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CHAPTER I

INTRODUCTION

The knee joint, unlike the hip, is inherently unstable.
The geometry of the knee alone cannot provide sufficient
constraint of motion and the joint instead depends on a
complex ligamentous structure for stability. The extra-
articular ligaments, the medial and lateral collaterals,
restrict varus-valgus motions and external tibial rotations
(47). The intra-articular ligaments, the anterior and pos-
terior cruciates, prohibit anterior-posterior tibial dis-
placements. Restriction of medial and lateral tibial
displacements and internal rotations are coupled functions
of the collaterals and cruciates (13). If any of the lig~
aments are damaged, the result is instability. The degree
of instability depends on the severity of damaze and the
number of structures involved.

Gross instability of the knee joint can lead to a
osteo-arthritic condition. It is advantagous under many
circumstances to surgically repair damaged or ruptured lig-
aments, thereby restoring stability. Acute surgical re-
pairs, provided damage is not too severe, are often
successful. However, with severe damage or chronic condi-

tions, surgical repair is frequently unsuccessful. In such



cases, ligament replacement or augmentation is an attrac-
tive alternative.

Fresh sutografts for ligament replacement have been
used with some success for many years. Unfortunately,
obtaining a useful autograft is not always possible or
desirable. Frequently, the autograft is unable to perform
mechanically and the structure replaced subsequently fails.
Fresh allografts have also been used, but with some diffi-
culty. Major problems include logistics, mechanics, stor-
age and immunological reactions. Chemically preserved
allografts have been used to repair or replace ligaments
with only moderate success. Again logistic, mechanical and
tissue reaction problems plague this technique. As such,
prosthetic replacement of ligaments continues to have great
apoeal. If successful, a prosthetic replacement eliminates
the problems associated with most graft-materials.

Two avenues of research have dominated prosthetic
replacement. The first utilizes a scaffold replacement
approach that allows the ingrowth of new collegenous tissue.
This technique provides only temporary mechanical integrity
until new tissue can assume the mechanical function. Work-
ing along these lines, Jenkins (28, 29, 30) demonstrated
that ligaments can be replaced by filamentous carbon
implants. New tissue grows and aligns as the carbon-fibre
scaffold gradually fractures and degrades mechanically.

The second utilizes the concept of permanent replace-

ment of the damaged ligament with a suitable ligament



implant. Such a replacement must be compatible. It must
have sufficient mechanical strength with some promise of
surviving the millions of fatigue cycles associated with
normal ligament use. Considerable interests now being
shown in the development and use of prostheses for lig-
aments, specially the cruciate ligaments of the knee.
Several ligament-implant systems are being marketed, but
no adequate data exist on their strength characteristics.
The present investigation is directed towards the
study of one such ligament prosthesis. However, only the
fatigue behavior of the ligament implant will be studied
here. The design of the experiment and the procedural
steps followed in performing the fatigue tests are detailed
in Chapter VI. The results as obtained in the tests are
discussed in Chapter VII, and finally, Chapter VIfI gives
conclusions and recommendations based on the test results.
Chapter II describes the anatomy of various ligament-
ous structures of the knee joint. A brief literary survey
on the motion of the normal knee joint and its ligamentous
function is given in Chapter III. Mechanical properties of
the anterior and posterior cruciate ligaments are reviewed
in Chapter IV. Also, a short discussion of various lig-

amentous implants now available is presented in Chapter V.



CHAPTER II

ANATOMICAL TERMINOLOGY OF THE KNEE JOINT

The knee is the largest of human joints in articular
cartilage area and of synovial membrane. It is the most
complicated in terms of internal components, and in terms
of mechanicss flexion is successively a combination of
rotation, rocking and gliding movements far removed from
the concept of a simple hinge. It occurs between the large
rounded condyles of the femur and the flattened condyles of
the tibia. Each of the tibial condyles is deepened by a
meniscus. In addition, there is an articulation between
‘the patella, a sesamoid bone within the tendon of quadri-
ceps femoris, and the femur.

A strong capsule sorrounds the joint and blends with
the ligaments and tendons. Superiorly, it is attached to
the anterior surface of the femur on either side of the
qﬁadriceps femories tendon; to the femoral condyles, and
to the intercondylar fossa of the femur. Inferiorly, the
capsule attaches to the tibia but not to the fibula, and it
extends down to the tibial tuberosity. Anteriorly, the
capsule is formed by the tendon of quadriceps femoris which

is attached to the patella, and by the ligamentum patellae.



Posteriorly, there is an opening in the capsule for the
tendon of the popliteus, which actually penetrates the
capsule.

The supporting structures of the knee are divided into
two major groups:s (1) the static stabilizers (ligaments),
which are further divided into two layers, capsular and
non-capsular ligaments, and (2) the dynamic stabilizers
(musculo-tendinous units and their aponeuroses). The sup-
porting structures are further divided into those of the
medial compartment (Figure 1), considered to extend medially
from the patellar tendon to the posterior cruciate ligament,
and those of the lateral compartment, considered to extend
laterally to the posterior cruciate ligament. 1In each
compartment there is a capsular ligament intimately attached
to the meniscus and divided into meniscofemoral and menisco-
tibial portions (Figure 2). The anterior and middle thirds
of the capsular ligaments in the two compartments are
similar. In the anterior one-third the ligaments are thin,
loose, and covered superficially by the extensor retina-
culam of the quadriceps mechanism which functions as a
dynamic stabilizing aponeurosis. In the middle one-third
the capsular ligaments are strong and supported super-
ficially by the tibial collateral ligament medially and
the iliotibial band laterally. The middle one-third of the
lateral capsular ligament is continuous with the fat pad

and it is, for this reason, that it has been misinterpreted



Figure 1. Right Tibia Showing the Capsular Ligament and
Its Various Thickenings or Strong Points. (1)
Medial Capsular Ligament, Middle Third; (2)
Lateral Capsular Ligament, Middle Third; (3)
Posterior Oblique Ligament; (4) Arcuate Liga-
ment; (5) Tibial Collateral Ligament; and (6)
Iliotibial Band,






Figure 2. Medial and Lateral Meniscofemoral and Menisco-
tibial Ligaments. (1) Meniscofemoral Ligament;
(2) Meniscotibial Ligament, Medial and Lateral;
(3) Anterior Tendon of Semi-membranosus Muscle;

(4) Tibial Collateral Ligament; and (5) Fibular
Collateral Ligament.
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as being an insignificant structure anatomically and func-
tionally.

In the posterior thirds of the two compartments, the
capsular ligaments differ. The thickened posterior third
of the medial capsular ligament is termed the posterior -
oblique ligament. Its supporting function is augmented by
the dynamic stabilizing effect of the capsular arm of the
semimembranosus tendon and its aponeurosis, the oblique
popliteal ligament (Figure 3).

In a somewhat different arrangement, the posterior
third of the lateral capsular ligament is composed of the
fibular collateral ligament, the arcuate ligament, and the
aponeurosis of the popliteus muscle. The supporting func-
tion of this arcuate complex is augmented by the dynamic
effects of the biceps femoris and popliteus muscles. The
medial and lateral heads of the gastrocnemius also supvort
their respective compartments dynamically.

The central ligaments lying within the capsule are the
anterior and posterior cruciates (Figure 4). The anterior
cruciate ligament extends from the lateral femoral condyle
to the tibial surface in front of the medial tibial tubercle.
When the knee is flexed 90 degrees this ligament is orien-

ted almost parallel to the tibial plateau. The posterior

cruciate ligament, attached posteridrly on the tibia, has

a fan-shaped line of attachment on the medial femoral con-

dyle which resembles the line of the plotted instant-

centers of rotation. When the knee is in full extension



Figure 3. Medial-posterior Aspect of the Rizght Knee. The .
Oblique Popliteal Ligament (1), Originates
From the Capsular Arm of the Semimembranosus
Muscle (2), Which Sends Supporting Fibers to
the Posterior Oblique Ligament (3). The Tibial
Arm of the Semimembranosus Tendon Has Several
Branches, Including the Fibrous Covering (5)
Which Spreads out Over the Popliteus Muscle
(6). The Popliteal Recess in the Posterolate-
ral Capsule (7) is Bound Laterally by the Ten-
don of the Plantaris (8) and Medially by the
Posterior Capsule. The Medial (9) and Lateral
(10) Heads of the Gastrocnemius Give Further
Dynamic and Fibrous-tissue Support to the Pos-
terior Aspect of the Knee.
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Figure 4. Central Cruciate Ligaments and Collateral Liga-
ments of the Human Knee Joint.,
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(in the standing position), the posterior cruciate ligament
forms an angle of about 30 degrees with the horizontal.

The anatomical features as described above are well
accepted and point out the complexity of the ligamentous
structure of the knee.

Closely attached to the joint surfaces are the articu-
lar cartilage which provides a wear resistant, low friction
lubricated surface. The cartilage is slightly compressible
and elastic and ideally constructed for ease of movementsg
over a similar surface, but able to accomodate the rela-
tively enormous compressive and shear forces generated
during the muscle action. Young and healthy cartilage
looks white, smooth, and glistening to the naked eye.

Aging cartilage is thinner, less cellular, firmer, more
brittle, has a less regular surface, and appears yellowish
in tint.

A pale yellow, viscous, glaring fluid called synovial
fluid is found in the cavities of the knee joint. The
physical properties of synovial fluid show viscous, elastic
and plastic components. The function of the synovial fluid
is to provide a neutritive source for the articular cartti-
lage, discs, and menisci, and to provide the necessary
joint lubrication.

The menisci (medial meniscus and the lateral meniscus-
-semilunar cartilage) are two crescentric lamellae which
deepen the surfaces of the upper end of the tibia in arti-

culation with the femoral condyles. The veripheral attached
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border of each meniscus is thick and convex, the free border
is thin and concave. The upper surface of the menisci is
smooth, concave, and in contact with the condyle of the
femur. The lower surface is smooth, flat and rests upon

the tibia.



CHAPTER III

MOTION OF THE NORMAL KNEE JOINT AND
IT'S LIGAMENTOUS FUNCTION

Starting from full extension to full flexion, the knee
joint is believed to have in general, three kinds of motion
which are:

l. Rolling motion, where equidistant voints of the
femur contact equidistant points of the tibia or vice versa.
2. Sliding motion, where the contact of the tibia
with the femur is a localized area or a point which sweeps

over the whole contour of the other part.

3. Terminal rotational motion, where the femur rotates
internally on the tibia during the terminal phases of exten-
sion,

While analyzing the motion of the knee joint, we need
to consider three perpendicular planes, vizs the transverse,
the frontal, and the sagital plane. For reference, these

planes are illustrated in Appendix B.
A. Axis of Movement of the Knee Joint

Knee flexion in the sagital plane does not represent a
continuously centered hinge motion as, e.g., the elbow

joint. In fact, the various centers of curvature of the

17
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femoral condyle can be easily determined. They proceed
along a line that shows an increase in length of the radii
of curvature in the direction of extension. The centers of
the curvature of the femoral condyle, however, do not corre-
spond to the axis of motion of the knee joint. The axis of
motion can be easily traced if the knee joint is compared

to a mechanical system, a so-called closed planar, kine-
matic, four-jointed chain or four-bar linkage (22). Such a
classification carries two prerequisites)

l. The motion must be carried out in only one plane;
this applies to phe knee with the exception of terminal
rotation,

2. The joints of the four-jointed chain must be rig-
idly connected. This applies to the system: cruciate lig-
aments, tibia, and femur inasmuch as in all positions some

of the fibers in both cruciate ligaments are under tension.

Four-Jointed Chain System .

The closed four-jointed chain has, as suggested, four
joints connected by four rigid segments. By definition,
the planar, closed four-joint chain moves in one plane, and
these movements can easily be demonstrated on drawing
paper (Figure 5).

They are defined by a change of one segment, whereby
one of them (the supporting link) maintains its position
while the other three segments change position. The end

point of the supporting link represents the centers of



Figure 5.

