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ABSTRACT

A seven segment model of the right leg and foot was developed with
segments: thigh, lower leg, talus, hindfoot, midfoot and lateral and medial forefoot.
Three-dimensional mapping of internal structures was made from CT scans and
anatomical photographs (Visible Human Project). Twelve healthy subjects performed
level walking and medial walking turns at slow, preferred and fast speed.

Equilibrium about the two joints of the ankle complex (ankle and subtalar),
was solved using Muscle Model Assisted Optimisation (MMAO). A three
component, Hill-type muscle model determined tensions in eight muscles of the
lower leg using EMG. Linear optimisation then corrected muscle tensions and
solved for ligament tensions and articular surface compression.

MMAO was successful in modeling ankle complex equilibrium during walking
and walking turn. External forces acting on the right foot were similar for all
- subjects. Despite similar external loading, subjects employed different muscle
tension strategies to produce equilibrium about the ankle and subtalar joints. For all
subjects, triceps surae muscle tensions were largest. Peak tension in achilles tendon

was 7.9xBW during walking and 8.0xBW during walking turn. The two heads of
gastrocnemius behaved as distinct muscles performing different roles during stance.
Peroneus brevis produced movement about the subtalar joint while peroneus longus
had a stabilising role. The dorsi-flexors were significantly active during stance

phase, antagonistic to triceps surae muscle group. This antagonism has not been
predicted by previous models.

Ligaments acted in an all-or-nothing manner when constraining the ankle
complex. Ligaments were either slack or tensed at constant tension. Maximum

ligament tension was 1.75xBW in the lateral ligaments of the ankle joint during
walking turn. No difference between the walking and walking turn was seen in
compressive loading of articular surfaces. Maximum compression of ankle joint was

10.0xBW and of subtalar joint was 8.0xBW.

111




ACKNOWLEDGEMENTS

I wish to thank my supervisor, Dr. Sandy Nicol, for his support and guidance.
It was he who introduced this outsider to the grey area that exists between the
disciplines of engineering and medicine and it was he who suggested that the ankle
could use some looking in to.
I must also thank the Visible Human Project for supplying the medical images on
which the model was based. Thank you also to the Over-seas Research Scheme that

allowed me to follow the path of most resistance and study in the United Kingdom as

a financially-disadvantaged Canadian who was a long way from home.
Finally I must thank the person to whom I owe everything, Krista Bray. You
made many sacrifices to join me in the Old World, not the least of which was leaving

the New World. It is unlikely that I would have finished this without you propping
me up, unseen, from behind. You have earned an equal share in this accomplishment

and we make a good team.

Y




TABLE OF CONTENTS

ABSTRACT i
ACKNOWLEDGEMENTS iv
NOMENCLATURE | X
AIM OF THE CURRENT MODEL X111
CHAPTER1 ANATOMY AND FUNCTION 1
1.1 ANATOMY OF ANKLE COMPLEX 1
1.1.1 The Joints of the Ankle Complex 1
1.1.2 The Bones of the Ankle Complex 2
Talus 2
Lower Leg 3
Hindfoot 3
Midfoot 4
Forefoot and Phalanges 5
1.1.3 The Ligaments of the Ankle Complex S
Lateral Ligaments 6
Medial (Deltoid) Ligaments 6
Subtalar Ligaments 8
1.1.4 Retaining Structures of the Ankle Complex 9
Extensor Retinacula 9
Peroneal Retinacula o 10
1.1.5 Muscles of the Ankle Complex 11
Triceps Surae Group 11
Peroneal Group 12
Anterior Tibial Group 13
Posterior Tib1al Group 14
1.2 FUNCTIONAL ANATOMY OF THE ANKLE COMPLEX 15
1.2.1 Motion of the Ankle Joint 15
1.2.2 Motion of the Subtalar Joint 17
1.2.3 Motion of the Tarsometatarsal (Lisfranc's) Joint 17



CHAPTER2 REVIEW OF PREVIOUS MODELS
2.1 MUSCLE MODELS AND EQUILIBRIUM MODELS
2.2 PREVIOUS MUSCLE MODELS
2.3JOINT EQUILIBRIUM MODELS
2.4KINEMATIC MODELS
2.5 OPTIMISATION MODELS
2.5.1 Linear and Non-linear Optimisation
2.5.2 EMG Assisted Optimisation (EMGAO)
2.5.3 Muscle Model Assisted Optimisation (MMAOQO)

