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Abstract 

The enthesis is the attachment of ligament/tendon to bone and is one of nature’s solutions to the 

challenge of transferring load between dissimilar materials. Frequently injured and repaired, the 

healing enthesis fails to regain the properties that made it effective initially, highlighting the 

importance of understanding how it behaves mechanically. One of the essential barriers to date 

in doing so has been the visualization of the enthesis under load, a result stemming primarily 

from their small size. This project aims to overcome this obstacle through the use of specialized 

loading equipment, sample preparation and laser scanning microscopy. Further, finite element 

models were created to assess potential explanations for the observed behaviour. To our 

knowledge, this is the first time the enthesis has been simultaneously loaded and visualized at a 

level of detail corresponding to individual fibrils. Additional study may benefit from the 

established methodology and suggested mechanisms of load transfer. 
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CHAPTER 1: INTRODUCTION 

The point of attachment of ligaments and tendons to bone (the enthesis) comprises a natural 

solution to a well-known engineering problem, that of effectively connecting two severely 

dissimilar materials. In this case, the connection is that of relatively pliable ligament/tendon to 

relatively stiff bone. Healthy entheses do an admirable job of alleviating the stress concentrations 

that typically arise at such an interface. More impressive is the capacity of the enthesis to make 

the connection between ligament/tendon and bone over a remarkably small distance (e.g. 280 µm 

in rabbit femoral medial collateral ligament (MCL) entheses [1]). 

Overuse enthesopathies such as tennis elbow, golfer’s elbow, jumper’s knee and a variety of 

Achilles tendon complications are commonly encountered by orthopaedic surgeons, primary-care 

physicians and a host of other medical professionals [2]. Traumatic injuries, whether at the 

enthesis or mid-substance are also common, and often require restorative surgical procedures. 

Anterior cruciate ligament (ACL) injury, for instance, occurs frequently (250,000/year in the 

USA [3]) and, in many circumstances, necessitates reconstructive surgery (100,000/year in the 

USA [4]). Of ACL reconstructions, between 5% and 20% will fail at some point post-surgery [5, 

6], with failure being isolated to, or near the femoral enthesis [7]. Similarly, surgical 

reattachment of the rotator cuff is prevalent: in aging populations 30% of individuals over the 

age of 60 suffer from an injury at this location [8], and repeated failure of the reattached tendon 

has been reported to occur in 20% to 94% of cases [8, 9].  

The healing process at entheses follows a scar-mediated response wherein the physiological 

morphology/structure and composition is not recapitulated. For instance, rotator cuff healing in 

rats has been described as resulting in a reactive scar, with little histological similarity to the 

normal enthesis [10], and, more specifically, has demonstrated an inability to regain the 
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mechanical properties of a healthy enthesis [11]. These findings are corroborated by a detailed 

histological study of the healing ACL entheses of a human subject (a rare and opportunistic 

study) 4 months following hamstring autograft reconstruction [12]. The study revealed little 

evidence of healing at the femoral enthesis, and atypical healing at the tibial enthesis (i.e. of the 

fibrous enthesis variety as opposed to the native fibrocartilaginous variety – discussed later) [12]. 

The commonality of enthesis injury, surgical reattachment and difficulty in restoring pre-injury 

composition and structure, thus presents an obvious clinical problem. Improving outcomes of 

enthesis repair is of critical importance to the overall ability of a damaged ligament/tendon to 

regain its original functionality and has motivated a growing research interest in the area. Basic 

science, as well as tissue/biomaterial engineering and surgical studies have all furthered 

understanding of the enthesis. Several possible mechanisms have been uncovered to explain the 

robust functioning of the healthy enthesis. These include specialized morphology, interdigitation 

of tissues, and a functional gradation in material properties that stems from compositional (e.g. 

mineral content) and structural (e.g. fibre orientation) changes across the length of the enthesis 

[13–16].   

Load transfer at the enthesis, however, at the level of individual fibrils has, to our knowledge, not 

received attention. How fibrils interact with surrounding matrix as they traverse regions of 

varying composition and structure is unclear. In particular, the ability of fibrils to sustain a 

secure attachment over such an apparently short distance, or embedment length, would seem to 

defy current understanding of fibril pullout mechanics, where longer lengths are generally 

beneficial. 

This knowledge gap is a likely result of the difficulty entailed in microscopically visualizing (and 

simultaneously loading) a tissue sample as small as the enthesis. By extension, the cellular 
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mechanical environment (i.e. the strains undergone by cells during loading) has not been 

detailed. Such micromechanical elements are key to developing tissue engineering strategies that 

replicate native tissue behaviour [17]. 

The purpose of this thesis, therefore, was to 1) devise a method to visualize the enthesis under 

load and 2) to suggest a strategy, at the fibril-level, by which successful attachment is enabled. 

To this end, a detailed review of the literature pertaining to the enthesis, including current 

compositional, structural and biomechanical understanding, as well as background information 

on pullout theory and microscopic techniques relevant to this work is presented. Current gaps in 

our knowledge are elucidated. The methods employed in achieving the purpose of the work are 

then described; namely, a description of loading device design, sample preparation, 

imaging/loading protocol and finite element (FE) model development. The results of microscopic 

imaging/loading tests on a subset of samples (n = 4), representative of the final, refined 

methodology (i.e. after numerous iterations) are presented. Results from the FE analyses shed 

some light on the attachment mechanics, leading to a discussion of the effectiveness of the 

devised methodology, what might be learned from the imaging sessions and the FE models, the 

limitations inherent in the project, and, lastly, potential future avenues for research. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 What is an enthesis? 

The enthesis is the attachment of ligament or tendon to bone. Entheses can generally be 

classified into one of two types: fibrocartilaginous and fibrous. At fibrocartilaginous entheses, 

ligament transitions to bone through uncalficied fibrocartilage (UFC) and calcified fibrocartilage 

(CFC) regions. At fibrous entheses, ligament attaches to bone with comparatively little 

transition; fibres are continuous with the periosteum or embedded directly into the bone. Because 

fibrocartilaginous entheses are injured more frequently and are more abundant in the body [18, 

19], particularly in the knee joint [20], this thesis focuses on fibrocartilaginous entheses. The 

majority of the literature targets tendon entheses, thus for explanatory purposes (bearing in mind 

that ligament entheses are in large part similar structures [2]), ligament and tendon entheses will 

be considered analogous in the discussion that follows. 

2.1.1 Development 

Though this project is primarily biomechanical in nature, there are a few insights into the 

developmental biology of the fibrocartilaginous ligamentous insertion that are worth pointing 

out. At birth, the MCL (in a rat model) attaches to the femur via perichondrium, later (~15 days), 

zones of ligament, fibrocartilage, proliferative epiphyseal cartilage, calcified cartilage and 

trabecular bone can be identified [21]. As the animal matures further, the epiphyseal cartilage 

calcifies and is replaced by bone while the fibrocartilaginous zone remains [21]. Gao et al. [22], 

in an immunohistochemical analysis of the development of the MCL, also in rat, remarked 

labelling of type I and type II collagen in adjacent ligament and cartilage at the femoral enthesis, 

observing no overlap between the two. At the onset of endochondral ossification, as cartilage 

was eroded on the bony side of the enthesis it was promptly replaced by fibrocartilage (as 
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evidenced by type II collagen labelling) developing on the ligamentous side of the enthesis. The 

authors use this as argument for the metaplasia of ligament (i.e. ligament cells becoming 

fibrochondrocytes and producing type II collagen).  

2.1.2 Structure and Composition 

Fibrocartilaginous entheses, though exhibiting a material transition, still consist of one part that 

is primarily fibrous and another that is primarily fibrocartilaginous [19]. These entheses usually 

occur at epiphyses and apophyses [19] where the attaching ligament undergoes large angular or 

rotational changes during movement [2]. The enthesis exhibits an increase in cross-sectional area 

relative to the ligament midsubstance as it approaches bone, further amplified by scalloping of 

the interface between the two tissues [2]. Where an enthesis begins and stops is not easy to 

identify, as the transitional tissues are contiguous with those that they connect; however, they are 

small (typically between 100 µm and 1 mm [1, 23]). Four broadly identified material zones have 

been used traditionally to describe the material transition at fibrocartilaginous entheses. From 

ligament to bone they are: ligament, UFC, CFC, and bone (e.g. Figure 2-1). 

  

Figure 2-1: (a) Human supraspinatus tendon showing the 4 zones of a fibrocartilaginous 
insertion: dense fibrous connective tissue (CT), uncalcified fibrocartilage (UF), calcified 
fibrocartilage (CF) and bone (B). A visible tidemark (TM) separates the UF and CF; (c) 
Increasingly magnified view of the supraspinatus enthesis; Figure from [24] 
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The ligamentous portion of the enthesis consists of densely packed, longitudinally organized 

fibres (primarily type I collagen with some type III collagen and elastin) [18, 25]. Cells in this 

portion are no different from those in the ligament proper (i.e. elongated fibroblasts) [18].  

The UFC region comprises proteoglycan aggrecan and types I, II and III collagen [2, 18, 26]; the 

proteoglycans attract water into the tissue matrix and are typically present where the enthesis 

sustains compression [2]. Cells in this region are classified as fibrochondrocytes due to their 

rounded shape and the matrix they produce [27]. UFC differentiates itself from ligament by an 

apparent loss of cell-cell interaction as indicated by the loss of gap junctions, rounding and 

enlargement of cells [27]. Cells often appear in longitudinal rows/columns, similar to the 

organization of fibroblasts in ligament proper, providing additional evidence in support of the 

ligament metaplasia previously mentioned [28]. Identifying individual large fibres/fascicles like 

those in the ligament proper becomes difficult, and the parallelism of fibrils is generally thought 

to lessen as they advance through this region (i.e. increasingly disorganized) [29].  

In the CFC region, fibres and matrix become mineralized. The region consists primarily of type 

II collagen but also contains type I and type X [30–33]. Fibrochondrocytes again comprise this 

portion of the enthesis, albeit in fewer numbers than in the UFC, a possible result of the 

deposition of calcium salts causing cell death [2]. In a study of rat achilles tendon, pyknotic cell 

nuclei were observed in CFC [34], suggesting apoptotic/necrotic cells occupy the CFC. 

Conversely, in a similar region of articular cartilage, mineralization has been shown to stop short 

of cell boundaries, and is instead occupied by proteoglycans [35], suggesting living cells occupy 

the CFC. Whether the CFC is more or less calcified than bone is inconclusive [18, 19]. The true 

union of ligament to bone is made at a highly irregular/undulating interface between CFC and 

bone [19]. Fibre crimp was not observed in this region in the rabbit patellar tendon enthesis, 
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though it may be in other regions [36]. Both the mature UFC and CFC regions are generally 

considered avascular [19]. Collagen content has been shown to decrease across both regions (in 

immature bovine ACL entheses) transitioning from ligament to bone, with fibrils becoming less 

parallel and increasingly disorganized through the CFC [37].  

Bone at a fibrocartilaginous enthesis is characterized by a thin subchondral bone plate [19]; small 

amounts of compact bone followed by more substantial trabecular bone. The trabeculae 

demonstrate alignment with the principal tensile direction [38]. Osteoclasts, osteoblasts, and 

osteocytes act to maintain a composition of type I collagen and carbonated apatite mineral [30]. 

Ligament fibrils have been shown to intertwine with bone fibrils (in the anteromedial band of the 

pig ACL) as well as to be embedded in shallow bone sockets with no intertwining evident (in the 

posterolateral band of the pig ACL) [20]. In the rabbit patella, fibres are described as 

interdigitating with lamellar bone structures but not truly joining with bone fibres [36].  

2.1.3 The Tidemark 

A basophilic line is apparent histologically at the prescribed boundary between UFC and CFC, 

generally thought to demarcate the soft/hard tissue boundary [19]. Based on knowledge of a 

similar line in articular cartilage, the line is thought to represent a mineralization front, or the 

point at which the tissue ceases to be mineralized [19]. In fact, where entheses are adjacent to 

articular cartilage, their tidemark is continuous with that of the cartilage [28]. Though several 

tidemarks may be apparent in cartilage (and entheses), entheses typically present with one 

obvious line which is commonly referred to as the tidemark. For this reason, the same 

terminology is employed herein (i.e. the tidemark refers to the prominent line traditionally 

distinguishing between UFC and CFC). Fibrils are continuous across the tidemark, typically 

oriented nearly perpendicularly to it [19, 28, 34]. No tidemark could be identified in a scanning 
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electron microscope (SEM) study of the rabbit patellar tendon enthesis [36], though a SEM study 

of human articular cartilage described the tidemark as a band of fibrils oriented perpendicularly 

to UFC/CFC fibrils [39]. 

The manner of which mineralization progresses across the UFC, tidemark and CFC is unclear. It 

has been shown using Fourier transform infrared (FTIR) spectroscopic imaging to be an 

abrupt/step-wise increase at the tidemark (bovine ACL) [37], as well as a linear increase in 

mineral content, over 120 µm in the rat supraspinatus using Raman spectroscopy [40], and over 

20 µm in the mouse supraspinatus using micro-computed tomography [41]. Interestingly, the 

latter study [41] remarked no significant change in the length of this graded region with 

maturation (days 7 through 56). What was observed was a shrinking of the UFC region (to 

approximately 10 µm) and cells (from approximately 10 µm to 5 µm in diameter) and an 

associated decrease in the cell to extra-cellular matrix ratio. 

2.1.4 Structural Hierarchy of Collagen 

The distinction between collagen fibres and fibrils in the literature is not always clear, with the 

two terms frequently being used interchangeably. While a fibre and fibril may share the same 

general shape (one being an amalgamation of the other), it is important in this thesis to 

distinguish the two given the level of detail afforded by the microscopy techniques used. 

Moreover, the difference between structural forms may play an important role in the mechanical 

functioning of the enthesis, as will be seen later. One definition, and the one referenced going 

forward, is presented in Figure 2-2.   
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2.2 Embedded Fibres: Engineering Perspective 

Towards understanding the physical mechanisms by which collagen fibrils transfer load, via the 

enthesis, it is helpful to reflect on some of the engineering knowledge established for analogous 

attachment problems. Three that are discussed subsequently are the problem of reinforcing bars 

(rebars) embedded into concrete, fibres embedded into a matrix (i.e. fibre reinforced composite 

or FRC), and belts passing over fixed pulleys.  

