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ABSTRACT

Ligaments are collagenous tissues that passively resist tensile forces to maintain joint stability
and guide joint motion. When ligaments are damaged or are healing from an injury, they have
increased laxity. Increased ligament laxity may cause increased joint laxity, which could lead to
other musculo-skeletal complications. As damage is thought to influence ligament laxity, it is

important to understand damage mechanisms and accumulation in ligament.

Ligaments can be damaged during loading and in vivo loads can be either constant (creep) or
cyclic (fatigue); therefore, the effects of creep and fatigue on damage accumulation were
investigated in ligament. Medial collateral ligaments were subject to in vitro, uniaxial creep or
fatigue tensile loading. Testing was completed at three maximum stresses: 60%, 30% and 15%
of the ultimate tensile strength. Some ligaments were loaded until rupture, and some did not
rupture during loading. Behaviour of ligaments subjected to creep was compared to those
subjected to fatigue at each stress level. Ligament behaviour was quantified with times-to-
rupture, strain profiles, and stress-strain characteristics. Damage was confirmed with a stretch to

failure for those ligaments that did not rupture in creep or fatigue.

Fatigue loading was more damaging than creep loading. Fatigue ligaments failed sooner than
creep ligaments and the strain profiles differed between the two loading. profiles. On a
normalized time scale, creep ligaments experienced higher strains than fatigue ligaments. When
time of loading was ‘accounted for, fatigue ligaments failed sooner, which resulted in greater
strains in fatigue than creep at specific time-points. Both creep and fatigue loading resulted in
changes in stress-strain characteristics. Tangent modulus was used to track damage and inputted

into a continuum damage mechanics model to predict time-to-rupture of creep and fatigue.

Results indicate that fatigue loading likely involves an additional damage mechanism not present
in creep loading. In essence, fatigue loading involves both cycle-dependent and time-dependent
damage, while creep loading only involves time-dependent damage. Therefore, loading

condition (static versus cyclic) was found to affect damage accumulation in ligament.

Information from this study furthers the current understanding of ligament damage accumulation.
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GLOSSARY

Chord modulus: Change in stress per cycle divided by the change in strain per cycle

Cycle-dependent damage: Damage associated with the loading ramp

Effective stress: Force divided by the effective cross-sectional area (that contributing to load-
bearing)

Failure Strain: Strain corresponding to either the ultimate tensile strength or residual strength
during a single stretch to failure

Increase in strain: Strain accumulated in addition to the initial strain

Initial tangent modulus: Tangent modulus of the first loading ramp to the test stress

Initial strain: Strain resulting from the first loading ramp to the test stress

Linear-region: Region of the stress-strain curve with constant tangent modulus

Maximum tangent modulus: Largest tangent modulus recorded for each specimen during creep
or fatigue loading

Modulus ratio: The ratio of tangent modulus at any time-point to the maximum tangent
modulus

Nominal stress: Force divided by the fully intact (initial) cross-sectional area

Residual Strength: Maximum stress supported by each ligament during a single stretch to
failure following a period of creep or fatigue loading

Strain-at-rupture: Strain recorded at the last time the ligament supported 99% of the test stress

Strain to 5 MPa: Strain at S MPa for each cycle minus the valley strain for the corresponding
cycle

Steady state strain rate: The strain rate during secondary strain evaluated with the slope of a
linear regression of the strain data _

Tangent modulus: Slope of a linear regression fit to the upper 50% of the stress strain curve

Time-dependent damage: Damage associated with time at high load

Time-to-rupture: Total duration of creep or fatigue loading before ligament rupture

Toe-region: Region of the stress-strain curve with increasing tangent modulus

Ultimate tensile strength: Maximum stress supported by each ligament during a single stretch

to failure

Valley strain: Minimum strain in each cycle
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1.0 INTRODUCTION

Motivation for this work originates from the continued investigation into the properties of normal
and healing ligaments (1,19,20,53,59-63). One major question remains to be answered: Why are
healed ligaments more lax (stretched out) than normal ligaments? Ligament laxity may be
affected by the interactions of damage and repair. However, a healing ligament is a very
complex structure with aspects of normal ligament as well as some additional complications
associated with scar tissue (53,63). An understanding of the interaction of damage and repair in
normal ligament is required before the interaction of these mechanisms is understood in healing
ligament. Both damage and repair are complicated issues and it is beneficial to first investigate
them independently before studying their interactions. Damage in normal ligament is examined
with mechanical evidence of damage té provide baseline knowledge for a much larger
investigation of damage and repair. An understanding of ligament structure, function and

mechanics is required to investigate ligament damage.

1.1 Ligament Structure, Function and Mechanics

Ligaments are discrete bands of connective tissue that connect articulating bones to one another,
guide joint motion, maintain joint stability and resist tensile distraction (21,33). Some ligaments
are thought to provide proprioception (4,33,55). Ligaments are composed of four main

components that are arranged in a hierarchical fashion: collagen, proteoglycans, elastin and water
7). '

Collagen molecules are the main load-bearing component in ligaments (44,68) and make up 70 to
80% of the dry weight of the tissue (21). They are predominantly type 1 collagen (21) and are
about 340 nm in length. Collagen molecules connect to each other through crosslinks to form a
helical chain (55). Groups of three crosslinked chains combine to make tropocollagen molecules,
which in turn aggregate to form fibrils. Fibrils combine to create fibres, which then group

together to form fascicles. Fascicles bundle together to create a ligament. It is unknown what

length fibres are. It is suspected that they are continuous from origin to insertion (44,55), but it is




possible that some fibres are not continuous throughout the ligament. Discontinuous fibres are

more prevalent in developing and healing ligaments (44).

Ligament fibres are predominantly aligned with the longitudinal (loading) axis of the ligament
and are crimped in an unstressed state (33). Crimp is the ‘waviness’ or undulations associated
with fibres (15,47). As ligaments are loaded, fibres straighten out. Some fibres straighten
(become recruited into load bearing) before others. This is thought to contribute to the non-
linearity of the ligament stress-strain response (28). In addition, fibre recruitment is affected by
loading duration. A ligament subjected to a constant load over a long time period will recruit
more fibres than one subjected to the same load for a shorter time (62). Whole ligament
distribution of crimp is dependent on joint angle when a ligament is unstressed (62). For rabbit
medial collateral ligament, crimp is evenly distributed across the ligament substance at 70° of
flexion. Greater flexion causes reduced crimp (straightening of fibres) in the anterior of the

ligament, while less flexion (extension) causes reduced crimp in the posterior of the ligament.

Fibres have potential to interact with each other by transmitting loads through the ground
substance (composed mainly of proteoglycans) (68). Theoretically, a straightening fibre has
potential to partially recruit surrounding fibres into load bearing by transmitting load through the
proteoglycans. Load transmission results from shear forces induced in the ground substance
(45,46,64), but the magnitude of load carried by the ground substance is likely much less than
that carried by the fibres (as indicated by their relative moduli: 10° MPa versus 0.4 to 2 GPa,
respectively (44)). Elastin is thought to help fibres return to their natural length when unloaded
(21,68).

Water accounts for approximately two-thirds of the wet weight of a ligament (21). Viscoelastic
properties of ligament are affected by water content through its interactions with proteoglycans
(21,68) and perhaps tropocollagen molecules (55), influencing the time-dependent behaviour of
fibre recruitment (62). In addition, it facilitates fascicle sliding and transports nutrients and

wastes to and from fibroblasts (21).

Fibroblasts are the main type of cell within ligaments. With minimal internal vasculature (33),
cells obtain nutrients from water within the ligament. Cells are linked together by cytoplasmic

processes, which may assist in proprioception (33). Some evidence exists suggesting that
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fibroblasts may be intimately attached to collagen fibres (29). If this is the case, then cell

movement during loading could be used to indicate fibre alignment and stretching (50).

Ligament microstructure affects its mechanical behaviour (Figure 1). A typical stress-strain
curve for a ligament is composed of two major regions: the toe- and linear-region. The toe-
region, occurring at low stresses and strains, is characterized by an increasing tangent modulus
(the slope of the stress-strain curve). The profile of the toe-region is likely affected by fibre crimp
(50,62), fibre recruitment (50,62), fibre alignment (50), and axial fascicle rotation (50).

In rabbit MCL, the linear-region begins around 15% of the ultimate tensile strength and 5%
strain when stretched at 20mm/min. The transition from toe-region to linear-region may vary
depending on the loading rate and the ligament examined (24). Within the linear-region, the
tangent modulus is fairly constant until rupture. Sources of stretching in the linear-region may be
fibre or molecule stretching (50), fibre sliding (50) and perhaps lesser amounts of fibre

recruitment (62).

100 —
Stress
(% ours)
15
0

5% Strain

Figure 1: Schematic representation of a rabbit MCL stress-strain curve. The curve
consists of two regions. a toe-region with increasing tangent modulus and a linear-
region with constant tangent modulus. When stretched at 20 mm/min, the transition
from toe- to linear-region occurs around 15% UTS and 5% strain.




1.2 Knee Ligaments

Knee ligaments are often used to examine ligament behaviour because they have clear functional
roles, they are easily accessible, and they have clinical relevance. There are four main knee
ligaments: the anterior cruciate ligament (ACL), the posterior cruciate ligament (PCL), the
medial collateral ligament (MCL) and the lateral collateral ligament (LCL). Figure 2 is a

schematic diagram of the knee ligaments.

Femur

Lateral Collateral Ligament (LCL)
Anterior Cruciate Ligament (ACL)
Posterior Cruciate Ligament (PCL)

Medial Collateral Ligament (MCL)

Fibula
Tibia

Figure 2. Schematic diagram of the knee ligaments showing the ACL, PCL, MCL,
and LCL. The cruciate ligaments are both intra-articular, and the collateral
ligaments are extra-articular. The schematic depicts a right knee.

The cruciate ligaments are found within the joint (intra-articular) (33), while the collateral
ligaments are found outside the joint capsule (extra-articular). The ACL originates from the
posterior medial surface of the lateral femoral condyle and inserts to the anterior tibial plateau

(33). The origin of the PCL is on the lateral face of the medial femoral condyle and its insertion

is posterior and inferior to the tibial plateau.

The medial collateral ligament originates from the medial surface of the medial femoral condyle

and inserts in the medial surface of the tibia inferior to the tibial plateau (21). The lateral

collateral ligament originates at the lateral surface of the lateral femoral condyle and inserts on

the lateral head of the fibula (21).




Knee ligaments have specific roles for maintaining knee stability by passively resisting certain

forces and moments. All knee ligaments have both primary and secondary roles. Table 1 shows

these primary and secondary roles.

Table 1: Primary and secondary roles of the knee ligaments (21).

Ligament Primary Role(s) Secondary Role(s)
Medial Collateral ¢ Resist valgus bending Resist gnterior. '
Ligament . Resi§t ex?emal of translation of tibia
rotation tibia
Anterior Cruciate e Resist anterior Resist internal rotation
Ligament translation of tibia of tibia

Resist external
rotation of tibia

Resist anterior and
posterior translation of
ligament

Posterior Cruciate e Resist posterior .
Ligament translation of tibia
e Resist varus bending .

e Resist internal rotation
of tibia

Lateral Collateral
Ligament

1.3 In Vivo Ligament Loading

In vivo loading of ligaments can be either constant or cyclic. Being a viscoelastic material,
ligaments stretch out (creep) when exposed to a constant force. Whether exposed to constant
loads or repetitive cyclic (fatigue) loads, ligaments can only resist tensile forces. As a result,
cyclic loading will also produce a creep response in a ligament. This creep response may be

responsible for increased joint laxity following repetitive loading (55).

Typical in vivo forces in knee ligaments result from both locomotion and sedentary periods.
Walking and running both produce cyclic loads on ligaments. The loading frequencies during

human walking and running are between 0.5 and 3 Hz (6,58).

In vivo stresses are thought to be within the toe-region and early portion of the linear-region of
the stress-strain curve, between 15 and 25% UTS (36). Two methods have been used to estimate
in vivo stresses: direct measurement and inverse dynamics. Holden et al. (26) measured in vivo

stresses in goat ACL during walking and trotting using a pressure transducer. They found that

the ACL stresses were less than 6% UTS. Rabbit biomechanics have been analyzed using 3D




motion capture and theoretical, inverse dynamic modeling (23). The model predicted ACL
forces between 46 and 52 N. This corresponds to 20-23% UTS based on a UTS of 62 MPa and
assuming a CSA of 3.55 mm?(72). Estimates of peak human ACL loads during walking span the
range between 156 N to 1000 N (51), which corresponds to 9% to 57 % of the failure load (37).
In vivo ACL strains have been estimated between 4 and 14%, but measurements are complicated

by the uneven strain distribution along the ligament length (17).

While fatigue and creep loading can cause materials to rupture at stresses below the ultimate
tensile strength, it is unlikely that ligaments would rupture due to low-stress loading encountered
during physiologic loading. However, at higher stresses, creep and fatigue damage accumulation
may affect ligament behaviour. When complementary structures of the joint are damaged, the

remaining intact ligaments will likely experience higher than normal stresses.

The incidence (per 1000) of knee ligament injuries in the general population is highest for the
ACL (between 0.3 and 0.57). The second most injured knee ligament is the MCL with
incidences ranging between 0.24 and 0.26 injuries per 1000 people (38). Conservative treatment
of ACL injuries has been shown to increase joint laxity (2,22). This likely causes additional load
on the secondary restraints (2,22). An injured ACL will result in increased anterior tibial
translation. The secondary restraint opposing anterior tibial translation is the MCL; therefore, an
injured ACL will result in higher stresses in the MCL. In fact, patients with a combined
ACL/MCL injuries had more laxity (as measure by tibial translation) than those with an isolated
ACL injury (2). A combined ACL/MCL injury was observed to negatively affect MCL healing
when compared to isolated MCL injury in a canine model (74). A computational model
predicted that the MCL was the primary restraint to anterior tibial translation in an ACL deficient
knee (52). The model calculated a three-fold increase in force on the MCL in an ACL deficient
knee when compared to a normal knee during walking. It is reasonable to assume that an injury
to a primary restraint will result in increased laxity and expose the secondary restraints to higher
stresses. At high stresses, ligaments may be susceptible to damage from creep and fatigue
loading. It is likely that damage of the secondary restraints will, in turn, result in additional joint
laxity. Anderson (2) observed increased joint laxity in patients twelve months after injury when
compared to joint laxity at the time of injury. Given that creep and fatigue loading may cause

damage in vivo, it is important to understand how these mechanisms interact and cause damage

within ligaments.




1.4 Mechanics

Principles from classical engineering mechanics are relevant to the current study. An

introduction to creep, fatigue and damage is provided with specific emphasis on biologic tissue.

1.4.1 Creep

Slow, continuous deformation of a material subjected to a constant stress is termed creep (16).
Typically, creep behaviour can be separated into three stages: primary, secondary and tertiary
creep. The three stages of creep are shown in Figure 3. Primary creep (primary strain stage)
exhibits a decreasing strain rate. The strain rate approaches a steady-state and will stay relatively
constant for a period of time. The stage of steady-state strain rate is termed secondary creep
(secondary strain stage). Tertiary creep (tertiary strain stage) involves an increasing strain rate
and ends in fracture of the material. While commonly referred to as primary creep, secondary
creep and tertiary creep, these stages are referred to by the more general terms of primary strain,
secondary strain and tertiary strain, in this work, so they could be applied to non-zero fatigue

tests.

Creep in metals is a concern at elevated temperatures (9) while creep in viscoelastic materials,
like composites (57) and plastics (9), occurs at ambient temperatures. Viscoelastic tissues, like

ligament (25,60-62), tendon (34,66), cartilage (29) and bone (8,18), are susceptible to creep at

physiologic temperatures.
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Figure 3. Schematic showing primary, secondary and tertiary strain. Steady-state
strain rate (SSSR) is the strain rate during secondary strain.

1.4.2 Fatigue

Fully-reversed fatigue loading creates an ideal stress profile for examining material properties.
That is, applied stresses are both tensile and compressive, with a mean stress of zero. Fully-
reversed loading ensures that the material behaviour is only a result of load cycling and does not
involve creep mechanisms. Ligaments, as stated above, can only resist tensile loads so fully-
reversed fatigue loading is not applicable. Therefore, the mean stress will be tensile and fatigue
testing will also cause a creep response. Different techniques exist to quantify fatigue behaviour.
A common technique involves creating fatigue life plots (9) where stress and fatigue life, usually
quoted as cycles-to-failure, are plotted against each other.  These plots can be used to predict
times-to-failure. Fatigue failure in metals and brittle materials is thought to involve crack
initiation and propagation. Fracture mechanics (crack propagation) can be used to predict
catastrophic failure and, thus, lifetime of a material. While fracture models can be applied to

ligaments (1), it may be more realistic to model diffuse damage in ligaments rather than crack

propagation.




1.4.3 Damage

An alternate technique to analyze damage in a material is continuum damage mechanics (CDM).
Continuum damage mechanics assumes that diffuse damage accumulates in a material, which
reduces the effective cross-sectional area (CSA) and eventually causes failure (32). A material
subjected to a nominal stress (c,, a stress based on the original cross-sectional area) will be
damaged and the intact CSA will decrease. As the intact area decreases, the effective stress (o,

the stress that the intact material is subjected to) increases (32).

Different techniques can be applied to determine the damage state of a material. Lemaitre
- provides a comprehensive review in his book on damage mechanics (32). Damage can be related

to cross-sectional area reduction through the following equation.

A
{2

where D is the damage and can vary between 0 and 1
A is the intact CSA
A, 1s the initial CSA

As the equation implies, the best technique to determine damage is to directly measure the
remaining area; however, this is not always practical. Other techniques have been used to
quantify damage in materials. Changes in stiffness (or ‘modulus) as an indicator of an area
reduction. As intact area reduces, the stiffness will decrease as well. Changes in ultrasonic wave
propagation can also be used to track damage. In some materials, micro-hardness or density
changes can signify damage accumulation. Acoustic emission can also be used to show damage
(5,81). Sounds created when damage occurs can be recorded to show increases in damage rate
and pinpoint where damage is occurring, but can not describe the damage state of the material.
Electrical resistance can also be used to track damage. Two additional techniques involve
material plasticity response and tertiary creep response (32). Continuum damage mechanics has
been used to study biologic tissues (notably bone (10) and tendon (66,67,75)), but has not been

applied to creep and fatigue in ligaments. Continuum damage mechanics are applied to ligament

in the present study.




1.5 Creep, Fatigue and Damage in Relevant Materials

To the author’s knowledge, creep and fatigue interactions and influences on ligament damage
have not been previously investigated. Insightful information can be found in literature on other
relevant materials: bone, engineered composites and tendon. Techniques used to study bone and
composites may be applied to study ligament, but proposed damage mechanisms are not directly
applicable to ligament because of different microstructures. Tendon has a similar structure to
ligament, so both techniques used to study tendon damage, and proposed theories describing
tendon damage can be applied to ligament work. In addition, previous investigations in ligament
covering any aspects of damage are also relevant. The interactions of two possible mechanisms
of damage, the time at high load and the loading ramp, are of particular importance for the
present study. These mechanisms of damage give rise to two terms: time-dependent damage

(time at high load) and cycle-dependent damage (loading ramp).