Closed Four-Jointed Chain System. (a) ABCD is a

Closed Four-bar Kinematic Chain, Which Moves

in the Plane of the Paper. If AB is the Fixed
Member, All Points on AD and BC Move on Circu=-
lar Arcs About A and B Respectively. Points on
CD, the Coupler, Other Than C and D, Move on
Coupler Curves Which are Not Circular Arcs; (b)
Each Member of the Four-bar Chain Can be the
Fixed Member; (c) This Crossed, Closed, Four-
bar Chain Corresponds to the Anatomic Structure
of the Cruciate Ligaments (AB the Intercondylar
Eminence of the Tibia, BC the Anterior Cruciate
Ligament, AD the Posterior Cruciate Ligament,
DC the Intercondylar Fossa of the Femur). The
Axis of Motion of the Knee Passes Through the
Instantaneous Center, the Crossing-Foint of the
Cruciate Ligaments; (d,e) Depending on Whether
the Tibia or the Femur is Regarded as the Fixed
Member, Different Loci of the Instantaneous
Center Result; (f) When the Tibia is Moved Re-
lative to the Fixed Femur, the Successive PosSi-
tions of the Coupler Yield a Coupler Envelope
Curve as Shown.



coupler fixed member

C |
instantaneous
@ K~ center
B / A
fixed member coupler
femur femur
C

poster

s

tibia tibla



.21 .

motion for all points of the adjoining members, while the
points of the link opposite to the supporting link (the so
called coupler) performs non-circular movements, the so-
called coupler curves (Figure 5a and b).

The cruciate ligament system, therefore, resembles a
crossed, closed, planar four-jointed chain (Figure 5c¢).

CD corresponds to the intercondylar fossa of the femur, AB
to the tibial eminence, and BC and AD to the anterior and
posterior cruciate ligaments respectively. The center of
the axis of the knee joint conforms to the crossing point
of link BC and AD and is called the "pole" or instantaneous
center. During knee flexion, the instantaneous center
moves dorsally on its pole curve. Depending on whether the
femur or tibia represents the supporting segment, two dif-
ferent pole curves can be traced with ruler and compass
(Figures 54 and e).

Another curve can be derived from the motion of the
four-jointed chain. Insertion of the anterior and poste-
rior cruciate ligaments at the tibia represent approxi-
mately the altitude curve of the joint surface of the tibial
condyles. With the femur fixed, the tibial joint surface
becomes the coupler. During knee flexion, the locus of the
midpoint of the coupler is a curve corresponding to the

contour of the femoral condyles (Figures 5f and 6a).

B. The Rolling and Sliding Motion

All points of the coupler move with an instantaneous



Figure 6.

Locus of the Midpoint of the Coupler Correspon=-

ding to the Contour of the Femoral Condyles.
(2) 10 Different Positions of the Coupler AB
Were Drawn Between the Circular Arcs With Radii
BC and AD. The Resulting Coupler Envelope Curve
K Corresponds to the Contour of the Femoral
Condyle. The 10 Corresponding Instantaneous
Centers Produce the Pole Curve P. The Contact
Points of the Coupler are Determined by the
Normals Through the Appropriate Instantaneous
Centers. The Continuations of These Normals
Yield the Evolute (Locus of the Center of Cur-
vature of the Femoral Condyle). (b) If the Dis-
tance Along the Coupler to the Contact Point in
Each of the Different Positions of Flexion is
Marked on AB, the Corresponding Points on the
Femur and Tibia Result. The Fact That as Flex-
ion Increases These Points are More Closely
Grouped Posteriorly Shows the Predominance of
Sliding Motion in Squating.
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velocity directed perpendicularly to the radius from the
instantaneous center. Since the velocity at the femoro-
tibial contact point corresponds to the direction of the
tibial joint surface, the point of contact must always lie
perpendicularly below the instantaneous center (i.e., below
the crossing of the cruciate ligaments), Therefore, by
constructing a pole curve, it is possible to arrive at a
geometric determination of the contact points between femur
and tibia during various positions of flexion. This is
done by drawing the normal from the pole to the coupler.

By marking the contact points on the tibia in succession
(Figure 6), the combined sliding and rolling movements
typical of the knee joint can be demonstrated. A purely
rolling motion never occurs. In pure rolling, the dis-
tances between two points of contact on the tibia and femur
would become equal. This occurs only during the primary
phases of flexion; with increasing flexion, the contact
points at the tibial condyle are drawn increasingly togeth-
er. If there were a purely sliding motion, only one point
of contact would exist on the tibial segment.

The rolling and sliding motion can also be explained
from the length of the femoral joint curve which is esti-
mated to be 10 cm and that of the tibia, estimated to be
8 cm. Hence, the radii of the contacting surfaces are
different (i.e., of the tibia more than the femur). As a
result, there is neither a constant sliding, as in the case

of equal radii surfaces contacting each other, nor a
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constant rolling motion, as in the case of curved surface
contacting more plain surface. As a result, a combination

of both the rolling and sliding motion occurs.
C. Terminal Rotational Motion

From full flexion to full extension, the femoral con-
dyles and tibial plateaus move in the sagital plane during
active motion. In the terminal stage of extension, there
is also a rotational movement in the transverse plane. This
rotation reaches about 10° in full extension. Firmly fixed
on the ground, the foot represents internal rotation of the
femur on the tibia. When free, it represents external
rotation of the tibia., When the active knee stabilizers
are completely relaxed, terminal rotation leads to maximum
tightening of all passive stabilizers. This rotation move-
ment is partially controlled by the ligament system and
partially by the joint surfaces (22)., Although the joint
surfaces and capsular ligament systems function optimally
together during terminal rotation, the dissected specimen
shows that this phase can be maintained with light axial
compression without any ligament support, even after divi-
sion of the cruciate ligaments.

Terminal rotation corresponds to the direction in
which the lower leg turns spontaneously after division of
the capsular ligaments. When divided, the cruciate lig-
aments unwind from each other, lie parallel, and their full

length is exposed (22). Loosening of the cruciate ligaments
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during terminal rotation is necessary because of the notice-
able rise of the anterior tibial plateau contact surfaces on
extension, specially on the medial side (22), and the ante-

rior elongation of the femoral radii of curvature.
D. The Function of the Ligaments

One of the principal functions of knee ligaments is to
limit the motion between the tibia and femur. The liga-
ments do this by developing a restraining force whenever
they are stretched. The total restraining force is simply
the sum of the contributions from the individual ligaments,
excluding such considerations as weight-bearing forces and
geometric constraints.

There is a vast amount of literature which discusses
the movements of the knee joint and the function of liga-
ments controlling these movements. These literatures
reaveal no unanimity of opinion concerning the function of
the knee-joint ligaments and often equivocal statements are
made. As reported by Brantigon and Voshell (5), all contro-
versial subjects are discussed at length in Fick's publica-
tion (12). Some of the fundamental concepts of the -
mechanics of the knee-ligaments which are generally accepted

without controversy, are given below.

General Mechanical Concepts of

Knee-ligaments

Both collateral ligaments are taut in complete exten-
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sion. The cruciate. ligaments, by twisting on themselves,
prevent abnormal medial rotation of the tibia on the femur.
The posterior aspect of the capsule and the oblique popli-
teal ligament aid in preventing hyperextension. The fibular
collateral ligament is relaxed in flexion.

Backward gliding of the tibia relative to the femur is
controlled by the posterior cruciate ligament, and forward
gliding of the tibia is controlled by the anterior cruciate
ligament. However, in hyperextension, both collateral
ligaments are tight and, by forcing the tibia and femur
tightly together, will reduce such motion to a minimum.
Most authors (16, 18) state that adduction of the joint is
prevented by the lateral collateral ligament and the cruci-
ate ligaments; abduction by the medial collateral ligament
and the cruciate ligaments. Steinder (49), however, main-
tains that this movement is checked entirely by the collat-
eral ligaments. The medial collateral ligament and the
cruciates, acting together, limit rotation of the femur on
the tibia (i.e., about the long axis of the joint) in all
positions of the joint. That some vortion of the medial
collateral ligament is taut in all phases of extension and
flexion is evident from the fact that abnormal rotation of
the joint is prominent when this ligament is cut. The
lateral collateral ligament resists lateral rotation when
the joint is in extension., Medial or lateral movement of

the femur on the tibia is prevented by interaction between
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the tibial intercondyler eminance and the femoral condyles,
and the restraint of the ligaments.

As mentioned esrlier, the total restraining force to
limit the motion between the tibia and femur is the sum of
the contributions from the individual ligaments. Thus, the
relative importance of a single ligament can be assessed in
terms of the percent of total restraining force it provides.
Butler, Noyes, and Grood (6) reported on the ranked order
of importance of each ligament and capsular structure in
resisting the clinical anterior and posterior drawer tests.
Their ranked importance is based on the force provided by
each ligament in resisting the drawer tests. The contribu-
tions of the major ligaments and capsular structures to
restraining anterior-posterior drawer were determined as
follows. A baseline test to five millimeters of peak
anterior and posterior tibial displacement was first con-
ducted on the intact knee. The applied joint displacement
and restraining force were continuously monitored and
recorded. The contribution of the ligameﬁt to restraining
drawer was taken to be the drop in restraining force that
occured between the two tests. The process was repeated
until all structures had been sectioned. The ligaments
and capsular structures investigated were the anterior and
posterior cruciate ligaments, the medial and lateral collat-
eral ligaments, the popliteus musculo-tendinous unit, the
medial and lateral capsules, the iliotibial band, and the

iliotibial tract. The average restraining forces for eleven
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knees at 90 degrees of flexion and three knees at 30 degrees
are shown in Table I. The effect of cutting the anterior
cruciate ligament is shown by the broken line in a typical
force-displacement curve (Figure 7) for anterior-posterior
drawer in an intact knee joint. The restraining force is
reduced greatly for anterior drawer, but is unaffected for
posterior drawer. The restraining force of the cruciate
ligament alone is obtained by substracting the result of

the test done after the cut from the result of the test done
before the cut. Such "difference curves" were determined
_for all ligament structures studied. Typical force-
displacement curves for the anterior and posterior cruciate
ligaments are shown in Figure 8,

The concept of primary and secondary restraints for
each kind of motion of the knee has also been described in
the report by Butler et al. The anterior cruciate lizament
was found to be tﬁe primary restraint to anterior drawer
(85 percent). 1In contrast, other ligament structures »ro-
vided only a small secondary restraint, and the posterior
cruciate ligament provided no restraining action at all,

In posterior drawer, the posterior cruciate ligament was
found to be the overwhelming primary restraint (94 to 96
percent). Medial collateral ligament and posterior capsule
were found to be important secondary posterior restraints.
The secondary restraints to anterior drawer in the absence
of anterior cruciate.ligament are shown in Table II. Six

specimens were tested with an average joint disnplacement



TABLE 1
RESTRAINING FORCES AT FIVE MILLIMETERS OF DRAWER

e Antenor Drawer e Posterior Drawer
Anterior Force Carried Posternor Force Camed
Intact Cruciate with Anterior Intact Cruciate with Postenion
Specinen Force Force Cruciate Cut Knee Force Cruciate Cut
(A\) . (N) (Per cent) (N) (N) (Per cenn)
N depiees of lexion .
| 440 349 793 405 385 950
2 163 252 69.3 274 238 87 0
3 467 414 88 7 515 * *
4 414 359 86.8 400 * *
S 108 340 924 * * *
6 kAT < 298 850 245 245 100 0
7 192 338 86.3 426 415 97 5
8 453 403 89 0 062 659 99 5
Y 166 321 876 0 284 91 7
10 610 500 819 520 437 84 0
nl 612 550 899 456 456 100 0
Mean £+ SEM 4396 = 28 1 1749 + 26.3 85.1 19 4213 399 3899 + 49 | 94.3 + 2.2
10 deprees of Nexton
12 238 200 84.2 305 294 96 4
13 352 309 87.8 413 399 96 5
14 410 368 89 7 274 261 95 2
Mean + SEM 3331+ 505

292.3 + 492 87.2 + 1.6 3307 2421 318.0 = 41.6 96.0 + 04

* Postenior drawer test not pertormed

ot



Figure 7. Anterior-Posterior Drawer Test. A Typical Force-
Displacement Curve in an Intact Joint (Solid
Line) and After Cutting the Anterior Cruciate
Ligament (Broken Line). The Arrows Indicate
the Direction of Motion.