2.2.1 Rebar in Concrete 

For a rebar to effectively share load, a connection must be made with its surrounding medium, 

concrete. The effectiveness of this connection, or bond, has been shown to be dependent upon 

chemical adhesion, friction and mechanical interaction [43]. A combination of these factors 

contributes to the development of shear stress at the interface between the rebar and the concrete, 

and for a given load applied at one end of a bar, the various contributions must be summed over 

a sufficiently large area to satisfy force equilibrium. Assuming a constant circular cross-section 

for a rebar, this equates to a sufficient length of embedment. Figure 2-3 displays an element of 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2: Suggested collagen structural hierarchy; Figure from [42] 
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rebar with representation of the stresses acting upon it: it becomes clear that integration of the 

shear stress (t) over some embedded length is necessary to equilibrate the force imbalance 

between the rebar’s unloaded and loaded ends. If the shear stress at the interface exceeds that 

which can be sustained, concrete cracking (loss of chemical adhesion and mechanical 

interaction) occurs and further failure depends upon the ability of the cracked portion to develop 

frictional stress. For a collagen fibril embedded in calcified matrix, a similar phenomenon might 

be anticipated. For the same applied force, a short embedment length requires higher shear stress 

than that of a long embedment length, relatively speaking.  

 

In addition to shear stress considerations, Tepfers [44] examined tangential tensile stress in 

concrete surrounding rebars (Figure 2-4). Though his analysis examined bar splices (i.e. tensile 

forces applied in opposite directions for each bar), Tepfers [44] showed the effect of two rebars 

spaced close to one another on the surrounding tangential tensile stresses in the concrete. 

Generally, this stress was increased at the rebar surface for the case of multiple rebars. Again, 

given the proximity and distribution of collagen fibrils at an enthesis, some combined effect of 

multiple fibrils is likely. 

 

Figure 2-3: An element of rebar subject to interface shear stress (t);  Figure from [44] 
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The distribution of shear stress along the embedded length of a rebar is generally not uniform, 

unless slipping has occurred along its length [43]. Provided slipping has not yet occurred, shear 

stress at the free rebar end (i.e. where it enters concrete) is higher, decreasing non-linearly to its 

embedded end [45] (Figure 2-5).  

 

Figure 2-4: Depiction of tangential tensile stresses created in concrete as a result of rebar tension;  
Figure from [44] 

 

Figure 2-5: Interface shear stress (bond stress) distribution generated along a rebar specimen; 
Figure from [45] 
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2.2.2 Fibre in Composite Matrix 

The derivation of Greszczuk [46], following the assumptions of shear lag as developed by Cox 

[47] provides a useful starting point for understanding the problem of a fibre embedded in a 

matrix (e.g. glass-epoxy). Shear lag theory assumes that extensional matrix stresses are 

negligible (relative to fibre extensional stresses) while fibre shear stresses are negligible (relative 

to matrix shear stresses) [48]. The theory is therefore more suited to the analysis of relatively 

stiff fibres embedded in relatively pliable matrix, which may be the case for a portion of the 

enthesis (e.g. UFC/ligament), but not the case for another portion (e.g. CFC). Nevertheless, the 

stress transfer trends using the theory have been shown to be representative for a ratio of fibre to 

matrix elastic modulus of 1:1 [49], and may still prove insightful. 

 

Greszczuk [46] begins by considering Figure 2-6, eventually arriving at an equation describing 

interface shear stress. By this definition the shear stress distribution along a fibre is a function of 

interface shear modulus, fibre radius, fibre elastic modulus, effective interface thickness and 

fibre embedment length. Assuming each variable is constant, excepting embedment length, 

Figure 2-7 portrays how the average shear stress varies with embedment length. From here it is 

evident that for a short embedment length the distribution is more uniform than for longer 

 

Figure 2-6: Free body diagrams used in the derivation by Greszczuk [46]; Figure from [46] 
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embedment lengths. Additionally, the maximum shear stress (i.e. when x = 0) decreases for 

increasing embedment length.  

Lawrence [50] expands upon the work of Greszczuk [46], also deriving an expression describing 

the dependency of interface shear stress on embedment length (normalized in this case for one 

short, and one long filament). Figure 2-8 summarizes these findings, and provides another 

perspective for the variation of interface shear strength along embedded fibre length. 

The effect of fibre volume fraction on interface shear stress for an embedded fibre was examined 

by way of an analytical “3 cylinder” model [51, 52] and a FE model [51]. These studies suggest 

that the interface shear stress distribution along a fibre decreases towards zero at the embedded 

end from a maximum at the loaded end. Further, the studies show that increasing the fibre 

volume fraction only slightly increases the maximum interface shear stress and stress gradient, 

without altering the general distribution.  

 

Figure 2-7: Average interface shear stress normalized to a maximum (y-axis) along a filament as 
a function of embedment length (x-axis); Figure from [46] 
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2.2.3 Pulley Action 

Thus far, discussion of embedment has been limited to straight members. However, at the 

enthesis, attaching geometries frequently dictate fibril bending. One simple example of how this 

might affect fibril tension is that of a flat belt passing over a curved contact surface (i.e. an 

idealized, fixed pulley). Hibbeler [53],  Chapter 8.5, shows that for the geometry considered in 

Figure 2-9, the tensile force 𝑇6	is related to the tensile force 𝑇8	by: 

𝑇6 = 𝑇8𝑒:; 

Where 𝜇 is the coefficient of static friction and 𝛽 is the angle change. Extrapolating this 

definition to the problem of embedment, the reduction of 𝑇6 compared to 𝑇8 with angular change 

would effectively reduce embedment lengths by placing the underlying pulley into compression. 

 

Figure 2-8: Interface shear stress normalized to a maximum (y-axis) along the normalized 
filament length (x-axis); the top line is for a relatively short fibre, the bottom line is for a 
relatively long fibre; Figure from [50] 
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2.2.4 The Enthesis as a Fibre-Reinforced Composite 

Drawing parallels between the aforementioned engineering materials and the enthesis, the 

effective stress transfer at the fibril-level of an enthesis can be seen to depend upon numerous 

parameters (e.g. elastic modulus of fibre and matrix, fibre volume fraction, and embedment 

length). What is strikingly odd about the enthesis is the apparently short embedment length of 

fibrils. One might postulate that a deeper embedment be required to ensure that fibrils develop 

shear stresses below a failure threshold, thereby meeting the demands of ligament loading. For 

instance, fibrils are embedded approximately 500 µm in the pig ACL tibial enthesis [20] and 280 

µm in the rabbit MCL femoral enthesis [1]. 

2.3 Second Harmonic Generation and Two-Photon Excitation Fluorescence   

The promise of Second Harmonic Generation (SHG) microscopy in imaging connective tissues, 

specifically collagenous networks, was first recognized over two decades ago by Freund and 

Deutsch [54] in their observations of rat tail tendon. A thorough explanation of the optical 

 

Figure 2-9: Geometry used in Hibbeler’s [53] derivation of belt tension for the problem of a flat 
belt passing over a circular contact surface; Figure from [53]. 
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physics of the technique are beyond the scope of this review; however, in brief, SHG involves 

the non-linear scattering of photons by non-symmetric, birefringent molecules when struck by 

near-infrared radiation (NIR) [54]. The technique does not arise from an absorptive process, and 

thus does not cause photobleaching or require the use of exogenous probes [55]. Unlike two-

photon excitation fluorescence (TPEF) there is no energy loss owing to absorption/emission: the 

emitted wavelength is exactly half that of the excitation wavelength (Figure 2-10). Furthermore, 

SHG permits optical sectioning considered equivalent to that of TPEF and confocal microscopy 

[55]. Whereas TPEF signal intensity varies linearly with molecular concentration, SHG varies 

with the square of molecular concentration [55].  

Provided the proper equipment, both SHG and TPEF signals can be acquired simultaneously and 

superimposed [56]. Where the SHG signal results primarily from fibrillar structures, TPEF 

results primarily from intrinsic fluorophores. Zoumi et al. [57], for instance, demonstrated the 

structural and  molecular origin of SHG and TPEF signal in 3-D organotypic tissue (RAFT), and 

emission spectra dependence on excitation wavelength (Figure 2-11). They demonstrate that 

there is overlap between the two signals, but that it can be reduced for excitation wavelengths 

greater than 800 nm. Which intrinsic fluorophores are responsible for the TPEF signal is not 

typically evident, but has been suggested to arise from vitamin derivatives such as retinol, 

riboflavin and pyridolamine crosslinks [58]. Elastin may be observed by TPEF, but not by SHG 

[59]. 
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Many modern SHG/TPEF systems provide the advantage of relatively fast acquisition rates. For 

instance, Kabir et al. [60], using a 1.2 s/frame acquisition rate successfully observed the 

changing collagen orientation in drying pig tendon, while Abusara et al. [61], using a 0.988 

s/frame acquisition rate, successfully observed in vivo cartilage deformation in mouse knees. 

 

Figure 2-10: Simple diagram to depict the underlying physics of TPEF (left) and SHG (right); 
Figure from [55] 

 

Figure 2-11: Intensity of SHG and TPEF signals from RAFT for a variety of excitation 
wavelengths; Figure from [57] 
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2.4 Enthesis Behaviour: Experimental Findings 

Though the small size of entheses makes their observation exceedingly difficult, several groups 

have had some measure of success doing so, thus facilitating the determination of strain patterns 

and possible material models.  

The rat supraspinatus tendon enthesis was arbitrarily subdivided into 2 portions by Thomopoulos 

et al. [15], bony and tendinous. Using polarized light microscopy this group quantified fibre 

orientation in each portion, and, using texture correlation techniques combined with strain lines, 

quantified strain in each portion. In so doing they demonstrated increased fibre disorganization in 

the bony portion, and derived a quasi-linear viscoelastic (QLV) material model to describe the 

mechanical behaviour of the enthesis. 

At the human ACL entheses, Moffat et al. [62] performed energy dispersive x-ray analysis to 

determine mineral distribution, and a combination of digital image correlation (DIC) and 

microcompression to estimate mechanical properties. Their results indicate much greater 

compressive mechanical properties in the CFC region compared to the UFC region, that the UFC 

region experienced greater strain than the CFC region, and an abrupt/sharp transition in mineral 

content occurring between the two regions. The authors indicate that mineral was only observed 

in the CFC and bone. 

The acoustic properties of the rabbit supraspinatus tendon enthesis were used to estimate both 

collagen type and structure, and mechanical properties of the enthesis in a scanning acoustic 

microscopy (SAM) study by Sano et al. [63]. Of the 4 regions traditionally considered at the 

fibrocartilaginous enthesis, the UFC region exhibited the lowest elastic modulus. The transition 

to the CFC region was depicted by an abrupt/sharp change in acoustic properties (i.e. sound 

speed). 
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Spalazzi et al. [64] employed elastographic imaging to map strain and deformation at the bovine 

ACL tibial enthesis under tension. A clear deformation pattern, highest in the ligament and 

gradually decreasing towards the subchondral bone was apparent, suggesting a stiffness 

gradation over the enthesis. However, no pattern was obvious from strain mapping, instead there 

was a complex variation in compressive and tensile regions.  

Instantaneous and long-term elastic moduli were predicted for the human meniscal entheses by 

nanoindentation (at every 0.05 to 0.07 mm) in a study by Hauch et al. [65]. Their results suggest 

a bi-linear increase in elastic moduli progressing from the ligamentous region towards 

subchondral bone. A vast increase in the stiffness gradient was observed between UFC and CFC. 

In contrast to others, Genin et al. [66], by employing Raman spectroscopy showed that, while the 

transition to CFC from UFC appears abrupt/sharp, it can be more accurately described as a 

gradient, albeit a gradient over a very short distance. In the rat supraspinatus enthesis, their 

experimental model, the mineral content increased linearly over 120 µm.  

Most recently, atomic force microscopy (AFM) of tendon-to-bone beams of the mouse 

supraspinatus was employed to determine elastic modulus, resiliency and toughness [67]. A 

highly compliant region bordering the beginning of the mineral gradient (as determined by 

energy dispersive x-ray analysis) was revealed with local image correlation, and was proposed to 

act as an energy absorber. Local mechanical properties were found not to correlate with mineral 

content, suggesting that other parameters require consideration (e.g. collagen orientation). 

Nevertheless, a linear interpolation of the elastic modulus across the mineralized gradient (UFC 

to CFC) was found to reasonably estimate the average/measured beam elastic modulus (as 

determined by the slope of stress-strain curves). 
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2.5 Enthesis Behaviour: Model Findings 

Analytical and finite element (FE) models have been used variously to assess some aspect of 

enthesis mechanics, or a suspected relationship between a biological parameter and mechanical 

environment. These are identified here. 

Cell roundness was quantified by Matyas et al. [68] and correlated with tissue stress in a FE 

model of the rabbit MCL, specifically at the femoral enthesis. The model was 2-D, isotropic 

linear elastic with its geometry matched to that of a real histological slice. In regions of higher 

compressive stress, cells were more rounded, while in regions of lower compressive stress, cells 

were more elongated. The principal tensile stress in the model corresponded almost exactly to 

the main collagen fibre direction, and, given that the model was isotropic, highlights the 

importance of accurate tendon and bone geometries. The greatest principal compressive stresses 

were noted along the inner curvature of the enthesis (i.e. nearest to its proximal attachment to 

bone, relative to the joint). 

A FE model representing the physiological fibre orientations of the rat supraspinatus enthesis 

(idealized geometry) was compared against two other fibre orientation cases, one optimized to 

reduce interfacial stress concentrations and one completely orthotropic case in work by 

Thomopoulos et al. [69]. The fibre orientation dictated material properties in the tendon and 

enthesis. Results of the study were used as evidence that physiological fibre orientation serves to 

reduce stress concentrations as well as lessen the stress in the outward splay of this enthesis.  

Genin et al. [13], as previously indicated, quantified the collagen orientation and mineral content 

as it changed across the rat supraspinatus enthesis. Moreover, the research group developed 

several FE models of individually mineralized fibres. Interestingly, the models suggested that 

substantial stiffening of a fibre, as a result of increasing mineralization, does not occur until after 
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some “percolation” threshold is reached (i.e. a mineral concentration at which a continuously 

mineralized network is formed in a fibre). Combined with increasing fibre disorganization across 

the enthesis (shown to vastly decrease stiffness in the absence of mineral for small angular 

changes), the theorized percolation threshold supports a previously identified region between 

tendon and bone that is less stiff than either tissue [15]. However, this region appears to occupy a 

relatively small portion of the overall stiffness gradient (Figure 2-12).  

 

FE and analytical models were developed by Liu et al. [70] to further probe the stiffening of 

collagen fibrils, fibres and tissue. The nanostructural mode of bioapatite accumulation was varied 

at the intra- and extrafibrillar levels and their effect on longitudinal and transverse stiffness 

quantified. In all models, a percolation threshold was again key to stiffening. Enthesis fibres, in 

general, exhibited a lengthy (unlike in [13])  compliant region followed by a rapidly increasing 

 

Figure 2-12: Stiffness gradations proposed by the model of Genin et al. [13], note the small 
decrease at the beginning of the enthesis (insertion); Figure from [13] 
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longitudinal elastic modulus region (Figure 2-13). The percolation effect was more pronounced 

for transverse elastic modulus.  

