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ABSTRACT 

There exists a troubling discrepancy between the number of anterior cruciate 

ligament (ACL) injuries between males and females. Indeed, the root causes of this 

difference are multifactorial in nature. One possible factor is the presence of female sex 

hormones in the ACL and their effects on collagen production. Also, cross-talk is known 

to exist between the estrogen receptor and epidermal growth factor (EGF) in reproductive 

tissues affecting collagen production. Twenty-four pre-pubescent New Zealand White 

rabbits were separated into three groups consisting of a control group receiving no 

hormones, a group receiving only estradiol, and a group receiving both estradiol and 

EGF. The rabbits were euthanized after the two-week period and had their hind limbs 

removed and frozen with soft tissue intact. All rabbit handling, hormone injections, and 

cataloging was performed by a separate laboratory creating a blind study environment. 

Before undergoing a standard tensile test, each ACL was analyzed using a 3D scanning 

technique capable of finding the minimal cross-sectional area and volume of the 

ligament. The test data was analyzed to assess significant differences in such values as 

the failure strength, strain at failure, modulus of elasticity, toughness, minimal cross-

sectional area, length, and volume. Since all of the rabbits were pre-pubescent, no 

previous exposure to estradiol influenced the test results beyond the influence of the sex 

hormones which were administered. No differences were found between any groups for 

strain, length, minimal area, and volume. Estradiol was shown to lower the maximum 

stress by 39% while EGF in addition to esti-adiol had no effect on that property. EGF in 

combination with estradiol significantly lowered the modulus of elasticity while 

significance could not be proven for the effect of estradiol alone on the modulus. 

Toughness behaved similarly to maximum stress in its response to estradiol and EGF. 

Estradiol induced collagen degradation is a viable explanation for these differences in 

maximum stress and toughness. Further testing is necessary to establish a relationship 

between estradiol, EGF, and the modulus of elasticity. 
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CHAPTER I 

INTRODUCTION 

Two scientific disciplines, at their surface, could not seem as far apart as those of 

mechanical engineering and medicine, but these two fields are indeed deeply interiocked 

in the pursuit of understanding. Both seem to reach out for the other in a strictly 

choreographed ballet, just falling short of grasping what the other is doing. It is in this 

overlapping worid that profound change is taking place in both disciplines, where the 

widely different points of view can come together and solve each other's difficulties. 

The study of the Anterior Cruciate Ligament (ACL) is no different. 

1.1 Why the ACL? 

The ACL is a highly complex ligament in the knee extending from the femur to 

the tibia. Its complex structure is composed of collagen fibers of various types in 

addition to other proteins, proteoglycans, and water. Injury of the ACL by means of 

some applied force is a problem which has, and mil continue to face the medical 

community in the United States and around the world. Its complete rupture is one of the 

most common injuries of the knee, and if left untreated, will destabilize the knee, greatly 

increasing the likelihood of further injury (Danto and Woo, 1993). A knee with an ACL 

injury may undergo increased anterior translations and internal rotations of the tibia. 

These abnormal motions must be compensated for by the other soft tissues of the knee, 

which therefore carry increased loads (Woo et al., 1999). Such increased loads often 

result in injuries to the menisci (Fehnel and Johnson, 2000; Woo et al., 1999) and 

articular cartilage (Woo et al., 1999). Furthermore, the ACL has limited healing 

capability such that a partially or fiilly ruptured ACL usually cannot regenerate (Danto 

and Woo, 1993), and ACL reconstruction (ACLR) surgery becomes necessary 

(Slauterbeck and Hardy, 2001). 

Over the past 20 years, with the rapid rise of the number of women involved in 

sports, the number of female ACL injuries is approaching epidemic proportions (Moellar 

and Lamb, 1997). The National Collegiate Athletic Association (NCAA) reports injury 
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prevalence in cutting sports such as basketball or soccer (Arendt and Dick, 1995). This 

increase has become so profound, that in similar athletic activities, female athletes tear 

their ACL's 3 to 10 times more frequently. Explanations for such a discrepancy vary 

along the themes of ACL size, strength, anatomic, social, and hormonal differences 

(Slauterbeck and Hardy, 2001). Clearly, a solid explanation must be found for this 

phenomenon. 

The actual cause of this epidemic of female ACL injuries may well involve many 

anatomical and biochemical factors, but the effect of female hormones on the ACL needs 

to be firmly established with a sound engineering foundation. The effect of estrogen on 

ACL loading has been noted in ovariectomized adult rabbits (Slauterbeck et al., 1999), 

but only loading data was recorded disallowing stress comparisons. The results of this 

study do indicate that estrogen does have an effect, but not conclusively. In addition, 

Slauterbeck and Hardy proposed that female hormones could influence the tissue 

remodeling process as the levels of those hormones vary during the menstrual cycle 

(Slauterbeck and Hardy, 2001). 

In addition to increases in female ACL tears, injuries in skeletally immature 

patients are on the rise. This increase can be attributed to increasing adolescent 

involvement in athletic activities, increased levels of competition, more awareness of 

ACL problems by athletic trainers and primary care physicians, and improved diagnostic 

techniques in the past two decades (Fehnel and Johnson, 2000). Statistically, in 1983, 3 

out of 338 patients less than 14 years old, 0.88%, who sustained knee injuries had an 

injury of the ACL (DeLee and Curtis, 1983), but by 1988, that percentage was up to 3.3% 

(McCarroll et al., 1988). Furthermore, the understanding of skeletally immature ACL 

failures is lagging significantly behind failures in adults (Fehnel and Johnson, 2000). 

Studies of human ACLs have difficulty controlling the many factors which are 

known to affect ACL properties such as age or activity level (Woo et al., 1992). As a 

result, the selection of an animal model allows for the control of these variables and a 

more streamlined examination. Due to convenient anatomic featm-es and ease of use, 

prepubescent New Zealand White rabbits were treated with female sex hormones and 

their ACLs were tested for various material properties. This model is consistent with past 

work in ACL testing over the last 20 years (Slauterbeck et al,, 1999; Danto and Woo, 



1993; Azangwe et al,, 2001; Woo et al,, 1992; Panjabi et al, 1999, 2001; Azanqwe et al., 

2000; Woo et al., 1987). 

1.2 Motivation 

Cleary the need for research surrounding female ACL tears is highly significant 

and could contribute to the improved heath care of possibly hundreds of thousands of 

people as well as save millions of dollars each year in health care costs. Of course such a 

dramatic change is conceivably years into the future, but that change can only come 

about through the diligent work to understand the very core of the problem. Certainly, at 

the present state of knowledge, the level of understanding is well in its infancy and will 

only grow out of this dilemma as each aspect of the material properties of the ACL are 

identified, tested, and scientifically reported. The study at hand is only a small step in 

that direction, but it is a necessary step none the less. 

In addition to the narrow aim of this work, to study the effects of female 

hormones on the ACL, a larger problem is addressed. The worlds of engineering and 

medicine are coming together through this work and others like it. These two fields have 

only just begun to work with each other over the past 40 years, and slowly each is coming 

to appreciate the point of view of the other. As the efforts of studies such as this 

propagate throughout both disciplines, the chasm of understanding between engineering 

and the biological sciences becomes less daunting. The modem birth of biomechanics is 

the offspring of such efforts, and its continued growth indicates the coming of a new era 

in the worlds of engineering and medicine. 

1.3 Overview 

The overall aim of this work is to fiirther the understanding of the effects of 

estrogen on the material properties of the rabbit ACL, but also to make this knowledge 

easily understandable to an individual approaching it from any side of the world of 

biomechanics. Care will be taken to examine the methodology, data, and conclusions 

from all possible points of view, and in addition, explain these points of view for all to 

comprehend. 



This study tests the hypothesis that esfradiol will reduce the failure strength and 

modulus of elasticity of pre-pubescent New Zealand White rabbits. The specific goals of 

this study are: 

1. Utilize test specimens which have no previous exposure to esfradiol 

2. Measure the minimal cross-sectional area and other geomefric features 

of the ACL accurately 

3. Perform tensile tests on the ACLs from three groups of rabbits 

differing in their hormonal treatment 

4. Assess if any significant differences exist in failure sfrength, modulus 

of elasticity, strain at failure, or toughness between groups 

Each element of this thesis will follow the above theme, in pursuit of these goals, 

in one manner or another. Chapter n will present the background of ACL research at 

present from both points of view with a special emphasis on the key issues each field 

brings to the problem. This chapter is intended to allow any person with a simple 

tmderstanding of science, regardless of specific background, to become familiar with the 

many diverse but critical concepts dealt with in the field of ACL research. In Chapter HI, 

the experimental setup is defined and its merits discussed. Going fiirther. Chapter IV will 

present the results of this work and discuss these results from each possible area of 

interest. Finally, all these points of view will be brought together in Chapter V, the 

conclusion. The appendices contain usefiil information such as raw data and computer 

programs used in the course of this research. 



CHAPTER n 

BACKGROUND 

2.1 Biomechanical Properties 

A modem understanding of the ACL must begin from a firm understanding of its 

mechanical and biological properties. In addition, those properties' relationship to and 

influences on each other need to be uncovered. It is the Complex worid of biomechanical 

systems which impairs even the simplest understanding of the material properties of the 

ACL, thus these biological and mechanical factors must be identified and comprehended 

before further progress can be made. 

2.1.1 ACL Anatomy 

The first critical concept which much be devised in the quest to understand ACL 

failure is the tmderstanding of the basic subunits of the ACL. The primary building 

blocks of the ACL are collagen fibers which mn longitudinally along the ligament; it is 

these fibers which resist loads and provide stability to the knee. Type I is the most 

abundant type of collagen in ligaments, by 70%, complemented by smaller portions of 

type m. Types V, X, XQ, and XTV do exist in trace amounts (Woo et al,, 1999). These 

collagen types are differentiated by the specific amino acid formations at their ends while 

they all possess the same triple helix structure along most of their length. Other proteins 

present include elastin and a fibrillar protein. Water and proteoglycans lubricate and 

space the fibers, allowing the joint to glide (Woo et al., 1999). Finally, fibroblasts also 

occupy these interfibrillar spaces where they maintain the ligament's collagen by the 

means of extracellular matrix proteins. 

The arrangement of these collagen fibers in tendons and ligaments can vary 

significantly. In tendons, the collagen tends to form large fibers parallel to the tendon's 

longitudinal axis. Ligament fibers are usually smaller in diameter, and in the case of the 

knee collateral ligaments, mn parallel to the ligmanental axis. The collagen fibers of the 



knee cmciate ligaments, such as the ACL, are branching and interwoven, forming a much 

more complex stmcture. 

Ligament fibers band together, forming fibrils, in a higher level of organization. 

A characteristic of the collagen fibrils found in the ACL, among other hgaments and 

tendons, is crimping. Under polarized light microscopy, fibrils of the ACL have the 

microstmcturai form of a sinusoidal wave. Differing levels of crimp exist between 

different fibrils in the ACL, Two models of this crimping phenomenon currently exist: 

the planar and helical wave stmctures. Both types of crimping have been found in the 

ACLs of dogs. 

Regardless of type, the crimping effect seems to fianction as a shock absorber for 

minor loads of the Ugament, Under small loads, only certain fibrils resist deformation, 

but as the load increases, these fibrils recmit other fibrils with different crimping patterns 

to help resist the increased force. In this manner, the load-deformation characteristics of 

the ACL are nonUnear (Woo et al., 1997). This mechanism can be thought of as a 

nonlinear spring constmcted by joining a number of springs with differing spring 

constants in the resistance of a load. Shown in Figure 2,1 a, the loading schematic shows 

a number of springs in such a configuration, and the load chart. Figure 2.1 b, 

characterizes the nonlinearity of the situation. 
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Figure 2.1 Model of ACL Loadmg (from Woo et al., 1997) 



At a higher level of organization, these fibrils form large bundles. One of the 

anatomic differences between human and rabbit ACLs is the number of these fiber 

bundles. Humans have three such bundles arranged in a helical pattern, the anteromedial 

bundle (AMB), the anterolateral bundle (ALB), and the posterior bundle (PB). The first 

two bundles, the AMB and ALB, were found to have similar material properties while the 

PB had significantly lower ultimate sfrength (Butier et al., 1991). Further testing has 

shown that the AMB and ALB have similar Moduli of Elasticity while the PB has a 

significantly lower modulus. Furthermore, all three bundles show no significant 

differences in sfrain at failure (Butier et al., 1992). Examination of a rabbit ACL reveals 

two fiber bundles, the medial and lateral, with no real indication of a third posterior 

bundle, as found in human specimens. Woo et al. (1992) showed that the two rabbit ACL 

bundles parallel the human AMB and ALB. As a result, the rabbit model does mirror the 

two most critical portions of the human ACL for tensile resistance to elongation and 

loading. 

Regardless of the species, rabbit or human, this complex organization of collagen 

fiber bundles poses one fiorther problem. Each bundle has a slightly different length, 

relative to the other bundles in the same ACL, and a slightly offset attachment point 

within the ACL-bone interface. When the ACL is sfretched, these different lengths and 

attachment points cause different portions of the ACL to load at different times, resulting 

in a non-uniform load across the whole of the ACL, similar to the compound loading of 

individual fibrils discussed earUer though on a much larger scale. For instance, in 

humans, the longest ACL fibers are located anteriorly while the shortest fibers are in the 

posterior of the ligament. In addition, different flexion angles of the knee pull these 

fibers differently. When the knee is extended, the cenfral and posterior portions of the 

ACL are taut while those same parts become loose at moderate flexion and return to 

partial tension at high flexion. The anterior portion of the ACL appears to be loaded 

isometrically, throughout most passive flexion such that its resistance to loading does not 

change significantly (Zavatsky and Wright, 2001). 

In a higher order of organization, the ACL forms a complex with the femur and 

tibia, the femur-ACL-tibia complex (FATC). The ACL attaches to the posterior pMt of 

the medial surface of the lateral femoral condyle, see Figure 2.2. From that insertion, it 
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passes distally. Figure 2.3, to a depression in the anterior intercondylar area on the 

surface of the tibial plateau. Figure 2.4 (Kwan et al., 1993). This complex, as a whole 

unit, is the most common form of handling the ACL for study. Removing the ACL from 

the bone for study could damage the ACL near its attachment, or insertion, points, thus 

biasing any data collected due to damaged test specimens. 
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Figure 2.2 Posterior View of Right Human Knee (Guyot, 1990) 
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Figure 2.3 Sagital Secion of Right Human Knee (Guyot, 1990) 
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Ligaments can attach to bone in two different modes, indirect and direct. The 

ACL inserts into both the femur and tibia by the direct mode. In this form of attachment, 

moving from the ligament toward the bone, one encounters four distinct histological 

zones, hgament, uncalcified and calcified fibrocartilage, and bone, with a tidemark 

between the calcified and uncalcified fibrocartilage zones indicating the mineralization 
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front (Rodeo, 2001). The sfrength of this insertion becomes critical with young, or 

skeletally immatiire, specimens. In the indirect mode, the insertion consists of a 

superficial layer connecting to the periosteum and a layer of deeper fibers which anchor 

the Hgament into the bone with Sharpey's fibers (Woo et al., 1999). 

The FATC is a highly dynamic stmcture where movement in one direction tends 

to impact movement in the others. Similar to almost any real dynamic system, the knee is 

subject to six degrees of freedom with respect to translation and rotation. These degrees 

of freedom are franslations in tiie medial-lateral, anterior-posterior, and proximal-distal 

directions and the three rotations of extension-flexion, internal-external, and vams-

valgus. The pecuhar anatomy of tiie ACL plays an unportant role in providing stability 

in most of these degrees of freedom. Specifically, the ACL dominates the medial 

collateral ligament (MCL) in resistance to rotations about the main, or longitudinal, axis 

of the tibia and anterior-posterior translations. Stmcturally, the ACL acts as the primary 

resfraint of anterior franslation of the tibia with respect to the femur (Fehnel and Johnson, 

2000). Frequently, the cause of an injury to the ACL is such a translation coupled with 

tibial rotation (Woo et al., 1999). Also, it plays a key role in preventing hyperextension 

of the knee. Due to its orientation within the knee, it also resists internal rotation of the 

tibia with respect to the femur and stabilizes vams-valgus rotation (Fehnel and Johnson, 

2000). 