Figure 8. Force-Displacement Curves for the Anterior and
Posterior Cruciate Ligaments. Restraining
Forces of the Anterior (Solid Line) and Pos-
terior (Broken Line) Cruciate Ligaments During
a Five-millimeter Anterior-Posterior Drawer
Test on a Typical Knee Preparation. The Curves
are Constructed by Taking Differences Between
the Curves of the Joint Before and After Cutt-
ing the Ligament. The Anterior Cruciate Resist-
ed Nearly all the Force Anteriorly With no
Contribution Posteriorly. The Posterior Cruci-
ate Restrained Posterior Joint Disvlacement But
Had Minimum Effect Anteriorly.
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TABLE IX

COMPARISON OF SECONDARY STRUCTURES AT
INCREASED ANTERIOR DISPLACEMENT

Medial Latesal
[hioubial Mid-Medial Mid-Lateral Collateral Collateral
Tract and Band Capsule Cupsule Ligament Ligament
Mecan = S.E.M. (Per cent) 24.8 = 4.7 223 69 208 £ 54 163 29 124 £33
Minimum (Per cent) 9.8 34 1.6 8.1 7.0
Muximum (Per cent). 444 43.6 36.9 29.4 25.2

* =0, untenor drawer ol 12.2 10 16.3 millimcters at 90 degrees of hnee lexion. By Duacan's muluple range test, no statistical ditleience was
found umong the percentages for any ol the structuies shown (p > 0.05).

TABLE III

COMPARISON OF SECONDARY STRUCTURES AT
INCREASED POSTERIOR DISPLACEMENT

Postertor Medial Posterior

Lateral
Lateral Capsule Collateral Medial Collateral Mid-Medial
and Poplitcus Tendont Ligament Capsule Ligament Capsule
Mcan = S.E.M. (Per cenr) 58.2 + 10.1 i57 5.2 69 x32 6.3 + 4.7 6224
Mimmum (Per cent) 36.7 5.6 0.0 0.0 00
Maximum (Per cent) 82.1 29.7 14.5 20.4 s

* n = 4, posterior drawer of 19 0 to 25 0 millimeters at 90 degrees of knee flexion.

t By Duncan’s multiple range test, only the posterior lateral capsule and popliteus tendon were statistically different from all other structure«

(p- 005.

a9
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of fourteen millimeters (range, 12.2 to 16.3 millimeters).
Table III shows the secondary restraints to posterior
drawer in the absence of the vosterior cruciate ligament.
Four knees were tested with an average joint displacement
of twenty-one millimeters (range, 19.0 to 25.0 millimeters).
Both the tests were carried at 90 degrees of flexion.

The ligamentous function, as studied by Butler et al.
(6) is independent of the cutting order of various ligaments
because the joint displacement controls the amount of liga-
ment stretch, and hence its force. Reproducing the dis-
placement reproduces the force in each ligament. This means
that even after a single ligament is sectioned, the remain-
ing ligaments are unaffected; i.e., there is independence
of cutting order.

Many prior studies have examined ligaments function
by measuring increases in joint laxity with selective
cutting of ligaments. Typically, a test is conducted by
applying a force on an intact knee, cutting a ligament,
repeating the test, and measuring the increase in laxity.
One problem with such studies is that this increased laxity
is dependent on the order in which the ligaments are cut.
If the cutting order is changed, the measured laxity
changes. Hence, it is not possible to define the function
of a single ligament precisely.

Piziali, Seering, Nagel, and Schurman (40) adopted the
similar technique as that of Butler et al. and investigated

the functions of human knee ligaments during anterior,



TABLE IV

CONTRIBUTION OF THE LIGAMENTS TO FORCE ON THE FEMUR CAUSED
BY MEDIAL AND LATERAL TIBIAL DISPLACEMENTS

Percent force resisted by.

Specimen e e e - — - -
and peak Antenior Posterior Medial
Flexion applied Tibial cruciate cruciate collatesal Lateral Posterior Bone
angle force displacement higament ligament hgaments structures* structurest contact Menisci Other
0° A (690N) 4.5mm 52 I -5 30 2 15 5- 0
Medial
B (660 N) 4.2 mm 25 19 -3 28 7 24 0 0
A (650N) 4.9mm 7 36 22 9 21 3 1 i
Lateral
B (5ION) 45mm 18 32 42 2 | 2 0 3
30° A (690 N) 45mm 24 11 14 I8 6 25 2 0
Medial
B (5ION) 4.4mm 33 14 16 11 0 23 0 3
A (630N) S.1mm 14 44 30 6 3 3 0
Lateral
B (470 N) 45mm 13 25 50 5 0 7 0 0

*Lateral collateral igament and pophiteal tendon.
TPosterior oblique hgament and posterior capsule.

199
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posterior, medial, and lateral tibial displacements. They
went further to explore the three-dimensional load trans-
mission characteristics of knee ligaments. Contributions

of the ligaments to force on the femur, during medial and
lateral tibial displacements as givern in the revort of
Piziali et al., is shown in Table IV. The anterior cruciate
ligament is seen to be the most important element in.
resisting medial tibial displacement while the medigl col-
lateral ligament and the posterior cruciate ligament are of

primary importance in resisting lateral tibial displacement.



CHAPTER IV

MECHANICAL PROPERTIES OF THE LIGAMENTS

To replace the ligaments with an artificial ligament
system requires a knowledge of ligament strength and
mechanical properties. When information is available to
describe the mechanical properties of the cartilage, menis-
cus, and ligament aspects of knee function, components can
be designed so that knee reconstruction, rather than knee
replacement, can be undertaken.

In recent years, many studies have been performed to
establish the mechanical properties and behavior of tendons
and other collagenous structures, Prior studies on liga-
ments have provided important information; however, as yet
our knowledge of their biomechanical properties is incom-
plete. The unique anatomical characteristics of individual
ligaments, such as the twisting of the cruciates or the
intricacy of the medial ligaments of the knee, impose spe-
cific structural properties which cannot be generalized to
other ligaments. In addition, there appears to be an impor-
tant relation between macroscopic mechanical behavior and
tissue microstructure (8, 11, 43), The mechanical behavior
of ligaments depends not only on the material properties of

the fibers themselves, but also on the geometrical arrange-

37
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ment of collagen fibers and fiber bundles, the proportioning
of different types of fibrous constituents, and the rela-
tively unknown effect of the sorrounding ground substance
(8, 16, 26, 33)., The ligament insertion site and the under-
lying bone are additional parts of the ligament unit which
must be considered in evaluating strength properties. 1In
the analysis of ligament properties, it is often difficult
to separate the effect of these different factors on macro-
scopic behavior. For these reasons, a great deal of caution
is required in generalizing the mechanical properties of one
ligament to other ligaments.

An alternative approach to investigate each component
of a ligament unit seperately is afforded by using a bone-
ligament-bone preparation, such as the femur-anterior
cruciate-tibia preparation. The mechanical properties of
all components of the unit are then studied together in the
same relationship that they have in the body, so that the
combined interaction determines the properties of the struc-
ture, as in-vivo.

Mechanical properties of human soft tissue have been
studied previously in various ways by a number of research-
ers. Seering (46) has given an extensive survey of the
literature. In 1931, Gratz (1l7) reported that "As tension
is applied /fto the tissug/ an elongation takes place,
at first quite pronounced. The material then stiffens and

and finally relaxes again." He also noted that the tissue,
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when tension was released, did not quite return to its
original length.

In 1936, Cronkite (9) conducted tests on almost every
tendon in the human body. He reported no significant
. difference between tendons in their tensile strengths which

8 to 2 X 107 dyn/cmz. Grétz (17) in 1931,

ranged from 2 X 10
conducted similar tests on three tendons and obtained ten-
sile strength within this range and Young's modulus of

3 X 108 to 4 x 108 dyn/cm?,

Hardy (20), in 1951, noted the difference in modulus
between ligaments containing large amounts of collagenous
material and those containing elastic fibers. In 1954,
Smith (48) examined the elastic properties of the anterior
cruciate ligaments of rabbits. His data included evidence
that these ligaments act as viscous bodies under certain
conditions. When elongated up to 20 percent for short
durations, the ligaments responded elastically. For ten
repeated loads and for applied loads equal to the body
weight of the respective rabbit, the ligaments, upon unload-
ing, returned to their original length. But for loads near
failure, the ligaments elongated and did not fully recover.

Rigby (43, 44), in 1959 and 1964, studied the mechan-
ical properties of rat tail tendons. He found that the
mechanical properties were reproducible within a strain
range of 0-4 percent. Variation of temperature from 0 to
3700 produced no effects while an increase in strain rate

producecd a slight shift in the stress-strain curve toward
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the stress axis. The average maximum modulus for a strain
rate of 10 percent/min was from 6 to 10 X 107 dyn/cm<.
During the last twenty-five years, mechanical proper-
ties of passive soft tissues have been studied by many
investigators. Though these authors were persuing different
interests, they agree that ligamentous tissue is essentially
elastic, but exhibits some viscoelastic characteristics.
As compared with Cronkite's (9) values for ultimate tensile
strength (8,700 to 18,000 psi), Wright and Rennels (57)
reported a range of 3,000 to 4,000 psi and Walker, Edward,
and James (53) measured strength from 10,700 to 21,000 psi.
Abrahams (1) attempted to correlate the shape of the
stress-strain curve to the behavior of the collagen fibers.
He found that the stress-strain curves of horse and human
tendons described three distinct regions. The primary
region was that of a 0-1.5 percent strain in which there
was a considerable increase in length, with only a slight
increase in stress. In this region, it is thought that the
collagen fibers begin to straizhten their wavy pattern.
The secondary region was that of a 1.5-3.0 percent strain
where the collagen fibers are thought to become fully
oriented and begin to assume most of the load. In the final
region, that of a 3.0-5.0 percent strain, it is thought
that the entire response is due to the collagen fibers in
pure tension. The stress-strain curve is a straight line
in this region. Visible ruptures of the collagen fibers

bezin at a 5.0 percent strain level.
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Kenedy, Hawkins, Willis, and Danylchuk (31), tested the
cruciate ligaments and the tibial collateral ligaments of
human knee joints in-vitro to determine yield point, ulti-
mate failure stress, and disrruption caused by failure
loading. For these tests, elements were excised from the
in-vitro knee and loaded individually. Yield points and
maximum loads were reported for individual ligaments. At
strain rates of 12.5 cm/min, the posterior cruciate ligament
exhibited a yield point of 81.3 # 5.1 kg and a maximum load
of 94.0% 4.8 kg. At 50 cm/min, these loads increased to
88.5*6.8 kg and 107.3+8.1 kg. For the anterior cruciate
ligament at 12.5 cm/min, yielding occured at 40.2* 2.8 kg
and the maximum load was 47.7 +3.4 kg. At 50 cm/min, the
values were 51.2%2.9 kg and 63.8*2,3 kg. Values for the
tibial collateral ligament were similar to those for the
anterior cruciate ligament. At 12.5 ecm/min, the yield
point was 46.3 £3.2 kg and the maximum load was 47.7% 3.4
kg. At 50 cm/min, the values were 54.5+ 3,1 kg and 67.8%
7.6 kg. For all ligaments, the strain at maximum load was
between 20 to 30 percent.

Investigation on anterior cruciate ligament has been
carried out by a number of researchers. Noyes, James, and
Peter (38), recorded energy absorption in the anterior
cruciate ligament of rhesus monkeys as a function of strain
rate. Average energy to failure was 31 percent higher at
8.5 mm/sec (QZ cm-kgf) than at 0.085 mm/sec (31 cm-kgT).

Both peak force and strain at failure were greater at
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higher strain rates. Noyes and Grood (39) reported that
elastic modulus, failure stress, and strain energy to fail-
ure for human anterior cruciate ligaments were all age
dependent. Failure stresses for anterior cruciate lizament
from donors 20 years of age were three times those for
specimens from donors 50 years of age (43 MPa vs. 14 MPa).
The change in specimens from donors 50 years of age to those
80 years of age was much less, 14 Mpa fo 12 MPa., Kenedy et
al. (31) reported no significant change in failing strength
with age. Mean age for donors in his study was 62 years;
so it is likely that many of the donors were in the age
range of 50 to 80 years, during which Noyes and Grood (39)
claim little change is taking place.