 

An analytical model of the scarred (bi-material) supraspinatus enthesis was compared to the 

healthy (graded material) supraspinatus enthesis by Liu et al. [71]. Adjustments to attachment 

angle (specifically an angle decrease) and gross morphology were demonstrated to alleviate 

stress concentrations in the scarred model to a level similar those experienced in the healthy 

model.   In a follow-up study, the same group developed numerical models of the entire rotator 

cuff, and tested different gradations in material properties (elastic moduli in radial and tangential 

directions, and Poisson’s ratio) across the enthesis (between purely tendinous and purely bony 

regions) to determine what effect they have on stress concentrations [14]. An optimization 

algorithm designed to minimize peak stresses was run, allowing material properties to vary 

between tendon and bone, and produced a gradation wherein the elastic moduli between tendon 

and bone decreased below that of either tissue individually. 

To test the hypothesis that the roughness observed histologically at the CFC-bone interface acts 

to increase tissue toughness, Hu et al. [72] proposed an analytical model. Interface roughness 

  
Figure 2-13: Modelled effect of various modes of mineral accumulation on collagen fibre 
moduli; Figure from [70] 
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was modelled by a cosine wave, with variable amplitude and wavelength, separating purely 

tendinous and purely bony materials (both isotropic and elastic). The mouse supraspinatus served 

as a basis for their model. Results indicated that increasing interface roughness and the 

stochasticity of interdigitations may act to increase toughness of the insertion, but represents a 

trade-off in ultimate strength. 

The internal stress distribution at the ACL tibial enthesis was investigate by Dai et al. [73]. A FE 

model was constructed using the histological geometry of samples, and by subdividing the 

enthesis into the 4 traditional regions (ligament, UFC, CFC, bone), all with isotropic elastic 

properties excepting the ligament region (hyperelastic). Non-uniform stress distributions were 

demonstrated across the ACL enthesis. 

2.6 Synthesis and Rationale 

Review of the literature pertaining to the enthesis reveals several overarching concepts. Namely, 

and of importance to this project, the fibrocartilaginous enthesis (regardless of its location in a 

human or animal) represents a transition over a very short distance in: 

• Morphology 

• Organic Composition 

• Inorganic Composition (Mineral Content) 

• Fibre/Fibril Orientation  

Some combination of these variables is thought to dictate the effectiveness of the material 

transition from relatively pliable ligament to relatively stiff bone. However, the proposed 

gradations in stiffness resulting (primarily) from changes in fibre organization and mineral 

content across the enthesis have not been definitively determined. Furthermore, determination of 

deformation and strain patterns, and subsequent material properties has been limited to estimates 
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from a handful of microscopic techniques. Clear observation of the enthesis under load at the 

fibre/fibril-level has yet to be performed. SHG/TPEF microscopy is a powerful tool, with the 

potential to partly overcome this drawback. 

To our knowledge, an investigation of fibril embedment at the enthesis has not been undertaken. 

Such an investigation could augment current understanding of enthesis load transfer strategies, 

and thus provided the impetus for the work described herein. 

2.7 Objectives and Hypotheses 

The objectives of this work are: 

1) Design a device compatible with a SHG/TPEF microscope capable of carefully 

deforming an enthesis sample, and measuring load.  

2) Design a method of sample preparation that permits the visualization, under a SHG/TPEF 

microscope, of an enthesis in a reasonably physiological/relevant manner. 

3) Based on observation of the enthesis under load, construct simple FE models to assess 

load transfer strategies. 

The specific hypotheses of this work are: 

1) The gradation of material properties of the enthesis contributes to reducing fibril 

interfacial stresses, thereby reducing required embedment lengths. 

2) Fibrils will reorganize to sustain load, but will maintain a qualitatively gradual transition 

towards the CFC and bony regions, as a means of alleviating stress concentrations. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Animal Model  

The hind limbs of rabbits were harvested for secondary use in accordance with a protocol 

approved by the University of Calgary Animal Care Committee and in compliance with the 

guidelines of the Canadian Council on Animal Care. As a result of receiving limbs for secondary 

use it was not always possible to control rabbit characteristics. Nevertheless, all rabbits were 

skeletally immature female New Zealand Whites, between 3.5 and 6 months of age (most about 

5 months). Limbs were stored frozen (-20º C). Rabbit MCL femoral entheses were chosen in the 

experimental model for being representative of other entheses in the body in terms of tissue 

phenotype and cellular characteristics [74, 75], for the relative ease with which they can be 

mechanically tested, as well as being accessible in dissection. 

3.2 Loading Device Design 

The unique nature of the microscopic system and tissue of interest for this project necessitated 

the design and manufacture of a custom loading device. Though mechanical testing of ligaments 

is common, no commercial product was available that specifically met the objectives and 

constraints demanded by the simultaneous image acquisition and loading of an enthesis. These 

design challenges and their solutions are described herein.  

3.2.1 Microscope Sensitivity to Movement  

Similarly to confocal and TPEF systems, SHG systems are focal plane selective. Optical sections 

represent narrow tissue thicknesses. Thus, movement parallel to the optical axis on the order of 

several microns (10 µm to 15 µm, determined subjectively from imaging) is sufficient to put the 

tissue plane of interest out of focus. Such movement is problematic in the context of mechanical 

study: in a continuous loading sequence, extraneous device movement may cause the tissue plane 
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of interest to be lost. Completely eliminating movement of the specimen was not possible due to 

inherent tissue deformation (e.g. the bone acting as a cantilever, the cut plane of the enthesis 

flattening with load). While this issue can be partially overcome by arresting loading sequences 

and collecting image stacks, we attempted to minimize movement (in all but the loading 

direction) originating from the loading device. To this end, linear rail guides 

(2TSR9ZMUUC1+175P, Thomson Industries Incorporated, Radford, VA, USA) were carefully 

selected to restrict the movement of carriages and bone pots to approximately ±10 µm [76].   

3.2.2 Dimensional, Weight and Immersion Lens Constraints 

The proper functionality of SHG imaging requires a water-immersion objective lens. The 

microscope’s stage (Motorized ZDeck Quick Adjust Platform System, Prior Scientific, USA) 

imposed limits on the usable area, mode of attachment, attachment location, and horizontal 

travel. The fixed position of the objective lens coupled with restricted vertical travel of the stage 

limited the usable height. From a practical standpoint, the device could not be overly 

cumbersome or heavy for the user or stage. 

To overcome these constraints, device components were designed using a computer-aided design 

(CAD) software (SOLIDWORKS 2015, Dassault Systèmes Corporation, USA) and machined by 

the staff at the Schulich School of Engineering Machine Shop (University of Calgary). The 

assemblage of these components is outlined in Figure 3-1. Briefly, the base carries fluid and the 

specimen; the carriages support the load cell and moving bone pot; the bone pots rigidly house 

the specimen; and the attaching arm connects the carriage system to an attachment base on a 

linear drive (Figure 3-2). The components were made from acrylic for its light weight, rigidity 

and machinability.  
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Figure 3-1: Device: A = base; B = bone pots; C = carriages; D = attachment arm;  
E = linear rail guides; F = attachment base; G = load cell 
 

	 	
	

Figure 3-2: Loading system components: Left = 100cri Linear Drive; Middle = MC1100e 
Controller; Right = DR1000 Digital Readout (all components from Siskiyou Corporation, 
USA) 
 

3.2.3 Sample Preparation 

To consistently affix specimens in the bone pots (i.e. at a 110° of flexion with the MCL 

approximately in line with the loading axis, see 3.4.1 Sample Preparation for rationale behind 

angle choice), a separate “preparation jig” was also machined from acrylic (Figure 3-3). The jig 

mimics the attachment of bone pots in the loading device. Slotted holes in a moveable piece 

allow the distance between bone pots to be adjusted. Once specimens have been cemented in 

place using the jig, the bone pots are removed and secured in the loading device. 
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Figure 3-3: Preparation jig 
 

3.2.4 Measurement of Applied Load 

For the simple, purely tensile loading regime used, and to keep project costs at a reasonable 

level, a custom load cell was designed. A small U-shaped piece of aluminum was machined 

(work performed by the University of Calgary Civil Engineering Department’s Technologist 

Shop) and strain gauges (EA 13 060PB 350, Vishay Intertechnology Incorporated, USA) were 

adhered to its primary compression and bending faces in a full Wheatstone bridge configuration 

(Figure 3-4). The load cell was calibrated by suspending weights in increments of 5 N to a 

maximum of 70 N and recording the output from an amplifier (Vishay Intertechnology 

Incorporated, Shelton, CT, USA). The resulting load-voltage curve was linear with R=1.000, 

giving a coefficient = 0.00596 units of microstrain per unit of load (N) (Figure 3-5). This 

coefficient was programmed into a commercially available data acquisition software (LabTech 

Notebook V12.1, Measurement Computing, USA), which, once routed to the load cell via a 

channel measurement processor (Datascan 7321, Measurement Systems Ltd., United Kingdom), 

was capable of recording loads at every second during loading.  
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Figure 3-4: Load cell 

 
 Figure 3-5: Load cell calibration 
 

3.2.5 Ligament Deformation 

Fully capturing enthesis behaviour required starting and stopping deformation at small 

increments (e.g. 600 µm) and steadily applying tension in between. The space available for a 

loading system was restricted by the stage (and base) dimensions. Additionally, any system 

needed to be able to supply upwards of 30 N. A commercial solution was borrowed from a lab at 

the University of Calgary, consisting of a linear drive, controller, and digital readout (Siskiyou 

Corporation, USA) (Figure 3-2).  
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3.3 Static Imaging 

To assess the applicability of SHG/TPEF in imaging entheses, samples were first imaged under 

static conditions (i.e. in the absence of any applied load). As such, sample preparation proceeded 

differently than for loaded samples. Furthermore, two different microscopes capable of 

SHG/TPEF were used. Though the procedure for preparing samples in this application varied 

slightly between experiments, results were subjectively indistinguishable. Rabbit limbs were 

thawed over night at 4º C, and, throughout all subsequent processes, the MCL was irrigated 

frequently with phosphate-buffered saline (PBS). 

3.3.1 Sample Preparation 

Rabbit hind limbs (hip to ankle) were dissected of all tissue with the exception of knee ligaments 

and menisci using a combination of No. 10 and No. 11 scalpel blades. A margin around the MCL 

was made with a scalpel blade to act as a guide for subsequent cutting. One to two vice grips 

(one in the case that the MCL had already been transected at its tibial end) were used to rigidly 

hold joints. Femoral entheses were transected away from underlying bone using a variety of 

cutting techniques that included a surgical saw (MicroPower Sagittal Saw 6020-022, CONMED 

Hall Powered Instruments, USA), rotary tool (Dremel MultiPro Model 395, Robert Bosch Tool 

Corp., USA), and jeweller’s saw. Both the surgical saw and jeweller’s saw made clean, 

controllable slices. The jeweller’s saw, though significantly slower, permitted better control of 

sample heat (i.e. more slowly moving blade, ability to stop and cool with PBS). In order to 

ensure that entheses were fully captured in the transected tissue section, the femoral condyles 

were removed to provide better visualization of the insertion site and a conservative portion 

(approximately 3 mm medial from the superficial edge of the MCL to the underlying bone) was 

dissected. 
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Once separated from the joint, MCLs with intact femoral entheses were cut along their 

longitudinal axes in the mid-coronal plane using a razor blade and mallet, thus creating a tissue 

plane sufficiently clean, sharp and level to produce interpretable SHG/TPEF images.  

Samples were affixed to petri dishes with the cut, mid-coronal plane facing upwards and 

approximately level horizontally. Sample position was maintained by either 2% low melting 

point agarose or plasticine secured to petri dishes with Krazy Glue®, or by the glue itself. Figure 

3-6 depicts an example of a sample prepared for static imaging. 

	
Figure 3-6: Example of static imaging sample preparation; Arrow indicates the femoral enthesis 
 

3.3.2 Imaging Parameters 

Petri dishes were filled with PBS such that samples were covered by approximately 2 or more 

mm and placed under the objective of the microscope being used. The first configuration, hereby 

referred to as microscope configuration 1, consisted of a 20x/1.0 numerical aperture (NA) 

water-immersion objective lens (W Plan-Apochromat, Carl Zeiss Inc., Germany) mounted on a 

laser scanning microscope (LSM) (Zeiss LSM 710, Carl Zeiss Inc., Germany). Two custom filter 

blocks differentiated between SHG and TPEF signals (390/11 nm and 525/40 nm respectively) 

upon excitation by a laser (Coherent Ultra FS Pulsed IR Laser, Coherent Inc., USA) tuned to 780 

nm. The second configuration hereby referred to as microscope configuration 2, consisted of 
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25x/1.05 NA water-immersion objective lens (XLPLN25XWMP2, Olympus Corp., Japan) 

mounted on a LSM (Olympus FVMPE-RS, Olympus Corp., Japan). Two filter blocks 

differentiated between SHG and TPEF signals (FF01 400/40 and FF01 520/60 respectively, 

Semrock Inc., USA) upon excitation by two lasers (Insight DeepSee and Mai Tai DeepSee, 

Spectra-Physics, USA) tuned to 800 nm and 940 nm respectively. Image stacks were collected 

along the length of entheses to varying depths, though typically less than 100 µm. 

3.4 Dynamic Imaging 

Microscope configuration 1 was used in preliminary imaging sessions in combination with 

loading equipment (not specifically suited to the application required of this project) borrowed 

from another lab at the University of Calgary to establish proof of concept. However, microscope 

configuration 2 was used thereafter for its superior rate of image acquisition and the additional 

space it afforded the loading device. Throughout all processes, the MCL was irrigated frequently 

with PBS. The procedures outlined here represent the final iteration of many previous attempts 

(Appendix A). Four samples were subject to this refined methodology. 

3.4.1 Sample Preparation 

Sample preparation for dynamic imaging initially followed similarly to that of static imaging. 

Limbs were thawed overnight at 4º C, prepared for experimentation, then kept overnight 

wrapped in PBS-soaked Kimwipes (Kimberly-Clark Inc., Canada) at 4º C for imaging the 

following day (total time about 2.5 days). After all tissue excepting knee ligaments and menisci 

had been removed, the femur was affixed in a vice grip. A laminated piece of card with a cut-out 

of 70° (effectively positioning the joint at 110° of flexion) was placed along-side the joint while 

a second vice grip was positioned such that the tibia was loosely held at the prescribed angle 

(Figure 3-7). This second grip was tightened and positioned slowly and carefully, making 
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adjustments whenever torqueing of the tibia was evident. An angle of 110° of flexion was chosen 

in an effort to ensure that anterior fibres (i.e. those being imaged) would be engaged in loading; 

on the basis of work by Matyas et al. [77] that demonstrated similar angles of flexion (130° to 

150°) resulted in reduced crimp in anterior midsubstance portions of the rabbit MCL. To hold the 

joint in this position for subsequent preparation a 1.6 mm diameter, 229 mm length, style 7 

Kirschner wire (Zimmer Inc., USA) was passed through the joint from the anterior femur (a few 

millimeters distal to the femoral condyles) to the tibial tuberosity (Figure 3-8). A second wire 

was passed through the tibial tuberosity approximately perpendicular to the MCL’s longitudinal 

axis. The joint was removed from the vice grips and laid flat. Bone pots were used to visualize 

and mark an appropriate location to transect the long bones (i.e. such that the MCL’s axis was 

parallel to, and in-line with the loading axis). Returning joints to the vice grips, a jeweller’s saw 

was used to make a notch at either end of the MCL (for later visualization during cementing) and 

to transect the long bones at the determined locations.  