2.1.2 Modes of ACL Failure 

When a FATC is loaded to complete failure, a number of different types, or 

modes, of failure are known to exist, each depending on several differing factors such as 

age or activity level. Present understanding cannot predict which mode of failure will 

result from loading an ACL in every instance, but several factors do correlate with certain 

modes of failure. 

Woo et al. (1992) defined three such modes of failure in rabbit ACLs: substance, 

avulsion, and combination. Failure is defined as the point at which the FATC could no 

longer bear or resist loading. A substance failure is said to have occured when the 

ligament mptures without evidence of mpture at either insertion site. Avulsion failures 
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are characterized by bone fracturing around the insertion site of the Hgament, Typically, 

a visible portion of bone vnW remain attached to the ligament after the fracture as a clear 

indication of this mode of failure. The combination failure features a mpture of the 

ligament similar to the substance failure, combined with avulsion type fractures around 

the insertion site. 

Others have offered more complex classification methods of ACL failure. While 

working with primates, Noyes et al. (1974) defined 5 modes of ACL failure. These five 

included the substance failure described above, but in addition, the avulsion failure mode 

was divided into tibial or femoral avulsion fracture. Similarly, the combination failure 

mode was subdivided into combinations of substance failure and tibial or femoral 

avulsion. Importantiy, failure at the bone-ligament interface without avulsion fracture 

was considered a Hgamentous, or substance, failure. 

In addition to these general modes of failure, a secondary mode has been 

described as a Hgament peel-off, or a mpture at or near the ACL insertion site itself (Woo 

et al., 1987). This mode of failure is usually considered a subtype of failure under the 

substance failure category; however, the peeHng off may or may not result in small 

portions of bone stuck to the ligament. This mode of failure could also be considered a 

combination failure due to these bone fragments. Typically, the bone fragments are not 

clearly visible, as with a more normal avulsion, but they can be detected by contact due to 

their coarse texture. 

2.1.3 Basic Material Properties 

The material properties of a substance refer to that substance's particular pattern 

of conforming to forces being appHed to it. In the world of Mechanical Engineering, 

material behavior is well understood for substances such as metals or even composites 

like fiberglass, but when substances become exotic and intemally complicated, 

theoretical understanding is lacking. Regardless of this lack of knowledge, a number of 

simple calculations performed on experimental data reveals profound amounts of 

information about a material. These properties are measured through tensile testing 

where a material is sfretched until failure occurs while measuring force and displacement. 
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The first such concept is stress. Simply stated, sfress, o, is force, F, divided by the 

area. A, perpendicular to that force's line of action such that 

A ^ = - ' (2.1) 

The typical units of sfress are Mega Pascals, MPa, or pounds-force per square inch, psi. 

Obviously the magnitude of these units may change between different materials. 

Importantly, the calculation of stress normalizes force data with respect to the cross-

sectional area thus accounting for the size of the specimen being tested. The smallest 

cross-sectional area of a specimen must contain the highest stresses, following the mle of 

inverse proportions. The determination of the smallest cross-sectional area of the sample 

is critical for the sfress calculation to be accurate and will be discussed in a section 2.1.5. 

There are two different types of stress, differing by the value of the cross-

sectional area used for calculation. Engineering sfress is calculated from the 

instantaneous force value and the initial area calculation. Tme sfress is calculated from 

the instantaneous force and area values. Engineering stress is typically much easier to 

calculate as only one area measurement needs to be taken before the test is begun while 

tme sfress requires measurement of the cross-sectional area of a specimen while it is 

being loaded. Initially, these two different stress calculation methods produce similar 

values, but as loading and deformation increase, engineering and tme sfress separate. 

In addition, stresses become concentrated about small nicks or cuts in the sides of 

a material as well as holes in the middle of it. The presence of these defects, even though 

they might be microscopic, profoimdly increases the sfress around them by some stress 

concentration factor. If a defect is large enough, it can easily cause a specimen to fail at a 

load at which it would not otherwise fail, thus producing biased data. 

The other critical calculation which must be made from experimental data is the 

value of strain. Taking experimental deformation data on a specimen, sfrain can be found 

as 
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h ' (2.2) 

where e is tiie strain, h is the instantaneous length of the specimen, and h is the original 

lengtii of the specimen. Strain is also a normalized value which accounts for the 

dimensional size of flie object being tested; it is possible to measure strain through 

changes in area was well. Strain is dimensionless, and it is expressed as a percent or as a 

unit of length divided by that same unit of length. 

Also similar to sfress, sfrain can be calculated by two methods, engineering and 

tme. Engineering sfrain is calculated using Equation 2.2. Tme sfrain can be calculated as 

"•='"f (2.3) 

where St is tme sfrain and all other variables remain the same as they were applied to 

Equation 2.2. 

Used alone, the values of stress and strain reveal only limited information about a 

material, such as its stress at failure, or ultimate strength, and its strain at failure. When 

these two quantities are plotted against each other in a sfress-strain curve. Figure 2.5, they 

reveal a number of significant properties of the material in addition to those above. First, 

the ultimate sfrength, Ou, is the maximum stress attained by the material. The strain at 

failure, 8F, is the sfrain at which the material can no longer resist a load, which usually 

means the sample as been torn into two pieces. The Hnear portion of the curve is knovwi 

as the elastic region, for it is in this region that deformations are elastic, meaning that any 

deformation which results from loading will retum to the original state of the material 

after that load is removed (Smith, 1993). In the ACL, this retum to the normal state does 

not foUow the same path as it did during loading, forming a hysteresis loop (Woo et al., 

1987). The slope of this Hnear portion of the curve, E, is known as Young's Modulus or 

the modulus of elasticity, and is highly usefiil in predicting a material's behavior in 

response to a load. Finally, the last important value obtained from the sfress-sfrain curve 

is toughness. It can be found by integrating the cinve from no sfrain to the sfrain at 
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failure or measuring the area under the curve. Toughness, measured in units of energy 

per volume of material, is the amount of energy the material can absorb in tension. Such 

energy based calculations are valuable for many applications as they allow for 

troublesome vector based equations to be avoided (Smith, 1993). 

EngiiKering Strmn 

Figure 2.5 General Stress-Strain Curve 

One of the most fiindamental equations of the mechanics of soHds, Hooke's Law, 

defines the linear region of the sfress-sfrain curve as 

a = Es, (2.4) 

and all the above symbols retain their values defined previously. With Hooke's Law, one 

can predict the elastic behavior of a material as long as the modulus of elasticity for that 
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material is known. Thus, knowing these njaterial properties can lead to the prediction of 

certain types of behavior using extremely simple mathematical tools. 

Now that these material properties have been properly identified, a deeper study 

of their relationship to each class of materials is possible. For instance, materials which 

show the same material properties regardless of which direction or orientation they are 

tested under are knovra as isotropic materials and form the simplest group of materials 

known. Unfortunately, biological materials do not share this characteristic; they are 

anisofropic. This revelation concerning biological materials, such as the ACL, implies 

that the ACL does not have the same ultimate sfrength or modulus of elasticity, for 

example, in the longitudinal and lateral-medial directions. Each of the bundles of the 

ACL has its own material properties, though some are similar, meaning that the overaU 

properties of the Hgament are dependent on the direction of loading and the orientation of 

the ACL bundles as weU as position inside the ACL. If the actual material properties of 

the ACL were determined, they would consist of large tensor equations varying 

throughout the volume of the ligament; therefore, at this stage of experimental 

knowledge, researchers assume an average value for all of these properties across the 

whole ligament, or Hgament bundle, for whatever direction is being loaded. A tme 

tensorial mathematical model is the ultimate goal of experimental ACL tensile testing, 

but the reaHzation of that goal remains many years into the fijture. 

Importantly, Butler et al. (1986) found the material properties of the ACL in the 

longitudinal direction to be similar to the material properties of the PCL and LCL while 

the pateUar tendon's properties differed. The MCL was not tested due to its differing 

tibial insertion mode. Correlations such as this indicate that comparative tests between 

the ligaments of the knee can serve as a proper guide for research motivation and 

direction. 

2.1.4 Viscoelasticity of Soft Tissue 

Although the above basic concepts of the material properties of the ACL are 

sufficient for experimental data analysis and comprehension, some other concepts shbuld 

be mentioned for completeness in a discussion involving ACL biomechanics. These 
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concepts revolve around the inherent nonlinear properties of the ACL with respect to 

both time and history. 

Two such concepts are creep and stress relaxation. Creep refers to an increase in 

deformation over time while the load remains constant. Stress relaxation describes the 

phenomenon in which the sfress in the ligament decreases over time while the 

deformation is held constant. These properties are significant in ligaments such as the 

ACL as they relate to clinically described cases. For instance, cyclic stress relaxation 

explains the softening of tissue as the knee is continuously cycled, as observed clinically, 

thus preventing possible fatigue failure in the ligaments of the knee. After a recovery 

period, the knee returns to normal joint stiffness. 

The above phenomenon can be mathematically modeled using quasilinear 

viscoelasticity (QLV) theory, developed by Fung, for soft tissues. Kwan et al. (1993) 

effectively predicted sfress relaxation in a bundle of the ACL using a modification of 

QLV. More recentiy, the single integral finite strain (SIFS) viscoelastic model has been 

developed. It is fiilly nonlinear and reduces to a reasonable finite elasticity model when 

time is zero. Also, if linearized, it becomes the equations of classical linear 

viscoelasticity. Even QLV can be recovered from SIFS if QLV is reduced to one 

dimension and certain assumptions are made (Woo et al., 1997). Johnson, Livesay, Woo, 

and Rajagopal (1996) demonstrated the appHcation of SIFS to Hgaments and tendons. 

The concepts involved in these theories are quite complex and have little direct 

appHcation to the present study; they are mentioned here as a reminder of the complex 

details which ACL research seeks to reveal. 

2.1.5 Cross-Sectional Area Determination 

The accurate determination of the cross-sectional area of the ACL has been 

problematic since the initiation of the study of ACL material properties. Since this area is 

used in the direct calculation of sfress in the ACL, accurate measurements must be found 

or the resulting stress calculations may not yield vaHd results. As the tissue of the ACL is 

soft, contact-based methods are inherently inaccurate when used in the measurement of 

the cross-sectional area of such tissues since contact deforms the tissue to be measured. 
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A number of contact and non-contact methods have been explored in recent years in an 

effort to solve this difficult problem. 

In 1969, ElHs outlined and compared a number of existing methods for their 

repeatability and accuracy. Some of these methods remain in use today, a few are not 

used anymore, and others yielded hints of improvements to come. FoUowing ElHs' work, 

a number of other researchers have addressed the problems involved with measuring the 

complex cross sections of biological tissue. These methods are described as follows. 

The moist specimen gravimetric method involves comparing the net weight of a 

specimen in air and the weight of distilled water that specimen displaced (TEUis, 1969). 

From this data, the volume and specific gravity can be used with a length measurement of 

a Hgament to determine its cross-sectional area on an average basis (laconis, Steindler, 

and Marinozzi, 1987). This method was found to be highly repeatable when compared to 

itself; but its tme accuracy remains questionable (EUis, 1969). As only an average cross 

section can be found, at best, the minimal area of a ligament would remain unknown. 

In addition, the method can be performed on dried specimens (Lee and Woo, 

1988). Drying a Hgamentous specimen implies destroying its physiological properties 

which would make it impossible to perfbrm before a tensile test while performing these 

dry specimen gravimetric methods after the test would include possible deformations 

made in the cross-sectional area during the test. 

The area micrometer method, another contact method, has been accepted as a 

standard by researchers in the past. Such a device has a channel of fixed width in which 

a Hgament is positioned. A plunger mechanism of known size issued to apply pressure 

on the Hgament perpendicular to the width of the channel. A measurement device, 

typically calipers, is then used to measure the distance of the plunger head from the 

bottom of the channel. The Hgament is compressed into a rectangular shape whose area 

is found through multiplication of the known width of the channel with the Hgament 

thickness measured by the plunger. A number of differing pressures were compared for 

repeatability (ElHs, 1969) and that of 0.12 MPa eventiially became a standard (Lee and 

Woo, 1988). This method infroduces obvious inaccuracies tiirough tiie compression of 

the Hgament into a prismatic, or rectangular, shape. Clearly, under compression, fluid 

can flow out of the area under the plunger and even out of the ligament itself, thus 
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discounting the measurement. Furthennore, the standardized pressure of 0,12 MPa was 

not selected because it brings more accuracy to the actual cross-sectional measurement, 

but raflier this pressure allows for the greatest amount of repeatability for this particular 

test (Woo et al., 1990). 

Some researchers have avoided the problems of the area micrometer by assuming 

a cross-sectional shape of a ligament, such as an eUipse or a circle, and then using either 

micrometers (Lee and Woo, 1988) or video analysis to measure the important axes of the 

ligament. The area of tiie assumed shape can then be determined using this measured 

data (Ngo, 2000). Obviously, the use of micrometers to measure biological tissue 

involves some inherent deformation thus discounting the measurement in a similar 

fashion to that of the area micrometer. Secondly, the cross sections of ligaments do not 

have a regular shape, thus the assumption of a specific geometric shape is another source 

of error. The shape assumption method, using video data analysis, is more accurate than 

the area micrometer, but it typically over estimates the area of the Ugament due to the 

error inherent in the shape assumption itself 

Another method used frequently to verify the use of newer methods is a 

histological examination in which the Hgament is cut into small sections along its length 

and physically measured with a polar planimeter ^Uis, 1969; laconis et al., 1987). This 

method is an excellent way to compare the accuracy of other cross-sectional area 

measiffements, but due to the inherent destmction of the ligament itself, implementation 

of this method for use in sfress determination for a tensile test seems almost impossible. 

EUis (1969) revealed the fiiture of area measurement for biological tissue when he 

demonstrated his shadow amplitude contour reconstmction method. Following this 

method, a rectangular beam of light is passed across a specimen such that one side of the 

specimen produces a shadow image on a receiver. The specimen is rotated in this beam 

of light with width measurements taken from the center of rotation to the edge of the 

shadow produced. This vddth corresponds to the radius of the cross section of the 

specimen from the center of rotation to its edge, and the shape of the specimen's area can 

then be plotted in polar coordinates as a function of specimen rotation and this measured 

radius. Unfortunately, this early design did not produce highly accurate or repeatable 

results, but it did inspire later researchers to pursue the concept. 
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laconis et al. (1987) contributed another significant development in the 

measurement of the ACL using a non-contact method. Simply put, their system 

determined the radius of a rotating specimen by focusing two triangular beams of light or 

its surface. The two light sources, set at wide angles apart from each other, could be 

simultaneously moved in a radial direction, but the point where the light beams perfectly 

matched remained the same relative to the two sources. Thus, by positioning the 

perfectly matched light beam crossing on the surface of the specimen, its radial position 

could be easily determined from the radial position of the light sources. This method 

could accurately determine the cross-sectional area of Hgaments compared to 

histologically determined measurements, and it could detect concave surface features 

which was a limit to the accuracy of the shadow method. As a drawback, the method 

required manual operation for each radial surface measurement, thus seriously slowing 

the process. 

Lee and Woo (1988) further developed the shadow method by replacing the 

rectanguliff light beam with a coUimated laser beam and by designing a device which 

could be confroUed by a computer thus automating the area measurement process. Also, 

the design was improved to measure the shadow on both sides of the specimen so that the 

specimen only had to be rotated 180° mstead of the fiill 360°, Going ftirther, this design 

also aUowed for the center of rotation to exist outside of the specimen being measured. 