1.5.1 Bone

Early work involving creep, fatigue and CDM in cortical bone includes that of Caler and Carter
(8), who recognized the importance of studying creep and fatigue damage in biologic tissue.
Bone can resist both tensile and compressive loads so they performed creep and fatigue tests
(0.02 and 2 Hz) in both tension and compression. Zero-tension, zero-compression and tension-
compression (with a non-zero mean tensile load) fatigue tests were completed. Creep tests
yielded strain behaviour and time-to-failure. For comparison, strain behaviour, time-to-failure
and cycles-to-failure were analyzed for fatigue. Power law regressions were used to relate time-
to-failure and normalized stress (stress divided by the specimen’s predetermined modulus). No
differences were found between tensile'creep and compressive creep time-to-failure. Fatigue
data was also fit with power law regressions. In both zero-tension and zero-compression fatigue
tests, time was a better predictor of failure than cy‘cles. In a previous study, Carter and Caler (10)
created a CDM model based on creep data, assuming a constant damage rate that varied with
stress. This model was used to predict fatigue life. The model worked well when comparing
tensile creep to zero-tension fatigue, but did not work well for fatigue tests involving

compression. This led Caler and Carter to speculate that different damage mechanisms exist in
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tension and compression and that creep (time-dependent) and fatigue (cycle-dependent) have
significant interaction that affect damage accumulation. The results of Caler and Carter seem to
imply that tensile damage in bone is dominated by creep mechanisms (as highlighted by their

CDM model), while compressive damage is also influenced by fatigue damage mechanisms.

Other investigators have examined creep and fatigue interactions in trabecular bone (7,35).
Bowman et al. (7) investigated trabecular bone behaviour when subjected to compressive creep
and zero-compression fatigue. Numerous measurements were analyzed in their study including
time-to-failure, cycles-to-failure, steady-state creep rate, hysteresis along the strain axis, and
increase in cycle strain and strain at failure. The increase in cyclic strain magnitude can be used
to approximate chord modulus changes. Chord modulus is calculated by dividing the total
change in stress by the total change in strain for each loading cycle. If the stress change is
constant for every cycle, then cycle strain is a fair reflection of the chord modulus. Cycles-to-
failure data was related to normalized stress (stress divided by the specimen’s predetermined
modulus) using a power law regression. Steady-state strain rate was also related to normalized
stress with a power law regression. Two relevant findings arise from the above study. First,
creep strains at failure were approximately 5.2 times greater than fatigue strains at failure. This
equality was used in conjunction with relations between steady-state strains and normalized
stress and the relation between cycles-to-failure and normalized stress to predict “cycles-to-
failure” for the creep data. Good agreement was seen between fatigue cycles-to-failure and the
predicted cycles-to-failure based on creep data. Second, fatigue damage may result from a
combination of creep damage and slow crack growth, implying that both creep and fatigue have

different damage mechanisms that are not independent.

A recent study by the same group re-examined the interactions of creep and fatigue in trabecular
bone (35). Creep relations from Bowman et al. (7) were used to predict upper and lower bounds
for fatigue behaviour. A new set of fatigue data was collected. Time-to-failure and the
translation of the minimum strain in each loading cycle (residual strains) were analyzed.
Residual strains were greater for fatigue tests than the upper bound predicted by creep data.
Time-to-failure of the fatigue tests were shorter than the lower bound predicted by creep data.
This suggests that fatigue is more damaging than creep. Moore et al. (35) suggested that residual
strains measured during fatigue testing resulted from diffuse damage and microcracking rather

than a creep response. Moore et al. (35) also stated that creep may be significant in osteoporotic
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bone where some trabecular struts have been resorbed. Clearly, the interactions of creep and

fatigue in trabecular bone are difficult to quantify and they have yet to be fully understood.

Additional work investigating creep and fatigue in cortical bone has been completed. Cotton et
al. (13) looked at strain characteristics of human cortical bone subjected to zero-tension fatigue.
They compared steady-state strain rate of fatigue tests to published creep data (18) by integrating
the previously published creep strain rate equation while accounting for a sinusoidally varying
stress. Straight comparison of the two data sets revealed that the strain rate of the fatigue tests
was only 5-9% of the steady-state strain rates seen in creep tests. Using the described integration
of creep data, Cotton et al. showed fairly strong agreement between predicted strains and most of
their experimental data. They concluded that creep mechanisms must be affecting the fatigue

response, but acknowledged that other factors may be involved as well.

In a later work, Cotton et al. (12) compared different methods of predicting cycles-to-failure for
zero-tension fatigue tests of cortical bone. While they did not compare creep and fatigue in this
study, they did provide some insight into CDM modeling with respect to biologic tissue. They
found that using normalized stress as a predictor for cycles-to-failure was not as good as using

steady-state strain rate or damage rate to predict cycles-to-failure.

Zioupos and colleagues (79,80,82) have researched fatigue damage in different types of bone.
One study (82) compared damage in bovine femur to that in less-mineralized deer antler. They
used a continuum damage model to investigate fatigue damage accumulation in both materials.
The damage model used the ratio of secant modulus at any given time to the initial elastic
modulus as an indicator of damage. The model allowed for a non-constant damage rate. An
interesting finding was that the damage rate for antler actually slowed down as the specimen
became more damaged. This is contrary to bone behaviour where damage rate accelerated
towards failure. Zioupos et al. speculate that the microstructure of antler is such that additional
cracks are ‘discouraged’ from initiating. They also defined a damage target, which was used to
indicate the damage at failure. Damage target was dependent on stress level, so they questioned
the validity of defining failure as a set value of modulus reduction for all stress levels. This
finding is intimately tied to the interactions of nominal and effective stress at failure (see
methods section for further discussion on failure criteria). Zioupos et al. stated that they could

not determine whether an endurance limit existed for bone and antler. Their methodology
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provided insight into two of the intricacies associated with damage modeling: defining damage

rate, and defining failure criteria.

Zioupos et al. (80) experimented with both human and bovine bone in zero-tension fatigue. They
performed tests at 0.5 and 5 Hz to determine if cycles-to-failure or time-to-failure was important
for tensile fatigue loading. The major finding confirmed Caler and Carter’s finding that zero-

tension fatigue damage is governed by time-to-failure rather than cycles-to-failure.

Results from bone studies indicate that creep and fatigue damage may result from different and
not entirely separable mechanisms. Damage modeling techniques used in the above studies
provide insight into difficulties and assumptions related to continuum damage mechanics and the

interactions of creep and fatigue.

1.5.2 Engineering Composites

Poursartip et al. (42) studied fatigue damage accumulation in a quasi-isotropic carbon fibre
composite laminate. Damage was monitored using Young’s modulus. Laminate modulus
reduction was directly related to matrix delamination (area reduction) by measuring intact area
on C-scans. Total delamination was observed at 0.65*E/E,, where E was the Young’s modulus
at a given time and E, was the maximum Young’s modulus during loading. The maximum
modulus was chosen to account for initial specimen stiffening. Modulus ratio was linearly
related to damage using the C-scans and resulted in the following equation for damage rate as a

function of modulus ratio change.

D _ Hgs7.| L E @)
dN E, dN

where D was damage
E was the Young’s modulus

E, was the maximum Young’s modulus during loading

N was the number of cycles




Poursartip et al. modeled damage to the matrix and defined failure as the time when only the 0°
plies carried the load. They acknowledged that an additional damage parameter could be
established to model damage accumulation in the 0° plies, but it was not required as functional
failure was reached using the model above. The above model was also written in terms of
applied stress range by relating the modulus ratio at failure to the maximum stress divided by the
tensile strength. In other words, the modulus ratio at failure indicated an area reduction which

causes an effective stress equal to the tensile strength.

A coupled viscoelastic-damage model was created for randomly reinforced swirl mat composite
subjected to fatigue loading (56). Damage was measured with increase in compliance (inverse of
modulus) and permanent strain. To incorporate damage into the viscoelastic model, the time-
varying nature of damage was simplified by only varying damage with maximum stress, not
time. This approximation was thought to be acceptable as the time-dependent nature of damage
becomes important only during tertiary creep. Damage was assumed to occur at the peak stresses
of each cycle. The model was used to predict strain of the composite when subjected to cyclic
loading. Smith and Weitsman (57) used a similar approach to model creep viscoelastic-damage

behaviour in swirl mat composites in a later study.

As with studies in bone, the above work in composites provided technical insight into damage
modeling. Of particular importance was the finding of Poursartip et al. that modulus ratio was
not necessarily equivalent to an area reduction. In the case of the composite tested, area
reduction and modulus reduction were related linearly, but this relation is likely affected by the

microstructure of the material.

1.5.3 Tendon

Creep rupture of wallaby tail tendons has been investigated using in vitro testing (66). Creep
tests were performed at stresses ranging between 20 MPa and 80 MPa, which correspond to 14%
and 55% of the yield stress. Tendon behaviour was modeled using continuum damage
mechanics with tangent modulus as the damage indicator. However, tangent modulus cannot be

extracted from a pure creep test; therefore, tendons were unloaded and reloaded with 2 sinusoidal
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oscillations at specified strain levels. Wang and Ker (66) directly related stiffness ratio to an
effective cross-sectional area reduction. They defined the damage at rupture to be equal to an
area reduction resulting in an effective stress equal to the yield stress; therefore, damage at
rupture is a function of the nominal stress and yield stress (yield stress was used in the same way
other damage theories use UTS). Damage rate for intact material was assumed to be constant for
a given stress level and approximated using the initial damage rate for a given nominal stress.
During loading, the effective stress increased, and therefore, the damage rate increased as well.
The initial damage rate was determined using steady-state strain rate and a relation between
strain and stiffness ratio. The damage rate equation was integrated and used to predict creep
time-to-failure. The agreement between experimental data and theoretical predictions showed

that time-dependent damage could be modeled with CDM.

In an accompanying paper, Wang et al. (67) investigated fatigue rupture of wallaby tail tendons.
Tendons were subjected to sinusoidal loading from 11.5 MPa to a maximum stress between 20
MPa and 80 MPa. Fatigue loading was completed at 1.1, 2.1, 5.3, 10 and 50 Hz. The damage
model created from their creep study was applied with an oscillating stress to predict time-to-
failure for fatigue tests. The prediction overestimated time-to-failure for fatigue. In addition,
higher frequency fatigue tests failed sooner than lower frequency tests. Another finding that was
not explicitly addressed when comparing creep and fatigue was that creep tests with the same
stress as the maximum stress in fatigue tests appeared to have similar times-to-failure. This
qualitative conclusion is based on visual comparison of their data (see Figures 37 and 38). Wang
et al. also found a linear relation between ‘extra strain’ and modulus reduction. The CDM model
developed with creep data was used to predict the time-to-failure of fatigue loading, but it

overestimated the time-to-failure.

Schechtman and Bader (48) investigated fatigue behaviour of human extensor digitorum longus
tendons using a zero-tension square-wave. Both magnitude and frequency were simultaneously
varied. Stresses varied between 10% and 90% UTS and frequencies varied from 1 to 4 Hz. Low
stress tests were performed at high frequencies and high stress tests were performed at low
frequencies. The square wave used during testing kept the loading rate constant for all
frequencies. In an ideal case, frequency would increase the number of loading cycles without
affecting the time-at-high-load. Time-to-failure was fit with a log-normal relation and a simple

damage model was applied. The Palmgren-Minor rule was used to model the interactions of
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damage and healing. The model included assumptions that the damage and healing rates were
constant. A more sophisticated model would have involved the time-dependent nature of

damage and healing, as the Palmgren-Minor rule might not be fully applicable to damage
modeling (79).

An additional investigation into the fatigue behaviour of human extensor digitorum longus was
performed by Schechtman and Bader (49). More emphasis was given to damage accumulation
and changes in material behaviour resulting from partial damage than in their previous study.
Three parameters were used to indicate the damage state in the material: dynamic modulus ratio,
tangent modulus ratio, and the ratio of residual strength to UTS. All three indicators could be
used to track damage, but the residual strength/UTS ratio was less than the dynamic modulus
(loss and storage moduli) and tangent modulus ratios. The authors speculated that the
discrepancy may have resulted from different microstructural behaviour influencing UTS and
modulus. They also suggested that strain would not be a reliable indicator of damage. Recently,
damage in human extensor digitorum longus was modeled using linear elastic fracture mechanics
(1). The data was provided by Schechtman, and Paris’ law was applied to predict number of
cycles-to-failure. Predictions worked well for higher stresses, but deviated from the data at low

stresses (10 and 20% UTS).

Interactions of fatigue and creep were investigated in human Achilles tendon (75). Tendons
were subjected to both creep and fatigue at maximum stresses between 30 and 80 MPa. The
minimum stress during cyclic loading was 10 MPa. Cyclic loading resulted in increased
hysteresis, extended toe-region, and decreased secant modulus. Initial strain was a better
predictor of time-to-failure than nominal stress for both creep and fatigue tests. This counter-
intuitive result may be explained by the large variation of specimen UTS or potential errors in
cross-sectional area measurement. Creep and fatigue interaction were modeled using initial
strain data and a constant damage rate, which was the inverse of time-to-failure (similar to Carter
and Caler (10)). The authors concluded that both creep and fatigue have separate damage
mechanisms, but fatigue and creep damage could not be delineated in cyclic loading. Fatigue

loading caused rupture sooner than the time predicted using creep data.

In summary, damage in tendon is affected by loading environment, with fatigue being more

damaging than creep. Fatigue damage likely includes both time- and cycle-dependent damage as
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shown by time-dependent damage models that over predict time-to-rupture of fatigue loading.
As with bone and composites, the techniques and models used to study damage accumulation are

applicable to ligament research.

1.5.4 Ligament

Azangwe et al. (5) used acoustic emission to track damage evolution in rabbit ACLs subjected to
a single stretch to failure. Knowledge from composite literature aided in the characterization of
the acoustic emission signals. They determined an acoustic waveform that corresponded to fibre
rupture, and found very little evidence of damage at stresses below the ultimate tensile strength.
This led the authors to speculate that loading to stresses below the UTS would not result in
permanent damage and no residual deformations would be recorded if the load was removed.
This theory contradicts work completed by Provenzano et al. (43), Panjabi and coworkers (39-

41) and Yahia et al. (77) who found that damage was present at stresses below the ultimate

tensile strength.

Structural and cellular damage has been characterized in rat MCL (43). Ligaments were exposed
to varying levels of strain to induce a partial failure. Structural damage was determined by the
amount of permanent strain recorded after waiting a period of time equivalent to 300 times the
loading duration. Cellular damage was established by staining for both live and necrotic cells
and counting the pixels for each stain. Cell darﬁage was approximated by the area of necrotic
stain divided by the total stained area, and they found that cellular damage occurred at lower
strains than structural damage. Structural damage was only seen after strains above 5.14%,
indicating a structural damage threshold. Toe-region, tangent modulus and UTS were not
affected by subfailure stretching below 5.14%. No threshold was determined for cellular damage
because necrotic stain was found in controls not subjected to a partial failure. The authors
speculated that structural damage may arise from fibre rupture or protease degradation of the

extra-cellular matrix (resulting from cell death). They also suggested that cellular damage may

be influenced by localized damage to a greater extent than the structural damage parameter.




Panjabi et al. (40) also investigated the effect of subfailure injury on ligament. Relaxation was
measured before and after a stretch to 80% of the failure displacement. Control specimens
showed no change in relaxation force between the first and second relaxations, however, those
subjected to the subfailure stretch showed a 50% decrease in relaxation stress. An earlier work by
Panjabi et al. (41) showed that a stretch to 8§0% failure displacement resulted in an elongated toe-
region and a higher tangent stiffness, but it did not affect the deformation, load, or energy to
failure. The authors speculated that the subfailure injury may have caused damage to crosslinks
or individual fibres. Both studies provide further evidence that subfailure stretch can cause
ligament damage. Recent work by Panjabi and Courtney (39) found that a high-speed stretch to
80% of the failure displacement resulted in decreased energy absorbed to failure, increased toe-

and linear-region displacements, increased failure displacements and increased stress relaxation.

Yahia et al. (76) used scanning electron microscopy to evaluate fibre ruptures in rabbit MCL
stretched to and held at 10%, 15% and 20% strain. They saw elimination of crimp and some
fibre ruptures (1 to 3 pum in diameter) at 10% strain. At 15% strain, greater numbers of fibre
ruptures were observed. At 20% strain, ruptured fibre bundles were observed to be knotted or

coiled. They concluded that significant microruptures occur far below the ultimate load of

ligament.

Recent work by Thornton et al. (62) investigated rabbit medial collateral ligaments subjected to
creep. Ligaments were preconditioned with 30 cycles at 1 Hz, and then they were loaded to the
creep stress and held at a constant force. Creep stresses were 4.1, 7.1, 14 and 28 MPa (about 4.2,
7.4, 14.7 and 29.4% UTS, respectively). Ligaments subjected to 4.1, 14 and 28 MPa were frozen
with liquid nitrogen while still under load at two time-points: at the start of static creep or at the
end of static creep (20 minutes). The authors observed that ligaments strained during both cyclic
(preconditioning) and static loading. Strain accumulated during cyclic and static loading at 28
MPa was greater than at other stresses. Cyclic strain at 14 MPa was greater than that at 4.1 and
7.1 MPa. No differences were seen in static creep strain for 4.1, 7.1 and 14 MPa. At4.1 and 7.1
MPa, no differences in either cyclic or static strain were observed. Cyclic preconditioning
revealed a stiffening of ligaments reflected by an increasing tangent modulus and some
discontinuities were observed at 28 MPa. Crimp decreased at all stress levels after initial loading
indicating fibre recruitment. Additional fibre recruitment occurred when the load was sustained

for 20 minutes. Fibre recruitment was greater at higher stresses. Those ligaments with a
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discontinuity during cyclic loading had more crimped fibres than those without a discontinuity
(at the same stress level), indicating potential recoil of ruptured fibres. This study showed that
fibre recruitment likely affects the creep response of ligament and there is an associated
insensitivity to creep stress within the toe-region. Fibre recruitment was shown to minimize the

effect of damage in ligament by transferring load to surrounding fibres after a fibre rupture

occurred.

As the above studies indicate, ligaments exposed to stresses above the normal physiologic range
are susceptible to damage. Damage can be caused by single traumatic episodes as highlighted by
the partial failure studies (39-41,43,76). Work by Thornton et al. (62) showed that damage can
be caused from repetitive loading at low linear-region stresses (28 MPa). The above studies also
show that damage will affect the strain response of ligaments, as characterized by permanent
strain, increased toe-region strain, or decreased modulus. However, the effects of long-term

cyclic or static loading on ligament damage have yet to be determined.

1.6 Objectives

Ligaments subjected to static and cyclic loads may be susceptible to damage. Accelerated
damage may occur when complementary joint structures are injured because intact ligament
loading may be increased above the normal physiologic level. Damage in intact ligaments may

cause a further increase in laxity and create a chronically unstable joint as suggested by Panjabi

et al. (41). Figure 4 is a graphical representation of this idea.
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Figure 4. Schematic showing the cycle of damage. Initial damage in a
complementary joint structure may be induced by a traumatic event and followed by
an increased laxity. In this state, intact ligaments may be subjected to higher than
normal in vivo stresses, become damaged and have increased laxity. In turn,
additional laxity may cause higher stress and additional damage in remaining
complementary joint structures.

