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In this paper a geometrical approach for investigating the knee is suggested and applied. The
results of which undoubtedly affect the different research directions the knee is subjected to.
Experimental measurements are carried out here on the surfaces of the actual human knee
joints. Surfaces are then fitted to the experimental data collected using a high accuracy
optimization technique. Regression equations are obtained representing the surfaces of the
femur and tibia. The directions of the common normal as well as the path of contact for the
mating surfaces are obtained from this mathematical method. This procedure was applied for

different relative positions of femur and tibia.
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INTRODUCTION
he knee is a condylar synovial joint but
as regards the range of movements

allowed in the joint, it may be classified as a

modified hinge synovial joint. It is a large

and complicated joint as seen in Figure 1.

The joint consists of:

1. The femur, which is formed of an upper
end, a shaft and a lower end.

2. The patella is the largest sesamoid bone
in the body, developing in the insertion of
the quadriceps femoris. It is a flatted
triangular bone with its apex directed
downwards and its base directed
upwards.

3. The tibia is the medial and stronger bone
of the leg. Itis a long bone, which has an
upper end, a shaft and a lower end.

The knee joint has been studied from
many different viewpoints, but most of the
interest has been focused on the importance
of the role of the quadriceps in knee
function. For more clarification of this role,
same investigators related the angular
position of the knee joint and force generated
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by the quadriceps mechanism. Others
compared forces generated by the quadriceps
with respect to different types of muscular
contraction and normal versus abnormal [1].
The forces engendered by the flexors of the
knee were also studied together with the
mechanics of the knee joint [2].

Figure 1 The knee
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Mathematical models have proved to be
an effective mean to study structural
elements of the musculoskeletal system.
These tools are most effective in simulating
joint activities using the computer rather
than costly in vivo experimental procedures.
Also, one may list out ideas on the function
of the different components of the joint using
modeling techniques before performing such
tests on vitro or in vivo. However, models
must be validated experimentally [3]. Two
types of models  were  identified:
phenomenological and anatomical.

The state of the art of anatomical knee
models is summarized as follows:

1- Most models assumed either static or
quasi-static conditions. Omnly one
dynamic model is reported. It is a two
dimensional model, considering motions
to take place in the sagittal plane [4].

2- Few models of the patello-femoral joint
are identified. The most comprehensive
model reported is two dimensional [5],
and accounted for both movement and
forces in the sagittal plane.

3- An integrated model of the human knee
joint describing the interactions between
the tibia, femur, patella, and fibula do
not exist in either two-dimensional or
three-dimensional formats [3].

Jonsson, Karrholm and Elmgqvist [6]
found that during the active extension of the
knee, from passive flexion at 30°, the tibial
initially rotates internally followed by an
external rotation. At the same time
abduction occurs. The tibial intercondylar
eminence displaces laterally, distally, and
anteriorly. Absence of the Anterior Cruciate
Ligament (ACL) probably does not signifi-
cantly change the tibial rotations, but may
cause a more pronounced distal and anterior
position of the center of the knee, up to 10°,
at which the instability disappears. Hart,
Mote and Skinner [7] studied the flexion of
knee joint from O to 90°.

METHODS AND PROCEDEURES
In designing a true anatomic resurfacing
prosthesis for a joint, it is of prime
importance to study the articulating joint
shapes, internal structure and geometric

[§S]

properties of the bone. This is akey to the
better understanding of joint motion. The
object of this study is to develop a three-
dimensional kinematical model of the tibial-
femoral knee joint, which modeled as two
rigid bodies representing a moving tibia and
fixed femur.

CASE STUDY
Subjects
A normal dead knee joint -(femur and
tibia bones) - for a man (50 year of age), with
no history of knee pain during his life is
studied.

Experiment

Each bone was individually immersed in
a transparent polyester resin to fill up any
holes or cavitations found in it. The polyester
resin used here is known as Siropol8231 and
was given suitable time to cure. The bone
was then mounted by means of a cylindrical
frame in a casing containing black polyester
resin with glass fiber in order to facilitate its
mounting on the lathe.

The specimen was mounted on the lathe
and clamped properly to provide clean
cutting. Each cut was adjusted to remove a
layer of 1.0 mm thick from the femur, and
0.5 mm from the tibia. The exposed surface
profile, external reference lines and the frame
counter were photographed using a 35 mm
camera. The accuracy of measurement is
+0.01 mm which equal to the accuracy of the
lathe.

The photographs were traced using a two
dimensional digitizer (Auto  master
Summagraphics). Each digitized surface
profile was reproduced. They are stored in
DWG files and converted to DXF files using
the AutoCAD software. The X, Y data for
each layer were collected from the DXF files.
The data files were displayed using the
WinWord software and all unnecessary
statements appearing in the data are
omitted.

A Fortran program SURFMIN was

developed and designed to find the optimum
- equation fitting the two surfaces of the tibia

and femur. The optimization technique based
on the gradient method of Zettel [8] and
modified by Awad [9] is applied in order to
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minimize the following selected objective
function:.

- ;
¢ = Z . :Z measwred 3 Z calculated 1 ( )
Where:

Np is the number of points to be

fitted on the surface.

is the distance measured in Z

direction for a specific measured

X, Y values.

Zeaculared 1S the value of the distance :
obtainec from the equation
proposed to represent the surface
at the same specified X, Y values.