The design was tested against the known cross-sectional areas of soHd triangular, 

hexagonal, and circular prisms With percent differences of 2.1, 0.3, and 0.1 %, 

respectively. The triangular prism proved to be the most difficult to measure due to its 

sharp angles. In the same study, Lee and Woo measured the cross-sectional area of eight 

porcine ACLs with their new system and fovmd areas 17% larger than those measured by 

an area micrometer. Also, a significant change in the cross-sectional area of the ACLs 

was found along the length of the ligament. One noted drawback of this method remains 

the inability to measure concave areas, resulting in some maccuracy. 

FoUowing these developmental trials of the laser micrometer system, as the 

improved shadow method was later named, the system was sfrenuously tested against 

existing methods for both the MCL and ACL. Focusing on the ACL portion of this 

study, the area micrometer and shape assumption with caliper measurement methods 
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significantly distorted the irregular shape of the ligament. This comparison resulted in 

finding a significant difference between the laser micrometer results and the results of 

each of the contact methods, but no difference was found between the two contact 

methods. Comparison of the shape generated by the laser micrometer measurement and 

the histological cross section revealed close similarity with the minor exception of small 

concave surface features (Woo et al., 1990). 

In recent years, this concavity problem with the laser micrometer system has been 

alleviated by use of the laser reflectance transducer. This new system avoids the profile, 

or shadow, approach; it strikes a specimen with a 0.01 mm wide laser beam and detects 

the reflected radiation while rotating about the specimen for 360°. In this manner, the 

concavities are detected by the system, which has been verified on standardized shapes of 

known cross-sectional area such as a circular cylinder with a square or triangular keyway 

cut out of it. On such specimens the laser reflectance fransducer produces an accuracy of 

2.5% and a repeatability of 1.3% (Woo et al., 1997). This new system poses a unique 

solution to the problem of surface concavity which has been troublesome in the past. 

The above methods chart the history of research in finding accurate cross-

sectional areas in ligaments from cmde contact methods to the laser reflectance 

fransducer, but one problem remains. None of these methods are capable of scanning the 

whole ACL as one unit. Such information is important if the tme minimum cross-

sectional area is to be found. Using the above technology, a series of scans must be made 

along the whole length of the ACL at incredibly small increments for the truly smallest 

area to be found, but such efforts are time consuming resulting in the time saving 

assumption that scans made in the general location of the smallest cross section are 

accurate. Also, an accurate measurement of the volume of a Hgament is valuable for 

energy calculations using such properties as toughness. The evolution of these devices 

and methods wiU surely continue for many years into the fijture, and newer methods must 

include the capabiHties described above. 

2.2 Experimental Factors 

A number of factors must be addressed in any experimental setting involving the 

tensile testing of the ACL. These factors range from the orientation of the specimen 
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during testing to its handHng before and during examination. All of these factors are 

important when establishing a proper experimental setup. 

2.2.1 General Environmental and Handling Concerns 

The foUowing discussion outiines some general cautions and procedures which 

are necessary for consistent biomechanical testing to take place. These steps include 

monitoring such factors as storage, temperature, hydration, and irradiation. 

It is well recognized that biomechanical testing of biological tissue is most 

effective if the tests take place moments after death (Woo et al., 1986), but due to the 

large time consfraints surrounding a single test, which may take up to several hours, and 

large sample sizes requiring dozens of tests, immediate testing becomes impossible. As a 

result, specimens must be preserved for significant amounts of time before they can be 

tested, and freezing seems to be the most convenient method for such preservation. 

A number of studies have been conducted on the effects of freezing on Hgament 

material properties over the past 20 years. These tests have studied a myriad of variables 

in conjunction vnth the effects of freezing, and while most have resulted in no significant 

material differences between specimens tested immediately after death and others tested 

after a period of freezing, some studies indicated a light increase in stififiiess (Woo et al., 

1997). 

In one particular study on freezing of the MCL with soft tissue intact at -20°C for 

3 months, the only significant material property to change between Hgaments stored by 

freezing and ligaments tested immediately was a change in the area of hysteresis for the 

first cycle of a cyclic loading subfailure test. Freezing did not affect values such as cross-

sectional area, deformation at failure, or the ultimate load. 

Another factor to consider when examining the effects of freezing is that usually 

biological variability among specimens, even between the right and left legs of a the 

same specimen, accounts for a 10% difference in properties among individual tests. As a 

result, biological variation could explain some of the variation noted by some researchers 

(Butler et al., 1978). The most lUcely case is that freezing does not significantly affett the 

important material properties of ligaments. 
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Regardless of the method of storage, temperature plays another role as a factor in 

ligament material properties. A number of studies suggest that temperature at the time of 

testing can affect test results. In particular, the modulus of elasticity has been found to 

decrease in a linear fashion with increasing temperature from 2° to 37°C. Also, a period 

of 1 to 2.5 hours is required for a ligament to shed any time or history dependent 

viscoelastic effects. Such a relationship suggests the need for standardized testing 

conditions for Hgaments and tendons, or at the very least the carefiil reporting of the 

temperature at the time of testing. Most ligament tests occur at room temperature (Woo 

et al., 1997), thus an unofficial standard may afready be in place. 

Another environmental effect which must be monitored and maintained when 

ligaments are being tested is hydration. Since ligaments, Hke most other biological 

tissues, contain copious amounts of water, 60 to 80 percent, changes in the levels of water 

in and around the Hgament dining a test could significantly change results. Ligaments 

must be maintained in a moist state during any testing or their material properties wUl 

change dramatically. Common practice involves placing a ligament in a drip 

environment or a saHne bath. Tests have shown that material properties change when a 

ligament is in an environment of more than normal levels of water as weU as 

environments vdth lower than normal water levels (Woo et al., 1997). Once again some 

level of standardization is needed. 

One final envfronment effect which may need to be monitored in some cases is 

irradiation. Biochemical and histological studies have indicated that irradiation can effect 

collagen. Irradiation could cleave the peptide bonds linking the subunits of coUagen 

together and it also could induce cross-linking between bands of coUagen. PateUar 

tendon material properties have been shown to change after 3 to 4 Mrad doses of 

radiation. A 2 Mrad dose does not induce any known material property changes in these 

tendons as weU as no major dismptions of the banding pattern of collagen (Woo et al., 

1997). 
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2.2.2 Skeletal Maturity 

The skeletal maturity of a specimen plays an important role in the magnitude of 

its properties. Both rabbits and humans have demonstrated correlation between age or 

skeletal maturity, with the mode of failure and certain material properties. Another 

aspect of skeletally immature specimens is the presence of an active physis in the form of 

primary longitudinal bone growtii. The effects of skeletal immaturity must be 

acknowledged when such specimens are being studied. 

In humans, skeletally immature ACL mpture cases present a number of specific 

differences to adults. It is well known that in children, the sfrength of the ACL is 

significantly higher than the adjacent tibial physis. Such a fact is congment with data 

suggesting that tibial spine fractures, foUowing the avulsion mode of failure, are more 

common in pre-pubescent humans than Hgamentous failures (Fehnel and Johnson, 2000). 

Kellenberger and von Laer (1990) reported that 80% of 62 pediatric patients with ACL 

injuries less than 12 years old suffered from tibial spine avulsions. This does not rale out 

the possibility of other modes of ACL failure in skeletally immature subjects, in fact, 

substance faUures have been increasingly described in recent literature. Femoral 

avulsions are rare, in comparison to tibial avulsions and even substance failures, but some 

cases have been noted (Fehnel and Johnson, 2000). 

Similarly, rabbits demonstrate tibial avulsion or peel off failure in skeletally 

immature subjects. Skeletal maturation usually occurs between the ages of five to six 

months (Woo et al., 1997). Woo et al. (1987) tested skeletally immature New Zealand 

White rabbits and found that bony avulsion and ligament peel off were the two most 

common modes of failure for differing loading conditions. In confrast, skeletally mature 

rabbits were tested under similar conditions and found to mpture by substance failure at 

various points along the length of the ligament (Slauterbeck, et al., 1999). Woo et al. 

(1992) tested the medial and lateral bundles of skeletally mature rabbit ACLs and found 

that combined or substance failures are common for the medial bundle while avulsion 

failures predominate the lateral bundle tests. Certainly, a difference does exist in failure 

modes between mature and immature rabbit FATCs. 

This propensity for avulsion or peel off failures in skeletaUy immature subjects 

can be explained by differences in material strength between skeletaUy mature and 
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immature specimens. Initially, the ligament substance is stronger than the bone it 

attaches to, but as the rabbit grows, the bone strength increases beyond that of the 

ligament, see Figure 2.6, Such an explanation is supported by evidence that rabbit 

MCLs, tested over the development period of the rabbits, showed a significant increase 

bone strength relative to ligament sfrength (Woo et al., 1997). Although this does not 

conclusively prove that the relationship between ACL strength and bone strength is the 

cause of a skeletally immature specimen's propensity for avulsion type failures, it does 

hint that such an explanation has merit. 
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Figure2.6 Ligament and Bone Strength Comparison (Woo et al., 1997) 

The other difference posed by skeletally immature specimens is that of the 

existence of an epiphyseal plate, the growth, plate enabling primary bone growth in the 

longitudinal direction which can cause difficulties in the laboratory when the specimen is 

longitudinally loaded. The FATC, if its supports do not compensate for these 

cartilaginous regions, could prove difficult to test hi axial loading as the failure of the 

complex at the growth plate is likely. Although not discussed. Woo et al, (1987), with 

skeletally immature rabbits, used a femur clamp with supports which, it is assumed, 

supported the condyles of the femur. Such a clamp would prevent failure of the growth 
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plate, and precautions similar to that demonstrated by Woo et al. are necessary when 

skeletally immature rabbit ACLs are loaded to failure. 

The use of immatiire rabbits has certain advantages which can counteract these 

problematic tendencies. Primarily, the use of pre-pubescent test subjects, which are 

inherently skeletaUy immature, reduces the chance of exposure to sex hormones before 

the initialization of testing (Lee, 2003). 

At the other end of the age spectmm, senescence has been shown to cause 

changes in ACL properties. Butler et al. (1985) reported a threefold decrease in human 

ACL ultimate tensile sfrength and toughness between the ages of 20 and 50 as well as a 

twofold reduction in the modulus of elasticity. These older knees commonly fail by bony 

avulsion while younger yet skeletaUy mature knees fail in the Hgament substance. On the 

other hand, old rabbit ACLs, taken at 48 months of age, showed only a slight decrease in 

material properties relative to younger skeletally mature ligaments (Woo et al., 1997). 

2.2,3 Mobility 

Changes in the mobility or immobility of a joint due to exercise, immobilization, 

or some other factor can affect the material properties of the ligaments in that joint. 

Specifically, studies have been directed at changes in material properties of ligaments 

during and after immobilization and periods of exercise, or high activity, in specific 

animal models. The effects of immobilization or exercise are such that the activity level 

of an animal model should be noted before biomechanical testing for the purposes of 

standardization and comparison between independent studies. 

Research involving the influence of exercise on ligament properties is confiising 

and in many cases inconclusive due to such factors as the use of various animal models, 

inadequate intergroup matching of variables, different experimental procedures, and 

inconsistent definition of controls and exercise animals (Woo et al, 1997). Historically, 

differences have been noted between domesticated and wUd animal models with the 

domesticated animal's ligaments failing at much lower loads than their wild counterparts. 

Typically, domesticated laboratory animals serving as models are kept in small cages 

with only limited exercise (Butler et al., 1978). Increases in cross-sectional area have 
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been noted foUowing periods of exercise. Further microscopic examination has 

determined this increase to be secondary to fiber bundle hypertrophy as opposed to 

cellular hyperplasia. Also, indirect ligament insertion properties are known to be heavily 

influenced by exercise. 

The effect of long-term exercise was demonstrated with swine MCLs in a recent 

stiidy which yielded some interesting results. No significant difference was found in the 

concentrations of collagen and elastin fibers between groups of exercised and non-

exercised pigs. Also, the cross-sectional areas and deformation at failure showed no 

difference between groups, but the maximum force normalized for body weight did show 

a limited but significant change. Therefore, if the general size, or area, of the Hgaments 

did not change but the force required to fail the Hgament did, exercise probably played a 

limited role in increasing the sfrength of the ligament itself 

At the other end of the joint mobUity scale, immobilized joints have shown 

profound effects with respect to material properties. In general, the overaU stiffness of a 

joint increases with immobilization over time. This increase in stiffiiess is due, 

surprisingly, not to the stiffening of the ligaments, which actually become less stiff, but to 

anatomical changes such as adhesions, pannus, and decreased lubrication. In one study, 

rabbit MCLs showed decreases in toughness and ultimate sfrength following 

immobilization. The recovery time for a ligament to return to its normal material 

property levels is less than the recovery time for the ligament insertion sites to retum to 

normal levels leading to increases in avulsion failures during this period (Woo et al., 

1997). 

Although many studies have been performed on the effects of exercise and 

immobilization on joints, most do not directly address the ACL in particular. The studies 

highlighted above involve MCL research, which serves as an indication that confrol of 

mobility for an animal model is a necessary precaution even in the absence of absolute 

evidence for mobility affects on the ACL. 
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2.2.4 Joint Orientation 

To this point, tiie experimental factors considered have concerned either general 

environmental conditions or biological factors which affect ligament material properties. 

The next two sections will explore two factors which must be considered during the 

tensile test itself specimen orientation and strain rate. 

The issue of joint orientation is, in actuality, a combination of two interrelated 

topics, the angle of flexion of the knee and the axis of loading. The angle of knee flexion 

is a relatively simple concept referring to the angle at which the knee is bent about the 

medial-lateral axis. The axis of loading refers to the line of action on which the specimen 

will be loaded. Two such axes have predominated recent research, the tibial axis and the 

ligamental axis. Like their names suggest, the tibal axis is paraUel to the longitudinal 

direction of the tibia and the Hgamental axis is paraUel to the ligament being tested in its 

anatomic position, see Figure 2.7 (Woo et al., 1987). The axis of loading appears to be 

more important than the angle of knee flexion although not completely (Woo et al., 

1997). Early tests of ACL material properties were inconsistent with each other over the 

mode of ligament and joint orientation making comparison difficult if not impossible 

(Woo et al., 1987). 
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Figure 2.7 ACL Loading and Flexion Chart (Woo et al., 1987) 

Importantly, when loading is along the Hgamental axis, the angle of knee flexion 

does not profoundly contribute to changes in test results. The material properties of the 

ACLs in rabbits do not significantly change with flexion angle using this loading axis. 

On the other hand, the material properties change dramatically with flexion angle if the 

tibial axis is the axis of loading. A possible reason for this difference between axes of 

loading is the recruitment of coUagen fiber bundles in the ACL. Under Hgamental 

loading, aU the fiber bundles of the ACL seem to be loaded evenly across the whole of 

the ACL, as opposed to tibial loading where, as flexion angle changes, different fiber 

bundles are placed under load. This hypothesis is supported by such facts as when the 

ACL is loaded along the tibial axis, the ultimate strength and toughness of the Hgament 

decrease with the angle of flexion. The modulus of elasticity and ultimate strength of tiie 
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ACL are consistentiy lower under tibial loading than ligamental loading. Importantly, the 

tibial loading configuration tends to peel off the tibial insertion of the ACL in a 

sequential failure as opposed to an abmpt avulsion or ligamentous failure at or near the 

insertion point (Woo et al., 1987). 

These results indicate that studies using tibial loading on the ACL produce lower 

ultimate sfrength, modulus of elasticity, and toughness results than otherwise would be 

witnessed under anatomical, or ligamental, loading conditions (Woo et al., 1997). Unless 

a study wrishes to examine the effects of tibial loading in particular and since the 

ligametnal axis models the anatomic axis of loading for the Hgament, the ligamental axis 

appears to be the most suitable direction for ACL testing. 

