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Abstract

The function of ligaments and tendons is to support and transmit loads applied to the 

musculoskeletal system. These tissues are often able to perform their function for many decades; 

however, connective tissue disease and injury can compromise ligament and tendon integrity. A 

range of protein and non-protein constituents, combined in a complex structural hierarchy from the 

collagen molecule to the tissue and covering nanometer to centimeter length scales, govern tissue 

function and impart characteristic non-linear material behavior. This review summarizes the 

structure of ligaments and tendons, the roles of their constituent components for load transfer 

across the hierarchy of structure, and the current understanding of how damage occurs in these 

tissues. Disease and injury can alter the constituent make-up and structural organization of 

ligaments and tendons, affecting tissue function, while also providing insight to the role and 

interactions of individual constituents. The studies and techniques presented here have helped to 

understand the relationship between tissue constituents and the physical mechanisms (e.g. 

stretching, sliding) that govern material behavior at and between length scales. In recent years, 

new techniques have been developed to probe ever smaller length scales and may help to elucidate 

mechanisms of load transfer and damage and the molecular constituents involved in the in the 

earliest stages of ligament and tendon damage. A detailed understanding of load transfer and 

damage from the molecular to the tissue level may elucidate targets for the treatment of connective 

tissue diseases and inform practice to prevent and rehabilitate ligament and tendon injuries.
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INTRODUCTION

Connective tissue injury and disease affect millions of people in the United States each year,
1, 2 dramatically reducing quality of life for these patients. As collagen is the primary 

structural constituent in all connective tissues, injury and disease involve changes and/or 

damage to collagen across its hierarchy of organization. In the case of ligaments and 
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tendons, injury can be acute, resulting from a single traumatic event, or chronic, resulting 

from overuse. Acute injuries that result in complete tissue rupture often must be surgically 

repaired, while “subfailure” acute injuries, such as sprains, can often be treated successfully 

with temporary activity modification and physical therapy. However, the increased risk of 

recurrent injury and symptoms of chronicpain, chronic joint instability, and recurrent 

swelling following ligament sprain3 suggests that damage to ligaments or tendons may 

persist following functional recovery.

In addition to the effects of acute and chronic injury, many diseases, both heritable and 

acquired, are associated with pathologies of ligament and tendon constituents, structure and 

function. As an example, Marfan syndrome is caused by mutations to the fibrillin 1 gene,4 

causing many symptoms including increased joint laxity. This increased joint laxity is likely 

related to observed lower density of elastic fibers along with the presence of a disrupted 

elastic network of mutations to the colVα1 gene, resulting in decreased production of Type 

V collagen heterotrimers that co-assemble with Type I collagen and are involved regulating 

Type I collagen with discontinuous fiber aggregates.5, 6 Classical Ehlers-Danlos syndrome 

(EDS) is the result of abnormal fibril growth, causing both increased and decreased fibril 

diameter, irregular transverse fibril shape, and altered fibril packing density.7, 8 Although 

EDS has different manifestations, many forms involve mutations to collagen genes, 

producing increased joint laxity, skin hypermobility, and weakened blood vessels.9 Other 

forms of EDS are also characterized by disrupted fibril structure due to mutations to other 

collagen types (e.g. Type-V collagen mutation), disruption of enzymatic crosslinking, and 

other unknown causes. Additional connective tissue diseases affecting ligaments and 

tendons are acquired or are due to a combination of genetic and environmental factors, such 

as scleroderma, rheumatoid arthritis and lupus.

It is clear that disease and injury directly affect ligament and tendon structure and 

composition, which in turn impacts their mechanical behavior and thus function. A vast 

body of research has addressed the intricate structure of ligament and tendon, mechanisms 

of force and strain transfer across physical scales, and mechanisms of damage to this 

structure. This article reviews the most germane results related to the constituents and 

hierarchical structural features of ligament and tendon, the current understanding of their 

role in load transfer between physical scales, and their relation to tissue damage and failure.

CONSTITUENTS AND STRUCTURE OF LIGAMENTS AND TENDONS

The behavior of ligament and tendon is governed by its constituents, both protein and non-

protein components, and their structural organization. Protein constituents are the primary 

determinants of connective tissue mechanical function, while non-protein and cellular 

constituents are critical for the regulation of development, growth, and repair in ligament 

and tendon.

Collagens are the primary structural component of ligament and tendon, with total collagen 

content accounting for >70% of the dry weight in most healthy, mature ligaments and 

tendons.10 The functional molecular unit of all collagens is the triple helix. Three α-chain 

peptides containing a Gly-X-Y amino acid repeat structure, where approximately 30% of the 
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X and Y positions are occupied by proline and hydroxyproline, respectively, assemble to 

form the right-handed triple helix. Presently, 28 collagen types have been identified, which 

differ by their amino acid and alpha-chain structure, as well as their function (e.g. fibrillar 

versus basement membrane collagens). The collagens in ligament and tendon are fibrillar 

collagens and predominantly Types I, III, and V.