Studying damage evolution in ligaments subjected to cyclic fatigue and static creep has clinical
relevance and it is also important as a baseline for future studies with healing ligaments.
Baseline knowledge provides insight into the interactions of creep and fatigue resulting from
non-zero tensile fatigue loading. Fatigue may involve additional damage mechanisms that do not
occur in creep. To elucidate these mechanisms, mechanical evidence is required for both loading
conditions. Mechanical evidence of damage can be linked to the functional role of ligaments. If

a ligament becomes damaged and, as a result, it has a different mechanical behaviour, then its
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ability to perform its functional role may be compromised. With the above in mind, the major

purpose of this study was to answer the following major question:

1. Does loading condition (static creep or cyclic fatigue) alter damage accumulation in

rabbit medial collateral ligament as measured by changes in mechanical behaviour?

It was hypothesized that damage would influence the time-to-rupture, strain profile, stress-strain
characteristics and residual strength. Time-to-rupture was the duration of ligament loading.
Strain profile was the behaviour of strain as a function of time, which includes the progression
through primary, secondary and tertiary strain. Stress-strain characteristics included valley strain
translation, toe-region strain and linear-region tangent modulus. Residual strength was
characterized by changes in ligament behaviour following a period of loading. The preceding
damage measures formed the basis of specific sub-questions that were posed to help answer the

first major purpose:

la. Does creep or fatigue result in an earlier time-to-rupture?
1b. Do the strain profiles differ between creep and fatigue?
1c. Does creep or fatigue cause changes in stress-strain characteristics?

1d. Can residual strength and strain be used to confirm damage from creep and fatigue?

A secondary purpose of the study was to model the damage behaviour of creep and fatigue using
continuum damage mechanics. Theoretical modeling was used to give insight into the
contributions of creep and fatigue to damage. The following question was posed to address the

secondary purpose.

2. Can fatigue time-to-rupture be predicted with a continuum damage model of creep

behaviour?

In summary, the study consisted of two major objectives highlighted by questions 1 and 2 above.
It was hypothesized that cyclic loading would be more damaging than static loading and this
damage would be reflected by an earlier time-to-rupture, greater strains for a given loading
duration, and earlier changes in stress-strain characteristics. Residual strength and strain were

expected to mirror damage accumulated by both creep and fatigue loading. Fatigue time-to-
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rupture was hypothesized to be over-predicted by the continuum damage model, indicating that

fatigue has an additional damage mechanism that is not present in creep.
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2.0 METHODS

This study was approved by the Animal Care Committee at the University of British Columbia.
Rabbit MCL was used to investigate creep and fatigue ligament mechanics in vitro. The rabbit
MCL model has been used by many researchers in the past (14,20,25,59,72,76) because its
structure and physiologic response is similar to human (3). All rabbit hindlimbs were frozen at
-20°C with all muscle intact and gauze wrapped around the knee joint. This method of storage
was shown to have no effect on rabbit MCL strength, strain and energy at failure (73).

Specimens came from skeletally mature (12.1 + 0.3 months old) female Burgunder rabbits.

2.1 Specimen Preparation

All rabbit hindlimbs were prepared in the same manner. Figure 5 shows the grips and an intact
knee joint after potting. Hindlimbs were dissected with a standardized technique to isolate the
collateral ligaments, cruciate ligaments and the menisci. Following dissection, the tibia was
potted in the top grip using dental stone (Tru-Stone, Heraeus Kulzer Inc, Armonk, NY), with the
insertion of the MCL 10 mm from the edge of the mount. The top grip was mounted on a servo-
hydraulic materials testing system (Dynamight, 8841, Instron, Canton, MA) that was equipped
with a £1000 N load cell (accuracy of +0.5% of reading down to 1% full scale, temperature
compensated between 15°C and 71°C). A load cell calibration certificate is provided in
Appendix A. The actuator displacement was measured with a linear variable differential
transformer (LVDT). The LVDT had a resolution of 0.025 mm and an accuracy of 0.25 mm.
Validation of displacement measurements is provided in Appendix B.  Once fixed to the
actuator, the knee joint was allowed to hang at approximately 70° of flexion. A joint angle of
70° of flexion has been shown to create uniform fibre crimp throughout the MCL midsubstance
(62). Load was then zeroed to account for the weight of the specimen and the femur was potted
in the bottom grip using dental stone, with the origin 10 mm from the edge of the mount. Knee

ligaments were kept hydrated using 0.85% saline (Oxoid, Basingstoke, UK) during potting.
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Figure 5: Intact knee joint mounted on the materials testing system prior to isolation
of the MCL. Slight rotation of the grips about the vertical axis was required to align
the MCL with the actuator.

Two compression-tension cycles were performed from -5 N to +2 N at 1 mm/min, ending at 0 N.
Historically, compression-tension cycles have been used to measure joint laxity (61). In
addition, the compression-tension cycles ensured the grip system was secure and the dental stone
was dry. Further dissection isolated the MCL and an additional set of compression-tension
cycles were performed, ending at 1 N, to define the /igament zero position. Three measurements
of MCL length were made using Vernier calipers (resolution of 0.05 mm). Initial ligament
length was defined as the average of these three measurements. Ligament load was increased to
5 N to measure the cross-sectional area (CSA) using a dual caliper approach (25). Five newtons
of force was required to open the joint space enough to insert the calipers for measurements and
is comparable to previous work (53,54,59-63). Two digital calipers (resolution of 0.01 mm)
were used to simultaneously measure MCL width and thickness of the midsubstance.
Measurements were made three times and the averages were used to calculate the cross-sectional
area, assuming a rectangular cross-section. Woo et al. (70) have shown that this is an acceptable
method of determining the CSA of rabbit MCL. Following CSA measurement, ligaments were
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returned to the ligament zero position and a custom environmental chamber was installed.

Details of the environment chamber are provided in Appendix C.

The environment chamber was used to control both temperature and humidity. Temperature has
been shown to affect both ligaments (31,71) and tendons (65). A test temperature of 37°C was
selected because it is within the recommended temperature window (33°C to 37°C) suggested by
Woo et al. (71) and it allows for comparison to earlier tests performed on the rabbit MCL
(59,60,62,63). Maintaining a relative humidity of 99% has been shown to maintain the

physiologic water content of rabbit ligaments (69).

After chamber conditions stabilized at 37°C and 99% relative humidity, compression-tension
cycles were repeated, again ending at 1 N, to re-establish /igament zero. Position was recorded

and load was zeroed before testing was initiated.

2.2 Experimental Groups

Forty-six MCLs were divided into three groups: single stretch to failure (n=5), fatigue (n=18)
and creep (n=23). Figure 6 is a flow chart showing all test groups and subject numbers. Three
stresses were investigated in fatigue and creep: a high linear-region stress (60% UTS), a low
linear-region stress (30% UTS), and the toe- to linear-region transition stress (15% UTS). These
stress levels are shown on a stress-strain schematic in Figure 7. Some MCLs were paired
between different groups (4 pairs-between 30% fatigue and 30% creep, 4 pairs between 15%

fatigue and 15% creep, and 1 pair between 30% creep and 15% creep).
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Figure 6. Flowchart showing test groups and the number of specimens allotted to
each group.
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Figure 7: Schematic of a ligament stress-strain curve (based on a 20 mm/min
elongation) highlighting the stress levels tested in creep and fatigue loading: the

high linear-region stress, 60% UTS; the low linear-region stress, 30%, and the toe-
to linear-region transition stress, 15% UTS.
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2.2.1 Single Stretch to Failure Group

Ultimate tensile strength (UTS) was determined to normalize stress levels for the fatigue and
creep groups. The single stretch to failure protocol is shown schematically in Figure 8. Five
ligaments were preconditioned with 30 cycles of 1 Hz sinusoidal loading from 1 N to a force
corresponding to approximately 4.8 MPa. This stress was 5% of the expected UTS, based on
data from another species of rabbit (5% of 95.4 MPa (60)). Preconditioning was performed to
remove some viscoelastic variation, but was completed at a low stress to avoid any potential

damage (43). Following preconditioning, ligaments were elongated to failure at 20 mm/min.
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Figure 8: Schematic diagram showing the single stretch to failure protocol. The left
ordinate, stress, applies to the preconditioning and the right ordinate, position,
applies to the ramp to failure.

2.2.2 Fatigue Group

Fatigue specimens were divided into 3 groups with maximum stresses (peak of cycle) equal to
60% UTS (n=4), 30% UTS (n=4) or 15% UTS (n=10). The fatigue protocol is shown in Figure
9. Each ligament was preconditioned with 30 cycles at 1 Hz from 1 N to 5% of the MCL UTS
(4.9 MPa, determined with data from the single stretch to failure group). Following
preconditioning, ligaments were cycled with sinusoidal loading at 1 Hz from 1 N to a force
corresponding to the maximum stress. A minimum load of 1 N may better represent physiologic
loading than a minimum of 0 N because ligaments are known to have an in situ force that is
present in the neutral position (68). In addition, a minimum load of 1 N provided better actuator
response than a minimum load of 0 N. MCLs were either cycled until a predetermined time (24,
48, or 72 hours), or until rupture. Ligaments that did not rupture during loading were subjected
to an hour hold at 1 N, then to the single stretch to failure protocol to provide residual strength
data (see Section 2.3.1.7). Censor-times (24, 48 and 72 hours) were selected to provide varying

levels of damage caused from fatigue loading for residual strength testing.
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Figure 9: Schematic representation of fatigue protocol: 30 cycles of preconditioning
followed by 24, 48 or 72 hours of 1 Hz sinusoidal loading.

2.2.3 Creep Group

Creep specimens were similarly divided into 3 groups with different creep stresses: 60% UTS
(n=7), 30% UTS (n=11) and 15% UTS (n=5). The ligaments subjected to a creep stress of 60%
UTS were further divided into two groups: non-interrupted creep (n=3, Figure 10(a)) and
interrupted creep (n=4, Figure 10(b)). The creep tests performed at creep stresses equal to 30%
UTS and 15% UTS were all interrupted creep tests.

Non-interrupted creep ligaments were preconditioned the same as the fatigue tests, then loaded to
a force corresponding to the creep stress using a half sine wave at 1 Hz. The creep stress was
held constant for a predetermined time (24 hours) or until rupture. Ligaments that did not rupture
during loading were subjected to one hour hold at 1 N, followed by the single stretch to failure

protocol.

Interrupted creep tests were carried out in a similar fashion to the non-interrupted creep tests
except they were periodically unloaded to 1 N and reloaded to the test stress using a sine wave at

1 Hz. Interruptions were performed to provide a way of determining tangent modulus throughout
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the creep testing. These interruptions were completed at pre-selected times shown in Table 2. A
maximum of 21 unloads occurred in the interrupted creep tests, so specific times varied

depending on overall test duration.

(@)

100 —
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PR DAVAUVAL
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(b)
100 —
Stress
(% ours)
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P VAVAVAVA U
Time (hours) 24,48,72 or 168
Figure 10: Schematic representation of creep protocols: 30 cycles of
preconditioning followed by 24, 48 or 72 hours of (a) non-interrupted creep and (b)
interrupted creep.
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Table 2: Timing of unloading/reloading for interrupted creep tests with respect to
overall loading duration. Bold numbers indicate unloading/reloading times common
to all test durations.

Time of Unloading/Reloading (hours)

Unload 24 hour 48 hour 72 hour 120 hour 168 hour

Number Test Test Test Test Test
1 0.8 0.8 0.8 0.8 0.8
2 1.7 2.5 2.5 2.5 2.5
3 2.5 4.2 4.2 4.2 4.2
4 3.3 6.7 7.9 10.4 12.9
5 4.2 9.2 11.7 16.7 21.7
6 5.4 11.7 154 22.9 304
7 6.7 14.2 19.2 29.2 39.2
8 7.9 16.7 22.9 354 47.9
9 9.2 19.2 26.7 41.7 56.7
10 10.4 21.7 304 479 65.4
11 11.7 24.2 34.2 54.2 74.2
12 12.9 26.7 37.9 60.4 82.9
13 14.2 29.2 41.7 66.7 91.7
14 15.4 31.7 45 .4 72.9 100.4
15 16.7 342 49.2 79.2 109.2
16 17.9 36.7 52.9 85.4 117.9
17 19.2 39.2 56.7 91.7 126.7
18 20.4 41.7 60.4 97.9 135.4
19 21.7 442 64.2 104.2 144.2
20 22.9 46.7 67.9 110.4 152.9
21 24.0 48.0 72.0 120.0 168.0

2.3 Analysis

2.3.1 Experimental Measurements

Load and displacement data were recorded at 25 Hz. Actuator displacement was used to
determine ligament strains. Data analysis was completed using custom Matlab code (The
Mathworks Inc¢, Natick, MA), Excel spreadsheets (Microsoft Corporation, Mississauga, ONT),
MathCAD (Mathsoft Engineering & Education Inc., Cambridge MA) and SAS (SAS Institute

Inc, Cary, NC).
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2.3.1.1 Ultimate Tensile Strength

Ligament stress was calculated by dividing the force data by the CSA measured after establishing
ligament zero. The ultimate tensile strength was the maximum ligament stress observed during a

single stretch to failure.

2.3.1.2 Time-to-Rupture and Strain-at-Rupture

Time-to-rupture was the duration of creep or fatigue loading until complete ligament rupture,
starting at the beginning of the initial ramp to the test stress (after preconditioning). Rupture was
defined as the last time that the ligament supported 99% of the maximum test stress (Figure 11).
Time-to-rupture data was fitted with a power curve to define a relation between time-to-rupture

and applied stress (as a percent UTS).

14
Trupture :U( To '10()) (3)
oyrs

where U and V are constants determined by the regression

Comparisons of times-to-rupture were made between fatigue and creep at each stress level and
between non-interrupted and interrupted creep at 60% UTS. Strain-at-rupture was the strain
recorded at the time of rupture (Figure 11). Comparisons of strain-at-rupture were made between

all groups (60% fatigue, 30% fatigue, 15% fatigue, 60% creep, 30% creep, and 15% creep).
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Figure 11: Schematic diagrams showing the definition of time-to-rupture for creep,
(a) and (b), and fatigue, (c) and (d). Time-to-rupture was defined as the duration of
loading until the specimen could not support 99% of the maximum test stress. Time-
to-rupture is marked with an X-mark. Time-to-rupture was defined using a stress-
time curve, (a) or (c), not a strain-time curve, (b) or (d). Time-to-rupture did not

necessarily correspond to the last cycle of fatigue loading. Strain-at-rupture is
shown with an X-mark in (b) and (d).

2.3.1.3 Increase in Strain

The strain when the ligament was initially loaded to the maximum test stress (60% UTS, 30%
UTS or 15% UTS) was defined as the initial strain (Figure 12(a)). Increase in strain was the
additional strain recorded after the initial strain (Figure 12(b)). Increase in strain was analyzed
at specific time-points: 0.8 hours, 4.2 hours, and 24.0 hours. The first time-point, 0.8 hours, was

chosen because it was the time-point immediately before the first unloading and reloading of the
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interrupted creep tests. Twenty-four hours of loading showed long term behaviour of creep and

fatigue and 4.2 hours was an intermediate time common to all interrupted creep tests.
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Figure 12: Schematic diagram defining increase in strain. (a) Stress versus time
showing the point where initial strain is calculated. (b) Strain versus time showing
the initial strain and the increase in strain (strain change above the dotted line).

In addition to the time-points above, three normalized time-points were used to analyze increase
in strain: 20%, 70% and 100% of the time-to-rupture (Figure 13). Twenty-percent and seventy-
percent of the time-to-rupture were selected because these two time-points occurred after the
transition to secondary strain and before the transition to tertiary strain, respectively. Only
ligaments that ruptured during creep or fatigue loading were included in the analysis at

normalized time-points. The above analysis performed at normalized time-points was also used

to compare increase in strain for interrupted and non-interrupted creep tests.




Strain 4

/ l |

|
0 20 . 70 100
Percent of Time-to-Rupture

Figure 13: Schematic showing normalized time-points, 20%, 70% and 100% of the
time-to-rupture, used to analyze increase in strain (strain accumulated after the
initial strain shown by the dotted line).

2.3.1.4 Steady-State Strain Rate

Steady-state strain rates were determined by fitting a line to the strain data (peak strain data for
fatigue tests) between 20% and 70% of the time-to-rupture. If a specimen did not reach the
tertiary creep stage, the strain data was fit between 20% and 99% of the loading. Both regions
ensured that the steady-state strain rate (the slope of the linear fit) was calculated during
secondary strain stage. Steady-state strain rates during fatigue and creep were compared at each

stress level.

2.3.1.5 Tangent Modulus

Stress-strain curves were analyzed for all loading/unloading cycles (unloading/loading for the
interrupted creep tests). Tangent modulus (E) was determined by a linear regression of the upper
50% of the loading portion of each stress strain curve (r* > 0.999, Figure 14). The initial tangent
modulus (E;) was calculated using the initial ramp to the test stress. In both creep and fatigue,

the initial ramp was a half sine wave at 1 Hz. Maximum tangent modulus (E,.,,) was the largest

tangent modulus recorded during loading. Both initial modulus and maximum modulus for




fatigue and creep were compared at each stress level. Modulus ratio was the tangent modulus at
a time-point divided by the maximum tangent modulus (£/E,.). The last recorded modulus ratio
prior to rupture (Enupnre/Emax) Was anélyzed for specimens that ruptured during creep or fatigue

loading. Modulus ratios prior to rupture of creep and fatigue were compared at each stress level.

Stress §

T

Upper 50%

Strain

Figure 14: Schematic representation of the region used to calculate tangent
modulus. Tangent modulus was calculated with the loading portion of the curve.

2.3.1.6 Strain to 5 MPa

Valley strain was the minimum strain of each cycle (Figure 15). Strain to 5 MPa was the strain
corresponding to a stress of 5 MPa in the loading portion of a cycle minus the valley strain in the
same cycle. Total cycle strain was the peak strain in a given cycle minus the valley strain in the

same cycle. Initial strain to 5 MPa was the strain to 5 MPa calculated for the first loading cycle

(valley strain approximated by strain at 1 N for creep and fatigue).
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Figure 15: Schematic representation of a stress-strain curve for one cycle of loading
highlighting valley strain, strain to 5 MPa, and total cycle strain.

Strain to 5 MPa was used to approximate a foe-region strain because it was the highest stress still
within the toe-region at all three stress levels. Toe-region strain (approximated by strain to 5
MPa) as a percentage of total cycle strain was compared between creep and fatigue at 60% UTS
and 30% UTS at three normalized time-points: 0% of time-to-rupture (initial loading ramp),
20% of the time-to-rupture and 70% of the time-to-rupture. Toe-region strain for creep tests
could not be calculated at exactly 20% and 70% of the time-to-rupture because the
unloading/reloading cycles did not necessarily correspond to these values. As such, the values

were approximated using linear interpolation.

In addition, foe-region strain as a percentage total cycle strain was compared within groups to
determine if the values changed during loading. Values were compared at 0%, 20% and 70%
time-to-rupture within each group. Monitoring changes over time provided information on how
toe-region strain (estimated by strain to 5 MPa) and linear-region strain (total cycle strain minus

toe-region strain) change with respect to one another during loading.

