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Abstract

This work is aimed at identifying the factors that determine the anterior/posterior
stability of knees that have prosthetic articulations. It is also aimed at clarifying
the manner in which each of the factors contributes to the determination of knee
stability; and at determining ways in which anterior/posterior instability of the
knees can be prevented.

The subject of knee stability and previous contributions to knee modelling and
related empirical work were reviewed, and the limitations of current orthopaedic
practice and research were identified. Stability-determining methods of
engineering, physics, and mathematics were also reviewed; and a method was
selected for the purpose of this thesis.

With femorotibial motion restricted to the sagittal plane, a wide range of knees
that have prosthetic articulations were represented by a generalized mechanical
system. On the basis of this system, nonlinear analytical models were
developed on the knee's kinematic constraint, energy, quasi-static force versus
deflection, stiffness and anterior/posterior stability.

Model-based simulations were carried out to show the effects of specific system
configuration variables, input load-parameters, and ‘constants’ on the
anterior/posterior stability of the knee. Graphical results on the anterior/posterior
force versus deflection and anterior/posterior stiffness versus deflection
behaviour of the knee were plotted. The anterior/posterior stability maps that
correspond to these graphs were also plotted. The stability maps show regions
at which the knee will be stable, and regions at which it will be unstable.

The validity of the anterior/posterior equilibrium equations and knee stability

models was investigated.

The anterior/posterior stability of a knee that has prosthetic articulations is
determined by the algebraic sign of the anterior/posterior stiffness of the system
constituted by the knee and its inputs. The factors that determine the stability of
the knee are the configuration variables, input load-parameters and ‘constants’ of
the system constituted by the knee and its inputs. The manner in which designers
of prosthetic articulations, knee surgeons, physiotherapists and the patient can
help in preventing anterior/posterior instability of the knee has been identified.
Also, the relationships between anterior/posterior laxity, stiffness and stability of
the knee have been established.
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Nomenclature

Be

Hy

Femorotibial flexion angle

Sagittal femorotibial contact angle or sagittal femoro-meniscal contact angle

Anterior/posterior menisco-tibial translation [posterior translation of meniscal

bearing(s) relative to the tibia is taken as positive]

80, Bc1o & Hyo: Values of 6, B¢y, and Hy at a given equilibrium position

04

Effective centre of curvature of each of the two tibial articular surfaces in the sagittal

plane

Effective centre of curvature of each of the two femoral articular surfaces in the

sagittal plane (note that this involves femoro-tibial or femoro-meniscal articulation, not

femoro-patellar articulation)

Centre of head-of-femur

Height of the effective centre of curvature O of the tibial articular surfaces, above a

datum horizontal plane that is aligned with the tibial plateau

Medial/lateral displacement of plastic tibial insert relative to the tibia

{Pax.Pay,Mt} A force system that is used to represent all the forces that act on the tibia

relative to the femur. This force system consists of two orthogonal forces
Pax and Pay, and a moment M;.

{P2y,P2y,M} A force system that is used to represent all the forces that act on the femur

relative to the tibia. This force system consists of two orthogonal forces Poy

and Pyy, and a moment M.

An inferior/superior force that acts on the femur, at point O, This force is

parallel to the longitudinal axis of the tibia.

An anterior/posterior force that acts on the femur, at point O | This force is

parallel to the tibia-based anterior/posterior direction.

A flexion/extension moment that acts on the femur, relative to the tibia.

An inferior/superior force that acts on the tibia, at point O, . This force is

paraliel to the longitudinal axis of the tibia.
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Pay An anterior/posterior force that acts on the tibia, at point Oa  This force is

parallel to the tibia-based anterior/posterior direction.

M A flexion/extension moment that acts on the tibia, relative to the femur.

