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ABSTRACT
TWO-DIMENSIONAL QUASI-STATIC KNEE MODEL FOR THE
ESTIMATION OF LIGAMENT AND QUADRICEP FORCES AS A FUNCTION
OF KNEE FLEXION
By

Claudia Alejandra Angeli

The knee joint is one of the most commonly injured joints in sport activities. A
two-dimensional quasi-static knee model was developed to estimate the forces sustained
by the ligaments and generated by the quadriceps as a function of knee flexion. The tibio-
femoral and patello-femoral joints were defined mathematically and modeled as
frictionless joints. The anterior and posterior cruciate ligaments and the collateral
ligament were modeled as single fiber extensible units. The instantaneous center of
rotation was used in the estimation of the rolling and sliding characteristics of the knee
joint. External forces were used as input parameters to the model. The model was tested
using kinematic and kinetic data obtained during squatting for three different conditions:
normal, ACL-deficient and ACL-reconstructed. The results obtained with the model
showed the expected increase in anterior-posterior motion of the femur relative to the
tibia in the ACL-deficient knee. Laxity values were higher for the ACL-deficient knee

and had return to normal following the ACL-reconstruction.
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INTRODUCTION

Injuries to the knee joint are among the most common injuries sustained during
sport activities. The ligaments of the knee joint are required to support high tensile loads,
and are the most often injured soft tissues in the knee joint due to the high loads sustained
during the restriction of excessive motion. Fifty percent of the knee injuries are due to
trauma to the anterior cruciate ligament (ACL) and the medial collateral ligament (MCL)
(Nicholas & Hershman, 1995).

Both cruciate ligaments are constraints for the vlling and sliding motion of the
femur relative to the tibia. Even though the knee has been classified as a hinge joint, the
articulation of the femur and the tibia allows for six degrees of freedom. The three
rotational movements and the three translational movements are coupled throughout the
full range of motion allowed by the joint. Complete loss of joint stability is observed with
a third degree sprain of the ligament in which the ligament fibers are fully torn (Macnicol,
1986). The primary objective of treatment to an injured knee should be to restore the
normal joint mechanics and stability and to prevent premature degeneration of the joint.

The soft tissues that cross the knee joint act as constraints to the kinematics of the
joint. While the ligaments are considered the primary stabilizers of the knee joint,
muscles also provide stabilization to the joint during dynamic activities. An injury to the

ACL compromises the stability of the joint by allowing excessive anterior translation of
the tibia with respect to the femur. Compromised stability due to an injury to the ACL

may be controlled by increased muscle activity.



I. Need for the Study

The knee joint has been one of the most widely researched joints of the human
body. Mathematical models have been developed to investigate various aspects of knee
joint mechanics. The inclusion of muscle, ligamentous and cartilagenous tissue increases
the number of unknown parameters in the model. This increase in unknowns is not
matched by an increase in the number of motion or equilibrium equations. The limited
number of motion equations with respect to the higher number of unknowns creates the
complex situation of indeterminacy. Constraint equations can be developed to increase
the number of equations and solve for some of the unknown variables; however,
development of these equations becomes a complex task.

A number of mathematical models have been developed to evaluate the
interaction of the cruciate ligaments as motion constraints. However, limited work has
been performed in the evaluation of the interaction between ligamentous and muscle
constraints to knee motion. An anterior load on the tibia has been shown to stress the
ACL and produce an anterior displacement of the tibia relative to the femur. Contraction
of the hamstrings group would produce a load in the posterior direction, reducing the
stress on the anterior cruciate ligament and controlling the translational motion. The
interactions of the ligamentous constraints with the constraints provided by muscle
contraction are of great significance in the prediction of the rotational and translational
motions of the knee joint. The abnormal joint mechanical behavior produced by an
injured ACL can be compensated by the adaptation of the neuromuscular system to assist

in the stabilization of the knee joint (Collins & O'Connor, 1991).
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II. Purpose of the Study

The wide range of research focused on the knee is indicative of the complex
mechanics exhibited at the joint. The purpose of this study is to develop a two-
dimensional quasi-static knee model for the prediction of quadriceps muscle forces in
relation to ligament forces and angle of knee flexion. The model will predict the internal
forces on the constraints of the joint, depending on the joint position and the external

forces applied to the system.