2.3.1.7 Residual Strength Analysis

Residual strength, failure strain, tangent modulus and strain at 10 MPa were calculated for

ligaments that did not rupture during creep or fatigue loading. Residual strength was defined as




the maximum strength of ligaments after they had undergone creep or fatigue loading. This was
determined by subjecting the ligaments to the single stretch to failure protocol. Failure strain
was the strain recorded at the same time-point where the residual strength was determined. The
term ‘failure strain’ applied to residual strength tests, whereas the term ‘strain-at-rupture’ applied
to creep and fatigue loading. Tangent modulus was calculated with a linear regression of the
upper 50% of the stress-strain curve. Strain at 10 MPa was recorded for residual strength tests to
assess toe-region changes. Ten MPa was toward the end of the toe-region for 20 mm/min
loading ramp, whereas 5 MPa was the maximum stress within the toe-region during creep and
fatigue of all stresses tested. Similarly, UTS, failure strain, tangent modulus and strain at 10MPa

was calculated for ligaments in the single stretch to failure group.

Ligaments included in the residual strength were separated into two categories: Group 1,
ligaments without previous damage (those that had a modulus ratio greater than 0.97 at the end of
creep or fatigue loading, n = 10); and Group 2, ligaments with previous damage (those that had a
modulus ratio less than 0.97 at the end of creep or fatigue loading, n = 7). Both groups were

compared to data from the single stretch to failure group (Group 3, n =5).

2.3.2 Statistics

Four different statistical tests were used to compare creep and fatigue with respect to time-to-
rupture, increase in strain, steady-state strain rate, strain to 5 MPa, residual strength, failure
strain, tangent modulus, and strain at 10 MPa. Selection of the proper test followed a simple

sequence of steps highlighted by Figure 16.
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Figure 16: Sequence followed to determine the appropriate statistical test to
perform for each data set. None of the non-parametric tests included partial pairing.

The Ryah-Joiner test (similar to a Shapiro-Wilk test) involved creating a normal probability plot
and testing the correlation between the data and expected values given a normal distribution.
When the experimental data did not follow a normal distribution, then an exact Wilcoxon test
was used to compare the data. There was no incomplete pairing present in the data analyzed with
the Wilcoxon test. Normally distributed data was analyzed with either a Student’s t-test or a
mixed model. A student’s t-test was used when no pairing was present between the two test

groups.

When incomplete pairing was present and the data was normally distributed, a mixed model was
used to analyze the data. The mixed model has the capabilities of an ANOVA analysis with the
added ability of modeling two or more random effects. In the current study, there were two
random effects modeled: random effects resulting from multiple sampling from the same subject
(paired hindlimbs), and the random effects resulting from residual variances. The mixed model
computes significance using restricted maximum likelihood. If no pairing was present, the data
was normally distributed and the mixed model was still applied, the answer was identical to that

provided by a Student’s t-test.
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Creep and fatigue were compared at each stress level. The effect of stress level on creep and
fatigue individually was not analyzed. The difference between creep and fatigue was the primary
outcome. The analysis of strain to 5 MPa was the only exception. This data was analyzed with
repeated measures to investigate how each group (creep or fatigue) varied over time (a within
group comparison). A summary of the statistical procedure used for each comparison is provided

in Appendix D. The level of significance for all statistical tests was a=0.05.

2.3.3 Theoretical Modeling

Theoretical modeling of creep behaviour was undertaken to give more insight into the
mechanisms of damage involved in both creep and fatigue. A continuum damage mechanics
model was created to predict creep lifetime as a function of applied stress. The model used
empirical input to model the time-dependent damage present during creep loading. The CDM
model was verified against the creep data set and then used to predict fatigue lifetime based on

time-dependent (creep) damage.

2.3.3.1 Continuum Damage Mechanics Model

The CDM model was based on a combination of continuum mechanics and two empirical
relations. The first relation was between residual strength and modulus ratio. The second
estimated initial damage rate using the rate of modulus ratio change during the early stage of

damage.
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2.3.3.1.1 Damage Equation
The CDM model relied on the assumption that damage resulted in a decrease in effective CSA

and an increase in effective stress. This assumption was used to develop the following relation

by Kachanov (described in (30)):
A
D=|1-— 1

A was the intact cross-sectional area

where D was the damage
A, was the fully intact cross-sectional area

Equating forces applied to the material before and after damage created an expression to relate

area decrease and effective stress.

F BeforeDamage =F AfterDamage (4)
O, ‘Ao = effAeff (5)
where F was the force applied to the material
o, was the nominal stress

o,y was the effective stress

Combining equation (1) and (5) resulted in the following.

D:(l—;"] (6)
o

The above equation has been used in other continuum damage models (30,66,82). An important

task was to define a failure point. This was defined as a point when the cross-sectional area was

reduced such that the effective stress equaled the ultimate tensile strength of the material
(30,32,42,82).
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O = Oyrs N
where oyrs was the ultimate tensile strength

The damage equation (6) was used with the above equality to define the damage level

corresponding to rupture.

(o}

Drupture = (l -— ] (8)
Ours

where  D,,pure Was the damage level at rupture

In this study, modulus ratio (E/E,..,) was used as an indicator of damage. Previous studies have
used a modulus ratio as a direct indicator of damage (42,66,82). In other words, modulus ratio
was equated with CSA reduction (E/Enax = A/A,). This required the assumption that damaged
(ruptured) material no longer contributed to the strength of the structure. However, in ligaments,
ruptured fibres may still be able to interact with intact fibres by transmitting loads through the
ground substance. Therefore, it was beneficial to find a relation between area reduction (or

effective stress) and modulus reduction without relying on this assumption.

The residual strengths of unruptured ligaments were used to find a relation between modulus

ratio and effective stress using a power law regression.

C
RS = B(—E—f’—'ﬂ] )

max

where RS was the residual strength in MPa
Efinat/Epax Was the modulus ratio recorded just prior to the residual strength test

B and C were constants determined from the regression
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The ratio of residual strength to the UTS was used to define the area reduction realized prior to
the residual strength test. Equation (9) was substituted into the ratio to define CSA reduction as a

function of modulus ratio.

Ours 4,
C
E
B( Sfinal j
Emax — Aﬁnal (11)
Ours 4,

A generalized version of the above equation was substituted into the damage equation (equation

(1)) and resulted in a relation between damage and modulus ratio.

B(EY |
D=1- ( j (12)

yrs \ Emax
where D was the damage variable ranging from 0 to Dyypnre
B and C were constants

E/E ..x was the modulus ratio and o7y is the ultimate tensile strength

oyrs was the ultimate tensile strength

2.3.3.1.2 Damage rate

Defining the damage rate was necessary to develop the continuum damage model. The second
major assumption was made to define the damage rate: the damage rate of intact material was
dependent on effective stress (this can be related to the current damage state, modulus ratio or
CSA reduction). As damage accumulates, the effective stress on intact fibres increases;
therefore, the damage rate will also increase. The initial damage rate was found as a function of
nominal stress and was defined in a region with minor damage. Assuming the nominal stress and

effective stress in this region are equivalent, the initial damage rate can be used to approximate

43




the damage rate as a function of effective stress. This approximation, written mathematically,

was:

D,(c,) =D(o,;) (13)

where o©, was the nominal stress

oy was the effective stress

D, was the initial damage rate as a function of nominal stress

D was the damage rate as a function of effective stress

To determine the damage rate ( D), an approximation for the initial damage rate was developed.
Modulus ratio was used as an indicator of damage; therefore, it was logical to define damage rate
with the modulus ratio rate-of-change. Wang and Ker (66) acknowledge this, but they had
difficulty defining initial stiffness change and chose to model initial stiffness change by relating
stiffness to strain. In the present study, the steady-state portion of the modulus ratio data was fit
with a linear regression to determine the initial modulus rate-of-change. Figure 17 is a schematic
showing the portion of the curve that was fit. A higher order polynomial curve fit did not change
the results because the slope of the region was dominated by the first order value. To account for
the potential of initial ligament stiffening during the testing, the region used to determine initial
modulus rate-of-change started at the first point where modulus ratio increased to 98% and ended
at the first point where modulus ratio decreased to 97%. If a test ruptured before the recorded
modulus ratio decrease to 97%, then the last recorded modulus ratio point was used as the end of
the region. Tests that were stopped before rupture and had a modulus ratio greater than 0.97

were excluded from the initial modulus ratio rate-of-change analysis.
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Figure 17: Schematic of modulus ratio versus time. Solid lines show the region fit
with a linear regression and dashed lines show the portions of the curve not used to
determine initial damage rate. Two cases are shown: (a) modulus ratio decreased to
97% before rupture and (b) modulus ratio did not decrease to 97% before rupture.
Note that the images are not to scale, with the non-linearity greatly exaggerated. See

the results section for typical modulus ratio plots.

The slopes of the linear fits were used to approximate the initial modulus ratio rate-of-change.
The initial modulus ratio rate-of-change was related to nominal stress using a power law

regression. A power law relation gave the best fit to the experimental data.
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max /) _ Fg © (14)

dt 0

where F and G were constants determined by the regression
F/E,..x was the modulus ratio and oy is the ultimate tensile strength

d/dt was the rate of change with respect to time

Combining the above with the derivative of equation (12) resulted in an expression for damage

rate as a function of stress and modulus ratio.

C-1
D0=—B'C-(—§—j -Fo,° (15)

where B and C were constants

oyrs was the ultimate tensile strength

The above equation and equation (13) were used to define the damage rate as a function of

modulus ratio and effective stress.

C-1
. BC|( E
D=- (—] Fo,° (16)

Both modulus ratio and effective stress were related to the damage state using equations (12) and

(6), respectively. Equation (16) was re-written to give the final form of the damage rate

equation:
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Dz_ﬂﬁ.(l_D.G_UTiJ ¢ (_Oj_] (17)
Turs B 1-D

where D was the damage rate
F, B, C, and G were constants
oyrs was the ultimate tensile strength

o, was the nominal stress

D was the current state of damage in the material

2.3.3.1.3 Time-to-Rupture Prediction

The continuum damage model was used to predict time-to-rupture. Before loading, the damage
was assumed to be zero. As described above, the damage at rupture (D,yprure) Was 1- 6,/6yrs. The
damage rate equation can be integrated by separation of variables between zero and Diypnre t0

predict time-to-rupture of creep loading based on the nominal stress.

1-_°0 C G
: ouTS Z :
Tmtm=_M~. f 1-p.2urs. [ %o dbD (18)
v F-B-C ) B 1-D

where  Thpure Was the predicted time-to-rupture

F, B, C, and G were constants determined from empirical data
oyrs was the ultimate tensile strength

o, was the nominal stress

D was the current state of damage in the material

Time-to-rupture for fatigue loading was also predicted with the continuum damage model. The

constant nominal stress in equation (17) was replaced with a time varying stress as shown in the

following equation.
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(19)

Cc-1 O max :
— | —= (I +sin(z- f -t
FBC (| pom)e | o 4TS
B 1-D

Ouyrs

where  onax Was the maximum stress
Jfwas the frequency in Hz

t was the time in seconds

The addition of a time-dependent stress rendered the damage rate equation inseparable, so an
alternate method was used to approximate time-to-rupture for fatigue loading. A 4" order
Runge-Kutta approximation was used to compute the time required to reach Dppure. The step
size was 0.25 seconds. Fatigue time-to-rupture predictions were compared to fatigue

experimental data.

2.3.3.1.4 Model Errors

A sensitivity analysis of the empirical inputs (B, C, F, and G) to the CDM model was performed
to check the error in the prediction of time-to-rupture. Analysis was completed at 30% UTS
nominal stress. Each constant was increased and decreased by 10% and the creep time-to-rupture
was predicted using equation (18). To understand how much the constants B and C could
reasonably vary, one data-point at a time was systematically removed from the residual strength
versus modulus ratio data set. Similarly, one data-point at a time was systematically removed
from the initial rate of modulus ratio change versus time data set to observe how much the
constants F and G were affected. The maximum and minimum values of the constants were
recorded and inputted into equation (18) to estimate the reasonable error in the time-to-rupture

prediction.
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3.0 RESULTS

Experimental data acquired from creep and fatigue loading was analyzed to assess differences in
times-to-rupture, strain profiles, and stress-strain characteristics. Residual strength provided
evidence of damage and continuum damage theory was used to model the time-dependent
damage during creep and fatigue. Data from the single stretch to failure group were used to
calculate a UTS of 97.7 + 12.6 MPa. This UTS was used to normalize stresses in creep and
fatigue loading. Forty-one of the 46 ligaments failed in the midsubstance. The remainder failed

in the midsubstance with minor femoral avulsion.

3.1 Time-to-Rupture

At 60% UTS, all of the fatigue and creep tests were loaded until rupture, except for one non-
interrupted creep test that was censored (stopped) at 24 hours. Non-interrupted creep had
significantly longer time-to-rupture than interrupted creep (p = 0.034), when the one censored
time was considered to be ruptured (Figure 18). If the censored time was excluded from
analysis, there was still a strong trend for the time-to-rupture for non-interrupted creep to be

longer (p = 0.064). Non-interrupted creep tests were only performed at 60% UTS.
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Figure 18: Time-to-rupture of interrupted and non-interrupted creep ligaments
tested at 60% UTS. Solid circles indicate the ligament ruptured and a hollow circle
indicates the ligament was still intact and the loading was stopped at that time.

Time-to-rupture of interrupted creep (6.5 = 3.5 hours) was greater than fatigue (0.55 + 0.50
hours) at 60% UTS (p = 0.043). Similarly, time-to-rupture of all ruptured creep (12 + 10 hours)
was greater than fatigue at 60% UTS (p = 0.041). Non-interrupted creep also failure at greater

times than fatigue (p = 0.040). The times-to-rupture and censor-times are summarized for all

stress levels in Table 3 below.




Table 3: Total loading duration for each ligament. Paired ligaments are found on
the same row, except in the case of the pair between 30% creep and 15% creep.
Creep ligaments 9, 18 and 19 were not included in the residual strength analysis (see
Section 3.4). Creep ligaments 9, 10, and 11 were non-interrupted tests.

Stress Fatigue Time of | Condition Creep Time of | Condition
Level Ligament | Loading | atEndof | Ligament | Loading | atEnd of
(% UTS) (hours) Test (hours) Test
60 1 0.1 Ruptured -- -- -
60 2 1.0 Ruptured - -- --
60 3 1.0 Ruptured -- -- --
60 4 0.2 Ruptured -- -- --
60 -- - -- 5 11.3 Ruptured
60 - - -- 6 2.8 Ruptured
60 -- -- -- 7 54 Ruptured
60 -- - -~ 8 6.4 Ruptured
60 -- - -- 9 24.0 Censored
60 - - -- 10 16.1 Ruptured
60 -- -- -- 11 31.0 Ruptured
30 12 16.0 Ruptured 12 24.0 Censored
30 13 23.1 Ruptured 13 24.0 Censored
30 14 7.3 Ruptured 14 24.0 Censored
30 15 13.5 Ruptured 15 24.0 Censored
30 - -- - 16 24.0 Censored
30 - -- -- 17 47.2 Ruptured
30 - - -- 18 344 Censored
30 -- -- -- 19 16.5 Censored
30 - - -- 20 72.0 Censored
30 - - -- 21 90.7 Ruptured
30 - - -- 22 - 85.4 Ruptured
15 23 24.0 Censored 23 24.0 Censored
15 24 24.0 Censored 24 24.0 Censored
15 25 48.0 Censored 25 483 Censored
15 26 30.4 Ruptured 26 46.1 Ruptured
15 27 24.0 Censored -- -- --
15 28 72.0 Censored -- -- -
15 29 72.0 Censored -- -- -
15 30 72.0 Censored -- -- --
15 31 80.8 Ruptured -- -- --
15 32 58.9 Ruptured -~ -- --
15 - - -- 20 168 Censored

At 30% UTS, all the fatigue ligaments ruptured. Three interrupted creep ligaments ruptured and
the remaining ligaments were censored at 24 hours (n = 5) or 72 hours (n = 1). Two additional
tests, both 30% UTS creep, were unintentionally stopped during loading at 16.4 and 34.4 hours.
Data from these tests were only analyzed up to these times. These two unintentionally stopped
ligaments were not included in the residual strength analysis. Creep times-to-rupture (74 + 24
hours) were greater than fatigue times-to-rupture (15 + 6.5 hours) at 30% UTS, excluding

censored data (p = 0.004). The maximum time-to-rupture for fatigue ligaments at 60% and 30%
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UTS was smaller than all times-to-rupture or censor-times of the respective creep ligaments at

60% and 30% UTS (Figure 19).

At 15% UTS, three ligaments from fatigue and one from creep ruptured during loading. One
ligament from each group ruptured at fairly early times (Timefaigue = 30.4 hours, Time geep= 46.1
hours) and both of these were from the same animal. The remaining ligaments at 15% UTS were
censored at 24 hours (fatigue, n = 2; creep, n = 2), 48 hours (fatigue, n = 1; creep, n = 1), 72
hours (fatigue, n = 3) or 168 hours (creep, n = 1). Tirhe-to-rupture statistics were not completed
at 15% UTS because only one creep ligament ruptured. One creep ligament was loaded for over
2 times the maximum recorded fatigue time-to-rupture without showing mechanical signs of

damage. The complete set of time-to-rupture and censor-time data is shown in Figure 19.
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Figure 19: Time-to-rupture and censor-times for all tests in both (a) fatigue and (b)
creep. Solid symbols indicate time of ligament rupture and hollow symbols indicate
the time that ligaments were unloaded. Note that some data points may overlap. The
dashed lines are power law curve fits of the ruptured data only.

The time-to-rupture data for both creep and fatigue were fit with a power-law curve to relate
between time-to-rupture and test stress normalized with the ultimate tensile strength.

Coefficients were determined using a least squares approach.
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Where Tereep and Trague are the times-to-rupture, in hours, for creep and fatigue, respectively, o,
is the nominal stress and oyrs is the ultimate tensile strength. The r* for the creep fit was 0.52

and the r* for the fatigue fit was 0.83.

3.2 Strain Profiles

Strain profile comparisons were made using increase in strain, steady-state strain rate and strain
at rupture. All data for the fatigue tests was generated using peak strains for each cycle. Initial

strains were similar for creep and fatigue at each stress. Initial strains are shown in Table 4.

Table 4: Initial strain for creep and fatigue at 60%, 30% and 15% UTS. No
statistical difference was detected between creep and fatigue at any stress. Data
shown as mean * standard deviation.