Seering (46) has cited a number of authors who have
reported that fhe moisture content of ligaments affected
their mechanical properties. Among these authors, Hirsh
and Galante (15, 25) stated that tissue stored at 100
percent relative humidity and at a temperature of 25°C or
lower did not change in moisture content. Tkaczuk (50)
determined that water is neither taken-up, nor given off,
by specimens from anterior and posterior longitudinal liga-
ments of lumber vertebral columns when they are kept in a
chamber at 100 percent relative humidity and approximately
25°C. He aiso concluded that rapid freezing and subsequent
thawing of the lumber swnine does not influence their tensile

properties,
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A. Structure of Ligaments

Ligamentous tissue has the distinguishing characteris-
tic of large amounts of intercellular material being pres-
ent. This intercellular material may consist of collagenous,
elastic or reticular fibers. and varying amounts of an
amorphous ground substance. Since the elastic fibers con-
tain the low modulus material elastin (7), the high modulus
effect of ligaments is due to the collagenous material
present.

The properties of ligaments vary depending upon their
location in the body. Hence, it is necessary to study each
of the ligaments seperately. One such ligament, the ante-
rior cruciate ligament in the knee joint, is composed almost
entirely of collagenous fibers which appear as long wavy
ribbons which are not branched. The fiber production is
apparantly in the form of a secretion process in which an
aggregate of extracellular material is secreted by star-
shaped cells called fibroblasts. The primary building
blocks of these fibers are the collagen molecules: three
chains of amino acids in certain sequences which coil into
left-hand helices and interwine to form a right-handed
superhelix (42). Bundles of these fibers lie in a somewhat
irregular arrangement parallal to the central axis of the
ligament. These collagen bundles are presumably as long as
the tendons or ligaments (21). They are sorrounded by a

woven mesh of loose connective tissue, the veritendineum
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internum, containing elastic fibers that tend to draw the
bundle into a wavy formation in the relaxed condition.
Ligament fibers are continuous with the fibers of the bones

and at this point are called the fibers of Sharpey.
B. Viscoelastic Properties of Ligaments

Viscoelastic nature of ligamentous tissue has been
verified by many researchers and a number have proposed
analytical models for predicting viscoelastic behavior
(10, 13, 14, 23, 24, 27, 52). A specimen of ligament, when
stretched and maintained to a constant predetermined length,
shows an immediate fall-off in the load required to maintain
the same degree of extension. This effect is known as
"Stress relaxation". Conversely, when the specimen is sub-
Jected to a constant load, it undergoes a change in length,
a phenomenon known as "Creep". Stress relaxation and creep
occur in all materials to some extent because all are visco-
elastic in that they can act as viscous fluids or elastic
solids under various conditions. The fact that stress
relaxation and creep occurs so readily in the ligament
indicates that for the loading conditions (rate and tem-
perature), it behaves in a viscous fashion.

Seering (46) has performed a number of stress relaxa-
tion tests on human knee specimens. A sudden tibial dis-
placement was applied to each specimen and held for up to
five minutes. The force required to maintain this displace-

ment was measured at regular intervals. As would be
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expected for a material which exhibits some viscoelatic
characteristics, the required force decreased with time.
The largest rate of decrease always occured during the
first few seconds of loading; however, the force continued
to decrease throughout loading in each case. _For relatively
small applied displacements, about 3 mm, the knee ligaments
softened for a few seconds, but further changes with time
were very small (not measurable on an oscilloscope). For
larger initial. displacements, about 7 mm, the change was
much more noticeable, The applied load value did not seem
to approach an asymptote over time; rather, it apoeared to
drop at a uniform rate.

Seering (46) also performed follow-up tests on several
of the specimens which had exhibited stress relaxation. In
each case, some of the stiffness that was lost was recovered
with time. Figures 9 and 10 are given as the results from
one such series of tests. Medial and lateral tibial dis-
placements of about 7 mm were each applied and held for 75
seconds. For both displacements, the resulting load
decreased about 20 percent during the test period. Figure
9 shows the changes in applied load as a function of time.
The largest decrease occured in the few seconds after
displacement was applied. The change then appears to become
a linear function of time. Figure 10 contains curves fitted
to data collected during single sinusoidal displacement
cycles applied to the same specimen at various time inter-

vals after the stress relaxation tests were performed.



Figure 9. Forces Required to Maintain Large Medial and La-
teral Tibial Displacements for 75 Seconds.
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Figure 10. Plots of Force vs. Displacement for the Medial
(1) and Lateral (2) Tibial Displacements Pre=-
sented in Figure 8. The Curves Fit to Data
Collected During Sinusoidal Tibial Displace-
ment Cycles Performed at Various Times After
Completion of the Stress-Relaxation Tests.
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These curves show that the stiffness lost during the stress

relaxation tests is recovered with time.
C. Stress-Strain Curves

Stress is an expression of the load per unit area to
which a material under loading is subjected « Strain is the
increase in length which it undergoes, expressed as a per-
centage of original length. From a load-displacement trac-
ing, it is possible to construct a load-strain curve or
stress-strain pattern for the material concerned. A typical
load-strain curve is shown in Figure 11 and has the charac-
teristic shape found in other biological tissue (56).
Abrahams (1) described such a curve asr having three distinct
regions before rupture of the specimen occured; The primary
region (a) is that of 0-1l.5 percent strain where there is
considerable increase in extension with a smaller increase
in tension; the secondary region (b), 1.5-3.0 percent
strain, may be regarded as a transitional zone where the
stiffness is increasing steadily until, in the final phase
(c), it assumes a linear relationship between stress and
strain. Frisen and Viidik (13) have likened tendon to a
coiled spring which can be stretched until it becomes a
straight steel wire. The stiffness changes gradually from
a low value for the undeformed spring, region (a), to the
much higher value for the straight wire, region (c).

Haut and Little (23), while studying the mechanical

properties of the anterior ecruciate ligament of canines,



Figure 11, Load-Strain Curve for Specimen of Rabbit Tendon
(F.D.L.) Loaded at 10 Inches per Minute. Zone
(a) 0-1.5 Per Cent Strain: Minimal Increase
in Tension; (b) l1.5-3.0 Per Cent Strain: Sti-

ffness Gradually Increases; (c) Greater Than
3.0 Per Cents Linear Relationship Between Load

and Strain.

Stress-Strain Plot for Specimen of Canine Ante=-
rior Cruciate Ligament. The Specimen was Imm-
ersed in a Saline Bath at 72°F.

Figure 12.



52

e
BTRAIN (%)

o
/F,//c °
€~ //N
Qo ° ~ -
N ./;Onnkw ~ - /O// w
A/Q,c/ ~ -
ID/Ib c//o/ /c
Cl2-Q o, o/// //
e o, So o
R SO
€g Yoy So/:W oy ~_ S /
~— s
o~__ ///
° 00 / o
/ / o
X // :
oM\
)
- o°
~ - 5
8 ¢ 3 % @
w w < .
msu\ 6% ' O ‘ssang

Stroin, €, %



plotted the stress-strain curves at various strain rates.
Different testing environments were used. One such plot
for specimens immersed in a saline bath at room temperature
is shown in Figure 12. The shape of the stress-strain
curves is not altered by various strain rates, except for
high strain rates where the toe region appears at an early
strain level. Unlike the range of 0-1.5 percent strain for
the .toe regions of tendons given by Abrahams (1), the ante-
rior cruciate ligament of dogs displays a toe region which
varies with strains up to six percent. Also, as it is seen
in this figure, the increase in the apparent Young's modulus
with increasing strain rate is quite pronounced. For slow
strain rates, the modulus changes rapidly with strain rate,
but for higher values of strain rate, only a gradual . -
increase can be seen.

While low rates of loading are less efficient in terms
of the transmission of force by a ligament, they do allow
for a greater absorption of energy by the same ligament.
From Figure 13, as given by Welsh, Macnab, and Rilley (56),
in their studies of rabbit tendons, it is evident that the
energy which can be absorbed at a low rate of loading
(represented by the area under the stress-strain curve), is
far greater than that at a high rate of loading. Thus, an
injury such as a rupture of the medial collateral ligament
of the knee is sustained by application of a sudden sharp
valgus strain to the limb, whereas an equivalent force

avplied slowly would probobly have little effect.



Figure 13. Load-Strain Pattern for F.D.L. Tendon. (a)
Loading Rate - 10 Inches per Minute; (b)
Loading Rate - 0.2 Inches per Minute. The
Strength May be Greater for a Tendon Load-
ed Rapidly, But it Requires More Energy to
Produce Failure if the Tendon is Loaded

Slowly. Energy Absorbed by Tendon Represen=- . .

ted by the Area Under Load-Strain Curve.
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Ligament Stiffness as a Function

of Strain Rate

As a general rule, the behavior of all materials under
tensile loading is dependent on strain rate to a greater or
lesser degree. For example, a‘common material like steel,
when subjected to very rapid loading, behaves as a brittle
solid. However, when loaded steadily over a long period of
time,‘the same material will exhibit viscous properties and
creep quite markedly. A similar response of ligaments to
different rates of loading is important in efficiently
transmitting forces to the bone. At high rates of loading,
a high stiffness prevails and this results in less energy
being absorbed by the ligament. Thus, a sudden exertion is
more effective in lifting or moving a heavy load than if
the same amount of load is expended over a longer period
o6f time.

Seering (46), in his study of the mechanical proverties
of the knee ligaments, measured the changes in ligament
stiffness as a function of strain rate. He performed a
series of tests with a constant displacement, but at differ-
ent strain rates. A single knee specimen was choosen and
a 30-minute .interval was given between tests for the speci-
men to recover the stiffness lost as a result of previous
testing. Seering carried out several other tests to Show
that within 20-minutes or less, a specimen would completely

recover the stiffness lost as a result of a single large
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loading cycle, if the specimen is stored in a high humidity
chamber. However, the test started with a five second
sinusoidal 7 mm amplitude posterior tibial disoplacement
applied to the specimen and the same test was reveated every
hour. Again, every hour on the half hour, the specimen was
cycled.to the same amplitude sinusoidally, but at a time
ranging from 10 seconds per cycle to 0.l second per cycle,
According to Seering (46), 30-minutes between tests was more
than enough time to insure full recovery of the stiffness
lost during the previous test cycle. For the five seconds
per cycle tests, the force at 7 mm displacement varied from
the average by only %2 percent for all the runs (Table V).
The forces at ? mm displacement for tests performed at other
rates varied through a range equal to 20 percent of the
average value for the 5 seconds per cycle tests (Table VI
and Figure 14). From this work, it was concluded that lig-
ament stiffness is a function of strain rate. However, the
change in stiffness over a wide range of strain rates was
small enough that, for purposes of modeling, a single curve
can be chosen to represent the stiffness of a given element

or set of elements for all strain rates within that range.

D. Ligaments Under Fatigue

(or Cyclic) Loading

Not many reports on the properties of ligaments under

fatigue (or cyclic) loading could be found in the litera-

ture. Weisman, Malcom, and Robert (55) reported on the
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TABLE V

PEAK FORCE AND PEAK STIFFNESS RESULTING FROM
FIVE SECOND PER CYCLE SINUSOIDAL POSTERIOR
TIBIAL DISPLACEMENTS APPLIED ONCE EACH
HOUR FOR SEVEN HOURS

Peak Percent of Peak Percent cof

Test Force Average Stiffness Average
No. (N) Force (kN/m) Stiffness

1 598 101 2l 102

2 598 101 238 100

3 585 . 98 235 99

4 586 99 236 100

5 501 99 2ko 101

6 599 101 235 99

T 598 101 236 100

TABLE VI
PEAK FORCE AND PEAK STIFFNESS RESULTING FROM
SINGLE SINUSOIDAL POSTERIOR TIBIAL DIS-
PLACEMENTS OF FIXED AMPLITUDE APPLIED
AT VARIOUS CYCLE PERIODS
Test Period of Peak Percent of Peak Percent of
‘ﬁo Applied Force  1lOsec/cycle Stiffness 10sec/cycle
i Displacement (X) Force (x/m) Stiffress

1 10 sec 586 100 235 100

2 5 594 101 237 101

3 2.5 598 102 241 103,

L 1 622 106 2kg 106

5 0.5 627 107 256 109

6 0.25 685 117 269 11k

T 0.1 708 121 282 120




Figure 14, Curves Fit to Data Collected From an In-Vitro
Human Knee During Posterior Sinusoidal Tibial
Displacement Cycles of Various Periods.
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effect of cyclic loading on rat medial collateral ligaments
in-vitro. The ligaments were cycled from 0 to 70 nercent
of their ultimate strength for approximately 960 cycles at
a freguency of 15 cycles per minute. Two phenomena were
observed. One of these phenomena is the softening of the
ligament, defined as the ratio of the last cycle peak to
the first cycle peak load, presented as a percent. The
second phenomenon is a reduction in strength of the cycled
ligament, presented as a ratio of the ultimate strength of
the cycled ligament, expressed as a percent in order to
reduce animal variability. The authors found a good rela=-
tionship between the amounts of softening and the value of
the first peak load (as a percentage of strength) (R= .749)
(Figure 15). A logarithmic correlation exists between the
softening of the ligament and its reduction in strength

(R =.956) (Figure 16). Under visual examination, the
surface of the uncycled ligaments have a glossy apvearence
while the cycled lizaments appear duller. The relative
waviness of the collagen fibers seen in the cycled ligament
is less than that of the uncycled ligament.