III. Assumptions and limitations

Due to the complexity of the knee joint motion and the limited number of
dynamic equations, several assumptions have been made to simplify the requirements of
the model. The relative motion of the femur and the tibia will be examined only in the
sagittal plane. The motion out of the sagittal plane is minimal and, therefore, an accurate
two-dimensional model can be developed. For the two-dimensional model, the medial
collateral ligament (MCL) will be combined with the lateral collateral ligament (LCL)
and only one collateral ligament (CL) will be modeled. The origin and insertion locations
of the CL will follow those of the LCL, due to the more important role of the LCL in the
restraint of both anterior and posterior translations (Daniel, Akeson & O’Connor, 1990).
Ligamentous constraints will be modeled as single nonlinear springs. From the evaluation
of previous research, it was determined that a flat tibial plateau will allow for an accurate
prediction of the translational values and the femur will be modeled as an involute circle
(Figure 1). The joint will be assumed to be frictionless and any contributions of the

meniscii in the joint mechanics will be ignored. The patella will be included in the model
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for the purpose of transferring the force from the quadriceps tendon to the patellar tendon.
The patella will be modeled as a rectangle with biarticulating surfaces, allowing the
representation of the shift in contact surfaces between the femur and the patella at high
flexion angles. Contact between the patella and the femoral condyles will be assumed to
be frictionless. The quadriceps tendon and the patellar tendon will be considered

inextensible cords.

T (h)

®

(a) Femoral Condyle

(b) Tibial Plateau
® (e) © ACL

(d) PCL

(e) CL

(f) Patella

(g) Patellar Tendon

(h) Quadriceps Force

Figure 1: Graphical representation of the knee model.

IV. Significance of the study
The findings of this study will contribute to the field of orthopaedics as well as an
aid to injury rehabilitation. The mathematical model will allow clinicians to determine the

stresses applied to the injured ligament including the contribution of the quadriceps group



muscle ¢
forces ac=:
rehahiiital,
STruCtures.

S

©

mechani

the jomnt.




muscle contractions at specified flexion angles. The ability to determine the internal
forces acting on the joint can aid in the identification of beneficial joint positions for
rehabilitation exercises, as well as maximum loads that can be supported by the soft
structures. The mathematical model also will help clinicians better understand the
mechanics of the knee joint and the interactions of primary and secondary stabilizers of

the joint.



REVIEW OF LITERATURE

The knee joint is one of the most commonly injured joints in athletic performance.
The complexity of the kinematics associated with the knee joint has led to a large number
of research studies conducted in this area. Mathematical models have been developed to
describe the kinematics of the knee joint under simplified conditions. The mechanical
properties and mechanical behavior of the joint constraints determine the overall
kinematics of the joint. Injury to the joint constraints compromises the normal mechanics
of the knee joint. Joint function has not been assessed in terms of the joint kinematics and
interaction of soft tissue components. The objective of this literature review is to focus
primarily on the mathematical modeling done on the knee joint and secondarily on the

pertinent clinical research associated with ligamentous injuries and rehabilitation.

I. Mathematical Models

Two- and three-dimensional mathematical models of the knee joint have been
widely used to describe the joint mechanics. Due to the complicated mechanics exhibited
at the knee joint, mathematical models are simplified by describing limited aspects of the
joint motion. Differences in the results obtained with similar analytical models are due to
the wide variety of measurement techniques used to obtain the input parameters. These
differences in results lead to the reconsideration of the importance of some parameters as
predictors in the model. The literature review was focused on models that examined the
mechanics of the knee joint and included the interaction of the ligaments and muscles