	
Figure 3-7: Example of positioning of a sample at approximately 70° (110° of flexion)   
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Figure 3-8: Example of a sample secured in position with a Kirschner wire 
 

The bone pots were prepared with a layer of plasticine approximately 20 mm thick on their 

bottom to facilitate positioning of samples. The open vertical face of the bone pots was covered 

with electrical tape to prevent bone cement from exiting while allowing some flexibility in the 

relative position of samples. Pots were secured in the preparation jig at a distance suitable for the 

sample to be tested. Samples were carefully positioned in pots by partially submerging the 

Kirschner wire of the tibia, and the femur itself into the plasticine. Bone cement was prepared 

from a mixture of benzoyl peroxide (75%, remainder water) (Sigma-Aldrich, Canada) and 

polymethylmethacrylate (ratio 1:25, respectively), and methyl methacrylate monomer (Excel 

Formula Denture Repair Material (Liquid Only), St. George Technology Inc., USA). The 

cement’s consistency was judged subjectively (to about that of honey) before being poured into 

the pots and allowed to harden for a minimum of 20 minutes. 

The Kirschner wire passing through the joint was removed and the other cut as close to the bone 

surface as possible. While still in the preparation jig, the cutting techniques described for static 
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imaging were employed; however, for the most part a combination of jeweller’s saw and Dremel 

rotary tool equipped with a high-speed cutting bit were used. The jeweller’s saw was used to 

transect the portions of the femoral condyles and tibial plateaux residing immediately anterior to 

the MCL, and the rotary tool to recess an area around the femoral enthesis by 1 to 2 mm. Finally, 

an imaging plane was created by tapping a razor blade with a mallet through the now protruding 

enthesis (Figure 3-9). Care was taken to ensure that this plane was as close to horizontal as 

possible and did not transect more than one half of the MCL’s width; however, this was difficult 

to perform and did not always produce the same result. 

	
Figure 3-9: Example of preparing an imaging plane by using a razor and mallet  
 

3.4.2 Equipment and Sample Set-Up for Imaging 

In preparation for imaging, all the necessary components for loading were assembled. The 

process is presented in chronological order starting with implementing the strain gauge between 

carriages, securing the base and linear actuator to the microscope stage, and securing the 

attachment arm to the carriage system.  
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Next, samples were removed from the preparation jig and a No. 11 blade was used to transect 

any tissue still connecting the femur and tibia, leaving the MCL as the only intact tissue. A 

micrometer was used to provide a coarse measurement of overall ligament dimensions: length 

from proximal femoral insertion edge to distal tibial insertion edge, and thickness in the sagittal 

plane at each insertion and at midsubstance (Figure 3-10). Fluorescent microbeads (FluoSpheres 

Polystyrene Microspheres, 1.0 µm, orange fluorescent (540/560), ThermoFisher Scientific Inc., 

USA) were placed at the distal and proximal edges of the enthesis as approximated under a 

dissection microscope (Zeiss SteREO Discovery V8, Carl Zeiss Inc., Germany). The bone pots 

and joint were then placed in the base and secured to the carriage system at one end, and the base 

at the other. 

	
	 	 	

Figure 3-10: Example of coarse estimates of transverse and longitudinal measurements taken 
from a MCL sample 
 

At this point the linear drive was operated such that its moveable top plate’s edge extended past 

its bottom plate’s edge towards the loading device base, thus ensuring adequate travel would be 

available during the loading protocol. The attachment arm and attachment base could then be 

secured to one another and the linear drive, creating a rigid system capable of applying load to 

the joint sample. The base was filled with PBS until approximately 1 to 2 mm of cover was 

achieved over the enthesis. The final set-up is illustrated in Figure 3-11. 
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Figure 3-11: Example of a final set-up, immediately prior to imaging  
 

3.4.3 Imaging and Loading 

A rough adjustment of the microscope stage was performed vertically and horizontally such that 

the objective was immersed in the PBS bath approximately over the enthesis. Fine-tuning the 

sample position and initial zoom was done by focusing on one of the microbead locations using 

the microscope eyepiece.  

The microscope was powered on (configuration 2), followed by live imaging of the enthesis. The 

fluorescent boundary between TPEF and SHG (refer to results) was followed between microbead 

locations to establish what regions were suitable for imaging (i.e. with the most signal apparent 

in the field of view (FOV)). At each microbead location either a single snapshot or stack was 

taken, and the horizontal coordinates (x, y) of the microscope stage recorded. Subsequently the 

stage was moved into a position displaying one of the regions determined to be suitable for 

imaging, and the stage coordinates recorded. 
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To test that the load cell was carrying no load, it was prodded by touch and assessed for 

movement. Typically an obvious rocking/movement of the gauge was evident in the absence of 

load. If this was not that case, the linear drive was adjusted until it was. The load measurement 

and recording system was powered on simultaneously with an audio recording system (iPhone 7 

built-in application, Apple Inc., USA). Later, the audio data were compared to the load data as a 

means of verifying the start and stop time of loading. The residual load was noted. In most 

experiments the linear drive was activated until a load of approximately 0.5 N plus the residual 

load was observed. This was considered “ligament zero”, or the point at which there is 

approximately zero strain in the ligament. This load was determined by a series of tests in which 

no joint sample was present and therefore the only resistive force carried by the cell was that 

generated by rail friction with the linear guides (Figure 3-12). 

 
Figure 3-12: Calibration for inherent rail friction  
  

Application of this load ensured that the slack in the system at the load cell was eliminated. 

Nevertheless, the method is approximate – individual ligament samples may have been in minor 
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tension or no tension at ligament zero. Indeed, in experiments where the enthesis was imaged 

before and after application of this load, some small deformation was often observable, albeit 

much less obviously than at larger loads. 

At this position, an “unloaded” image stack was taken with the following (typical) parameters: 

509x509 µm FOV, 512x512 pixels, 2.00 µs pixel dwell, 1 µm between slices, 100 slices, 45 MW 

laser power for SHG (800 nm excitation), and 35 MW laser power for TPEF (930 nm excitation). 

Image settings were the same for collection of a time series at a single plane with the following 

(typical) additional parameters: 0.931 frames/s acquisition rate and 100 s recording time. 

Immediately after the series was begun, the ligament was loaded at approximately 8.5 µm/s to 

approximately 600 µm. The entire process (stack and series) was repeated up to 1200 µm total 

deformation, as well as for unloading. Five to six minutes elapsed at pauses in loading (i.e. whilst 

stacks were being collected). Deformations were recorded by hand from the digital readout at 

every pause in loading. 

3.4.4 Imaging of Gross Geometry 

Upon completion of SHG/TPEF imaging, samples were returned to the preparation jig (held at 

the same position that the sample was initially prepared in) and imaged with a stereomicroscope 

(Zeiss AXIO Zoom V16, Carl Zeiss Inc., Germany). One set of images captured both microbead 

locations while another captured the entire ligament and bone pot geometry. 

3.5 Image Analysis 

3.5.1 Location Matching 

In ImageJ (NIH open source software), the image of a microbead location was opened and its 

coordinates relative to the FOV dimensions measured using the line function. After saving in 

tagged image file format (.tiff), images of the gross enthesis geometry were imported to 
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AutoCAD (AutoCAD 2016 SP1, Autodesk Inc., San Rafael, CA, USA) and appropriately scaled. 

The FOV corresponding to the SHG/TPEF microbead location was overlaid on the gross 

geometry. Using line tools and calculating the difference between microbead and loaded image 

stage coordinates, the approximate FOV for the loaded SHG/TPEF images was overlaid on the 

gross geometry (Figure 3-13).  

	
Figure 3-13: Example of location matching the TPEF/SHG FOV on the gross enthesis 
geometry 
 

3.5.2  Image Matching 

A custom MATLAB (Version R2016a, MathWorks Inc., USA) code was developed to match the 

frame of a time series to the approximate deformation of, and load being carried by the ligament. 
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To do so, Olympus Fluoview format images (.oir) were opened in ImageJ using the Olympus 

Viewer plugin, the SHG and TPEF channels were split and saved as .tiff image sequences. Load 

data were parsed in Microsoft Excel 2016 (Microsoft Corp., USA) by deformation status (i.e. 

deforming or held at constant deformation). Because the audio recording and load software were 

begun very near the same moment, it was possible to listen to, and note the time that loading 

series were started/stopped, and reference this against the time in the load data file. This was in 

part a validation process, as the start of loading was typified by a noticeable jump in load. For 

each time series the beginning and ending deformation, corresponding load data, image 

acquisition time and number of frames are input into the MATLAB code. The code linearly 

interpolates deformation from the start and stop values, and averages the load data bounding the 

time at which a frame was taken. These data are exported into Excel with every .tiff frame tied to 

an approximate load and deformation.  

3.5.3 Fibril Angle Change 

To provide a better understanding of fibril reorientation with load and to provide a means for 

partial FE model validation, the approximate fibril angle change was measured for every sample 

at approximately 7 equal intervals (by total deformation) in that sample’s loading regime (i.e. 

approximately every 200 µm). This was accomplished using one of two methods. If a time series 

image provided sufficient indication of fibril orientation on either side of the fluorescent 

boundary, the angle function in ImageJ was used 3 times with an average calculated afterwards; 

the first line approximated the fibril orientation on the bony side and the second on the 

ligamentous side. If a time series image provided sufficient indication of fibril orientation at only 

certain locations on either side of the fluorescent boundary, 2 to 3 lines would be drawn on both 

sides and the average of the angle made between them calculated. Sample 2 was an exception, as 
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B A 

estimating fibril orientation on the bony side was difficult. Instead, the approximate angle made 

with the fluorescent boundary and ligamentous fibrils was calculated. The variation of fibril 

angle with load and deformation (both normalized to the maximum experienced during the 

loading regime) was plotted for each sample separately. These methods are depicted in Figure 

3-14. As the orientation of fibrils to the bony side of the tidemark and the tidemark itself 

underwent (subjectively) little to no re-orientation, the methods for determining angle change 

were judged to be comparable for examining relative angle change. 

	 	
Figure 3-14: Examples of fibril angle 
determination; A and B depict typical 
methods; C depicts the method employed for 
sample 2  

 

C 
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3.6 Finite Element Method 

Two models were developed to help elucidate the mechanism of load transfer at the enthesis. The 

first is a “macro” model comprising the gross femoral enthesis geometry; the second is a “micro” 

model comprising a small region spanning either side of the tidemark. All modelling was 

performed with ABAQUS (V16.1, Dassault Systèmes Corporation, USA).  

3.6.1 Macro Model 

The objective of the macro model was to approximate a stress field occurring near the 

mineralization front as a result of loading applied far from this location (i.e. at the tibia), thereby 

providing an estimate that could be applied to a more detailed micro model. Additionally it was 

used to assess the effect of changing material parameters (transverse elastic modulus, shear 

modulus and Poisson’s ration) on the mechanical behaviour at the tidemark. 

3.6.1.1 Part and Assembly Creation 

A single part was created that approximated the gross enthesis geometry. Images of gross 

geometry from one experimental animal specimen were imported into AutoCAD in the same 

manner as previously described. Overlaying lines on the imported image approximated the 

geometry of the enthesis and the ligament (as far as the point where the ligament separates from 

the bone surface and enters the joint space) (Figure 3-15). It was important to use the line 

function as opposed to spline or polyline functions for importation to ABAQUS; using either of 

the latter strategies results in tedious point connection in the sketch module of ABAQUS.  
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Figure 3-15: Determination of FE model geometry by overlaying a series of lines on a sample 
 

A CFC region (approximately 300 µm thick [1]) was extended beyond the enthesis ligamentous 

boundary. The gross geometry was further subdivided as indicated in Figure 3-16. Briefly, the 

geometry can be considered in 3 regions: a CFC region, a UFC region, and a ligamentous region. 

The drawing includes a “macro rectangle” of the same size and location as the imaged FOV, 

within which was drawn a smaller 50x100 µm “micro rectangle” oriented perpendicularly to the 

tidemark Figure 3-16). The drawing was saved in drawing exchange format (.dxf) and imported 

to ABAQUS. The final part was created by partitioning the faces of an initial part (derived from 

the outer dimensions of the AutoCAD drawing) using the full complement of the AutoCAD 

drawing sections. The part was defined as a 2-D deformable shell and dependently instanced into 

the assembly. Apart from translation to the origin, no other action was required in assembling the 

model. 
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Figure 3-16: Macro model part and partitions; A = “macro rectangle”; B = “micro rectangle”; 
The UFC region is indicated by the arches of changing colour. UFC1 begins at the left edge (i.e. 
in contact with bone) and progresses to UFC6 moving to the right; different colors represent 
different material definitions 
 

3.6.1.2 Material and Section Definitions 

Engineering constants were used to define material properties of the ligamentous and UFC 

regions (Table 3.1 and Figure 3-16) based on the work by Adeeb et al. [78]. By this definition 

the Poisson’s ratio is governed by [78]: 

𝐸8
𝜈86

=
𝐸6
𝜈68
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This definition served as a simple way to account for the dependence of material properties on 

fibre direction; in this case assumed to be transversely isotropic (direction 2 denotes the local 

fibre direction). 

Table 3.1  Macro Model Engineering Constants Material Definitions (E and G in MPa) 

The CFC region was defined as isotropic elastic with 𝐸=976 MPa and υ=0.366, an 

approximation based off the work of Xie et al. [79] for human ACL CFC. 

Six UFC regions were arbitrarily chosen with approximately linearly varying transverse elastic 

moduli (from 100 MPa to 3 MPa) to combat the compressive stress concentration near the distal 

attachment of the ligament. These regions were identified and approximated based on the work 

of Matyas et al. [68], which demonstrated compressive stress at this location through a FE 

model. A further three regions (again varying linearly from 100 MPa to 3 MPa) were arbitrarily 

designated at the ligament’s free end to prevent unrealistic element deformation at the prescribed 

boundary. 

Material orientations were assigned to 7 regions to approximate the fibre angle change from 

tidemark to midsubstance. These assignments are detailed in Table 3.2. Corresponding regions 

Tissue E1 E2 E3 υ12 υ21 υ23 G12 G13 G23 

Ligament 1 350 1 0.000857 0.3 0.3 5 0.385 5 

UFC1 100 350 100 0.0857 0.3 0.3 10 0.385 10 

UFC2 50 350 50 0.0429 0.3 0.3 10 0.385 10 

UFC3 25 350 25 0.0214 0.3 0.3 10 0.385 10 

UFC4 12.5 350 12.5 0.01071 0.3 0.3 10 0.385 10 

UFC5 6 350 6 0.00514 0.3 0.3 10 0.385 10 

UFC6 3 350 3 0.00257 0.3 0.3 10 0.385 10 
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are detailed in Figure 3-17. At the tidemark, the initial angle was set equal to the angle measured 

at “ligament zero” from the imaging session corresponding to this sample. 

