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Abstract

To design and test hip joint prosthesis it is essential to know the magnitude and character of forces that
may be applied to them in-vivo. For this thesis the hip joint forces of 40 to 60 year old subjects (five male
and six female normal subjects and five male hip replacement) were studied.

To allow the calculation of hip joint forces data from three-dimensional motion analysis and force plates
were applied to a model of the lower limb. The model included the hip, knee and talocrural joints with 3
hip, 8 knee and 8 ankle joint forces, 4 knee ligaments and 47 muscle elements. A double linear
optimisation technique (first minimising the maximum muscle stress then minimising the sum of the
forces in the force bearing structures) was applied to solve the redundancy problem of force distribution in
the muscles.

Walking and stair, ramp and camber negotiation were characterised.

Ground reaction forces, joint angles, intersegmental forces and moments, joint and ligament forces and
muscle forces are presented.

Muscle forces predictions were in general agreement with those in the literature, although the model was
not capable of correctly distributing forces in the vasti or in the ankle only muscles as patella and

talocalcaneonavicular joint equilibria were not included.
In general, hip replacement subjects demonstrated lower hip joint forces than normal subjects. The range
of maximum resultant hip joint forces for all activities was 3.04 to 11.85 for male normal subjects, 4.18 to

11.50 for female normal subjects, 3.73 to 6.81 and 2.21 to 8.77 for male hip replacement subjects for their

natural and replaced sides respectively.

The results presented define in three dimensions the hip joint forces in both pelvic and femoral axes

systems and thus characterise the probable in-vivo requirements of hip joint prostheses during

performance of the activities studied.



Glossary of terms

Co-ordinate system axes (X, Y, Z right handed orthogonal sets):

XP, YP, ZP proximal segment axes (Figure 3.16)
XD, YD, ZD distal segment axes (Figure 3.16)
XPA, YPA, ZPA pelvic anatomical: (Figure 3.4)
XPM, YPM, ZPM pelvic moving: (Figure 3.6)
XPB, YPB, ZPB pelvic Brand’s (Figure 3.2)
XFA, YFA, ZFA thigh (femur) anatomical (Figure 3.4)
XFM, YFM, ZFM thigh (femur) moving (Figure 3.6)
XFB, YFB, ZFB thigh (femur) Brand’s (Figure 3.4/3.5)
XTM, YTM, ZTM shank (tibia) moving (Figure 3.6)
XTB, YTB, ZTB  shank(tibia) Brand’s (Figure 3.2)
XKA, YKA, ZKA knee anatomical (Figure 3.7)
XFA, YFA, ZFA foot anatomical (Figure 3.12/13)
XAA, YAA, ZAA ankle anatomical (Figure 3.13/14)
KCA  knee centre (for definition of shank anatomical axes) (Figure 3.5)
ACA  ankle centre (for definition of shank anatomical axes) (Figure 3.5)
Dimensions used in definition of shank anatomical axes (Figure 3.5)

a distance along XTA from YTA axis to tibial tuberosity marker

b distance along ZTA from plane of XTA and YTA to fibular head marker

C distance from lateral malleolus marker to ACA

d distance from intersection of XTA and YTA to KCA

Dimensions used in definition of location of knee centre in shank anatomical axes (Figure 3.7)

e distance from tibial tuberosity to front of tibial plateau along YTA

f distance from tibial tuberosity to front of tibial plateau along XTA

g distance from front of tibial plateau to centre of contact between femur and tibia along XTA

h distance from front of tibial plateau to centre of contact between femur and tibia along YTA

Xi




Parameters used in the definition of the knee model (Figure 3.8)

x angle between tibial long axis YTA and femoral long axis YFA

B angle between patella ligament and tibial plateau (XKA)

Omus angle of quadriceps muscle to femoral long axis (YFA) (Figure 3.11)

Orp (8.2°) inclination of tibial plateau to long axis of tibia (YTA) (Figure 3.7)

C distance along tibial plateau from front of tibial plateau to contact centre

Fq force in quadriceps muscle (patella tendon)

Fp force in patella ligament

MCLo, MCLi  origin and insertion points of the medial collateral ligament  (Figure 3.10)

LCLo, LCL1 origin and insertion points of the lateral collateral ligament  (Figure 3.10)

Knee joint force definition parameters (Figure 3.9)
L distance to femur contact point on tibia from knee anatomical axes origin

b knee rotation angle offset (knee rotation angle — static trial knee rotation angle).
ACL,PCL  ~ anterior and posterior cruciate ligaments respectively

MCL, LCL medial and lateral collateral ligaments respectively

KJC1, KIJC2 contact points of femur on tibia.

KJY1, KJY2 tibio-femoral contact forces

KJX1, KJX2 rotation forces (not representative of anatomical structures)

KIX3, KJX4 supplementary anterior-posterior forces (not representative of anatomical structures)
KIJZ1, KlZ4 medio-lateral forces (not representative of anatomical structures)

(KJZ2, KIJZ3 not used)

Ankle joint model parameters (Figure 3.15)
0aa (15.5°)  angle between the inter malleolar line and ZFA (Figure 3.12)

O1r angle between XTA and XFA (Figure 3.12)

q distance to the ankle joint force centres from the ankle anatomical centre along ZAA
AJCl, AJC2 Ankle joint force centres.

AJY1, AJY2 ankle joint forces in the YAA direction

AJX1, AJX2, AJX3, AJX4 ankle joint forces in the XAA direction

AlZ1, A)Z2

ankle joint forces in the ZAA direction

Xit



Cardan angles (Figure 3.16)

O flexion/extension angle

0, adduction/abduction angle

0 internal/external rotation angle

Resultant hip joint force femoral angles (Figure 3.17A)

FHYXANG  angle between the resultant hip joint force and the YFA axis in the plane of the YFA and
XFA axes

FHYZANG  angle between the resultant hip joint force and the YFA axis in the plane of the YFA and
ZF A axes

FHXZANG  angle between the resultant hip joint force and the XFA axis in the plane of the XFA and
ZF A axes

Resultant hip joint force pelvic angles (Figure 3.17B)

HIYXANG  angle between the resultant hip joint force and the YPA axis in the plane of the YPA and
XPA axes

HIYZANG  angle between the resultant hip joint force and the YPA axis in the plane of the YPA and
ZPA axes

HIXZANG angle between the resultant hip joint force and the XPA axis in the plane of the XPA and
ZPA axes

X111
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Chapter 1 Introduction

Knowledge of the magnitude of hip joint forces provides information that is essential for the successful
design of hip joint replacements. It is necessary to have knowledge of the forces at the joints of both
normal subjects and hip joint replacement subjects. The normal subjects provide an indication of the
potential requirements of the hip joint prosthesis and the hip joint replacement subjects would provide
examples of the actual use of the prostheses. Hip joint replacement often occurs before 60 years of age. It
is possible that these ‘young’ subjects place greater demands on their prostheses than do older subjects.
The age range of 40 to 60 years old was selected for this thesis to represent young hip replacement
subjects. The cyclical activities of walking and stair, slope and camber negotiation were studied.

Information on the hip joint forces developed during these activities provides suitable specifications for

prosthesis testing.

It is possible to study the forces at the hip joint in a number of ways. In vitro analysis has been performed.
Typically isolated cadaver samples are instrumented and subjected to a system of forces that mimic those
associated with the activity under consideration. This method could be applied to both normal and hip
joint replacement conditions. These studies are limited by the fact that they require knowledge of the
forces in the structures of the limb, which would have been derived by previous modelling results or
limited in-vivo testing. Direct in-vivo examination of hip joint forces has been achieved using
instrumented hip joint replacements (Rydell [1966], English & Kilvington [1979], Davy et al [1988],
Kotzar et al [1991,1995], Bergmann et al [1993, 1995, 1995B], Graichen et al [1991], Brand et al [1994],
Hodge et al [1989], Givens-Heiss et al [1992], Bassey et al [1997], Lu et al {1997, 1998]). The limitations
of these studies are that they cannot be used for normal subjects and that only a small number of subjects

can be fitted with the prostheses. To test a relatively large number of both normal and hip replacement

subjects without invasive surgery and with no assumption of forces in structures it is necessary to adopt
another approach. Three dimensional motion analysis of the lower limb with the simultaneous recording
of the forces applied to the foot provides the information necessary to calculate the forces at the hip.
Knowledge of the location of the internal structures of the lower limbs allows a set of equilibrium
equations to be established the solution of which provides information on the development of hip joint
forces. This method has been applied by a number of authors (e.g. Seireg & Arvikar [1973, 1975],
Crowninshield [1978], Crowninshield & Brand [1981], Pederson et al [1997], Lu et al [1998]). This thesis

uses this method adopting a particular implementation to provide information on the development of hip

Joint forces for both normal and hip joint replacement subjects during a range of locomotion activities.



1.1 Thesis overview

Throughout the thesis, where appropriate, reference has been made to the literature. Basic anatomy
related to the implementation of the theory used in this thesis is detailed (Chapter 2). The description of
the method of motion analysis employed (Chapter 3) includes details of the equipment used and the
marker placement protocol. Descriptive data of the 5 normal male, 6 normal female and 5 male hip
replaced subjects are given (Section 3.3). Extensive details of the model of the lower limb are given
(Section 3.5) including muscle origins and insertions and joint forces. The optimisation method used to
determine the distribution of the forces within the muscles is described (Section 3.6). A marker correction

routine was employed to correct for movement of the skin relative to the underlying bones (Section 3.7.2).

An attempt was made to determine the three-dimensional position of the hip joint centre of individuals
(Section 3.7.4).

Results are presented of the ground reaction forces, joint angles, intersegmental joint forces and moments,
muscle forces and joint forces for the hip, knee and ankle (Chapter 4) for walking and stair, slope and
camber negotiation. Forces at the hip are given in both thigh and pelvic reference frames. Normal male
and female and male total hip replacement hip joint forces are presented. Errors associated with the
analysis are discussed. |

Discussion of the results incorporates validation against literature references including basic joint angles
and hip joint forces (Chapter 5).

Conclusions are drawn (Chapter 6) and recommendations made for further studies in this area of
biomechanics (Chapter 7).

Hip joint forces are calculated and presented for a range of locomotion activities in normal and total hip

replaced subjects in the 40 to 60 year old age range.



Sacroiliac oint

__-_--1 _-+-—f'-d_-ﬂ.!' ——

lium

ol

Anterior superior
iliac spine Coxa

. al .', - = ¥ # 5 =, ] 5
M e o
et ” il
W, PR Rty N ok 5
e, 5. L 7 l:a...i R s - . " i w i
- s . oL ] 4
T - % , .
i " * :

Figure 2.1 The pelvic girdle, anterior view (Seeley et al [1995])

ovea capitis ~~

Greater trochanter

Greater trochanter

Intertrochanteric crest
Neck

Intertrochanteric line

Lesser trochanter
Pectineal line

L1

k. Gluteal tuberosity

¢

7
-

N

]

Linea aspera

dody of femur

A Anterior view. B Posterior view.

Medial supracondylar ridge
gy, 3 Lateral supracondylar ridge
| popl"w| surface

Lateral epicondyle Lateral epicondyle

Intercondylar fossa

Lateral condyle
Patellar groove Medial condyle

Figure 2.2 The right femur (Seeley et al [1995])

3A



Chapter 2 Anatomy

2.1 Introduction

The elements of the lower limbs anatomy that contribute the most to joint force and moment equilibrium will
are described. These include bones, muscles, ligaments and joint structures. Contributions to load bearing
would also be made by other soft tissues in the limbs, e.g. skin, nerves, blood vessels and fat deposits,

although during normal activity these would have only a small impact on overall joint equilibrium.