P> Input-load vector that acts at point Oy. Po=-Poy i + Pay

Pa Input-load vector that acts at point Oa. Pa = Pax i - Payj

Fint/sup An inferior/superior force that acts on the femur relative to the tibia (or on the

tibia relative to the femur). Finf/sup = Pax = Pax

Fap An anterior/posterior force that acts on the femur relative to the tibia (or on

the tibia relative to the femur). Fap = Poy = Poy

M A flexion/extension moment that acts on the femur relative to the tibia (or on
the tibia relative to the femur). M= M; = M¢

Kap Anterior/posterior stiffness of the system constituted by the knee and its

inputs. This stiffness term is derived from the elastic forces, gravitational
forces and input-load parameters of the knee.

C =|0102| = |0102*| i.e., the difference between the radii of curvature of the femoral and
tibial articular surfaces (or the femoral and meniscal articular
surfaces) in the sagittal plane

L¢ Effective length of the femur

Lt Minimum distance between tibia-based point O and a reference horizontal plane

that is aligned with the tibial plateau.

Rio Effective unstretched-length of the ith ligament of the knee
Ri Effective instantaneous stretched-length of the ith ligament of the knee

P, Inter-insertion spacing of the ith knee ligament. This is the shortest distance

between femur-based centre of insertion p; and tibia-based centre of insertion Q; of

the ligament.

ej Elongation of the ith ligament

F; Tension in the jth ligament
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ajj Stiffness of the ith ligament, whose force versus deflection relationship can be stated
as: k= a“-«[Ri - Rio]i

i The index of the elongation of the ith ligament in the deformation law just presented

above

COC or O Femoro-tibial or femoro-meniscal centre of contact (also called O¢)

COl Centre of insertion

o] Proximal COI or proximal node of the ith ligament (i.e., centre of insertion of the ith

ligament of the knee into the femur)

Q; Distal COI or distal node of the ith ligament (i.e., centre of insertion of the ith

ligament of the knee into the tibia)

pi Proximal lever arm of the ith ligament (this is the perpendicular distance between the

mediolateral reference axis through point Oz , and the proximal node p; of the ith

ligament) (figure 3.1).

di Medial or lateral offset of node p; from the sagittal plane (this is the perpendicular
distance between a sagittal plane through node p; and the reference sagittal plane

through points O4 and O»)

sgn(d;): A signum function that symbolizes the direction, away from the reference sagittal
plane, in which d; is measured. By the convention adopted in this work, when p; is on

the lateral side, sgn(d;) = +1, otherwise sgn(d;) = -1.

& Proximal ligament insertion constant (this is defined as the angle of inclination of

vector Oopj' to vector 03032)

Xsi X coordinate of the distal COIl of the ith ligament (note that the x axis is. proximally

directed relative to the tibia)
Yei y coordinate of the distal COl of the ith ligament (note that the y axis is posteriorly
directed relative to the tibia)

Zei z coordinate of the distal COIl of the ith ligament (note that the z axis is laterally

directed relative to the tibia)

3Ri wrap Model-based imperfection in stretched-length R; of the ith ligament of the knee
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Xpi X coordinate of the proximal COI of the ith knee ligament relative to the tibia-based

global coordinate frame

Ypi y coordinate of the proximal COI of the ith knee ligament relative to the tibia-based

global coordinate frame

Zp;  z coordinate of the proximal COI of the ith knee ligament relative to the tibia-based

global coordinate frame

XYZ Tibia-based global coordinate frame
sgn(i) A signum function that symbolizes whether the ith knee ligament is taut or lax.
Whenever the ligament is taut sgn(i) is set equal to +1, otherwise it is set equal to -1.

Qp, Qpc1 & Quy
Generalized forces that are associated with configuration variables 6, B¢ and

Hy of the knee.

Oo Tibia-based origin for defining anterior/posterior displacement of the meniscal

bearing(s) relative to the tibia. This is the global origin.

o) A projection of point O, onto a plane that is parallel to the tibia-based sagittal plane.
Line O, O is perpendicular to the sagittal plane and of a length [OpO[=Hzo.

o’ Meniscal bearing based origin for defining anterior/posterior displacement of the

meniscal bearing(s) relative to the tibia.
Vei Elastic potential energy derived from ith knee ligament
Ve Total elastic potential energy of the knee
Fap Anterior/posterior drawer force

Uap  Anterior/posterior displacement of the femur relative to the tibia

S.F Scaling factor for simulating the anterior/posterior force versus deflection curves of
knees that are more lax than usual, given the force versus deflection curve of a

functional knee (Chapter 5).