Weisman et al. (55) also imparted some known amounts
of cyclic loading to ten people in the laboratory to assess
the changes in compliance of the medial collateral ligament
and they found the mean change in compliance to be 16.872
ocercent (S.D.=30.50). All subjects returned to their
initial compliance in at least one hour after cycling,

Hence, the "stretching out" of the lizaments due to cyclic



Figure 15. Relationship Between the Amounts of Softening
and the Value of the First Peak Load Under
Cyclic Loading.

Figure 16. Logarithmic Correlation Between the Softening

of the Ligament and its Reduction in Strength
Under Cyclic Lioading.
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loading is recoverable in a short period of time. However,
it is believed by the authors that a second phenomenon
occured, that of fatigue, which may initiate a healing
process ultimately strengthening the ligament. It is also
noted that biological materials cannot actually fatigue in
the same manner as an inorganic material because of their
inherent ability to repair themselves. However, the repair-
ing process is sometimes deficient or too slow and fatigue
occurs,

The effect of fatigue or cyclic loading on ligaments
and tendons has been studied by few other authors. However,
they have often reported with contradiction on their find-
ings. Viidik (52) discussed a softening which occurs during
the first few test cycles performed on rabbit ligaments.
Seering (46) cited some of the authors who have reported
that collagenous structures become stiffer and residual
deformation and hysteresis decrease as a result of cycling.
Among these authors, Rigby (44) atates that tendon collagen
kept in 0.9 percent saline at 20°C ang cycled at 1.75
minutes per cycle will soften through the first 100 cycles
and then, with further cycling, stiffen increasingly
throughout 1000 cycles. 1In contrast, to check these results
and to study the effects of repeated cycling on ligament
stiffness, Seering (46) tested several human knee specimens,
each through hundreds of cycles. For all tests, sinusoidal
tibial displacements of fixed amplitude were aprlied.

Specimens were keot in a chamber with air at 21°C and
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100 percent humidity throughout. After the tests, it was
found that, in every case, knee stiffness decreased with
cycling. The changes during each of the first 10 to 15
cycles were always the largest. However, stiffness conti-
nued to decrease throughout the test veriod. No increase
in stiffness with cycling was ever observed. Table ViI
gives the information on one such cycling test. A specimen
was loaded with a sinusoidal tibial displacement of * 7 mm
amplitude at 1 Hz for 1000 cycles. The table gives the
force values and stiffness values corresponding to +7 and
- 7 mm displacements as determined from the curves fitted
to the data collected during each of several cycles, Test
results show that the force required to displace the tibia
anteriorly 7 mm was 15 percent less on the 1000th cycle
than on the first; the force required to displace the tibia
7 mm posteriorly was 19 percent less on the 1000th cycle
than on the first. Stiffness for the two cases decreased
13 percent and 9 percent respectively. Figure 17 presents
the curves fitted to data collected during various of the
1000 cycles. This plot illustrates the softening which
occured as cycling continued. Seering went further to
measure the energy required to displace the tibia during
each of the recorded cycles and calculated the energy lost
during each cycle. Energy required per cycle dropped
throughout the testing with almost half the decrease occur-
ing during the first 100 cycles. Seering attributed this

phenomenon largely to the fact that, as the cycling
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TABLE VII

PEAK FORCE AND PEAX STIFFNESS ATTAINED FROM
VARIOUS CYCLES OF ANTERIOR AND POSTERIOR
TIBIAL DISPLACEMENTS DURING 1000

SEQUENTIAL CYCLES AT 1 Hz

Cycle . Peak Percent Peak Percent of
No. Force Initial Peak Stiffness Initial Peak
(N) Force (kN/m) Stiffness

., FOR ANTERICR TIBIAL DISPLACEMENT

1 552 100 247 100
10 542 98 25 99
50 529 96 242 c8

100 519 ok 239 o7
200 507 92 235 S5
300 " ko9 90 232 ok
Loo 493 ‘ 89 230 93
500 438 * 88 229 92
600 L8L 88 228 92
700 480 87 226 92
800 478 87 226 91
900 L5 86 225 91
1000 472 85 223 90

FOR POSTERIOR TIBIAL DISPLACEMENT

1 566 100 237 100
10 554 98 234 98
50 538 ' 95 229 97

100 sak 93 224 95
200 506 89 218 92
200 Lok 87 216 91
Loo L86 86 213 90
500 480 85 213 90
600 475 84 211 89
700 L68 83 207 87
800 LEL 82 206 87
200 450 81 204 86

1000 Lsg 81 206 87




Figure 17. Curves Fit to Data Recorded During Several of
1000 Consecutive Applied Sinusoidal Tibial
Displacements.
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continued, smaller loads were required to create the dis-
placements. Energy lost decreased throughout the first
50 cycles and then gradually increased for each cycle during
the remainder of the test. These results, as stated by
Seering (46), contradicted those of Galante (15), Gratz
(17), Rigby (44), and Viidik (51). However, Seering de-
fended his results saying fhat the data of his tests were
analyzed numerically while the others evaluated their data
visually.

In another report, Rigby (43) stated to have found
that 1f the strain does not exceed approximately four
percent, a tendon can be cycled indefinitely without damage.
Bartel, Marshall, Schieck, and Wang (2), demonstrated that
the change in length of the medial collateral ligament
during knee flexion is four percent. Damage will accumulate
if the ligament is repeatedly cycled beyond this defined
physiological limit within a short period of time. This
damage should result in "fatigue softening® of the ligament.
The possibility of stretching the knee ligaments beyond the
physiological range during normal sporting activities such
as soccer, hockey, skiing, and basketball has not previ-
ously been demonstrated. The combination of rotation and
varus-valgus forces imposed on the kﬁee joint during these
activities could account for this stretching., If this
stretching does in fact occur, it is most probable that

some kind of fatigue damage is occuring to the ligament.



CHAPTER V

PERMANENT PROSTHETIC LIGAMENT IMPLANTS

The subject of study in this thesis is to investigate
on the mechanical properties of one of the ligament prosthe-
sis, specifically the fatigue behavior of one Dacron artifi-
cial ligament. Recently, a considerable interest has been
shown in the development and use of prosthesis for liga-
ments, specially the cruciate ligaﬁents of the knee. As
such, a report on some of the ligament implants being used
for permanent prosthetic réplacement is briefly presented
in this chapter.

Any permanent prosthetic replacement must be compati-
ble. It must have sufficient mechanical strength and
survive through millions of fatigue cycles associated with
normal ligament use. There are several ligament implant
systems now being marketed. In view of most of the authors,
none of these implants adequately fulfill these require-
ments, A review of the literature reveals long-term prob-
lems with all permanent‘prosthetic replacements (19, 32,

L5, 54).

Polyethylene and Dacron are the two kinds of prosthetic

materials being used today. Grood and Noyes (19) studied

one such prosthesis now being marketed by Richards Manufac-

70
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turing Company. They have compared fatigue endurance limits
and strength of ultra-high-molecular-weight rolyethylene
implants with those of human specimens. The mechanical
properties tested were: tensile strength, residual elonga-
tion, creep, and bending fétigue.

As reported by Grood and Noyes (19) and shown in the
tensile stress-strain curve (Figure 18), the‘implant yields
and deforms plastically at‘elongaticn from 10 to 40 percent.
Above 40 percent elongation, the polyethylene implant
undergoes strain hardening and stress rises steadily until
implant failure. The ultimate failure strength is 41 mega-
pascals (6000 psi) and occurs at elongation ranging from
350 to 450 percent. The load elongation curve is shown in
Figure 19. The elastic region is non-linear with the stiff-
ness decreasing as force increases. The higher strain rate
causes an aporoximate 15 percent increase in the yield point
and an earlier onset of strain hardening.

Residual elongation tests were performed and Figure 20
shows residual elongation after a single load-unload cycle.
A 203 newton force produced a peak elongation of 2.3 per-
cent. After removal of the’force, a residual elongation of
0.15 percent remained. It took approximately one hour for
the implant to return to its original length. At a low
peak force of 117 newtons, residual elongation is not very
apparent and recovers fully at 10 or 100 seconds. At the
highest applied force, 273 newtons, full recovery does not

occur even after 90 minutes. 1In the cyclic creep tests,



Figure 18, Stress-Strain Curve of Ultra-High-Molecular-
Weight Polyethylene Ligament Implant. The
Test was Carried at a Strain Rate of 1 Per
Cent Per Second at Room Temperature. The
Solid Line Indicates a Previously Unstress-
ed Implant. The Interrupted Line Indicates
an Implant After it Has Been Subjected to
Eighty-one Million Stress Reversals in the
Rotating~-Beam Fatigue Tester.
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Figure 19. Load-Elongation Curve for the Polyethylene Im-
plant at Low (1 percent per second) and High
(100 percent per second) Elongation Rates.

Figure 20. Residual Elongation After a Single Load-Unload
Cycle.
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the prosthesis was cycled 250,000 times at 250 newtons at

1 Hz. The average load of 130 newtons was subjected to the
prosthesis during the cyclic tests which resulted in a 22
percent (7.6 mm) creep elongation of its length. At the end
of cyclic testing, the implant began to shorten progres-
sively and recovery was found to be 40 percent of the 7.6 mm
maximum elongation after 1000 seconds.

In fatigue tests, the implant was subjected to 81
million stress reversals at a rate of four per second.
During the first 20 million cycles, the implant was bent in
the narrow center section to an angle of 30 degrees and the
remaining portion of the tests were conducted with an im-
posed bend of 45 degrees. The bending moments for those
bends on an untested implant were 261 and 396 newton-meters.
After 81 million cycles, the bending moments required were
191 and 364 newton-meters respectively. No sign of failure
was visually apparent at the end of the tests. The implant
was then tested as to failure in tension and showed an
alteration in its curve of load-elongation when compared
with normal implants (Figure 18), namely a 10 percent reduc-
tion in stiffness and a marked reduction in ductility.
Failure occured through the section with reduced diameter
at a stress of 25 magapascals and an elongation of 110 per-
cent. In comparison, the normal implant failed at a stress
of 40 magapascals at nearly 350 percent elongation. The
fatigued implant did not exhibit a well defined yield point

or a subsequent drop in stress prior to the onset of strain
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hardening. Instead, the force rose steadily as the implant
was elongated.

3rood and Noyes (19) compared the mechanical vproverties
of the polyethylene implant with that of human anterior
cruciate bone-ligament-bone units. Figure 21 shows the com-
parison of load-elongation behavior of the implant and the
human tibia-anterior cruciate ligament-femur preparations
from younger and older adults, The implant deforms plastic-
ally and elongates permanently at a force approximately one-
half and one-forth the maximum failure force of the specimens
obtained from olcder and younger humans respectively.

. In the cyclic creep tests, no adverse effects on
mechanical strength of the implént were found. However,

the creep behavior shown in Figure 22, suggests that under
in-vivo loading conditions, the prosthesis will undergo
significant amounts of creep elongation and recovery concom-
itant with periods of activity and rest.

The exact forces to which the anterior cruciate
ligament is subjected are unknown. Grood and Noyes (19),
however, refered to Morrison (35, 36, 37) who calculated
the forces acting on each cruciate ligament during level
walking (anterior cruciate ligament, 169 newtons;
posterior cruciate ligament, 352 newtons); during ascend-
ing (67 and 641 newtons) and discending stairs (445 and
262 newtons); and during ascending (27 and 1215 newtons)

and descending a 9.45 degree ramp (449 and 93 newtons). For

the anterior cruciate ligament, there is one condition in



Figure 21. Creep Elongation During Cyclic Loading. The
Creep Elongation and Cyclic Change in Length
Which Result From the Load-Cycling for Vari-
ous Times During the Test are Shown on the
Left. A Single Load Cycle is Shown in the
Inset. The Shortening of the Implant Which
Occured on Cessation of Load Cycling is Indi-
cated on the Right.