surrounding the joint for stabilization purposes.
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Simplified models have been successfully used to describe the interaction between
two body segments. The four-bar kinematic linkage is one of the simplest models
developed to describe knee joint motion (Daniel et al., 1990) (Figure 2). The linkage
system changes geometry as the joint moves through the range of motion in the sagittal
plane. As the knee flexes and extends, rolling and sliding actions of the femur over the
tibia occur. This model gives an inextensible representation of the cruciate ligaments. The
validity of the model has been questioned by other authors (Hefty & Grood, 1983;
Hirokawa & Tsuruno, 1997; Lanir, 1983). Throughout the range of motion, the angles in
the four-bar model change, and at any flexion angle :* ncint of intersection of the two
ligament bars is considered the instantaneous center of rotation of the joint. Due to the
inextensible characteristics of the ligaments, the femur was shown to slide forward on the
tibia and to roll backward as the knee flexes. The opposite actions were observed during

extension of the knee joint (O’Connor, Shercliff, Biden & Goodfellow, 1989).

Femur

c Tibia D

Figure 2: Four-bar linkage system

The load supported by the cruciate ligaments has been demonstrated to be linked
to the external forces applied to the femur and tibia, as well as to the geometry of the

tibial plateau. Chan and Seedhom (1995) investigated the effects of the tibial plateau's
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geometry on the prediction of forces on both cruciate ligaments. The ACL and posterior
cruciate ligament (PCL) loads were examined under a pure external anterior-posterior (A-
P) force applied to the tibia and also under a pure external axial compressive force
combined with the A-P force using the four-bar kinematic linkage model. The analysis
was performed for concave, convex and flat tibial plateau surfaces. The results of the
different geometric configurations demonstrated that, for a concave surface, the loadings
on the ACL and PCL were decreased when compared to those for the flat surface. This
reduction in the forces sustained by the cruciate ligaments was due to the line of
application of the tibio-femoral contact force (Figure 3). The addition of an axial
compressive force would decrease the loading on the ligaments. The results were opposite
for the convex surface, as the predicted forces for the cruciate ligaments were greater for
the same A-P force. The line of application of the contact force is influenced by the
degree of flexion at the knee joint. Therefore, knee flexion plays a role in the loading of
the cruciate ligaments. The authors concluded that due to the concavity of the medial
compartment and the convexity of the lateral knee compartment, a model with a flat tibial

plateau would closely predict the actual forces on the cruciate ligaments.

Fc

.

(a) ®)

Figure 3: Line of application of the contact force for (a) flat tibial surface
and (b) concave surface
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In a later study, Chan and Seedhorm (1999) obtained experimental and theoretical
data on the effects of tibia geometry on ligament forces. The results supported their first
study, concluding that a concave tibia provides protection by lowering the tension
imposed on the ligaments during the application of an anterior-posterior force. The
tension values obtained in the experimental results were lower than those obtained
through theoretical methods. The discrepancy in the results was attributed to the
limitations and simplifications of the theoretical model.

In a similar study, Imran and O’Connor (1997) examined the effects of tibial
surface geometry and ligament orientations in the estimation of the forces produced at the
anterior and posterior cruciate ligaments. In this study, the four-bar kinematic linkage
model was analyzed under anterior-posterior loading and a loading condition simulating
isometric quadriceps contraction. Ligament loading was found to be affected more by the
changes in tibial surface geometry and the tilt of the tibial plateau in the isometric
quadriceps exercises when than in the A-P loading condition. The curved tibial surfaces
produced an increase in the ligament forces when the horizontal component of both the
contact force and the ligament force acted in opposite directions, and decreased the
ligament force when the two horizontal component forces acted in the same direction.
The flat surface maintained a constant direction for the contact force and therefore, did
not affect the ligament forces produced throughout the range of motion.