Collagen type-I is a heterotrimeric molecule, with each triple helix containing two α1(I) 

chains and one α2(I) chain. This collagen is the primary determinant of mechanical behavior 

in healthy ligament and tendon and it is present through all stages of development, growth, 

remodeling, and healing. Collagen type-III is a homotrimeric molecule of α1(III) chains, 

involved mostly during ligament and tendon development and healing. Studies of tendon 

development in the chick embryo have revealed that type-III collagen is initially co-

distributed with type-I collagen, but by tendon maturity the type-III collagen is confined to 

the surface of Type-I collagen fibrils.11 Collagen type-V is a heterotrimer containing α1(V), 

α2(V), and α3(V) chains with various triple helix stiochometries observed in healthy 

tissue12. Type-V collagen is a quantitatively minor component of type I collagen fibrils that 

has a regulatory role during fibril formation, with in vivo and in vitro evidence indicating a 

role in type-I fibril nucleation and regulation of fibril diameter. Mouse models of α1(V) 

genetic knockout are lethal at day ten of embryonic development, with a lack of fibril 

formation observed.13 Studies of collagen fibrillogenesis in vitro have demonstrated that 

increasing amounts of type-V collagen results in decreased mean fibril diameter and 

variance, demonstrating the role of type-V collagen in modulating fibril size.14

Collagen exists in a hierarchy of organization, with distinct organizational motifs at the 

nano-, micro- and millimeter length scales, as demonstrated in the classic structural 

schematic developed by Kastelic (Fig. 1).15 Since its publication, this structural model has 

remained relatively consistent through nearly four decades of research on ligament and 

tendon structure-function relationships. At the molecular scale, tropocollagen molecules 

self-assemble into fibrils (50–500 nm), with molecules arranged in a quarter-stager pattern16 

and chemically crosslinked via enzymatic aldehyde bond formation by lysyl oxidase+ and 

non-enzymatic glycation.18 This staggered molecular organization is responsible for the 

characteristic 67 nm d-banding pattern that can be observed by electron microscopy (Fig. 

1C), AFM, and x-ray scattering.19–22 Recent investigations have extended the 2D Hodge-

Petruska model of tropocollagen organization to 3 dimensions, preserving the basic 

staggered overlap organization of tropocollagen molecules, while revealing a lateral 

arrangement of molecules into a quasi-hexagonal lattice with regions of amorphous and 

crystalline order (Fig. 1B).23–25 Collagen fibrils assemble to form fibers (10–50 µm) and 

fibers assemble to form fascicles (100–500 µm), which are the last distinct structural scale 

below the level of the tissue and visible to the eye. While this definition of the hierarchy is in 

agreement with newly proposed nomenclature, it has been suggested that the number of 

hierarchical levels present or their physical size may vary between tissue source and species.
26 A crimp pattern is observed at the fiber and fascicle levels (Fig. 1A, E), with the 

amplitude and period of crimp variable between tissue sources.15 In many tendons 

commonly used for research such as tail tendons, the fascicle is smallest level in the collagen 

structural hierarchy that is easily distinguished by eye and can be isolated without the need 

for optical magnification. However, in many functional tendons the fascicle can be difficult 
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to observe or isolate without additional tissue processing, and in especially small tendons 

(e.g. mouse tail) the fascicle may not exist as a distinct level separate from the tendon.

At every scale of the organizational hierarchy there are non-collagenous constituents located 

in the inter fibril, fiber, and fascicular spaces that are important for ligament and tendon 

function, such as other structural proteins, non-collagenous matrix material, and cells. 

Elastin is the primary non-collagenous protein constituent of ligament and tendon, 

accounting for approximately 1–4% of the dry weight in tendons,33, 34 4–9% of the dry 

weight in typical ligaments,34, 35 but in excess of 70% of the dry weight in some highly 

extensible ligaments.34, 36 The base molecular unit of elastin is tropoelastin, a linear peptide 

chain rich in glycine, alanine, and valine, containing α-helical regions and randomly coiled 

regions that contribute to elastic behavior and high extensibility.37, 38 In mature tissue, 

elastin forms a highly crosslinked network (Fig. 2A-D).38 Recent imaging studies have 

demonstrated that elastin fibers reside between and along collagen fibers, in-register with 

collagen fiber crimp both in ligament (porcine MCL) and tendon (rabbit Achilles tendon) 

(Figs. 1E, 2E-F).39–41

Fibrillin is a structural glycoprotein that is not known to directly contribute to ligament and 

tendon mechanics, but it is involved in the development of the elastin network. 

Immunohistochemical studies of elastic fiber growth during development indicate that 

growth of a fibrillin microfibril network precedes elastin deposition and acts as a scaffold for 

elastin network development.42, 43 The importance of fibrillin 1 for elastic fiber formation 

has been demonstrated in mouse models, where Fbn1 heterozygous knockout mice die soon 

after birth due to vascular and pulmonary failure, due to an abnormally thin and fragmented 

elastic fiber network.44

A number of non-fibrillar constituents play an important role in regulating collagen fibril 

assembly and make up the inter fibril, fiber, and fascicle matrix. Small leucine rich 

proteoglycans (SLRPs) decorin, biglycan, fibromodulin, and lumican make up 0.1–5% of 

ligament and tendon dry weight10, 45, 46 and regulate collagen fibril assembly. SLRPs consist 