CHAPTER3 COLLECTION OF KINEMATIC DATA
3.1 MOTION ANALYSIS EQUIPMENT
3.1.1 VICON
3.1.2 Dynamic Calibration
3.1.3 Force Plates
Ground Reaction Force and Centre of Pressure
Free Moment
3.1.4 EMG Collection Equipment
3.1.5 Electrode Placement
3.2 MARKER CLUSTER DESIGN AND PLACEMENT

3.3 MOTION ANALYSIS EXPERIMENTS
3.3.1 Subject Selection

3.3.2 Muscle Model Calibration (MMC) Trals
3.3.3 Pointer Tnials
3.3.4 Movement Task Trials

Walking

Walking Turn

19
19
19
22

25
27
27
28
29

31
31
31
32
33
33
34
35
37
38
41
41
41
43
45
45
46

vi




CHAPTER4 ANALYSIS OF KINEMATICS
4.1 OUTLINE OF THE CURRENT MODEL
4.1.1 Flow of Calculations
4.1.2 Kinematic Data
4.1.3 Internal Map
4.1.4 Ankle Complex Muscles and Muscle Model
4.1.5 Joint Equilibrium Solution and SIMPLEX Optimisation
4.2 INTERNAL MAP
4.2.1 Dagitising the Medical Images
Computer Tomography Images (CTs)
Anatomical Photographs (APs)
4.2.2 Defining Segment Bone-fixed Frames
4.2.3 Structures Defined in the Internal Map
4.2.4 Defining the Two Joint Axes
4.2.5 Determining Joint Rotational Axes Positions

4.2.6 Defining the Talus Segment Bone-fixed Frame
4.3 SEGMENT KINEMATICS

4.3.1 Linking Bone-fixed Frames to Cluster Frames
Locating the Segment Landmarks
Transformation into Bone Frame

4.3.2 Scaling Internal Map to each Subject

4.3.3 Linking Bone-fixed Frames to Ground Frame

4.3.4 Visibility and Filling Gaps
Spline Interpolation Fill
Three-Marker Fill
Two-Marker Fill

4.3.5 Filtering Marker Trajectory Noise

48
48
48
49
49

50
51
52
52
52
33
3
39
63
65
66
67
67
68
71
72
74
76
77
79
82

87

vii



CHAPTERS ' EXTERNAL LOADING RESULTS AND DISCUSSION 90

5.1 INTRODUCTION

5.2 GROUND REACTION FORCES
5.3 JOINT ANGLES

5.4 MOMENTS ABOUT JOINT ROTATIONAL AXES
5.5 FREE MOMENT RESULTS

CHAPTER 6 MUSCLE-TENDON TENSION EQUILIBRIUM

6.1 THREE COMPONENT MUSCLE-TENDON MODEL
6.1.1 Contractile Component

CC Length-Tension Relationship
Velocity-Tension Relationship
Activation Level-Tension Relationship
6.1.2 Parallel Elastic Component
6.1.3 Series Elastic Component
6.2 EMG TO MUSCLE ACTIVATION LEVEL PROCESSING
6.2.1 Determining Twitch Time Constants
6.3 DETERMINING INSTANTANEOUS LENGTH
6.4 ITERATIVE SOLUTION PROCESS
6.5 CALIBRATING THE MUSCLE MODEL

CHAPTER 7 JOINT AND LIGAMENT LOADING EQUILIBRIUM
7.1 JOINT INDETERMINACY

7.2 SIMPLEX METHOD OF LINEAR OPTIMISATION
7.3 CORRECTING THE MUSCLE-TENDON TENSIONS
7.4 ANKLE COMPLEX EQUILIBRIUM SOLUTION
7.4.1 Ankle Complex Ligaments
7.4.2 Ankle Complex Surfaces
7.4.3 Solving Ankle Complex System for Equilibrium
7.4.4 Inertial Loading and Retinacular Effects