Table 3.2 Macro Model Material Orientations  

Table 3.3  Macro Model Material Definition Variations (E and G in MPa) 

The material parameters in Table 3.1 are the basis for the “reference” model, to which changes in 

one material property were systematically applied to determine their effect on stress and 

deformation patters at the interface. Three different transverse elastic moduli, shear moduli and 

Poisson’s ratios were tested (Table 3.3). 

Region Angle (degrees counter clockwise from the 
horizontal) 

1 36 
2 30 
3 24 
4 18 
5 12 
6 10 
7 8 
8 6 

Tissue E1 E2 E3 υ12 υ21 υ23 G12 G13 G23 

Ref Ligament 1 350 1 0.000857 0.3 0.3 5 0.385 5 

E1 Ligament=2 2 350 2 0.001714 0.3 0.3 5 0.385 5 

E1 Ligament=0.5 0.5 350 0.5 0.000429 0.3 0.3 5 0.385 5 

G  Ligament=10 1 350 1 0.000857 0.3 0.3 10 0.385 10 

G  Ligament=2.5 1 350 1 0.000857 0.3 0.3 2.5 0.385 2.5 

υ  Ligament=0.4 1 350 1 0.001143 0.4 0.4 5 0.385 5 

υ  Ligament=0.2 1 350 1 0.000571 0.2 0.2 5 0.385 5 
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Figure 3-17: Material orientations and section assignments 
 

3.6.1.3 Step Definition and Output Requests 

Two steps were defined for analysis. In the initial step, boundary conditions were applied and in 

the second, deformation was applied at the ligament end.  

Field outputs for stress components, deformations, and strains were requested for the entire 

model. For analysis, nodal values for outputs of interest were probed using the query tool in 

ABAQUS for display groups corresponding to the macro and micro rectangles. To approximate 

fibril angle change, nodal coordinates (NCOORD1, NCOORD2) and deformation (U1, U2) were 

gathered from the macro rectangle bottom right corner node and a select node along the tidemark 
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(Figure 3-18). Stress components (S11, S22, S12) with respect to local element material 

orientations were gathered for the 3 ligamentous sides of the micro rectangle. 

															
	

	
	

Figure 3-18: Macro rectangle nodes of interest (exaggerated by red dot) for angle change 
quantification 
 

3.6.1.4 Representation of Output 

Bar charts were generated showing the fibril angle change resulting from models that varied in 

one material parameter. Deformation plots of the entire model, and macro and micro rectangles, 

as well as stress outputs of the macro enthesis region (Figure 3-20) and micro rectangle were 

generated for reference. 

3.6.1.5 Load Application and Boundary Conditions 

Translation was fixed (restrained in the x, y and rotational degrees of freedom at the CFC edge). 

Where ligament was in contact with bone (not attached), translation was restricted in the x-

direction. Load was applied as a prescribed translation (190 µm) in the global y-direction at the 

free ligament edge, characterised using an amplitude definition. This translation corresponds to 

roughly 2.5% longitudinal strain of the model (as measured from the proximal ligament edge to 

the distal ligament edge), which is roughly the same strain experienced by the experimental 
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ligament at 600 µm of gross deformation. Figure 3-19 displays the boundary and loading 

conditions. 

	
Figure 3-19: Macro model boundary and load conditions (prescribed deformation) 
 

3.6.1.6 Mesh Design 

Given the unique geometry inherent in the model, mesh controls were set to quad-dominated 

(element shape), free (technique) and advancing front (algorithm). Element types were restricted 

to plane stress quadrilaterals (CPS8) and quadratic triangles (CPS6). The mesh (refer to Figure 

3-20 for mesh region definitions) was refined for the enthesis and boundary regions by seeding 

edges with an approximate size of 10 µm.  
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Figure 3-20: Macro model mesh regions; A = micro rectangle; B = enthesis; C = longitudinal 
ligament; D = boundary edge 
 

Near the micro rectangle, edges were further refined by seeding with an approximate size of 5 

µm. The longitudinal and CFC regions of the ligament model were seeded with an approximate 

size of 25 µm. The mesh consisted of 79316 CPS8 and 2322 CPS6 elements. The complex 

geometry and requirement for accurate stress outputs at the micro rectangle motivated the 

relatively fine mesh. Additionally, because the model was linear elastic, there was little concern 

for computational cost, allowing for a conservative mesh density. Indeed, using a coarser mesh 

(approximate seed size of 12.5 for the enthesis region, 5 for the micro rectangle region, 30 for the 

longitudinal ligament and CFC regions) produced negligible differences in stress or deformation 

patterns (Appendix B).  
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3.6.1.7 Partial Validation 

For this simplified macro model, and for the subsequent micro model it was deemed most critical 

that the behaviour at the macro rectangle (i.e. imaged FOV) be reasonably approximated. As a 

means of assessing this, an angular change was calculated from the model output at this location 

and compared to the angular change measured from actual images. To do so, the nodal 

coordinates of a node at the tidemark (within the macro rectangle) and at the bottom right corner 

of the macro rectangle (Figure 3-18) were recorded before load application. The displacements at 

both locations were recorded after load application to determine a second set of nodal 

coordinates. The angle made with the horizontal before and after loading, and the difference 

between the two (angular change) was computed. Mathematically this can be expressed by: 

∆𝜃 = 𝑡𝑎𝑛A8
𝑦8 − 𝑦6
𝑥6 − 𝑥8 EFGHI	JKEL

− 	𝑡𝑎𝑛A8
𝑦8 − 𝑦6
𝑥6 − 𝑥8 MHFKIH	JKEL

 

where 𝑥, 𝑦 are the coordinates of a node at either the interface (𝑥8, 𝑦8) or the bottom right corner 

of the macro rectangle (𝑥6, 𝑦6).  

Minor adjustments to 𝐸8/𝐸N and 𝐸6 were to be made until the angular change closely matched 

that observed experimentally. However, with Adeeb et al.’s [78] original properties the model 

produced a 6.6º angular change, which was judged to be in the range of the 8.8º observed 

experimentally. 

3.6.2 Micro Model 

The rationale behind the micro model was to observe load transfer at the level of individual 

fibrils. In particular, this model was intended to permit assessment of fibril-matrix interfacial 

stress and fibril stress concentration with varying gradations in modulus between ligament matrix 

and CFC matrix. 
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3.6.2.1 Part Creation 

A single part, hereafter termed a “unit”, was generated consisting of 0.75 µm of matrix material 

bounded on either side by half a diameter of collagen fibril (0.25 µm). Fibril spacing was 

roughly approximated by visually inspecting highly magnified SHG/TPEF images of an enthesis. 

Briefly, lines were drawn perpendicular to the fibril direction at the tidemark in ZEN 2.1 Black 

Edition (Carl Zeiss Inc., Germany), and the number of fibrils crossing this line was counted 

(Figure 3-21). This was done in 6 different regions. The average number of fibrils per unit length 

of tidemark was determined.  

															
Figure 3-21: Estimate of fibril spacing 
 

Fibril diameter was estimated as 500 nm, a value reported in the literature [80]. An assessment of 

the work of Frank et al. [81] reveals approximately the same value for 12 month old female New 

Zealand White rabbits. Despite animals being much younger, determining actual fibril diameters 

using SHG/TPEF imaging was not reliable at the level of detail attained in this study, requiring 
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that estimates be made for modelling. The unit had a length corresponding to that of the micro 

rectangle of the macro model (100 µm). Partitions were made transversely along the unit to 

differentiate matrix regions with differing elastic moduli. These regions were divided, broadly, 

into 3: 50 µm of CFC, 30 µm (further subdivided into 1-µm regions) of variable elastic modulus, 

and 20 µm of ligament. This simple geometry was generated in AutoCAD and imported to 

ABAQUS as detailed for the macro model. Figure 3-22 depicts the unit part and its regions. 

 
 
Figure 3-22: Unit part for “micro model”; A = 50 µm CFC region; B = 30 µm variable elastic 
modulus region; C = 20 µm purely ligamentous region 
 

3.6.2.2 Material and Section Definitions 

All regions were assigned isotropic linear elastic properties. Non-variable properties are outlined 

in Table 3.4, while Figures 3-23, 3-24, 3-25, and 3-26 display the elastic modulus gradations 

applied to the variable matrix region (as measured from ligament to CFC).  

Table 3.4 Micro Model Non-Variable Material Definitions 

The ligament matrix and fibril elastic moduli were approximated by considering the equations, 

derived assuming the modulus to be simply the derivative of stress with respect to strain, for a 

ply of FRC [82]. An iterative procedure was used such that the longitudinal ply elastic modulus 

Region E (MPa) Poisson’s Ratio (υ) 

CFC Matrix 976 0.366 

Ligament Matrix 6.29 0.3 

Collagen Fibril 866 0.3 
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was equal to 350 MPa and the shear modulus was equal to 5 MPa, as these values were 

employed in the macro model. The following 2 equations were adapted from [82] for use in this 

procedure: 

𝐸OJP88×𝐴GKGEJ = 𝐸F×𝐴R + 𝐸F×𝐴F , 𝐸OJP88 = 350	𝑀𝑃𝑎 

𝐺OJP86 = 	𝐺R86× 1 − 𝑘F 	+	
WX

8A WX× 8AYZ[\
YX[\

 , 𝐺OJP86 = 5	𝑀𝑃𝑎 

Where 𝑓 denotes fibril, 𝑚 denotes matrix and 𝑘F is the fibril volume fraction. The average elastic 

modulus over 1-µm sections in the variable region was calculated from the prescribed gradations 

and implemented into the model input file. It should be noted that these equations are purely 

estimates of enthesis behaviour based on a mechanics of materials approach applied to FRC 

(assumptions of displacement compatibility and force equilibrium, for instance, are inherent) 

[82], and were used as a starting point for model development.  

 
 Figure 3-23: Linear elastic modulus gradation (y = 6.29 + 32.3x) 
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Figure 3-24: Power elastic modulus gradation (y = 6.29 + 𝑥6.]6) 
 

 
Figure 3-25: Bi-linear elastic modulus gradation (90% stiffening in final 10% of distance) 
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Figure 3-26: Exponential  elastic modulus  gradation (y = 6.29 + 𝑒6.]6^) 
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3.6.2.3 Assembly Creation 

The unit part was dependently instanced into the assembly and linearly copied in the y-direction 

40 times. This resulted in 40 total units (fibrils) spanning 50 µm in the y-direction and 100 µm in 

the x-direction (the same dimensions as the micro rectangle). The instanced parts’ meshes were 

subsequently merged at their boundary nodes using a tolerance of 1E-006, creating a new part for 

analysis. Implicit in this formulation is the assumption of perfect bond between fibril and matrix. 

The top and bottom edges of the merged part consisted of half fibrils. 

3.6.2.4 Step Definition and Output Requests 

Two steps were defined for analysis. In the initial step boundary conditions were applied, and in 

the second, stresses were applied to each side of the ligamentous portion of the model.  

Field outputs for stress components, deformations, and strains were requested for the entire 

model to evaluate the effect of different gradations in elastic modulus on the 1) fibril-matrix 

interfacial stress, 2) fibril deformation and 3) fibril stress concentrations. For analysis, nodal 

values for outputs of interest were probed using the query tool in ABAQUS for display groups 

corresponding to a mid-substance fibril and matrix slice (isolated from the middle of the model 

for analysis, thereby minimizing the effect of edges). Deformation (U2) was gathered from a 

node at the fibril’s ligamentous end. Maximum in-plane principal stresses (S Max) were gathered 

for both the ligamentous (inclusive of the elastic modulus graded region), and CFC regions, as 

well as the distance from the ligamentous end to the point of S Max in the ligamentous region. 

Lastly, the interface shear stress distribution (S12) along the entire length of a matrix slice was 

collected.  
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3.6.2.5 Representation of Output 

For each of the elastic modulus gradations tested, plots were created displaying the S Max of a 

mid-substance fibril, supplemented by bar charts showing vertical tip deflection, distance from 

ligamentous end to point of S Max, and S Max values in the prescribed regions (i.e. CFC or 

ligament, inclusive of the graded region). Further, a chart depicting interface shear stress 

distribution for each of the gradations was generated, as well bar charts depicting S Max values 

at the prescribed boundaries. To account for aberrations caused by individual element stress 

concentrations (where the matrix arbitrarily increased in stiffness), the data for the interfacial 

shear stress distribution were smoothed using the “loess” function of MATLAB (span = 81 or 

about 5 µm). 

3.6.2.6 Load Application and Boundary Conditions 

The 3 borders of the CFC region were approximated as being fixed in x-, y-, and rotational 

degrees of freedom. The 3 faces of the ligamentous regions had stresses applied to them 

corresponding to the averages calculated from the micro rectangle of the macro model. In the x-

direction (parallel to fibrils) stresses were applied to fibrils only so as to avoid excessive 

deformation of the matrix. Figure 3-27 displays the boundary and loading conditions. 
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Figure 3-27: Assemblage of 40 unit parts with boundary and load conditions 
 

3.6.2.7 Mesh Design and Validation 

The mesh consisted of quadrilaterals (CPS8) exclusively. The entire model was globally seeded 

with an approximate size of 0.0125 µm (320 000 elements total). The intention was to provide a 

mesh density capable of adequately simulating fibril/matrix bending and shear. Different mesh 

densities were considered for the linear case and shown to converge, by examination of location 

and magnitude of S Max, for the mesh density used (global seeds of 0.25 µm, 0.15625 µm, and 

0.0125 µm were tested, see Appendix C). Although a mesh of this density is not likely required 

for a majority of the model, it was used for convenience and, recalling that the model is linear 

elastic, because there were no significant concerns regarding computational time. Given a lack of 

reliable data for tissue composition and geometry at the level of individual fibrils, including 

some uncertainty of the stress fields output from the macro model and the fibril density estimate 
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from SHG/TPEF images, validating the model was not an objective here. Rather, these methods 

were employed to provide a reasonable starting point for the micro model. 
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CHAPTER 4: RESULTS 

4.1 Static Imaging 

Figures 4-1, 4-2, and 4-3 are characteristic examples of images of the enthesis taken under no 

application of load using, respectively, microscope configuration 1 (zoom = 1), microscope 

configuration 1 (zoom = 2), and microscope configuration 2.  

	 	
	

Figure 4-1: Static image (single slice) taken using microscope configuration 1; A = SHG 
channel; B = TPEF channel; C = combined channels; FOV = 425x425 µm 

A B 

C 
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Figure 4-2: Zoomed static images (single slice) taken using microscope configuration 1; A = 
SHG channel; B = TPEF channel; C = combined channels; FOV = 142x142 µm 
 

Several features of potential interest are evident across all static images. Most obviously, a 

fluorescent boundary can be observed distinctly on the TPEF channel, as well as (to some extent) 

on the SHG channel. The boundary manifests as a smooth line that courses transversely to the 

C 

B A 
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primary fibre direction, and that appears abruptly (i.e. not gradually) at the level of magnification 

used here.  