of a core protein and covalently attached glycosaminoglycan (GAG) side chains, which can 

be sulfated.47 Binding of SLRPs to collagen molecules and fibrils may occur via the 

horseshoe shaped core protein, as most common for decorin (Fig. 1C), or through interaction 

of fibrils with the GAG side chains, which has been demonstrated for biglycan.48 The 

expression and role of these SLRPs occurs in linked pairs with decorin/biglycan and 

fibromodulin/lumican performing similar functions and having inversely related expression 

in genetic knockout animal models.49, 50 Mouse models of decorin knockout result in 

irregularly shaped collagen fibrils and increased mean fibril diameter throughout 

development and at maturity.50 While decorin is the most abundant SLRP, knockout of 

biglycan, fibromodulin, and lumican result in similar type and extent of fibril abnormalities.
51 This regulatory role has also been demonstrated during in vitro self-assembly of collagen 

fibrils, with collagen fibrils assembled in the presence of decorin exhibiting smaller mean 

fibril diameter52 and delayed onset and slower rate of fibrillogenesis.53 Large proteoglycans, 

such as aggrecan, are present in the inter fiber and fascicular matrix, occurring in healthy 

tissue predominantly in fibrocartilaginous regions of pulley tendons that are subject to 

compressive loading.54–56 Accumulation of large proteoglycans in tensile loaded regions of 
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tendon is a hallmark of tendinopathy57–59 and these proteoglycan-rich regions alter the 

loading environment at the level of the cell.60, 61

The final constituent of ligament and tendon discussed here may be argued by some as the 

most important constituent: cells, with fibroblasts in ligament and tenocytes in tendon 

comprising the primary cell populations. Cells manufacture all of the structural constituents 

discussed above and are the means by which the tissue forms during development, is 

remodeled to adapt to loading, or is repaired following injury. Although the direct 

contribution of ligament and tendon cells to tissue-level mechanics is still under 

consideration, these cells are functionally responsive to the local loading environment. We 

refer the reader to recent reviews and research focused on defining ligament and tendon cell 

populations and their function during tissue development, maintenance, repair, and 

regeneration.62–65

MATERIAL BEHAVIOR ACROSS DIFFERENT PHYSICAL SCALES

The variety of constituents and their intricate structural organization are important for 

normal mechanical function of ligament and tendon. Significant effort has been expended to 

understand the material behavior across these different physical scales, from the molecule to 

the whole tissue, to elucidate the contribution of each to overall tissue behavior. In this 

review, we highlight a recent emphasis in the literature to investigate the mechanical 

differences of functionally distinct tendons. Tendons are sometimes classified as “energy-

storing”, which store a significant amount of elastic energy during loading and typically 

experience high in vivo strain (e.g. Achilles tendon), or “positional”, which function 

primarily in limb positioning and typically experience lower in vivo strain (e.g. digital 

extensor tendons). Table 1 provides a summary of material properties across the ligament 

and tendon hierarchy, from the molecular level to the tissue level.

Collagen Molecule.

Relatively few experiments have attempted to directly determine the material behavior of 

collagen molecules. Most of the published data on the material properties of the collagen 

molecule are estimates based on tests at higher length scales or computational simulation. 

Individual type-I collagen molecules have been directly stretched using optical tweezers, 

demonstrating a highly non-linear force-displacement relationship (Fig. 3A) and providing 

an estimate of the linear elastic modulus from 0.35–12 GPa.66 A few investigations have 

measured collagen molecule deformation due to loading applied to fascicles or tendon using 

x-ray diffraction67 and Brillouin light scattering,68 providing estimates for the linear elastic 

modulus of the molecule in the range 3–9 GPa. Atomistic scale modeling of the collagen 

triple helix has recreated the experimentally observed non-linear force-displacement 

relationship, while estimating the elastic modulus in the range of 2–7 GPa.69–71

Collagen Fibril.

Until recently, there was very limited reliable data on the material behavior of the collagen 

fibril as well. Early experiments measured collagen fibril deformations by x-ray scattering, 

while applying load at the fascicle or tissue scale.20 Just within the last decade, investigators 
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have been able to isolate individual mammalian collagen fibrils and perform mechanical 

testing using atomic force microscopy72 or a novel micro-electromechanical system.73 These 

experiments have demonstrated differences in the stress-strain behavior of type-I collagen 

fibrils from tissues with different levels of intermolecular crosslinking and from different 

tissue sources (e.g. differences in species and/or tendon function). Non-linear stress-strain 

behavior is also present at the fibril scale (Fig. 3B) and published estimates of the fibril 

elastic modulus range from 0.3–1.5 GPa.72, 73

To the authors’ knowledge, while fiber-level kinematics have been measured during loading 

applied to higher structural scales, no direct material tests have been reported at the scale of 

the collagen fiber.

Fascicle.

The tendon fascicle has been a common choice for studies of mechanics due to the ease of 

isolation and the ideal geometry for uniaxial tensile testing. Fascicles exhibit non-linear 

force-displacement behavior, a result of the complex interaction of its constituent structures. 

The characteristic fascicle stress-strain curve contains a soft toe region at small strains, due 

to uncrimping of the fascicle,74, 75 that transitions to a stiff linear region (Fig. 3C). 