For the sake of good accuracy. two
conditions must be satisfied. The number of
measured points must be large and the
proposed form of equation must have enough
number of coefficients. The well-known
software such as SURFER or EXCEL can
execute only small numbers of points and
represents yield rather simple equations. So
the available surface fitting software are not
suitable for the present study and the need
for designing a special program SURFMIN is
required to incorporate a large number of
fitted points and complex to somewhat
equations representing the surfaces.

Due to the difficulty of the proposed
equations and the inclusion to a 10 and
more coefficients to be optimized, the
objective function may have many local
minima. The program is designed to keep
searching for the global minimum to attain
good accuracy between the equation
representing the surface and the real
measured surface it self. Many forms of

zn ieasured

equations are proposed and optimized. The

surfaces obtained from that equation failed
to realize accurate ﬁttmg with the mcasured
surfaces.

The optimized Equaticn 2 represents the

femur surface optimized, while equation 3 is
the optimized relation for the tibia surface.
The accuracy for Equation 2 is 91.4% and for
Equation 3 is 91.65%. These equations may
be written as,
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Z,=-32¥e " +0.065917¢ " —0.00085xy
+2.88v—232¥+0.0135x" -0.0058y" (2)

— 344 +02v7 +0 Ixve™ +.0207¢ ™"

—0.0496sin(x)cos(3) +0.039sme * +1.412

Z, =-2106xe” +188y°¢ *+0.0163y
+4.82x—4.36v+0.0109%" —0.006%" (3)
— 405" +0.3)" +.01ye ™ +.0207e—xv
—0.104sin(x)cos(y’) —0.00484sme " +0.16

In order to draw the two surfaces

. obtained a MATLAB program MATSURF is

developed. This program can plot each
surface separately or both together and can
allow also a rotation of one surface relative to
the other. Plots of the contours for the two
surfaces are options. The femur surface is
given in Figure 2. The tibia surface is given
in Figure 3.

PATH OF CONTACT OF THE TIBIAL-
FEMORAL KNEE JOINT
It is required to get the path of contact
between the tibia and femur during 90°
rotation from the in line position of the two
bones. This is great of importance in any
force analysis of the joint.

Procedure

To obtain the path of contact of tibial-
femoral joint, it is required to rotate the tibia
relative to the femur and with the help of a
suitably designed optimization program
named PATHFOR the points that realize the
same coordinates and the same common

vnorma], (direction cosines) are the contact
pomts

~The procedures are repeated every 2.5° of
the rotation of the tibia relative to the femur
to obtain the path of contact between zero
and a maximum angle of rotation of 90°.

The derivatives of the femur and

coordinates Z, and Z,are required for

calculating the common normal to the
surface.

(O3]
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Figure 2 Surface of the femur
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Figure 3 Surface of the tibia
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The direction cosines of the common

normal for tibia and femur at the poin
the contact must be equal and are calc

as follows: 'l il |
The vector in the direction of the cotm# i ]

normal of femur may be written as.
; . 4
Nr=4.i+B-j+C:k . A & ‘

and the vector in the direction of th
common normal of tibia may be written

NT =A_—i+Brj+Crk

Where:
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Where:
0 is a total angle of rotation.
Y, and Z. are the coordinates of the middle

point of the vector ’\? .

The software PATHFOR is designed in
FORTRAN language to search for the points
of contact between tibia and femur. Those
points provide the same coordinate position
and same direction cosines. This can be
realized by minimizing the following objective
function at each angle of rotation of tibia
relative to the femur.

@ =loosa; —cosay|  +  |cosfi ~cosfh| ©) b medial
+eosy, —cosy|+/(X.¥.2), - [(X.Y,2)] 8 £
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Figure 5 Relation between the path of contact in X-Y plane .
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Figure 6

For the lateral points of contact small
changes in Z direction take p.ace as joint
flexion angle increases. But for the medial
points the smooth changes in the Z direction
are the general trend up to 40° followed by a
high jump, then a drop to almost the same
previous levels. (see Figure 6).

DISCUSSION AND CONCLUSION
As a result of this work two equations
representing the surfaces of the femur and
tibia of the human knee joint are obtained.

This makes it possible to find the normals to

these surfaces and hence the path of contact

between the two bones is predicted. The form
of two paths undoubfully affect the force
analysis for the tibial femoral joint.

The two paths of contact are not similar

because of the following reasons

1. The angle of femoral torsion which takes
place when the longest axes of the upper
and lower ends of the femur are not in
the line with each other. The neck of
femur is directed upwards and rmedially
with a  slight forward inclination.
Accordingly, the long axis of the neck
forms an angle of femoral torsion with
the transverse axis of the lower end.

2. The effect of the cartilage between the
two bones is neglected because it is
somewhat difficult to find it in vivo and
the donation system does not exist.

14

path of contact in three (imensions

3. The effect of muscles and ligaments are
neglected.

For a more accurate path of contact, the
future work should include the following:-

1. A more general kinematic analysis taking
into consideration the real paths of
contact between patella, tibia and femur.

2. Force analysis model, which takes into
account the effect of ligaments and the
real directions of reactions between the
mating surfaces of the human knee
*joint.

3. A more realistic model of the knee joint
considering the elasticity of the mating
surfaces and the presence of the synovial
fluid.
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