of-phase (energy dissipation) components of the response, respectively. Now σ can be

plotted against ε over t:

Strain, ε

S
tr

es
s,
σ

Figure A.1: Cyclic loading response of the Kelvin-Voigt model
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A.2. Maxwell Model

The collagenous matrix is modelled as a spring s with elasticity E and the ground

substance as a dashpot d with viscosity η. These components are placed in series and

subjected to a stress σ and a strain ε over time t.

E η ε

σ

σ = σs = σd (A.5)

ε = εs + εd (A.6)

σs = Eεs (A.7)

σd = ηε̇d (A.8)

Strain Response

Taking the temporal derivative of A.6 gives:

ε̇ = ε̇s + ε̇d

Taking the temporal derivative of A.7 and substituting in A.5 gives:

σ̇s = σ̇ = Eε̇s

Substituting this in, along with A.8, gives:

ε̇ =
1

E
σ̇ +

1

η
σ (A.9)

which is shown in Figure 2.4d.

160



Appendices

Stress Relaxation

Given loading parameter ε = ε0 (i.e. constant strain applied as a step response at t = 0),

shown in Figure 2.4e:

ε̇ = 0

Substituting into A.9:

0 =
1

E

dσ

dt
+

1

η
σ

Rearranging:
−E
η

=
1

σ

dσ

dt

−E
η
dt =

1

σ
dσ

Integrating both sides with respect to time:

−E
η
t = ln(σ) + C (A.10)

Substituting the material’s elastic response in as a boundary condition: σ = Eε0 @ t = 0

0 = ln(Eε0) + C ⇒ C = −ln(Eε0)

Substituting into A.10:
−E
η
t = ln(σ)− ln(Eε0)

∴ e
−E
η
t =

σ

Eε0

∴ Eε0e
−E
η
t = σ

which is shown in Figure 2.4f. As t→∞, σ → 0, which is also shown in Figure 2.4f.

Hysteresis

Given loading parameter σ = σ̄ sin(ωt) + σ̄ (i.e. cyclic tensile loading where the average

load is σ̄, the peak load is 2σ̄ and the minimum load is 0 MPa, as shown in Figure 2.4h)
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for many loading cycles:

σ = σ̄ sin(ωt) + σ̄

∴ σ̇ = σ̄ω cos(ωt)

Substituting into the strain response equation (Equation A.9):

ε̇ =
σ̄ω

E
cos(ωt) +

σ̄

η
sin(ωt) +

σ̄

η

Integrating gives:

ε =
σ̄

E
sin(ωt)− σ̄

ωη
cos(ωt) +

σ̄t

η
+ C

Substituting in boundary condition ε = 0 @ t = 0:

0 =
−σ̄
ωη

+ C ⇒ C =
σ̄

ωη

∴ ε =
σ̄

E
sin(ωt)− σ̄

ωη
cos(ωt) +

σ̄

η
t+

σ̄

ωη

Now σ can be plotted against ε over t. Note the similarity to the multi-cycle response of

the Kelvin-Voigt model, except now the increase in strain continues steadily instead of

decreasing. This is thus a better model of cyclic loading when the load is large, whilst

Kelvin-Voigt is better when the load is low.

Strain, ε

S
tr

es
s,
σ

Figure A.2: Cyclic load response of the Maxwell model
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A.3. Standard Linear Solid Model - Stress-Based

Configuration

The tendon is modelled as a combination of the Kelvin-Voigt and the Maxwell models. A

spring s1 with elasticity E1 is placed in parallel with a ‘Maxwell element’ m, comprising

of a spring s2 with elasticity E2 and a dashpot d with viscosity η. These components are

subjected to a stress σ and a strain ε over time t.

E1

E2 η

σ

ε
σ = σm + σs1 (A.11)

ε = εm = εs1 (A.12)

σm = σd = σs2 (A.13)

εm = εd + εs2 (A.14)

Response

The response of the system is governed by the following equation:

(E1 + E2)ε̇+
E1E2

η
ε = σ̇ +

E2

η
σ (A.15)

Strain Creep

Given loading parameter σ = σ0 (i.e. constant stress applied as a step response at t = 0),

shown in Figure 2.5b:

σ̇ = 0

Substituting into A.15:

(E1 + E2)ε̇+
E1E2

η
ε =

E2

η
σ0
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This is a first-order linear ordinary differential equation, the solution to which is as follows:

ε = Ce

( −E1E2
η(E1+E2)

t
)

+
σ0

E1

Substituting in the initial, elastic load response as a boundary condition: σ0 = (E1 +

E2)ε @ t = 0
σ0

E1 + E2

= C +
σ0

E1

⇒ C =
σ0

E1 + E2

− σ0

E1

∴ ε =

(
σ0

E1 + E2

− σ0

E1

)
× e

( −E1E2
η(E1+E2)

t
)

+
σ0

E1

(A.16)

Thus, when t = 0, ε =
σ0

E1 + E2

, which is shown on Figure 2.5c. As t→∞, ε→ σ0

E1

, which

is also shown in Figure 2.5c. If a time constant τ is introduced such that τ =
η(E1 + E2)