This chapter is divided into three sections; skeletal, muscular and joint anatomies. Several texts have been

used as reference material. (Seeley et al [1995], Grant’s [1991], Joseph [1982])

2.2 Skeletal Anatomy

The bones of the lower limb will be examined from the hip distally with particular reference to the joint

anatomy.

2.2.1 The Pelvic Girdle

The sacrum, coccyx and "pelvic” bones constitute the pelvic girdle (Figure 2.1). The ilium contributes the
superior portion of the bone with a large face bounded by the iliac crest with anterior and posterior superior
spines and its junction with the ischium and pubis at the acetabulum. Inferiorly the ischium forms the ischial
tuberosity the bony prominence, which bears weight when the body is in a seated position.

Various features of the bone have been named, facilitating description of muscle attachment and other soft
tissue positioning (for full details of these features see for example Palastanga et al [1994]. Lines on the
internal and external aspects of the bone are evident. In several cases these border muscle attachments.

Palpable landmarks include the anterior and posterior iliac spines, the iliac crest, the pubic symphysis, ischial

tuberosity and various parts of the sacrum.

2.2.2 The Femur

The femur consists of a shaft with two articular ends (Figure 2.2). At the proximal end the femur consists of
a head, neck and a greater and lesser trochanter. The head forms slightly more than a half sphere upon which
the articular cartilage is found. The neck and trochanteric area of the femur has several features associated
with muscle and joint capsule attachment. The shaft has clear demarcations; principally the pectineal line

and the linear aspera, splitting into the supracondylar lines distally.
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At its distal end the femur has adaptations for articulation with the tibia. These surfaces are on the medial

and lateral condyles separated by the intercondylar fossa. They are principally on the distal and distal

posterior surfaces allowing flexion but not extension from the anatomical position. On the anterior side of

the distal femur is the patella surface, which articulates with the patella.

Palpable landmarks of the femur are the greater trochanter proximally and the medial and lateral epicondyles
distally.

2.2.3 The Tibia and Fibula

The tibia and fibula constitute the skeleton of the shank of the leg, the fibula lying laterally to the tibia
(Figure 2.3). At the knee the tibia articulates with the femur on medial and lateral condyles, separated by the
intercondylar eminence. The tibial shaft is demarked anteriorly into surfaces, i.e. the medial and lateral, by
the anterior border below its tuberosity. Posteriorly the soleal line is present. At its distal end the tibia forms
an articulating surface with the talus bone of the foot. The medial malleolus of the tibia forms one side of the
"ankle joint". The tibia is the weight-bearing component of the shank with the fibula acting as an additional

arca for muscle attachment and contributing to stability at the ankle.

The fibula head articulates with the lateral side of the tibia. Its shaft is separated into a number of different
surfaces providing specific sites for muscle attachment. At its distal end the fibula forms the lateral
malleolus of the ankle, the medial side of which forms part of the ankles articulating surface (with the talus).
The role of the patella will be discussed in the examination of joints, Section 2.4.2. Palpable bony landmarks
of the shank include the tibia medial condyle, fibula head, tibial shaft anterior crest, tibial medial malleolus

and fibula lateral malleolus.

2.24 The Foot

Figure 2.4 show the bones of the foot. The talus, tibia and fibula form the ankle joint. The talus is supported
inferiorly and posteriorly by the calcaneus. Distally (anteriorly) the navicular (medially), cuboid (laterally)

and cuneiform bones transfer load to the metatarsals and on to the phalanges (three for each toe except the
big toe or hallus which has two). Beneath the medial metatarsal's distal end are the sesamoid bones. There

are numerous features on the dorsum of the foot, which may be palpated.

2.3 Myology

2.3.1 Introduction

The details of muscle anatomy given here will extend to insertions, origins and routing. In most anatomical

texts muscles are detailed according to their articulating function. In order to do this the limb must be
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examined in a set position. Muscles can be classified under their primary, secondary and tertiary role, e.g.
flexion/extension, abduction/adduction, internal/external rotation. It should be emphasised that this method
of muscle classification is position dependent and that muscle's lines of action change with respect to joint
centres during lower limb joint articulation. Strictly it is unnecessary to classify muscles with respect to
flexion/extension, abduction/adduction, internal/external rotation for the calculation of the forces. When
examining patients, it is, however, necessary to have a frame of reference within which muscle force

contributions to joint stability can be defined.

For simplicity muscles are detailed following anatomical location and not by action. Details of origin and
insertion are illustrated. It should be noted that location of origin and insertion can vary between individuals,
so that illustrations will not be general but specific to the specimen studied.

To characterise the muscles with respect to joint mechanics the following designations have been used:

H- acts at the hip joint

K- acts at the knee joint

A- acts at the ankle joint

m- consists of more than one part or must be considered to consist of more than one part in order to
provide a full functional description.

*. those muscles included in the model of the lower limb used in this thesis.
The lower limb has been treated as four sections; hip, thigh, shank and foot, with three associated joints. An
attempt has been made to include details of all muscles contributing to lower limb equilibrium. (A

comprehensive pictorial description of the lower limb muscles may be found in Palastanga et al [1994])

2.3.2 Muscles of the anterior aspect of the thigh
[liopsoas (H*)

Figure 2.5 illustrates the two muscles, the iliacus and the psoas major, which constitute the iliopsoas. These
muscles are routed so that hip joint extension will cause them to wrap around the pelvic bone across the
iliopubic eminence. Their moment arm about the hip joint centre will therefore depend either upon the
skeletal dimensions at this point or, if the thigh is in flexion, upon the distance between the direct path

between origin and insertion and the joint centre.

Pectineus (H*)
The pectineus travels around the superior ramus of the pubis from its origin linearly to its insertion, thus its

effective origin in terms of its line of action is the superior ramus of the pubis.

Psoas Minor (-)

The psoas minor has no resultant effect on the hip joint moment and is not considered in this thesis.
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Quadriceps Femoris:

Rectus Femoris, Vastus Lateralis, Vastus Medialis, Vastus Intermedius (H K *)

The quadriceps femoris consist of the rectus femoris and the vastus muscles; intermedius (deep to the rectus

femoris), lateralis and medialis. Figures 2.12 A show these muscle's insertions and their interaction with the

patella and its ligaments.

The rectus femoris crosses both hip and knee joints. Its line of action would therefore have to account for

diversion around the hip joint at large extensions and also around the knee joint when if becomes flexed.
Vastus intermedius is the deepest muscle of the group and along with the lateralis and medialis originates on
the femur, thus acting only on the knee joint. Intermedius has a diverse insertion. Medialis and lateralis have
thin linear origins on the posterior aspect of the femur before travelling anteriorly. This fact means that their

lines of action are complex and must be carefully defined across the knee joint where they act through the

patella.

Sartorius (H K *)
The sartorius muscle is the most superficial of the thigh (Figure 2.5). It traverses both hip and knee joints.

Its path is determined to a large extent by underlying soft tissues. Changes in hip and knee flexion will alter

its lever arm. It 1s named after cross-legged tailors.

Tensor fasciae lataec (H K *)
This muscle’s insertion into the iliotibial tract gives it action about both the hip and knee. Its action about the
hip is governed by the distance between the greater trochanter and the hip centre. At the knee its action is

governed by the action of the iliotibial tract. It has multiple insertions in the iliotibial tract.

Adductor Longus, Adductor Brevis, Adductor Magnus (H m *)

The adductor group consists of adductor brevis, longus and magnus and gracilis. The obturator externus is
also included here. Figure 2.5 illustrates the relative positions of these muscles. Both brevis and longus
adductors have lines of action that pass directly from origin to insertion. Adductor magnus is an expansive
muscle, which has several distinct muscular segments. To examine its mechanical effect it is, therefore,

necessary to treat it as several muscular bundles.

The gracilis (H K *) muscle acts in a straight line from its origin to its insertion. The obturator externus (H*)
muscle travels around the posterior of the head of the femur below the acetabulum. Its path is, therefore
determined by femur-pelvis positioning. Its lever arm would not vary extensively as it is principally

determined by the dimension of the femoral head.
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2.3.3 Buttock region

Gluteal Muscles:

Gluteus Maximus, Gluteus Medius, Gluteus Minimus (H m *) '
The gluteal muscles, i.e. the gluteus maximus, medius and minimus contribute the majority of the buttock
region muscle volume. They are all large triangular muscles.

The gluteus maximus is shown in Figures 2.6A and B. It can be seen that its action is complex due to its
triangular shape. In order to describe its action it is, therefore, necessary to divide the muscle, treating it as
several discrete elements. The action of the forces in each element of the muscle could be considered to act
directly from origin to insertion. However, as with most other muscles the change in its course upon
contraction may alter its effective distance from the centre of rotation of the hip joint. Part of the glutcus

maximus inserts on the tensor fascia lata. This part of the gluteus maximus would therefore also produce

some effect at the knee joint.

The gluteus medius (Figure 2.6) is deep to the maximus and anterior to it. Again it is a triangular muscle as
is the gluteus minimus. Both of these two muscles would, therefore, be described in multiple parts even

though they show no anatomical divide.

Inferior Gemellus, Obturator Internus, Superior Gemellus (H *)
These three muscles are intimately joined (Figure 2.6A and B). They lie deep to the gluteus maximus and
piriformis. Their action is predominantly from origin to insertion due to their linear nature. On severe

internal rotation of the hip joint these muscles may deviate around the femoral head/neck.

Piriformis (H *)
This muscle, deep to the gluteus maximus, follows a linear route from origin to insertion. On severe internal

rotation of the hip joint these muscles may deviate around the femoral head/neck.

Quadratus Femoris (H *)
This muscle has an action along the line between its origin and insertion, a possible deviation from this could

occur on severe internal rotation.

2.3.4 Posteljior thigh

Biceps Femoris, Semimembranosus, Semitendonosus (H K *)

Figure 2.7 illustrates the relative positioning of the posterior thigh muscles. It can be seen that all have action
at both the hip and knee joints. Consideration of knee joint geometry would have to be taken when

determining the lines of action of these muscles.
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The biceps femoris has a long and short head. The short head only acts across the knee joint, whereas the
long acts across both knee and hip.

All these muscles have a small cross-section compared to length except for the short head of the biceps. In

general, therefore, they could be considered to have a single line of action.

2.3.5 Calf muscles - superficial
Gastrocnemius (K A m *), Plantaris (K A), Soleus (A *)

Figure 2.8 includes the positioning of the gastrocnemius, plantaris and soleus. Both gastrocnemius and
plantaris cross both the knee and ankle joints, the soleus crosses only the ankle joint. The gastrocnemius has
two heads originating on the femur. When modelling the gastrocnemius it should, therefore, be treated as
two muscle elements. Soleus has origins on both the tibia and fibula. This fact makes modelling of the
soleus complicated. It must either be modelled as two elements or as one with an average origin location.

All muscles would have a line of action straight from origin to insertion. This may be slightly altered at

origin for gastrocnemius and plantaris at full knee extension due to deviation about the condyles of the

femur.