	 	

	
Figure 4-3: Static images (Z-projection, average intensity) taken using microscope configuration 
2; A = SHG channel; B = TPEF channel; C = combined channels; FOV = 318x318 µm 
 

Although not stained for, the location and shape of cells in this region can be inferred by the 

location and shape of cell lacunae, indicated by regions lacking a SHG or TPEF signal (showing 

B 

C 

A 
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as blackness in the figures). On the bony side of the fluorescent boundary (i.e. the bottom left, 

primarily magenta coloured portion of images), lacunae appear circular and closely spaced in 

columns parallel to the primary fibre direction. In some instances, the columns are continuous 

across the fluorescent boundary, however, the prevalence of obviously circular and columnar 

lacunae on the ligamentous side on the fluorescent boundary (i.e. the top right, primarily green 

coloured portion of figures) appears to be diminished as compared to the bony side. 

Concerning fibrils, a few points are of note. Firstly, even in unloaded samples such as these, 

fibrils on the ligamentous side of the fluorescent boundary undergo an angular reorientation as 

they approach the boundary. Secondly, the fibrils appear to cross the boundary continuously; as 

opposed to one fibril ending and another beginning. Lastly, as is particularly evident in Figure 

4-2, a few sparse, highly fluorescent, straight fibres appear on the TPEF channel on both sides, 

and crossing the fluorescent boundary. 

4.2 Dynamic Imaging 

The load-deformation response, fibril angle across the fluorescent boundary vs. normalized load 

and normalized deformation are depicted in Figures 4-5, 4-7, 4-9, and 4-11 for samples 1, 2, 3 

and 4 respectively. The time series images corresponding to each of the points used to create 

these charts are portrayed in Figures 4-6, 4-8, 4-10, and 4-12, while the approximate locations of 

each of these images on the overall geometry of the sample of interest are depicted by red 

rectangles in Figure 4-4. 

With the exception of sample 2, all samples showed similarities in mechanical behaviour. The 

load-deformation response was indicative of a less stiff, low load region and a stiffer, high load 

region. The majority of fibril angular change occurred early in the loading regime 
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(approximately before half of the normalized load and three quarters of the normalized 

deformation). In each of these samples (1, 3, and 4), a relatively sharp, abrupt angular change  

 

can be observed at the fluorescent boundary (Figures 4-6, 4-10, and 4-12), as well as relatively 

straight (or becoming straight) fibrils. 

Sample 2, on the other hand, displayed some of the opposite characteristics. The load-

deformation response was more linear in appearance and the majority of fibril angular change 

occurred in the latter half of the loading regime. Furthermore, from a qualitative perspective the 

	 	

	 	
Figure 4-4: Sample gross geometries showing approximate locations of dynamic imaging; red 
outline indicates region used to develop sample charts and sample dynamic image slices; black 
outline indicates the second imaged location; A = sample 1; B = sample 2; C = sample 3; D = 
sample 4 

A B 

C D 
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angular change across the fluorescent boundary appeared gradual, with little fibril straightening. 

Although not quantified, a great deal more movement of the entire sample (i.e. both bone and 

ligament) occurred during the loading regime of this sample. 
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Figure 4-5: (Top) Load-deformation plot for sample 1; (Middle) Approximate fibril angle 
between CFC and ligament vs. normalized load; (Bottom) Approximate fibril angle between CFC 
and ligament vs. normalized deformation 
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Load = 0.46 N, Deformation = 
9.15 µm, Approx. fibril angle = 
152.4° 

Load = 0.84 N, Deformation = 
201 µm, Approx. fibril angle = 
151.7° 

Load = 1.38 N, Deformation = 
402 µm, Approx. fibril angle = 
148.6° 

	 	 	
Load = 2.16 N, Deformation = 
595 µm, Approx. fibril angle = 
143.7° 

Load = 2.9 N, Deformation = 
792 µm, Approx. fibril angle = 
141.1° 

Load = 4.68 N, Deformation = 
990 µm, Approx. fibril angle = 
137.5° 

	

 
 
 
 
Figure 4-6: Sample 1 subset of image slices taken during 
dynamic imaging and used to calculate approximate fibril angle 
change; total deformation increases left to right and downwards 

Load = 6.54 N, Deformation = 
1196 µm, Approx. fibril angle = 
138.2° 
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Figure 4-7: (Top) Load-deformation plot for sample 2; (Middle) Approximate fibril angle 
between CFC and ligament vs. normalized load; (Bottom) Approximate fibril angle between CFC 
and ligament vs. normalized deformation 
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Load = 0.34 N, Deformation = 
9.01 µm, Approx. fibril angle = 
51.4° 

Load = 1.53 N, Deformation = 
198.2 µm, Approx. fibril angle 
= 51.8° 

Load = 3.45 N, Deformation = 
396 µm, Approx. fibril angle = 
50.8° 

	 	 	
Load = 5.93 N, Deformation = 
604 µm, Approx. fibril angle = 
51.5° 

Load = 8.15 N, Deformation = 
806 µm, Approx. fibril angle = 
46.4° 

Load = 12.42 N, Deformation = 
1008 µm, Approx. fibril angle = 
39.5° 

	

 
 
 
 
Figure 4-8: Sample 2 subset of image slices taken during 
dynamic imaging and used to calculate approximate fibril angle 
change; total deformation increases left to right and downwards 

Load = 15.76 N, Deformation = 
1202 µm, Approx. fibril angle = 
36.3° 
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Figure 4-9: (Top) Load-deformation plot for sample 3; (Middle) Approximate fibril angle 
between CFC and ligament vs. normalized load; (Bottom) Approximate fibril angle between 
CFC and ligament vs. normalized deformation 
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Load = 0.605 N, Deformation = 
9.02 µm, Approx. fibril angle = 
146.7° 

Load = 2.73 N, Deformation = 
198.5 µm, Approx. fibril angle 
= 142.5° 

Load = 4.0 N, Deformation = 
397 µm, Approx. fibril angle = 
139.3° 

   
Load = 5.14 N, Deformation = 
604 µm, Approx. fibril angle = 
138.4° 

Load = 8.60 N, Deformation = 
801 µm, Approx. fibril angle = 
137.9° 

Load = 13.5 N, Deformation = 
997 µm, Approx. fibril angle = 
135.6° 

 

 
 
 
 
Figure 4-10: Sample 3 subset of image slices taken during 
dynamic imaging and used to calculate approximate fibril angle 
change; total deformation increases left to right and downwards 

Load = 19.75 N, Deformation = 
1202 µm, Approx. fibril angle = 
137.8° 
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Figure 4-11: (Top) Load-deformation plot for sample 4; (Left) Approximate fibril angle between 
CFC and ligament vs. normalized load; (Right) Approximate fibril angle between CFC and 
ligament vs. normalized deformation 
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Load = 0.36 N, Deformation = 
8.89 µm, Approx. fibril angle = 
155.5° 

Load = 0.685 N, Deformation = 
204 µm, Approx. fibril angle = 
151.1° 

Load = 2.94 N, Deformation = 
409 µm, Approx. fibril angle = 
148.3° 

   
Load = 6.87 N, Deformation = 
605 µm, Approx. fibril angle = 
146.9° 

Load = 11.32 N, Deformation = 
804 µm, Approx. fibril angle = 
145.0° 

Load = 18.31 N, Deformation = 
1003 µm, Approx. fibril angle = 
147.1° 

 

 
 
 
 
Figure 4-12:  Sample 4 subset of image slices taken during 
dynamic imaging and used to calculate approximate fibril angle 
change; total deformation increases left to right and downwards 

Load = 25.3 N, Deformation = 
1202 µm, Approx. fibril angle = 
146.7° 
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4.3 Macro Finite Element Model 

Several material parameters were varied to determine their effect on mechanical behaviour at the 

ligament/CFC interface.  Of these, the transverse elastic modulus (E1) and shear modulus (G12) 

provided the most evident differences (for a full breakdown of modeling variables and their 

effects refer to Appendix B). For both parameters, increasing stiffness resulted in decreasing 

angle change, as approximated by the deformation of the portion of the model corresponding to 

the imaged FOV (Figure 4-13). Figure 4-15 highlights the maximum in-plane principal stress at 

the enthesis. The same was true of interface stress (measured as maximum in-plane principal 

stress (e.g. Figure 4-14)). Figure 4-16 depicts these changes for each model under consideration. 

	

	

	

Figure 4-13: (Left) Macro model (1 MPa E1 5 MPa G12) deformation (magnitude in µm) at 
approximately 2.5% strain; (Top Right) localized plot of macro rectangle; (Bottom Right) 
localized plot of region used for developing the micro model (micro rectangle) 



 

 

 76 

 

Secondarily, the macro model was used to provide an estimate of an appropriate loading 

condition to the micro model. The stress plots and material orientations used to this end are 

presented in Figure 4-17. 

	

Figure 4-14:  Approximate FOV from macro model (1 MPa E1, 5 MPa G12) showing maximum 
in-plane principal stress (MPa) at approximately 2.5% strain; nodes along the interface were used 
to calculate an average interfacial stress 
 
	

Figure 4-15:  Maximum in-plane principal stress at the macro model enthesis (1 MPa E1, 5 MPa 
G12) 
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Figure 4-16: Macro model (1 MPa E1, 5 MPa G12) charts displaying variation in angle change and 
interface stress with varying transverse   elastic modulus  (E1) and shear modulus (G12); (Top 
Left) Angle change vs. transverse elastic modulus; (Top Right) Angle change vs. shear  modulus; 
(Bottom Left) Interface stress vs. transverse  elastic modulus; (Bottom Right) Interface stress vs. 
shear  modulus 
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4.4 Micro Finite Element Model 

The results for maximum in-plane principal stress for a fibril located at mid-depth of the micro 

model (on the ligamentous side of the CFC-ligament interface) are presented in Figure 4-18 for 

each of the experimental elastic modulus gradations (for a full breakdown of modeling variables 

and their effects refer to Appendix C). Qualitative inspection of this figure shows that fibril stress 

is more broadly distributed, and the directional change is more gradual for  

	 	

	 	
Figure 4-17:  Localized region for developing micro model from macro model (1 MPa E1, 5 MPa 
G12); (Top Left) Local material orientations; (Top Right) S11 Stress; (Bottom Left) S22 Stress; 
(Bottom Right) S12 Stress 
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Figure 4-18: Portions a mid-depth fibril (20 µm from the mineralization front) from micro models 
of various elastic modulus gradations showing maximum in-plane principal stress; From top to 
bottom, gradations are as follows: Linear, Power, Bi-linear, Exponential  
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each of the power, bi-linear and exponential gradations as compared to the linear case. The 

exponential gradation, in particular, displays the most drastic differences compared to the linear 

case. 

In addition to maximum in-plane principal stress in the ligamentous portion of a fibril, Figure 

4-19 includes the maximum in-plane principal stress in the CFC (bony) portion of a fibril, the 

approximate distance from the ligamentous end of a fibril to the point of maximum in-plane 

principal stress, and the vertical deflection at the ligamentous end of a fibril. How the tested 

gradations compared to the linear case is explained subsequently. 
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A reduction in the ligamentous fibril stress was observed (in order of least to greatest reduction) 

for the power, bi-linear and exponential gradations. Conversely, an increase in the fibril stress in 

the CFC region was observed (in order of least to greatest increase) for the power, exponential 

and bi-linear gradations.  

	

	
Figure 4-19:  Micro model charts displaying on the y-axis, variation in (from top to bottom) 
maximum in-plane principal stress on the ligamentous and bony sides of the mineralization 
front, distance from the ligamentous end of a fibril to the location of maximum in-plane 
principal stress, and vertical deflection at the ligamentous tip of a fibril; The x-axis displays the 
corresponding elastic modulus gradation of the model under consideration; all data were 
captured from a mid-depth fibril 
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The distance to the maximum in-plane principal stress in the fibril from the ligamentous end 

varied little between gradations and, considering that gradations did not begin until after 20 µm, 

occurred in roughly the same location (i.e. very near the beginning of the elastic modulus 

gradation). However, in order of increasing distance the gradations were bi-linear, exponential 

and power. Tip deflection at the ligamentous fibril end increased (in order) for the power, bi-

linear and exponential gradations. 

 

As depicted in Figure 4-20, the interface shear stress distribution along a fibril length follows a 

characteristic pattern: relatively unchanging until the point at which a given elastic modulus 

	
Figure 4-20: Micro model chart displaying interface shear stress along the length of enthesis 
under consideration (100 µm) for different  elastic modulus gradations; 0 µm  is the bony side, 
50 µm  is the transition from CFC to  elastic modulus graded region, 80 µm  is the transition 
from  elastic modulus graded region to ligament; all data were captured from a mid-depth matrix 
band 
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variation begins, where a stress concentration is evident. Then, with the exception of the bi-linear 

gradation, gradually following a sigmoidal shape until the shear stress plateaus near zero in the 

CFC region. For the bi-linear gradation a second stress concentration occurs approximately at the 

gradation’s bifurcation. Slight differences between the gradations can be deduced from Figure 

4-21. The interface shear stress at the defined CFC/ligament boundary (i.e. at 50 µm) is highest 

in the bi-linear case, and decreases (in order) for the exponential, power and linear cases. At the 

point where the elastic modulus gradations begin (i.e. at 80 µm), the linear gradation has the 

highest shear stress followed by (in order) the exponential, bi-linear and power gradations. 

	

	
Figure 4-21: Micro model charts displaying on the y-axis, interface shear stress (from top to 
bottom) at the CFC transition (50 µm) and ligament transition (80 µm); The x-axis displays the 
corresponding  elastic modulus gradation of the model under consideration; all data were 
captured from a mid-depth matrix band 

Linear Power Bi-linear Exponential
Gradations -0.39 -0.41 -0.57 -0.46

-0.70
-0.60
-0.50
-0.40
-0.30
-0.20
-0.10
0.00

In
te

rf
ac

e S
he

ar
 S

tr
es

s a
t 

C
FC

 B
ou

nd
ar

y 
(M

Pa
)

Linear Power Bi-linear Exponential
Gradations -0.66 -0.46 -0.46 -0.47

-0.70
-0.60
-0.50
-0.40
-0.30
-0.20
-0.10
0.00

In
te

rf
ac

e S
he

ar
 S

tr
es

s a
t 

L
ig

am
en

t B
ou

nd
ar

y 
(M

Pa
)



 

 

 84 

CHAPTER 5: DISCUSSION 

5.1 Composition and Morphology 

Static imaging of the rabbit MCL femoral enthesis by SHG/TPEF revealed a highly fluorescent 

boundary. The relative smoothness, abruptness and the shape of cell lacunae in the vicinity of 

this boundary are all indicators of the commonly referred to tidemark, previously identified 

histologically [19]. Given the similarities observed here, it is likely that the fluorescent boundary 

is indeed the tidemark of the enthesis, with the bony side representing CFC. 