E1E2

,

then substituting all of these into Equation A.16 gives:

ε = (ε0 − ε∞)× e(−t
τ ) + ε∞ (A.17)

Which is the form that appears in Figures 2.5c and 2.11. Stated explicitly, the constants

are:

ε0 =
σ0

E1 + E2

(A.18)

ε∞ =
σ0

E1

(A.19)

τ =
η(E1 + E2)

E1E2

(A.20)

which, when re-arranged, give:

E1 =
σ0

ε∞
(A.21)

E2 =
σ0

ε0
− σ0

ε∞
(A.22)
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η = τv

(
σ0

ε0
− σ0

ε∞

)
(A.23)

Also relevant is:

ε∞ − ε0 = ε∞−0 =
σ0

E1

− σ0

E1 + E2

(A.24)

Names are assigned to these constants as follows:

Table A.1: Nomenclature associated with the model

Symbol Name

ε0 Elastic strain

ε∞ Viscoelastic strain

ε∞−0 Viscous strain

τ Viscoelastic time constant

E1 Kelvin-Voigt stiffness

E2 Maxwell stiffness

η Viscosity

These can be depicted pictorially as below:

(a) Standard Linear Solid Model

E1

E2 η

σ

ε

(b) Static Fatigue Response

Time, t [s]

S
tr

ai
n

,
ε

[u
n
it
le
ss

]

Combined

Viscoelastic

Pullout

Sliding

τv
ε0

ε∞ − ε0
ε∞

ε∞ = Viscoelastic strain
ε0 = Elastic strain
ε∞ − ε0 = Viscous strain
τv = Time constant

Figure A.3: Visual definition of the markers
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Stress Relaxation

Given loading parameter ε = ε0 (i.e. constant strain applied as a step response at t = 0),

shown in Figure 2.5e:

ε̇ = 0

Substituting into A.15:
E1E2

η
ε0 = σ̇ +

E2

η
σ

This is a first-order linear ordinary differential equation, the solution to which is as follows:

σ = E1ε0 + Ce
−E2
η
t

Substituting in the initial, elastic load response as a boundary condition: σ =

(E1E2)ε0 @ t = 0

(E1 + E2)ε0 = E1ε0 + C ⇒ C = (E1 + E2)ε0 − E1ε0

∴ σ = E1ε0 + ((E1 + E2)ε0 − E1ε0)× e
−E2
η
t (A.25)

Thus, when t = 0, σ = (E1 +E2)ε0, which is shown in Figure 2.5f. As t→∞, σ → E1ε0,

which is also shown in Figure 2.5f. If a time constant τ is introduced such that τ =
η

E2

,

then substituting all of these into Equation A.25 gives:

σ = σ∞ + (σ0 − σ∞)× e−t
τ

Which is the form that appears in Figures 2.5f.

Hysteresis

Given loading parameter σ = σ̄ sin(ωt) + σ̄ (i.e. cyclic tensile loading where the average

load is σ̄, the peak load is 2σ̄ and the minimum load is 0 MPa, as shown in Figure 2.5h)

for many loading cycles:

σ̇ = σ̄ω cos(ωt)
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Substituting into A.15:

(E1 + E2)ε̇+
E1E2

η
ε = σ̄ω cos(ωt) +

σ̄E2

η
sin(ωt) +

σ̄E2

η

This is a first-order linear ordinary differential equation, the solution to which is as follows

for ω = 1:

ε =
σ̄ (E1E

2
2 + E2η

2 + E1η
2)

E2
1 (E2

2 + η2) + 2E1E2η2 + E2
2η

2
sin(t) −

σ̄E2
2η

E2
1 (E2

2 + η2) + 2E1E2η2 + E2
2η

2
cos(t) +

σ̄

E2
2η

2

E1
+ E1E

2
2 + 2E2η

2 + E1η
2

E2
1 (E2

2 + η2) + 2E1E2η2 + E2
2η

2
+

Ce

( −E1E2t
η(E1+E2)

)

Substituting in a boundary condition: ε = 0 @ t = 0

0 = σ̄
−E2

2η +
E2

2η
2

E1
+ E1E

2
2 + 2E2η

2 + E1η
2

E2
1 (E2

2 + η2) + 2E1E2η2 + E2
2η

2
+ C

⇒ C = σ̄
E2

2η − E2
2η

2

E1
− E1E

2
2 − 2E2η

2 − E1η
2

E2
1 (E2

2 + η2) + 2E1E2η2 + E2
2η

2

This can now be plotted:

Strain, ε

S
tr

es
s,
σ

Figure A.4: Cyclic loading response of the SLSM
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A.4. Standard Linear Solid Model - Strain-Based

Configuration

This configuration is equivalent to a Kelvin-Voigt model in series with a spring. A ‘Kelvin-

Voigt’ element kv, comprising a spring s1 with elasticity E1 and a dashpot d with viscosity

η, is placed in series with a spring s2 with elasticity E2. These components are subjected

to a stress σ and a strain ε over time t.