Knowledge of the origin and insertion sites for the ligaments is necessary, as fiber
orientation and length are common input parameters to theoretical models. Fuss (1989)
obtained the origin and insertion locations for the cruciate ligaments from cadaver

specimens. The cruciate ligaments are multi-bundle fibers, which undergo tension under
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different stress conditions. The representation of these ligaments by a single bar segment
is supported by the guiding bundle theory. The guiding bundles are the fibers that
maintain the same distance between the origin and insertion sites. Other fibers within the
same ligament will undergo tension under different conditions due to the constantly
changing distance between the origin and insertion sites (Fuss, 1989). The functional
position of the knee was described by Fuss as the position where the majority of the fibers
in the ligament are under tension. The functional position for the ACL is full extension of
the knee joint, while the PCL’s functional position is full flexion of the knee joint.

The four-bar linkage system has been shown to be successful in the prediction of
ligament forces and in the description of the interaction between the femur and tibia.
Limitations of this model include the representation of the cruciate ligaments as
inextensible bars as well as the omission of the collateral ligaments and their influence in
joint motion and stability. Zavatsky and O’Connor (1992) investigated the recruitment
pattern of ligament fibers based on the previously described four-bar linkage model
during passive flexion. A neutral fiber was defined by joining a point on the tibial
attachment with a similar point on the femoral attachment that remained at a constant
distance through the range of motion. This representation allowed for a multiple fiber
attachment site to be identified at each bone. Fibers then were mapped between the
attachment sites. The translations and rotations of the bones relative to each other during
flexion of the knee, resulted in shape changes of the ligaments within the joint, which
would have an effect on the prediction of ligament loads.

The identification of multi-bundle ligaments adds accuracy to the model by

separating ligament bundles with different mechanical characteristics. In an attempt to
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examine the accuracy of the prediction of ligament forces, Mommersteeg, Huiskes,
Blackvoort, Kooloos, Kauer and Maathuis (1996b) developed a three-dimensional knee
model with multi-bundle ligaments. The bundles were defined according to the
orientations of the ligament fibers in cadaver specimens. The authors defined seven, six,
three, and three bundles for the anterior cruciate, posterior cruciate, medial collateral and
lateral collateral ligaments, respectively. Optimization was used to determine the stiffness
and original length of each ligament bundle. The optimization technique allowed the
researchers to determined the number of bundles that best fit the constraint behavior of
each of the four ligaments (Mommersteeg et al., 1996a). The ligament forces were
estimated as a function of the relative position of the two rigid bodies, the femur and
tibia, and the stiffness of the ligament fibers. The results from the experimental data were
the same as those predicted from the mathematical model. In this study, the knee joint
ligaments were modeled with non-uniform mechanical characteristics and different
bundle orientations. Optimization techniques were used to determine the recruitment of
the different ligament bundles during the range of motion of the joint (Mommersteeg et
al., 1996b). A later study demonstrated the use of inverse dynamics to predict
simultaneous forces sustained by the knee ligaments (Mommersteeg et al., 1997). The
method of inverse dynamics allowed the prediction of the load carried by several fiber
bundles of the main ligaments in the knee joint. Even though accurate results were
obtained from this method, the limitations associated with the input parameters and
assumptions would outweigh the advantages of using this method over more simplistic

and similarly accurate methods.
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The loads supported by the ligaments have been shown to be dependent on the
geometric characteristics of the femur and tibia. The forces exerted on the ligaments also
are dependent on the external loads generated by muscle contraction. A sagittal model of
the knee joint was developed by Shelburme and Pandy (1997) to examine the effects of
muscular contractions and bone geometry on the forces sustained by the ligaments of the
joint. Eleven elastic bundles were used to model the ligaments of the joint. Hill-type
contractile elements were used to model eleven muscles crossing the knee joint. The lines
of pull of the muscles were represented as straight lines except for the gastrocnemious,
semitendinosis and semimembranosis that wrap around the femoral condyles. The authors
were able to determine the range of flexion over which ligaments were loaded relative to

the amount of muscle contraction.