2.3.6 Calf muscles - deep

Flexor digitorum longus, Flexor Hallucis Longus, Tibialis Posterior (A *)

The origins of these three muscles are illustrated in Figure 2.8 with routing at the ankle shown in Figure 2.9
It can be seen that all have a similar relationship to the ankle joint being restrained by retinacula. The action
of the tibialis posterior is principally at the tibio-talar joint where as the flexors also influence motion at the
metatarsal and phalangeal joints. Their moment arm about the "ankle" joint would remain approximately the

same during ankle movement due to restraint from the flexor retinaculum.

Popliteus (K)
The popliteus acts at the knee (Figure 2.8) and passes around the lateral side of the knee joint to attach to the

posterior of the tibia. Its line of action is thus complex in its relation to the knee joint and will change

significantly with knee flexion.

2.3.7 Lateral muscles of the calf

Peroneus Brevis, Peroneus Longus (A *)

Both of these muscles (Figure 2.8) originate on the fibula and act at the ankle joint. Their insertions can be
seen In Figure 2.10. They are restrained at the ankle by the peroneal retinacula. Their line of action would

follow the routing of the tendons around the ankle.
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2.3.8 Anterior muscles

Extensor Digitorum Longus, Extensor Hallucis Longus, Peroneus Tertius, Tibialis Anterior (A *)
These muscles are shown in Figure 2.8. Their restraint at the ankle is shown in Figure 2.10. It can be seen
from these diagrams that all have a single line of action at the ankle but that they may have multiple

insertions on the foot. All the muscles would be restrained by the extensor retinacula.

2.3.9 Muscles of the foot

The model of the lower limb used in this thesis does not include equilibrium of structures within the foot,

therefore no details of foot only muscles are given.

2.4 The joints

The structures that provide limitations on joint movement are detailed, including ligaments and other
capsular fibres. This provides insight into the mechanisms that prevent excessive joint articulation during

strenuous activity (Seeley et al [1995] and Grant’s [1991] have been used as reference sources).

2.4.1 The hip joint

The hip joint capsular ligaments are illustrated in Figure 2.11. They are the iliofemoral, pubofemoral and
ischiofemoral ligaments. It would seem that their principal function is in the limiting of joint articulation, 1.e.
that they become taut at the extremes of possible movement. Ligaments are elastic in nature, as are the
elements of cartilage on the femur and acetabular surfaces. These structures do not therefore provide
| completely rigid restriction of movement patterns.

The extent of articular cartilage is illustrated in Figure 2.11. This shows the predominance of cartilage on the
superior portion of the acetabulum where load bearing for ambulation is the highest. Also illustrated is the
acetabular fossa an area of relatively thin bone with no articular cartilage. This area is associated with the

supply of nutrients to the femoral head, via the ligamentum teres to the fovea capitalis of the femur.

2.4.2 The knee joint

The knee joint consists of three articulating pairs of surfaces, namely the two tibio-femoral junctions at the
condyles and the femoral-patellar junction.

The articular surfaces of the femur, tibia and patella are shown in Figure 2.12. The lateral and medial
surfaces of the femur and tibia do not have the same curvature, which indicates that a complex relationship of
movement exists between the of the two bones. The intercondylar eminence is not a consistent feature of the
tibia. It must, therefore, only be one factor in the pivot mechanism between the femur and tibia. The centre

of the contact area of the femur on the tibia (via articular cartilage) moves anteriorly with increasing flexion
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of the knee. This movement allows the lever arm of the patella ligament about the centre of contact to

increase with greater flexion. Soft tissue structures provide limits on the rotation and adduction/abduction

that can occur at the knee.

Figure 2.12 shows the attachments of muscles and ligaments on the anterior of the knee. The patella acts as a
common attachment for several thigh muscles via the patellar ligament: Interconnection is achieved via the
patellar retinacula.

The posterior aspect of the knee can be illustrated in two layers (see Figure 2.12 C and D). In Figure 2.12 D
the main collateral ligaments can be seen; the tibial (medial) and fibula (lateral) collateral ligaments. These
are complemented by the oblique and arcuate popliteal ligaments. Figure 2.12 D also shows the cruciate
ligaments and the interposed menisci of the joint. During rotation of the tibia against the femur these menisci
are able to shift with respect to the tibia, thus improving weight bearing characteristics and also allowing
more effective utilisation of synovial fluid in joint lubrication. The posterior and anterior cruciate ligaments
located within the joint capsule provide resistance against excessive anterior-posterior movement of the tibia

with respect to the femur. The ligaments of the knee provide an envelope of allowable relative motion of the

femur with respect to the tibia.

2.4.3 The ankle joint

For the purposes of this thesis the ankle joint is considered to consist of the junction between the tibia, fibula
and talus. The principal weight bearing surfaces are at the talus-tibia junction. Stability in the medio-lateral
direction is maintained by the fibula (providing the lateral malleolar surface) and the tibia (providing the
medial malleolar surface).

Figure 2.13 illustrates the principal ligaments at this joint. These ligaments are named following origin and
insertion pairs. It can be seen that these ligaments form a comprehensive mesh between the bones of the
proximal foot limiting relative movement. These diagrams only show the ligaments superficial to the bone.
There are also ligaments interconnecting the bones of the foot between their articulating surfaces.

The articulation of the metatarsals and phalanges is limited by a complex arrangement of ligamentous

connections. This is particularly true of the plantar aspect of the foot where multiple layers of ligaments

provide limitations to foot arch flattening.

2.5 Summary

The principal components of lower limb anatomy have been detailed. Observations of muscle lines of
action have been made as appropriate. Details of foot anatomy have only been given to the extent
required for the implementation of the model used in this thesis. Comprehensive muscle anatomy has

been documented by Palastanga et al [1994].

10



A Anterior superficial view. B Anterior deep view (knee
flexed). € Posterior superficial view. D Posterior deep view. o

Figure 2.12 Right knee joint (Seeley et al [1995]).
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Chapter 3 Methods

3.1 Data collection equipment

Three dimensional motion analysis was performed using a six camera infra-red VICON 370 (Oxford

Metrics, Oxford, England) motion analysis system and a Kistler (AG Winterthur, Switzerland) force plate

(accuracy +1%). Retro-reflective markers (25mm diameter) were placed on the subject to identity
anatomical features and to allow location of limb segments (the marker set is described in Section 3.3.3).
The quoted measure of accuracy for the system, the residual, was always less than 0.1% of the largest
dimension of the analysed volume, i.e. less than 3mm. The residual was calculated during the motion
capture system calibration and was defined as the average distance by which rays from a particular camera
misplaced the markers of the calibration object. This measure only provided an indication of the accuracy
of the system. The error in recording of individual points could have been somewhat higher than this

value. Further discussion of the accuracy of the motion analysis system is included in Sections 3.7.2 and
3.7.4.

Calibration of the analysis volume was performed with retro-reflective markers on four hanging poles
placed in known locations at the edges of the test volume. The accuracy of the location of the force plate

with respect to the calibration poles was £1mm.

Output from the motion analysis system and force plate was synchronised at S0Hz.

-~

3.2 Test protocol

All subjects were tested following the same protocol. Anatomical measurements were recorded (see
Section 3.3.1) before motion analysis began. Subjects wore shorts and T-shirts, which were taped up to
allow placement of markers on the skin. Markers were attached using double sided sticky tape. Subjects
wore their usual footwear, although low heels were specified. All markers were attached (see section
3.5.3).

A ‘static’ trial was recorded with the subjects standing with arms fdlded, standing straight, with legs
slightly apart and feet facing forwards. This trial provided information on the relative location of all
markers to allow definition of the various segment axes systems and their relative orientation.

Several markers were removed to prevent their interfering with motion during the locomotion activities.

Sufficient markers were left on the subject to allow definition of the motion of all limb segments (see
Section 3.5.4).

11
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Subjects performed the following activities.

| Walking

2 Stair ascent, stair descent

3 10° Ramp ascent, ramp descent
4 5° Camber traverse

Before recording of each of the activities the subject was allowed a period of familiarisation with the piece
of equipment and an appropriate starting point was determined to allow the subject to perform the activity
in a smooth, natural manner. The subjects understood the function of the force plate. All motion trials
were observed. Any trials which appeared unnatural, included stumbles or obvious targeting of the force
plate were repeated. Each activity was performed five times. Subjects were allowed to rest between each

activity whilst the equipment was changed. The total time for testing of each subject was apportioned as

follows:

Anatomical measurement 10 minutes
Marker placement 15 minutes
Static trial 15 minutes
Walking trials 10 minutes
Stair trials 20 minutes
Ramp trials 20 minutes
Camber trials 20 minutes
Total time approximately 2 hours

It was possible for subjects to rest seated for a few minutes after each of the activities and at the mid-point
of testing during the stair, ramp and camber activities to allow equipment to be changed.

All subjects performed all activities with no signs of physical stress or tiredness.

A walkway of approximately 10m was used for the walking trials allowing several full strides before foot
contact with the force plate.

Two steps were allowed before the first foot was placed on the bottom stair for stair ascent. One step on
the platform was allowed before stair descent. To allow ascent and descent to be recorded for both feet
the force plate section was moved from one side to the other of the second step.

The starting point for the ramp trials was set approximately three steps before the first foot contact with
the ramp. Ramp descent trials were started to allow one step on the platform before first foot contact on
the ramped section. All subjects performed at least one full stride on the ramped section before foot
contact with the force plate section in both ascent and descent. The subjects walked on the ramp off centre

to allow either left or right leg contact with the force plate section.

12
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All steps in the camber trials were performed on the camber sections. This gave a camber-way of 7.3m in

length, allowing several full strides before foot contact with the force plate section. Subjects were asked

to walk either along the lower section or upper section of the camber to ensure that either left or right foot

made contact with the force plate section.

3.3 Subjects

The aim of this thesis was to analyse the hip joint forces in 40 to 60 year old subjects. 5 normal male and
6 normal female volunteers were recruited. 5 male subjects with hip replacements were also recruited.

Subject details are recorded in Appendix I. Selection of subjects with hip joint replacements was based on

a number of criteria. Only those subjects with total hip joint replacements due to osteoarthritis were

selected. They were all able to perform all activities comfortably including cyclical (one foot on each step

only) stair climbing. None had any secondary illness or disease that significantly affected locomotion.
The use of hand-rails and walking stick by subject 27 was the only support used by any of the subjects.

All other subjects, normal and with hip replacements, were able to perform all activities with no

requirement for additional support.

Ethical approval was obtained for normal and hip joint replacement subjects. Informed consent was

obtained on the day of the testing.

3.3.1 Anatomical measurements

To apply the muscle model to the subjects of this study and to scale the joint structures of the leg model it
was necessary to measure a number of anatomical dimensions for each individual. These measures were
taken using callipers or a rule as appropriate. Anatomical features were palpated. Accuracy of measures
was approximately +5mm, this being the error associated with feature identification through the skin. The
following measures were made:

-Inter anterior superior iliac spines distance, measured between the most prominent points of the

iliac spines.

-Anterior-posterior distance from the line between the anterior superior iliac spines to the midpoint

between the posterior superior iliac spines.

-The vertical distance from the ischial tuberosity to the iliac crest.

-The distance between the most lateral points of the right and left greater trochanters.

-The width of the femoral epicondyles at the widest point.

-The width of the tibial condyles at the widest point.

-The vertical distance from the tibial tuberosity to the tibial plateau.

-The largest medio-lateral dimension of the malleoli.