E2
E1

η

σ

ε σ = σkv = σs2 (A.26)

ε = εkv + εs2 (A.27)

σkv = σd + σs1 (A.28)

εkv = εd = εs1 (A.29)

Strain Creep

The response of the system is equal to that of a Kelvin-Voigt model with a spring in

series:

ε =
σ0

E1

(
1− e(

−E1
η
t)
)

+
σ0

E2

Thus, when t = 0, ε =
σ0

E2

. As t→∞, ε→ σ0

E1

+
σ0

E2

. If a time constant τ is introduced

such that τ =
η

E1

, then substituting all of these in the previous equation gives:

ε = (ε∞ − ε0)× e(−t
τ ) + ε0 (A.30)

A.5. Sliding and Pullout Model

The mechanisms of permanent viscoelastic deformation - molecular, fibril and fibre sliding

- can be modelled as n dashpots in parallel (where n is large but finite) each with viscosity
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ηi. These components are subjected to a constant stress σ over time t which causes a

strain ε.

η1η1

η2

η3 ε

σ

...

σ = ηtotal
dε

dt
(A.31)

ηtotal = η1 + η2 + ...+ ηn (A.32)

Non-Permanent Response

To ensure consistency with the Standard Linear Solid Model outlined in A.3, the dashpots

are all assumed to have a static friction. Thus, below a certain force threshold, the

dashpots will not strain at all. This means that the model is identical to an SLSM at low

forces.

Sliding Response

From Equation A.31:

σ dt = ηtotal dε

Integrating both sides:

σ t = ηtotal ε

ε =
σ t

ηtotal

Thus, as σ and ηtotal are constant, strain will increase linearly over time.

Pullout Response

Eventually, as the dashpots continue extending, they will reach their maximum lengths.

After this, the plungers will pull free from their dashpots (in the same way that a fibril

will pull free from another after sufficient sliding). Each dashpot will ‘pull out’ at a

different value of ε, and once they have pulled out they will no longer contribute to the
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model. Thus, from Equation A.32, ηtotal will reduce each time a dashpot pulls out and

the gradient of the strain-time response (given by the last ‘sliding response’ equation)

will thus increase, resulting in the plot seen in Figure 2.10b. This will continue to happen

until all the dashpots have pulled out (i.e. rupture).
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B. Rat Dissection: Video Protocol

(a) Skin the leg completely (b) Cut away at the sheath surrounding the
Achilles tendon

(c) Resect the forepaw (leaving the
calcaneous) and separate tendon from tibia

(d) Use blunt dissection to remove muscle

(e) Continue to remove extraneous material
to obtain the Achilles tendon

(f) To obtain tails tendons, slide these out of
the tail

Figure B.1: Selected frames from the instructional video
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C. The Susceptibility of Tendon to Damage:
Software Protocol

1. Open testXpert II - V3.6

2. File→Open→ Search in C\ProgramData\Zwick\testXpert II V3.6\<Data + SysData>

→ select the ‘Master test program’ most aligned with the intended test. xct054.zp2 was

used for this experiment (a template for creep tests, both static and cyclic)

3. Select ‘Neutral’ terminology

4. Five coloured tabs will be visible: ‘Series layout’, ‘Specimen layout’, ‘Media’, ‘Video
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Capture’ and ‘Wizard’. In the ‘Wizard’ tab, click the circular arrows (located below the

‘Video Capture’ tag) to change from Standard to Expanded.

5. Save as a ‘Test program’ (.zp2). Save the parameters via Options → Export Wizard

parameters or Export all parameters.

6. Change more parameters at Configuration → Parameters. A parameter assigned to

the ‘Series level’ will affect all samples tested while one assigned to the ‘Specimen level’

will change for each run.

7. Setup the exporting of data via File → Export interfaces:

7.1 the ‘Results’ as defined in the Wizard (in this experiment they are the ‘Details about

break’ and ‘Comment’ text inputs) are exported via ASCII→ Moment at time of export

→ change to ‘At end of test’ → click ‘Edit’ → Export file → Export to a File → Freely

configurable path and filename → Edit → Edit the path and filename as you wish (e.g

include the specimen number in the filename and set file extension to .txt) → can edit

the Format settings, Export mode, etc

7.2 Measuring graphs (ASCII) default: this exports all the Time, Force and Grip-to-Grip

174



Appendices

Separation data in a .txt file. Change ‘Moment in time of export’ to ‘At end of test’ and

click ‘Edit’ to change the filename and edit the other settings as before.

7.3 The data can also be exported to Excel. While this is slower, it automatically plots a

graph of the data which is useful in providing immediate overall feedback as to the success

of the run; it can be used to confirm that the correct graph shape is being achieved. Once

the protocol is finalised and a few samples have been run without incident, there is no

reason to export to Excel and it should be stopped (the files are relatively large and thus

should not be exported without good reason).

7.4 If a webcam is plugged into the USB port it should connect automatically. Edit the

settings for the video exports.
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8. Turn the Zwick machine on at the wall → flick the switch at the back of the tower

→ press the ‘On’ button at the front of the tower (testXpert II needs to be opened and

loaded before doing this). The bar at the bottom of the testXpert software will change

from red to white.