Stress (% UTS) Fatigue Initial Strain Creep Initial Strain
60 0.0974 £ 0.0096 0.1016 +0.0179
30 0.0670 + 0.0054 0.0686 + 0.0076
15 0.0426 + 0.0094 0.0451 £ 0.0086

In general, trends observed for increase in strain can be extrapolated to total strain because the

initial strains for creep and fatigue were similar; however, increase in strain was used to

eliminate the minor variation associated with initial strains.
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3.2.1 Increase in strain

All ruptured ligaments exhibited three stages of strain: primary strain, secondary strain and
tertiary strain. Censored ligaments were stopped in secondary strain or the beginnings of tertiary
strain. Analysis was performed at specific time-points and normalized time-points. Typical
increases in strain for creep and fatigue are shown at specific time-points (Figure 20) and

normalized time-points (Figure 21). All increase in strain plots are provided in Appendix E.
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and creep (solid line). The X-marks indicate the increase in strain-at-rupture.
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55




At 60% UTS, increases in strain for interrupted and non-interrupted creep tests were compared
at 20% of the time-to-rupture and at 70% of the time-to-rupture (Figure 22). One of the non-
interrupted creep tests was excluded from the normalized time increase in strain analysis because
it was not loaded to rupture. At 20%, 70% and 100% of the time-to-rupture, the increase in strain
of interrupted creep was not different from non-interrupted creep. As a result, the non-

interrupted and interrupted creep were combined together for creep and fatigue comparisons.

0.1000

0.0B00 |- Ko

0.0600

00400

0.0200 i)( ------------------------------------------- $ --------------------------------- >< --------

0.0000

Increase in Strain

20% 70% 100%
Time-to-Rupture Time-to-Rupture Time-to-Rupture

Figure 22: Increase in strain for interrupted creep (+) and non-interrupted creep
(X) at 20% and 70% of time-to-rupture. Tests completed at 60% UTS.

3.2.1.1 Increase in Strain at Specific Time-Points

At 60% UTS, increase in strain was greater for fatigue than creep after both 0.8 hours (p = 0.014)
and 4.2 hours (p = 0.038, Figure 23(a)). Fatigue and creep increases in strain were similar at 24
hours. One fatigue specimen had a large discontinuity at 0.35 hours (see Appendix F). A

discontinuity was defined as a large change in strain with no corresponding change in stress.
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At 30% UTS, increase in strain was greater for creep than fatigue at 0.8 hours (p = 0.042, Figure
23(b)). After 4.2 hours, a trend for creep increase in strain to be greater than fatigue was
detected, but it was not statistically significant (p = 0.084). At 24 hours, fatigue strain increases

were greater than those of creep (p < 0.001).

At 15% UTS, creep strain increases were greater than fatigue strain increases at 0.8 hours (p =
0.029) and 4.2 hours (p = 0.026, Figure 23(c)). By 24 hours, creep and fatigue strain increases
were similar at 15% UTS. The increase in strain at 15% UTS was almost an order of magnitude
less than that at 60% UTS. At 30% and 15% UTS, the magnitude of the differences between
creep and fatigue for increase in strain was small. An additional set of 60% fatigue data was

collected but it was excluded from analysis because of apparatus malfunction resulting in very

large increase in strain values (see Appendix G).
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Figure 23: Increase in strain for fatigue (®, ) and creep (@, O) tests at (a) 60% UTS, (b)
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In summary, at 0.8 hours fatigue increase in strain was greater than creep increase in strain at
60% UTS because two ligaments had ruptured and the remaining two were close to rupture
(within 0.2 hours) and no creep ligaments had ruptured. Also at 0.8 hours, creep increase in
strain was greater than fatigue increase in strain at 30% and 15% UTS. No ruptures occurred

before 0.8 hours at 30% and 15% UTS.

At 4.2 hours, fatigue increase in strain at 60% UTS was greater than creep increase in strain
because all four fatigue ligaments had ruptured while only one creep ligament ruptured. Creep
increase in strain was still greater than fatigue increase in strain at 30% and 15% and no ruptures

occurred before 4.2 hours at these two stresses.

At 24 hours and 60% UTS fatigue, increase in strain and creep increase in strain were the same
because all ligaments (except one creep ligament) had ruptured. At 30% UTS, fatigue increase in
strain was greater than creep increase in strain because all fatigue ligaments had ruptured and all
creep ligaments were still intact. Fatigue and creep increases in strain were similar at 15% UTS.
Both creep and fatigue (at 15% UTS) were in the secondary strain stage at 24 hours, so the

increase in strain magnitudes were small.

3.2.1.2 Increase in Strain at Normalized Time-Points

Increase in strain was also analyzed on a normalized time scale (Figure 24). In general, increase
in strain was larger for creep than fatigue at a given normalized time-point. Once again, the
normalized time-point analysis only included specimens that ruptured. Not enough specimens
ruptured in creep at 15% UTS to perform statistical analysis, so only 60% UTS and 30% UTS

were analyzed.

At 20% of the time-to-rupture, increase in strain during creep was greater than increase in strain
for fatigue. This was true at both 30% UTS (p = 0.001) and 60% UTS (p < 0.001). At 70% of
the time-to-rupture and 30% UTS, increase in strain was greater for creep when compared to

fatigue (p = 0.034). However, at 70% of the time-to-rupture and 60% UTS, increase in strain
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was similar between creep and fatigue. At 100% of the time-to-rupture, creep and fatigue

increases in strain were not different at either 60% or 30% UTS.
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Figure 24 Increase in strain for fatigue (®, <) and creep (@, O) tests at (a) 60%
UTS, and (b) 30% UTS. Data is shown at two normalized time-points. 20% of time-
to-rupture, 70% of time-to-rupture and 100% of time-to-rupture.” The first two
normalized time-points occurred afier the end of primary strain and before the
beginning of tertiary strain. Solid symbols indicate that the ligament was ruptured
and hollow symbols indicate the ligament was still intact.
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3.2.2 Steady-State Strain Rate

At all stress levels, fatigue steady-state strain rates showed a trend to be greater or was
significantly greater that those resulting from creep loading (Figure 25). At 60% UTS fatigue
steady-state strain was 26 + 17 p/sec while creep was 0.36 + 0.34 p/sec (p = 0.008). At 30%
UTS, creep steady-state strain rate (0.063 + 0.040 wsec) was less than fatigue (0.27 + 0.15 p/sec,
p =0.013). Tests performed at 15% UTS followed the same trend as above with fatigue (0.067 +
0.056 p/sec) larger than creep (0.013 + 0.0077 p/sec, p = 0.074). |
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3.2.3 Strain-at-Rupture

Creep and fatigue strains-at-rupture were also compared and no significant differences were
detected between any groups (Figure 26). Average strains-at-rupture for 60%, 30% and 15%
UTS fatigue loading were 0.167 £ 0.028, 0.146 + 0.016, and 0.146 + 0.012, respectively.
Strains-at-rupture for 60%, 30% and 15% UTS creep tests were 0.168 + 0.034, 0.148 + 0.006,
and 0.187 respectively. For continuity, strain-at-rupture was simply the addition of initial strain

(Table 4 above) and increase in strain at 100% of the time-to-rupture (Figure 23 above).
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Figure 26: Strain-at-rupture for fatigue and creep at all stress levels: 60% UTS,
30% UTS and 15% UTS. No significant differences were detected for any group.

3.3 Stress-Strain Characteristics

Two time-dependent changes in stress-strain characteristics were monitored during testing:

tangent modulus, and strain to 5 MPa.

63




3.3.1 Tangent Modulus

No differences were seen for initial tangent modulus between creep and fatigue at 60%, 30% and
15% UTS (Table 5). In addition, no differences were found for maximum tangent modulus
between creep and fatigue at all stress levels. Creep and fatigue were different when comparing
the last recorded tangent modulus prior to rupture (E,upure/Emax, Figure 27). At 60% and 30%
UTS, the modulus ratio prior to rupture during fatigue loading was less than that observed during
creep loading (p < 0.001 and p = 0.066, respectively). The analysis of modulus ratio prior to
rupture only included specimens that ruptured and was not performed for 15% UTS because of
insufficient numbers. The differences observed prior to rupture arose from the inability of the
creep protocol to capture the modulus ratio just prior to rupture. The unloading/reloading cycles
occurred at set times that were typically not very close to the time of rupture (see Tables 2 and
3). One 30% UTS creep test was unloaded and reloaded 10 seconds before rupture. In this case,

the modulus ratio prior to rupture was 0.54, which was similar to those of fatigue at 30% UTS.

Table 5: Initial tangent modulus, maximum tangent modulus and modulus ratio
prior to rupture for all stress levels (60%, 30% and 15% UTS). Data is shown as
mean + standard deviation. * indicates significant difference between creep and
fatigue at the same stress.

Initial Tangent Modulus Maximum Tangent Modulus Ratio Prior to
S";S;ITJ;VC‘ (E;, MPa) Modulus (E ., MPa) Rupture (Equpure/Emas)
(% ) Creep Fatigue Creep Fatigue Creep Fatigue
60 811+ 86 778+ 92 887 + 106 854 £ 112 0.96+0.03 | 0.66=0.03*
30 717 £+ 62 674 £43 783 + 69 735+ 40 0.70+0.14 | 0.51+0.07*
15 598 + 47 586 =76 649 + 65 645 + 82 -- 0.45+0.12

The calculated tangent modulus tended to have small fluctuations that had a typical range of 20
MPa for all stress levels. The fluctuations appear most evident for the 15% UTS fatigue tests
because 20 MPa was a larger percentage of the modulus values observed at this stress level
(Figure 27). One 15% UTS creep ligament was loaded for 168 hours with no sign of modulus

ratio reduction. A complete set of modulus ratio plots is provided in Appendix H.
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Figure 27: Typical modulus ratio plots comparing creep (circles and dashed lines)
and fatigue (solid lines) for (a) 60% UTS, (b) 30% UTS and (c) 15% UTS. The
circles indicate times when interrupted creep tests were unloaded and reloaded to
determine modulus values. All graphs are plotted to the same scale.
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3.3.2 Strain to 5 MPa

There were no differences seen in initial strain to 5 MPa as a percentage of total cycle strain
between creep and fatigue at all stresses (Figure 28). In general, strain to 5 MPa as a percentage
of total cycle strain initially decreased and then stayed relatively constant for the duration of
creep and fatigue loading. Three time points were examined within each group to assess changes
over time: 0% time-to-rupture, 20% time-to-rupture, and 70% time-to-rupture (100% time-to-
rupture was not analyzed because the creep protocol did not capture this time-point). Results are

shown in Table 6.
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Figure 28: Toe-region strains as a percentage of total cycle strain versus time for
creep (dashed lines) and fatigue (solid lines). All three stress levels are included on
the graph: 60% UTS (black), 30% UTS (blue) and 15% UTS (red).
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Table 6: Strain to 5 MPa as a percentage total cycle strain for 0%, 20%, and 70%
time-to-rupture. Data is presented as mean + standard deviation. An asterisk (*)
indicates a statistically significant difference between a value and 0% time to rupture
for the same group. A square (%) indicates a statistically significant difference
between 20% and 70% within the same group.

Group 0% 20% 70%
Time-to-Rupture | Time-to-Rupture | Time-to-Rupture
Fatigue 60% UTS 0.19+0.01 0.10+0.01* 0.10+0.01*
Creep 60% UTS 0.18+0.02 0.13+£0.01* 0.12+0.02*
Fatigue 30% UTS 0.29 + 0.01 0.26+0.01* 0.25+0.01*"
Creep 30% UTS 0.30+0.03 0.22 + 0.03* 0.21 +0.02*"
Fatigue 15% UTS 0.49 +0.01 ~0.45£0.02 0.44 +0.03

No formal comparisons were made across stress levels, but inspection of Figure 27 and Table 6
show that the strain to 5 MPa accounted for a larger part of the total cycle strain for lower

stresses.

3.3.3 Modulus Ratio and Increase in Strain

Modulus ratio was graphically compared to increase in strain (Figure 29). Fatigue data at all
stress levels had three regions characterized by the modulus ratio: (1) region of increasing
modulus ratio, (2) region of constant modulus ratio, and (3) region of decreasing modulus ratio.
In the first region, modulus ratio and increase in strain had a non-linear relation where both
increase in strain and modulus ratio increased. In the second region, increase in strain continued
to increase, but modulus ratio maintained a value close to unity. Typically, the change in
increase in strain in region 2 ranged from 0.005 to 0.100. In the last region, modulus ratio began
to decrease until rupture while increase in strain continued to rise. Region 3 showed a fairly
linear relation between modulus ratio and increase in strain. The fatigue test with a discontinuity
at 60% is evident in Figure 29(a) where the third region is disrupted with a large change in strain
(without a corresponding change in stress) while the modulus stayed constant. Creep data
showed regions 2 and 3, but not region 1. Presumably, the first unloading/reloading cycle (at 0.8
hours) was after the transition from region 1 to region 2. Interestingly, the transition between

regions 2 and 3 occurred at higher strains for creep than fatigue at 60% and 30% UTS.
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Figure 29: Modulus ratio versus increase in strain at (a) 60% UTS, (b) 30 % UTS,
and (c) 15% UTS. Fatigue tests (blue dots) showed three distinct regions at all
stresses: (1) region of increasing modulus ratio, (2) region of constant modulus
ratio, and (3) region of decreasing modulus ratio. At 60%, one fatigue ligament had
a discontinuity during region 3 (the same ligament is highlighted in Figure 22
above). Creep tests (red circles) showed regions 2 and 3 at 60% and 30% UTS, and
region 2 at 15% UTS.
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At 60% and 30% UTS, the regions 1, 2 and 3 regions were evident for fatigue and regions 2 and
3 were evident for creep. At 15% UTS, the regions 1, 2 and 3 were present for fatigue but only
region 2 was present for creep. Only one of the creep ligaments at 15% UTS ruptured during
creep loading and it did not exhibit a clear modulus ratio reduction prior to rupture. As a result,

none of the 15% creep ligaments showed the third region.

To understand how the three regions of the modulus ratio versus increase in strain translate to
time of loading, three time points were selected (the end of the first region, the end of the second

region and the end of the third region) and were plotted in Figure 30. The second region occurs

over a large time, but appears compressed on a modulus ratio versus increase in strain graph.
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3.4 Residual Strength and Strain

Residual strength and strain analysis consisted of three groups: (Group 1) ligaments without
previous damage (those that had a modulus ratio greater than 0.97 at the end of creep or fatigue
loading), (Group 2) ligaments with previous damage (those that had a modulus ratio less than
0.97 at the end of creep or fatigue loading), and (Group 3) single stretch to failure group. Figures
31 and 32 show the stress strain curves for the single stretch to failure group and the residual
strength groups, respectively. Ligaments without previous damage were subjected to 30% creep
(n=3), 15% fatigue (n = 3) or 15% creep (n = 4). Three pairs (left and right MCLs) were nested
between 15% fatigue and 15% creep. When all residual strength ligaments, including the nested
pairs, were analyzed, the trends and significance did not change; however, the paired ligaments
in the 15% UTS creep group were not used to obtain the following results. Ligaments with
previous damage were subjected to 30% creep (n = 3) and 15% fatigue (n = 4). No trends were
observed to indicate that fatigue and creep tests could not be grouped based on modulus
reduction. In groups 1 and 2, the creep and fatigue stress-strain curves were evenly distributed

across the range of values.
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Figure 31: Stress-strain plots for the single stretch to failure group. Precondition
cycles are included in the data. The mean UTS was determined to be 97.7 + 12.6
MPa (n =3).
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Figure 32: Stress-strain plots for the two residual strength groups: ligaments that
had a modulus ratio less than 0.97 at the end of creep or fatigue loading (dashed
lines, residual strength = 59.3 + 14.2 MPa) and ligaments that had a modulus ratio
greater than 0.97 at the end of creep or fatigue loading (solid lines, residual strength
=93.5+ 12.6 MPa). The residual strength outlier is marked with an asterisk. Three
pairs were nested in the ligaments with a modulus ratio greater than 0.97. One
ligament from each pair was removed from the analysis. The excluded ligaments are
mark with a plus sign (+).

No differences were seen between the single stretch to failure group and the ligaments without
damage for strength (comparing UTS to residual strength), failure strain, tangent modulus, and
strain at 10 MPa. Therefore, the single stretch to failure group (Group 3) and the residual strength
group without previous damage (Group 1) were combined to create one group: (Group 4)
previously-undamaged group. This new group was then compared to the previously-damaged
group (Group 2). Both previously-undamaged and previously-damaged groups were compared
for strength, failure strain, tangent modulus and strain at 10 MPa. It is worthy to note the
presence of one potential outlier in the previously-damaged group. The potential outlier is
marked with an asterisk (*) in Figures 32 and 33. The ligament in question was cyclically loaded
at 15% UTS until a point very close to rupture, and, as a result, its modulus ratio was much
smaller than the other damaged specimens. In fact, the modulus ratio was closer to those that
ruptured during 15% fatigue loading than those that did not. With that being the case, it could be

that all damaged ligaments would behave this way if they were loaded to the same percentage of
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their lifetime. As a result, the analysis involving residual strength was completed with and
without this ‘residual strength outlier’. The results of the analysis with the residual strength

outlier are presented in Table 7 and the results without the residual strength outlier are shown in
Table 8.

Table 7: Comparison of previously-undamaged ligaments to previously-damaged
ligaments including the residual strength outlier. Data presented as mean + standard
deviations followed by the p-value resulting from the comparison of both groups.

Strength Failure Strain Tangent Strain at
(Peak Stress, (Strain at Peak Modulus 10 MPa
MPa) Stress) {MPa)
(2) Previously- 59.3+14.2 0.1513 £0.0251 488.0 £ 64.6 0.0542 £+ 0.0061
Damaged
(4) Previously- 87.7+123 0.1627 £ 0.0185 613.2+63.4 0.0444 £ 0.0085
Undamaged
p-value <0.001 0.041 0.001 0.022

Table 8: Comparison of previously-undamaged ligaments to previously-damaged
ligaments excluding the residual strength outlier. Data presented as mean +
standard deviations followed by the p-value resulting from the comparison of both

groups.
Strength Failure Strain Tangent Strain at
(Peak Stress, (Strain at Peak Modulus 10 MPa
MPa) Stress) (MPa)
(2) Previously- 64.5+74 0.1602 £ 0.0137 472.8+59.0 .0.0530 + 0.0059
Damaged
(4) Previously- 87.7+123 0.1627+0.0185 613.2+63.4 0.0444 £ 0.0085
Undamaged
p-value <0.001 0.156 0.006 0.057

Comparison of previously-undamaged and previously-damaged ligaments showed that damage
resulted in decreased strength and modulus. The effect of damage on the failure strain was
unclear because the inclusion or exclusion of the residual strength outlier affected the result.
When the residual strength outlier was included, the failure strain of the previously-damaged
group was significantly smaller than the previously-undamaged group; however, when the
residual strength outlier was excluded, no significant difference was detected between the
previously-damaged and previously-undamaged failure strains. Comparison of failure strains
and strains-at-ruptures (during creep or fatigue loading, see Section 3.2.2 for strain-at-rupture

data) indicated no significant differences between any group when the residual strength outlier is
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removed (all p > 0.3). The outlier also had an effect on the strain at 10 MPa, but to a lesser
extent. At the very least, strain at 10 MPa showed a trend towards being greater for previously-

damaged ligaments when compared to previously-undamaged ligaments.

3.5 Theoretical results

The damage theory developed in section 2.3.3.1 relied on two experimental curve fits. First, the
relation between residual strength and modulus reduction was determined (Figure 33), and,

second, the initial rate of modulus ratio reduction was determined as a function of nominal stress

(Figure 34).
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Figure 33: Residual strength versus modulus ratio at the end of the loading period.
The figure includes data obtained from 15% fatigue (n = 7), 30% interrupted creep
(n = 6) and 15% interrupted creep (n = 3) tests. Axes are shown in normal scale
because the data collapses on a log-log scale. * indicates the residual strength
outlier.
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The data in Figure 33, including the residual strength outlier, was fit with a power-law

regression resulting in the following relation.