II. Knee Laxity and Restraints

A large number of studies have been performed on cadaver specimens to obtain a
better understanding of the function of each ligament in the overall stabilization of the
knee joint throughout the range of motion. In-situ evaluations of the restraining
characteristics of ligaments are performed by sequentially cutting the ligaments and
evaluating the joint under simulated loading conditions. A greater displacement of the
adjacent bones following the removal of a ligament would imply a stabilization role of
the ligament. Butler, Noyes & Grood (1980) proposed a method of measuring the force
required to sustain a predetermined displacement following the cut of ligaments. The test
simulated the anterior drawer clinical test, considering the cruciate ligaments as primary

restraints and the collateral ligaments as secondary restraints. The authors found an
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average restraining force of 333 N when the knee was positioned at 30° of flexion and 5

mm of anterior displacement of the tibia over the femur was allowed. During anterior
drawer tests, the manual force applied is approximately 45 to 50 N. Approximately 85 %
of the anterior displacement of the tibia over the femur is controlled by the anterior
cruciate ligament. Following an injury to the anterior cruciate ligament, the anterior laxity
is increased and the interaction between the secondary restraints is modified to provide
stability to the joint.

In a similar study, Piziali, Seering, Nagel and Schurman (1980) tested the forces
exerted on the knee ligaments during medial-latera ..placements. The results of this
study indicated that the anterior cruciate ligament was the primary restraint for medial
tibial displacement, while the lateral tibial displacement was primarily constrained by the
collateral ligaments. The posterior cruciate ligament is also a restraint for lateral motion,
becoming tense as a result of smaller displacements as compared to the ACL. Piziali et al.
showed the significant coupling effects present during the application of medial-lateral
external forces. Such coupling of ligament restraints is not apparent in the anterior-
posterior displacement of the tibia over the femur, which supports the accuracy of models

limited to motion in the sagittal plane.

III. Ligament mechanics

Quantification of the load-deformation curves of the ligaments of the knee is
important in the understanding of the mechanical behavior of the joint. Most information
on the mechanical behavior of ligaments has been obtained from cadaver specimens.

Using strain gauges to evaluate the deformation of the ligaments, the ACL was found to
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be most lax at 35° of flexion (Figure 4). When the coupled motion of flexion and rotation
was evaluated, at a flexion angle of 30° internal rotation tightened the ACL; external
rotation produced the opposite result. The most lax position for the PCL was also found
to be 35° of flexion (Figure 4). The tibial collateral ligament is most lax during complete
flexion. With the knee positioned at 30° of flexion, the coupled motion of external
rotation and/or abduction increased the strain on the ligament (Kennedy, Hawkins &

Willis, 1977).
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Figure 4: Cruciate ligament strains as a function of flexion angle.

The measurement of the cruciate ligament forces at different flexion angles has
been of great interest to researchers (Sakane, Fox, Woo, Livesay, Li & Fu, 1997; Takai,
Woo, Livesay, Adams & Fu, 1993). Studies of force distribution in the ACL take into
account the ligament bundles and possible differences in mechanical properties. The

anterior-medial fibers of the ACL show similar force distribution along the full range of
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motion when tested under two different values of applied anterior force. However, the
posterior-medial fibers are highly affected by the flexion angle, undergoing their highest
stresses at 15° of flexion (Sakane et al., 1997). These results agree with results presented

by Fuss (1989), where the anterior-medial fibers of the ACL were identified as the
guiding fibers. When three ligament bundles were examined (Takai et al., 1993), the
length of the anterior-medial fibers increased with knee flexion, while a decrease in
length was seen in the posterior-medial fibers. A constant length was maintained by the
intermediate fibers. In this study, Takai and coworkers (1993) used a six degrees of
freedom linkage system to calculate the forces applied to the AC ligament bundles. At
full extension, the load was distributed equally between the anterior and posterior ACL

fibers. At knee flexion angles larger than 45°, up to 95% of the load was carried by the

anterior fibers of the cruciate ligament.