90
92

106
116
127

130
130
130
131
134
137
139
141
142
144
146
148
152

162
162
165
167
173
173
175
177
180

Viil



CHAPTER 8 INTERNAL LOADING RESULTS AND DISCUSSION
8.1 INTRODUCTION

8.2 MUSCLE-TENDON TENSIONS
8.2.1 Muscle-tendon Tension Results
8.2.2 Muscle-tendon Tension Discussion
8.2.3 Electromyographic Results and Discussion
8.2.4 Estimating Joint-crossing Load in the Inferior Extensor Retinaculua
8.3 LIGAMENT TENSIONS
8.3.1 Ligament Tension Results
8.3.2 Ligament Tension Discussion
8.4 ARTICULAR SURFACE COMPRESSION
8.4.1 Articular Surface Compression Results
8.4.2 Effective Joint Force Resultant
8.4.3 Articular Surface Compression Discussion

8.4.4 Articular Surface Pressures

8.5 SIMPLIFIED EQUILIBRIUM SOLUTIONS
8.5.1 Simplified Model
8.5.2 The Role of Antagonism

CHAPTERY9 RECOMMENDATIONS AND CONCLUSIONS

9.1 RECOMMENDATIONS FOR FUTURE DEVELOPMENT
9.2 CONCLUSIONS

REFERENCES
APPENDIX

182
182
182
182
199
202
207
212
212
221
222
222
225
232
234
238
238
244

247
247
249

251
259

1X



NOMENCLATURE

Template:

il

C Nt NS Y
m o ]
> w @

*T]

ol i =

%S O ZXZ

7
>

— Y "o
>y

u><
Sl
N

%

®

Superscript—left X ~right
Subscript—lefi <™ —right

-landmarks defined in Internal Map (chapter 4)
-velocity-tension curve shape constants (6)
-muscle activation level (6)
-point (4)
-surface compression optimisation variable (7)
-muscle tension correction variable (6, 7)
-Cross sectional area (6)
-lever arm (6, 7)
-moment potential (6, 7)
-example sample (4),
EMG signal (6)
-ground reaction force (3),
force (6, 7)
-velocity-tension (Hill) factor (6)
-general sample (4, 6 ,7)
-SEC stiftness coefticient (6)
-ligament tension optimisation variable (7)
-point (4).
length (6),
line of action (6, 7)
-moment (6, 7)
-number of sarcomeres (6),
scaling factor for PEC length-tension curve (6)
-origin (4)
-point (4)
-physiological cross sectional area
-proportionality factor (6)
-vector (4)
-rotational matrix (4)
-anthropometric scaling factor (6)
-muscle model calibration factor (6)
-muscle specific tension (6)
-translation matrix (4),
tension (6, 7)
-frame of reference axes (4)
-point (6 ,7)
-vector (4),
velocity (6)
-objective function (6, 7)
-frame of reference axes (4)
-muscle pennation angle (6)




-muscle twitch time constant (6)

,
T -specific muscle twitch time constant (6)

Subscript-right

A,B,C -anthropometric landmarks (4)

a—b -transformation from frame a to frame b (4)
CC -contractile component (muscle model) (6)
cp -centre of pressure (4, 6, 7)

f -final entity (4),

missing entity (with gap-filling) (4),
of the fibre (muscle model) (6)

GRF -of the ground reaction force (7)

i -the i™ entity (4)

lig -of the ligaments (7)

max -maximum value (6)

mus -of the muscle (7)

muscle -of the muscle (6, 7)

muscle-tendon -of the muscle-tendon unit (6)

[opt] -optimal value (6)

PEC -parallel elastic component (muscle model) (6)
[rest] -resting value (6)

sarc -of the sarcomere (6)

SEC -series elastic component (muscle model) (6)
S -starting entity (4)

surf -of the articular surfaces (7)

tendon -of the tendon (6, 7)

total -total value (6)

trans -transitional value (6)

X,Y,Z -directional components (3)

X -cross-product vector (3, 4, 6)

1,2,3,4 -force plate pillar number (3)

1,2,3 -entity number (4)

B -rotation of O degrees (with gap-filling) (4)

0 -rotation of O degrees (with rotational matnx) (4)

Subscript-left (Frames of Reference)

bone -bone-fixed frame (4)

cluster  -marker cluster frame (4)

example -example frame (4)

g -VICON/ ground frame (3, 4)

he-2 -frame defined at field h-2 (4)

joint -joint-fixed frame (Ankle or Subtalar) (4)
Kistler -force plate frame (3)

MI -medical image frame (4)

VICON -VICON/ ground frame (3)

X1



Superscript-right

T -transpose (4)

-derivative with respect to time (4),
altered frame of reference (4),-
altered length (6)