13
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These measurements were corrected for skin cover, to give dimensions which included bone and

underlying soft tissue (e.g. joint capsule, ligaments etc.).

3.4 Test equipment

To perform the stair, ramp and camber tests it was necessary to use pieces of equipment designed to
integrate with the force plate. In each of these activities a force plate section was bolted via a rigid force
plate attachment (Figure 3.1D) onto the force plate. Force application to the section was, therefore
recorded by the force plate. Figures 3.1A to 3.1C illustrate the stair, ramp and camber equipment. The
force plate attachment (Figure 3.1D) had six 120mm square 10mm thick plates welded to the underside

which were machined to lie flush with the surface of the force plate to prevent distortion of the force plate

when the bolts were tightened. Each of the force plate sections was precisely machined to allow bolting
on top of the force plate attachment. The frame of the stairs, ramp and all force plate sections were made
out of 25mm square metal tube. % inch plywood was used for all flooring. 3mm thick ribbed rubber

matting covered all sections of flooring to provide friction.” Each of the force plate sections illustrated
(Figures 3.1A to 3.1C) had a 25mm metal tube frame around the floored area but no other reinforcement
under the plywood. There would have been some deformation of the flooring on loading. For the walking

trials no attachment to the force plate was required, as the force plate was flush with the floor of the

laboratory.

14



| 060mm

5° cambered section

7Smm

Force plate section
Figure 3.1C Equipment diagram: 5° Cambered section

480mm

V
l20m?n.\5 400mm

square plate (60mm overhang)

Figure 3.1D Force plate attachment

I5A

——
=



3.5 Three-dimension modelling of the lower limb

3.5.1 Introduction

To calculate the forces at the hip joint using only external information required the development of a three
dimensional model of the lower limb. This required knowledge of the location of force carrying structures
such as bones, muscles and other soft tissues and their relative location to external landmarks. Details of

the origin and insertion of muscles (Section 3.5.2), the definition of segment and joint axes systems

(Section 3.5.4) and a description of joint structures (Section 3.5.5) are given.

3.5.2 Muscle model

The model of muscular anatomy used in this study was based on that of Brand et al [1982]. Several

modifications were made to allow Brand’s data to be integrated into the model. 47 muscular elements
were used. These consisted of 24 hip only, 7 hip and knee, 4 knee only, 2 knee and ankle and 10 ankle
only muscles elements. Several muscles at the hip were divided into parts to allow the full action of the

muscle to be described.

3.5.2.1 Muscle origin and insertion data

Muscle origins and insertions were defined after Brand et al [1982]. Appendix 1l gives both unscaled and
scaled data from Brand. These data were defined in terms of co-ordinates in the appropriate bone axes
system. Three sets of right-handed orthogonal axes were used (pelvic, femoral (thigh) and tibial (shank)
as illustrated in Figure 3.2). The pelvic co-ordinate system had its origin at the femoral head centre (hip
joint centre) with axes directions defined by

YPB=PP3-PP2

XPB=YPB x (PP1-PP2)

ZPB=XPB x YPB

where PP1 was the right anterior superior iliac spine, PP2 was the midpoint of the pubic tubercles and PP3
was the midpoint between the anterior superior iliac spines. The vector cross product is represented by
‘x’. The femoral co-ordinate system had its origin at the midpoint of the epicondyles and had axes
directions defined by

YFB=PF3-PF2
XFB=YFB x (PF1-PF2)
ZFB=XFB x YFB
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where PF1 was the lateral epicondyle, PF2 the midpoint of the epicondyles and PF3 the femoral head

centre. The tibial co-ordinate system had its origin at the midpoint of the medial and lateral malleoli with

its axes directions defined by
YTB=PT3-PT2

XTB=YTB x (PT1-PT2)
ZTB=XTB x YTB

where PT1 was the lateral malleolus, PT2 the midpoint of the malleoli and PT3 the tibial tuberosity.

3.5.2.2 Factors

Brand presented two sets of data on the origins and insertions of muscles of the lower limb. The first set
of data was the actual values of muscle origin and insertion points in metres from the origin of the
appropriate coordinate system. The second set of data was a set of origin and insertion points in
dimensionless units which required the application of particular factors to arrive at the actual values of
origin and insertion locations in metres. It is the second set of values that have been used for this thesis.

To obtain the actual value of muscle origin or insertion in metres the following procedure was followed:

Origin or insertion position (m) = Brand’s scaled origin or insertion data (dimensionless)

x Brand’s factor (m)

The average values of Brand’s muscle origin and insertion data from cadaver studies in metres are detailed

in Table A-I1.1/2, in Appendix II as ‘Actual Origins’ and ‘Actual Insertions’. Brand’s dimensionless

values of the origin and insertion points are detailed in these tables under the headings of ‘Scaled Origins’
and ‘Scaled Insertions’. Brand’s factors are detailed in Table 3.1 and are based on anatomical
measurements from the subjects. The average values of Brand’s factors were calculated using the two sets
of data,.’ Actual’ and ‘Scaled’ for each of the co-ordinate systems and in each of the axis directions. These

average values are detailed in Table 3.1. A factor was associated with each axis of each of the segment

co-ordinate systems as defined by Brand.

Brand’s factors were anatomical measurements derived from three cadavers (one female and two male) of
average height 1727mm. The average height of the subjects in this study was 1706mm, with
approximately the same ratio of female to male subjects, 6:10, as that of Brand. No age of the cadaver
specimens was given in Brand et al [1982]. It was assumed that Brand’s insertion and origin data could be
used for the subjects studied for this thesis. It was necessary to modify a number of the factors used by

Brand as it was not possible to obtain radiographs of subjects to allow measurement of bony dimensions.
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Table 3.1 Muscle origin and insertion factors

Brand’s

Brand’s factor (m)

Brand’s

Factor used for this thesis

co-ordinate factor (incorporating multipliers were
system average appropriate) (m)
and axis value

direction

m
Pelvic
Y Vertical distance of iliac crest 0.1985 | (Vertical distance of iliac crest above
'
hip joint centre medio-lateral distance) x 0.1341
distance
-Z Ischial tuberosity to hip joint 0.0792 | (Femoral head centre to mid anterior
superior iliac spines medial distance)

centre medio-lateral distance
x (.893
Thigh

epicondylar distance epicondylar distance '
(gastrocnemius onl

Z (not Lateral distance from the 0.0531 | (Lateral distance from femoral head
centre to the most lateral point of the
greater trochanter) x 0.621

gastroc) femoral head centre to the top of
the greater trochanter (all other

Tibial plateau width 0.0638 | (Tibial condvlar width) x 0.644

Tibial tuberosity to mid 0.3097 | Tibial tuberosity to mid malleolar

Anterior-posterior distance from

pelvic frontal plane to the top of
the sciatic notch

(Anterior-posterior distance from
mid posterior superior iliac spines to
the inter anterior superior iliac spines
line) x 0.427

Shank

malleolar distance distance

Tibial plateau width 0.0631 Tibial condylar width) x 0.644
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Where necessary allowances for soft tissue cover were calculated based on the average of subject

measures for this thesis as compared to those of Brand.

The origin or insertion points were therefore calculated as follows:

Origin or insertion position (m) = Brand’s scaled origin or insertion data (dimensionless)

x (factor used in this thesis (incorporating multiplier where appropriate)) (m)
For the two sets of factors to be equivalent it was assumed that the following was true:
Brand’s factor average value (m) = (average factor used in this thesis) (m)

The factors used in this thesis were also based on anatomical dimensions and are detailed below and in

Table 3.1. Where different anatomical dimensions were used a multiplier was incorporated to ensure that

the average factor for the subjects studied for this thesis was the same as that of Brand.

3.5.2.2.1 Pelvic factors

X (applied to all X co-ordinate dimensions)

It was not possible to ascertain accurately the position of the top of the sciatic notch in the anterior
posterior direction. The alternative measure of the anterior posterior distance from the mid-posterior
superior iliac spines to the inter-anterior superior iliac spines line was used. A multiplier of 0.427 based
on the average of Brand’s factor and that of the distance measured in the subjects studied was used. It was

assumed that the sciatic notch maintained the same relative position between the anterior and posterior

aspects of the pelvis.

Y (applied to all Y co-ordinate dimensions)

The measure of the ischial tuberosity to iliac crest taken from the subjects included substantial soft tissue
thickness. To compensate for this soft tissue cover a multiplier of 0.888 was applied to the measured
value of ischial tuberosity to iliac crest to ensure that the average of the subject’s measures corresponded

to that of Brand’s factor. The use of this factor assumed the same ratio of soft tissue cover to bony

dimension for all subjects.

+Z (applied to all +Z co-ordinate dimensions)
The value of this factor as recorded by Brand was approximately 33mm. To reduce the sensitivity of this

measure to errors in the location of the hip joint and the anterior superior iliac spines a factor equal to the
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Inter-anterior superior iliac spine distance was used. To make this factor equivalent to Brand’s it was
multiplied by 0.1341. This modification made the assumption that the hip joint centre was always placed

at a fixed proportion of the anterior-posterior distance between mid anterior superior iliac spines and the

anterior superior spines.

-Z (applied to all —-Z co-ordinate dimensions)
It was not possible to accurately locate the position of the ischial tuberosity in the medio-lateral direction.

The medio-lateral distance from the hip joint centre to the mid-anterior superior iliac spines was therefore

used. A multiplier of 0.893 was used to ensure that the average measure of this study was the same as that
of Brand.

Summary of pelvic factors

It was necessary to modify significantly the factors used by Brand. The modified factors were chosen to
use measures along the same co-ordinate axis with account being taken of soft tissue where appropriate.
The factors were derived based on the average of Brand’s factors for all muscles and on the average of the
measures in the study population. Thus all individuals were considered to be scalable in the same manner.
No distinction was made between male and female subjects although it is acknowledged that there are
differences between the relative proportions of the male and female pelvis. The muscle model used was
derived from one female and two males and, therefore, was a compromise between the two different

anatomies.

3.5.2.2.2 Thigh factors

X (applied to all X co-ordinate dimensions)

The femoral epicondylar measure of Brand was 0.765 times that of the average of the subjects studied for
this thesis. It would appear that Brand’s measure did not include any soft tissue and although a correction
for skin thickness was made to the measures in this study that it was not sufficient to take into account the
underlying soft tissues. It was also possible that Brand’s specimens did not have as wide epicondyles as
those of the present study. It was likely that both of these factors affected the relative values, although if
Brand’s specimens and the subjects studied in the present study were representative of the same

population then a multiplier of 0.765 would have been appropriate. This was assumed to be the case.

Y (applied to all Y co-ordinate dimensions)

The thigh Y factor used was the same as that used by Brand, i.e. the distance from the mid femoral
epicondylar point to the centre of the femoral head (hip joint centre). This factor relied on the calculation
of the location of the femoral head. The standard hip joint centre location was used as more direct

measures (e.g. X-ray) were not available.
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Z (applied to Z co-ordinate dimensions of the gastrocnemius origin)

The same factor as use for the thigh X co-ordinates was used, i.e. 0.765 times the femoral epicondylar
width.