The prediction of ligament force and ligament lengthening due to stress is critical
in the overall description of joint mechanics and equilibrium. The nonlinearity associated
with the ligamentous structures increases the complexity of the mathematical model.
Several models have predicted changes in length by evaluating the relative motion
between the insertion and origin sites during the joint’s range of motion (Hefty & Grood,
1983). These models do not take into account the structural characteristics of the
ligaments and the non-linearity associated with wrapping of the ligaments around bony
structures. In the case of the cruciate ligaments, as the knee flexes and internally rotates
the ligaments wrap around each other. The length of the ligaments can no longer be
determined by the difference between the origin and insertion points. Considering

ligament wrapping would affect the prediction of ligament length, ligament tension and
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the direction of the force vector. The authors did not validate the importance of the three-
dimensional model using experimental data; however, they stated that the wrapping effect
would cause considerable changes to be observed in the predicted parameters (Hefty &
Grood, 1983).

Hirokawa and Tsuruno (1997), considering the shear and twisting applied to the
ligament bundles, also emphasized the restrictions associated with measuring ligament
length by the relative position of the origin and insertion sites when analyzing the
deformation of the ACL. Consideration of the wrapi:ing of ligaments is of critical
importance in the prediction of the MCL length (Blackevoort & Huiskes, 1991). The
abduction/adduction rotations are affected by the incorrectly modeled ligament in the
description of joint motion without consideration of the MCL wrapping around the bony
edge of the tibia. Blackevoort and coworkers (1991) showed that including the
interaction of the ligament and the bone allowed for greater stabilization when a valgus
moment was applied.

Woo, Johnson and Smith (1993) presented a review of mathematical models
developed to describe the mechanical behavior of tendons and ligaments. The
nonlinearity associated with the behavior of ligaments under tension increased the
complexity of the model. A linear load-deformation relationship is seen at large loads due
to an increase in stiffness (Figure 5). The recruitment of fibrils under the application of
load also affects the linear characteristics of the load-deformation curve. At maximum
load, under the recruitment of all the fibrils, the ligament shows linear characteristics.
Ligaments and tendons have been modeled as elastic as well as viscoelastic elements. The

mathematical representation of the ligament is dependent on the complexity of the overall
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knee model as well as the parameters to be predicted. A model of an incompressive
hyper-elastic ligament was used by Hirokawa and coworkers (1997) in an attempt to
analyze the deformation of the anterior cruciate ligament. The results of the experimental
data indicated that the central portion of the ligament underwent the least amount of strain
due to the limited shear, bending and twisting applied to the central fibers. The
application of an anterior force on the tibia produced increased strain on the anterior
fibers of the ligament. The results of this study also showed that the strain along the
length of the ligament is nonuniform, indicating increased strain values near the insertion

points.

Load

Deformation

Figure 5: Load-deformation curve for ligaments

Ligaments and tendons are viscoelastic tissues. Repeated cyclic loadings induce a
stable response, which resembles that of elastic material (Lanir, 1983). A recent study
predicted the load-deformation behavior of ligaments when treated as quasi-linear
viscoelastic materials, taking into consideration strain rate (Pioletti, Rakatomanana,

Benvenuti & Leyvraz, 1998). Elastic and viscous potentials were expressed as functions
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of stress and strain. The nonlinear characteristics of collagen fibers arise from the
straightening of the crimped fibers during the initial three percent of the strain. Relaxation
tests conducted at different levels of strain showed the stress to be a function of the strain
squared (Haut & Little, 1972). The tissue’s make up is assumed to be of fibrils at different
states of crimp. As load is applied, the tissue straightens and becomes able to bear load.
The load carried by the tissue is a function of the fiber’s constitutive law (Hurschler,
Loitz-Ramage & Vanderby, 1997).

Ligament failure can be modeled mathematically using selected stress-strain
criteria. Hurschler et al. (1997) identified that failure occurs as a large number of fibers
fail within the tissue as a result of tissue stretch. This increase in fiber failure results in a
decrease in tissue stiffness. Mathematical models usually assume the same elastic
modulus and strain limit for all fibers comprising the tissue. This assumption constrains

the fibers to fail in the same sequence as they are recruited (Liao & Belkoff, 1999).