* -estimated value (6)

Superscript-left

fud

,§,§ -component of the vector or matrix (4)
1,3and2 -axis of scale factor, S (4)

Tops

X -vectors (4, 6, 7)

X -unit vectors (4, 6)

X -average or rectified signal (6)
Bases

X -point or matrix (4, 6, 7)

X11



AIM OF THE CURRENT MODEL

The aim in the current study was to develop mathematical a model which would
determine the loads acting on the internal structures of the Ankle Complex during the
stance phases of walking and walking turns. The structures which were modelled
were the muscles, tendons, ligaments and articular surfaces. The Model was
intended to minimally simplify the internal structure and to be as representative of
the anatomy of the Ankle Complex as possible.

To mathematically represent the internal structure of the Ankle Complex an
Internal Map was constructed from medical images. The Internal Map defined the
positions, orientations and geometries of the structures within the joint complex.

Kinematic data formed the input for the model. A VICON Motion Analysis
System was used to collect the kinematic data. The kinematic data aimed to capture
not only the large relative motion of the segments of the leg but also the smaller
relative motion of the segments of the foot which has been often ignored in past
locomotion studies.

The Model finally aimed to demonstrate to effectiveness of the Muscle Model
Assisted Optimisation (MMAO) method for solving indeterminate joint systems of

highly mobile joints during gait.

X1i1



Figure 1.1.1-1

The positions of the Ankle Joint (A) and Subtalar Joint (B) axes

with respect to the bones of the lower leg and foot (Gosling, et al,

1993).
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CHAPTER 1 ANATOMY AND
FUNCTION

1.1 ANATOMY OF THE ANKLE COMPLEX

1.1.1 The Joints of the Ankle Complex
There are two joints that compose the Ankle Complex: the Ankle Joint and

the Subtalar Joint. The Ankle Joint has also been called the Talocrural Joint 1n the
literature. This joint is formed by the Talus articulating with the Tibia and Fibula.
The axis of rotation is directed generally medial to lateral with the axis running
postero-laterally and distally. Figure 1.1.1-1 shows the location and orientation of
the Ankle Joint axis with respect to the bones of the leg and foot. The motions
allowed by the Ankle Joint joint are dorsi-flexion and plantar-flexion. 1f the axis 1s
considered to point laterally, then a positive rotation of the foot about the axis is
dorsi-flexion, where the angle formed by the anterior surface of the tibia and the
dorsum of the forefoot becomes smaller. A negative rotation is plantar-flexion where
this angle becomes larger.

The Subtalar Joint is also known as the Talocalcaneonavicular Joint. While
this second name is useful in indicating the bones that are involved in the joint, the
name is otherwise cumbersome, and therefore Subtalar will be used for the remainder
of this study. This joint is composed of two separate joints which function together
as a unit. The first subjoint is formed by articulations between the Calcaneous and
the Talus, and the second between the Navicular and the Talus. The axis of this joint
runs generally posterior to anterior with the axis moving anteriorly, proximally and
medially. The axis for the Subtalar Joint is also plotted in Figure 1.1.1-1. The
motions allowed by this joint are inversion and eversion. 1f the axis of the joint 1s
considered to run anteriorly, then a positive rotation of the right foot about the axis
produces 1inversion where the angle formed between the medial surface of the tibia

and the medial aspect of the midfoot becomes smaller. A negative rotation produces

eversion where this angle 1s increased.

Chapter 1
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1.1.2 The Bones of the Ankle Complex
The bones that make up the Ankle Complex can be subdivided functionally

and anatomically into five different groups: the Lower Leg, Talus, Hindfoot,

Midfoot and the Forefoot plus Phalanges.

Talus

The Talus is central to the function of the Ankle Complex and possesses
articulations for both the Ankle and the Subtalar Joints, however, it is not palpable
from the skin surface. Figure 1.1.2-1 shows the Talus bone. The Talus is composed
of three portions: the body, neck and head. The body is the largest portion of the
Talus and is secured within the bimalleolar fork by strong ligaments. The superior
surface of the body is pulley shaped and covered by the Talar Trochlear surface of
the Ankle Joint. The lateral and medial surfaces are covered by the Lateral Malleolar
surface, which is the larger, and the Medial Malleolar surface. These two surfaces
are also involved in the Ankle Joint.