C
E
RS = B| —ne (9)
Emax
2.87
E
RS =92 "L ")
Emax

where the > = 0.71. Without the residual strength outlier, the constants B and C were 97 and
4.87, respectively, and the r* value dropped to 0.48.

The second empirically-based part of the damage theory required that the initial damage rate be
defined. Initial damage rate is related to the initial modulus ratio reduction. Figure 34 shows the

power-law relation of initial modulus ratio reduction with nominal stress.
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Figure 34: Initial rate of modulus ratio reduction as a function of stress (%UTS) for
creep ligaments that had a modulus ratio less than 0.97 (open circle) and creep
ligament that ruptured (solid circle). Power law regression was insensitive to the
addition/removal of the one specimen at 15% UTS (this is not the residual strength
outlier).
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The values generated from the regression follow were the following.

tho-c;

dt 0

Einax _5'10—120_ 3.04
= 0

dt

(14)

(14°)

The r* value for the regression was 0.86. The values determined for the constants in equation
(9°) and (14°) were substituted into equation (18) to predict the time-to-rupture for creep loading
as a function of nominal stress. Figure 35 shows the results of the theoretical model when

compared to the experimental times-to-rupture.
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Figure 35: Time-to-rupture prediction as a function of nominal stress (%UTS) for
interrupted creep. Figure shows the experimental results for interrupted creep tests
(solid circle represents ruptured specimens and open circle represents an unruptured
specimen), the power-law regression of the time-to-rupture for ruptured creep
specimens (dashed line, from Section 3.1), time-to-rupture prediction using damage
theory with the residual strength outlier (dot-dash line) and the time-to-rupture
prediction developed using the damage theory without the residual strength outlier
(solid line).
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The predicted creep time-to-rupture agreed with the experimental data as shown in the figure
above. Inclusion or exclusion of the residual strength outlier changed the results of the damage
theory, but both predictions were reasonable. The longest experimental loading duration at 15%

UTS was well below the prediction of the damage theory at that stress.

The damage theory was also used to predict time-to-rupture of fatigue loading. Damage theory
predictions based on time-dependent creep damage severely overestimated the fatigue time-to-
rupture (Figure 36). The damage theory over-predicts the time-to-rupture by 19700%, 41200%
and 66800% of the actual time-to-rupture (approximated using equation (19)) for 60%, 30% and
15% UTS, respectively.
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Figure 36: Time-to-rupture predictions as a function of nominal stress (%UTS) for
fatigue. Figure shows the experimental results for fatigue tests (solid diamond
represents ruptured specimens and open diamond represents an unruptured
specimen), the power-law regression of the time-to-rupture for ruptured fatigue
specimens (dashed line, from Section 3.1), and the time-to-rupture prediction
developed using the damage theory without the residual strength outlier (solid line).
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3.5.1 Sensitivity Analysis

The CDM model relies on four empirically derived constants (B, C, F, and G) to predict time-to-
rupture and potential errors in the constants can propagate through the theory and affect the
predictions. As such, a sensitivity analysis was performed by individually varying the constants
by 10% to see the effect of the creep time-to-rupture prediction for a 30% UTS nominal stress
(Table 9). The base values of the constants were those fits including all relevant experimental
data (B =92, C=2.87, F=-5*10""2, and G =3.044), giving a creep time-to-rupture prediction of
117 hours.

Table 9: Creep time-to-rupture predictions for a 30% UTS nominal stress when
empirical constants are varied up and down by 10%. An asterisk indicates

multiplication.

Time-to-Rupture Error

Prediction (hours) (% of base prediction)
0.9*B 125 7
1.1*B 110 -6
0.9*C 127 9
1.1*C 108 -8
0.9*G 346 196
1.1*G 39 -66
0.9*F 130 11
0.9*F 106 . -9

The sensitivity analysis revealed that the CDM model was most sensitive to errors in the constant
G with a 10% error producing either a 200% increase or a 60% decrease in the time-to-rupture

prediction.

To check what realistic errors could be associated with the constants B and C, one data point at a
time was systematically removed from the residual strength data set. The extreme values were
recorded and used to calculate the time-to-rupture for creep at 30% UTS (Table 10). Removal of
the residual strength outlier caused the largest increase in B and C. Both B and C increased or
decreased together, compounding error in the prediction. The same method was used on the
initial rate of modulus ratio change data set to provide realistic errors in F and G (Table 10). The
constant /" and G changed in opposite directions when data was removed, minimizing the effect

of error in both terms. The largest change in the time-to-rupture prediction arose from the
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exclusion of the residual strength outlier (-40%). This error (shown as the difference between
the solid and dot-dash lines in Figure 35) was much to small to account for the overestimation of
fatigue time-to-rupture (Figure 36). Data at 60% UTS was used to show the relative values. The
inclusion or exclusion of the residual strength outlier altered the fatigue time-to-rupture
prediction by 7 hours. For comparison, the overestimation of the fatigue time-to-rupture

prediction was 92 hours.

Table 10: Creep time-to-rupture predictions for a 30% UTS nominal stress given
two realistic extremes of empirical constants B/C and F/G.

Time-to-Rupture Error
Prediction (hours) (% of base prediction)
F 35:* 19 g‘zcczi i'2:35.7044 70 40
F 35:* 19 g"‘zc,(:} i'2.9044 121 | 4
F =B-7= *91%)" ’(;, 22;827. 94 121 4
F= 3107, =3 14 138 18
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4.0 DISCUSSION

This experimental work answered two main questions. First, does loading condition (static creep
or cyclic fatigue) alter damage accumulation in ligament as measured by changes in mechanical
behaviour? Second, can fatigue time-to-rupture be predicted using a continuum damage model
based on creep behaviour? The second question can, in fact, help to answer the first question.
To facilitate analysis and discussion, the first major question was divided into four sub-questions.

Each sub-question and applicable results are discussed in separate sections.

4.1 Does creep or fatigue result in an earlier time to rupture?

Simply stated, ligament damage accumulation is affected by loading conditions and cyclic
loading causes more damage than static loading alone. Fatigue has two potential sources of
damage: one resulting from the time at high load (creep-like, time-dependent damage) and one
resulting from the varying load (cycle-dependent damage). This results from the constraint that
ligaments can only resist tensile loads. As such, fatigue loading involves a non-zero mean stress;
therefore, fatigue loading will include a creep response. In contrast, creep loading causes
damage only by subjecting the ligament to a continual non-zero stress (time-dependent damage)
and does not involve damage from a varying load (cycle-dependent damage) because the load is

held constant. Evidence in support of this theory was provided by the time-to-rupture analysis.

Fatigue loading caused earlier rupture than creep loading in ligament. However, data from Wang
and coworkers (66,67) did not find a similar relationship in tendon. They did not explicitly
compare creep and fatigue times-to-rupture; however, they did provide graphs showing the
times-to-rupture for creep (Figure 37) and fatigue (Figure 38). An informal, visual comparison
of their data revealed that fatigue times-to-rupture at 1.1 Hz were very similar to creep times-to-
rupture. Data was compared at maximum stresses corresponding to 55%, 30% and 15% yield

stress (80, 43, and 22 MPa). For clarity, Wang and Ker (66) used yield stress in the same way

other damage theories use UTS, so percent-yield of wallaby tail tendon should be comparable to




percent-UTS of rabbit MCL. They found that time-to-rupture decreased with increasing

frequency, indicating that some cycle-dependent damage occurs in tendon.
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Figure 37: Time-to-rupture as a function of applied stress for wallaby tail tendons
subjected to creep loading. From Wang and Ker (66).
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Figure 38. Time-to-rupture as a function of applied stress for wallaby tail tendons
subjected to fatigue loading at 1.1, 5.3 and 10 Hz. The solid line is the prediction of
fatigue time-to-rupture from Wang and Ker’s damage model. From Wang et al. (67).




Data collected by Wren et al.(75) with human Achilles tendon suggests that fatigue loading
causes earlier rupture than creep loading, but, once again, no explicit comparison was made.
Inspection of their data (Figures 39 and 40) suggests that fatigue times-to-rupture were less than
those of creep at similar initial strains. Schechtman and Bader (48) varied both frequency and
stress during their tendon fatigue tests so it is difficult to relate the influence of cycle-dependent
damage. If they had not varied frequency and stress together, then the square wave loading
would have provided insightful information about the contributions of time- and cycle-dependent
damage because idealized square wave loading would not alter the time at high load. The
tendons studies above do not provide a clear understanding if fatigue time-to-rupture is less than
creep time-to-rupture. Results from the present study indicate that the additional cycle-

dependent damage involved in fatigue loading causes a significant decrease in time-to-rupture (at

60% and 30% UTYS) in ligament.
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Figure 39: Time-to-rupture as a function of initial strain for human Achilles tendons
subjected to creep loading. From Wren et al. (75).
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Figure 40: Time-to-rupture as a function of initial strain for human Achilles tendons
subjected to fatigue loading at 1 Hz. The dashed line is the fatigue time-to-rupture
prediction from Wren et al.’s damage model. From Wren et al. (75).

The idea of additional cycle-dependent damage is further reinforced with the CDM model
because the model over-predicts the time-to-rupture for fatigue loading. The model was based
solely on time-dependent damage. Cyclically varying the nominal stress in the model did not
predict enough damage accumulation to match experimental damage accumulation. The model is
based solely on time-dependent damage, and therefore, should be able to predict time-dependent
damage behaviour at a given nominal stress. This implies that either the model does not predict
time-dependent damage correctly or, more likely, fatigue loading in ligaments involves both
time- and cycle-dependent damage. Figure 35 shows good agreement between predicted and
experimental time-to-rupture, so it seems that the continuum damage model does a fair job at
predicting time-dependent damage. It is reasonable to assume that the over-prediction of time-
to-rupture arises because the continuum damage model does not account for additional cycle-

dependent damage caused by fatigue loading.

Time-dependent damage models also over-predict fatigue time-to-rupture in tendon. Both Wang
and Ker (67) and Wren et al. (75) developed damage theories with differing damage
accumulation rates and failure criteria. In both cases, the models over-predicted the time-to-
rupture of fatigue loading, similar to the present study. Data presented by Wang and Ker (Figure

38) was used to estimate the percent difference between the experimental data and the predicted
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time-to-rupture. At 55%, 30% and 15% yield stress (80, 43, and 22 MPa), their CDM model
over-predicted the time-to-rupture by approximately 1200%, 375% and 67%, respectively.
Wang and Ker (67) performed fatigue tests with a minimum stress of 11.5 MPa. This explains
why the error between their damage theory and experimental results decreases at lower
maximum stresses. As the maximum stress approached 11.5 MPa, the loading becomes more
like a constant stress at 11.5 MPa (more like a creep test), so their model provided a better
prediction. Direct comparison to the over-prediction of the model developed by Wren et al. is

difficult because they use initial strain as an input to their damage theory.

The information above suggests that both tendon and ligament are affected by time- and cycle-
dependent damage. Cycle-dependent damage may cause greater effects in ligament than in
tendon, as highlighted by earlier times-to-rupture of fatigue tests and greater over-prediction of
time-to-rupture of the time-dependent CDM model. However, these apparent ligament and
tendon differences may result from the higher minimum stresses use to study tendon fatigue
(11.5 and 10 MPa in tendon compared to 1 N (~0.3 MPa) in ligament). Higher minimum stresses
cause a higher mean stress and more time-dependent damage; therefore, the tendon fatigue test
may have higher relative contributions of time-dependent damage to the total damage because of
the loading protocol. At the present time, it is unclear if the greater effect of cycle-dependent
damage on ligament reflects loading protocol differences or true differences between tendon and

ligament.

As stated above, ligament appears to be strongly affected by cycle-dependent damage, as
highlighted by earlier ligament ruptures in fatigue than in creep. At linear-region stresses, all
fatigue ligaments ruptured sooner than all creep ligaments at the same stress level. At the toe- to
linear-region transition stress, one creep test ruptured before some of the fatigue ligaments,
however, it ruptured later than its matched pair in fatigue loading. Comparison of interrupted
and non-interrupted creep at 60% UTS provided further evidence to show that ligament is
affected by cycle-dependent damage. Interrupted creep ligaments at 60% UTS were unloaded
and reloaded a maximum of 10 unloading cycles before rupture. This caused a significant
decrease in time-to-rupture. Clearly, cycle-dependent damage at high stresses accounts for a

significant portion of the total ligament damage.
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The evidence supporting the existence of both cycle-dependent and time-dependent damage has
been established but nothing has been proposed to explain why or how these mechanisms work.
Before speculation on specific damage mechanisms can be made, the results and significance of

the recorded strain profiles need to be examined.

4.2 Do the strain profiles differ between creep and fatigue?

Strain in response to loading may be the most clinically relevant material behaviour. Greater
strain for a given load will result in greater ligament/joint laxity which, in turn, may induce

damage in other structures and cause further joint laxity (as previously depicted in Figure 4).

Insightful information can be gained by comparing ligament strain response to creep and fatigue
loading. When comparing normalized time-points prior to rupture (Figures 21 and 24), creep
resulted in greater increases in strain than fatigue. This interesting finding suggests that different
loading conditions affect the microstructure of ligament in different waYs, resulting in dissimilar
behaviour. One major question arises in light of this finding: why would cyclically loaded
ligaments strain less than statically loaded ligaments for a given normalized time-point? While
the present study was not designed to answer this question, knowledge from the literature can be

applied to help elucidate the behaviour.

The differences in strain profile may be partially explained by fibre recruitment (Figure 41). As
explained in Section 1.1, unstressed fibres are crimped and straighten out when loaded (become
recruited into load-bearing). For clarity, loading of individual fibres can be simplified with an
off-on two step load-bearing. In an off-on model, crimped fibres do not support load, whereas
recruited (straightened) fibres do support load and some fibres become recruited before others

(Figure 42).
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Figure 41: Simplified conceptual fibre recruitment for an individual fibre. Each
fibre has a crimped region where load is near zero, followed by a recruited region
where load and displacement are linear up to rupture (X mark). This model is a
large simplification only used to explain concepts. In reality, fibres likely resist some
load while still crimped and may not behave in a linear manner when straightened.

Work by Thornton et al. (62) showed that fibre recruitment is a time-dependent phenomenon. In
that study, the number of recruited fibres immediately following a ramp to a nominal stress
(stress based on fully intact CSA) was less than the number of recruited fibres after the ligament
was held at that same nominal stress for 20 minutes. Therefore, creep loading causes fibre
recruitment, first, by the initial loading ramp, and second, by the sustained load (an additional

time-dependent fibre recruitment). The concepts above are developed in Figures 42 and 43.

Figure 42: Simplified conceptual fibre recruitment for a theoretical eight fibre
ligament. All fibres are crimped in the unstressed state (left). Some fibres become
recruited into load bearing immediately following the application of a load (middle).
Additional fibres are recruited into load bearing following a sustained load (right).
Bold lines indicate recruited fibres.
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Figure 43: Schematic cross section of a ligament showing fibre recruitment (a) after
the initial loading ramp and (b) after a sustained load at the same nominal stress.
FEach figure shows a ligament with both crimped (open circles) and recruited (solid
circles) fibres. Sustained loading (b) causes additional fibre recruitment. In both
cases, the recruited fibres are distributed throughout the cross-section.

Thornton et al. saw this phenomenon in both the toe- and linear-region for creep tests. Fibres
subjected to fatigue loading may not have the additional recruitment caused by sustained load
because of continual unloading/reloading. This would result in a smaller increase in strain for

fatigue loading.

The above explanation, by itself, implies that fatigue loading would be beneficial in a
physiologic setting because the ligament would strain less at a given maximum load when
compared to creep loading; however, the above explanation has not included the effects of
damage on ligament strain. If fatigue loading results in less fibre recruitment, then the applied
forces will be resisted by fewer fibres. For a given nominal stress, the effective stress on each
recruited fibre during fatigue would be higher than the effective stress on each recruited fibre in
creep. Fibres recruited during the initial loading ramp likely experience a decrease in load during
the sustained loading because the load may be redistributed to fibres that are newly recruited
during the sustained loading. The effective stress on the fibres will be a function of how many
fibres are recruited. Fatigue loading may result in less fibre recruitment causing higher effective
stresses on those fibres that are recruited. This will result in a faster damage rate in fatigue (as
damage rate is dependent on effective stress — Equation (16)), which helps to explain the eatlier
time-to-rupture seen in fatigue loading. The faster damage rate means that fatigue loading will
progress through the three strain stages (primary, secondary and tertiary) faster than creep
loading. This is evident when comparing creep and fatigue increases in strain at specific,

absolute time-points and steady-state strain rates.
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At a high linear-region stress (60% UTS), fatigue increase in strain progressed through the three
strain stages (and ruptured) earlier than creep. As such, fatigue increase in strain was greater
than creep at early time-points (0.8 and 4.2 hours). At a late time-point (24 hours), creep
ligaments had also progressed through the three strain stages (and ruptured) and the increase in
strain of creep and fatigue were similar. At a low linear-region stress (30% UTS), neither creep
nor fatigue had progressed to the tertiary strain stage at early time-points (0.8 and 4.2 hours), so
creep increase in strain was greater than that of fatigue; however, all fatigue ligaments had
progressed through the three strain stages (and ruptured) by a late time-point (24 hours). Only
two creep ligaments had begun the tertiary strain and no creep ligaments had fully progressed
though all three stages at the same time-point (24 hours). Fatigue increase in strain was greater
than creep at this late time-point. At the toe- to linear-region transition stress, both fatigue and
creep ligaments were in the primary or secondary strain stage at early time points (0.8 and 24
hours), so creep increase in strain was greater than fatigue. At a late time-point (24 hours), some
fatigue ligaments had began tertiary strain resulting in similar increases in strain for fatigue and

creep.

The strain results can be interpreted with the fibre recruitment theory. During fatigue, the
effective stresses on recruited fibres will be higher, causing a faster damage rate. The faster
damage rate causes the fatigue to progress through the three strain stages earlier, which increases
ligament strain. This damage acceleration is magnified at higher nominal stresses because the
effective stresses are higher, and damage rate is greater at higher stresses (see the CDM theory,
Equation (16)). This explains why the relation of éreep and fatigue increases in strain varied
with nominal stress at a specific time-points (e.g. at 0.8 hours, fatigue increase in strain was
greater than creep at 60% UTS, but less than creep at 30% and 15% UTS). Simply stated, higher
nominal stress causes a greater acceleration of damage and ligaments progress through the strain
stages and rupture at earlier times. Accelerated fatigue damage was also evident when
comparing creep and fatigue steady-state strain rates. At all stresses, there was at least a trend for
fatigue steady-state strain rates to be greater than creep steady-state strain rates. The strains
recorded at specific time-points and the steady-state strain rates observed provide more evidence

in support of the fibre recruitment theory described above.

Fibre recruitment is likely not the only factor contributing to the observed strain behaviour.

Other factors affecting ligament strain may include fascicle rotation (50), or fibre sliding (50). In
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the future, these factors could be included in the fibre recruitment theory to aid in explaining

ligament strain behaviour.

