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ABSTRACT

Ligament primarily stabilizes the diarthrodial joints and function to provide
stability and support during the motion of diarthrodial joints. These functions are
assisted by the congruent geometry of the articulating joint surfaces and
musculotendinous forces. Ligament exhibits viscodastic, or time-dependent
behavior, like many tissues in the body. From the medical point of view an
understanding of the biomechanics of ligaments are crucial for the understanding
of injury mechanisms and to eval uate existing surgical repair techniques. The mode
of falure in ligaments depends strongly on the rate of loading. Thus, ligament
viscodasticity is an important determinant of tissue response to loading, and
viscous dissipation by the tissue modulates the potential for injury. Many
mathematical modds have been developed to describe the complexity of these
behaviors that could include the microphysical interactions of various constituents
but none of them seems to represents the overal properties of these structures.
Models can be an important tool in understanding tissue structure-function
relationships and eucidating the effects of injury, healing, and treatment. The main
objective of this work is to study from the biomechanical point of view, the
behaviour of an example of the medid collatera ligament in response to stress and
strain effects to evaluate the biologica behaviour of the ligament. The strain effect
as example of the modified superposition method and analyze the results and the
modd that can express the media collateral ligament behaviour.

Keywords: Ligament, viscodastic behaviour, biomechanica modd,
modified superposition method.
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INTRODUCTION

bind. Ligaments attach one articulating bone to another across a joint. The

magjor functions of ligaments are as follows: To attach articulating bones to
one another, to guide joint movement and possibly to act as a strain sensor for the
joint. Ligaments are well suited to the physiological functions they perform and
consisting of a ground substance matrix reinforced by collagen and eastin [1].

The word "ligament" is derived from the Latin word "ligare" which means to

The ground substance matrix is composed of proteoglycans, glycolipids, and
fibroblasts and holds large amounts of water. Ligaments are relatively hypo-
cdlular with interconnected, elongated fibroblastic cells in their midsubstance and
more rounded cells found near their insertions to bone. The primary function of the
cedls is to mantain the collagen scaffold. This is consistent with other
muscul oskeletal soft tissues that have mechanical function as their main purpose

[2].

Collagen is the main protein present in ligaments and the primary component
resisting tensile stress in ligaments. It is found chiefly in fibrillar form, oriented
between insertions such that it will resist tensile forces.

Ligaments with larger bimodal collagen distribution tend to be stronger and able
to sustain higher stresses [1]. Those with smaler unimoda diameters are more
suited to resisting lower stresses. The hierarchical structure of the collagen in the
ligament midsubstance includes fibers, fibrils, subfibrils, microfibrils, and
tropocollagen (figure (1)).
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Figure (1) Schematic illustration depicting the hierarchical structure of
collagen ligament midsubstance [6]

Fibroblasts tend to aign in rows between fibre bundles and are e ongated along the
long axisin the direction of norma tensile stressasin figure (2) [3].
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Proteins are also present in ligament and tendon which distributed in the matrix

and blood vessdls forming part of an important matrix-cell feedback mechanism

[4].

Water makes up about two-thirds of the weight of normal ligaments; 70 to 80% of

the remaining weight is made up by the fibrillar protein collagen [2]. Although the

exact function of water in ligaments is unknown, it appears to be crucial for at least

three main reasons:

- Its interaction with the ground substance and particularly the proteoglycans
influences the tissue's viscod astic behavior.

- It seems to provide lubrication and facilitate inter-fascicul ar sliding.

- It carries nutrients to the fibroblasts and takes waste substances away.

Elastin is an éastic substance that is found in very small amounts in most skeletal
ligaments (approximately 1.5%) in fibular form. In dastic ligaments (eg.,
ligamentum flavum), however, eastin fibers are about twice as common as
collagen fibers. The role of dastin is probably related to recovering ligament length
after stress is removed. Elastin "protects” collagen, at least a low strains [5].