The Inferior surface of the body is covered by the Posterior Talocalcaneal
surface of the Subtalar Joint. The long axis of this surface 1s directed antero-
laterally.- The surface is strongly concave in its long axis and either flat, or
minimally concave in its short axis. The posterior surface of the Talar body has two
tubercles. The sulcus between these tubercles forms a pulley surface for the Flexor
Hallucis Longus tendon.

The neck of the Talus is attached to the anterior of the body. The long axis of
the neck is directed antero-medially and inferiorly with respect to the body. The
inferior surface of the neck forms the sinus tarsi laterally and the canalis tarsi
medially. These concave surfaces form a cavity between the Talus and the
Calcaneus, which is the bone lying inferiorly to the Talus. Anterior to the canalis
tarsi, lies the Middle Talacalcaneal articular surface. This surface is also involved in
the Subtalar Joint. The sinus and canalis tarsi are both strongly concave and serve to
separate the Posterior and Middle Talocalcaneal surfaces.

The neck of the Talus connects the body portion to the head portion. The

head of the Talus articulates with the Navicular and is dominated by an articular

Chapter 1
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surface. The long axis of this surface is directed supero-laterally and is convex along

both its long axis and short axis.

Lower Leg

There are two bones in the lower leg: the Tibia and the Fibula. These bones
span from the Knee Joint down to the Ankle Joint in the Ankle Complex. Both of
these bones are long bones, with the long axes of the two running parallel to one
another. They are illustrated in Figure 1.1.2-2. The Tibia is the larger of the two.

The anterior surface of the Tibia is dominated by the tibial anterior crest. Distally,
the medial Tibia forms the Medial Malleolus which is palpable from the skin surface
and forms one side of the bimalleolar fork which holds the Talus body. The inside of
the malleolus holds the Medial Malleolar surface of the Tibia. The inferior surface
of the Tibia is covered by the concave Mortice surface. These two surfaces articular
with the Talus in the Ankle Joint.

The Fibula is the smaller of the two lower leg bones. The Fibula is
positioned laterally to the Tibia and joined to it very strongly by an interosseus
membrane which allows very little relative motion. The proximal end of the Fibula,
the head, is knob-like and is palpable from the skin surface. The distal end forms the
Lateral Malleolus which is also palpable and which is the other tong in the

bimalleolar fork. The inside surface of this is covered by the Lateral Malleolar
surface. |

The Lateral and Medial Malleolar surfaces and the Mortice surface at the

distal ends of the Tibia and Fibula articular with the Talus surfaces, forming the
Ankle Joint.

Hindfoot

The Hindfoot group is composed solely of the Calcaneus bone which is the

largest bone of the foot. This bone lies inferior to the Talus and forms the plantar
heel surface of the foot. The Calcaneus is shown in Figure 1.1.2-3. The superior

surtace of the Calcaneus is divided into three portions. The posterior third is non-

articular. The middle third is covered by the Posterior Talocalcaneal surface which

Chapter 1
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articulates with the Talus. The anterior third holds the sulcus calcanei and the
Middle Talocalcaneal surface. The sulcus calcanei is the floor of the cavity between
the Talus and Calcaneus formed by the sinus and canalis tarsi.

The posterior surface of the Calcaneus forms the insertion for the Achilles

tendon. To either side of the tendon attachment are tuberosities, lateral and medial,
which are palpable from the skin surface. The lateral surface of Calcaneus is flat
apart from a broad tubercle, the eminentia retrotrochlearis which 1s also palpable
from the skin surface. The medial surface of Calcaneus is flat except for a large
projection from the superior middle third, the sustenaculum tali which supports the
medial aspect of the Posterior Talocalcaneal surface. Anteriorly, the Calcaneus is

entirely articular where it meets the Cuboid bone of the midfoot group of bones.

Midfoot

Five bones make up the midfoot group. These are: Navicular, Cuboid, and
the First, Second and Third Cuneiforms. These bones are tightly joined together by
strong ligaments and there is very little relative movement between the five. For this
reason, they can be considered to operate as a single rigid segment. The midfoot
bones are illustrated in Figure 1.1.2-4,

The Navicular lies at the medial, proximal corner of the midfoot group. The
posterior surface of the Navicular articulates with the head of the Talus. The long
axis of this surface runs in the supero-lateral direction similarly to the corresponding
Talar Head surface. The long axis of the surtace is strongly concave while the short
axis is slightly concave or even flat and the Navicular surface is not entirely
congruent with the corresponding Talar surface. The medial edge of the Navicular is
dominated by a large tuberosity which is palpable from the skin surface.