2.2.5 Sfrain Measurement and Strain Rate 

After the measurement of the cross-sectional area of the ACL, the accurate 

determination of sfrain during a tensile test poses the most significant problem which has 

been addressed by researchers in recent years. In a traditional tensile test, strain can 

easily be measured from the reported position of the tensile testing machine's grips, an 

extensiometer, or a sfrain gage attached to the specimen being tested, but these 

measurement methods have inherent flaws when appHed to biological systems. Sfrain 

determined from grip position includes deformation of the ligament and bone along with 

small deformations of the machine itself An extensometer would also include bone 

deformation unless it could be attached directly to the Hgament, which would deform the 

ligament itself through contact. A sfrain gage suffers a simUar drawback due to contact 

with the ligament. 

A number of researchers have measured sfrain in living human subjects with 

various contact methods. Henning, Lynch, and Click (1985) used a thin wire and hook 

mechanism attached to the ACL and protiuding externally to a sfrain gage to shidy sfrain 

in two subjects through various forms of activity. Beynnon and Flenung (1998) 

discussed the use of a differential variable reluctance fransducer (DVRT) and a Hall 

Effect strain transducer (HEST) to study various clinical issues such as rehabilitation 

technique and the effectiveness of a knee brace. These two examples of in vivo sfrain 
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sUidy are intriguing, but no reliable loading measurement has been discussed, thus 

handicapping any effort to determine material properties. Also, these methods inherently 

involve dismption of the knee through some surgical technique and contact with the ACL 

fiirther discounting any material property information. 

In tensUe testing of the ACL, tiie use of video data to determine position, and 

therefore sfrain, during a tensile test has become conunon, Butier et al. (1984) recorded 

ligament and tendon tensile tests with a high speed camera. The film data was 

synchronized with load data through time information. Each frame was digitized and 

differences in position were noted between landmarks on the FATC in successive frames. 

The position data thus obtained had an error of less than 0,10 mm. 

The above process can be automated using a Video Dimensional Analyzer (VDA) 

which can foUow two stained bands placed on a Hgament and produce a voltage based on 

those band's respective distance apart. As their separation increases, the output voltage 

of the VDA increases proportionally. Such a system has an accuracy approximately 

0.5% (Woo et al., 1983). Combined with a high speed camera system and appropriate 

data recording devices, the VDA system can be used to find the material properties of a 

ligament at high sfrain rates without Hgament contact (Peterson and Woo, 1986). 

With the continued development of sfrain measurement techniques, the sensitivity 

of the material properties of a ligament to strain rate can be accessed, strain rate being the 

amount of sfrain a specimen undergoes per unit time. In other words, the higher the 

strain rate for a specimen, the faster it is being deformed. 

Sfrain rate can significantly affect the material properties of a ligament. 

Physiologically, most ACL injuries are reported to occur at high strain rates. In rhesus 

monkeys, a 20% change in ultimate load occurred between deformation rates of 0.08467 

mm/s and 8.467 mm/s, a range of 2 decades. ACL's at the higher deformation rate also 

failed at a higher sfrain and absorbed more energy than those tested at the lower 

deformation rate. These strains and deformation rates were measured using high speed 

video analysis without the aide of a VDA (Noyes et al., 1974). Later research has shown 

an increase of 31% in the modulus of elasticity for an increase in deformation rate from 

0.008 mm/s to 113 mm/s (Woo et al., 1993). Unfortiinately, many researchers have not 

documented strain rate, but rather have reported changes in deformation rates which are 
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not normalized for the size of the ligaments being tested. If there were no large 

discrepancies in size between most of the ACLs tested in these cases, the deformation 

rate studies can serve as an indication of a general trend which must be examined closely 

though a proper sfrain rate study. 

These changes in material properties could be influenced by changes in the mode 

of failure with increases in sfrain rate. Some researchers suggest that the lack of success 

in achieving Ugament substance failure is due to the use of slow strain rates. Indeed, 

Noyes et al, (1974) showed a significant difference in mode of failure between fast and 

slow test groups of rhesus monkeys. The fast group, or high strain rate group, failed 

mostly by substance failure while the slow group, or low strain rate group, failed by tibial 

avulsion which suggests that at low strain rates the ligament substance is stronger than 

bone at the insertion points. The result of this discovery is that percent changes in 

ultimate ligament sfrength between different sfrain rates may be lower than reported due 

to bone failvu-e at slow sfrain rates masking the tme ligamental strength at those strain 

rates (Woo et al., 1997). 

The noted differences in modes of failure between strain rate tests may not be 

conclusive. The effects of skeletal maturity on the MCL are known to be more 

significant than the effects of strain rate on the mode of failure (Woo et al., 1993). The 

age of the rhesus monkeys used in the above study was not noted and the presence of six 

skeletally immature specimens, out of 34, randomly distributed into the strain rate groups 

mentioned above (Noyes et al., 1974) could influence the mode of failure results. In both 

of the above sfrain rate studies, relatively small changes in material properties occur in 

comparison to very large strain rate differences. This is in contrast to very large material 

property differences with respect to change in skeletal maturity (Woo et al., 1997). 

All of the strain measurement techniques discussed and used in the above 

mentioned studies measure strain over the whole, or a significant portion o^ the ACL or 

the FATC. As a result, the measured strains are averaged over the fiill length of the 

ligament. The ACL is obviously not a homogenous stmcture and sfrain does differ from 

bundle to bundle throughout the whole of the Hgament. Localized sfrain has been 

observed to be higher around insertion sites than in the ligament substance (Butler et al., 

1990). Using a liquid metal sfrain gage (LMSG), a contact method for in vivo testing, 
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one study demonsfrates large and dynamic differences in strain between the AMB and PB 

over a range of flexion angles (Bach et al., 1997). 

2,3 Hormonal Effects 

Of the many differences between males and females, the presence of sex steroids 

is a critical factor behind a vast portion of tiiem. Not only do the types and quantities of 

these hormones differ, males tend to have stable levels of hormones while females cycle 

through various concentrations of differing hormones. Thus female hormone levels are 

highly fransient and dynamic in comparison to males. Even in a steady state condition, 

the effects of the sex hormones on certain cellular metabolisms are profound. 

2.3.1 Hormone Pathways 

No ceU in any multicellular organism can exist in isolation frbm the other ceUs of 

that organism. Vast communication networks must coordinate such processes as growth, 

differentiation, and metaboHsm across the whole organism composed of miUions of cells. 

Certainly, this communication network must be quick and flexible to be able to adapt to 

the changing stimuli of life, and one of the best suited modes for this communication is 

through chemical carriers. Chemicals released from one ceU which influence the 

behavior of another, hormones, each fit into receptor molecules in their target ceUs which 

initiate a signal fransduction event ending in some change of behavior in the target cell. 

The response of any one ceU to a hormone is dictated by the particular hormone receptors 

that ceU contains and also by the availability of doAvnstream signaling molecules in the 

signal fransduction pathway. For example, one hormone may activate the same receptor 

in several different cell types. Each of these activated receptors initiates a signal 

transduction event, but the available transduction pathways are different in each cell; 

therefore, the signal results in a different change in each cell type. 

Two superfamilies of hormones, each having a fiindamentally different signaling 

paradigm, are of critical importance to the study of hormonal effects on the ACL. The 

first superfamily, lipophilic hormones with infracellular receptors, are small, lipid based, 

compounds which can easily pass through ceU membranes and enter the nucleus where 
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they can bind with their corresponding receptor proteins. The sex steroids, including 

esfrogen, progesterone, and testosterone, are a major subunit of this family. Examples of 

some of the simple chemical stmcture of these hormones can be found in Figure 2.8. All 

steroids are based on cholesterol having a stmcture of three hexagonal carbon rings and 

one pentagonal ring interconnected with fiinctional groups, defining the steroid, attached. 

Typically, a steroid-receptor binding event results in the increase or decrease in the 

transcription of specific genes. Steroids can be effective for periods between just a few 

hours to several days, making them suitable for influencing the growth and differentiation 

of ceUs and tissues. 

OH 

HO 

a.) Estradiol b.) Progesterone 

Figure 2.8 Female Sex Steroid Stmchire 

Usually, the DNA transcription resuhs in the production of new proteins. These 

proteins, depending on their composition determined by the transcribed DNA sequence, 

can catalyze specific chemical reactions, in which case they are known as enzymes. 

These enzymes, then, are the molecules which actiiaUy change the behavior of a ceU, by 

favoring or disallowing some chemical reaction (Lodish, 2000). Also, recent evidence 
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suggests that steroid hormones can trigger much quicker cellular responses outside 

genomic actions (Watson, 1999). 

The other superfamily of hormones of importance are those hormones which are 

water soluble vsdth cell surface receptors. Because the hormones are water soluble, and 

usually large in size as weU, they cannot pass through the ceU membrane; hence, they 

must bind to a receptor protein on the outside of the cell which releases a second 

messenger in the cytosol resulting in a signal transduction cascade. This cascade can 

result in changing gene expression, similar to the steroids, as well as directly changing 

the behavior of enzymes already in existence. In the typical signal transduction cascade, 

an activated receptor activates through phosphorylation, or dephosphorylation, some 

subsfrate compound. This activated compound, acting as an enzyme, begins activating 

other compounds through phosphorylation and so on. Each step in the cascade 

exponentially increases the number of activated substrate proteins so that one activated 

receptor can result in massive cellular changes (Lodish et al., 2000). 

One of the many subgroups of this superfamily are the receptor tyrosine kinases, 

vidth includes epidermal growth factor (EGF) (Hackel et al., 1999). As shown in Figure 

2.9, this group foUows an activation sequence where the signaling hormone, called a 

ligand, binds to a receptor outside the cell, which immediately dimerizes, or bonds to 

another copy of the same receptor and then causes autophosphorylation of both receptors 

on the cytosoHc side of the cell membrane. Autophosphorylation of these bound 

receptors causes certain enzymes, such as GRB2, to be recmited to the ceU membrane 

where they activate other enzymes like Sos. Ras, confroUed by Sos, acts as a GTPase 

molecular switch which turns the signaHng pathway "on" and "off' by altemating 

between attachment to either guanine triphosphate (GTP) or guanine diphosphate (GDP). 

Thus a signal transduction pathway is initialized (Lodish et al., 2000). 
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Figure 2,9 EGF Receptor Tyrosine Kinase Pathway (Lodish et al., 2000) 
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2.3.2 The Female Reproductive Cycle 

The cycle of hormone secretion regulating female reproductive events can be 

classified as either menstmal or estrous cycles. Humans and many primates foUow the 

menstmal cycle (MC) while rabbits and most other mammals follow the estrous cycle 

(EC). One key difference between these two cycles is the fate of the uterine lining if 

pregnancy does not occur. In the menstmal cycle, the lining is shed through the cervix 

and vagina while animals in the estrous cycle reabsorb the uterine lining material. 

Another significant difference between the two cycles are more pronounced behavioral 

changes during esfrous cycles in comparison to menstrual cycles. In addition, esfrous 

cycles show a sfronger relationship to season and climate than do menstmal cycles 

(Campbell et al., 1997). 

Rabbit models for sex hormone testing are weU precedented, as the major ovarian 

steroids are weU known. The patterns of these steroids are weU defined in the Hterature, 

and their feedback sites have been explored. In addition, these steroids are easily found 

in radioimmunoassays using well known procedures (Pau et al., 1986). 

FoUowing either cycle, the level of female hormones changes significantly over 

the course of the cycle. In humans, the menstmal cycle conventionally begins with the 

first day of menstioiation, the release of the uterine lining out of the vagina, known as the 

menstiiial flow phase, or menses. This process usuaUy persists for a few days before the 

remaining thin uterine lining begins its regeneration. For one to two weeks foUowing 

menses, the utoine Hning grows during the proliferative phase which is followed by two 

weeks of the secretory phase where the mature Hning awaits implantation of an embryo. 

If implantation does not occur, the Hning is again shed in the beginning of another cycle. 

In parallel with the menstmal cycle, the ovarian cycle (OC) governs the 

matiiration of an egg in the ovary and its eventual release. Its first phase, the foUicular 

phase, is characterized by the mattu-ation of a foUicle of the ovary, containing an egg. 

This phase ends with tiie mpttire of the follicle and the release of the egg into the 

fallopian fribe, caUed ovulation. The old folHcle becomes the corpus luteum, releasing 

female hormones into the blood sfream which prepare tiie body for fertUization during tiie 

second phase of the ovarian cycle, the luteal phase. 
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Both of these cycles are regulated by hormones such that they work in concert 

with each other so that fertilization and implantation of the embryo can occur. Two key 

hormones whose concentrations can indicate which phase of either cycle is occurring are 

the esfrogens and progesterone, see Figure 2,10. The beginning of menstmation is 

marked by low levels of both hormones, which remain low throughout most of the 

follicular phase of the ovarian cycle. Just before ovulation, the estrogen level spikes 

while the progesterone level remains low. Following ovulation, the levels of both 

estrogen and progesterone gently rise, peaking about halfway though the luteal or 

secretory phases and then declining down to the low levels of menstmation (Campbell et 

al., 1997). 

MC : Menstruation • Proliferative Phase 

OC Follicular Phase 

Secretory Phase 

Luteal Phase 

Menstrual and Ovarian Cycle Phase 

Figure 2.10 Female Sex Steroid Levels Throughout the Reproductive Cycles 

2.3.3 Estrogen and the ACL 

ff estrogen does affect the material properties of the ACL such that it becomes 

more susceptible to failure, clearly an indicator of this effect would be a distribution of 

ACL injuries in females near certain periods of their reproductive cycles where estrogen 

levels reach a maximum. Past shidies of this relationship have proven difficult as they 

reHed on patients reporting their last date of menstmation from memory with little 

chemical analysis. Such data is questionable at best as reported by obstetricians (Kirk, 

2002). 
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Slauterbeck et al. (2002) demonstrated that salivary samples taken at the time of 

injury can be used to validate patient reported reproductive cycle phases by quantifying 

tiie concenfrations of estradiol, E2, an estrogen, and progesterone in the blood. Usmg this 

method, reHable data became available for statistical analysis. Out of 37 female ACL 

injuries, 26 occurred during tiie follicular phase of the ovarian cycle. In addition, out of 

27 injuries, 10 occurred just before or 1 to 2 days following the beginning of 

menstiiiation. This data proved statistically significant using computer sunulated confrol 

subjects. Furthermore, patient reported menstmal periods would be more accurate if the 

patient is menstmating at the time of the test, as was found. 

It should be noted that the increase in ACL injury during menstmation foUows the 

luteal phase of the ovarian cycle where both estrogen and progesterone levels are 

maintained at elevated levels which have subsided. If esfrogen significantly affects the 

material properties of the ACL, this would be the expected time of such injuries during 

the female reproductive cycle as the ligament has been exposed to these elevated 

hormone levels for a prolonged period of time, giving the fibroblasts sufficient time to 

change behavior due to estrogen signaling. 

Following a similar Hne of logic, if esfrogen affects the material properties of the 

ACL, esfrogen receptors should be present in ACL fibroblasts and metaboHc changes 

should be witnessed in ACL fibroblast ceU cultures exposed to estrogen. Indeed, rabbit 

ACL fibroblasts, from tissue and culture, tested positive for the presence of the esfrogen 

receptor by means of intranuclear immunoperoxidase staining. Also, rabbit ACL 

fibroblasts were subjected to varying levels of estrogen concenfration treatment and 

tested for coUagen synthesis. The confrol group for this study received 0.0029 ng/ml of 

esfradiol which was present in its media, (this level was the lowest found concenfration of 

esfradiol in commercially available ceU media, 10% certified fetal bovine semm). The 

four experimental groups received 0.025, 0.25,2.5 and 25 ng/ml of estradiol. The first 

two groups represent physiological levels of estradiol during a normal menstmal cycle 

and statisticaUy showed 40% less coUagen production in comparison to the confrol. The 

two later groups, representing concenfrations of estradiol higher than regular 

physiological levels, showed only 50% of the coUagen production of the confrol. 