CONSTITUTIVE EQUATIONS
The dastic modulus was computed from the stress- strain curve, which
represent the slope of the linear part of the curve.

E - D_S
De 1)

Where, E is the dastic modulus. ¢ is the measured stress and ¢ is the measured
strain, both can be calculated by,

F
S =—
A @
Where, F isthe measured force and A is the calculated area.
_ Dl
°T1
° ©)

Where, Al isthe measured change in length and I,isthe original length [1].

The first constitutive modd considered was nonlinear (modified) superposition,
asit is reatively simple to caculate and has been shown to fit the stress relaxation
of connective tissues well ,The general form of nonlinear superposition is given by:

! de(t
s(et)=¢E-t,el)) ( )dt

0 dt @
The form of the rdaxation function will be chosen as a nonseparable strain-
dependent power law:
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—_ B(e)
E(e,t) = A(e)t o)

The function A (€ ) represents the initid modulus (E,), which can be obtained
from the stress-strain curve or isochrona curve describing the nonlinear dastic
behavior.

The function B (€) describes the strain-dependent rate of stress relaxation and
can take the form B (€) =g (€) ny, where n, is some initial relaxation rate and
g(€) accounts for strain-dependent nonlinearity in relaxation rate. Substituting a
Heaviside function, as described above, into equation (4) results in:

s (e,t) = Eet®®m =5 toen ©
Where, EO andS 0 represent isochronal values of the tangent modulus and stress,
respectively, and can be functions of strain to account for nonlinearities in the
elastic response.
A polynomia describing the rate function was obtained by fitting rate versus
strain data (figure (3). [7]
0

wos

He:la saalion Hake
=3

slrem (56 )

Figure (3) Fitting of a polynomial function (curve) to experimental stress
relaxation rate of Provenzano et al. (2001) (points) for multiplerat ligaments
tested at multiple strain levels. Rate was defined asn in at" time dependence.

[7]

The second condtitutive moded considered was Schapery’s model, which has
been more frequently used to describe polymer behavior than biological

phenomena.
The generd form of Schapery’s mode describing nonlinear stress relaxation is
asfollows:
! d
s(e)=nEEe +h@PEr - re) T a. o
With the reduced time, p, defined as
t dt¢
r= g _le(t9]
0 e (8
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And reduced time variable of integration r (,

' dt¢
r ¢=o—le(t9].
0 & ©
In equation (7), E.is the equilibrium, or final, value of the dastic modulus, and

DE is the transient modulus. The terms he, hy, hy, and & are strain-dependent
material properties; (a is a function of strain and time and may also be temperature
dependent) that have thermodynamic significance. In the constant strain application
of Schapery’s theory the form of the transient modulus will be modeled as a power
law:

DE(r)=Cr" (10)

Where, C and n are assumed to be material constants & any strain levd, for a
constant temperature.
When equation (10) is substituted into equation (7) the dtressiis:

s(e)=h(©Ee+h@CHr - 1§ % &
’ (12)

Substituting a Heaviside function into equation (11) for a particular strain, € and
setting hy = & =1,

S (ec)lt) = heEeeo + hzceotn (12

Noting that Eeand € are known from experimental data, and that C and n are
constants determined by curve fitting. [8]

MATERIAL AND METHOD

In the experimental work, a study was made in physiology laboratories of the
Medical College /Al-Nahrain University on ten rats "Rattus Norvegicus', medial
collateral ligament from rats of weights ranging (108-360) gm were used as an
animal tissue modd for ex-vivo testing. Each rat was anesthized using fluothane
inhalation anesthetic drug in a secured closed container.

Media collateral ligament carefully excised from the rat knees and al of the
extraneous tissues were removed with care not to disrupt the original and insertion
sites as well as the ligament itself. Intact bones remained attached to the distal and
proximal ends of the specimens as shown in the figure (4). Specimens were kept
hydrated in a physiological norma saline solution. Twenty medial collatera
ligaments were used in the experimental work.
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Figure (4) Medial collateral ligament with theremaining bony ends

After the preparation of the specimens, al of the instruments were
connected together as in figure (5). In which, the ligament from the bone
side was fixed with the force transducer and the other end of the ligament
from the bone side was fixed with the displacement transducer and both transducer
were connected to the polygraph.