Model C=15mm & Model C=15mm/C=35mm
Two models on the anterior/posterior force versus deflection of a knee that has

prosthetic articulations (Appendices 1 and 3).
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Bea is a femur-based femoro-meniscal or femoro-tibial contact angle, as illustrated in
figures A1.1 and A1.2 of Appendix 1.  Bc2=0+B¢4

02"  Second sagittal centre of curvature of femoral articular surfaces
ro2 The position vector of point 02

Fo2 The position vector of point 02"
Reablend =[020271;

Csmai={010z2/;

Clarge=C"=lo1 02'|

DSF Dislocation Safety Factor of a knee
MCL Medial Collateral Ligament

LCL Lateral Coilateral Ligament

PCL Posterior Cruciate Ligament

ACL Anterior Cruciate Ligament

(mpiastic’@) A gravitational force that is derived from the mass of the plastic tibial-insert.

This force acts on the tibial-tray.

R¢ Femoro-tibial or femoro-meniscal contact reaction between the femoral

component and the plastic tibial-insert, of a knee that has partially-conforming

femoro-tibial or femoro-meniscal articulations.

Ustatic The coefficient of static friction between the femoral component and plastic

tibial insert of a knee that has condylar type of prosthesis.

Fric/top Femoro-meniscal frictional force.
Ffric/base Tibio-meniscal contact force.
Rpase A resultant contact reaction that acts at the base of the plastic tibial insert.

Fapiperipherai A resultant anterior/posterior force that is imposed on the periphery of the

plastic-insert by soft-tissue or other sources.

Htop Coefficient of static friction of the femoro-meniscal articulation.
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Ubase Coefficient of static friction of the menisco-tibial articulation.

Oa Point of intersection of the longitudinal axis of the tibia and an

anterior/posterior axis that passes through the tibial tuberosity.

0203 The mechanical axis of the femur.

Blend-point  The point at which the large sagittal femoral arc is tangentially blended with
the small one, to form the sagittal profile of the femoral component (figure
A1.2)

Beoblend An angle that defines the location of the blend-point relative to a femur-

based reference frame (figure A1.2).

Rcabiend Distance between the first and second centres of curvature (O2 and O;") of

the femoral articular surfaces. Rcopiend =|0202°] (figure A1.1).

Be2 Femur-based femoro-meniscal contact angle (figure A1.2).

sgn(Rcoblend) A signum function that is defined by the expression:

0o T (0+Bct)=<Bcablend
sgn(Rcablend) = {

1.0 .
if (0 +B¢1) 2 beobiend

roA Position vector of tibia-based point Oa.
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Chapter 1: Introduction

1.1 Nature and scope of the problem investigated

Some structurally defective knees can become severely unstable during activities
of daily living. Notable among such knees are anterior cruciate ligament deficient
knees, arthritic knees, knees with inadequate musculature control, and knees
whose components have been replaced by prosthetic or biological substitutes but
with unfavourable outcome of surgery (Insall 1993, Kapandji 1987). For these
knees pronounced instability usually results in undesirable events, such as a
momentary loss of voluntary control of the knee, overloading of structural
components, soft tissue related pain, structural damage, and inability to
satisfactorily accomplish the immediate load bearing and positioning tasks of the
knee (Insall 1993, Ahmed et al. 1987, Andriacchi 1990, Berchuk et al. 1990). In
current orthopaedic practice, treatment of such ailing knees is usually necessary;
and this may involve surgical intervention, physiotherapy, and re-education of the

patient as to the current capabilities of his/her knee.