Depending on tissue physiological function and species, fascicles may rupture shortly after 

departure from linear stress-strain behavior or exhibit an extended region of soft material 

behavior (Fig. 3C).72, 76 Material properties of the fascicle vary with the physiological 

function of the tendon; bovine digital extensor tendon (positional) exhibits higher ultimate 

tensile strength, but increased stress relaxation and hysteresis during fatigue loading 

compared to deep digital flexor tendon (energy storing).77 While positional and energy 

storing tendons are often presented as distinct populations, the energy storing behavior of 

tendons likely exists as a continuum governed by the physiological requirements of the 

tissue.

Tissue Level.

Mechanical testing at the tissue scale best probes the material behavior at a physiologically 

relevant scale for musculoskeletal function. Additionally, the larger size test samples from 

whole tissue enable a wider range of loading mechanisms to be investigated, including 

transverse,40, 78 biaxial,79 and shear loading.40, 56, 78, 80 While not all ligaments and tendons 

experience significant transverse and biaxial loading in vivo, these test methods provide 

valuable insight to the anisotropy of the tissue, mechanisms of load transfer between scales, 

and the structural organization of tissue constituents. Similar to the fascicle level, whole 

ligament and tendon exhibit non-linear force-displacement behavior in the longitudinal 

direction, with a soft toe region at low strains followed by a stiff linear region.81, 82 

Conversely, stress-strain behavior transverse to the fiber orientation is relatively linear and 

typically exhibits tensile strength and tangent modulus an order of magnitude less than the 

longitudinal direction.82 While shear moduli are more than an order of magnitude lower than 

in the longitudinal and even transverse directions, shear stress-strain behavior is highly non-

linear.83 Material behavior at the tissue level also remains viscoelastic, with tensile strength 

and strain at failure increasing by approximately 1.5 to 4 fold due to a 200 fold increase in 

strain rate.81 Strain rate has a small effect on phase shift during longitudinal viscoelastic 
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testing84 indicating increased energy dissipation at higher strain rates, but the linear region 

of the stress-strain curve during monotonic tensile testing and the dynamic modulus from 

harmonic oscillation testing do not exhibit significant changes.78, 81, 84–86 Viscoelasticity at 

the tissue level has been attributed both to the biphasic nature of the tissue, whereby time-

dependent behavior is the result of fluid flow through the solid phase of the tissue, and solid 

phase viscoelasticity, the result of intrinsic viscoelasticity of individual hierarchical 

structures and the interactions between levels.

LOAD TRANSFER ACROSS PHYSICAL SCALES AND BETWEEN 

CONSTITUENTS

The complex material behavior of ligaments and tendons is not completely explained by the 

behavior at each structural level of the collagen hierarchy; it is also influenced by molecular-

scale chemical interactions and the non-collagenous constituents in the inter-fibril, fiber, and 

fascicular spaces, which mediate load and strain transfer between each level. Although many 

gaps remain in our knowledge of how load is transferred within and between structural 

scales from the molecule to the tissue level, recent research has helped to elucidate several 

relationships, and these new findings are changing how we interpret the origins of ligament 

and tendon material behavior and changes that occur due to aging, injury and disease.

Load Transfer between Collagen Molecules.

At the level of the collagen molecule, load transfer between collagen molecules occurs 

primarily through though chemical crosslinks. Crosslinks form by the natural conversion of 

amino acid side chains to reactive aldehydes, which react with adjacent amino acids to form 

a covalently bonded structure between collagen α-chains.17, 87–89 These aldehyde-based 

crosslinks form by enzymatic activity, via lysyl oxidase, or by the non-enzymatic formation 

of advanced glycation end-products, and crosslinks are known to form both between α-

chains of the same triple helix (intramolecular) and between adjacent triple-helices 

(intermolecular). The critical role of crosslinks for tissue integrity and function is revealed 

by the perinatal lethality of lysyl oxidase genetic knockout in mice.90, 91 Administration of 

the lysyl oxidase inhibitor β-aminopropionitrile,92 which causes enzymatic crosslink 

deficiency in developing animals, has been used extensively to understand the role of 

enzymatic crosslinks. These studies demonstrated that crosslink deficiency reduced the 

stress, strain, and energy at failure of rat tail tendons over the entire course of development.
76, 92 Atomic-scale computational simulation of crosslinked collagen molecules support 

these experimental results and have helped elucidate the role of different enzymatic 

crosslinks in tissue behavior93, 94. Simulation of collagen fibrils containing increasing 

concentrations of intermolecular crosslinks demonstrated a transition from dissipative 

deformation behavior with large yield regions to brittle deformation behavior with 

increasing crosslink density.93 This transition from dissipative to brittle deformation 

behavior was shown to depend on the crosslink type (transition at lower crosslink density for 

trivalent vs. divalent).94
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Load Transfer from Fascicle to Fibril Scale.