Figure (5) Connection of the medial collateral ligament (MCL)
with the force and displacement transducers

There were two techniques in which the loads or weights were applied in order
to initiate an eongation in the specimen.

The first technique, in which, dead weights of totally 290gm were used. There
was a gradual addition of 10gm in the weight in each step and the polygraph would
trace the changes in the specimen tension and displacement in each addition of
weight as shown in figure (6).

The second technique, in which, a continuous loads or weights were used as
shown in figure (7).

In the first technique of the dead loads, the force polygraph plots the tension and
the displacement polygraph plots the displacement generated in the specimen
without time consideration. But, in the second technique of the continuous loads or
weights.
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The force polygraph plots the tension of the specimen with time and the
displacement polygraph plots the displacement with time.

The length of the specimen, the diameter from different sides as well as the
room temperature all were measured before the experiment was done. From the
diameters, the area of the specimen was measured and assumed to be dliptical.

During the experiment after the connection of the specimen with the transducer,
the specimen should be hydrated continuously.

polygraph

Figure (6) Dead L oads Technique.
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Displacement
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Force
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Figure (7) Continuous L oads Technique

RESULTS

The results could be divided in to three parts, the first part shows the force-
deformation curves of dead loads technique and continuous loads technique. The
second part shows the conversion of the force- deformation curves in to stress-
strain curves. Then the last part contains the application of the modified
superposition method to the experimental data

The results were analyzed by using the average and mathematical expressions in
Microsoft Office Excd program.

First technique figure (6) was used to show the force- displacement curve of the
rat medial collateral ligament

Figure (8) shows the relationships between the steps of gradual add on increases
of displacement with the gradua loading of the MCL by weights. And figure (9)
shows the reationships between the steps of gradual add on increases of tension
with the gradua loading of the MCL by weights.
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Figure (8) Stepsof gradual add on increases of displacement
with the gradual loading by weights of the M CL each
5mm=1mm of displacement

Figure (9) Steps of gradual add on increases of tension
with the gradual loading by weights of the M CL each
4mm=10gm of tension.

Figure (10) shows the gradua add on increases of the tension and displacement
with gradual loading for the rat media collaterd ligament and figure (11) shows
the average of all of the gradual increases of the displacements with the gradual
loading for the experiments of the medial collatera ligaments using dead loads
technique.

Tension-displacement

90

70
60
50
40

Tension (gm)

20
10

0 0.5 1 15 2 25 3 35

displacement (mm)

Figure (10) The gradual add on increases of the force
and displacementwith gradual loading for therat MCL.
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average displacement- dead loads

average displacement
(mm)
o L N W A OO

0 100 200 300 400 500
dead loads (gm)

Figure (11) The average of all of the gradual increases
of the displacements with the gradual loading for
the experiments of therat MCLs.
Also, figure (12) shows the average of al of the gradual increases of the tensions
with the gradual loading for the experiments of the rat MCL, and figure (13) shows
the average of dl of the gradua increases of the tensions and displacements at
gradual loading in al the experiments of the rat MCLs.

Average tension-dead loads

average tension (gm)
(=2 N R R A =2

100 200 300 400 500
dead loads (gm)

o

Figure (12) The average of all of the gradual increases
of thetensionswith thegradual loading for
the experimentsof therat MCLs.

average tension- displacement

o R, N W A OO
P T—t

average tension (gm)

T T T T T
1 2 3 4 5 6

o

average displacement (mm)

Figure (13) The average of all of the gradual increases
of thetensions and displacements at gradual loading in
all the experimentsof therat MCLs.
After that the continuous loads technique in figure (7) was used to show the effect
of continuous loading on the force- displacement curves.
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Figure (14) shows the relationships between the continuous add on increases of
displacement with the continuous loading by weights of the rat MCL and figure
(15) shows the relationships between the steps of continuous add on increases of
tension with the continuous loading by weights for the rat MCL.