9. To start a test, load a specimen (this might involve moving the gripper up and down

via editing the ‘Start position’ parameter in the ‘Wizard’) then press ‘Force 0’ (F2) and

‘Start’ (Shift+F10)

176



D. The Susceptibility of Tendon to Damage:
Written Protocol

Before Starting

� File → Export interfaces → ASCII, Excel Default, Measuring graphs (ASCII)

default → At end of test

� Extract video frames using Python (videos must be converted to mp4 first)

Apparatus Setup

� Computer on, RN CreepSTZ folder, Info Sheet.txt, RN CreepSTZ V3.xls open

� Load cell installed and calibrated

� Micrometer setup with retort stand

� Webcam on retort stand and plugged in

� Setup instruments for sample use 1: double layer blue towel, small petri dish

� Setup instruments for sample use 2: double layer blue towel, screws in lid, allen

key, thin tweezers, scissors, fineliner, both grippers, plates, rubber parts, one of the

box’s long screws

� Setup instruments for apparatus use: wedges, Perspex box (empty or fill & in blue

box), the other one of the box’s long screws, bluetack, ruler, cell phone, cell phone

cover, gloves, PBS, squeezy bottle with fresh PBS, funnel

� Place camera against base, square to it (use 2xblue tack to mark position)

� Place retort stand for camera with white backing attached

Apparatus Preparation

� Lights in room on

� Zwick machine on at wall, black switch hidden in the back of the Zwick’s tower →
wait a bit

� Open Creep STZ V3.zp2 → wait a few seconds

� Zwick tower’s front ‘ON’ switch → bottom bar in Creep STZ V3.zp2 turns white
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Sample Preparation

� Place sample in small petri dish, return others to storage

� Open ‘RN CreepSTZ V3.xls’ → enter details of new sample

� Turn on laser micrometre

� If ACHILLES tendon, run sample over tissue to get rid of excess PBS

� If TAIL tendon, mark off a section with a fineliner

� Hang sample from retort stand→ take 2 measurements at right angles at 5 points

along length

� Turn off micrometer

� If ACHILLES tendon, put sample on paper towel → make 2 dots with fineliner

� If TAIL tendon, rehydrate sample in PBS → remove excess PBS on towel → make

4 dots with fineliner → return sample to PBS

Preparation for Data Analysis/Calibration

� Load the Perspex box (hook piece front, wedged, lowermost right screw thread

entirely away from clamp body, head half-away) → half-fill with PBS

� Place ruler into centre of Perspex box, where the sample would run

� Focus camera (right click, configure, device settings, camera control, focus)→ take

manual photo → don’t touch camera from this point

Sample Loading

� Use nuts and screw to attach grippers

� Load distal end of sample into lower gripper

� Load upper gripper into upper clamp, holding both grippers (250mm G-G is a good

distance to move)

� Lower gripper until holes line up (165mm for sandwich-to-sandwich; 160mm for

wedge-to-sandwich)

� Attach lower gripper to box, unattach grippers

� Add PBS to fill line

� Check that grippers are vertically aligned and proximal one will move upwards

without an obstacle → use the retort stand from the micrometer if needed

(recommended for ACHILLES tendon)
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Test Preparation

� Calculate smallest CSA of an ellipsis → get required force for 30 MPa for tail

tendons, 10 MPa for Achilles tendon (and 2,5 MPa for tail tendon, 250 kPa for

Achilles tendon)

� Enter the required Point of Load Application force into ‘Wizard’ - ‘Test phase’

� Start phone stopwatch → put phone in sleeve → position phone

� Wait for phone light to dim

� Check camera focus

� Open screen capture software → check filepath → start recording

Test

� Force 0 → Start

� Enter ‘Specimen ID’, ‘Type’, Rat # T/L/R Run #

� Take screen shots to Paint

� Occasionally stop and re-start screen capture

After test

� Enter ‘Detail about break’ and ‘Comment’ wet zone/dry zone/at grip ‘Break-

Dots(2&3) PlasticDots(3&4) Y’ → which are the BreakDots, PlasticDots and did

you turn the sample around when measuring plastic deformation

� Close and exit screen capture software

� Save the paint files

� Close and then move the output files to new folder

� Leave sample in PBS for at least 2 min

Relaxation Test

� Unload sample: unattach lower gripper from box→ hold both grippers→ unclamp

upper gripper

� Remove one part (note which dots are being looked at - Dot 1 is at the top - and

if the sample is being turned upside down) → re-attach grippers

� Re-load (163 mm G-G separation is good)

� Re-position phone/restart stopwatch as needed
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� Wait for phone light to dim

� Check camera focus

� ‘RN CreepSTZ.ods’ → enter details of new run

� Open screen capture software → check filepath → start recording

� Force 0 → Start

� Enter ‘Specimen ID’, ‘Type’, Rat # T/L/R Run #

� Take screen shots to paint

After Test

� Enter ‘Detail about break’ and ‘Comment’ wet zone/dry zone/at grip ‘Break-

Dots(2&3) PlasticDots(3&4) Y’ → which are the BreakDots, PlasticDots and did

you turn the sample around when measuring plastic deformation

� Close and exit screen capture software

� Save the paint files

� Close and then move the output files to new folder

Final

� Close testXpertII → save data file to last run’s folder

� Unload grippers → throw sample away
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E. The Susceptibility of Tendon to Damage:
Mechanistic Markers

In addition to the phenomenological markers reported in Chapter 3 a number of

mechanistic markers were calculated from the same data.