The underlying principles of SHG/TPEF may provide insight into the composition of the 

enthesis that has not otherwise been possible with traditional histological techniques. In general, 

histology works by selectively staining a molecule of interest such that it is apparent 

microscopically. SHG/TPEF on the other hand, works by taking advantage of a molecule’s 

interaction with light. The tidemark has most often been described as a basophilic line 

representing an abrupt increase in mineral content, or the start and stop point of mineralization 

[19]. However, because mineral crystals themselves are not known to produce any SHG/TPEF, 

signal, the results of this study suggest a more complex composition of the transition at the 

tidemark than previously thought. In a SHG/TPEF study of the tidemark of articular cartilage 

Mansfield and Winlove [83] came to a similar conclusion, proposing that the autofluorescence 

observed on the TPEF channel is caused by cellular debris and/or increased collagen cross-

linking. Bone sialoprotein and osteopontin, two phosphoproteins associated with mineralization 

were shown to occur for the first time in the CFC region of the rat supraspintus enthesis by 

Marinovich et al. [84]. Alone or in forming some complex with the calcified matrix, these 

proteins may contribute to the observed contrast in fluorescence; however, information to 

confirm this speculation was not found. 
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Further study has indicated a higher intensity of SHG signal for tissue samples with artificially 

reduced collagen cross-linking [85]. By this finding, the relatively lower SHG signal on the bony 

side of the tidemark may point to relatively more cross linking. Another possibility is that, 

although as previously mentioned, mineral crystals are not known to produce a SHG signal, the 

ionic strength of the medium surrounding fibrils affects the intensity of SHG signal. Williams et 

al. [86] noted drastic changes in SHG signal intensity of collagen fibrils with solution ionic 

strength, specifically that the forward/backward scattering ratio is much higher for low-salt 

conditions. As the technique used in this project collected backward propagating SHG (i.e. 

reflected light), the study of Williams et al. [86] implies lower intensity of SHG signal for higher 

salt conditions, like those one might expect in the CFC. 

Differences in the shape of cell lacunae either side of the tidemark are also indicative of different 

tissue composition. Round, columnar cell organization, typical of fibrochondrocytes is 

subjectively more prevalent on the bony side of the tidemark, and, while also present on the 

ligamentous side of the tidemark, are present to a lesser degree (localized near to the tidemark) 

(Figures 4-1, 4-2, and 4-3). A high degree of fibril parallelism was apparent in static and 

dynamic imaging on both the bony and ligamentous sides of the tidemark. Considering that the 

UFC region has been typified by fibrochondrocytes and increasing fibril disorganization [27, 29], 

the static images here may indicate a region lacking UFC, or a protracted region of UFC. This 

inhomogeneity of tissue regions along an enthesis has been observed before. That is to say, the 

full complement of regions associated with fibrocartilaginous entheses (ligament, UFC, CFC and 

bone) are not equal or always present along the full attachment length of an enthesis. For 

instance, Zhao et al. [20] noted the AM band of the porcine tibial ACL enthesis lacked an 

obvious UFC region, while the PL band did not; Liu et al. [41] noted that the UFC region at the 
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supraspinatus enthesis became progressively smaller with mouse maturation, eventually 

becoming smaller than the mechanically graded region (approximately 10 µm and 20 µm, 

respectively).   

The presence of elastin at fibrocartilaginous entheses has received justifiably little attention, 

given the relatively minute amounts that are uncovered using immunohistochemistry [15]. 

However, a SHG/TPEF approach has shown that elastin is visible as highly fluorescent fibres on 

the TPEF channel [59]. In accordance with this observation, elastic fibres are likely to be 

responsible for the appearance of such highly fluorescent fibres in the imaging sessions of this 

study (Figure 4-2). Elastic fibres have been shown to enhance the longitudinal mechanical 

properties of ligaments [87], by inference from the decreased stresses and increased 

deformations observed in samples depleted of elastin. Additionally, elastin has been shown to 

contribute substantially to the resistance of a ligament to shear and transverse loading [88].  

5.2 Enthesis Load Response 

In 3 of the 4 samples presented herein, a qualitatively abrupt fibril angular reorientation with 

load was observed at the tidemark. In addition, in numerous other pilot experiments (not 

following the exact methodology previously described) the same abrupt transition was observed. 

Samples, like the one that did not display an abrupt transition (termed gradual from here 

onwards), were also observed in pilot experiments (Appendix A).  

Whether one behaviour is more physiological than the other is not yet clear. A few 

characteristics of gradual samples, such as persistent crimp on the ligamentous side of the 

tidemark and gross deformation of the enthesis (i.e. movement of the entire bone substructure as 

well as the ligament), makes the observed response to load questionable. It may well be that the 

enthesis response to load is region dependent. For instance, in regions of higher compressive 
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stress (proximal to the joint), an obvious UFC region may develop and cause a relatively more 

gradual bending of fibrils to the tidemark under load. Imaged locations, however, were only 

collected where the imaged FOV maximized the amount of visible tissue (in regions relatively 

distal to the joint), and only for these 4 samples. Further analysis will be needed to confirm the 

potential region dependency of gradual fibril bending. 

The same characteristics that made gradual sample behaviour suspect may support the realism of 

abrupt samples; crimp is extinguished under load (fibrils appear taught and engaged) and little to 

no gross enthesis movement was observed. However, this abrupt transition seems to run contrary 

to current understanding of structural attachments. Given the stress concentrations that 

presumably arise at the interface (vastly more deformation on the ligamentous side of, and close 

to the tidemark) and the repetitive nature of ligament loading (i.e. fatigue), the observed abrupt 

transition would, at first, not likely be considered optimal for load transfer. This behaviour, 

though, may be beneficial to a ligament for several reasons.  

By sustaining an abrupt angular change, fibrils may be more aligned to the loading axis, and 

thereby capable of more efficiently transferring tensile forces. Alternatively, the abrupt transition 

implies relatively large localized tissue deformations, and may contribute to a localized increase 

in resilience. Figures 4-5, 4-9, and 4-11 show that the majority of angular change occurs within 

the first half of the loading regime, corresponding to approximately 2.5% strain. Considering this 

strain occurs in the toe-region of the ligament stress-strain curve [89, 90] and that the toe-region 

represents typical physiological loads, the relatively large observed deformations at the enthesis 

may contribute to enthesis resilience under low strain conditions; a less resilient enthesis may 

undergo less deformation under the same loading condition. This idea aligns in part with that of 

Deymier et al. [67] who have postulated that a portion of the enthesis acts as an energy absorber, 
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though their analyses indicate that high tissue strains at the enthesis do not occur until relatively 

high stresses have been attained. 

Strategies and/or reasons by/for which the enthesis may accomplish an abrupt transition are 

varied. It may be that, in the imaged regions, the comparatively small compressive stresses in 

relation to more proximal (to the joint) regions (Figure 4-15), are not adequate to stimulate the 

development of a large UFC region, and presumably more gradual angular change. This is 

partially supported by the fact that, for the geometry of the enthesis and loading direction 

considered, lower transverse and shear moduli of the macro model better approximated the angle 

change observed experimentally (Figure 4-16). In other words, the enthesis geometry is such that 

stresses at the imaged locations preclude the need for gradual fibril reorientation. A second 

possibility is that, under the low-load regions tested, the abrupt fibril transition does cause 

microdamage as a result of fatigue and stress concentration. However, such microdamage may 

be within the limits of normal repair capable of cells residing in the tissue. The nature of overuse 

enthesopathies supports this response, in part, by the argument that overly repetitive activities 

cause tissue damage (e.g. [91]) above the limit that cells are able to repair. Additionally, 

assuming that CFC is derived from ligamentous cells, and that there is a neurovascular barrier 

between bone and enthesis [21, 22], the mechanical environment at imaged regions may 

precisely dictate the ligament to CFC transition, producing the macroscopically abrupt angle 

change. Implicit evidence of this is provided by Matyas [74], who showed that an unrepaired 

mid-substance tear to the rabbit MCL results in unique changes at the femoral enthesis tidemark 

(i.e. small excrescences of calcification extending into the ligamentous portion of entheses). 

Lastly, the apparent concerns of fatigue and stress concentration at the interface may be less 

critical than presumed at the level of the fibrils themselves. The relative scale of the structures 
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involved in load transfer at the enthesis may allow for what appears to be an abrupt transition at 

the macroscale, but what is a more gradual transition at the microscale (i.e. for an individual 

fibril). A somewhat relatable engineering problem is that of a suspension bridge tower cable 

saddle; for a given cable size and tension, there is a minimum radius at which the cable can bend 

over the saddle to prevent failure. For a larger cable and tension, a larger radius is required. For a 

fibril with a diameter of, for instance, 500 nm, the bend radius may not need to be so large that it 

is evident at the macroscale. Close inspection of Figures 4-6, 4-10, and 4-12 does suggest that 

even abrupt transitioning fibrils curve over some length (i.e. do not make the connection of two 

straight lines).  

Provided this is the case, the fibril could be thought of as a belt passing over a matrix pulley with 

a given radius, as mentioned previously. Briefly, as the fibril progresses over the pulley’s 

curvature from its loaded end, frictional forces (analogous to interfacial shear stresses) between 

the fibril and matrix, and compressive forces in the matrix develop. In reference to Hibbeler [53], 

Chapter 8.5, interfacial shear stress would act to reduce the tension in the fibril over the pulley 

radius, in turn reducing subsequent interfacial shear stresses and required embedment lengths. 

The findings of Matyas et al. [68], that cell roundness is tied to regions of compressive stress, 

and the observation here of rounded cells in the immediate vicinity of the tidemark partially 

support the idea of pulley action. Such a mechanism would develop a very localized region of 

compressive stress near the tidemark. 

The combination of a size effect (i.e. fibrils requiring a small radius of curvature) and pulley 

action might explain the observed patterns of deformation at the enthesis, however, it is worth 

emphasizing that at this juncture, these ideas are largely speculative.  
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5.3 Fibril Embedment, Stress Concentration and Elastic Modulus Gradation 

Varying the matrix elastic modulus between ligament and CFC had little effect on interfacial 

shear stresses apart from lessening stress concentrations. Nevertheless, a few trends with regards 

to the gradations and shear stress are notable. Generally, for a lower modulus change initially 

(i.e. from ligament towards CFC), a larger increase in shear stress occurs, before a faster rate of 

shear stress reduction later (i.e. at approximately 10 µm from the tidemark). This is evidenced by 

the exponential, power and linear cases (Figure 4-20). Though not included in Figure 4-20, a step 

change in matrix elastic modulus between ligament and CFC (not shown due to a massive stress 

concentration at the tidemark), the interfacial shear stresses either side of the tidemark were 

similar to those of the graded models, approaching 0 MPa approximately 20 µm from the 

tidemark. Hence, although elastic modulus gradation has some effect on interfacial shear stress, 

the enthesis may employ other strategies to reduce interfacial shear stress and, by extension, 

embedment lengths. 

The more probable benefit of elastic modulus gradation is the reduction in stress concentrations 

at the fibril level. Stiffness gradation is well-documented as a strategy for the reduction of stress 

concentrations at an enthesis [15, 66, 67]. Here it is evident that a slower initial increase in 

elastic modulus (e.g. exponential, Figure 4-18) results in a broader bend radius and a decrease in 

stress concentration on the ligamentous side of the tidemark that outweighs the small increase in 

stress concentration on the bony side of the tidemark (Figure 4-19). The relative magnitude of 

the increasing elastic modulus increment appears to have an impact on the development of stress 

concentrations. For instance, the initial step size for the exponential gradation is 1.15 MPa (18% 

of 6.29 MPa, the starting matrix elastic modulus), while for the linear gradation it is 32.3 MPa 

(513% of 6.29 MPa). The latter results in a comparatively sharp bend radius, as inferred from a 
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lesser tip deflection and distance to maximum stress, and higher stress concentration (Figure 

4-19). Further along however, at the tidemark, for instance, the step size for the exponential 

gradation is 151 MPa (18% of 825 MPa, the starting matrix elastic modulus), while for the linear 

gradation it is still 32.3 MPa (3% of 944 MPa, the starting matrix elastic modulus). Neither step 

size results in an appreciable stress concentration, however, the bi-linear gradation, where a step 

size of 293 MPa (300% of 97.6 MPa, the starting matrix elastic modulus) occurs at the 

bifurcation, does produce a sizeable stress concentration (Figure 4-20). Step changes in stress 

such as these are in keeping with the theories of Williams [92] and Dundurs [93], who 

demonstrate analytically with linear elastic theory that the likelihood of development of a stress 

singularity depends, respectively, upon the angle made, and the magnitude of elastic modulus 

and Poisson’s ratio mismatch, between attaching materials. The idea that mineralization does not 

result in significant increases in elastic modulus until a certain percolation threshold is reached 

[13, 70] supports the findings of this project. A nonlinear elastic modulus gradation (e.g. the 

exponential case) could be expected to result from linearly increasing mineralization. Together, 

these findings suggest that appropriate gradation of the enthesis at the fibril level permits a larger 

bend radius, lower overall fibril stresses and greater bending towards the loading axis. This may 

contribute to more efficient load transfer, and to the macroscopically abrupt-seeming fibril 

angular reorientation at the tidemark. 

Returning to reducing interfacial shear stress, and thereby embedment lengths, the size effect 

may again play a role at the enthesis. In a simple case consisting of a bound cross-section of 

circular fibrils and matrix, it can be derived that the cumulative circumference of fibrils, and by 

extension, cumulative fibril surface area, is proportional to the number of fibrils over the square 

of the number of fibrils.  Comparing a cross-section with a single fibril to that of a cross-section 
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with 4 fibrils (total cross-sectional area of fibrils being the same), for example, the cross-section 

containing 4 fibrils will have twice the surface area of the cross-section containing a single fibril. 

Having more surface area on which to act would effectively lower (in an average sense) 

interfacial shear stresses, and therefore embedment lengths. However, as shown by Kim et al. 