Figure (14) Therelationships between the continuous

add on increases of displacement with the continuous

loading by weights of therat MCL each 5mm = 1mm
of displacement

Figure (15) Therelationships between the steps of continuous
add on increases of tension with the continuous loading by
weightsfor therat MCL each 4mm= 10gm of thetension

Figure (16) shows the continuous add on increases of the tension and displacement
with continuous loading for the rat MCL.

Also, figure (17) shows the average of dl of the continuous increases of the
displacements with the continuous loading for the experiments of the rat MCLs
using continuous loads technique.
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tension- displacement

0 05 1 15 2 25 3

displacement(mm)

Figure (16) The continuous add on increases of the
tension and displacement with continuous loading

for therat MCL.

average displacement with time

displacement (mm)
-
»

T T T T T T
0 20 40 60 80 100 120 140
time (sec)

Figure (17) The average of all of the continuous increases
of the displacements with the continuous loading

for the experiments of therat MCLs.

Also, figure (18) shows the average of al of the continuous increases of the
tensions with the continuous loading for the experiments of the rat MCLs, and
figure (19) shows the average of al of the continuous increases of the tensions and
displacements at continuous loading in all the experiments of the rat MCLSs.

Average tension with time

R 8

a8 &8

average tension(gm)

o

0 20 40 60 80 100 120 149

time(sec)

Figure (18) The average of all of the continuous increases of the
tensionswith the continuous loading for the experiments
of therat MCLs
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average tension - average disp. of rat MCL
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Figure (19) The average of all of the continuous increases
of thetensions and displacementsat continuousloading in

all the experiments of therat MCLs.

The second part of the results shows the stress- strain curves for the rat medial
collateral ligament. From the tension- deformation curve the stress- strain curve
was plotted and dso, it was necessary to determine the original length and the
orthogona diameters for each specimen along the experiments. From the measured
diameters, the cross sectional area was calculated and assumed to be eliptical.

For rat media collateral ligament with cross sectional area of 1.372 mm?,
original length of 5 mm and rat weight of 215.45 gm the stress- strain curve shown
in the figure (20).

stress-strain curve

=
1
3

s~ o o
5 8 &

stress (kpa)

~
S

o

15 20 25 30 3%
strain %

=Y
o A
=
15

Figure (20) Stress- strain curvefor rat MCL
under continuous loading.
The average for all of the stress curves under continuous loading with respect to
time for the rat medial collateral ligaments shown in figure (21).

average stress of rat MCL with time

0 20 40 60 80 100 120

time (sec)

Figure (21) Average stress curve with time respect
for rat MCL sunder continuous loading.
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Also, the average of al of the strain curves with respect to time in continuous
loading of the medial collateral ligaments shown in figure (22)

average strain % of rat MCL with time

average strain %

o

time (sec)

0 2 40 60 80 100

120

Figure (22) Averagestrain curvewith time respect
for rat MCLsunder continuousloading.

Aswell as; an average of al of the stress- strain curves for the rat medial collatera

ligaments in continuous loading shown in the figure (23).

average(stress - strain ) of rat MCL

0 5 10 15 20 25 30

average strain %

35 40

Figure (23) Averagestress-strain curvefor rat
MCLsunder continuousloading.

The third part of the results was the gpplication of the modified superposition
method. One of the mgjor reasons that the modified superposition theory would be
preferred among the other theories discussed, was that the variables of the theory
could be clearly established from the experimenta results without complications as
found in the Schapery's single integral theory which contains a strain dependent
variables with values different for each strain level that made the application of the
Schapery's theory to be less common in the description of the medial collatera

ligament.

The modified superposition theory was applied to the experimental data at
different strain levels after the dastic modulus and the reaxation rate were
determined from the stress- strain curves showed previously.