E.1. Materials and Methods

These mechanistic markers relate to the model that was used to fit the data and as such

represent the physical processes the occurred within the samples. Specifically, this model

is a modified version of the stress-based configuration of the Standard Linear Solid Model

(shown in Figures 3.4a and E.1a) the static fatigue response to which is shown in Figures

3.4b and E.1b. The mathematical representation of this response - i.e. the equation that

was fitted to the static fatigue data - is:

ε = − (ε∞ − ε0)× e(−t
τv

) + ε∞ +m× t+ A

(
e

(
t
τd

)
− 1

)
(E.1)

where ε0 = initial viscoelastic strain (also called ‘elastic strain’), (ε∞ − ε0) = marginal

viscoelastic strain (also called ‘viscous strain’) and τv = viscoelastic time constant.

These three constants are the equation-based mechanistic markers that are reported here.

Further, the relationships between these and the components of the SLSM (the Kelvin-

Voigt spring with stiffness E1, the Maxwell spring with stiffness E2 and the dashpot with

viscosity η) are as follows:

E1 =
σ0

ε∞
(E.2)

E2 =
σ0

ε0
− σ0

ε∞
(E.3)
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η = τv

(
σ0

ε0
− σ0

ε∞

)
(E.4)

with these having been derived in Appendix A.3 (Equations A.21 to A.23). These three

constants are the model-based mechanistic markers that are reported here.

(a) Modified SLSM (b) The Model and its Components

Time, t [s]
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Combined

Viscoelastic

Pullout

Sliding

τv
ε0

ε∞ − ε0
ε∞

ε∞ = Viscoelastic strain
ε0 = Elastic strain
ε∞ − ε0 = Viscous strain
τv = Time constant

Figure E.1: Details of the model applied to the static fatigue data

Statistical analysis was performed on all six mechanistic markers in the same manner

as was done on the six phenomenological markers. One instance of outlier rejection

occurred (the viscoelastic time constant of an STZ-treated Achilles tendon) and one

result had all categories deemed Normal (the stiffness of the Kelvin-Voigt spring, E1). The

uncertainty of each of the markers was calculated by first considering the process whereby

the model’s equation had been fitted to the data. As this fitting was performed using

Python’s least squares subroutine it was thus possible to also calculate the relevant

Jacobian matrix. This could subsequently be converted into an approximation of the

Hessian matrix and then into an approximation of the covariance matrix. This was

then multiplied by the residual variance before the square roots of the diagonal elements

were taken, yielding the standard deviations of the fitted parameters. From these, the

uncertainties of the mechanistic markers were estimated. The smallest was 0.00208%

(viscous strain) and the largest was 0.0640% (viscosity).
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E.2. Results

Values are reported in Table E.1 and represented graphically in Figure E.2.

E.2.1. STZ Model vs Healthy Controls

STZ treatment caused significant increases in the values of the viscoelastic times constants

and of tail tendons’ viscosities, while it caused a decrease in the Maxwell spring stiffness

of Achilles tendons.

E.2.2. Energy-Storage vs Positional Functional Roles

Significant differences due to functional role were found in all markers and all tendon

types apart from the viscoelastic time constants and viscous strains of STZ tails. In the

markers derived from the fitted equation, these differences were decreases (in tail tendons

compared to Achilles) whilst in markers derived from the springs and dashpots they were

increases.
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Table E.1: Data is reported as median ± IQR and p-values (Mann-Whitney U test)
are shown in italics alongside the experimental groups they refer to. Significance

(p ≤ 0.05) is denoted with a star (?) when it refers to STZ and with a circle (◦) when it
refers to functional role. For sample sizes, see Figure E.2

Viscoelastic Time Constant, τv [s]

STZ Control Significance
Tail 541±827 27.0±58.3 p=0.004?

Achilles 932±304 134±407 p=0.007?
Significance p=0.62 p=0.001◦

Elastic Strain, ε0 [%]

STZ Control Significance
Tail 4.24±3.05 2.59±2.27 p=0.74

Achilles 80.0±56.5 36.9±23.9 p=0.08
Significance p=0.003◦ p=0.00001◦

Viscous Strain, ε0 − ε∞ [%]

STZ Control Significance
Tail 1.19±0.505 1.19±0.501 p=0.96

Achilles 3.07±8.99 4.39±12.8 p=0.65
Significance p=0.22 p=0.01◦

Viscosity, η [GPa · s]
STZ Control Significance

Tail 156±230 1.46±7.02 p=0.006?
Achilles 0.308±0.373 0.300±0.350 p=0.49

Significance p=0.003◦ p=0.02◦

Kelvin-Voigt Spring Stiffness, E1 [MPa]