Furthermore, the same two physiological estradiol concenfration groups showed 
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significantly lower fibroblast proliferation in comparison to the confrol group, but they 

did not show significant differences between the two. The two non-physiological 

esfradiol concenfration groups showed further decreases in fibroblast proHferation with 

respect to botii the confrol group and the physiological group but not between the two. 

The inhibitory effect of esfradiol approached a steady state near a concentration of 25 

ng/ml, which indicates tiie maximal estradiol effect. As a result, changes in estradiol 

concenfration could initiate changes in ACL metabolism, coUagen amount, and coUagen 

type (Liu et al., 1997). 

The final link in a possible mechanism connecting esfradiol activation of a known 

esfrogen receptor in the ACL fibroblast and significant changes in ACL material 

properties is the identification of the biochemical pathway which results in the activation 

of enzymes which effect the degradation of ACL coUagen. Such a pathway is 

hypothetically shown in Figure 2.11. Tissue remodeHng is a known process which 

occurs throughout the body in both normal and injured stmctures. Old or damaged 

stmctures, such as individual coUagen fibers, are degraded while new molecules replace 

them. This process ensures that stmctures are continually repaired such that general 

degradation of the tissue does not occur. In the ACL, the degradation of the coUagen 

fibers is performed by a class of enzymes known as matrix metaUoproteinases (MMPs) 

while the biosynthesis is regulated by tissue inhibitors of mtealloproteinases (TIMPs). 

MMPs are Zn^^ dependent endoproteinases which catalyze the break down of collagen 

among other materials, depending on the specific MMP stmcture. TTMPs are proteins 

which inhibit the MMPs from flilfiUing their catalytic role in the destmction of collagen 

or other material. Biosynthesis of coUagen, which is directly performed by other 

enzymes, is a continual process such that, for a constant level of collagen, MMPs 

generally degrade coUagen at the same rate as it is constmcted. ff MMPs were inhibited 

by TIMPs, coUagen production would increase and the production of more MMPs would 

resuh in restoring equilibrium and eventuaUy resuh in general collagen degradation if 

MMP production was not ceased. Nine MMPs and all 4 known TIMPs have been found 

in ACL tissue. 
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Figure 2.11 Estradiol Pathway to Collagen Degradation 
1. Estradiol diffuses through cell membrane 
2. Estradiol enters nucleus and activates E2 receptor 
3. E2 receptor and DNA transcription factors modify gene expression 
4. MMP/TIMP balance is changed 
5. Biosynthesis of collagen 
6. MMPs catalyze the degradation of collagen 
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The franscription of several MMP and TIMP genes are regulated by estrogen and 

progesterone. Esfrogen dependent coUagenase and progesterone dependent coUagenase, 

known MMPs, have been found in pig pubic ligaments. Also the expression of certain 

MMPs is dependant on reproductive cycle phase. Collagen I, the most abundant collagen 

of the ACL, can also be found in the cervix. The collagen of the cervk must be 

significantly degraded to allow dilation during the birth process. Estrogen dependent 

degradation of collagen I has been shovra to occur in the pig cervix. Thus the 

relationship between esfrogen and enzymes known to degrade collagen fibers is 

estabUshed (Slauterbeck and Hardy, 2001), 

It seems likely that the mechanism connecting estrogen activated receptors m 

ACL fibroblasts and coUagen degradation must involve MMPs and TIMPs. The exact 

molecular pathway needs to be estabHshed for certainty, but clearly a link must exist in 

the face of the above biochemical evidence. Evidence for a change in material properties 

of the ACL due to esfrogen is valid without flindamentaUy knowing the exact 

biochemical pathway, but such knowledge does aUow deeper interpretation of how such 

changes in material properties could be induced, 

A pUot study performed by Slauterbeck et al. (1999) demonstrated a relationship 

between physiological levels of esfradiol, and the faUure load of sixteen skeletally mature 

ovariectomized rabbit ACLs. Esfradiol did reduce the load of failure for these rabbit 

ACLs in comparison with the control group, but no measurements of stress or strain were 

reported, thus limiting the conclusions which can be drawn from such data. The lack of 

sfress or sfrain data Hmits the results since none of the reported values were normalized 

with respect to the size of the ACLs. As no real material properties of the ACL can be 

deduced from the maximum load alone, this study can only serve as an indication that 

estradiol does have some effect on the maximum load of a certain group of rabbit ACLs. 

In combination with biochemical analysis, however, the examination of the material 

properties of the ACL will undoubtedly result in high levels of significance. 

Mirzayan et al. (2000) fiirther examined the effects of estradiol on rabbit ACLs 

demonstrating that esfradiol significantly lowers the maximum sfress and load at failure. 

At the same time, the modulus of elasticity was shovra to increase with increasing 
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esfradiol exposure. Increasing estradiol exposure was also shown to decrease the strain at 

failure. 

Ngo (2000) foUowed this work with more complete testing of skeletally mature 

ovariectomized rabbit ACLs and the effects of estrogen. The cross-sectional area of the 

ACL was assumed to be a circle or ellipse and was calculated based on width 

measurements of the ACL made by digital calipers or video analysis. Strain was 

calculated through analysis of video data without the use of a VDA A statistically 

significant decrease of ACL ultimate tensile strength, by 37.7%, was found between a 

group freated with physiological levels of esfrogen and a control group receiving no 

hormones. There was no significant difference in the strain at failure or the cross-

sectional area for the different groups. Tme sfress and stram were also calculated, though 

discounted due to inherent measurement inaccuracy. 

Ngo's study is valuable in determining the effects of estrogen on the material 

properties of the ACL, but several problems persist. Most importantly, the cross-

sectional area calculations performed using the shape assumption method which has been 

found to overestimate the results compared to other, more accurate, methods. Also, the 

study did not address other material properties such as Young's Modulus or toughness. 

Logically, the cross-sectional area measurement must be made more accurate before 

these other properties can be addressed. 

Some researchers have found resuhs which confradict the above work. Belanger 

et al. (2000) could not show any significance for such quantities as maximum load, 

displacement at faUure, stiffness, or energy although this study did not account for the 

size of the ACLs tested. Arendt et al. (2001) found no significant difference between 

confrol and ovarectomized groups of rhesus monkeys for load or displacement. Once 

again, this stiidy did not account for the size of frie Hgaments being tested in its data 

analysis. Finally, Strickland et al. (2000) examined tiie material properties of tiie ACL 

between different groups of sheep: sham and ovariectomized. No significant difference 

was found for such values as maximum load, stiffiiess, and energy. An area micrometer 

was used to measure tiie midsubstance of the ACLs but the results were not presented nor 

were data presented concerning sfress. 
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The above studies appear to contradict the notion that estradiol can influence the 

material properties of the ACL, but several factors must be accounted. Certainly the fact 

should be noted that none of the studies examined stress and strain, which are necessary 

for tme material property determination. Also, without stress and strain calculation, the 

sizes of the ligaments are not accounted allowing for the actual ligament size to influence 

the values which were recorded, namely maximum load. Furthermore, species 

differences could account for the lack of significance between these studies and others 

which did show an influence of estradiol. 

2.3.4 Estrogen and Bone Strength 

The effects of estrogen on bone density have been well publicized in recent years 

in an effort to combat osteoporosis in post-menopausal women, and any study which 

intends to test the effects of estrogen on a bone-ligament complex must account for such 

effects. Estrogen causes increases in bone density, at lease in part, by inhibiting bone 

resorption in a biosynthesis degradation cycle similar in effect to that described in the 

ACL. Tests show that both testosterone and estrogen increase bone density in rabbits 

from 6 weeks of age to skeletal maturity, which is consistent with the notion that bone 

density increases significantly during puberty (Gilsanz et al., 1988) and could help 

explain bone avulsion failure in skeletaUy immature patients. 

One could assume that the administration of estrogen to growing, skeletally 

immature, rabbits, would change the material properties of its bone through changes in 

bone density. This effect could alter work involving the bone-ligament interface such 

that expected bone avulsion failures might not occur in as high frequencies as one would 

expect for skeletally immature specimens, ff the intent of a study is the examination of 

the effect of estrogen on the whole ligament complex, the changes in bone density should 

be considered part of the many physiological changes estrogen can manifest. 
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2.3.5 Epidermal Growth Factor and Cross TaUc 

The significance of EGF in a stiidy concerned primarily with the effects of 

esfrogen on ACL material properties is simple. In many biochemical signaling pathways, 

an event known as cross taUc takes place, where two different signaling events influence 

each other. Cross taUc between two separate signals can be deduced by observing the 

reactions of a ceU to two different signals. If the reaction of the cell is simply additive, 

the overall effect of the two hormones combined is equal to the sum of the effects of each 

hormone administered individually, no cross talk is taking place, ff the reaction of the 

ceU is not additive, the overall effect of the two hormones combined is not equal to the 

sum of the effects of each hormone administered individually, cross talk between the two 

signals may have played a role. Of course, exceptions do exist to this general concept, 

but it still serves as a major indicator for cross talk. As a result, cross taUc could aUow 

EGF to influence the expression of estradiol in ACL tissue (Ignar-Trowbridge et al., 

1996). 

As stated above, EGF is a hormone which faUs in the receptor tyrosme kinase 

category. EGF is a protein, or peptide, which initiates a signal fransduction cascade 

without ever entering its target ceU; however, for the purpose of simplicity, the effects of 

EGF and its cascade wUl be coUectively grouped under the same concept and referred to 

as the effects of EGF, 

Cross taUc is known to occur between extracellular ligands, such as dopamine, and 

the steroid receptors found in the nucleus and primarily activated to franscribe particular 

segments of DNA In fact, many reports indicate that the esfrogen receptor in particular 

is influenced by peptide growth factors, including EGF. Although the mechanisms for 

these various cross taUcing events are not fiilly understood, recent evidence suggests that 

peptide growth factors cross talking with nuclear hormone receptors is a global cellular 

regulation mechanism. 

In the mouse utems, EGF displays estrogen-lUce effects if the estrogen receptor is 

present in the ceU. Similarly, EGF can induce transcription from an estrogen response 

element (ERE) with the presence of the esfrogen receptor in Ishikawa human endometiial 

adenocarcinoma ceUs. Thus, in certain tissues, especially reproductive tissues, cross talk 

does exist between the estrogen receptor and the EGF pathway. This cross talk excludes 
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the necessity for esfradiol itself to be present while EGF influences the estrogen receptor, 

or the DNA franscription factors associated with the estrogen receptor, thus producing 

estrogen-like effects (Ignar-Trowbridge et al., 1996), 

Complicating the issue, the receptor for EGF was recently identified as an 

element in the signal fransduction of several other pathways. In other words, the 

receptor, whose primary fiinction is the initiation of a signal pathway for EGF, has been 

found to be a key element in the proHferation of other signalmg events (Hackel, 1999), 

Fvuther complication results from the possibility that steroid receptors in the ceU 

membrane, not in the nucleus, could be associated with a host of supporting proteins, thus 

aUowing for more opportunity for cross talk between estrogen and EGF (Watson, 1999), 

The role, if any, of EGF in the tissue of the ACL is not weU defined. The 

existence of cross talk in one particular tissue, i.e. the reproductive tissues, does not 

franscend to other tissues. The presence of such cross talk does suggest the possibility 

that EGF could have a role in determining ACL material properties and should be further 

examined from the points of view of the biochemist and materials scientist. 
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CHAPTER in 

METHODS 

The standards established in scientific literature concerning the tensUe testing of 

rabbit legs were followed precisely to produce the most accurate data possible. Each step 

of the testing process was carefiiUy researched such that the most current methodology 

was used. In addition, portions of the testing procedure which were new innovations to 

the rabbit ACL test appHcation were demonstrated to produce valid results before the 

initiation of the main body of tests in this study. 

3.1 Biological Preparation 

The present study begins within the biological fields. Similar to any portion of 

such an inquiry, the many variables which can affect biological testing must be monitored 

and reported. 

3.1.1 Rabbit Handling and Hormone Treatment 

Twenty-four pre-pubertal female New Zealand White rabbits were obtained from 

Dr. Vaughn Lee of the Texas Tech University Health Sciences Center (TTUHSC) 

Department of Cell Biology and Biochemistry. These particular rabbits are a random 

outbred sfrain and were kept in similar cages and allowed to eat standard food ad libitum. 

The rabbits had been divided into three groups of six and an addition group, each group 

receiving a different regimen of hormonal injections over a 14 day period. These four 

groups consisted of a control group (C), an estradiol group (E2), an epidermal growtii 

factor group (EGF), and a group receiving both esfradiol and epidermal growth factor (E2 

+ EGF). A 14 day injection sequence was initiated at 4 weeks of age. The average 

weight of the group was 0.5 kg with a standard deviation of 0.081 kg. At the end of the 

two week injection period, the average weight of all tiie rabbits was 1.1 kg with a 

standard deviation of 0.1 kg. 
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As the esfradiol and EGF must be suspended in different media, sesame oil and 

Phosphate Buffered Saline (PBS) respectively, the control group received injections of 

0.5 ml of PBS and 0.2 ml of sesame oU. The E2 group received 0.5 ml of PBS and 1 

milHgram of estradiol per kilogram of rabbit mass in 0.2 ml of sesame oil. The EGF 

group received 100 micrograms of EGF per kilogram of rabbit mass in 0.5 ml of PBS and 

0.2 ml of sesame oU. Finally, the group of combined E2 and EGF received the 

combination of the above two injections, that is 100 micrograms per kilogram of rabbit 

mass of EGF in 0.5 ml of PBS and 1 milligram per kilogram of rabbit mass of esfradiol in 

0.2 ml of sesame oU. The amount of hormone administered was calculated using the 

initial weight of the rabbit. At the end of the injection period, the E2 concenfrations m 

three of these groups were 2.75 pg/ml for the confrol group, 13,510 pg/ml for the E2 

group, and 13,564 pg/ml for the E2 + EGF group. It was decided to sacrifice the EGF 

group to process optimization, thus the hormone concentration levels for that group were 

not necessary. This process optimization will be discussed further in subsequent sections 

and included examination of testing orientation Mid sfrain rate. 

Following the two week injection sequence, the rabbits were euthanized by CO2 

asphyxiation followed by cervical dislocation as defined by Institutional Animal Care and 

Use Committee (lACUC) protocol at TTUHSC. The hind Hmbs were removed at the 

pelvis, assigned a number, and frozen in a -15°C freezer foUowing the sacrifice of the 

rabbit (Lee, 2003). The legs were kept whole until thawmg, a few hours prior to testing. 

Dr. Daniel Hardy of the Texas Tech University Health Sciences Center 

Department of Cell Biology and Biochemistry maintained the Hst matching each rabbit 

leg number with its hormone treatment group. The legs were then delivered to the author 

for 3D scanning and tensile testing but without the knowledge of their hormonal 

freatment. Thus, the study was performed blind to the knowledge pertaining to hormone 

treatment for each leg. FoUowing data coUection, this list was utUized to break the 

numerical code of each rabbit leg and estabUsh statistical differentiation between 

respective hormone freatment groups. 
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3.1.2 Dissection 

The dissection of each rabbit leg followed a similar procedure, with some 

differences for the EGF group used to optimize the testing procedure and equipment. 

Using a standard dissection kit, each leg was first skinned from the proximal end of the 

femur to the ankle. FoUowing skin removal, all muscle and fatty tissue, along with the 

pateUa and patellar tendon, were removed leaving the femur and tibia bare of soft tissue 

witii the exception of the area surrounding the knee, A hacksaw blade was used to cut the 

femur and tibia approximately two inches from the knee joint. Finally, returning to the 

knee itself all the ligaments except the ACL were cut and removed, as weU as the 

menisci. AFATCbareof soft tissue, except the ACL, was used for test assembly. The 

ACL was kept moist during this procedure and throughout the testing process, with a 

saline spray administered by a handheld bottle. 