The effect of strain attenuation from the fascicle scale to the fibril has been demonstrated by 

x-ray diffraction imaging of tendon fascicles under tensile load, revealing that fibril strain, as 

measured by the change in d-period, is always smaller than the fascicle-level applied strain.
76 While the mechanism of load transfer from the tissue to the fibril remains unknown, load 

transfer between collagen fibrils was a topic of great debate over the last 10 years. SLRPs 

have been considered a primary candidate mechanism for load transfer between fibrils and 

tissue viscoelasticity,95, 96 due to their structural organization, where GAG side chains from 

SLRPs on adjacent fibrils are observed to interact.47 Experiments using decorin genetic 

knockout have demonstrated altered tensile and viscoelastic properties of tendons from 

knockout animals.96, 97 However, a series of experiments in which porcine medial collateral 

ligaments underwent selective removal of dermatan sulfate, the primary GAG side chain 

associated with decorin, demonstrated that these GAG side chains do not contribute to 

ligament material behavior under quasistatic tensile or shear loading,80 viscoelastic tensile 

loading (Fig. 4),84 or incremental stress relaxation.46 Together, these experiments emphasize 

the developmental importance of SLRPs for normally functioning mature tissues. It has also 

been proposed that the collagen fibril itself is the structural mechanism for fibril-to-fibril and 

tissue-to-fibril load transfer. Transmission and scanning electron microscopy studies have 

been unable to detect a significant number of collagen fibril ends in mature ligament and 

tendon, with only a single end identified in nearly 70 mm of combined tissue length.28, 29 

These studies provide strong evidence that fibrils are either structurally or functionally 

continuous throughout the tissue length and support the notion that load is transferred 

directly through collagen fibrils rather than via interfibrillar coupling.29 A recent study using 

serial scanning electron microscopy along the length of rat tail tendon fascicles 

demonstrated the existence of small diameter fibrils that branch between larger diameter 

collagen fibrils,98 which may facilitate load transfer between adjacent fibrils and serve as a 

mechanism for shear load transfer between the continuous fibrils.

Load Transfer from Fascicle to Fiber Scale.

Adding to the debate regarding load transfer at the fibril scale, there is additional 

disagreement regarding which observed features and behaviors are associated with the fibril 

and fiber scales. Based on the definitions used for the ligament and tendon structural 

hierarchy, which are in agreement with the nomenclature proposed by Handsfield et al.,26 

observations at micron length scale are referred to hereinafter as occurring at the level of the 

fiber. While an argument may be made that collagen second harmonic generation (SHG) 

imaging of collagen provides fibril-level results since SHG signal is due to the organization 

of collagen molecules within fibrils, these optical microscopy observations are still 

diffraction-limited and limited by the pixel resolution of the imaging system, thus they may 

be most appropriately described as fiber-level features imaged by fibril-level optical 

phenomena. Notch testing of rat tail tendon fascicles has revealed that fiber-level tensile 

strain is continuous throughout the fascicle, demonstrating that a mechanism for inter-fiber 

shear transfer must exist.98 In these experiments, a partial thickness cut (notch) created a 

material discontinuity and caused a strain localization at the notch tip to propagate along the 

length of the fascicle.98 The continuity of strain across the fascicle width was monitored 

using a series of photobleached lines, which continued to deflect toward the fascicle axis at 
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increasing applied tensile strain (Fig. 4).98 One candidate for inter-fiber load transfer is the 

elastin network, which resides between and along collagen fibers.39–41 Experiments using 

selective elastin degradation with elastase have demonstrated that elastin is an important 

contributor to tensile strength,35, 99 is the primary determinant of transverse ligament 

behavior,40 and a major contributor to ligament and tendon shear properties (Fig. 4).40, 100 

Interestingly, hysteresis during quasistatic tensile loading was unaltered between control and 

elastase treated tendon,99 suggesting that other components of the tissue are responsible for 

energy dissipation.

Optical tracking of fiber scale deformations has also been used understand the relationship 

between applied fascicle-level strain and deformations at the collagen fiber.32, 101 

Photobleached lines or grids can be used to track general fiber-level matrix strain and cell 

nuclei can be used as fiducial markers to distinguish inter and intra-fiber strain, as cells 

reside in the inter-fiber space. These experiments have demonstrated significant strain 

attenuation from the fascicle to the fiber scale, with fiber-level matrix strain measured from 

the deformation of photobleached grids typically 10–35% of the tissue-level tensile strain or 

applied grip strain.60, 101 Incremental stress relaxation experiments utilizing cell tracking 

have demonstrated significant strain attenuation at the fiber level with fiber strain reaching 

only 1.2% for an 8% applied tensile strain to the fascicle.32 Stress relaxation experiments 

using this cell tracking strain measurement revealed significant relaxation by inter-fiber 

sliding, with the inter-fiber relaxation nearly 20× greater than intra-fibril relaxation under the 

same loading, as measured by x-ray scattering.102 Fiber-level kinematics are different 

between functionally distinct tendons, with porcine digital flexor tendon (energy storing) 

exhibiting greater inter-fiber sliding and less intra-fiber relaxation compared to common 

digital extensor tendon (positional) under stress relaxation, though the primary mechanism 

of fiber-level relaxation remained inter-fiber sliding for both tissues.103

DAMAGE AND FAILURE

Just as the material behavior at each structural scale and the interaction between scales are 

important determinants of tissue-level behavior, tissue-level damage is manifested across the 

hierarchy of structure. It is important to define damage as it applies to soft biological tissues, 