STZ Control Significance
Tail 440±214 595±520 p=0.81

Achilles 12.2±11.4 20.1±16.6 p=0.32
Significance p=0.003◦ p=0.0002◦

Maxwell Spring Stiffness, E2 [MPa]

STZ Control Significance
Tail 207±711 336±405 p=0.89

Achilles 0.685±0.753 1.81±2.22 p=0.02?
Significance p=0.003◦ p=0.00001◦
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(a) Viscoelastic Time Constant, τv
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(d) Kelvin-Voigt Stiffness, E1
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(f) Maxwell Stiffness, E2
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Figure E.2: Box-and-whisker plots of the characteristics of the applied model,
representative of mechanistic markers. Significant differences (p ≤ 0.05,

Mann-Whitney) due to STZ treatment are seen in the viscoelastic time constants (a),
viscosities of tail tendons (b) and Maxwell spring stiffnesses of Achilles tendons (f).
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E.3. Discussion

The values of the uncertainties related to the calculations of the results - which ranged

from 0.0021% (viscous strain) to 0.064% (Kelvin-Voigt stiffness) - were considered too

small relative to the inter-quartile ranges to be relevant. Note also that these mechanistic

markers are only those that relate to the viscoelastic portion of the model (as opposed to

the sliding or damaging portions). This is because this component is the least stochastic

of the three and thus it is the most representative of innate material properties.

E.3.1. The Standard Linear Solid Model

In this investigation, the mechanisms behind the strain response were not measured

directly but rather modelled (see Figure 2.11). This model consisted of three parts -

pullout, sliding and viscoelasticity - only the last of which is reported in the results.

The reason for not reporting the pullout portion of the model is its high stochasticity,

while the sliding portion was not reported due to its similarity with the steady-state

strain rate measurement which is already included in the main results. As such, after the

model’s equation (Equation E.1) was fitted to the data, the elastic strain ε0, the viscous

strain ε∞− ε0 and the viscoelastic time constant τv were determined from the viscoelastic

portion’s constants, see Figure E.1b. These represent the following:

� The length of the viscoelastic process (viscoelastic time constant)

� The magnitude of the viscoelastic process (viscous strain)

� The initial elastic response, which is independent of viscoelasticity (elastic strain)

Once these constants were calculated, the standard linear solid model (SLSM) from which

the viscoelastic portion of the model is derived could be considered (see Figure E.1a).

While it is possible to represent the SLSM in two different (but mathematically equivalent)

ways - as a Maxwell model in parallel with a spring (Figure E.3a) or as a Kelvin-Voigt

model in series with a spring (Figure E.3c), see Appendix A.3 and A.4 - only the former

arrangement was analysed here (yielding values for its viscosity η, its Kelvin-Voigt spring’s

stiffness E1 and its Maxwell spring’s stiffness E2, see Figure E.3b). The latter arrangement
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was not used because its results would have effectively been the same as ε0, ε∞−ε0 and τv

(they would merely have differed by constants, see Figure E.3d), and thus they would not

have added additional insight. More to the point, the difference between the two SLSM

arrangements is that one models how the tendon dissipates stress while the other models

how it distributes strain. Therefore, because the equation used to fit the strain vs time

data is a model of strain, it is unsurprising that the results derived from it are similar to

those derived from the strain-based SLSM. As such, the SLSM arrangement chosen for

this experiment is instead that which models how a tendon dissipates stress. In particular,

the way in which a tendon dissipates stress is as follows: initially, load is taken up by both

the viscous and the elastic tendon components but, over time, the viscous stress reduces

to zero whilst the elastic stress increases to 100% of that applied. These are represented

in the SLSM by the Maxwell element and the Kelvin-Voigt spring, respectively. Note that

it is the viscous and elastic stresses that are being modelled as opposed to the viscous

and elastic components themselves. This is because the strains of the individual springs

and dashpot do not match up with those of physical components (the opposite would

be true in the strain-based SLSM arrangement: the stresses would not match up). Also

note that the SLSM represents the non-damaging viscoelastic process, and as such the

mechanisms being modelled are recoverable. Specifically, these mechanisms are:

� Stress dissipation via the (elastic) stretching of collagen molecules, fibrils and fibres

(this is modelled by the Kelvin-Voigt spring)

� The initial stress absorption by water molecules when load is first applied (modelled

by the Maxwell spring)

� The resistance to the transfer of stress from the water to the collagen (modelled by

the dashpot), i.e. the resistance to the movement of water molecules and to collagen

sliding

With this established, the effects of the STZ model and of functional role can now be

analysed.
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(a) Stress-based SLSM configuration
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Figure E.3: The two different configurations of the SLSM give mathematically
equivalent responses but different values for viscous strain (ε∞ − ε0), elastic strain (ε0)
and viscoelastic time constant (τv). In particular, the values for these three results as

given by the strain-based model are very similar to its values for E1, E2 and η,
respectively. Indeed, as shown by the equations in (d), they merely differ by constants.