The legs of the EGF group were all thawed and dissected before being frozen 

again with saline moistened gauze surrounding the knee. Also, some of the EGF group's 

legs had the femoral condyles shaved off with a variable speed Dremel Multipro using a 

2.4 nun engraving cutter bit (Robert Bosch Tool Corporation) following a second 

thawing cycle but before any further testing. All the other legs, those of the confrol, E2, 

and E2 + EGF groups, were only thawed once before testing. Each of these legs, after 

thawing for a few hours, was dissected and tested within 3 hours. Again, the legs were 

kept moist throughout the testing process. 

3.2 Geometric Measurements 

As the aim of this study is the identification of differing material properties of the 

ACL between groups of rabbits, the geometric properties of those ACLs become 

important. The difficulty in finding such values as the cross-sectional area and volume of 

the Hgament is well documented. Furthermore, these values are important in the 

calculation of stress, strain, and total energy absorption. At the same time, differences 

could exist between the groups of rabbits in their geomefric properties as well as their 

material properties. As a result, the geometric properties of each ligament must be found 

with a acceptable degree of accuracy. 
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3.2.1 The 3D Scanner 

As stated in Chapter II, accurate measurement of the cross section of the ACL is a 

significant issue in the history of the mechanical testing of the ligament. The ability to 

determine the minimal cross-sectional area and its location along the length of the ACL 

as well as the volume of the Hgament is important. A commercially available 3D Scantop 

(Olympus America), was used to measure the geometrical characteristics of the ACL. 

This system was originally intended to augment the computer graphics and design 

industry, specifically on the internet (Digital Photography Review, 2001). 

The application of this hardware and software was developed at Texas Tech 

University by Naveen Chandrashekar. This device operates by taking pictures of an 

object placed on the turntable, as shown. After each picture, the turntable rotates the 

object a predetermined amount and another picture is taken. This process can use 4 to 72 

such pictures. Computer software, which accompanies this device, and is capable of 

differentiating between the object and the blue background in each picture, assembles a 

3D image of the object. About 20 minutes are necessary for a fuU 72 image scan to take 

place, without any data processing. FinaUy, this 3D image is delivered to 3D Doctor 

(Abel Software Corporation), another software program, which calculates the cross-

sectional areas of the image along the lengtfi of the ligament. This software wUl be 

discussed in detaU in section 3.2.3. 
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FATC 

Figure3.1 3D Scantop (Olymus America) 

This device and method has been proven accurate in the laboratory under a 

number of tests with Texas Tech University's Biomechanics Group, and the results of 

such tests are awaiting publication. First, solid prisms of various cross sections were 

scanned and compared to the known cross sections of those prisms as determined from a 

caliper measurement of their dimensions with simple area calculation. The comparison 

of the scan measurements and the actual values can be found in Table 3.1. These percent 

error findings are roughly twice those of Lee and Woo (1988), using their laser 

micrometer, for similar shapes. The triangular prism proved difficult for both the 3D 

Scantop and the laser micrometer to measure due to its sharp angles. 
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Table 3,1 3D Scanner Accuracy (from Naveen Chandrashekar) 

Shape of Prism 

Triangle 

Square 

Hexagon 

Cfrcle 

Measured Cross 

Section (mm^) 

28.48 

174 

86.93 

49.45 

Actual Cross 

Section (mm^) 

27.25 

169 

86.4 

49.02 

Percent Error (%) 

4.51 

2.95 

0.61 

0.87 

Further laboratory testing has shown this scanning method to produce repeatable 

results on cadaver ACLs. Also, comparison of this method to some of the previously 

discussed methods of cross-sectional measurement has shown results which are again 

similar to the laser micrometer, as can be found in Table 3.2 (Lee and Woo, 1988). 

Besides the small lag of accuracy behind the laser micrometer, the only other drawback 

of the scanning accuracy of the 3D Scantop is its inability to detect concave areas on the 

surface of the ligament; however, these concavities are minimal on the ACL (Woo et al., 

1990). This drawback persists in the laser micrometer as weU, but not in some other 

measurement methods. 

Table 3.2 3D Scanner Comparibility (from Naveen Chandrashekar) 

Method 

M e a n i S D 

(mm2) 

Percent Error 

(compared to 

3D Scantop) 

3D Scantop 

55.95 ±11.54 

N/A 

Area 

Micrometer 

53.31 ±5.70 

-15.49 ±4.68 

EUiptical Shape Assumption 

CaHpers 

49.51 ± 10.48 

-11.46 ±3.52 

Video 

60.06 ± 10.95 

7.96 ± 4.72 

3.2.2 Scan Preparation 

Once a leg was dissected, the FATC was erected in a jig designed to hold the 

ACL in a position which would allow for easy scanning and represent the position the 
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ACL would have during a tensile test, see Figure 3,2. The femur and tibia were fitted 

into aluminum mounting blocks and secured in place with Allen set screws. This jig also 

allows for either the tibia or the femur to be placed in the top mounting assembly and for 

the tension placed on the ACL to be adjusted with the set of nuts and bolts found in the 

tension adjustment assembly. 

Support Arm 

Tension Adjustment 
Assembly 

Mount Block 

Set Screw 

Tibia 

ACL 

Femur 

Mount Block 

45° Block 

Figure 3.2 ACL Mounting Jig 

The jig assembly with a mounted ACL was temporarily set aside but kept moist as 

the 3D scanner was prepared. This preparation involves calibrating the scanner using an 

appropriate calibration plate provided with the 3D Scantop. This plate, selected for its 
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similar size to the object to be scanned, is placed upright at the location where the object 

is to be located during the actual scan on the turntable. The controller then rotates the 

plate and takes six pictures. Using the pattern on the front of the plate, these six pictures 

allow the computer to calculate the relative distance from the camera to the object and 

measure distance on the object itself 

A number of the EGF freated ACLs were used to optimize scanning with this jig 

assembly. 3D scans were performed with the FATC both upright and inverted, with the 

tibia in the upper and lower assembly, and at tensions varying from close to 0 N to 45 N 

at 5 N increments. Some experimentation was also performed by scanning some of this 

group's ACLs loaded in the Hgamental or tibial axes. In a similar fashion, the EGF group 

legs with shaved femoral condyles were scanned so that the entire ACL would be visible 

as the condyles hide a significant portion of the ACL, approximately 60%, from a profUe 

view necessary for an accurate 3D scan of the Hgament. This allowed for the general 

location of the minimal cross-sectional area to be identified and led to the determination 

of the necessity to remove the condyles in the main body of tests so that the minimal area 

could be found. Following the findings of this optimization exercise, which will be 

discussed in a section 4.1, the main body of the ACL scanning was performed using this 

jig while the tibia was attached to the upper mounting block with small amounts of load 

appHed in the Hgamental axis. Also, the femoral condyles were left untouched in this 

main body of tests so that no possible dismption of the femoral insertion site of the ACL 

could occur. 

3.2.3 Scanning Data Analysis 

Once the jig assembly was placed on the turntable, a 72 image scan was 

performed resulting in 72 digital pictures available for the program to analyze. The 

software allowed for individual pictures to be modified if the program had difficulties 

determining the proper outiine of the object against the blue background in a process 

known as Chroma Keying. The 3D Scantop software next allowed for settings to be 

adjusted concerning the actual 3D constmction of the image. In the case of this study, aU 

the images were made of a mesh of 10000 triangles using a resolution of 1500 voxels, 
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which are the 3D analogue to the 2D pixel. The 3D image thus generated could be 

surrounded by a skin produced from the pictures taken, making the image appear similar 

to the original object. Although the actual scan usually only required 20 minutes to 

complete, the above data analysis could take 3 to 4 hours of computer processing before a 

3D image was generated. In the interest of time, the scans were performed regularly 

during the main body of tests and the constmction of the 3D images from those scans was 

postponed until all of the tests had been completed. 

Once a 3D image was obtained, the spatial measurements necessary to find the 

cross-sectional areas of various points along the length of the ligament were found using 

3D Doctor, As shown in Figure 3,3 a, 3D Doctor allows a plane to be passed across the 

image of the Ugament perpendicular to the longitudinal axis. This plane is then used to 

find the cross-sectional area of the image it passes though. Also, the plane can be made 

to make a number of area measurements at set increments in the dnection of the 

longitudinal axis of the ACL, as shown in Figure 3.3 b. There is no limitation on the 

number of measurements of cross-sectional area which can be made. 

a. Plane b. Increments 

Figure3,3 3D Doctor Area Calculation 

This method was used to take 8 to 20 area measurements along the length of the 

ACL, depending on the overaU length of the Hgament. The minimal area was taken as 

the smallest of these values. The volume of the ACL was calculated by multiplying each 
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cross-sectional area measurement by tiie incremental movement of the plane and adding 

tiiese incremental volumes together. The areas of the ACL which were not visible 

because of the femoral condyles were assumed to be prismatic with the cross-sectional 

area of the last area value calculated by 3D Doctor, The volume of this unseen area was 

calculated by subfracting tiie visible lengtii of the ACL, measured from the camera data, 

from the actual length of the ACL, measured witii vernier calipers, and multiplying this 

difference by the last measured cross-sectional area. This additional volume was then 

added to the visible volume calculation to yield the overaU volume of the ligament. 

3,3 Tensile Testing 

Ultimately, it is the tensile test which provides the necessary information about a 

material's properties in a scientific study. In essence, a tensile test machine applies a 

deformation to a specimen and measures the load. The load and deformation data can be 

converted to sfress and strain as shovra in the previous chapter. The methods used to 

measure the load and deformation as well as the analysis process which produces 

quantifiable material properties from this information is highly important to the present 

study. 

3.3.1 Load and Deformation Measurement 

The tensile testing of aU the rabbit's ACLs was performed on an Instron 8500 

Plus Tensile Testing Machine (Instron - Satec Systems) using an MTS frame as shown in 

Figure 3.4. The two grips shown in the picture grasp whatever is placed in their jaws for 

testing. In this particular model, the upper grip can be positioned by hand to whatever 

location is desfred, while the lower grip is hydraulicaUy maneuvered by the machine 

itself During a test, the upper grip remains motionless while the lower grip is moved 

according to the control path used. This machine was controlled using Instron's 

Wavemaker 5.1 software (Instron - Satec Systems) to deform the ligaments at specified 

strain rates. In addition, this software recorded data from the machine including grip 

position, load, and time. 
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Frame 

Load Cell 

Upper Grip 

Lower Grip 

Figure 3.4 Instron 8500 Plus 

The load, which the Wavemaker software records, is measured with a load cell. 

In the case of this study, a Sensotec Model 41 Tension/Compression load cell rated for 

500 lbs with a percent nonlinear error of 0.2% of fuU scale was used for the main body of 

the tests. Figure 3.5 outlines the performance of this load cell over a range of masses 

suspended from it which covers the expected range of loads the load cell was expected to 

measure in an actual rabbit ACL tensile test. The linear curve fit and R^ value clearly 

show a high degree of accuracy for this load ceU. 
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Figure 3.5 Load CeU Performance 

The measurement of deformation, and therefore sfrain, is more complex in a 

tensile test of biological material as opposed to a simple isofropic material. Two 

differing methods were used to find the deformation of the test subjects estabHshing a 

level of redundancy in the methodology. The primary deformation measurement was 

found from video analysis of each test. Secondary to the video data, the position data of 

the tensile test machine grips was used as a backup source of information. 

A JVC Gr-DVL9800 digital video camera with 200x zoom capable of film speeds 

of 30, 60, and 120 frames per second was used for the video data collection of each test, 

configured as seen in Figure 3.6. All the main body tests but one were recorded at 120 

frames per second, the one other test being recorded at 60 frames per second. After tiie 

completion of all the tensile tests, the video data was analyzed by downloading the 

pertinent video frames onto a computer using Adobe Photoshop 5,0, Two landmarks 

were selected at the insertion sites of the ACL to serve as measurement nodes, Sfrain 

was calculated for each frame using the difference in landmark separation distance 

between the first frame of the test and each subsequent frame divided by the total length 

of the ACL, measured with vernier caHpers before each tensile test. The frame speed was 

used to find each frame time and match corresponding stress and strain measurements. 
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Figure3,6 Camera Setup 

Such a measurement of strain is reasonably accurate when measuring large sfrain 

in that it avoids any contact with the ligament and does not include any possible 

deformation of the bones in the FATC or in the tensile testing machine itself Since the 

Wavemaker software also reported grip position during each test which corresponded to 

load measurements, this data served as an excellent backup of the video strain data. The 

grip position data, and the strain calculated from it, included the deformation of the whole 

FATC, as opposed to just the Hgament, While the video data analysis would yield, at 

most, 24 data points on a stress-strain curve, the Wavemaker data could have up to 400 

data points for the same curve. 
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3,3.2 FATC Mounting 

Before each tensile test, the FATC had to be prepared and measured. Each FATC 

was taken from the scanning jig with the mounting blocks still attached to the FATC with 

the set screws. During this time, the length of the ACL, used in the strain measurement 

above, was measured with vernier calipers. Following length measurement, Cerrobend 

(Purity Castings Alloys Ltd.) was melted and poured around the tibial and femoral shafts 

and the set screws securely fixing the bones to the mounting blocks. Cerrobend was used 

due to its low melting temperature, less than 100°C, and a relatively high tensile strength. 

The Cerrobend cast was allowed to fiilly harden for about 5 minutes. 

For the main body of testing, femur clamps were placed around each femoral 

condyle and secured in the Cerrobend cast, see Figure 3.7. These clamps were made of 

curved aluminum sfrips and when placed around the condyles did not interfere with the 

movement of the ACL, The clamps fiinctioned as resfraints preventing rapture of the 

epiphysis of the femur, which is common among skeletaUy immature rabbits. 
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Figure3.7 FATC Tensile Test Mounting 

The FATC complex, with its mounting blocks, was then attached to the tensile 

testing machine as shown in Figure 3.7. The angle adjustment block was secured in the 

lower grip and bolts, with their heads secured in the slide adjustment rail, passed through 

the holes in the tibial mounting block. The lower grip was then raised with the FATC 

attached to it until the bolts of the upper attachment assembly passed through the holes in 

the femoral mounting block. Nuts secured all 4 bolts to their respective mounting blocks. 

The angle adjustment block and sHde adjustment rail could be used to change the angle of 

knee flexion and adjust the axis of loading. All the tests were conduced at 45° of flexion 

along the Hgamental axis of loading. 
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Following this mounting procedure, the camera was set up for video analysis as 

shown in Figure 3,6, Frequently, a very small pre-load had to be placed on the ligament 

so tiiat all visible slack would be removed and the ligament would be visible to the 

camera. This pre-load never exceeded 2 N. Of course, the ligament was kept moist with 

a saline spray during this entire process, and special care was taken during the pouring of 

the Cerrobend, 

3.3.3 Strain Rate Optimization 

Since tiiis study sought to find the material properties of the ACL itself, a small 

sfrain rate experiment was conducted to find possible sfrain rates which would produce 

ligamental failures, as opposed to bony avulsions. Such information is important since it 

is through ligamental failure that the material properties of the ACL are determined. As 

the rabbits were very young, at only six weeks of age they are at least four to five months 

away from the average age of skeletal maturity, the likelihood of ligamental failures was 

very low, regardless of strain rate. A few of the EGF treated rabbit legs were tested at 

strain rates varying from 300%/s to 500%/s. Since no femoral clamps were used, femoral 

epiphysis mpture was observed repeatedly. 

The sfrain rate tests were not analyzed for stress and sfrain, as the main body of 

tests were later conducted. Instead, the video data from each test was classified by failure 

type, either substance, avulsion, or combination failure. The strain rate which produced 

the most effective substance failure was selected for the main body of tests. 

3.3.4 TensUe Test Data Analysis 

The tests performed on the EGF group occurred separately from the testing which 

was performed on the other three groups. The EGF group was selected to be used for test 

optimization and sfrain rate analysis. Also, the EGF group was tested after 4.3 to 5.3 

months of freezing under varying experimental conditions. 