Z (applied to Z co-ordinate dimensions of all muscles except the gastrocnemius)
It was not possible to locate the medio-lateral position of the top of the greater trochanter as no X-rays (or

similar) of the subjects were available. It was, therefore, necessary to use a different factor. The distance
from the hip joint centre to the most lateral greater trochanter was used as it was hoped that this would be

representative of dimensions in the medio-lateral direction. The standard hip joint centre location was
used in this factor. A multiplier of 0.621 was used to ensure that the average of Brand’s factor values was

the same as that for the subjects studied in for this thesis.

Summary of thigh factors

As with the pelvic factors it was necessary to make assumptions about the relative dimensions of various
aspects of the femur. The lack of access to X-ray data of the subjects prevented the use of Brand’s factors.
Dimensions at the hip were considered to be more appropriate for use in most of the factors than for
example the femoral condylar width as Brand’s factors were based on dimensions at the hip. Factors were
determined based on the assumption that Brand’s specimens were of the same relative dimensions as those
of the subjects studied for this thesis. This was necessary to ensure that the dimensions of underlying soft

tissue structures could be taken into account.

3.5.2.2.3 . Shank factors

X (applied to all X co-ordinate dimensions)

Tibial condylar width was used instead of tibial plateau width for the tibial X factor. The edges of the
tibial plateau were difficult to locate accurately so the alternative of the tibial condylar width was used. A

multiplier of 0.644 was used to ensure that the average factors remained the same. This multiplier would

have taken into account soft tissue cover of the bones.

Y (applied to all Y co-ordinate dimensions)
The same factor use by Brand was used, i.e. the distance from the tibial tuberosity to the mid malleolar

point.

Z (applied to all Z co-ordinate dimensions)

This factor was identical to that of the shank X factor.
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mid point of posterior superior iliac spines
right lateral femoral epicondyle (A)

left lateral femoral epicondyle (A)

right medial femoral epicondyle (A)

left medial femoral epicondyle (A)

right front of thigh mid femur

left front of thigh mid femur

right lateral thigh mid femur

left lateral thigh mid femur

right fibular head (A)

left fibular head (A)

right most prominent tibial tuberosity
left most prominent tibial tuberosity
right front of tibial (medial face)

left front of tibia (medial face)

right lower front of thigh

left lower front of thigh
not used

not used

right medial malleolus (most medial part)
(A)
left medial malleolus (most medial part) (A)

right lateral malleolus (most lateral part)
left lateral malleolus (most lateral part)

(A)=Used in static trial only to define
anatomical feature locations.



3.5.2.2.4 Summary of muscle factors

Significant modifications were made to Brand’s factors. These were necessary for a number of reasons. It
was not possible to obtain radiographs of the subjects, so several of the factors had to be modified to use
measurable dimensions of the subjects. A number of Brand’s factors were based on measures that
included bone only whereas the measures taken of the subjects for this thesis included soft tissue. Brand’s
factors were adapted appropriately. The use of modified factors could have introduced errors into the

location of muscle’s origins and insertions. The modified factors were chosen with the aim of minimising

any additional errors to those already implicit within Brand’s scheme.

3.5.2.3 Modification of pelvic muscle origins

To implement the muscle model of Brand it was necessary to apply a modification to Brand’s pelvic axes
set. The definition of Brand’s pelvic co-ordinate system used the midpoint between the pubic tubercles. It
was not possible to palpate this point accurately so an alternative axes set had to be used. The conversion
from Brand’s axes set to that used for implementation of the muscle model in this study was based on
Fitzsimmon’s [1995] dry bone study. A rotation of 9.87 degrees about Brand’s ZPB axis was required to
allow the XPB axis to become parallel to the line joining the mid points of the anterior and posterior
superior iliac spines. Thus it was necessary to rotate by 9.87 degrees both the YPB and XPB axes of

Brand around Brand’s ZPB axis.

3.5.3 External Markers

The motion of the subjects was tracked using markers attached to the skin. A marker set was chosen
which allowed the location of all segments of the lower limb. It is possible to supplement markers with
points determined using a pointing stick (Cappozzo et al [1995]). This technique was not used as it was
possible to define the location of a suitable set of points using skin attached markers only.

The position and number of external retro-reflective markers used in the motion analysis were chosen to
provide an accurate representation of the subject’s movement. Cappozzo et al [1995] suggests a set of

marker locations that could be used in movement analysis. This is only one of the marker configurations
suggested in the literature. Common to all marker sets is the need to place markers over readily
identifiable anatomical landmarks to allow accurate location of the underlying bony structures. For this
thesis a set of markers was used that satisfied the goals of the analysis:

From the external markers the underlying bony structures needed to be identified.

During the moving trials the location of each segment of the lower limb had to be identified.
It was not necessary to use the same set of markers to achieve both of these gaols. If a relationship
between the positions of the two sets of markers were established then it would have been possible to

establish the position of underlying structures from either of the two sets of markers.
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To allow the location of underlying bony structures (and therefore muscle and ligament locations) the

following set of markers were used: Three markers were used per segment (pelvis, thigh and shank) to
allow three dimensional position and orientation of the segment to be established. Markers were placed so
as to allow observation by video cameras during all activities being studied. The marker set used is
illustrated in Figure 3.3. Pelvic markers (1 to 4 and 7) were placed on bony landmarks. Markers 3 and 4
were placed on the lateral aspect of the iliac crests to allow observation from both behind and in front of
the subjects. 12 to 15 and 22 and 23 were placed on the thigh at convenient locations at approximately
mid-thigh (12 to 15) and three-quarters thigh length from the hip joint. 8 to 11 and 16 to 19 were placed
on bony landmarks. 20 and 21 were placed on the bony medial side of the tibia at about mid shank. 26 to
29 were placed on the most medial or lateral aspects of the malleoli as appropriate.

The pelvic segment was used to define the location of the hip joint centre and the tibial segment was used

to define the location of both the knee and ankle joint centres.

3.54 Definition of segment co-ordinate systems

For implementation of the muscle and joint models it was necessary to establish fixed reference frames
within each segment of the lower limb. It was necessary to be able to relate these axes to the external
markers used to record subject motion. Initially two sets of axes were established for each segment.
These were the segment anatomical axes and the segment moving axes.

The segment anatomical axes were defined using anatomical features of the bones of each of the
segments. The location of joint structures and muscle origins and insertions could be defined within the
anatomical co-ordinate system. The anatomical co-ordinate system was defined using a set of external
markers placed over the appropriate bony landmarks (see Section 3.5.4.1 below). It was not possible,
however, to use this set of markers during the dynamic trials, as can be seen from the marker location
diagram (Figure 3.3). Some of the markers would have obstructed movement, e.g. the medial malleolus
marker. To over come this difficulty a set of axes called the segment moving axes were defined based on
markers used during the dynamic tests (see Section 3.5.4.2 below).

During the dynamic trials only the segment moving axes were defined. It was therefore necessary to find
a way of relating this information to the location of underlying bony and soft tissue structures. This was
achieved using a static trial. During the static trial the subject stood still with legs straight and slightly
apart and with feet pointing forwards. During this trial all markers were used; both anatomical and

moving axes marker sets (as illustrated in Figure 3.3). It was therefore possible to define the relationship

between these two sets of axes. Thus from one set of axes the other could be defined.

Each of the relationships between axes sets consisted of two parts a rotation and a translation between

origins.
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From the static trial the following relationships could be established :
Ground axes to anatomical axes :

[PA ]= [RGtoA IPG ) OAG]

Ground axes to moving axes :

[PM]= [RGtoM IPG "OMG]

And therefore moving axes to anatomical axes :

[P A ]= [RMtoA IP M~y ]

Where :

[RMtoA l } [RGtoM } | [RGtoA ]

[P y ] = 1 x 3 position matrix of a point in anatomical co - ordinates

[R GloA ]= 3 x 3 rotation matrix from ground to anatomical axes
o

OA Mo 1 x 3 position matrix of the origin of the anatomical axes system in

moving axes ¢o - ordinates

Similar terms were defined using the following subscripts :

G = ground axes system

A = anatomical axes system

M = moving axes system
From each of the dynamic trials the following relationships could be established :
Ground axes to moving axes
[PM]= [RGtoM IPG "OMG]

And therefore moving to anatomical, using the relationship derived in the static trial.

[P A]= [RMtoA ]P M~ OAM]

From the Anatomical axes the locations of joints, muscles and ligaments were defined.

Each of the rotation matrices was defined as follows :

X, Y Z

| | ] [ ]

[RGtoA]= X, L 4,150 & f;
Y Z
Xy by 4,

Where ;

P v = equivalent in Anatomical co - ordinates of a unit X direction vector in

“Ground co - ordinates .

Details of the right limb axes sets will now be given.
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Figure 3.4 Segment anatomical axes (See Section 3.5.4.1)
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Figure 3.5 Shank segment anatomical axes definition

KCA =knee centre shank anatomical system
ACA = ankle centre shank anatomical system
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3.54.1 Segment anatomical axes

The segment anatomical axes were defined as follows:

The pelvic axes set for each leg had its origin at the femoral head centre. All axes directions were based
on a right-handed orthogonal set (see Figure 3.4).
ZPA = right anterior superior iliac spine — left anterior superior iliac spine

YPA = perpendicular to the plane containing the mid-posterior superior iliac spines and the right and left

anterior superior iliac spines.

XPA = perpendicular to both YPA and ZPA pointing anteriorly

The thigh (femur) segment anatomical axes set had its origin at the mid point of the lateral and medial
epicondyles with
YFA = femoral head centre — mid epicondyles

XFA = perpendicular to both the YFA and a line joining the epicondyle markers pointing anteriorly
ZF A = perpendicular to both the XFA and YFA axes.

The axes of the shank (tibial) segment anatomical co-ordinate system were fitted to ensure that the XTA
axis passed through the midpoint of the tibial plateau at the level of the fibular head marker. This is
illustrated in Figure 3.5. The shank YTA axis was fitted to pass through the mid malleoli point and to
pass at a certain distance ‘a’ from the tibial tuberosity. The shank ZTA axis was perpendicular to XTA
and YTA.

The dimensions ‘a’ to ‘d’ were defined as follows (in units of mm)

a=(8.2+0.5 x47.1) x [(medio-lateral distance between tibial condyles)/97.6]
b = [(fibular head to medial tibial condyle distance) - (medio-lateral distance between tibial condyles)] +
(medio-lateral distance between tibial condyles)/2 + marker base to marker centre distance

¢ = (medio-lateral distance between malleoli)/2 + marker base to marker centre distance

d = 25 x [(medio-lateral distance between tibial condyles)/97.6]

The dimension ‘a’ was defined so that the YTA axis passed through the mid-anterior-posterior aspect of
the tibial plateau. The dimension 8.2mm was that of the average distance between the tibial tuberosity and
the front of the tibial plateau perpendicular to the long axis of the tibia as recorded by Nisell et al [1985].
Nisell recorded 7.2mm for women and 9.2mm for men. The value 47.1mm was the average depth of the
medial and lateral tibial plateau for women and men combined taken from the results of Mensch &
Amstutz [1975]. 97.6mm was the average of the medio-lateral distance between tibial condyles of the

subject studied for this thesis. Thus the dimension ‘a’ was taken as the average value expected from
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(Marker numbers after Figure 3.3)
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subjects in this study based on the data of Nisell et al [1985] and Mensch & Amstutz [1975] scaled by the

medio-lateral dimension of the tibial condyles. Implicit within the use of this scaling factor was the
assumption that Nisell’s and Mensch’s subjects represented the same population as that of the subjects
from this study and that the medio-lateral and anterior-posterior dimensions scaled equally. It was
necessary to choose a dimension in the medio-lateral direction as it was not possible to measure accurately
anterior-posterior dimensions at the knee.