Thus, this model adds less insight into the mechanisms behind the creep response
compared to the stress-based model, and as such it was not used.
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E.3.2. STZ-Model vs Healthy Controls

Again, as it was with the phenomenological markers, the viscous components appear

to be more affected by the STZ model than the elastic components are and, again, the

effect in question is a lengthening of the viscoelastic process. This is seen in the significant

increases of both tendons’ viscoelastic time constants, in the increase of the tail’s viscosity

and in the decrease of the Achilles’s Maxwell spring stiffness - these being the three

viscous-based results. Conversely, the three elastic-based results - elastic strain, Kelvin-

Voigt stiffness and viscous strain (the magnitude of which, despite the name, depends

heavily on elastic components) - show no significance. In other words, STZ causes net

damage (the PoI) to be delayed by slowing down the viscoelastic response (although

the magnitude of the viscoelastic response remains the same). In a strain vs time plot,

this manifests as a less tight curve (i.e. a larger time constant) the start (elastic strain)

and height increase (viscous strain) of which remain unchanged. In tail tendons, this is

achieved by increasing the resistance to the transfer of stress from the initially-loaded

water molecules onto the collagen (i.e. increased viscosity). In Achilles tendons, this is

achieved by not loading the water molecules to as high a stress in the first place (i.e.

decreased Maxwell spring stiffness) which decreases the forces that cause them to move.

The stresses taken up by the elastic components - which cause the elastic and viscous

strains - do not change.

E.3.3. Energy-Storage vs Positional Functional Roles

It is known that viscoelasticity has an energy absorption effect (literally: damping), and

thus it is expected that the results related to viscoelasticity will be significantly different

across functional roles. Specifically, in taut tail tendons compared to spring-like Achilles

tendons, the time constant should be lower, the viscosity higher and the viscous strain

lower. Whilst this is indeed the case in general, it appears that STZ has a masking

effect on this: out of the three, only viscosity is significant in STZ-treated tail tendons

while all are significant in control tail tendons. The results that are independent of (or

less-dependent on) viscoelasticity - i.e. elastic strain, Kelvin-Voigt stiffness and Maxwell

stiffness - are all significantly different in tails compared to Achilles. This is because,
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in vivo, a tail tendon strains considerably less and over shorter periods of time than an

Achilles, and thus ε0, E1 and E2 need to be smaller, larger and larger, respectively.
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F. The Susceptibility of Tendon to Damage:
Effect of Rat Strain

Table F.1: Results from the control samples only, sorted by rat strain. Data is reported
as median ± IQR with significancce due to rat strain (p ≤ 0.05; Mann-Whitney U test)

denoted with a circle (◦). For sample sizes, see Figure F.1

Steady-State Strain Rate, ε̇PoI [µstrain/s]

Wistar Sprague-Dawley Significance
Achilles 15.7±235 44.4±56.1 p=0.59

Tail 571±1440 908±1009 p=0.97

Loading Modulus, E [MPa]

Wistar Sprague-Dawley Significance
Achilles 48.5±56.8 72.0±38.5 p=0.20

Tail 361±503 177±643 p=0.18

Permanent Strain, εp [%]

Wistar Sprague-Dawley Significance
Achilles 1.89±2.56 4.86±5.26 p=0.96

Tail 0.758±1.35 2.83±5.02 p=0.58

Strain Energy at the PoI, UPoI [J ]

Wistar Sprague-Dawley Significance
Achilles 35.5±26.7 50.9±21.4 p=0.42

Tail 9.19±9.23 0.995±0.313 p=0.36

Time at the PoI, tPoI [min]

Wistar Sprague-Dawley Significance
Achilles 10.7±33.1 11.5±41.0 p=0.59

Tail 1.10±2.93 0.515±1.77 p=0.58

Strain at the PoI, ε [%]

Wistar Sprague-Dawley Significance
Achilles 60.3±66.3 39.3±17.1 p=0.24

Tail 12.4±8.21 6.17±5.24 p=0.36
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(a) Steady-State Strain Rate, ε̇PoI
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Figure F.1: Box-and-whisker plots of the phenomenological markers, only including
control samples and separated by rat strain. No significant differences are seen between

any groups.
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G. Steady-State Strain Rate as a Measure
of Damage: Video Protocol

(a) Diameter measurement using an optical
micrometer

(b) Marking dots on the sample

(c) Placing ruler for still frame (d) Loading sample into grippers

(e) Loading upper gripper into clamp (f) Fastening lower gripper to Perspex box

Figure G.1: Selected frames from the instructional video
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H. Quantification of AGEs: Written
Protocol

H.1. Preparation

Hydrochloric Acid

The protocol calls for HCl with a concentration of 6M. The undiluted HCl available in

the lab is labelled as ‘37%, r = 1.18.’ These represent v/v% concentration (i.e. there

is 0.37 mL HCl per mL of solution) and (relative) density (i.e. 1.18 g/mL) respectively.

Given that the molar mass of HCl is 36.46 g/mol, the following formula can be used:

Molar Concentration = v/v Concentration×Relative Density × 1

Molar Mass

This reveals that the concentrate HCl has a molarity of 11.97 M (mol/L). However, the

protocol calls for 6 M HCl. Thus, adding the concentrated HCl to water until a ratio of

1:1 is reached will achieve this.