The modified superposition theory was applied to the rat media collateral
ligament, and the equation (6) was used. The eastic modulus was determined from
the slope of the linear region of the stress- strain curve in figure (23) and shown to
be equal to 267.5153 Kpa aso From the figure (2) the rd axation rate was shown to
be equa to -0.03, -0.02, -0.015, -0.013 and -0.012 for the corresponding strain
levels of 2%, 2.5%, 3%, 3.5% and 4% respectively. For each strain leve the
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theoretical results of the modified superposition theory and the experimental
results were shown in the figures from (24) to (28) in which the experimental stress
was denoted by stress e and theoretical stress produced from the gpplication of the
modified superposition theory was denoted by stress MS.

application of MS theory for rat MCL ‘

2% stress e (kpa)
stress MS(kpa)

100

10 § -

stress (kpa)

1

1 10
time (sec)

Figure (24) Application of the modified super position
theory totherat medial collateral ligament at strain
level of 2%. Thebluelinerepresented the experimental
results and the pink linerepresented
thetheoretical results.

application of MS theory for rat MCL ;igfﬂ';ﬁsa()kpa)
100
o
% 10 —
w
1
1 time (sec) 10

Figure (25) Application of the modified superposition
theory totherat medial collateral ligament at strain level
of 2.5%. Theblueline represented the experimental results
and the pink line represented the theoretical results.

application of MS theory for rat MCL 3% stress e (kpa)
—— stress MS(kpa)
100
T
o
X
< —~—
n 10
g
®
1
B time (sec) 10

Figure (26) Application of the modified superposition
theory totherat medial collateral ligament at strain
level of 3%. The bluelinerepresented the experimental
results and the pink line represented
the theoretical results.
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application of MS theory for rat MCL ——3.5%stress e

(sltfeas)s MS(kpa)

=
5]

_—

stress (kpa)

1

time (sec) 10
Figure (27) Application of the modified superposition
theory totherat medial collateral ligament at strain level
of 3.5%. Theblueline represented the experimental results
and thepink linerepresented thetheoretical results.

4% stress e

application of MS theory for rat MCL

kpa)
—_ gl?es)s MS(kpa;
100

Stresg (kpa)

m

1 10 time (sec) 100
Figure (28) Application of the modified superposition
theory totherat medial collateral ligament at strain level
of 4%. Theblueline represented the experimental results
and the pink line represented the theoretical results.

DISCUSSION

The ligament is formed of two main components named by collagen fibers and
Elagtin fibers. The collagen fibers represent the tensile component while the Elastin
fibers represent the dastic component.
In this study when the modified superposition theory of equation (6) applied to the
experimental results, two paths of the behaviour of the fibers are shown in figures
(24), (25), (26), (27) and (28); the first path that include a non- paralld lines of the
experimental results with the theoretical results [i.e. application of the modified
superposition theory]. The second path indudes pardld lines between the
experimental and the theoretical results. This indicates that the second path has
behaviour similar to the polymers [5]. But, in the first path the behaviour was not
similar to polymers, this may attributed to two explanations:
- In biological tissues the combination of more than one component will givea
behaviour that represents both materials. Since we have collagen component and
Elastin component so we assume that the collagen component will perform its
changes before the second component [i.e. the Elastin component]. This can be
speculated by our results [figure (19)] which shows that thereis e ongation with
little tension in the first portion of this curve which called “to€” region. With
increasing of the e ongation a much tension are produced in the ligament which is
shown in the second portion of the same curve that is called the “linear” region.
- The other explanation that describes the behavioural changes in the ligament stated that
the behavioural changes arerelated to the geometrical architectures of the ligament
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[9]. Inwhich the “toe” part of the curve is explained by the initially stretching of
the crimp. After that the behaviour will appear more linear due to the removing or
stretching out of the crimp appearance.

Findly, a conclusion could be made that the experimental results are typicaly
succeeded to fit the applied theory [modified superposition theory] and show the
overal behaviour of the ligament.
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