The definition of dimension ‘b’ was made based on individual subject’s measurements. The aim was to
make the YTA axis pass through the mid-medio-lateral aspect of the tibial plateau.

Dimension ‘¢’ used measures of individual subjects to make the YTA axis pass through the mid-medio-

lateral aspect of the ankle.

The location of the knee joint centre, KCA, defined by dimension ‘d’ was used to provide an approximate
location of the actual knee joint centre for placement of the shank (tibial) anatomical axes and for
definition of joint angles (see Section 3.5.8). This dimension was taken from Ishai [1975] and scaled by

the medio-lateral tibial condylar distance assuming that 25mm was the average value for the subjects
(97.6mm being the average medio-lateral tibial condylar width). The position of the knee joint centre
using this method provided a fixed location. The knee joint centre is in fact not fixed thus this definition

was an approximation only, used for convenience to allow joint angle calculation.

The definition of the shank axes used a number of sources for approximation of knee dimensions. The
assumption was made that the values taken from the references were suitable to represent the study
population. It was also assumed that the knee joints scaled in the same ratio in the medio-lateral and
anterio-posterior directions. The shank axes were defined so that the YTA axis coincided with the long
axis of the tibia. This was done to ensure that the knee joint centre was above the middle of the tibial

plateau.

3.5.4.2 Segment moving axes

The segment moving axes were defined so that they could be derived from marker positions during the
activities being studied. During the activities it was not possible to use all of the markers illustrated in
Figure 3.3. It was necessary to remove several markers to allow free movement during all activities.
Those marked (A) were used only in the static trial and were removed prior to motion analysis. It was,
therefore, necessary to use a different set of segment reference axes during the moving trials. These were
defined for each segment as follows

The pelvic moving axes set had its origin at the iliac crest marker (see Figure 3.6).

ZMP = right — left iliac crest marker

YMP = perpendicular to the plane containing the mid posterior superior iliac spine marker and those on

the right and left iliac crests pointing proximally
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Figure 3.7A Location of the centre of contact of the femur on the tibia in the sagittal plane.

Knee joint anatomical axes. (See text for explanation of symbols and axis labels)
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Figure 3.7B Location of the tibio-femoral contact point centre at various knee flexion angles.

From Nisell et al [1985].

95% confidence intervals of the means are indicated. Y-axis shows the displacement in

“o of the sagittal tibial plateau length. 100% equals the anterior border of the plateau.
(See Figure 3.8 for definition of parameter)
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XMP = perpendicular to both ZMP and YMP pointing anteriorly

The femoral moving axes had their origin at the front of mid thigh marker, 12. The hip joint centre and

thigh markers were used to define the axes as follows
YFM = femoral head centre (hip joint centre) — front of mid thigh marker 12

XFM = perpendicular to the plane containing the hip joint centre and the lateral and front mid thigh
markers (12 and 14)

ZFM = perpendicular to both YFM and XFM

The shank moving axes had their origin at the lateral malleolus marker (28). The tibial tuberosity (18) and
medial face of the tibia at mid shank (20) were used to define the axes set.

YTM = tibial tuberosity (marker 18) — lateral malleolus (marker 28)

XTM = perpendicular to the plane containing the tibial tuberosity (18), lateral malleolus (28) and medial

face of the tibia at mid shank (20) pointing in an anterior direction

ZTM = perpendicular to the XTM and YTM axes pointing in a medial direction

3.54.3 Summary of segment axes definitions

Two sets of axes have been detailed, the anatomical set based on anatomical features and the moving set
based on markers that were not necessarily directly located to underlying structures. The relationship
between the axes sets was established in a static trial. This allowed the removal of certain markers that
would have inhibited motion whilst still allowing the positions of underlying structures to be derived. To
allow calculation of muscle origin and insertion locations it was necessary to calculate also the relative
location of the segment axes as defined by Brand et al [1982] (see Section 3.5.2.1). It was possible to
perform this directly for the femoral and shank co-ordinate systems as the appropriate bony landmarks
were identified by markers. It was not possible, however, for the pelvic reference frame. Brand’s frame
had to be rotated by 9.87 degrees about the commonly defined ZP axis in a negative sense following the
right hand convention for positive rotations about axes (after Fitzsimmons [1995] based on dry bone
cadaver studies).

Translations between the segment axes sets were defined in three dimensions. These were used to allow

conversion of muscle origin and insertion data to different co-ordinate systems and to allow the external

forces to be integrated into the leg model.
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Figure 3.8 Definition of knee joint sagittal plane parameters after Nisell et al [1985].

o = angle between tibial long axis YTA and femoral long axis YFA.

B = angle between patella ligament and tibial plateau (knee anatomical X-axis, XKA).
C = distance along tibial plateau from front of tibial plateau to contact centre.

Fq = Force in quadriceps muscles (patella tendon).

Fp = Force in patella ligament.
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3.3.5 Joint models
3.5.5.1 Hip joint

The hip joint was considered to be a ball and socket joint. The activities being studied did not require the
use of the extreme range of motion of the hip joint. The joint capsule and ligamentous structures at the hip
were, therefore, not included in the model. It is possible that ligament forces at the highest degrees of
extension during walking may provide resistance against further extension. For the purposes of this study,
however, this action was assumed to be insignificant in comparison with muscle forces. It was assumed
that interactions between the rim of the acetabulum and femoral neck did not occur within the range of
motion used by the subjects. The forces in the hip joint were considered to act through the centre of the

femoral head (hip joint centre). The components of the hip joint force were defined in both femoral

anatomical and pelvic anatomical co-ordinate systems.

3.5.5.2 Knee joint

The knee joint does not have a fixed axis of rotation. It must be considered as a joint with 2 moving axis
of rotation, which depends on the angle of joint flexion and rotation for its location. For this thesis the
joint was described only from the tibial side with the location of ligamentous and tendinous structures and

bony contacts depending on the joint angle of flexion and rotation. A detailed description of the knee

model used follows.

To describe the force carrying structures at the knee joint required knowledge of the location of bony
contacts as well as soft tissue, such as ligaments, tendons and muscles. The joint contact points at the
knee between the tibia and the femur move over the tibial surface during flexion of the knee joint. This
movement has been described [Nisell et al, 1985, Dragonich et al, 1987]. Nisell et al examined 10 male
and 10 female subjects using X-ray methods. They determined the point at which there was the smallest
distance between the femur and tibia in the sagittal plane for a range of joint angles with subjects standing
on the leg being examined. Dragonich et al used 6 cadaver specimens and applied a load of 200N through
the patellar tendon to simulate joint loading. The point of centre of pressure was defined to be midway
between the centre of peak pressure (as measured using pressure sensitive film) and the centre of the
contact area. There was general agreement between these two publications with the derived locations
being a maximum of 3mm different over the 0 to 90 degree knee flexion range when converted to
represent the same average tibial plateau depth. The results of Nisell were chosen to describe the
movement of the tibio-femoral contact point in the sagittal plane as they were based on more relevant
experimental conditions.

The knee model developed was based on the average dimensions of the tibia as defined by Mensch &

Amstutz [1975]. These were calculated as average tibial bony width of 74.9mm and tibial plateau average
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Figure 3.9A Knee joint force bearing structures (muscles not shown). Right knee illustrated.
L. = distance to femur contact point on tibia from knee anatomical axes origin

¢ = knee rotation angle offset (knee rotation angle — static trial knee rotation angle).
ACL, PCL = anterior and posterior cruciate ligaments respectively.

MCL, LCL = medial and lateral collateral ligaments respectively.

KJC1, KJC2 = contact points of femur on tibia.

KJY 1, KJY2 = tibio-femoral contact forces.

KJX1, KJX2 = rotation forces (not representative of anatomical structures).

KJX3, KJX4 = supplementary anterior-posterior forces (not representative of anatomical structures).
KJZ1. KJZ4 = medio-lateral forces (not representative of anatomical structures).

(KJZ2, KJZ3 = not used)
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Figure 3.9B Knee joint force bearing structures (muscles not shown) in the plane of YKA and ZKA.

Note that the lateral collateral ligament was positioned as the medial collateral ligament at half soft tissue
thickness from the tibial condyle border.
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depth of 47.1mm. It was assumed that these dimensions were equivalent to the average dimensions of the
subjects studied for this thesis. The tibial width measure, which included soft tissue, of 97.6mm,
calculated as the average for the subjects of this study, was assumed to correspond to a bony dimension of
74.9mm. This assumption was necessary as there was an unknown thickness of soft tissue included within
the tibial width measure. There was soft tissue cover on the tibia that could not be measured, although an
average of 11mm of soft tissue on each side of the tibia appeared to be an over estimate. It is possible,
therefore, that the use of the average of Mensch’s data could have resulted in the model of the tibia being
slightly smaller than it actually was. This could have reduced the lever arms of force carrying structures

about the ‘joint centre’, which may have led to higher forces to maintain moment values.

The following description of the knee joint illustrates all dimensions as average values. All dimensions
were scaled by the ratio of the subject’s actual tibial condylar width (including soft tissue) to that of the

average tibial condylar width (including soft tissue). This average value was 97.6mm. Le. it was
assumed that the tibial width dimension as measured externally on the subjects was proportional to both
anterior-posterior and medio-lateral dimensions, with the average of the study population being the same

as that of all literature sources.

The knee joint model was deﬁnedtin three-dimensions. A number of elements of the model were,
however, defined only in the sagittal plane of the knee. The knee model did not, therefore represent all of
the structures at the knee in an anatomically correct way. To minimise the effect of simplifications used a
number of ‘free’ forces were introduced to prevent the distribution of forces being restricted by the
shortcomings of the model. Justification of the assumptions is made at appropriate points in the following

description of the knee model.

It was assumed that there were two distinct contact points between the femur and the tibia, one on the
medial and one on the lateral tibial plateau. It was assumed that these contact points could be represented
by point forces acting perpendicular to the tibial plateau. The location of the average contact point in the
sagittal plane (containing the YTA and XTA axes) was based on the work of Nisell et al {1985]. This
point was used to represent the average position of the medial and lateral contact forces in the XTA
direction. The XTA location of the medial and lateral contact points relative to this average point was
determined by the rotation of the tibia with respect to the femur. The neutral, or zero rotation position,
was taken as that of the static trial. The difference of the angle of rotation at the knee during the dynamic
trial to that during the static trial was taken to represent the rotation of the contact points about the average
contact location. To define all aspects of the knee model a set of co-ordinates was defined located on the
tibial plateau. These axes, the knee anatomical axes, had their origin at the centre of the contact point in

the plane of the tibial anatomical Y and X axes. The knee anatomical X axis, XKA, was defined along the

tibial plateau as illustrated in Figure 3.7A and the knee anatomical Y axis, YKA, was defined
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Figure 3.10 Sagittal plane definition of cruciate and collateral ligaments.

(after O’Connor et al [1990]). All measurements in mm. Note that the dimensions in this diagram are for
an average tibial plateau depth of 45mm.

ACLo, ACLi = origin and insertion points of the anterior cruciate ligament

PCLo, PCLi = origin and insertion points of the posterior cruciate ligament

MCLo, MCLi = origin and insertion points of the medial collateral ligament

LCLo, LCLi = origin and insertion points of the lateral collateral ligament
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perpendicular to the tibial plateau. The axes were used to define the location of all knee force bearing

structures. Equilibrium at the knee was specified about these axes.