Phosphate Buffered Saline

The stock PBS in the lab is 10X. Thus 10 ml of this should be added to 90 ml of water

to get a concentration of 1X.

Eppendorf Tubes

� The Eppendorf tubes in the Thompson bay are not sufficiently robust for this

experiment (for reference, their ordering details are: Centrifuge tubes FB74031

Capacity 1.5ml)

� Either ask to use more robust tubes from another group or order some; order from

http://www.sigmaaldrich.com/labware.html, code T9661-1000EA

� The masses of the tubes must be known beforehand (there are scales in the lab that

can measure to the hundredth microgram or better; use these)
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H.2. Day 1

Apparatus

� PPA: lab coat, gloves, glasses

� Flask for liquid nitrogen

� Pestle & mortar

� Petri dishes

� Fine point forceps

� Eppendorf tubes with known masses (nearest hundred micrograms)

� Eppendorf tube holder

� Cell scraper

� 6 M hydrochloric acid, decanted in glass jar

� Pipette

� Phosphate buffered saline, concentration of 1X, decanted in glass jar

� Hot block

� Samples: rat tail tendons already harvested and stored in PBS (in a test tube or

similar)

Procedure

1. Take pestle & mortar, petri dishes, Eppendorf tubes in their holder, cell scraper,

HCl, pipette and the samples in PBS to the fume hood

2. Pour tendons into a petri dish, still in PBS

3. Prepare flask of liquid nitrogen, carry it to the fume hood

4. Take 5 tendons from the petri dish and place into the mortar

5. Return the remaining tendons to the test tube

6. Pour in nitrogen, wait until it has almost boiled off, pour in more, wait until this

has boiled off completely, grind tendons with pestle until near-powdered (additional

pours of nitrogen might be needed)

7. Scrape the contents of the mortar into an Eppendorf tube using the cell scraper

8. Pipette a few drops of 6 M HCl into the Eppendorf tube (just enough to cover the

sample)

9. Place the Eppendorf tubes into the hot block in the fume hood at 110°C
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10. Leave the samples for 24 hours

H.3. Day 2

1. Turn the hot block down to 35°C

2. Open the lids of the Eppendorf tubes

3. Leave overnight (until the samples are dry)

H.4. Day 3

Phosphate Buffered Saline

1. Weigh the Eppendorf tubes with the samples inside

2. Calculate the masses of the samples (current mass - initial mass of empty tube)

3. 1 ml of 1X PBS needs to be added to each Eppendorf tube for every 14 mg of

sample it contains; calculate how much PBS each needs and add it. This creates a

suspension.

Centrifuge

1. Load tubes into the centrifuge (orientated so that the hinges of the tubes are on

the outside)

2. The loading should be such that the tubes are equally spaced around the

circumference of the centrifuge. If this is not possible, fill a spare Eppendorf tube

with water to approximately the same level as the others and load it along with the

others; the centrifuge must be balanced!

3. Centrifuge for 10 min at 2500 g

Spectrofluorimetry

1. Open a new well plate with at least 3 times the number of wells as there are samples

(96 wells is recommended)

2. Create three aliquots of each supernatant

3. (optional) Create a ‘border’ around these wells using either PBS or water (or a

combination of these). In certain circumstances it is recommended to do this

when using a microplate reader, but in this instance it is almost certainly overkill.

Nonetheless, it can still be useful to have these ‘non-samples’ present in the well
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plate as they can be referred to when tweaking the setup of the microplate reader

(i.e. when setting the gain and choosing a base sample).

4. Assay for AGE fluorescence (excitation wavelengths of 370, emission wavelengths

of 440 nm) and amino acid content (glycine: 229 nm excitation, 448 nm emission)

using the microplate spectrofluorometer:

� From the desktop of the microplate reader’s computer: Open ‘Omega’→ select

‘USER’→ ‘Run’→ Open the plate slot with ‘Plate Out’→ load the well plate

(without its lid) → close it again

� ‘Manage Protocols’ → select ‘rowan’, then ‘Edit’ → ‘Basic Parameters’:

Microplate (COSTAR 96), Excitation (355), Emission (460)→ ‘Layout’: select

the wells that are fill and set them to ‘Sample’→ ‘Concentrations’: leave as is

� ‘Start Measurement’→ select protocol to use (‘rowan’)→ ‘Start measurement’

→ leave settings as is → ‘Start measurement’

� From desktop, open ‘Omega Data Analysis’ → ‘USER’ → ‘Run’ → find and

open the run just completed (it will be at the top of the list) → export to

Excel
5. Dispose of samples

6. Calculate proportion of AGEs to amino acid content per mg of sample, and compare

this value for STZ vs control

7. Fluorescence is reported with units of aFU/mg (arbitrary fluorescence units per

milligram of substance being imaged)
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I. Quantification of AGEs: Video Protocol

(a) Apparatus required (b) Pouring of liquid nitrogen onto samples

(c) Grinding into powder (d) Addition of phosphate buffered saline

(e) Loading the centrifuge (f) Aliquots placed into the microplate reader

Figure I.1: Selected frames from the instructional video
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