The main body of experimentation, conducted blind to hormonal data, was 

performed 8 to 8.3 months after animal death with one test taking place 9.17 months after 
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animal death due to equipment malfunction delays. The testing conditions for all 24 

completed tests performed for this main body of experimentation were kept as close to 

optimal as possible with little variance. All tests were performed at room temperature, 

approximately 25°C, and littie to no radiation exposure. The moisture level of the 

ligament was maintained through frequent saHne spraying. Similarly, the loading axis, 

angle of knee flexion, and strain rate were all kept the same. These facts leave any 

variation found between the three groups of the main study to be explained by the only 

factor differing between them, hormone treatment. 

Most data analysis was postponed until all the tests had been conducted in the 

interests of time; however, a simple load-deformation plot was generated after each 

tensUe test as a general reference. FoUowing the completion of aU the tests, the data was 

organized such that the minimal cross-sectional area, volume, length, maximum load, 

maximum sfress, sfrain at failure, modulus of elasticity, and toughness were recorded for 

each leg. The method of calculation for the minimal cross-sectional area, volume, and 

length has ahready been discussed; the methods of calculation for the other values are as 

foUows. 

The maximum load was found by searching the load data reported by Wavemaker 

and the load cell for the highest load value. This load value was then compared to the 

load-deformation curve to check that it was not an outHer and that it coincided with the 

first failure peak of the test. Finally, this load value was divided by the minimal cross-

sectional area to produce the failure strength. 

The strain at failure was found by examination of the first failure point on the 

stress-sfrain curve. Once this data point was identified, it was found in the data lists for 

stress and strain and the corresponding strain value was recorded. 

The modulus of elasticity was found with three different methods, two methods 

being used to check the validity of the first. The first method consisted of finding those 

portions of the stress-strain curve, which when a linear curve was fit to them, produced 

the R̂  value nearest unity. This linear curve fit foUows the equation 

a^as + h, (3.1) 
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where a and e are as defined in Chapter II while a and b are constants found in the curve 

fit being the slope and the y-intercept respectively. The slope of this linear curve fit was 

taken as the modulus of elasticity. 

The first check of this method consisted of simply finding the slope between what 

appeared to be the first and last points of the linear portion of the curve. The second 

check consisted of fitting a 4* order polynomial to the whole stress-strain curve such that 

o^C.s' +C^s^ +C,B'' +C,s + C, (3,2) 

where, again a and e are as defined above, while Ci through Cs are constants found 

through the curve fit. The first derivative of this polynomial was plotted and examined 

for a location where the first derivative plot flattened out. This flattened point was 

confirmed with the zero value of the second derivative of the stress-strain curve being the 

location of the flat spot on the first derivative plot. This flat portion of the first derivative 

plot corresponded to the slope of the Hnear portion of the stress-strain curve. The 

modulus of the elasticity was taken as the value from the primary test if at least one of the 

two checks was within 5% of its value; otherwise, the calculation was repeated vwth 

differing sets of data points as the linear portion of the curve. 

Finally, the toughness of the ACL was calculated by integrating the 4* order 

polynomial, found above, from 0 to the sfrain at failure. Both the toughness calculation 

and the second check on the modulus of elasticity calculation were performed using 

Mathematica 4,0 (Wolfram Research) to symbolically integrate and take the derivatives 

of the curve fit and to plot the results. 

As a result of these processes ranging from biological freatment to 3D scanning 

and finally to tensile testing, the material property differences between hormonally 

treated rabbit ACLs could be determined and statistically verified. The numerical code 

was then broken by Dr. Daniel Hardy in the presence of the author, after all tests were 

completed and the data organized. The properties defined above were compared among 

the three groups of rabbits with a one way analysis of variance (ANOVA). The null 

hypothesis was that all three groups have the same mean value for whatever material 

propaty being examined at that time. If statistical significance were found for a property 
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between any two of the three groups with this test, student's t-tests assuming unequal 

variance were performed between each of the three groups to show exactly which groups 

were statistically different. For these t tests, the null hypothesis tested was that there was, 

again, no difference between the two mean values. In all these statistical tests, the null 

hypothesis was rejected if the p value was less than 0.05 and the results were considered 

statistically significant (Portney and Watkins, 1993), These statistical tests were 

performed in Microsoft Excel and checked using built in functions of MatLab 6.1. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

The results gleamed from the above process were used to assess the acceptability 

of the stated hypothesis. Based on statistical analysis, the issues concerning the role of 

esfradiol and EGF with esfradiol in the rabbit ACL were analyzed. Furthermore, fiiture 

directions for research and understanding were identified. 

4,1 Preliminary Optimization 

Before the main body of this scientific inquiry may be accessed, the results of the 

preHminary work leading to that main effort must be reported and understood. As stated 

before, these tests were conducted on the EGF group of rabbit legs and a few others taken 

from the other three groups. None of this data was included in the analysis of the main 

body tests. Once these preliminary results are presented, they can be utilized as a 

foundation for the main effort of study. 

4.1.1 Scanning Optimization 

The first concern for the optimization of the 3D scanning process is a 

demonsfration that the method employed is a significant improvement to existing 

methods for measuring the cross-sectional area of the ACL. Although somewhat less 

accurate than the laser micrometer system, the 3D scanning technique utilized here 

produces highly acceptable results. In addition, the differences in error between the 3D 

Scantop and the laser micrometer compared to the measurement of the cross-sectional 

area of the ACL by an area micrometer are very similar, indicating that both methods 

share a common level of accuracy in comparison to existing contact methods. Also, the 

3D Scantop possesses several advantages to the laser micrometer in its ability to detect 

the real minimal cross-sectional area and volume of the ACL. In addition, the 3D 

Scantop is significantly cheaper to purchase than a laser micrometer system while it also 

produces a 3D image. 
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The orientation of the rabbit FATCs during scanning is of importance to the 

accuracy of the results. The first parameter which was optimized concerned the loading 

axis. A number of legs were scanned under both ligamental and tibial loading conditions. 

As noted above, the minimal cross-sectional areas do not significantly change with 

flexion angle under ligamental, or anatomic, loading (Woo et al., 1987). Since ligametnal 

loading represents the loading conditions most likely to occur in vivo and as the material 

properties in this loading mechanism are not heavily influenced by flexion angle, this 

loading mechanism was selected for the main body of tests. 

The other legs of the EGF group were scanned under differing static loads ranging 

from almost no load to 45 N at 5 N increments. As this load was applied by hand, only 

very slow strain rates were obtainable and therefore the ACLs failed after 45 N of 

loading. Importantly, the minimal cross-sectional areas did not change outside of the 

error range of the scanner and no pattern was discernable. Based on these results, all the 

scamung for the main body of tests was performed at an arbitrary load level which 

removed aU slack from the ACL. 

The above scans were conducted with the femoral condyles removed so that the 

entire ACL was visible to the 3D scaimer. It was generally observed that the minimal 

area was located 30 to 40 % of the length of the ligament from the tibial insertion, 

meaning that the femoral condyles did not block the view of the minimal area. This 

information allowed for the condyles to be left in place during the main body of tests and 

no risk of damaging the femoral insertion site was taken. 

Some FATCs were also scanned in two orientations, with the tibia mounted on the 

top and on the bottom of the jig. With the femoral condyles in place, scanning with the 

tibia mounted at the bottom of the jig resulted in very little, less than 10%, of the ACL 

being visible. The opposite mounting condition, the tibia mounted at the top of the jig, 

allowed for approximately 40% of the ACL to be observed. Removing the femoral 

condyles so that all of the ACL could be seen in both orientations revealed that the 

minimal cross-sectional areas did not significantly change from one orientation to the 

other. While the shapes of the cross section at the insertion points did change slightly, 

the areas of the cross section at the insertion points were similar between the orientations. 
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Summaiizing, the above evidence was utilized to optimize the ACL mounting and 

loading conditions during the 3D scanning portions of the main tests. The main body of 

scanning was performed with very small loading, just enough to remove any slack in the 

ACL, in the Hgamental loading axis of the FATC, The tibia was mounted at the top of 

the jig to allow for better viewing of the ACL's minimal area and the femoral condyles 

were left intact. 

4.1.2 TensUe Testing Optimization 

The tests performed on the ACLs in the EGF group were primarily concerned 

with finding a sfrain rate which would generate the highest likelihood of substance failure 

for the skeletally immature rabbits used in this study. The video analysis of many of 

these tests revealed, as expected, that obtaining substance failure in the middle of the 

ligament would be difficult due to the immaturity of the rabbits. Most of the legs tested 

for sfrain rate faUed by bony avulsion at the tibial insertion point. The only strain rate 

which produced any substance faUure was at 500 %/s, and this rate only produced 

substance failures at or near the tibial insertion point. Combination failures were 

observed at this strain rate as weU. Limitations of the testing equipment did not allow for 

strain rates significantly higher than 500 %/s therefore tiiis strain rate was selected for use 

in the main body of testing. 

One problem which frequented these early strain rate tests was the failure of the 

femoral epiphysis, or growth plate, resulting in the head of the femur separating from its 

shaft while stUl attached to the ACL. Once this type of failure occurred, securing this 

small portion of femur still attached to the ACL so that testing may be continued was 

almost impossible. As a result, the femur clamps discussed in the previous chapter were 

developed so that the problem could be avoided (Woo et al, 1987). Video analysis of 

these femur clamps during tensile tests revealed that the femur heads no longer could 

deform to the point of rapture as before. 
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4,2 Primary Results and Statistical Analysis 

The foUowing section outiines the results from the main body of tests performed 

by this study. The statistical analysis of these resuhs points out the obvious connections 

between estradiol and the ACL, At the same time, the effects of EGF and estradiol are 

notable. 

4,2.1 Sfrain Measurement Difficulties 

Fortunately, two methods for strain calculation were available during the data 

processing portion of this study as a number of issues arose concerning one of the two 

methods. The video analysis was performed, as described in Chapter HI, on aU the ACL 

tests producing a stress-strain curve vwth a limited number of data points. These stress-

sfrain curves were significantly different in pattern from the stress-strain curves generated 

with the grip position data used to measure strain. After fiirther examination, the camera 

was found to have recorded each of its frames in a random manner with no constant time 

step between each successive frame, making an accurate match of strain to sfress 

impossible. As a result of these findings, the strain data taken from the video analysis 

were replaced by the strain data calculated directly from the position of the grips on the 

tensile testing machine. 

The use of the grip position data for sfrain measurement, and therefore the 

generation of the stress-sfrain curves, has significant implications. The curve fits used to 

find the modulus of elasticity and toughness were generally less accurate due to the 

innate inaccuracy of the position data utilized. The material properties which require the 

use of strain data could aU show this error, which includes the deformation of both the 

bones in the FATC as well as any mechanical deformations of the tensile testing machine 

itself As a result, the actual values for these properties thus calculated must be 

discounted. At the same time, the errors encountered are inherent to aU the testing groups 

and therefore any differences between the groups in the strain dependent material 

properties should be the same as the differences between the same groups with more 

accurate strain measurement. 

69 



4,2.2 Biological Observations 

With the precautions and testing conditions outlined in the previous chapter, few 

biological factors could have significantly contributed to changes in the ACL material 

properties accept for each ligament's hormonal environment. The vast majority of tensile 

tests resulted in failure at or near the tibial insertion site, assumed to be substance failure, 

as was predicted by the preliminary test. Figure 4.1 shows the behavior of the ACL in a 

typical test. A few of the tests failed as a combination of substance failure and bony 

avulsion though precisely identifying the mode of failure became difficult under these 

combination conditions. Frequently tactile examination of the mptured surface revealed 

smaU hard fragments, assumed to be bone or calcified portions of the ACL insertion site. 

These fragments were never visible to the naked eye as would be expected in the case of 

bony avulsion. As none of the tests failed in the mid-substance region of the ACL, all of 

the failure modes described above can be considered, at lease partially, substance failure 

at the insertion site. 
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Figure 4.1 Tensile Test Failure Pictures 

4,2.3 Maximum Stress Results 

The results presented in this and subsequent sections constitute the primary focus 

of this study. Each material property's data underwent the same statistical analysis 

procedure, as described above. The results for the maximum stress, or ultimate tensUe 

strength, of the ACL between the three groups are outlined in Table 4.1. 
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Table 4.1 Maximum Stress Results 

Raw Data 

Mean (MPa) 

Std. Dev. (MPa) 

Std. Error (MPa) 

Statistical Analysis 

ANOVA 

tt
es

t 

C&E2 

C&E2+EGF 

E2&E2+EGF 

Hormone Group 

C 

37.100 

8.833 

3.606 

E2 

22.620 

5.348 

1.891 

P Value 

0.00089 

E2 + EGF 

22.180 

6.960 

2,200 

0.0012 

0.0011 

0.4428 

Clearly, the ANOVA test result shows that there is significance between at least 

two the three groups (P value = 0.00089). Examination of the t test results reveals that 

the C group is significantly different from both of the E2 (F value = 0.0012) and E2+EGF 

(P value = 0.0011) groups while there is no real difference between the E2 and E2+EGF 

groups (P value = 0.4428). The effects of estrogen on the ultimate tensUe strength of the 

ACL cannot be denied in the face of this evidence. Estrogen clearly lowers the sfrength 

of the ACL, by 39%, while EGF and estradiol seem to have no affect on the maximum 

stress. 

4.2.4 Maximum Load Results 

Complementing the results for maximum sfress, the maximum load, or maximum 

force, results foUow a similar pattern, as shown in Table 4.2. Once again there is a high 

degree of significance found from the ANOVA test (P value = 0.0001) and those 

differences manifest themselves between the C group and the E2 (P value = 0.0005) and 

E2+EGF (P value = 0.0002) groups. Thus the ultimate load of an E2 rabbit ACL in tiiis 

group of rabbits is 37,6% lower than the C group. It will be shown in future sections that 

since there are no differences in area among the groups, both failure strength and failure 

load represent the same concept. 
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Table 4.2 Maximum Load Results 

4,2.5 Strain at FaUure Results 

The sfrain at failure results proved somewhat interesting in that there was no 

significant difference found between any two groups (ANOVA P value = 0,1279), see 

Table 4.3. The error inherent in the strain measurement method could have influenced 

this result, as could the fact that this strain is an average strain taken over the whole 

length of the ACL, Incidentally, differences in the average strain at failure are rarely 

found in any test of the ACL, regardless of hormone treatment. In other words, the strain 

at failure has not been found to significantly depend upon the influence of outside factors. 
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Table 4.3 Sfrain at Failure Results 

Raw Data 

Mean (m/m) 

Std. Dev. (m/m) 

Std. Error (m/m) 

1 Statistical Analysis 

ANOVA 

Hormone Group 

C 

0.321 

0.078 

0.032 

E2 

0.246 

0.105 

0.037 

j 
E2 + EGF 1 

0.223 

0.086 

0.027 

P Value 1 

0.1279 1 

4,2.6 Modulus of Elasticity Resuhs 

The findings conceming the modulus of elasticity between the differing groups of 

hormonally freated rabbit ACLs is initially quite perplexing, initially. Table 4.4 clearly 

shows that there is significance between at least two of the three groups with an ANOVA 

p value of 0.003, but further examination of the t test results indicates that E2 has no 

effect on the modulus of elasticity in relation to the C group (P value = 0.1567) whUe 

E2+EGF contributes significantiy (P value = 0.0015), though the mean modulus of 

elasticity for the esfrogen group is lower than the control group. Certainly this evidence 

suggests that EGF with estradiol plays a role in the biomechanics of the ACL in relation 

to the modulus of elasticity. 
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Table 4.4 Modulus of Elasticity Results 

Raw Data 

Mean (Mpa) 

Std. Dev. (MPa) 

Std. Error (MPa) 

Statistical Analysis 

ANOVA 

tt
es

t 

C &E2 

C&E2 + EGF 

E2&E2 + EGF 

Hormone Group 

C 

171.734 

32.572 

13.297 

E2 

155.329 

25.901 

9.158 

E2 + EGF 

119.081 

25.789 

8.155 

P Value 

0.0030 

0,1567 

0.0015 

0,0046 

Because of the peculiarity of the modulus of elasticity results, power analysis was 

conducted and resuUed in power values of 13.11% between the control and estrogen 

groups, 85.29% between the confrol and estrogen plus EGF groups, and 79.24% between 

the esfrogen and estrogen plus EGF groups. TaMng 80% as the critical power value, such 

results indicate there exists a significant Hkelihood a type U error occurred between the 

confrol and estrogen groups. In other words, the probability is high that the nuU 

hypothesis was not rejected although a real difference may exist between the two groups. 