Figure 3.7A 1llustrates the dimensions in the sagittal plane that were used to define the centre of contact of

the femur on the tibia.

Dimension ‘e’ was measured on the subjects as the distance in the direction of the long axis of the tibia
between the tibial tuberosity and the tibial plateau. ‘f* was the average dimension from Nisell et al [1983]
of 8.2mm.

‘g’ and ‘h’ were related by the angle O1p (the angle of the tibial plateau to the perpendicular to the long

axis of the tibia in the sagittal plane) and defined the location of the centre of femur contact on the tibia.
The angle O1p was taken as the average of male (9.2°) and female (7.2°) values from Nisell et al {1983] as

8.2°. The average of Nisell’s male and female contact centres on the tibia was calculated and used to

define the sagittal plane location of the point of contact for this study. The calculation of the contact point

location was based on an average tibial plateau depth of 47.1mm. Nisell’s data (see Figure 3.7B) was

interpolated based on a hand fitted smooth curve between recorded points to allow location of the contact

centre over the range of flexion angles from -10° to 120°. The values of ‘g’ are presented in Appendix Il1.
Nisell’s data was not continuous, but recorded at discrete intervals of knee flexion. Thus implicit within
the use of interpolation is the assumption that the trends in data were consistent between each of the
recorded points. This assumption is based on the observation that all recorded points did appear to follow
a consistent trend. It is possible, however, that there were deviations from the observed trend. It was not
possible to take this fact into account. Nisell’s data was interpreted as a representation of a consistent
trend. Figure 3.8 illustrates further parameters used to define the knee model. Note that the length C°
was the distance along the tibial plateau, as compared to ‘g’ and ‘h’, which were defined along and
perpendicular to the long axis of the tibia.

The locations of the two femoral contact points on the tibia were defined as being at equal distances from
the mid-line of the tibial plateau. This distance (‘L’ in Figure 3.9A) was set based on an illustration In
Dragonich et al [1987] at 20mm for the average model with tibial plateau width of 74.1mm. The results of
Dragonich were consistent with those of Nisell in terms of the placement of the contact point between

femur and tibia in the sagittal plane. The use of the medio-lateral placement as defined by Dragonich was,

therefore, considered to be reasonable. Dragonich’s results were, however, based on cadaver specimens
with very basic loading conditions. To take into account the effects of knee joint rotation on the location
of the contact points it was necessary to modify the joint contact locations. Figure 3.9A illustrates the use
of the knee rotation angle to provide an offset. The angle of offset was defined as the difference between
the static trial rotation angle and that of the instant at which the limb was observed. The static trial value

of knee rotation was used to reduce the effect of any misalignment of the segment axes systems.
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Figure 3.11 The patella mechanism [Nisell et al, 1985].

o = angle between tibial long axis YTA (tibial anatomical axis set) and femoral long axis YFA (femoral
anatomical axis set).

B = angle between patella ligament and tibial plateau (knee anatomical X-axis, XKA).
Fq = Force in quadriceps muscles (patella tendon).
Fp = Force in patella ligament.

Omus = angle of muscle to femoral long axis (YFA)
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The model included the medial and lateral collateral ligaments and the anterior and posterior cruciate
ligaments. These ligaments were represented by one linear element defined in the sagittal plane of the
knee anatomical axes (Figure 3.9B). This representation did not take into account the action of the

ligaments in the other planes or the fact that the ligaments were composed of many fibres. The locations

of ligament origins and insertions were taken from O’Connor et al [1990] and are illustrated in Figure 3.10
for a standard tibial plateau depth of 45Smm. To ensure that dimensions were compatible with the work of
Nisell an average tibial plateau depth of 47.1mm was used for this study. O’Connor et al’s data was,
therefore scaled appropriately. The anterior and posterior cruciate ligaments were defined to act in the
plane of the YKA and XKA axes and to have their origins and insertions in this plane. The medial and
lateral collateral ligaments were defined to act in the plane of the YKA and XKA axes but to have their
origins and insertions in a plane located at half the soft tissue thickness either side of the bony tibial
condyles (Figure 3.9B). The orientation of the ligaments was, therefore, idealised and assumed to be in
the sagittal plane. To overcome these simplifications in a manner that would have made the model

significantly more accurate would have required the treatment of the ligaments as multi-elemented and to
act out of the sagittal plane of the knee joint. The model was intentionally kept simple to reduce the
solution complexity (and thus computing time) whilst ensuring that all major force carrying structures
were modelled. Due to the simplifications used in the knee model it was necessary to introduce several

other forces to ensure that realistic forces in the muscles and joints resulted.

The solution method chosen incorporated force and moment balances at the knee. It was, therefore,
necessary to ensure that there were elements of force in all directions and about all axes to provide
equilibrium at the knee joint. To prevent unrealistic loading of the ‘real’ structures which were include in

the model a set of extra forces was introduced which represented all other force bearing structures at the

knee. These elements are illustrated in Figure 3.9A. The equilibrium of forces in each of the directions

and of moments about each of the knee anatomical axes was considered as follows.

YKA forces
KJY1 and KJY2 were considered to be the main contributors to force equilibrium in the YKA direction.
These forces would have countered muscle forces and any forces in the collateral and cruciate ligaments

and patellar ligament. There would not have been any other soft tissue structures that would have been

able to provide YKA forces of comparable magnitude to the modelled structures. Therefore no additional

forces in this direction were included.

ZK A forces

Resistance to medio-lateral force at the knee could have arisen due to the interaction between the tibia and

femur. The femoral condyles rest in depressions on the surface of the tibia and are separated by the
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Figure 3.12 Foot anatomical axes defined relative to tibial anatomical axes. ‘
Dimensions shown for average ankle of 74mm malleolar width (including 2mm soft tissue both sides)

Oaa = 15.5° for all ankles.
Orr = angle between the tibial anatomical X-axis (XTA) and foot anatomical X-axis (XFA)
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intercondylar eminence. Intersegmental medio-lateral force would have been resisted by reactions of the
femoral condyles against the raised parts of the tibial plateau. To allow for this effect a pair of forces was
specified, KJZ1 and KJZ4, which would provide a means of balancing these forces. They were specified

as acting through the knee anatomical axes origin.

XKA forces

The main force balancing structures in the XKA direction were the cruciate ligaments, with a small
contribution from the collateral ligaments. Preliminary examination of results with only these structures
indicated that the cruciate ligaments developed unrealistically high forces. To overcome this KJX3 and
KJX4 were introduced. It is possible that the requirement for these forces to ensure realistic solutions in
the cruciates indicated that the soft tissues at the knee joint were providing a significant contribution to
equilibrium in the XKA direction. The joint capsule and interaction of internal knee joint soft tissue with

the joint capsule could have given rise to these forces.

XKA moments

No supplementary forces were required about the XKA axis as the contact forces between femur and tibia

and collateral ligaments would have provided a more significant effect than any other soft tissues.

ZKA moments
Equilibrium about the ZKA axis was primarily satisfied by muscle forces. A small contribution from the
rotated contact forces would also have been present. No other effects were considered significant,

therefore no additional forces were specified.

YKA moments
As discussed for ZKA force balance it was necessary to introduce forces to counter the reaction against

rotations by the femoral condyles on the tibial eminence. In a moment sense this required forces with
lever arms about the knee anatomical joint axes origin. These were provided by KJX1 and KIX2. These

forces were not allowed to contribute to force equilibrium in the XKA direction and, therefore acted only

as a moment balance.

3.5.5.2.1 Patella mechanism

The effect of the quadriceps muscles on knee joint equilibrium was taken into account via the patella
mechanism. For this thesis the effect of the patella mechanism was incorporated by modification of the

force in the patella ligament based on ratios of muscle force and angles reported by Nisell et al [1985].
Movement of the patella itself was not incorporated as the knee model included equilibrium at the level of

the tibial plateau only. Nisell provided information on the ratio of the forces in the patella tendon (Fq) to
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that of the patella ligament (Fp). The ratio Fp/Fq was specified. The average of Nisell’s data is reported

in Appendix III. These data were extended to cover the full range of —20° to 120° of knee flexion (see

Appendix III). Figure 3.11 illustrates the patella mechanism. The contribution of the quadriceps muscles

(vasti and rectus femoris) to the patella ligament force was calculated using two factors.

First the force was multiplied by the cosine of the angle 0yys between the muscle’s line of action and the
femoral long axis in the plane of the YFA and the XFA axes. The result of this was the component of the
muscle force in the direction of Fq specified by Nisell. The force was then multiplied by the ratio Fp/Fq
for the appropriate knee flexion angle. The resulting force was that transmitted to the patella ligament and

thus to the tibial tuberosity. The angle of the patella ligament to the tibial plateau (i.e. the XKA axis) was

taken from Nisell as the angle B (tabulated in Appendix IIT). The patella ligament was assumed to act in

the sagittal plane of the knee anatomical axes, 1.e. in the plane of the XK A and YKA axes.

The following formulation was used to calculate the effective lever arm of the quadriceps muscles at the

knee:
FP
Effective lever arm of quadriceps muscle at knee = L pr X -;;—- X €OS O MUS
4,
Where :
L pr = lever arm of the patella ligament at the knee
FP
-1;—-- = ratio of the force in the patella ligament to that in the patella tendon
O
7, MUS = angle between the muscle's line of action and the femoral long axis
3.5.5.2.1 Summary of the knee joint model

Force bearing structures in the knee joint model consisted of:

-Two contacts between femur and tibia.

-Medial and lateral collateral ligaments.

-Anterior and posterior cruciate ligaments.

-Patella ligament.

-Two XKA forces to provide ‘soi}ltissue’ force balance in the XKA axis direction.
-Two ZKA forces to provide ‘soft tissue’ force balance in the ZKA axis direction.

-Two XKA forces to provide ‘soft tissue’ moment balance about the YKA axis.

The model was based on a number of literature sources. It was assumed that the parameters recorded in

the literature were compatible, 1.e. that they could be combined based on scaling given dimensions to the
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q = distance to the ankle joint force centres from the ankle anatomical centre along the ZAA axis.
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average model used. It was assumed that all the subjects studied for this thesis had tibial dimensions in

equal ratios to their tibial condylar width measures.

The knee model was by necessity a compromise between simplicity and the need to include all significant

force bearing structures. The knee model provided means for force and moment balance in all

dimensions.

3.5.5.3 Ankle joint

The ankle joint was modelled as a single axis hinge joint. The talocrural joint was modelled to allow the
inclusion of the main component of dorsiflexion / plantarflexion equilibrium in the model. The
talocalcaneonavicular joint was not modelled. To specify the location of the talocrural ankle joint two sets
of axes were defined. First the foot anatomical axes were defined in relation to the tibial anatomical axes,

then the ankle anatomical axes were defined relative to the foot anatomical axes.

The foot anatomical axes were defined from the tibial anatomical axes (Figure 3.12). The foot anatomical

Y axis (YFA) was aligned with the tibial anatomical Y axis (YTA). The foot anatomical X and Z axes
were defined relative to the inter-malleoli line by the data of Isman & Inman [1968]. Figure 3.12
illustrates the angle 0,4 , defined using the data of Isman (Figure 3.13) and an assumed inter-malleoli
distance of 74mm (including 2mm of soft tissue on each malleolus). Isman did not record a malleolar
width measure. This inter-malleoli distance was the average of the measurements of the subjects studied

for this thesis. It was assumed that the data of Isman represented an individual of the same dimensions as

the average of those studied for this thesis. The angle 8,4 was calculated as 15.5°. The foot anatomical

axes were defined in such a way as to ensure that the angle was maintained at this value.