However, for surgeons, designers of prosthetic knee components and other
rehabilitation personnel to satisfactorily contribute to the treatment of the knees,
they need to be conversant with the possible solutions that can be provided and
the consequences of each solution. This goal can be realized if the principles that
govern the stability of the knee are well understood. But at present this is not so,
as will be shown in the literature review of section 1.3. For example, despite
previous contributions to the subject of stability and instability of the knee, detailed
systematic identification of the factors that determine the stability of the knee (and

the manner in which they do so) have still not been carried out.

Following from the above background, this thesis is aimed at clarifying the
cause-effect chain that is associated with the stability and instability of the knee by

means of engineering principles. Due to space limitations, the scope of the work
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is limited to knees that have prosthetic articulations, and femorotibial motion is
considered to be restricted to the sagittal plane. Furthermore, because functional
knee muscles should be able to control flexion/extension directly; the principal
form of instability of the knee that will be addressed in this thesis is

anterior/posterior instability (Insall 1984, Kapandji 1987).

In other words, this thesis is aimed at studying the anterior/posterior instability of
knees that have prosthetic articulations, for situations under which femorotibial

motion is restricted to the sagittal plane.

In the sections that follow, further background information on the subject of this
thesis will be presented, the literature will be critically reviewed; and the strategy

and scope of the thesis will be stated.

1.2 Further background information

The human knee, its biological components and its possible internal devices

From a biomechanical perspective, the knee is the compound connection
between the femur and the tibia; and it consists of articulations, ligaments and

muscles.

The articular sub-system of a natural knee consists of the medial and lateral
femoral condyles, tibial condyles, menisci, and patello-femoral articular surfaces.
As a result of structural defects of the knee, one or more of these may sometimes
have to be replaced by prosthetic articular components. For example, a knee that
has prosthetic femoro-meniscal/menisco-tibial articular components is illustrated
in figure 1.1. Based on this figure, a knee that has prosthetic femoro-tibial
articulation of the condylar type can be similarly illustrated, simply by eliminating

the mobility of the menisco-tibial articulations.

The ligamentous sub-system of the knee consists of four main ligaments, namely
the medial collateral ligament (MCL), the posterior cruciate ligament (PCL), the

lateral collateral ligament (LCL) and the anterior cruciate ligament (ACL). A
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1.3 A review of the Literature

1.3.1 A review of current orthopaedic practice, regarding the stability and
instability of the knee

Misuse of the words stabijlity and instability

The words stability and instability are often loosely used in the orthopaedic
literature as exemplified by the following quotations.

(1) "To evaluate the prosthesis, kinematics (motion) and stability were measured using
cadavers" (Walker and Masse 1973).

(2) "Stress radiographical measurement of the anteroposterior, medial and lateral stability of the
knee joint" (Jacobsen 1976).

(3) "The stability of eight fresh cadaveric knees was measured ..." (Markolf et al. 1979).
(4) "Instrumented measurement of knee instability" (Jacobsen 1981).
(5) "stability = ..." (Walker 1982).

(6) "Lateral instability (varus), medial (valgus) anterior and posterior (drawer), as well as rotatory
instability can be measured" (Jacobsen and lversen 1985).

(7) "... we have developed an apparatus to measure the anteroposterior stability of the knee ...
(Shino et al. 1987).

(8) "Measurement of stability of the knee and ligament force after implantation of a synthetic
ACL" (More and Markolf 1988).

(9) "Two-times laxity factor meant twice the stability ..." (Walker 1988).

(10) "By applying various external loading conditions to a knee joint undergoing dynamic flexion
and extension, dynamic stability can be directly measured" (Reuben et al. 1989).

(11) "The measurement of knee stability is now routinely ..." (Walker 1993).

(12) "Anteroposterior instability was measured with the KT-1000 arthrometer ..." (Hillard-Sembell
et al. 1996).

(13) "... more than ten millimeters of valgus instability" (Hillard-Sembell et al. 1996).
The main concern with the above citations is that, based on the scientific definition

of stability, stability cannot be measured; it is neither a variable nor a parameter,

and numerical values and units cannot be assigned to it. In fact, what was really













































































































































































































































































































































































































































































































