4,2.7 Toughness Resuhs 

The final material property examined in this study, toughness, marks a return to 

the pattern witnessed in the statistical analysis of the maximum stress and maximum load. 

Table 4.5 shows this similarity where the C group is significantly different from the E2 (P 

value = 0.0039) and E2+EGF (P value = 0.0409) groups while there is no difference 

between the E2 and E2+EGF groups (P value = 0,9162), Like the modulus of elasticity 

and strain at failure, this material property may be affected by problematic stram 

measurement. 
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Table 4.5 Toughness Results 

l"̂  Raw Data 

Mean (MJ/m ) 

Std. Dev. (MJ/m^) 

Std. Error (MJ/m^) 

Statistical Analysis 

ANOVA 

tt
e

st
 

C&E2 

C&E2+EGF 

E2&E2+EGF 

Hormone Group 

C 

5.044 

2.850 

1.164 

E2 

1.715 

0.780 

0.276 

P Value 

E2 + EGF 

2.792 

1.977 

0.625 

0.0159 

0.0039 

0.0409 

r • " ' 

0.9162 1 

4.2,8 Geometric Parameter Results 

The three spatial parameters of the ACL measured and compared in this study, 

length, volume, and minimal cross-sectional area, all showed no significant difference 

between any two groups of hormone freated rabbits. Tables 4.6, 4.7, and 4.8 outHne this 

lack of difference between the groups with ANOVA p values of 0.1844, 0.8125, and 

0.4247 for the properties of length, volume, and minimal cross-sectional area, 

respectively. 

Table 4.6 Length Results 

Mean (mm) 

Std. Dev. (mm) 

Std. Error (mm) 

Statistical Analysis 

ANOVA 

7,617 

0.898' 

0.366 

7.738 

0.901 

0.318 

P Value 

0.1844 

7,000 

0.835 

0.264 
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Table 4.7 Volume Results 

Raw Data 

Mean (mm"*) 

Std. Dev. (mm^) 

Std. Error (mm'') 

Statistical Analysis 

ANOVA 

Hormone Group 

C 

31.440 

5.922 

2.418 

E2 

30.795 

3,118 

1,102 

E2 + EGF 

29,667 

6.711 

2.122 

1 P Value 

L 0.8125 

Table 4.8 Minimal Cross-sectional area Results 

Raw Data 

-"H -

Mean (mm ) 

Std, Dev. (mm'̂ ) 

Std, Error (mm^) 

Statistical Analysis 

ANOVA 

Hormone Group 

C 

3.054 

0.274 

0,112 

E2 

2.923 

0.139 

0.049 

P Value 

0.4247 

E2 + EGF 1 

3.147 

0.484 

0.153 

4.3 Discussion 

Though the results presented above have a high degree of significance unto 

themselves, their interconnections with other property results and factors present in the 

experimental setiip are yet to be discussed. The material and geometric properties of the 

ACL must be recognized in their relationship to the biochemical factors contributing to 

their ultimate manifestation. 

4.3.1 Geometric Parameters and Material Properties 

The fact that the three geometric parameters did not show a significant difference 

between any two groups supports such conclusions that changes in the ultimate load are 
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due to changes in tiie material properties of the Hgament itself and not to changes in the 

size of the Hgament induced by hormone treatment. With no large changes in the 

geometiic properties of the ACL, material property changes become recognizable as the 

only explanation for changes in behavior in the ACL observed outside of the strict testing 

environment. 

The volume results can be discounted due to the large portions of the ACL which 

were not directly scanned by the 3D scanner, but since the minimal cross-sectional area 

resuhs, known to be in the visible portion of the ACL, are not significantly different, it 

remains doubtiul if detailed volume measurement would produce significance. If the 

total energy absorbed is desired, this inaccuracy in the volume calculation, which is 

necessary for the calculation of total energy along with toughness values, would become 

more problematic. 

Of all the material properties measured in this study, the ultimate tensile strength 

of the different groups of ACLs presents the best case for proving that esfrogen 

significantly alters the properties of the ACL. Not only are the direct measurements of 

the ultimate sfrength significant, the measurement of maximum load is even more 

significant, with a lower P value, and the minimal cross-sectional area measurement does 

not significantiy change from one group to another. If the maximum load changes 

without a change in the minimal area, the only viable explanation is that a change occurs 

in the ultimate tensile strength of the ACL, as is shown by the direct measurement of that 

property. This relationship between esfrogen and the ultimate tensile strength is 

supported in the literature by Slauterbeck et al. (1999), where estrogen lowers the failure 

load of skeletally mature rabbit ACLs, and Ngo (2000), where esfrogen lowers the 

maximum sfress of skeletally mature rabbit ACLs. Clearly the lowering of the ultimate 

tensile sfrength by 39% from the C to the E2 group is well supported both by other test 

indicators and recent literature whUe estradiol and EGF has no real effect on the same 

property. 

Unlike maximum stress, analysis of the strain at failure data does not seem to 

generate any real valuable conclusions. Perhaps this lack of clear differences between 

any two groups can be attributed to the average nature of the sfrain calculation. Since the 

strain of the ACL is known to vary with location (Butier et al., 1990), fiirther testing with 
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localized sfrain measurement could show significance between hormonally treated 
groups. 

Examination of the moduli of elasticity between the three groups appears to show 

a steady decline from the control to the estrogen to the estrogen plus EGF group; 

however, the large standard deviation values for the confrol and esfrogen groups in 

combination with the small sample size for the control group, only 6 legs, seem to 

prevent statistical significance from being estabHshed, Further testing with larger sample 

sizes and more precise sfrain measurement techniques increasing the power values may 

allow for significance to be proven between all three groups. Nevertheless, EGF does 

show a dramatic effect on the modulus of elasticity in comparison to the control group 

with a drop of 30.8%. 

Another sfrain dependant material property which shows some interesting resuhs, 

toughness, has a very dramatic drop, 65.8%, between the control and estrogen groups. 

Though the specific value of this drop may be irrelevant due to inaccuracy in strain 

measurement, the pattem established by statistical analysis between each group is 

substantial. The correlation between the statistical analysis of touglmess and maximum 

sfress could suggest a similar mechanism causing both property changes between groups. 

4.3.2 Biological Explanations 

In addition to the numerical data and resulting statistical analysis, a number of 

qualitative biologic aspects add more credibility to these results. The fact that the study 

was conducted blind to the knowledge of what legs had been treated with what hormones 

disaUows the possibility that any one group received significantly different freatment than 

the others. In fact, as the legs were randomly numbered and tested, the groups of legs 

were not even tested in succession. 

The actual age of the rabbits tested poses another significant factor which 

contributes to the validity of this study. Though their young age contributed to many 

problems with bone strength due to skeletal immaturity, the pre-pubescent nature of the 

rabbits meant that none of them had ever been exposed to esfrogen prior to this study. 

The net effects of the estrogen, then, are totaUy derived from the hormones administered 
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to tiie rabbits. In past esfrogen studies, the effects of previous exposure to esfradiol has 

been ignored as ovarectomized adult rabbits were used (Slauterbeck et al, 1999; Ngo, 

2000); however, as the results of this and other sttidies are highly similar, the effects of 

pre-exposure can be considered minimal. 

The use of non-physiological levels of hormones raises many questions 

conceming the effects of physiological levels of the same hormones in relation to the 

resuhs of tiiis study. Unfortunately, the use of non-physiological levels of hormones 

could not be avoided in the present case; however, past studies, with physiological levels 

of esfrogen, indicate that the present resuhs are valid (Slauterbeck et al, 1999; Ngo, 

2000). Also, Liu et al. (1997) points out that the effects of estrogen can reach saturation 

in human ACL fibroblasts, but these saturation levels show a collagen production drop of 

only 10% from the highest physiological estrogen concentrations. In contrast, collagen 

production drops 40% in the presence of physiological levels of estrogen compared to 

coUagen production in fibroblasts with almost no estrogen present. In other words, 

collagen production, and therefore the strength of the ACL, is more sensitive to the 

presence of estradiol than to the overabundance of it. As a result, the use of non-

physiological levels of estrogen should be acceptable for the indication of trends in the 

material properties of the ACL. 

Further supporting the data presented above, the existing biochemical 

understanding of the relationship between estrogen, EGF, and the material properties of 

the ACL can be used to possibly explain the results found. Through MMPs and TIMPs, 

estradiol effects the breakdovra of coUagen fibers. Assuming that each collagen fiber has 

similar load bearing capacity, and therefore energy absorption capacity, a reduction in the 

number of these fibers though estadiol induced degradation would effectively lower the 

ultimate sfrength and toughness of the whole Hgament, as was observed. Even if each 

fiber does not have similar material properties, the reduction of the number of them must 

lower these properties. 

The effects of EGF are less understood, but some possibilities are clearly evident. 

As EGF lowers the modulus of elasticity of the ligament, it must affect the ability of 

coUagen fibers to stretch and move past each other in thefr individual resistance to an 

appHed load. Perhaps EGF modifies the amount or type of cross bonding which occurs 
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between collagen fibers in ligaments. If the number of cross bonds between collagen 

fibers is reduced, individual fibers would have less resistance to their own stretching and 

sliding in response to load tiius decreasing the stiffness of the ligament and reducing the 

modulus of elasticity. Furtiier supporting the concept that esfradiol still could have a 

significant impact on the modulus of elasticity along with EGF under better testing 

arrangements is the idea that, as the number of coUagen fibers is decreased by estradiol 

induced degradation, the remaining fibers would have more room to move past each 

other. Such a mechanism would allow for both EGF and estradiol to alter the modulus of 

elasticity independentiy. Of course this suggestion is only one possible explanation for 

the observed behavior of the ACL. 

4.3.3 Future Possibilities 

Due to the inadequacies of this study in measuring strain and the lack of a large 

number of control group specimens, the effects of estrogen on the modulus of elasticity 

remain uncertain. Future studies must reexamine this cloudy area before any level of 

finality can be reached. 

The presence of cross talk between EGF and the estrogen receptor in certain 

tissues (Ignar-Trowbridge, 1996) indicates the need to test the effects of EGF on the 

modulus of elasticity of the ACL with and without the presence of these estrogen 

receptors. The constmction of such a study would be difficult to perform as the removal 

of the estrogen receptor impHes genetic manipulation of the test specimens conceming a 

receptor which is known to affect many different signaling pathways. Removing such a 

receptor could influence the behavior of the ACL beyond the effects of EGF, 

In any event, the indication presented in this study points to a role for EGF in 

defining some of the material properties of the ACL and should be examined closely 

alongside fiirther studies on the effects of estrogen and the modulus of elasticity. 
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CHAPTER V 

CONCLUSION 

Throughout this study, several key conclusions have continually made their 

importance known: 

1. The minimal area of the ACL is generally not at the midpoint of its length, as has 

been assumed in the past, but rather between the midpoint of its length and tibial 

insertion point. 

2. All of the rabbit FATCs failed in the ligament substance, at least partially, at or 

near the tibial insertion point. 

3. Estradiol lowers the ultimate tensile strength of the ACL by 39% though 

degradation of collagen fibers in the ligament. 

4. Compared to previous studies which ignored the effect of exposure to estradiol 

prior to testing, exposure to estradiol before testing does not change the general 

frends observed in such material properties as the ultimate tensile strength of the 

ACL. 

5. Similar to the frend observed for ultimate tensUe strength, estradiol lowers the 

capacity of the ACL to absorb energy. 

6. Epidermal Grovirth Factor has a definite role concerning the modulus of elasticity 

of the ACL and the ACL's response to loading in general. 
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Private Sub CommandButtonlCIickO 

Dim Error 

Dim knowntime 

Dim timehigh 

Dim time_low 

Dim forcehigh 

Dim forcelow 

Dim inteip_force 

Dimi 

Dim begin_row2 

Dim end_row2 

Application, ScreenUpdating = False 

begin_row2 = begin_row,Text - 7 

end_row2 = end_row,Text - 7 

For i = begin_row2 To end_row2 

Error = -1 

SheetsC'Video Strain"). Select 

known_time = Range("B7").Q£fset(i, 0) 

If knowntime = 0 Then 

Sheets("modified data").Select 

Range("Al"). Activate 

interpforce = ActiveCell,0£Fset(l, 5), Value 

SheetsC'Video Strain").Select 

Range("li7'').OflFset(i, 0). Value = interpforce 

Else 

SheetsC'modified data").Select 

RangeC'Al"). Activate 

Figure A. 1 Excel Macro 
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While Error <0 

ActiveCell,Ofifeet(l, 0),Activate 

Error = ActiveCell, Value - knowntime 

Wend 

time_high = ActiveCeil.OfFset(0, 0).Value 

time Jow = ActiveCell.Offset(-l, 0), Value 

force_high= ActiveCeU.Ofifset(0, 5).Value 

forcejow = ActiveCell,Ofifset(-l, 5).Value 

interpforce = (knowntime - time Jow) * (forcehigh - forcelow) / (timejiigh - timelow) + 

force_low 

SheetsC'Video Strain").Select 

Range{"h7"),0fiset(i, 0). Value = interpforce 

End If 

Next 

Application. ScreenUpdating = True 

UserForml .Hide 

End Sub 

Private Sub CommandButton2_ClickO 

UserForml.Hide 
End Sub 

Figure A. 1 Continued 
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APPENDIX C 

MATHEMATICA NOTEBOOK 
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CHECKING THE MODULUS OF ELASTICITY RESULTS AND FINDING THE 
TOUGHNESS VALUES 

Input the constant values from Microsoft Excel to define the curve fit. 
Cl = 20000000 ; 

C2= -2000000; 

C3= 69749; 

C4= - 9 2 . 4 6 4 ; 

CS= 0 .1046; 

a=Cle '^4*C2e'^3+C3 6''2 + C4e + C5; 

Input the strain at failure. 

Ef = 0 .0345; 

Here is the plot of the curve fit. 

P l o t [a, {€, 0 , ef}] ; 

25 

0.0C6 0.01 0.015 0.02 0.025 0.03 0.035 

Now the derivatives of the curve fit are calculated. 

dode = D[£y, e] 

- 92.464 + 139498 e - 6000000 e^ + 80000000 ê ^ 

ddadde = T>[dode, ej 

139498 - 12000000 e + 240000000 e^ 

Figure C. 1 Mathematica Notebook 
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Here is the plot of the first derivative. 

Plot[dbcfe, {s, 0, sf}] ; 

900 

850 

800 

0.005 (V.Ol 0.015 0.02 0.025 0.03 0.035 

Here is the plot of the second derivative. 

PlotfddocJis, {e, 0, gf}] ; 

60000 

40000 

20000 

0.035 

The first zero of the second derivative of the stress-strain curve is found, 

so l = Solve[cMos±3£ == 0, e] / / M// F i r s t 

{£-* 0.018385} 

Evaluate the first derivative at this point yields the slope of the linear portion of the 

stress-strain curve. 

F i g u r e d Continued 
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nodulus = cJodg / . sol 

941.3 

The toughness is now evaluated. 

taa^imsss- adie 
Jo 

0.390453 

F i g u r e d Continued 
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