Figure 22. Comparison of Load-Elongation Behavior of the
Implant and the Human Tibia-Anterior Cruci-
ate Ligament-Femur Preparations.
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which the forces presented exceed the yield point force of
the implant (420 newtons). If the prosthetic ligament is,
‘in fact, subjected to forces of 449 newtons or larzer, such
as may be expected during strenuous activity, the prosthesis
will elongate and its ability to control anterior-posterior
knee stability will be diminished. However, according to
Grood and Noyes, with all the assumptions made by Morrison,
the average maximum force values calculated by him are
within a factor of two of the actual maximum forces during
normal walking.

Assessing the adequacy of the strength of the poly-
ethylene implant, Grood and Noyes concluded saying that the
margin of safety of the Richards implant is low in terms of
its ability to resist expected in-vive forces without sus-
taining permanent deformation. The data suggested that the
implant may function adequately in an older vatient in whom
the level of activity is restricted to avoid large muscle
and joint forces which subject the implant to high in-vivo
loads. No definitive conclusions could however, be made on
the safe acceptability of the implant system in general,

Dacron is another kind of prosthetic material being
used for artificial ligament. Not much of a publication
could be found in the literature on the behavior of dacron
ligamentous implant. As reported by Bejui, Tabutin, and
Perot (3), many surgeons have attempted to use both dacron
(41) and polyethylene (4) ligament implants, but breakage

and reactive synovitis are common phenomena. One aspect of
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the mechanical strength i.e. fatigue behavior of dacron
implant in bending with certain pre-load in tension and
torsion, being investigated in this study is discussed in
detail in Chapter VII.

Nevertheless, researchers are still investigating on
the causes of in-vivo implant failures and on the problems
of safe use of both polyethylene and dacron implants as a
permanent prosthetic replacement of the knee ligaments.
However, much depends on the knowledge of the magnitudes
of forces to which the cruciates and other ligaments or
their replacements would bg.subjected to during various
activities. With the knowledge of these forces, definitive
statements could be made as to the mechanical suitability

of the implants.,



CHAPTER VI
DESIGN OF THE EXPERIMENT

The main objective of this study was to carry out the
fatigue analysis of an artificial dacron ligament which
could be recommended for uée as cruciate ligament prosthesis
in human knee joint. The fatigue testing was to be carried
out in bending with the specimen pre-loaded in combined
tension and torsion. 1In order to apply this kind of load-
ing, it was necessiated to build a specially designed

Fatigue Testing machine alongwith suitable loading fixture.

A. Design of the Fatigue

Testing Machine

The machine was designed primarily for the testing of
any flexible material having a small cross-section for
fatigue testing under a certain range of bending stresses.
The specimen could be pre-loaded in tension and torsion.

The machine with its combined tensile, torsional, and bend-
ing stress attachment as shown in Figure 23, is a compact
bench mounted unit, consisting of a rigid bolted frame,
horizontally adjustable vise, variable throw crank, cycle
counter, cut-off switch, variable speed drive, and orovision

for applying pre-tensile and pre-torsional load to the

82



Figure 23. Combined Stress Attachment for Fatigue Testing
Machine.
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specimen. The unit occupies a space of 30 inches long,

24 inches wide, and 16% inches high.

Loading Mechanism and Components

The leading force of the machiﬁe is transmitted by a
variable speed motor through a pulley and belt to the main
shaft. Force from the main shaft is then transmitted
through a four-link mechanism to the specimen. The variable
throw crank itself, at the end of the main drive shaft is
acting as the input (driving) link of the four-link mecha-
nism. The variable throw crank adjusts the amount of
deflection (i.e., the crank or input link length) and trans-
mits the force through a rigid coupler link to the output
(driven) link. The output link is extended beyond the pivot
joint in a cantilever fashion. The oscillating motion of
this end of the output link is then used to apoly cyclic
bending load to the specimen.. The effective length of the
output link, from the coupler link to the vivot joint, can
be adjusted by sliding the pivot joints along the longitu-
dinal slots provided in both arms of the output link.

Pre-tensile load is applied by putting dead weights on
a weight pan, suspended on a steel rope through a pulley
fixed to a bracket. The rove in turn is attached to the
right hand spindle. The spindle which is fixed with a spec-
imen holding chuck (gripper) is ad justable to accémodate
shorter or longer specimen sizes. Pre-torsional load to

the specimen is applied from the other end by a torque
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transducer through another adjustable spindle at the left

which is also fixed with a specimen holding chuck (gripper).

Frame., The structural frame consists of four vertical
supports rigidly bolted to the base plate. The loading
fixture contains mainly the coupler and output links of a
four-bar linkage mechanism connected together by pin joints.
Both the coupler link and output link has two arms. The
supporting frame holding the output link has also two arms

joined together at the top by a seperate link.

Horizontal Vise, The vise is horizontally adjustable

and essentially it adjusts the position of the supporting
frame holding the outout link. Vertical ad justment to
accomodate various sizes of specimen is provided in the
supporting frame itself through a vertical spindle at the

too and the bottom, independent of each other.

Crank, The variable throw crank has a range of 0 to 1%
inches and is adjusted by loosening the four socket head
screws around the face of the crank and adjusting the socket
head screw near the eccentric. The coupler link {connecting
rod), which rides on a precision bearing, transmits the
eccentric action of the crank to the output link, which is

also acting as the bending arm for applying bending load

to the specimen.

Flywheel. The flywheel is mounted on the main drive

shaft., The transmitted force as absorbed by the specimen
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and the loading fixture is never uniform during the cyclic
up and down movement of the specimen. The oscillating
movement of the output link has a zero velocity and acceler-
ation at its two extreme positions. During each cycle, the
force absorbed by the output link varies twice from zero to
its maximum value. The flywheel serves as a means to store
energy during those moments when not much of force is needed
to drive the output (driven) link and supply this energy
during those moments when some extra force is required to

drive the output link.

Spring Loaded Plunger Assembly. The spring loaded

plunger holding the left hand spindle is housed on a rigid
block at the left. The plunger itself has a free rotating
motion and only a limited translatory motion along its
horizontal axis. Two cylindrical type 0il impregnated
bronze bearings and two precision thrust bearings, one at
each end of the plunger, facilitates the free movement of
the plunger without any significant amount of friction
loss. The thrust bearing at the left takes only the spring
thrust due to its compression. The thrust bearing at the
right takes up all the load provided by the tension of the
specimen. The spring is a compression type with ends
closeﬁ and square grounded. It has a force of 32 lbs/in\
with 70 percent deflection. After the specimen is pre-
loaded in tension, the spring should be in full compression.

When the specimen fails, this compressive force of the
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spring slides the plunger backward to a dead end. This

backward movement of the plunger then strikes the cut-off

gwitch in order to stop the machine.

Cut-off Switch. The cut-off switch is provided to shut

off the entire machine when the specimen fails. It is an
extended lever type, spring reset, 115 volt, 15 amps micro-
switch. The cut-off switch is mounted and fixed in such a
position that the lever arm of the micro-switch normally
remains pushed by the locking nut at the end of the spring-
loaded plunger. At this position, the circuit is open and
the machine is not running; the spring loaded plunger is
seated on its backward dead end position and the specimen
is not yet pre-loaded in tension., When the specimen is pre=-
loaded in tension, the plunger moves to the right and
releases the lever arm of the micro-switch. At this, the
circuit gets closed and the machine will run when the power

supoly from the main is switched on.

Weight Pan. The weight pan is suspended freely by a
steel rope through a pulley mounted on a bracket. The rope
is fastened to the end of the right hand spindle. The pan
itself together with the hanging portion of the rope has
negligible weight as‘compared to the amount of tensile load

to be applied to the specimen by putting dead weights on

the weight pan.

Cycle Counter. The counter located on the right side
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of the machine, is a six digit, resettable unit, which
counts every three cycles. The counter is driven by a flex-

ible wire attached to the main drive shaft of the machine.

Variable Speed Drive. The drive system consists of a

1 H.P.. 1725 rpm, 115 volt variable speed motor and a link
V-belt which drives the main shaft. The Speed ranges are
adjusted by the speed control knob on the STATOTROL JR
controller, which is specially designed for applications
requiringIOnly the basic start, stop, and speed control

functions.

Torgue Transducer. Pre-torsional load is applied with

the help of a torgue transducer which is mounted on a clamp-
ing base at the extreme left of the machine. A lever arm,
fixed to one end of the rotor shaft is used for apvlying the
required amount of torque. The torsional load is then
transmitted to the specimen from the transducer throush a
coupler joint and the horizontally mounted left-hand spin-
dle, to which the left-hand specimen holding chuck (grioper)
is fixed. The left hand spindle is free to move longitudi-
nally along the axis of the coupler which has a key slot

all through the movement of the svindle inside the coupler.
However, the key provided at the left end of the spindle,
restricts the free rotatory movement between the coupler

and the spindle,
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B. The Motion Analysis of

Four-Link Mechanism

The four-link mechanism through which the motion is

being transmittéd from the main shaft to the specimen, is
essentially a crank-rocker mechanism, in which the input
link (the variable throw crank) rotétes through 360° and
the output link oscillates through an angle #. The mecha-
nism as has been designed is shown in Figure 24, Both the
input link, OA and the output link, BM could be varied in
length as per requirement; The respective link lengths
are as follows;

Input link, OA r 0 to 13" (variable)

Coupler link, AB ' 8 (constant)

Output link, BM 1 3 to 5%" (variable)

Fixed link, OM s 8.41 to 9.?1" (varies when input

or output link len-
gth is varied.)

Grashoff Criteria

The type of motion displayed by a four-link mechanism
can be predicted by applying Grashoff criteria to this
mechanism. The Grashoff criteria are stated as follows:

1. A four-link mechanism belongs to Class I mechanism
provided the sum of the lengths of the shortest and longest
links is less than or egual to the sum of the lengths of its
other two links. For Class I mechanisms, the tyve of mecha-

nism can be predicted using the following rules:



Figure 24, Pour-Link Mechanism of Fatigue Testing Machine,
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Input link, OA: 0 to 11"
Output link, BM: 3 to 5%
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a. If the shortest link is the invut link, then
the four-link mechanism is a crank-rocker mechanism.,

b. If the shortest link is the fixed link, then
the four-link mechanism is a crank-crank or a drag-link
mechanisn.

c. If the conditions other then those those
described in a or b are satisfied, then the four-link
mechanism is a rocker-rocker mechanism.

2. A four-link mechanism belongs to Class II mechan-
isms provided the sum of the lengths of the shortest and
longest links is greater than the sum of the lengths of its
other two links. A Class II mechanism is always a rocker-
rocker mechanism.

Thus, in the mechanism shown in Figure 24, the input
link, OA is always the shortest link of all the links even
if we consider its maximum value of l%". Also, as shown in
Figures 25a and b, the fixed link, OM is always the longest
link of all the links. If Lyip a@nd Lpax are the lengths of
the shortest and longest links respectively, then, it is
shown that the summation of the shortest and longest links
is always less than the summation of the other two links,
AB and BM.

Hence, the mechanism as designed and built is a Class I
mechanism as per Grashoff's criteria and since the input
link, OA is always the shortest link, we would call this

mechanism a crank-rocker mechanism.



Figure 25, Crank-Rocker Mechanism. Respective Link Lengths
are Shown for (a) One Inch and (b) One and
Half Inch of Input Link Lengths. Fixed Link
OM Varies as and When the Input and Output
Link Lengths are Varied. The Mechanism as Sho-
wn is a Class I Mechanism,



Lmin= Shortest link, OA S

Lpax= Longest link, OM

Other two links are AB and BM
Lpint Lpax = OA+ OM

OA + OM<AB + BM (always)

Ma Horizontal

Vertical distance between

|

joints 0 and V¥ always 8 inches |
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Minimum Transmission Anzle

The included angle between coupler link, AB and output
link, MB is known as transmission angle. As shown in Figure

26, when o3 = 0°

or 1800,.th¢ transmission angle is either
maximum or minimum. The quality of motion of a four-link
mechanism is dependent upon the minimum value of transmis-
sion angle. The force transmission from the coupler link
to ;he output link is most effective when the transmission
angle is 90°., With the rotation of the input link, the
value of the transmission angle also changes. For better
transmission of motion, deviation of the transmission angle
from its ideal value of 90° should be kept as minimum as
possible. Transmission angle less than 15° create unusually
higher accleration, objectionable noise, and jerk at high
speed.