as a broadly accepted definition does not exist in the literature. Conventionally, damage has 

often been described as an unrecoverable change in material behavior, which has been 

defined in terms of different material parameters including elastic modulus or stiffness,
74, 104, 105 toe-to-linear region transition strain,104, 106 and failure strength.77, 104 However, 

these definitions do not require detection of temporary or permanent changes in tissue 

structure. In this paper, we propose a working definition of mechanical damage to ligaments 

and tendons as an unrecoverable change to the structure or material behavior of the tissue or 

its constituents within at least one level the tissue structural hierarchy. This definition of 

damage includes changes in the hierarchical structure that alter mechanics at the scale of 

interest, but may not be detectable at the tissue level, while requiring that observed changes 

in material behavior are permanent. Failure of ligament and tendon at the tissue level can be 

more easily defined as the inability to carry a load. This definition is complicated by the 

existence of partial tendon and ligament tears, but under the definitions of damage and 

failure used here, these partial tears can be considered material damage as the tear causes 
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permanent change in the material structure and function but does not result in a complete 

loss of function.

Damage to the Collagen Molecule.

Several computational studies have investigated the failure behavior or individual collagen 

molecules, and recent experimental studies have demonstrated that molecular-level damage 

and/or failure of collagen occurs due to mechanical loading. Steered molecular dynamics 

simulations of the collagen triple helix under applied tensile load have predicted that the 

fracture stress of a collagen molecule is 11.2 GPa (~40% strain), due to rupture of covalent 

bonds in the peptide backbone.69 More recent simulations investigating additional 

molecular-level damage mechanisms have demonstrated that collagen triple-helices are 

capable of permanent unfolding under tensile loading, due to shear load transfer through 

intermolecular crosslinks, at much lower stress and strain than required for molecule 

fracture.107

Experimentally, molecular-level changes due to mechanical loading have been demonstrated 

in bovine tail tendon repeatedly stretched beyond the linear region of the stress-strain curve.
108–110 These overloaded tissues exhibited decreased thermodynamic and mechanical 

stability at the molecular level, as evidenced by reduced enthalpy of denaturation and 

increased susceptibility to trypsin degradation.108–110 Most recently, our laboratory 

demonstrated that these molecular-level changes are the direct result of mechanical 

unfolding of the collagen triple-helix. Rat tail tendon fascicles subjected to increasing strain 

exhibited increased molecular-level damage as indicated by binding of collagen hybridizing 

peptide (CHP), which specifically hybridizes unfolded α-chains with triple-helical folding 

propensity (Fig. 5).107 Furthermore, the mechanical damage detected using CHP 

corresponded with increased susceptibility to trypsin digestion107 (Fig. 5c), suggesting that 

previously observed thermodynamic and mechanical instability following tensile overload 

was the result of mechanical unfolding of the collagen molecule. An important finding of 

this study was that molecular-level collagen damage occurred at subfailure levels of strain 

and correlated with changes in tissue mechanics107, suggesting that molecular-level collagen 

damage is critical to the initiation and progression of tendon mechanical damage.

Damage and Failure of Fibrils.

Very few studies have been able to produce failure in collagen fibrils due to direct fibril-

scale tensile loading. Atomic force microscopy has been used to apply tensile loading to 

individual fibrils until failure.72 These experiments examined the failure behavior of native 

rat tail tendon fibrils with or without crosslink stabilization by sodium borohydride 

reduction, tendon fibrils from Zucker diabetic fat rats, and human patellar tendon fibrils. 

Interestingly, material and failure parameters for native, crosslink stabilized, or diabetic rat 

tail tendon fibrils were similar, indicating that stabilization of immature crosslinks did not 

alter material or failure behavior of fibrils.72 Uniaxial tensile failure tests of rat tail tendon 

fibrils using a MEMS device resulted in a sharp fracture interface, indicative of a brittle type 

failure behavior.73 Interestingly, brittle failure is rarely observed in samples loaded at the 

fascicle and tissue scales, suggesting that catastrophic, brittle failure of substructural levels 

(i.e. molecule and fibril) happens in a progressive manner during loading at higher levels 
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(i.e. fascicle and tissue) causing the observed tearing type of failure. Other experiments have 

sought to investigate mechanisms of fibril-level damage due to loading at a higher structural 

level. Veres et al. demonstrated that kinks form along the length of collagen fibrils due to 

fascicle scale tensile loading.111, 112 At the location of the kinks, collagen fibrils exhibit 

increased susceptibility to trypsin degradation, and the spacing of kinks along fibrils seems 

to be dependent on both loading condition and physiological tendon function.108, 112, 113

Damage at the Fiber Level.