The ankle anatomical axes were defined based on dimensions and orientations from Isman & Inman,
[1968]. Using the angles of alignment and the assumed average malleolar width it was possible to
calculate the position of the mid-point of the ankle Z-axis as illustrated in Figure 3.13. This mid point was

designated as the origin of the ankle anatomical axes, with the ankle anatomical Z axis as defined by
Isman and the ankle anatomical Y axis (YAA) in the plane of ZAA and YFA with the ankle X axis (XAA)
perpendicular to the two (Figure 3.14).

3.5.5.3.1 Ankle joint forces

The forces at the modelled talocrural joint (see Figure 3.15) were specified to provide means of opposing
all forces and moments except rotation moment about the ZAA axis. l.e. the balance of moments about
the ZAA axis was achieved using muscle forces only and not joint forces. AJZ1 and AJZ2 provided
reaction against forces along the ZAA axis equivalent to the action of the lateral and medial malleoli In

restraining the talus. AJX1 to AJX4 provided reactions against twisting actions about the YAA axis or

forces along the XAA axis. AJY1 and AJY2 provided compressive joint forces. These forces were
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located at two points equidistant from the ankle anatomical axis origin. The distance ‘q> was defined after

Proctor & Paul [1982] as 10mm, but scaled by the malleoli width of the subject compared to the mean

value of all the subjects (i.e. 74mm).

The joint force at the ankle is spread over an area of contact as illustrated by Calhoun et al [1994] and
Kimizuka et al [1980] using pressure sensitive film. It was not possible to model a distributed force
without considerably increasing the complexity of the model. The forces used allowed a range of force
combinations that effectively allowed the centre of joint force to move between the two joint ‘contact’

points, approximately the range illustrated by both Calhoun and Kimizuka.

No ligamentous structures were modelled at the ankle joint as it was assumed that the forces in them

would not be significant as compared to the bony contact forces and muscle forces.

3.5.5.3.2 Summary of the ankle joint model

The ankle joint model was modelled only at the level of the talocrural joint. Joint forces were idealised to
act at two points equidistant from the ankle anatomical Z axis mid point. No joint forces were specified to
provide moment about the ZAA axis. The following joint forces were used:

-Two joint forces acted along the ZAA axis modelling the restraining effect of the malleol..

-Four joint forces acted in the XAA direction modelling aspects of contact between the tibia and talus.

-Two joint forces acted in the YAA direction modelling the main components of the ankle joint force.

The ankle joint anatomical axes were located based on the work of Isman & Inman [1968]. It was

assumed that all data could be applied to the same average model, which was scaled to the individual

based on their malleolar width.

3.5.6 Muscle lines of action and lever arms

Forces in the muscles and ligaments and joint forces had the effect of both linear force and moment about
the joints. To incorporate these two effects into the model it was necessary to know not only the origin
and insertion points of the muscles but also the line of action of the muscle. A number of muscles,
especially at the hip joint, would not have followed the direct path from their bony origin to insertion.
Although Brand’s data incorporated some degree of compensation for this fact by using effective origins
and insertions, it was still possible that during the activities performed, the direct line from Brand’s origin
to insertion would have passed through underlying structures. Muscle wrapping procedures of

Fitzsimmons [1995] were adopted to reduce the inaccuracies that would have arisen from the use of the

direct line between origin and insertion. These procedures were applied to the following muscles at the
hip joint: Gluteus maximus, Iliacus, Psoas, Rectus femoris, Obturator internus, Piriformis, Gluteus

minimus (lower part), Gemelli.
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Figure 3.16 Joint angle definitions.
0,= flexion/extension angle

0,= adduction/abduction angle

0;= internal/external rotation angle

XP, YP, ZP = proximal segment axes
XD, YD, ZD = distal segment axes

\
\
\‘ 0, XP

Ordered sequence of rotations: 6, 0,, 0.
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A full description of the procedures used can be found in Fitzsimmons [1995]. A brief summary is

included here.

The obturator internus, piriformis, gemelli and the lower part of the gluteus minimus were observed to
interact with the posterior surface of the hip joint beyond approximately 20° of internal rotation. A
spherical hip joint of radius 25mm was assumed and the muscles assigned an appropriate effective origin
or insertion if the straight line from origin to insertion passed within this sphere.

The lower two elements of the gluteus maximus muscle were found to deviate from their straight paths

beyond a certain angle of hip flexion. The lowest element of the gluteus maximus (gluteus max 3)
interacted with the ischial tuberosity or the pelvic region between the ischial tuberosity and the hip joint
centre during hip flexion. The pelvic region concerned was modelled as a 20mm diameter cylinder, the

long axis running between the ischial tuberosity and the hip joint centre. The muscle element was

wrapped around this cylinder where appropriate.

The middle element of the gluteus maximus (gluteus max 2) interacted with the underlying lateral rotator
muscles beyond 45° of hip flexion. The primary interaction was observed to be with the gemellus inferior.
The element of gluteus maximus was wrapped around the gemellus inferior with a clearance of the sum of
half the thickness of each muscle (taken to be 10mm).

The highest element of the gluteus maximus (gluteus maximus 1) was found to insert deep to the gluteus
medius. To adjust this a total thickness of 9mm was assumed to separate the two muscles, with the
gluteus maximus insertion lying outside that of the gluteus medius.

The iliacus and psoas were observed to interact with the front of the hip joint during hip flexion. This was

adjusted for with suitable effective origins and insertions being defined.

After wrappin'g, all muscles were then defined by an effective origin and insertion. These points were

then used to describe the muscle’s line of action, with the assumption that the line of action was along the
line joining the effective origin and insertion. The effective origin and insertion points were calculated in

the appropriate joint co-ordinate system so that the lever arm of each muscle could be calculated about the

joint axes.

3.5.7 Muscle physiological cross sectional area

Each muscle specified in the model was of a certain size. Its size determined to a certain extent its
capacity for supporting load. It was, therefore, necessary to incorporate a means of describing the relative
ability of a muscle to support load. This was achieved by incorporating the physiological cross sectional

area of each muscle into the model. The data of Freiderich & Brand [1990] were used in this study and
are reproduced in Appendix 1V. This data was based on a 37 year old, 183cm, 91 kg male subject. The

values of physiological cross sectional area calculated as the ratio of the muscle volume to the muscle
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Figure 3.17A  Definition of the angles between the resultant force on the femoral head and the femoral -
anatomical axes.

FHYXANG = angle between the resultant hip joint force and the YFA axis in the plane of the YFA and )
XFA axes :

FHYZANG = angle between the resultant hip joint force and the YFA axis in the plane of the YFA and
ZFA axes

FHXZANG = angle between the resultant hip joint force and the XFA axis in the plane of the XFA and
ZFA axes
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Figure 3.17B  Definition of the angles between the resultant force on the acetabulum and the pelvic
anatomical axes.

HJYXANG = angle between the resuitant hip joint force and the YPA axis in the plane of the YPA and . - .
XPA axes

HJYZANG = angle between the resultant hip joint force and the YPA axis in the plane of the YPAand =~
ZPA axes

HIXZANG = angle between the resultant hip joint force and the XPA axis in the plane of the XPA and
ZPA axes
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fibre length were used in this thesis to indicate the relative capability of muscles to support load. They
were not scaled to the individual being modelled. It was assumed that all individuals had the same
distribution of muscular tissue in the lower limb as those of the individual studied by Friederich. It was

necessary to make this assumption as no scaling factors were presented by Freiderich and no alternative

literature references were available.

3.5.8 Joint angles

The calculation of joint angles was performed to allow the knee joint model to be fully described and to
provide general information on the orientation of the segments. An implementation of the Cardan angle

method was used after Grood & Suntay [1983]. This involved the calculation of joint angles as an ordered
set of rotations which allowed the proximal axes set to be rotated to the orientation of the distal set (see
Figure 3.16). Although this method of calculation did not provide information of individual joint angles
that could be easily related to the change between axes sets (all three angles of rotation at a joint having to
be considered at once) it did provide a description of the joint angles in three dimensions. The method
was implemented by applying rotations about axes as follows:

Flexion/extension about the proximal segment’s Z-axis.

Adduction/abduction about the rotated proximal segment’s X-axis.

Internal/external rotation about the distal segment’s Y-axis.

To calculate the angles a rotation matrix was established, which represented the transformation from the
proximal co-ordinate system to the distal system. This rotation matrix was equated with that which

represented the three ordered rotations as above. Comparison of elements in the matrix allowed the

derivation of the three angles of flexion/extension, adduction/abduction and internal/external rotation.

Joint angles were calculated at the hip and knee based on the pelvic, thigh and shank anatomical axes

systems.

3.5.9 Resultant hip joint force orientation

The inclination of the hip joint force to the pelvic anatomical axes and femoral anatomical axes was
calculated and described by three angles in each case. These are illustrated in Figures 3.17A and B. The
angles used provide a three dimensional description of the resultant hip joint force orientation in the two

co-ordinate systems.

3.5.10 Implementation for the left side

All methods were implemented for the right side. Left limb data was reflected so that it could be treated

as right limb data.
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3.35.11 Summary of limb model

The limb model was described in relation to palpable bony landmarks

The model included the pelvic, thigh and shank segments. The foot was not included explicitly. Muscles
of all joints were included giving a total of 47 muscle elements. Muscle physiological cross-sectional area
was incorporated.

The hip, knee and ankle joints were modelled as contact between the pelvis and femur, femur and tibia and
tibia and talus respectively. Joint forces were specified at these joints to model all major force carrying
structures. At the knee cruciate, collateral and patella ligaments were modelled. No ligamentous

structures were modelled at the hip or ankle.

Joint axes systems were set up in such a way as to allow equilibrium equations to be established.
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Figure 3,18 Free body diagrams of lower [imb sections.
Note that no muscle forces are illustrated.

Three orthogonal components of the hip joint force are illustrated.
See Figure 3.9A for the definition of the knee joint forces.

See Figure 3.15 for the definition of the ankle joint forces.
Three orthogonal components of the ground reaction forces and moments are illustrated.
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3.6 Determination of force distribution

3.6.1 Establishing the equilibrium equations

The method used to determine the forces in the leg’s force bearing structures was to consider equilibrium
In three dimensions at the hip, knee and ankle about the joint’s anatomical axes. At each of the joints the
following forces acting on the distal limb were included:

Ground reaction forces and moments

Gravitational forces
Joint forces
Ligament forces (at the knee)

Muscle forces
Free body diagrams are illustrated in Figure 3.18. Note that for clarity the muscle forces have not been
included in these diagrams. For joint and ligament force definitions reference must be made to the
relevant diagrams. Ground reaction forces along and moments about three orthogonal axes are illustrated.
Joint friction was considered to be negligible, it beiﬁg assumed that joint lubrication prevented significant
resistance to relative motion betweren the bones.
Mass related force actions were considered to be negligible and not included in the analysis. It is typically
stated in the literature that mass related load actions account for only approximately 10% of hip joint
moment.
Segment mass and location of segment centre of mass were defined after <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>