For the mechanism being discussed here, the minimum
transmission angle has been calculated by the application
of cosine law and as shown in Figure 26.)Lmin is 58.28O for
the maximum and minimum possible values of inout and output
link lengths respectively. This is the lowest minimum
transmission angle in any combination of input and outout
link lengths, provided the machine is set up in such a way
that in the two limiting positions, as will be discussed
below anc¢ shown in Figure 24, the input link and coupler

link both should remain on a gtraight vertical line.



Figure 26. Transmission Angle of Four-Link Mechanism. (a)
: Minimum and (b) Maximum Values of Transmission
Angle When Input and Output Link Lengths are
Set to Their Maximum and Minimum Values of 1.5
Inches and 3.0 Inches Respectively.
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Limit Positions and Angle of Oscillation

In a four-link mechanism, the 1limit position for a
output link is defined as a position in which the interior
angle between its coupler link and input link becomes either
360° or 180°. The mechanism as shown in Figure 24, has two
limit positions 0A1B;M and OA,B,M and the angle £N1MN2 is
known as the angle of oscillation made by the output link
in moving from one limit position to the other. The maximum
angle of oscillation which one could get with the mechanism
shown is 60°, fhis angle is obtained by setting the input
and output link lengths to their maximum and minimum values
respectively. The maximum input link length possible with
the Fatigue Testing machine is 1% inch and the minimum out-
put link length possible is 3 inches. In the limit vposi-
tions, the pivot points 0, A, and B lie on a straight line.
In order to divide the total angle of oscillation into two
equal halves of bending angle from the horizontal neutral
line, it is necessary that in the limit vositions, the
~straight line on which the points 0, A, and B lie should
also be a vertical line. The Fatigue Testing machine has
been so designed as to have necessary fixtures for attain-
ing this kind of limit positions when all the points 0, Ay,
Bl and O, Ao, B2 lie on the same vertical line and in the
two limit positions the points B; and B, have the same
amplitude from the horizontal neutral line. The total

angle of oscillation ZNlMNz is thus divided into two equal
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halves of bending angles ZNIMNO and ZEZMNO at which the
specimen would be tested with its cyclic reversal of bend-

ing load.
C. 'Setting the Machine

Thé machine needs to be set up accurately before doing
any kind of experiment on it. The correct setting of the
machine is dependent on the positions of the pointers A and
B (Figure 27). The pointer A should always be at the same
hight level as with the center of the crank head assembly.
And the vointer B should point vertically downward when the
variable throw crank is set to its zero value and the cir-
cular position of the crank head assembly is set to zero at
the pointer A as shown in the figure. The positions of the
pointers A and B are already set in the machine and should
not be distributed by any means. However, the positions
of the pointers should be checked from time to time and if
any deviations found, they must be reset to their correct
positions with the help of a hight zauge and a spirit
leveling gauge.

STEP 1ls Loosen the two socket head bolts (pivot

joints) on the two sides of the supporting frame on the

horizontal vise and adjust the length of the output link

(i.e., the driven link) by sliding it back and forth into
the slots provided in both the arms of the outout link.

The length of the output link is decided upon by the

required amount of bending angle at which the specimen



Figure 27. The Correct Positions of the Pointers. The Poin-
ter A should always be at the Same Hight as
Wwith the Center of the Crank Head Assembly.
The Pointer B Should Point Vertically Downward
When the Variable Throw Crank is Set to Its
Zero Value and the Circular Position of the

Crank Head Assembly is Set to Zero at the Po-
inter A.
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would be tested. The length of the outout link for any
reguired bending angle could be found in Figure 28, corres-
ponding to a fixed length of the crank throw. The linesar
scale engraved on the front arm of the output link, measures
the effective length of the output link. The pivot position
of the ocutput link is then fixed by tightening the bolts ,
of the pivot joints.,

STEP 2: Loosen the four socket head screws around the
face of the crank. Figure 29 gives the angle through which
the variable throw crank should be eccentrically rotated for
any desired crank length corresponding to the reguired bend-
ing angle already decided upon in Step 1. Bring the O-mark
on the variable throw crank to its required position by
looking at the half circular scale as shown in Figure 30.
Tighten the four screws and the crank length would remain
fixed at this set value till it is not changed again.

STEP 3: Rotate the variable throw crank head assembly
clockwise or anti-clockwise and at the vointer A, set it to
an angular position, as given in Figure 29, corresponding
to the crank length already fixed in Step 1. This position
of the crank head assembly should not be disturbed till the
completion of Step 4.

STEP 4s Loosen the clamping strips of the horizontal

Vise and slide the supoorting frame back and forth until
the pointer B, on the front end of the variable throw crank

is pointing towards the arrow-head mark on the coupnler link



Figure 28. The Length of the Output Link for a Desired Ben-
ding Angle Corresponding to any Fixed Length
of the Crank Throw (See also Figure 36,
Apper)ldix C for output link length calcula-
tion).
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Figure 29. Eccentric Rotation of the Variable Throw Crank
Corresponding to Different Values of Crank
Throw (i.e. Input Link Length). Also Gives
the Angular Position of the Crank Head Assem-
bly Required for Setting the Machine.(See also
Figure 37, Appendix D),
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Eccentric Rotation

Angular position

Crank Throw of the Variable of the Crank Head ,
a Throw Crank Assembly o

g = 2Sin‘l(1375> ¥ = 180°- <L8°—2:_¢>
1/8" 9. 56° 94 ,78°
Y/ 19.19° 99.60°
3/8" 28.96° 104.48°
1/2" " 38.94° 109, 47°
5/8" 49.25° 114.63°
/4" 60.,00° 120.,00°
7/8" 71.37° 125,69°
1" 83.62° 131.81°
%" 97.18° 138.59°
iy 112.89° 146,45°
17" 132.89° 156 ,45°
1" 180.00° 0 or 180°




Figure 30. Setting the Machine for a Crank (or Input Link)

Length of 3/4". The Pointer B Should Point
Directly Towards the Arrowhead Mark on the
Coupler Link, When the Crank Head Assembly is

Set to Its Reculred Angular Position at Point-
er A as Shown in Figure 29.
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(Figure 30)., Clamp the horizontal vise tight at this
position.

The four-link mechanism as set by the above procedure,
will now have all its three points 0, A, and B on the same
vertical line in its two limiting positions as shown in
Figure 24, The output link will now oscillate up and down
with a constant amplitude from the horizontal neutral line.

The machine is now completely set for the required
amount of bending angle at which the specimen would undergo

the cyclic testing.
D. Preparation and Fixing the Specimen

The fixture for mounfing the specimen has been made to
accomodate both a shorter and longer length of specimen.
Natural ligaments are not very long, but, the artificial
ligaments could be cut into various sizes of lengths to fit
into the machine. However, fof comparative reasons, the
artificial ligaments also should be cut into smaller
lengths., A length of four inches has been fixed here for
doing the subsequent fatigue testing. O0Of the total length
of the specimen, two inches would be required for griping
at the two ends and the other two inches would be under
actual test. |

In order to prevent any vpossible slippage of the speci-
men in the gripper, the ends of the specimen are wound and
reinforced with good quality cotton threads as shown in

Figure 31. Near the ends, a small portion is raised in



Figure 31, Minimum Size of the Specimen. The Ends are Rein-
forced and Raised by Winding Cotton Threads.
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diameter with enough number of turns of cotton threads so

that the ends of the specimen will get locked into the
inner ends of the grippers. To prevent failure of the
specimen at the ends of the the gripvers due to twisting
effect of the torsional load, full l%é" portion  from both
the ends are tightly wound with cotton threads and covered
fully as shown in Figure 31.

Before inserting the ends of the specimen into the
grippers, the respective positions of the gripvers are to
be set approximately by moving the spindles holding the
grippers, backward or forward as needed. Apart from the
screw motion, the gripper on the left has a linear movement
of 3/8" between the two dead ends. Normally, when the
specimen is not loaded, it is set to the left hand dead
position by the spring force. When the specimen is loaded
more than 25 pounds in tension, the spindle is set to its
right hand dead position. This free motion of the spindle
is to be accounted for while setting the position of the
left hand gripper from the vertical roller support at which
point the specimen would be bended. A minimum distance of
l;@‘ from roller support is taken so that when the specimen
is pre-loaded in tension, the front end of the left hand

gripper comes to a dead end position, one inch from the
Supporting rollers. At this point, the jaws are opened and

one end of the specimen with the raised portion is inserted

into the left hand gripper. The jaws are then closed
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loosely and keeving some tension on the specimen by hand
the jaws are tightened fully.

In orcer to insert the other end of the svecimen, the
right hand gripper is brought forward by rotating the
spindle on the knurled sliding nut at the end of the out-
put link. The end of the specimen with the raised portion
is slipped inside the gripper and the Jaws are closed
lightly as before. Some tension is apolied to the specimen
by pulling the spindle from the right end and turning the
knurled sliding nut forward until it engages firmely on its
seat. The jaws of the right hand gripper are then tightened
fully. After the grippers are tightened, the specimen
should be checked for any twisting along its length between
the grippers. If there is any, the right hand spindle
should be rotated clockwise or anti-clockwise as needed,
holding the sliding nut. When the specimen is fully
straightened, the sliding nut should be set firmely back to
its seat, holding the spindle in its new vosition. The top
vertical roller supvort should now be brought down to meet
the bottom vertical roller support, which is already set
and locked in its correct position. Bending of the specimen
would occur at the inner groove between these two supporting
rollers with an equal cyclic bending reversals. The speci-

men is now ready for pre-loading it, first in tension, and

then in torsion.
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E. Loading the Specimen

The specimen could be pre-loaded in tension and torsion
as dictated by the reguirements of the experiment for
fatigue testing. Pre-loading the specimen in tensiop is
done by outting dead weights on the weight pan suspended on
a steel rope which is being carried through a pulley and
hooked to the end of the right hand spindle. As more and
more weights are put on the weight pan, the specimen would
be elongated and the sliding nut would come apart from its
seat. After adding the required amounts of weight, the
sliding nut is turned back to its seat, holding the spindle
by a wrench at the end. A locking nut is provided with the
spindle which should now be turned to lock the spindle at
this position. The steel rope with the dead weights may
then be unhooked and taken off from the spindle. Since the
spindles are locked in their respective positions, the
specimen would remain in proper tension during the on-going
of the experiment as long as the specimen does not tear off
due to fatigue failure.

Pre-torsional load is applied to the specimen with the
help of a torque transducer fixed on a sliding base at the
left. A lever arm is fixed to the left of the rotor shaft
and the torque may be applied either manually or through
Instron Testing machine. 1In the later case, the lever arm
is connected to the Instron Testing. machine by some link-

ages. The digital voltage meter which is connected to the
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torque transducer, reads the amount of torque applied in
terms of voltage. A callibration chart is prepared with
known amount of torque which then gives the torque equiva-
lence of the voltage output shown on the meter during the
actual experiment. The position of the lever arm is kept
fixed at a pre-determined amount of torque to be applied
to the specimen. The specimen is now pre-loaded both in
tension and torsion.

The fatigue testing may now be started by switching on
the machine and setting the variable speed motor at a pre-
determined number of cycles per second. The specimen will
now undergo stress reversals at its bending point until
failure. The bending angle at which the specimen is bent
upon is already set into the machine. The total number of

stress reversals may then be read from the cycle counter.



CHAPTER VII

FATIGUE TESTING, RESULTS, AND DISCUSSION

This chapter presents the actual fatigue testing of
the ligament prosthesis. The specimen was prepared in four
inches of lenéth from the original size of an artificial
dacron ligament. In order to prevent possible slippage of
the specimen in the grippers due to tensile load and also
to prevent failure at the ends of fhe grippers due to twist-
ing effect of the torsional load, the ends of the specimen
were tightly wound with cotton threads as described in the
previous chapter.

Before mounting the specimen, the machine was set for
30° bending angle at which the specimen would be tested.
The bending arm had its total 60° angle of oscillation and
during each revolution of the driving shaft, the specimen
would undergo a complete reversal of bending load from
maximum tension to maximum compression. The specimen was
then mounted properly on the machine and pre-loaded in
tension and torsion.