IV. Neuromuscular Activity

A complete analysis of knee joint mechanics and function includes the
contribution of the muscles crossing the joint. Muscle contraction will produce joint
motion or stabilization by compensating for internal and external forces. Muscles may be
categorized as secondary stabilizing structures that assist the ligaments in the prevention
of excessive motion when necessary. Knee joint function following an injury is evaluated
by full range of motion, joint stability and muscle strength. The fact that muscle strength
is considered part of the clinical evaluation should encourage the analysis of muscle

forces in mathematical knee models.
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Muscle forces as part of mathematical models add to the complexity of the
computational methods. The number of muscles crossing a joint, which add to the
number of unknown parameters, is a major limiting factor to simplifications in models. A
large number of unknown muscle forces results in an indeterminant system. Optimization
techniques have been used to predict accurate model solutions in the case of redundant
systems. Electromyography also can aid in the determination of muscle activity and the
reduction of the number of unknowns to allow solution of the dynamic equations. Collins
and O’Connor (1991) developed a mathematical model to predict the muscle-ligament
interaction during walking. A two-dimensional four - linkage system was used to
determine the forces transmitted by three muscles, the two cruciate ligaments and the
contact force. The constraints of the model reduced the redundancy of the twenty possible
solutions. The researchers demonstrated single muscular activity at specific periods of the
gait cycle thus raising questions concerning the assumption of multiple muscle
contractions for joint stabilization. The results from the experimental testing would be
assumed to be different in the case of injured subjects. Simultaneous muscle contractions
are expected to assist in the stabilization of the knee joint. In a later study, Lu and
O’Connor (1996) used the four-bar kinematic linkage model to calculate the moment
arms of five muscles crossing the knee joint. Moment arms were calculated from a two-
dimensional anatomically based model for the quadriceps, biceps femoris,
semitendinosis, gastrocnemious and semimembranosis muscles. The ligaments were
modeled as bands of fibers. The results of the model calculations showed a general

agreement with experimental data reported by Collins and O'Connor (1991). The two-
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dimensionality of the model did not pose any limitations to the moment arms and muscle
line-of-action predictions.

Translations at the knee joint are mostly constrained by the cruciate ligaments.
Hsieh and Draganich (1998) investigated the effects of quadriceps contraction on the
rotational and translational movements at the knee joint. The researchers found a linear
relationship between anterior translation, internal rotation and abduction of the tibia with
respect to the femur, during an applied quadriceps load. The fiber length of the ACL, PCL
and MCL also increased linearly with an increase in quadriceps load. The changes in joint
kinematics due to quadriceps contraction were relatively small when compared to the
changes experienced in ligament length. The effects of ligament loading due to muscle
contraction would be of great importance in the rehabilitation process.

Aune, Nordsletten, Skjeldal, Madsen and Ekeland (1995) investigated the changes
in mechanical properties of the ACL due to simultaneous contraction of the hamstrings
and gastrocnemius during loading of the ligament. The ACL was loaded in tension while
the ischiatic nerve was stimulated to obtain a tetanic contraction of the hamstrings and
gastrocnemious. The results of this study showed that there was a 70% increase in the
load needed to rupture the ligament and a 154% increase in the energy stored.
Additionally, the protection mechanism provided by the muscles was dependent on the
rate and magnitude of contraction. Contraction patterns of the hamstrings group have
been studied using EMG analysis during isometric exercises (Solomonow, Baratta, Zhou,
Shoji, Bose, Beck & D’ambrosia, 1987). These researchers focused on the load regulation
characteristics of the hamstrings group when the ACL has a mechanical disadvantage and

is unable to stabilize the joint. The importance of the hamstrings activity in reducing the
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loads in the ACL and assisting in the anterior tibial translation constraint also was shown
in a later study performed on cadaver specimens (Li, Rudy, Sakane, Kanamori, Ma &
Woo, 1999). Mechanical advantage of the line of pull of the hamstrings, as well as the
ACL, was shown to contribute to the ability to provide stability to the joint.

The rehabilitation process following an injury to the ACL is associated with
hamstrings and quadriceps strengthening. Knowledge of the magnitude of strain placed
on the joint ligaments as a result of muscle contraction could pre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>