The discussion above implies that strain is affected by damage. With strain being affected by
damage, one might think that strain would be a good predictor of damage. The potential use of

strain and stress-strain characteristics as damage indicators is discussed in the following section.

4.3 Does creep or fatigue cause changes in the stress-strain characteristics?

Mechanical evidence of damage has potential to manifest itself in numerous ways. Damage can
affect the strain response, as previously discussed, but it can also affect the stress-strain
relationship (Figure 44). There are two regions of the stress-strain curve that could show the
effects of damage: the linear-region and toe-region. In the case of repeated loading in load
control, the stress-strain curve can also be translated along the strain axis (strain translation).
Strain translation can be quantified by the valley strain in each cycle. Peak strain in each cycle

includes the combined effects of strain translation, toe-region changes and linear-region changes.
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Figure 44: Schematic diagram showing the two regions of a ligament stress-strain
curve: the toe-region and linear-region. In repetitive loading, the stress-strain curve
can be displaced along the strain axis (strain translation).
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The way damage affects stress-strain behaviour depends on how ligament damage occurs.
Collagen is the main load bearing structure in ligament (44,68), so fibre rupture (resulting from
collagen molecule rupture or breaking crosslinks between molecules) should be the main form of
mechanical damage. Shorter fibres are recruited first and likely rupture first as well. The
resulting damage will affect both regions of the stress-strain curve, and, in the case of repeated
loading, the strain translation. With shorter fibres ruptured, larger strains are required before
load is supported, thus there will be increased strain translation and increased toe-region strain.
At some point, enough fibres will rupture to cause a reduction in tangent modulus and a

corresponding increase in linear-region strain.

Damage to the matrix could also affect the toe- and linear-regions. If proteogylcans are damaged
and their ability to transmit shear forces (45,46,64) is compromised then fibre interactions may
be altered. Matrix damage likely has less of an effect on the mechanical response of ligament
than fibre rupture because the shear modulus of proteoglycans is much lower than the elastic
modulus of collagen fibrils (44). Differentiating between fibre damage and matrix damage is
very difficult without looking directly at the microstructure. The mechanical evidence of damage
observed during creep and fatigue loading likely includes both fibre and matrix damage, but the
proposed explanations have more emphasis on fibre damage because fibres are thought to be the

main load-bearing structure in ligament.

The linear-region response was characterized by tangent modulus. Typically, modulus ratio
(E/Emax) progressed through three regions during creep (interrupted) and fatigue loading: (1) a
region of increasing modulus ratio, (2) a region of constant modulus ratio, and (3) a region of
decreasing modulus ratio (Figure 27). These three regions can be explained using the ideas of

fibre recruitment and effective cross-sectional area.

During the initial stage of loading (region 1), fibres are recruited into load-bearing and the
effective cross-sectional area increases. In this region, not enough fibres are recruited to resist
the applied loads, so additional strain and fibre recruitment occurs. Some fibre rupture can
potentially occur during this region if the effective stress is high enough. Yahia et al. (76) found
that some fibres ruptured when subjected to a single stretch greater than 10% strain. In the
present study, a 10% strain (in the single stretch to failure group) corresponded to stresses

between 30 and 60 MPa (Figure 31). In fact, a slight inflection point was observed around 10%
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strain for ligaments subjected to the stretch to failure protocol. While work by Yahia involved a
single stretch and not a repetitive or sustained load, it did show that fibre rupture can occur at
nominal stresses below the UTS. In fact, Thornton et al. (62) observed some mechanical
discontinuities during the first 30 cycles of repetitive loading with a maximum stress of 30 MPa.
A temporary drop in modulus was observed as well as corresponding fibre recoiling. They
suggested that the discontinuities and fibre recoiling resulted from fibre ruptures. Thirty cycles
of loading at 30 MPa would be within region 1, and the modulus recovered following the fibre

ruptures. At some point, enough fibres will be recruited to resist the applied load and the

modulus ratio approaches unity.

Region 2 is a region where the modulus ratio maintains a value close to unity. In this region, the
modulus ratio is at a maximum. Region 2 involves a maximum effective area of load-bearing
fibres, which involve varied amounts of fibre stretch. For clarity, fibre load-bearing may involve
two sequential stages. First, the fibre straightens out (becomes recruited), then the fibre stretches
until rupture. Once again, an off-on model can be used to simplify this two stage loading (Figure
45), where crimped fibres do not contribute to load-bearing and only straightened fibres support
load. From this perspective, a ligament with no visible crimp may still involve an uneven
distribution of load because each fibre may be stretched to different amounts. Fibres subjected to
greater stretch will likely be carrying more load than those subjected to less stretch (in both cases
the load may still be less than when the fibre was initially recruited as discussed in Section 4.2).
This becomes important at high stresses where very few crimped fibres can be observed (62).
Throughout region 2, the applied forces are resisted by a certain number of fibres but there is
continued, but limited, capacity for additional fibre loading (either through small amounts of
fibre uncrimping or fibre stretching). Presumably some damage occurs during this region, but
the modulus ratio is maintained around unity because additional fibres are available to support
more load. At some point, virtually all remaining fibres will be fully loaded and additional
damage will cause a decrease in modulus ratio (region 3), and eventually lead to rupture.
Ligament fatigue data from Zec et al. (78) also showed that fatigue loading began with an initial
stiffening period, followed by a relatively constant period. Most of their specimens did not fail

during loading, so a region of decreasing modulus was not observed.
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Figure 45: Theoretical simplification of fibre loading in ligament. Eight fibres are
shown with variable amount of crimp (zero stress region), followed by a linear
response. The dashed line shows a strain where fibres 1 to 4 are loaded and fibres 5
to 8 are still crimped and unloaded. Fibres 1 to 4 are subjected to variable amounts
of stress because they become loaded at different strains.

Current modulus results provide some interesting findings. First, initial modulus and maximum
modulus were not different between creep and fatigue. No difference in initial modulus was
expected because the initial loading curve for creep and fatigue had the same half-sinusoidal
profile. The finding that the maximum modulus did not differ between creep and fatigue résults
from the fact that both groups were loaded to the same maximum stress. The amount of recruited
fibres required to resist the load depends on the maximum stress. The modulus ratio prior to
rupture was smaller for fatigue ligaments than it was for creep ligaments. The creep tests were
periodically unloaded to determine modulus and each unloading was followed by long period of
creep loading. Therefore, higher modulus ratio prior to failure arose from the inability of the
creep protocol to capture the actual modulus ratio at rupture. One 30% UTS creep ligament that
happened to undergo an unloading cycle immediately (10 seconds) before rupture had a final

modulus ratio of 0.54, which was comparable to that of 30% fatigue ligaments prior to rupture.

Both toe-region changes (as shown by strain to 5 MPa) and linear-region changes (as shown by
increasing linear strain resulting from a tangent modulus reduction) paralleled each other in
progression after an initial period of non-linearity. The total cycle strain is a summation of strain
in the toe- and linear-regions. Total cycle strain increased during loading, but the relative size of

the toe- and linear-regions was fairly constant in the later stages of loading. An initial decrease
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in the relative size of the toe-region was observed (Figure 28). This decrease corresponded to the
initial region of increasing modulus ratio (Region 1) and may be affected by initial fibre
recruitment or viscoelastic effects. This can be seen by comparison of the 168 hour creep test
shown in Figure 27(c) and Figure 28. The constant proportion of toe-region strain to linear-
region strain after region 1 (time of increasing modulus ratio) has implications for damage
modeling because it means that only linear-region damage needs to be monitored without losing

additional information.

As shown above, toe- and linear-region changes can be monitored with tangent modulus, but the
other stress-strain characteristic, strain translation, has not been addressed. The strain translation
mirrored the increase in strain (peak strain) during loading with minor deviation during the
tertiary strain stage. Since peak cycle strain (analyzed as increase in strain) is more comparable
to creep loading, so the relationship between strain translation and modulus was quantified using
increase in strain (Figure 29). A clear relationship was seen between modulus ratio and increase
in strain with an initial nonlinear region of increasing modulus ratio and increase in strain
(corresponding to region 1 described above), followed by a region of constant modulus ratio
where increase in strain extended (corresponding to region 2 described above), and finally a
region of decreasing modulus ratio and increasing increase in strain (corresponding to region 3
described above). In fact, the transitions between regions 1-2 and 2-3 roughly corresponded to
the transitions between the three stages of strain. These relationships can be explained with the
fibre recruitment theory. As described above, the three regions are likely influenced by a strain-
based fibre recruitment process; therefore, it is understandable that increase in strain and
modulus ratio have a clear relationship. The nonlinearity observed in region 1, again, may be

influenced by initial fibre recruitment or viscoelastic effects.

A rather puzzling finding was that the increase in strain change during region 2 was typically
between 0.005 and 0.01 with no apparent dependency on stress (or total strain) level (no
statistical analysis was completed). At the present time, no complete explanétion can be offered
concerning this behaviour. Region 3 showed a clear linear relation between modulus ratio and
increase in strain. A similar relationship was observed by Wang and Ker (66) in wallaby tail
tendon. The tendons underwent primary, then tertiary strain without secondary strain. Also, they

interrupted their creep tests based on increase in strain (so-called ‘extra strain’). As a result, they
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did not capture the initial nonlinear region between modulus and strain and only observed the

final linear region (region 3).

Other researchers have speculated on the interactions of strain and damage. Wren et al. (75)
suggested that strain is the major determinant of damage. They made this suggestion because
they found that initial strain was the best predictor for time-to-rupture for Achilles tendon. In the
present study, no appreciable increase in r* value is observed when initial strain is used instead of
nominal stress. Theoretically, nominal stress and initial strain should be fairly interchangeable if
the modulus is similar, from a mechanics point of view. They may have found better correlation
between initial strain and time-to-rupture because their specimens had a very large range of UTS
(based on their Figure 5a). Another possible factor could have been error in their CSA
measurement. In contrast to Wren et al, Schechtman and Bader (49) propose that strain is not a
reliable indicator of damage in tendon because rupture is a strain-based process governed by a
limiting value of strain. However, a damage process based on a limiting value of strain may
actually imply that strain could be a reliable indicator of damage, but it should be noted that the
present study related increase in strain (or valley strain) to a modulus reduction, not total strain.
Provenzano et al. (43) suggest that strain can be used to define ligament damage. They stretched
ligaments to a certain strain then measured the permanent strain after unloading. Viscoelastic
effects were eliminated by allowing the ligament to recover for a period longer than 10 times the
loading duration. Obviously this technique could not be applied to the present study because of
the long durations of loading. The ratio of loading to recovery duration may deviate from the
value of 10 for longer tests, but it is unknown what the ratio would be for longer tests. Clearly
using strain as a damage indicator for tendon is controversial. For the present study, strain is not
the best candidate to indicate damage in ligament because of viscoelastic complications. In
composites research, Smith and Weitsman (57) developed a combined viscoelastic-damage
model to describe the strain behaviour of swirl mat composites. Such a theory could be applied

to ligament, but the influence of initial fibre recruitment may complicate modeling.

In summary, tangent modulus was used to track damage in this study. As discussed above,
tangent modulus changes can represent damage in both toe- and linear-regions of the stress-strain
curve. In addition, tangent modulus changes can also be related to increase in strain. Other
researchers tracked damage progression with modulus as well (42,66,82), but confirmation of

this technique for use with ligament was required.
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4.4 Can residual strength and strain be used to confirm damage from creep and

fatigue?

Damage, as determined by tangent modulus changes, was confirmed with residual strength tests
following both creep and fatigue loading. Damage from creep and fatigue loading was assumed
to occur in the same way, either fibre rupture or matrix degradation or both. Realizing the
differences in why and when damage occurs in creep and fatigue is important, but it is speculated
that the end result of damage (changes to the stress-strain relationship) are the same for both
creep and fatigue loading. No discernable trends were observed to indicate that the end result of

damage was different for creep and fatigue.

Ligaments with a reduced modulus ratio, and inferred damage, resulting from creep or fatigue
loading differed in stress-strain behaviour when compared to previously-undamaged ligaments.
Strength and tangent modulus were decreased for previously-damaged ligaments. Tangent
modulus findings are not surprising because the criterion to determine previous damage was
based on a modulus reduction. A strength reduction confirms that damage is present. Fibre
rupture, matrix degradation or some combination of the two could cause a strength decrease
because both mechanisms would damage some of the load-bearing components in ligament. As
stated previously, damage from these mechanisms would likely affect the toe-region response as
well. A trend showing an increased toe-region for damaged specimens was observed, which fits

with the proposed damage mechanisms.

The inclusion or exclusion of the potential outlier greatly alters the conclusions about failure
strain. Admittedly, there could be a trend where previously induced damage lowers the failure
strain, but some evidence suggests that failure strain is constant in similar material, tendon. A
strain limiting phenomenon was previously seen in tendon (48). In a later paper (49), it was
suggested that a fibre (and therefore a tendon) could only strain a certain amount before rupture.
This theory may also be true in ligament. Without the residual strength outlier, no differences
were detected between failure strains and strains at rupture. This is not conclusive proof about a

strain limiting failure mechanism in ligament, but it does suggest that it is possible.

For comparison, Panjabi and coworkers (39-41) looked at the effects of damage induced by low-

speed and high-speed single stretch to 80% failure displacement on ACL stress-strain behaviour.
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They found that a low-speed partial failure increased toe-region strain, modulus at 50% failure
force and relaxation. Failure displacement and force were not affected by a low-speed subfailure
stretch. Following a high-speed subfailure stretch, the ACL showed increased displacements in
both the toe- and linear-regions, an increase in failure displacement, a decrease in energy
absorbed to failure and a trend for decreased failure load. Comparison of residual strength tests
of low-speed subfailure stretch, high-speed subfailure stretch, and creep/fatigue (present study)
are difficult because the severity of damage may be different in all three cases. Toe-region
elongation was observed in all three damage scenarios. Difference in modulus findings between
the subfailure stretch work and the present study may arise from computational methods. The
present study calculated modulus with a linear regression of the upper 50% of the loading curve,
while Panjabi and coworkers calculated modulus (stiffness) as the tangent to the force-
displacement curve at 50% failure force. Strength (or failure force) was decreased by creep and
fatigue, was not changed by a slow subfailure stretch, and showed decreasing trend following a
high-speed subfailure. Perhaps the slow subfailure stretch caused damage in the matrix and
minor damage to the fibres. Initially recruited fibres may have ruptured, but enough intact fibres
remained to maintain strength at failure strain. Since the fibres are the main load-bearing
component, it would make sense that the residual strength was not altered. Failure strain (or
failure displacement) are even more complicated to compare. Failure strains were observed to-
increase (following high-speed subfailure), stay the same (low-speed subfailure and the present
study, excluding the residual strength outlier) and perhaps even decrease (present study,
including the residual strength outlier). There is no clear pattern in the findings, which suggests

that failure strains may indeed remain constant after partial damage.

In summary, damage indicated by a modulus reduction was related to decreased strength and
tangent modulus, and a trend for increasing toe-region strain. The relation between damage and
failure strain was unclear. The analysis confirmed that a modulus reduction can be used as an
indicator of damage in ligament. Modulus reduction was a critical part of the continuum damage

theory.
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4.5 Continuum Damage Theory

Modulus reduction indicated damage in the continuum damage theory. Modulus (or stiffness)
ratio has been used by previous investigators to model damage in bone (82) tendon (49,66) and
composites (42). The damage model developed in the present study was inspired by work of
Wang and Ker (66), Ker and Zioupos (30) and Poursartip et al. (42). It also utilized some of the

basic concepts outline in Lemaitre’s book on damage mechanics.

A novel aspect of the theory was the addition of term explicitly relating modulus ratio to a cross-
sectional area reduction via residual strength in Figure 33. Previous tendon and bone studies
assumed that damaged material does not contribute to load-bearing, and therefore, the modulus
ratio was used as a direct indicator of an area reduction. In ligament and tendon, this is not
necessarily the case. A ruptured *fibre may still have the ability to support some load by
transferring shear forces through the proteogylcan matrix. The current state of knowledge made
it difficult to directly measure the effective area as determined by ruptured fibres and shear-
induced loads, so an approximation was made using residual strength data. In composites,
effective area was directly measured using C-scans to relate a modulus reduction to.an CSA
reduction (42). In the composites, the relation between area and modulus was linear. There is no
guarantee that this relationship is linear in ligament due to potential partial loading of ruptured

fibres, so the best empirical fit was used to describe the relationship (power law).

Another difficulty arises in the definition of the undamaged reference modulus. The majority of
researchers in tendon and bone used the modulus of the first loading curve to determine damage.
This technique works well for bone, but it does not work as well for ligament and tendon.
Ligaments and tendons have the ability to recruit fibres during the initial stages of loading, which
causes a stiffening of the material. If the first loading cycle is used to determine the undamaged
stiffness, then the damage level for a significant portion of loading would exceed unity. Damage
exceeding unity was acknowledged by previous tendon researchers (49,66). This implies a

negative damage level, which is likely not the case.

A better undamaged reference modulus is the maximum modulus recorded during loading.
Maximum modulus was previously used for this purpose in composites modeling (42). In

ligament, the initial modulus was typically between 90 and 95% of the maximum modulus
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(modulus ratio between 0.9 and 0.95). It was shown in Section 3.4 that a modulus ratio (E/Enax)
below 0.97 indicated some damaged was sustained. If initial modulus was used as the
undamaged reference point, then a damaged state would actually be described by a damage level
exceeding unity. Therefore, maximum modulus was used as the undamaged reference modulus.
For clarification, the modulus ratios during the initial stages of loading were also below 0.97.
However, this is more an effect of fibre recruitment and viscoelasticity than damage. Effectively,
the damage theory does not apply to this initial stage of loading (typically complete within 1
hour). The theory can be applied at any point after the maximum modulus is attained. This
corresponded to the point where the modulus ratio first increased to 0.98 because there was about
a 2% noise in the modulus recordings and changes less than 0.02 were difficult to reliably
identify. The relationship between modulus and toe-region changes and the relationship between
modulus and increase in strain after this point have been previously explained (Section 4.4); the
damage theory (after modulus ratio increased to 0.98) can be used to indicate changes in toe-
region strain and increase in strain. The initial damage rate was determined after the point where

modulus ratio first increased to 0.98.

Initial damage rate was determined by the rﬁost direct method, by measuring the initial rate of
modulus ratio change. Once the initial rate of modulus ratio change was found, it was a simple
matter to determine the damage rate by substitution of the values into the damage rate equation.
Wang and Ker (66) determined the initial rate of modulus change by creating a relation between
modulus ratio and increase in strain (‘extra strain’). They combined the derivative of this
relation and the minimum strain rate to estimate the initial rate of modulus change. They
acknowledged that their less direct technique probably underestimated the initial damage rate,
but they could not use their modulus data because they had “difficulty achieving the required
accuracy.” This technique worked because of the approximately linear relation between modulus
ratio and increase in strain observed in region 3 (decreasing modulus ratio roughly corresponding
to tertiary strain). In fact, it is possible to define damage with respect to tertiary strain rate (32).
Some researchers (10,48,75) have avoided the difficulties associated with determining the
damage rate by assuming a constant damage rate that is inversely proportional with time-to-
rupture. This technique simplifies the computations, but it may not reflect what is actually
happening in the material. Ligaments and tendons have an increasing damage rate. This is
reflected by the existence of the tertiary strain stage. Wang and colleagues (66,67) state that

wallaby tail tendon did not exhibit a secondary creep stage, and suggested that damage rate was
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always increasing. As a result, they used a non-constant damage rate in their damage model.
The present study also found that damage was not constant, although ligaments did progress

though all three stages of creep.