A tensile load of 100 1lbs was applied to the specimen
by putting equal amounts of dead weights on the weight pan
and then locking the device at this load. A pre-torsional

load of 3 in-1lbs was then applied to the specimen through

117
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the torgque transducer. The machine was then set ready for
cyclic testing in bending with the above setting of pre-
tensile and pre-torsional load.

The cycle counter was set to its zero reading and the
machiné was turned on to run at a speed of two complete
revolutions per second. Each complete revolution thus
imposed two load-unload bending cycles of opposite direction
on the specimen. The experiment was carried out in room
temperature., After 200,000 stress reversals, the test was
stopped and no sign of failure was observed in the specimen.
The specimen was then put to a tensile test until failure
in the Instron Testing machine. The load-elongation curve
of this tensile test is shown in Figure 32.

A fresh specimen was also put to tensile test until
failure and the load-elongation curve for this test is

shown in Figure 33.

Results and Discussion

As already mentioned, no sign of failure could be seen
visually in the fatigue test after 200,000 of load-unload
bending cycles of opposite direction on the specimen. How-
ever, the tensile test on the fatigued implant showed a
marked reduction in its ultimate strength. As shown in
Figures 30 and 31, the ultimate tensile load for the
fatigued specimen is 635 pounds and that for the fresh
specimen is 731 pounds. This amounts to a reduction of

13.13 percent of the original strength of the implant.



Figure 32. Load-Elongation Curve of the Fatigued Implant
After 200,000 Stress Reversals.,
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Figure 33. Load-Elongation Curve of Previously Unstressed
Dacron Ligament Implant.
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Load-strain diagrams as obtained from the load-elongation

curves are shown in Figure 34, As could be seen, the ulti-
mate failure points are well defined in both the fresh and
fatigued implant. However, the elastic range of the curves
do not show a perfect linear relationship between load and
strain. As evident from the load-elongation curves and also
from the physical appearence of the specimens after the
completion of the tensile tests, the fatigued implant showed
a sudden and sharp decrease in load compared to the fresh
implant after the final rupture of the specimens. The
fatigued implant showed a clean breaking avpart sign at the
point where fatigue stress in bending was applied. As
compared to this, the fresh implant showed a gross disrup-
tion of the fibers at certain point within the effective
length of the specimen. At the point of ultimate failure,
the fatigued implant had a total elongation of 10.83 percent
as compared to 12.80 percent for the fresh imvlant. Struc-
turally, after the final rupture, the fiber bundles of the
fatigued implant disintegreted into its constituents of a
thin, fluffy, and wavy material interwoven together into a
fine mesh. However, some fibers in the fresh implant were
8till intact after the final rupture of the specimen. The
gross disruption of the fibers showed an irregular pattern
of failure around the neck of the specimen where the failure
occured.

Several data on the strength of human cruciate liga-

ments are now available. Kenedy et al. (31), revorted a



Figure 34, Load-Strain Diagram of Dacron Ligament Implant.
Tests Were Performed at a Strain Rate of 2
Centimeter Per Minute at Room Temperature. The
Solid Line Indicates a Previously Unstressed
Implant. The Interrupted Line Indicates an
Implant After 200,000 Stress Reversals in _.
Bending With the Implant Being Pre-loaded in
100 Pounds of Tension and 3 Inch-Pounds of
Torsion.,
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maximum load of 63+2.3 kg for the human anterior cruciate
ligament at a strain rate of 50 cm/min. The ages of the
specimen tested, ranged from 20 to 75 years with a mean of
62 years. No statistical correlation was found between age
and failure strength. In contrast, Noyes and Grood (39)
reported that a statistically significant correlation exists
between age and the failing strength. The tensile tests as
carried out by them on human anterior cruciate ligament
showed a much higher value of maximum force for younger
human than older human. The maximum load for svecimens
from older human (43 to 86‘years) was 0,734* 0,266 kilo-
newtons and for that of younger human (16 to 26 years), it
was 1.73%0.66 kilo-newtons. The maximum load values as
given by Noyes and Grood are much higher than those given
by Kenedy et al. However, the tensile tests on the artifi-
cial dacron ligament showed a much higher value of maximum
load than any of the available data on real anterior cruci-
ate ligament. The tensile test on the fatigued implant
showed a reduction of maximum load from 731 to 635 pounds.
Apparently, even after 200,000 stress reversals, the implant
showed a zreater value of maximum load than those of real
ligament. A lower value of strain rate, 2 cm/min was
applied during the tensile tests for both the fresh and
fatigued implant. This rate is much lower than those
applied by Xenedy et al. or Noyes and Grood while doing

the tensile tests to failure for real ligaments. At higher
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strain rates, one could expect much higher values of maximum
loads for the dacron ligament implant.

Assessing the adeguacy of the strength of the dacron
ligament implant depends on the knowledge of the magnitudes
of forces to which the anterior cruciate ligament or its
replacement would be subjected during various activities.
Only with the knowledge of these forces, can definitive
statements be made as to the mechanical suitability of the
implant. For normal gait, Morrison (35, 36, 37), used a
combined experimental and analytical approach and calcu-
lated the forces acting on each cruciate ligament during
various activities. This has already been described in
Chapter V (Page 77), and the maximum force obtained, for
anterior cruciate ligament was 445 newtons while descending
stairs, and for posterior cruciate ligament was 1215 new-
tons while ascending stairs.

The maximum failure strength (731 1lbs), as obtained in
the tensile test of the fresh dacron ligament implant serves
to demonstrate that the dacron implant has been designed to
function under much higher stresses than those imposed by
normai activities. However, the result of the fatigue
test in bending with the implant pre-loaded in tension and
torsion indicates a reduction in mechanical strength and
this needs further investigation on the amount of tencile
and torsional load to which the specimen was pre-loaded.

A torsional load of 3 in-1bs as applied to the svecimen
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was probably a much higher value than the actual torsion to
which the real ligaments in-vivo are subjected during normal
activities. No quantitative report could however, be found,
indicating the amount of torsion which any of the individual
cruciate ligaments in the knee joint is subjected to during
normal gait. The rotational movement of the tibia with
respect to the femur in the horizontal plane reaches about
10° from full flexion to full extension. This small rota-
tional movement occurs in the last few degrees of extension
and usually, the maximum torque in normal gait develops when
the knee is near full extension. As per Morrison's report
(37), in normal knees the maximum torque develoved during
level walking is approximately 100 in-1lbs and this happens
at about 75 to 80 percent of the stance phase (i.e., 45
percent of a complete gait cycle). According to Morrison,
a greater part of this inward torque at the knee during
the stance phase is balanced by the tension oroduced in the
oblique posterior_fibers of the medial collateral ligament.
Also that the tension in this ligament reguired to vroduce
equillibrium would not significantly increase the values of
the joint force as the force in the posterior cruciate which
is also in tension at this part of the cycle, would tend to
be reduced in order to maintain the equillibrium of the
forces in the anterior-posterior direction.

From the consideration of the above, it could be con-
cluded that it is not the cruciate ligaments'which are being

subjected to any significant part of the increasing torgue
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acting at the knee during the stance vphase of walking,

However, any abnormal medial rotation of the tibia on the
femur is orevented by both the collateral and the cruciate
lizaments. At this stage, the anterior and the vosterior
cruciates act together by twisting on themselves to resist
a part of the torque acting at the knee,

In view of the above, 3 in-1lbs of pre-torsional load
applied to the dacron ligament implant during the fatigue
test was probably a much higher value which in combination
with 100 1bs of pre-tensile loéd, ultimately affected the
mechanical strength of the ligament implant. However, after
200,000 stress reversals, the ultimate failure strenzth of
the dacron implant was still high enough as compared to the
maximum load which the human anterior cruciate ligament is
subjected to during normal activities. But no definitive
statements can now be made about the mechanical suitability
of the dacron implant with respect to its fatigue strength.
The fatigue test which continued for 200,000 stress revers-
als is considered to be only a oreliminary investigation
on the mechanical strength of this dacron ligament implant.
Further investigation should be made on the nature and
magnitude of the forces which the real ligaments in-vivo
are subjected to during normal activities, and with a more
precise knowledge of these forces, a orolonged fatigue
experiment (up to a minimum of 2,000,000 stress reversals)

should be carried out on the dacron imvlant. Only then

a cdefinitive statement could be made as to the adequacy of
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the strength of the dacron implant when used as permanent

orosthetic replacement of the cruciate ligaments in the

human knee joint.



CHAPTER VIII

SUMMARY AND CONCLUSION

The decron ligament implant when subjecfed to fatigue
test in bending, showed a reduction of 13.13 percent of its
ultimate failure strength after 200,000 stress reversals.,
As compared to millions of fatigue cycles which a ligament
prosthesis must survive without any substantial change in
mechanical strength, the dacron ligament implant, however,
showed a substantial decrease in its mechanical strength.
Apart from the inherent méterial properties, there are
several other factors which could be attributed to the
cause of reduction of mechanical strength of the dacron
implant. The amount of pre-tensile load and the ligament
twist associated with the pre-torsional load, the bending
angle, the rate of stress reversals are some of these
factors. As mentioned earlier, the magnitude and exact
nature of these forces in-vivo in the human knee joint
during normal gait is not yet fully known. However, the
amount of ligament twist associated with the pre-torsional
load as applied to specimen may be analysed here with res-
pect to the ligament twist in-vivo in a knee joint during
normal gait. When apolying 3 in-1lbs of pre-torsional load

in the fatigue test, the specimen was twisted aporoximately
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900° (2% turns) about its longitudinal axis. This naturally
is an abnormal figure since the rotational movement of the
tibia with respect to the femur reaches about 10° from full
flexion to full extension of the normal knee joint. Also,
as reported by Maiya (33), when the tibia is subjected to
high torsional load, it is the capsular and collateral
ligaments which are damaged and not the cruciates which
remain intact even after the capsular ligaments were com-
pletly torn.

The nature of the above work was largely experimental.
But, sufficient number of tésts could not be performed
because of non-availability of enough number of svecimens.
Besides, in order to do the fatigue experiment with the
combined loading system in tension, torsion, and bending,
a specially designed Fatigue Testing machine had to be
built. The total work involved was therefore, divided into
three phasess first, designing the machine; second, building
the machine; and third, doing the actual fatigue experiment
on dacron ligament im?lant. A major portion of the work
done was in designing and building the Fatigue Testing
machine. It is anticipated that by building the Fatigue
Testing machine, an experimental base has been set up,
whereby many future experiments could be performed on any
artificial or real ligaments which require cyclic loading
in bending combined with pre-tensile and pre-torsional load.

However, as a preliminary investigation, the fatigue

test performed on the dacron ligament implant showed some
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definite result of some changes in its mechanical strength.
The ultimate failure strength was reduced substantially
after 200,000 stress reversals; yet the value was much
higher than any of the reported values of the maximum load
which the real cruciéte ligaments in-vivo are subjected to
during normal activities. No definitive conclusion could

be made here as to the adequacy of the mechanical strength
of the dacron ligament implant which should survive millions
of fatigue cycles when used as a vermanent prosthetic
replacement in human knee joint. Prolonged fatigue tests

up to a minimum of 2,000,000 stress reversals should be
carried out on a number of specimens. And a further investi-
gation should also be made towards the exact nature and
magnitude of the forces which the real ligaments in-vivo

are subjected to during normal activities.
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ABDUCT:

ADDUCT:

ANTERIOR;s
CARTILAGE:

CONDYLE:s
FEMUR:
FIBULA:
LATERAL:
LIGAMENT;

MEDIAL;s

MENISCUS;

POSTERIOR:
SYNOVIA:

TIBIA
TRANSVERSE;

TUBERCLE:

VALGUS:

VARUS:
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GLOSSARY

To move away from the middle of the body, on
one of its parts.

To draw toward or beyond the median line of
the body or its parts.

In front of or in the front part of.

A translucent elastic tissue characterized by
its scanty blood supply.

A rounded surface at the extrimity of a bone.

Thigh bone.

Smaller of the two bones in the calf.,

On the side (outside) opposite of medial.

A band or sheet of fibrous tissue connecting
two or more bones, and providing the integ-
rity of the joint.

Relating to the middle or center.

A crescent or disk shaped cartilage found in
certain joints.
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