Fiber-level damage has been investigated through the use of optical microscopy techniques 

on samples loaded at the fascicle and tissue scales. Following subrupture creep fatigue 

loading of rat flexor digitorum longus tendon, kinked fiber deformations were observed, 

indicating structural damage at the fiber level.105 These structural changes were associated 

with permanent mechanical changes, as a diagnostic tensile test to half the fatigue load, 

performed after an 80 minute unloaded recovery period, resulted in increased clamp strain 

compared to the pre-fatigue diagnostic loading.105 At the highest level of fatigue loading, 

authors noted fiber dissociation and rupture, along with decreased tissue modulus and 

increased hysteresis.105 Similar morphological changes have been observed in fatigue 

loaded rat tail tendons,114 bovine extensor and flexor tendon fascicles,115 and in an in vivo 
model of rat patellar tendon fatigue.116 The rat patellar tendon in vivo fatigue model has also 

been used to monitor the effect of fatigue loading on cellular function and material behavior 

following short-term repair out to 7 days. These studies found suppression of inflammatory 

markers and proteinases at low-level fatigue loading, with expression of these same genes 

increased 5–6 fold following moderate fatigue loading117 and increased cell apoptosis at 3 

and 7 days following fatigue loading.118 Clearly, mechanically induced tissue damage 

causes a cascade of altered cellular activity along with altered material behavior and tissue 

structure.

Damage at the Fascicle Scale.

Relatively few studies have investigated damage occurring specifically within the fascicle or 

tissue level, with most studies focusing on damage within the lower structural levels under 

fascicle-level loading. A study investigating the effects of tissue crosslinking in rat tail 

tendon found that while crosslink stabilized fascicles lacked the stress plateau characteristic 

of the native fascicles, they exhibited similar linear modulus resulting in decreased strain and 

increased stress at failure.72 Most recently, one group has focused on the function of the 

inter-fascicular matrix in tendon damage, demonstrating that the inter-fascicular matrix of 

bovine superficial digital flexor tendon, a model energy storing tendon, can withstand 

significantly more loading cycles to failure than bovine common digital extensor tendon, a 

model positional tendon.119 Previously, this group reported that the inter-fascicular matrix of 

positional tendons was stiffer, restricting fascicle sliding and possibly accounting for 

observed differences between fascicle and tissue failure strains.89 These studies on the inter-

fascicular matrix demonstrate that fascicle-level constituents may play an important role in 

the damage and failure of ligaments and tendons, which is worthy of additional study.
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CONCLUSION AND FUTURE DIRECTIONS

There has been a focus in recent years to understand the inter-connection and relationship 

between each of the constituent scales in collagenous connective tissues; however, this 

research area is still in its infancy. As described in this article, a number of investigations 

have helped establish the relationship between tissue/fascicle-level strain and fiber or fibril-

level strain. While evidence of damage in ligament and tendon can be observed across the 

entire hierarchy of structure, it remains unclear how strain or load are transmitted between 

these structural scales or the order in which structural damage progresses. New tools to 

investigate molecular-level damage should be employed and integrated with existing 

techniques to detect structural and mechanical damage at higher length scales. Combined 

with advancements in multiscale computational simulation, we are at an opportune time to 

bridge length scales and elucidate the multiscale nature of load transfer and damage in 

ligament and tendon.

Answering basic questions about load transfer between structural scales and developing an 

understanding for the mechanisms by which it occurs will have significant clinical impact. 

This information will help elucidate the mechanisms at play in heritable and acquired 

connective tissue diseases and reveal potential targets for treatment. This knowledge will 

also help determine the mechanisms and progression of mechanical injury to ligaments and 

tendon, providing new insight on injury prevention and rehabilitation.
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Figure 1. 
A) Collagen structural hierarchy in ligament and tendon from the molecule to the tissue. The 

collagen triple-helical molecule, or tropocollagen, is assembled of three alpha-chains and 

forms the fundamental component of ligament and tendon (reprinted with permission, from 

Handsfield et al.26) B) Collagen molecules arrange longitudinally and laterally in a quarter-

stagger pattern to form collagen micro-fibrils (top, length compressed 5 times for display). 

Transverse organization follows a quasihexagonal packing (bottom), with groups of 5 

molecules forming the lattice-like structure (inset; adapted with permission, from Orgel27). 

C) The quarter-stagger arrangement is responsible for the characteristic d-banding pattern of 

collagen fibrils, which is observed in electron microscopy (3D reconstruction from serial 

transverse SEM images – left; SEM backscatter image - right). Fibril-level SEM imaging 

demonstrates high level of alignment, high aspect ratio, and continuity of fibrils along the 

length of ligament and tendons (left adapted with permission, from Svensson et al.28; right 

adapted with permission, from Provenzano et al.29). D) Small leucine rich proteoglycans 

such as decorin proteoglycan interact with collagen at the fibril level, playing an important 

role in regulating fibril growth (reprinted from Kosho30). E) Collagen fibrils assemble to 

form collagen fibers, which contain a characteristic crimp pattern that is observed by many 

optical techniques including brightfield microscopy (left, adapted with permission, from 

Legerlotz et al.31), fluorescence microscopy (top, reproduced with permission, from Screen 

et al.32) and second harmonic generation imaging (bottom). Tenocytes (top) and elastin 

(bottom, yellow) reside between and in register with collagen fibers. Groups of fibers are 

enclosed by a fascia-like layer of endotenon to form fascicles, with groups of fascicles 

comprising the ligament or tendon. Some tendons, such as the Achilles tendon, originate 

from multiple muscle bellies with a single bone insertion point; in these multi-muscle 

tendons, each muscle belly contributes a subtendon.
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Figure 2. 
(A-D) Representation of the elastin network in ligament tissue. (A) In an unloaded state, the 

crosslinked elastin network exists as an unorganized network of randomly coiled elastin 

fibers. (B) Under applied load, the elastin network elongates and (C) following selective 

digestion with elastase the network is disrupted and only fragments remain. (D) 