Results shown in Figure 35 indicate that the application of basic damage mechanics principles
provided a good estimation of time-dependent damage behaviour. Fatigue damage behaviour
could not be predicted by oscillating nominal stress in the time-dependent damage model
developed with creep data (Figure 36). This is most likely due to the additional cycle-dependent
damage mechanism present in fatigue loading. Theoretically, the principles used to develop the
time-dependent model could be applied to experimental fatigue data to create a time- and cycle-
dependent damage model, but further experimental data is required before the relative

contributions of time- and cycle-dependent damage can be quantified for fatigue loading.

4.6 Strengths and Limitations

As with any scientific investigation it is important to recognize both the strengths and limitations.
Strengths highlight new knowledge, novel techniques, and important findings, while limitations

offer insight into potential improvements in experimental techniques or new topics for study.

4.6.1 Strengths

To the author’s knowledge, this is the first study to investigate the interactions of time-dependent
and cycle-dependent damage in ligament. Previous studies have considered damage in tendon.
While the structure of ligament is similar to tendon, tendons are thought to experience higher in
vivo stresses than ligaments. Results from this study suggest that ligament may be more

susceptible to cycle-dependent damage than tendon, but further investigation is required to verify

this proposition.




Several strengths arise from the experimental design of the current study. First, the inclusion of
periodic unloading/reloading of creep tests allowed information to be gathered about the stress-
strain characteristics for both fatigue and creep. Without periodically unloading ligaments
subjected to creep, only strain profile and time-to-rupture can be used to assess damage. In this
study, stress-strain information for both loading conditions was interpreted to show the

progression of damage and theorize reasons for the observed differences in creep and fatigue.

Second, stress levels were selected to cover different ranges of tissue response. The behaviour of
ligament is non-linearly dependent on stress. Ligament subjected to stresses up to the toe- to
linear-region transition stress behave differently (as a result of fibre recruitment) than linear-
region stresses (62). In addition, within the linear-region, their may be differences in behaviour
when comparing high-linear and low-linear stresses. Without examining different regions in the

stress-strain relationship, a full understanding of damage and behaviour could not be determined.

Third, residual strength tests confirmed the presence of damage indicated by a decreased
modulus ratio and the continuum damage theory. Damage was shown to affect both toe- and
linear-regions of the stress-strain behaviour. Residual strength testing provided confirmation that

the damage theory, and its accompanying assumptions, was valid.

The damage theory developed in the study made some advances to previous biologic tissue
damage models. The inclusion of an explicit relation between modulus ratio and cross-sectional
area reduction eliminated the need to assume that damaged material does not contribute to load-
bearing, which may not be a valid assumption in ligament and tendon. Also, the non-constant

damage rate was defined using modulus ratio change and was more direct than previous tendon
work (66).

In addition, loading condition was clearly shown to affect ligament behaviour and damage at
elevated stresses. This information may have clinical significance for ligaments that are
subjected to high in vivo loads, such as those ligaments whose complementary supporting
structures have been previously injured. An example could be an ACL deficient knee. The MCL
will likely be subjected to higher than normal stresses because it has to resist anterior tibial
translation (primary ACL role) as well as resist valgus bending and external tibial rotation

(primary MCL role). Subjecting a ligament to high stresses, either static or cyclic, causes a
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higher damage rate than lower stresses. This puts the ligament at risk of damage accumulation
and increased laxity, which in turn will cause increased joint laxity, and may create an unstable
joint. Interpretation of this clinically relevant finding should recognize the study limitations as

well.

4.6.2 Limitations

The largest limitations of the study arise from the fact that it was an in vitro experiment.
Fibroblasts may respond to mechanical stimulus and invoke a healing response if damage is
present in vivo (11). Caution must be used when extrapolating the lifetimes determined from this
experiment to the lifetimes in vivo. The extent that active healing will change ligament lifetimes
Will depend on the healing rate. Schechtman and Bader (48) provided a simple model using the
Palmgren-Minor rule to show the interaction of damage and healing. They suggest that tendon
could be damaged by a period of cyclic loading, but throughout the course of a day, active
healing could counteract that damage. Specific details of the interaction of damage and healing
are not presently known, so direct in vivo application of experimental data should be done with

prudence.

Also, the loading histories in vivo are more complex than those tested. In vivo loads are both
static and cyclic, and cyclic loading is not necessarily at a constant frequency. Loading histories
will affect the damage rate and render a Palmgren-Minor analysis inapplicable. Researchers in
bone have attempted to understand damage accumulation under variable loading using equi-

damage plots (79).

In vitro testing requires maintenance of ligament hydration. Ligaments submerged in saline
baths have abnormally increased water content and correspondingly altered mechanical
behaviour (61). In this study, an environment chamber was used to maintain water content
without altering mechanical properties (61), but it prohibited the use of antibacterial agents.
After more than 90 hours of loading, deposition of a foreign substance on bone was observed for
2 of the 46 specimens tested. One of the ligaments (creep at 30% UTS) was loaded to rupture,
but the other (creep at 15% UTS, loaded for 168 hours) showed no evidence of damage in its
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stress-strain behaviour. In addition, Wang and Ker (66) loaded a wallaby tail tendon for 360

hours and found little strain change and no indication of rupture.

The experimental design also has some limitations. The intention was to study damage in creep
and fatigue using mechanical evidence of damage. Mechanical evidence of damage highlights
the effects of damage on the macroscopic behaviour of ligament, but it does not provide explicit
information about what is happening to the microstructure. The proposed microstructural

response can only be verified with a microstructural investigation.

In addition, the current study design made it difficult to determine the relative contributions of
time- and cycle-dependent damage. Also, all cyclic loading was completed using a sine wave.
This provided a continually changing loading rate. It is currently unknown what effects are
caused by changing the loading profile to a constant ramp or a square wave. A more detailed
fatigue investigation showing the effects of mean stress, stress amplitude, frequency and loading
profile is required to determine the contributions of different damage mechanisms to the overall

damage.

4.7 Future Work

The two study design limitations noted in the preceding section lead to some recommendations
for future work. As stated above, the relative contributions of time- and cycle-dependent damage
are currently unknown. This question could be answered by completing more fatigue test with
varied mean stresses, frequencies, stress amplitudes (amplitude of oscillation) and loading profile
(sine, triangle or square). Altering the mean stress may affect the time-dependent damage.
Increasing frequency will.likely increase the cycle-dependent damage (some pilot tests were
completed at 10Hz - see Appendix I). Decreasing the stress amplitude would cause the fatigue
test to behave more ‘creep-like’ and reduce the cycle-dependent damage. Different loading
profiles may highlight the effects of loading rate on cycle-dependent damage. Given a proper
experimental design, these parameters could be used to quantify which damage mechanism

causes the majority of damage in fatigue for a given loading condition.
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An investigation into the microstructural influences on creep-fatigue damage interactions is
required before a complete understanding of creep and fatigue damage is established. A possible
aspect for investigation is the fibre recruitment differences between creep and fatigue. Findings
from this potential study would either validate or further refine the microstructural theory

suggested above.

Further development of the CDM model could involve the incorporation of strain or strain rate as
a damage indicator. Figure 29 suggests a clear relationship between modulus and increase in
strain and Figure 35 confirms that modulus can be used to predict damage. These two
relationships suggest that strain has potential as a damage indicator in ligament. Tertiary strain

response was suggested as a possible damage indicator by Lemaitre (32).

Knowledge and understanding gained from this study can be applied to further research
involving the effects of repair on damage accumulation. An in vivo (or perhaps even ex vivo,
with viable cells) model could be used to study the influence of active healing on damage
accumulation. The interactions of both damage and repair can be applied to a healing ligament
mechanics. Understanding gained from studying damage and repair in healing ligaments can be

used to help eliminate increase ligament laxity that occurs after traumatic injury.
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5.0 SUMMARY

In summary, the present study investigated damage accumulation in ligaments subjected to both
creep and fatigue loading. Fatigue loading was found to be more damaging than creep. In
addition, fatigue and creep loading resulted in different strain profiles, indicating that the

microstructure responds differently to both loading conditions.

Tangent modulus was used as a damage indicator for a continuum damage mechanics model and
was shown to be an acceptable method for tracking damage through residual strength testing.
Additional modeling of toe-region changes resulting from damage did not add additional
information because toe-region changes paralleled linear-region changes (modeled with tangent
modulus) at times when the CDM model was applied. Experimental data also suggested that
increase in strain could be used as a damage indicator instead of modulus. Strain may be a more

clinically relevant measure than tangent modulus.

The current study investigated damage resulting from creep and fatigue at stresses above the
normal physiologic range. Results can be applied to ligaments subjected to elevated stresses
resulting from injury to complementary joint structures. In addition, a partially injured ligament
or a healing ligament may experience higher effective stress in intact fibres and the behaviour

examined in the present study will be applicable.
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APPENDIX A: LOAD CELL CALIBRATION

Load cell calibration was verified by Instron Corporation. The certificate of calibration follows.

CERTIFICATE OF CALIBRATION

ISGUED BY: INSTRON CALIBRATION LABORATORY '
NAVZUA
DATE OF ISSUE: 22-JUl45 CERTIFICATE NUMBER: 69%044-03

Lab aode: 200301-0
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‘ V a 825 University Avenue Page 1of8 pagss
». Norwood, MA 02082.2543
INESTRON  Telephone{800) 473-7838
Fax: {781) 575.575%
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UNIVERSITY OF BRITISH COLUMBIA
Room 300, 828W 10th Ave,
Yancouver, B.C. V3Z IL8
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Ambient Temperature: 22 °C

: Instron M aunfz{‘cﬁ@fer‘ :
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repeatability. aud zero resum tolerance. All machine indicators were verified by Instron Corporaticn in acc ordance
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CERTIFICATE OF CALIBRATION CERTFICATE NUMBER.

695044-03

NYLAP ACCREDITED CALIBRATION LABORATORY No. 200301-0
Page 2 of 8 pages
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Instron Calpre Varsion 5.2
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NVLAP ACCREDITED CALIBRATION LABORATORY Mo, 200301-0
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APPENDIX B: ACTUATOR STRAIN
VALIDATION

Position measurements were verified with an Optotrak 3020 system (accuracy of 0.1 mm,
resolution of 0.01 mm; Northern Digital Inc, Waterloo, ONT), but the use of the environment
chamber prohibited Optotrak position measurements during testing. An MCL was prepared and
mounting following standardized techniques (Figure B-1). Optotrak markers were fixed on the

femur, tibia, crosshead, and base.

Figure B-1: MCL mounted on the testing machine using the steel grips. Optotrak
markers were fixed to the tibia and femur to track MCL stretch for comparison with
crosshead displacement data.

Two virtual points (the MCL origin and insertion) were digitized to track motion. Comparison of
markers on the crosshead to the markers on the tibia and the markers on the base to the markers
on the femur showed no movement induced from the grips. Relative motion of the MCL

insertion to the origin was compared to the motion recorded by the crosshead (Figure B-2). The
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difference between the two measurements was greatest at forces corresponding to 60% UTS
(0.155 mm) and smallest at forces corresponding to 15% UTS (0.01 mm). The differences have
two possible sources: inherent errors in both measurement systems or bone flexion. The error of
0.16 mm is close to the accuracy of both the Optotrak and the Instron systems. As the testing
configuration also involved sections of the femur and tibia, bone flexion is also a potential source
of error. A comparison of the Instron crosshead measurements and the Optotrack system

(without an MCL) is shown in Figure B-3.

Translation (mm)

Time (sec)

Figure B-2: Comparison of crosshead displacement (red, thin line) and Optotrak
(blue, bold line) measurements. Motion was recorded for 30% UTS at 1 Hz, 60%
UTS at 1 Hz, 15% UTS at 1 Hz and 30% UTS at 0.1 Hz. The amplitude difference
recorded by the crosshead and the Optotrak is noted after each waveform.
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Figure B-3: Comparison of crosshead displacement (red line) and Optotrak (blue
line) without an MCL. An amplitude difference of 0.05mm was recorded.




APPENDIX C: ENVIRONMENTAL CHAMBER

The environmental system was composed of five main parts: a two part chamber, a connector
tube, a heating system and a humidifier. The chamber was composed of two parts, a base and a
removable casing (Figures C1 — C5). Humidified air (99% RH) was pumped from the humidifier
(HM 485, Holmes Group, Mississauga, ONT) through the connector tube (Figure C6) to the
chamber. The heating system consisted of a cable heater (62H56A4X, Watlow Electric
Manufacturing Company, Burnaby BC), a RTD sensor (Valax Manufacturing Inc, Delta, BC)

and control panel (Valax Manufacturing Inc, Delta, BC).
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APPENDIX D: SUMMARY OF STATISTICAL
PROCEDURES

The following tables summarize the statistical procedures used for each test reported in the

results section.

Normal .
f?
Distribution? Nested Pairs? Test
Time-to-rupture
60% Non-Interrupted Creep No .
and Interrupted Creep (n too small) No Wilcoxon
60% Creep and Fatigue Yes No Student’s t-test
30% Creep and Fatigue Yes No Student’s t-test
Initial Strain
60% Creep and Fatigue Yes No Student’s t-test
30% Creep and Fatigue Yes Yes Mixed Model
15% Creep and Fatigue Yes Yes Mixed Model
Increase in Strain (0.8 hour)
60% Creep and Fatigue No No Wilcoxon
30% Creep and Fatigue Yes Yes Mixed Model
15% Creep and Fatigue Yes Yes Mixed Model
Increase in Strain (4.2 hour)
60% Creep and Fatigue No No Wilcoxon
30% Creep and Fatigue Yes Yes Mixed Model
15% Creep and Fatigue Yes Yes Mixed Model
Increase in Strain (24 hour)
60% Creep and Fatigue No No Wilcoxon
30% Creep and Fatigue Yes Yes Mixed Model
15% Creep and Fatigue Yes Yes Mixed Model
Increase in Strain (20% Time-to-Rupture)
60% Non-Interrupted Creep No .
and Interrupted Creep (n too small) No Wilcoxon
60% Creep and Fatigue Yes No Student’s t-test
30% Creep and Fatigue Yes No Student’s t-test
Increase in Strain (70% Time-to-Rupture)
60% Non-Interrupted Creep No (n too .
and Interrupted Creep small) No Wilcoxon
60% Creep and Fatigue No No Wilcoxon
30% Creep and Fatigue No No Wilcoxon




Normal .
{)
Distribution? Nested Pairs? Test

Increase in Strain (100% Time-to-Rupture)
60% Non-Interrupted Creep No .
and Interrupted Creep (n too small) No Wilcoxon
60% Creep and Fatigue No No Wilcoxon
30% Creep and Fatigue Yes No Student’s t-test
15% Creep and Fatigue
Steady State Strain Rate
60% Creep and Fatigue No No Wilcoxon
30% Creep and Fatigue Yes Yes Mixed Model
15% Creep and Fatigue

| Strain-at-Rupture ] Yes I No | Student’s t-test
Initial Modulus
60% Creep and Fatigue Yes No Student’s t-test
30% Creep and Fatigue Yes Yes Mixed Model
15% Creep and Fatigue Yes Yes Mixed Model
Maximum Modulus
60% Creep and Fatigue Yes No Student’s t-test
30% Creep and Fatigue Yes Yes Mixed Model
15% Creep and Fatigue Yes Yes Mixed Model
Modulus Ratio Prior to Rupture
60% Creep and Fatigue Yes No Student’s t-test
30% Creep and Fatigue Yes Yes Mixed Model
Strain to 5 MPa (0% Time-to-Rupture)
60% Creep and Fatigue Yes No Repeated Measures
30% Creep and Fatigue Yes No Repeated Measures
15% Fatigue Yes No Repeated Measures
Strain to S MPa (20% Time-to-Rupture)
60% Creep and Fatigue Yes No Repeated Measures
30% Creep and Fatigue Yes No Repeated Measures
15% Fatigue Yes No Repeated Measures
Strain to 5 MPa (70% Time-to-Rupture)
60% Creep and Fatigue Yes No Repeated Measures
30% Creep and Fatigue Yes No Repeated Measures
15% Fatigue Yes No Repeated Measures

| Yes | Yes | Mixed Model

I Strain At Failure
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APPENDIX E: INCREASE IN STRAIN PLOTS

Increase in strain versus time is shown for 60% fatigue (Figure E-1), 60% creep (Figure E-2),
30% fatigue (Figure E-3), 30% creep (Figure E-4), 15% fatigue (Figure E-5), and 15% creep
(Figure E-6). The figures are plotted on different time scales to show more detail in each data

set.
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Figure E-1: 60% UTS fatigue increase in strain as a function of time.
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Figure E-2: 60% UTS creep increase in strain as a function of time.
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Figure E-3: 30% UTS fatigue increase in strain as a function of time
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Figure E-4: 30% UTS creep increase in strain as a function of time.
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Figure E-5: 15% UTS fatigue increase in strain as a function of time.
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Figure E-6: 15% UTS creep increase in strain as a function of time.
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APPENDIX F: DISCONTINUITY DURING 60% UTS
FATIGUE

One ligament tested in fatigue at 60% UTS experienced a discontinuity in strain without a

corresponding change in stress. The discontinuity may result from a large group of fibres

rupturing at the same time. The stress and strain data is shown in Figures F-1 and F-2,

respectively.
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Figure F-1: Stress as a function of time
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Figure F-2: Strain as a function of time showing a discontinuity around 0.35 hours.
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APPENDIX G: EXCLUDED DATA

Five fatigue specimens tested at 60% UTS were excluded from the data set because of equipment

loosening. The malfunction resulted in very high strain values. Increase in strain values are

plotted in Figure G-1.
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Figure G-1: Increase in strain for the excluded 60% UTS fatigue tests.
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APPENDIX H: MODULUS RATIO PLOTS

Modulus ratio versus time is shown for 60% fatigue (Figure H-1), 60% creep (Figure H-2), 30%
fatigue (Figure H-3), 30% creep (Figure H-4), 15% fatigue (Figure H-5), and 15% creep (Figure

H-6). The figures are plotted on different time scales to show more detail in each data set.
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Figure H-1: 60% UTS fatigue modulus ratio as a function of time.
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Figure H-2: 60% UTS creep modulus ratio as a function of time.
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Figure H-3: 30% UTS fatigue modulus ratio as a function of time.
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Figure H-4: 30% UTS creep modulus ratio as a function of time.
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Figure H-5: 15% UTS fatigue modulus ratio as a function of time.
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Figure H-6: 15% UTS creep modulus ratio as a function of time.
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APPENDIX I: PILOT TESTS

Three additional test where completed to assess the future direction of testing. Two MCLs were
tested at 7.5% UTS, one in creep and one in fatigue. Both tests ran for 72 hours without signs of

damage.

Another fatigue test was completed at 30% UTS. This test had a frequency of 10 Hz and loading

was discontinued after approximately 26 hours of loading.
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