[51], fibril ends may be subject to higher stresses. At the enthesis, the number of small fibrils 

embedded in matrix is impressive (approximated here to be 0.8 fibrils/µm), possibly contributing 

to lower interfacial shear stresses. An additional difference of the embedment problem at the 

enthesis and common engineering problems is the relative stiffness between fibril and matrix and 

the fact that the matrix stiffness changes. Concrete has a much lower elastic modulus than the 

rebar that is embedded in it, and so too does ligamentous matrix when compared to embedded 

fibrils. However, as fibrils progress towards the tidemark and continue into the CFC, their 

stiffness may drop below that of the surrounding matrix. In accordance with the assumption of a 

perfect bond between the two and a small difference in stiffness (as demonstrated here), the two 

separate substances may effectively become one. Failure of entheses tends to be at the bone/CFC 

interface, with the CFC failing as a unit, partially supporting this idea [94]. Moreover, despite 

fibrils appearing microscopically separate, the complex nature of the collagen molecule and 

mineralization may produce a well-connected, homogenous network of fibrils and matrix [13, 

70]. In other words, among additional constituents forming a network between fibrils (e.g. 

proteoglycans), mineral crystals accumulate in and around fibrils, effectively bonding fibrils to 

matrix. An analogy in engineering would be if rebar sprouted innumerable branches along its 

embedment length forming connections with adjacent rebar and a dense network within the 

concrete.  
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5.4 Limitations 

Most of the difficulty in developing the methods of this research project revolved around sample 

preparation. In many other mechanical/microscopy studies, only the soft-tissue is examined [17, 

95], greatly facilitating dissection and mechanical testing. Maintaining the bone around the 

enthesis and creating an imageable plane, however, proved to be less easily done. Though a 

combination of cutting/shaving methods eventually produced a plane that was reasonably 

observable under the microscope, the plane was rarely level or even, and its relative depth into 

the tissue was not accurately determined. Moreover, creating the cutting plane also created a free 

fluid boundary. Without overlying tissue to inhibit fluid flow, the native mechanical 

characteristics at the imaged surfaces may have been altered. Compounding this drawback was 

the slow loading rate, constrained by the acquisition frame rate of the microscope and available 

equipment. In a true joint the rate of loading could be expected to be much greater; the effect of 

fluid pressurization and flow could, again, contribute to altered behaviour. Nevertheless, the 

current method is useful as it is representative of steady-state behaviour (e.g. under sustained 

load, or after numerous load cycles, thereby allowing fluid to exude from the ligament 

substance).  

The loading direction, too, is a shortcoming inherent in the methods. Purely tensile loading 

neglects the complexity of loading in a real joint. At the MCL femoral enthesis particularly, 

rotation is a significant component of loading deserving consideration. As a first inquiry into the 

load response, though, the purely tensile regime was judged to be a simple starting point from 

which further study may be derived.  

Determination of MCL geometries was limited by coarse measurement with a micrometer. As a 

result, estimating stresses and strains in ligaments was mostly avoided. Similarly, determining 
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whether the imaged region of the enthesis was engaged and carrying load was not always 

evident. However, load and deformation data and qualitative observation of engaged fibrils still 

provided insight into the characteristic behaviour of the enthesis. 

Tissue use for this project was constrained to that of immature rabbit MCL as a result of the 

availability of secondary use animals. Age, animal and tissue therefore may all have some effect 

on the obtained results. Nonetheless, the rabbit femoral enthesis may inform the investigation of 

other entheses. With regards to age, Matyas [74] remarked that the rabbit femoral enthesis 

undergoes relatively minor changes during maturation. Liu et al. [41] demonstrated that size, and 

composition of the graded region between tendon and bone at the mouse supraspinatus enthesis 

does not change significantly with growth, albeit that the UFC region does. Furthermore, Woo et 

al. [96] showed that material properties of developing rabbit femur-MCL-tibia complexes 

changed only slightly, and that failure was not identified at the femoral enthesis before 6-7 

months of age (in rabbits between 6-7 months of age femoral fracture accounted for 11% of 

failures, which were dominated by midsubstance failures). Thus, implicitly, these observations 

help support that the femoral enthesis is relatively static during growth, and that the samples used 

in this study demonstrate behaviour typical of fibrocartilaginous entheses in general.  

In modeling, obvious drawbacks are the 2-D, linear elastic definitions. In reality, ligaments and 

their entheses are poroelastic materials with complex 3-D structures; Weiss and Gardiner [97] 

provide an in-depth review of the many ways that ligaments have been modelled, illustrating this 

highly complex problem. Uncertainty of variables likely affecting model behaviour such as 3-D 

fibril structure/size, extra-cellular matrix porosity and compositional interactions (e.g. 

proteoglycans and mineral with collagen fibrils), as well as loading protocol uncertainties, 

greatly complicates model development, and thus the ability to draw insight from model results. 
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As such, the objective of the models developed for this work was not to exactly describe enthesis 

mechanical behaviour, but rather to supply some general understanding of the load transfer 

strategy, specifically at the fibril level, and provide a platform for further study. The macro 

model somewhat successfully replicated the experimental angular change, supporting its validity. 

The micro model was not validated, but did demonstrate variations between elastic modulus 

gradations under a somewhat relevant loading. Being 2-D limited the micro model to a laminar 

problem as opposed to a fibrillar one (i.e. the spacing of fibrils in 3-D could not be accounted 

for), and assumed a perfect bond between fibrils and matrix, thereby neglecting any interaction 

between the two. However, as discussed in the previous section, the assumption of perfect bond 

appears reasonable, at least in partially to fully mineralized regions. In the purely ligamentous 

region where fibril sliding would be anticipated, the low matrix shear modulus allowed a degree 

of relative fibril movement to approximate this behaviour. 

5.5 Future Directions 

Overcoming the limitations just described provides one avenue for future research. Namely, 

improving sample preparation (such that the imaging plane is more consistent), pursuing 

different loading regimes (e.g. rotation, faster rate), more accurately estimating geometries (e.g. 

with magnetic resonance imaging), and developing more characteristic models (e.g. that allow 

fibril sliding, 3-D structure and poroelastic formulation). Additionally, the validity of the 

proposed size effect and pulley action as mechanisms of load transfer merits further 

investigation. 

This study focused on the fibril-level embedment problem, however, the bony interdigitation 

with CFC presents a macroscopic example of a potentially similar problem, for which this 

method could be adjusted to accommodate, and examine.  
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The elastic modulus gradations examined here were not correlated to any compositional 

parameters, being instead selected for having varying rates of change. It would be interesting to 

incorporate histology and compositional study to determine if any relationship between 

behaviour, specifically stiffness grading, and composition exists. 

While the rabbit MCL femoral enthesis has been shown to be similar to other entheses [74, 75], 

it would be worth testing other animals and entheses. In particular, examination of differences in 

the mechanical response of a ligament enthesis and a tendon enthesis (given, for one, the 

relatively much larger loads sustained by tendon) is of interest. In this regard, the rat 

supraspinatus tendon, having received a great amount of attention elsewhere, may be a good 

candidate to be tested using this method (for comparative purposes).  

With due consideration given to the fact that injured or reattached entheses do not regain their 

original mechanical properties [10, 11], it would be of interest to employ this method to explore 

what differences exist between healthy and healing entheses. Going one step further, the method 

could be used to assess the effectiveness of different attachment strategies and therapeutic 

treatments towards restoring original enthesis properties. 

Lastly, the imaging and loading method (or a similar method) could be employed to analyze in 

situ cellular strains under load at the enthesis, and how these strains change along its length, 

often a key part of developing effective tissue engineering strategies. In combination with 

appropriate modelling, the approximate stress field applied to a cell could be achieved. 

5.6 Conclusion 

The clinical relevance of the ligament/tendon attachment problem, and the inability to observe 

entheses under load motivated this study. To our knowledge, the results represent the first 

observations of a ligamentous enthesis under an applied load, in real-time, at the level of 
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individual fibrils. Simple FE models were developed in an effort to explain the observed 

mechanical behaviour. Briefly, a gradation in material properties was not found to greatly affect 

fibril interfacial shear stresses, as hypothesized, but was found to increase fibril bending radii 

(while not decreasing fibril reorientation) and to decrease stress concentrations. The second 

hypothesis, that fibrils maintain a gradual transition towards the CFC did not seem to be 

confirmed at first glance, however, upon further inspection was postulated to occur at the micro-

level. The combination of experimentation and modeling findings of this study suggest that the 

rabbit MCL femoral enthesis initiates a short-length, carefully adapted gradation in material 

properties to permit effective load transfer (i.e. over small embedment lengths at a region that 

undergoes repetitive tensile and rotational strain). Overall, this project contributes an 

experimental device and method, as well as ideas relating to the load response, that will serve as 

a basis for furthering our understanding of the mechanics of entheses.  
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Appendix A: Pilot Experiments 

In this appendix, a subset (only those that produced meaningful/interpretable images) of the total 

number of pilot experiments performed are briefly presented in table format. One image 

displaying either a subjectively abrupt fibrillar reorientation or gradual reorientation is shown, 

accompanied by a brief description of the experiment performed and key differences between it 

and the method described in the thesis proper. Of all experiments performed under some degree 

of tension, 7 out of 12 displayed an abrupt transition (only those not already included in the 

thesis proper are shown here). All images are of the rabbit MCL femoral enthesis (SHG signal 

only), animals were between the ages of 3 and 6 months and may have been male or female. The 

approximate orientation of the tidemark is indicated by a red line. 

Images of Subjectively Abrupt Transition Experimental Description 

 

IMAGE 1: Image taken using microscope 
configuration 1. The femoral enthesis was 
glued to a petri dish and allowed to adhere 
before mild tension was applied by hand to the 
tibial end which was then also glued to the 
petri dish. The ligamentous portion of the 
enthesis extends towards the bottom left and 
the bony portion towards the top right. 
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Images of Subjectively Abrupt Transition Experimental Description 

 

IMAGE 2: Image taken using microscope 
configuration 1. Clamps developed by Dr. 
Duncan’s lab at the University of Calgary 
(originally for straining spinal disc samples) 
and the Siskiyou loading equipment described 
in the thesis proper were used to tension a 
sample. The sample was prepared by carving 
away the femoral enthesis and transecting the 
MCL at its tibial end. The enthesis was then 
glued to sand paper before being clamped. Due 
to space/existing infrastructure restrictions, 
load data could not be collected. The 
ligamentous portion of the enthesis extends 
towards the top left and the bony portion 
towards the bottom right. 

 

IMAGE 3: Image taken using microscope 
configuration 2. Close to the same method as 
described in the thesis proper was used for this 
sample; however, no audio files were taken, no 
microbeads were placed, and several load data 
files were accidentally overwritten. The 
ligamentous portion of the enthesis extends 
towards the top left and the bony portion 
towards the bottom right. 
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Images of Subjectively Abrupt Transition Experimental Description 

 

IMAGE 4: Image taken using microscope 
configuration 2. Close to the same method as 
described in the thesis proper was used for this 
sample; however, no audio files were taken and 
no microbeads were placed. The ligamentous 
portion of the enthesis extends towards the top 
left and the bony portion towards the bottom 
right. 

 

Images of Subjectively Gradual Transition Experimental Description 

 

IMAGE 5: Same methodology as Image 2 
above. There is some uncertainty in where this 
image was taken along the enthesis, as the 
collagen fibril structure is unlike that typically 
observed. The ligamentous portion of the 
enthesis extends towards the top left and the 
bony portion towards the bottom right. 
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Images of Subjectively Gradual Transition Experimental Description 

 

IMAGE 6: Image taken using microscope 
configuration 2. Close to the same method as 
described in the thesis proper was used for this 
sample; however, no microbeads were placed. 
Additionally, the microscope technician was 
under time constraints that adversely affected 
image quality. The ligamentous portion of the 
enthesis extends towards the bottom left and 
the bony portion towards the top right. 

 

IMAGE 7: Same methodology as Image 6 
above. The ligamentous portion of the enthesis 
extends towards the top left and the bony 
portion towards the bottom. 
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Images of Subjectively Gradual Transition Experimental Description 

 

IMAGE 8: Same methodology as Image 6 
above. The ligamentous portion of the enthesis 
extends towards the bottom left and the bony 
portion towards the top right. 
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Appendix B: Macro Model 

The below table depicts comparisons made between different models. Specifically, mesh density 

and element type were changed independently and the values for angle change at the macro 

rectangle (measured as outlined in Section 3.6.1.7 and average interfacial stress at the macro 

rectangle (refer to Figure 4-14) were recorded. While the values for the variations in transverse 

and shear moduli are included in the thesis proper, they are included here for reference. 

Additionally, the “Reference Model”, refers to that in the thesis proper (approx. element sizes of 

10 and 25 µm, CPS8/CPS6 elements). See Section 3.6.1 for further details. By inspection, mesh 

density and element type had little effect on model outputs. 

Difference with Respect to Reference Model Angle Change 
Measured at 
Macro 
Rectangle (°) 

Average Interfacial 
Stress Measured at 
Macro Rectangle 
(MPa) 

Fine Mesh (approx. element sizes of 7.5 and 20 µm) 6.64 2.63 
Coarse Mesh (approx. element sizes of 12.5 and 30 µm) 6.64 2.62 
Triangular Elements Only (CPS6) 6.64 2.62 
Reduced Integration Elements Only  6.64 2.62 
Poisson Ratio = 0.2 6.64 2.63 
Poisson Ratio = 0.4 6.64 2.61 
Transverse Modulus = 2 MPa 5.89 3.37 
Transverse Modulus = 0.5 MPa 7.07 2.02 
Shear Modulus = 10 MPa 5.67 3.26 
Shear Modulus = 2.5 MPa 7.32 2.22 
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Appendix C: Micro Model 

The below two tables depict comparisons made between different models. Specifically, mesh 

density and element type were changed independently (only for the linear modulus gradation) 

and the values for maximum in-plane principal stress (on the bony and ligamentous sides), 

distance to the location of maximum in-plane principal stress from the ligamentous model end, 

and vertical displacement at the ligamentous model end were recorded. While the values for the 

linear, exponential, bi-linear and power gradations (0.125 element size and CPS8 element type) 

are included in the thesis proper, they are included here for reference. By inspection, mesh 

density and element type had little effect on model outputs. 

Modulus 
Gradation 

Approximate 
Element Size at 
Enthesis (µm) 

Element Type Maximum In-
Plane Principal 
Stress on Bony 
Side of 
Tidemark (MPa) 

Maximum In-
Plane Principal 
Stress on 
Ligamentous Side 
of Tidemark 
(MPa) 

Linear 0.25 CPS8 1.82 15.7 
Linear 0.15625 CPS8 1.81 15.5 
Linear 0.125 CPS8 1.81 15.5 
Linear 0.125 CPS8R 1.81 15.5 
Linear 0.125 CPS6 1.81 15.1 

Exponential 0.125 CPS8 2.14 9.03 
Bi-Linear 0.125 CPS8 2.38 10.5 

Power 0.125 CPS8 1.93 10.9 
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Modulus 
Gradation 

Approximate 
Element Size at 
Enthesis  

Element Type Distance from 
Ligamentous End 
to Location of 
Maximum In-
Plane Principal 
Stress (µm) 

Vertical 
Displacement at 
Ligamentous End 
(µm)  

Linear 0.25 CPS8 20.2 2.55 
Linear 0.15625 CPS8 20.2 2.54 
Linear 0.125 CPS8 20.2 2.54 
Linear 0.125 CPS8R 20.2 2.54 
Linear 0.125 CPS6 20.2 2.54 

Exponential 0.125 CPS8 22.2 3.20 
Bi-Linear 0.125 CPS8 21.2 3.10 

Power 0.125 CPS8 22.2 2.91 
 

 