Representation of elastin residing along and between collagen fibers in ligament (A-D 

reprinted with permission, from Henninger et al.35). (E-H) Multiphoton microscopy of 

collagen (E, green), elastin (F, cyan), and cells (G, red) in unloaded tendon/ligament. These 

images reveal the presence of elastin between collagen fibers and in register with fiber 

crimp. Scale bar, 30 µm (E-H adapted with permission, from Pang et al.41).
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Figure 3. 
Force-displacement and stress-strain relationships at different levels of the ligament and 

tendon hierarchy. Each scale exhibits non-linear behavior and the behavior of higher level 

structures is due to a combination of the behavior of subscale features directly and their 

interactions. A) force-extension of a single tropocollagen molecule, stretched by optical 

tweezers. Since, the optical tweezer method is not capable of achieving failure loads for a 

collagen molecule, this curve only displays behavior of the molecule at low strains. The 

elongated toe region is a result of stretching the molecule to its contour length, estimated at 

315 ± 44nm. While this toe region appears long with respect to the molecule force-extension 

curve, it is still short compared to the micron to millimeter scale toe regions observed for 

higher level structures (reprinted with permission, from Sun et al.66). B) Stress-strain curves 

from human patellar tendon (HPT) and native rat tail tendon (N-RTT) fibrils, loaded in 

tension using an atomic force microscope (reprinted with permission, from Svensson et al.
72). C) Stress-strain curve of a single fascicle from rat tail tendon, loaded by an electro-

mechanical test system. This shape of this curve holds strong similarity to that observed for 

collagen fibrils. The toe region at the fascicle level is likely the result of molecules stretching 

to their contour length and uncrimping at the fiber level.
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Figure 4. 
Mechanisms of load transfer at the fiber and fibril scale. (A) Deformation of photobleached 

lines at increasing tensile strain and along the length of a tendon fascicle during tensile 

testing of a notched specimen. The continuity and increased deflection of the photobleached 

lines reveal shear transfer across the strain localization caused by the notch (adapted from 

Szczesny et al.98). (B-D) Elastin contribution to the tensile, shear, and transverse behavior of 

porcine MCL. While removal of elastin by elastase treatment reveals a contribution to tensile 

behavior, namely an extension in the toe-region, elastin is the primary determinant of shear 

and transverse mechanics suggesting it is a likely candidate mechanism for fiber-level shear 

load transfer (B adapted with permission, from Henninger et al.35; C-D adapted with 

permission, from Henninger et al.40). (E-G) Decorin does not contribute to the quasistatic or 

viscoelastic behavior of porcine MCL, demonstrated by unchanged material response 

following selective removal of the chondroitin and dermatan sulfate side chains. Thus, while 

proteoglycans have demonstrated an important role during tissue development, they do not 

contribute to the mechanics of mature tissues (E-F adapted with permission, from Lujan et 

al.80; G adapted from Lujan et al.84).
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Figure 5. 
Collagen molecular damage due to incrementally applied tensile strain. A) Average stress-

strain curves for fascicles stretched to incremental levels of strain. B) Fluorescence images 

of rat tail tendon fascicles stretched to 5, 10.5, and 15 % strain, then stained with fluorescent 

collagen hybridizing peptide, which detects unfolded collagen α-chains. On the bottom, a 

brightfield image of a fascicle shows the orientation of the fascicles in the fluorescence 

images. Scale bars, 2 mm. C) Incremental molecular damage with increasing strain 

quantified by intensity of fluorescent-CHP staining (green) and trypsin digestion (blue). 

Correspondence between the two techniques confirms that CHP binding detects 

mechanically unfolded collagen. The orange dotted lines in (a) and (c) indicate the 

approximate transition strain from the linear region to the onset of damage as identified by 

deviation of the stress-strain curve from linearity, which correlates with the onset of 

fluorescent-CHP intensity (reprinted from Zitnay et al.107).
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Table 1.

Material properties across the structural hierarchy in ligament and tendon. Properties reported from multiple 

studies are listed as a range of the reported values, while properties reported from a single study are reported 

as mean ± SD.

Tissue or 
hierarchical 

level

Tensile 
tangent 
modulus 
(MPa)

Tensile strength (MPa) Transverse modulus (MPa) Transverse strength (MPa) Shear modulus (MPa)

Type-I collagen
molecule 66–69 350–12000 11000* N/A N/A N/A

Type-I collagen
fibril72,73 300–1500 70–200 N/A N/A N/A

Rat tail tendon
fascicle72,31 480–1400 38–110 N/A N/A N/A

Porcine MCL35,40 267.0 ± 123.6 9.1 ±4.1 0.84 ±0.22 N/A 0.66 ±0.37

Human MCL 82,83 332.15 ±58.27 38.56 ±4.76 11.02 ± 3.57 1.69 ± 0.53 1.72 ± 0.49

*
estimate from computational modeling
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