The lateral edge of the Navicular meets the Cuboid at an inflexible joint. The
Cuboid lies in the posterial lateral corner of the midfoot group where it articulates
with the anterior surface of the Calcaneus. The lateral border of Cuboid holds a

groove which serves as a pulley point for the Peroneus Longus muscle. The Cuboid
extends anteriorly to the bases of the Fourth and Fifth Metatarsal bones and borders
the Third Cuneiform medially.

Chapter 1
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The three Cuneiform bones form the anterior medial corner of the midtoot
group. The First Cuneiform is most medial and lies on the medial edge of the foot.
Its dorsal surface bears a ridge which is palpable from the skin surface. The Second
Cuneiform lies lateral to the First and medial to the Third Cuneiform. The lateral
border of the Third Cuneiform meets the Cuboid. The three Cuneiforms with the
Cuboid form the transverse arch of the foot which is dorsally convex. The anterior
surfaces of the Cuneiforms atriculate with the bases of the First to Third Metatarsals
in a zig-zag patten. This pattern of articulations forms the Tarsometatarsal Joint (or

Lisfranc’s Joint) and determines its behaviour.

Forefoot and Phalanges

There are five Metatarsal bones within the forefoot group of bones. These
articulate with the three Cuneiforms and the Cuboid proximally at the
Tarsometatarsal Joint and with the Phalanges distally. The five Metatarsal are all
long bones with their long axes running parallel, proximal to distal, from base to
head. The First Metatarsal is the most medial and is the shortest and thickest of the
five. The other four Metatarsal rays are all thinner than the First and are of similar
cross-section (Figure 1.1.2-5).

The base and head of the First Metatarsal each possess dorsal ridges which
are palpable from the skin surface. The head of the Fifth Metatarsal bears a similar
dorsal ridge. The base of the Fifth Metatarsal however possesses a large palpable
prominence which extends postero-laterally from the lateral border of the foot.

The remaining bones of the foot are the fourteen Phalanges, which make up
the five toes, and the two sesamoid bones of the great toe. The great toe is composed

of only two Phalanges while the other four toes have three each.

1.1.3 The Ligaments of the Ankle Complex
The ligaments of the Ankle Complex can be divided into three groups based

on location: the Lateral, Medial and Subtalar groups. The Lateral and Medial
ligaments are all attached to the Tibia or Fibula and act primarily about the Ankle

Chapter 1
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Joint. The Subtalar ligaments each attach to the Talus and exclusively act about the

Subtalar Joint.

Lateral Ligaments

The Lateral ligament group comprises three distinct ligaments: the Anterior
and Posterior Talofibular and the Calcaneofibular ligaments. All of these attach to
the Fibula on the lateral malleolus. The three Lateral ligaments are illustrated in
Figure 1.1.3-1. The Anterior Talofibular is a flat, strong ligament which runs
anteriorly from anterior surface of the lateral malleolus and attaches to the body of
the Talus just anterior to the Lateral Malleolar surface. The ligament is composed of
two distinct bands of fibres, the upper and lower, which work as a single functional
unit. This ligament constrains the motion of the Talus about the Ankle Joint so that it
1s unable to internally rotate or to invert.

The Calcaneofibular ligament is a strong cord-like bundle of fibres which
runs from the anterior lateral malleolus and attaches to a small tubercle on the
posterior lateral surface of the Calcaneus. This ligament therefore acts to constrain

the motion of the Calcaneus and Talus about both the Ankle and Subtalar Joints.

This ligament restricts the Calcaneus and Talus from externally rotating at the Ankle

Joint and limits the amount of inversion of the Calcaneus about the Subtalar Joint.
The Posterior Talofibular ligament is the strongest ligament of the three. It is

trapezoidal in shape and attaches to the medial, inside surface of the lateral

malleolus, just inferior to the Lateral Malleolar articulation of the Fibula. The
ligament runs posteriorly and attaches to the posterior surface of the Talus body.

This ligament constrains motion of the Talus about the Ankle Joint so that it is

unable to externally rotate or invert.

Medial (Deltoid) Ligaments

The division of the Medial group into individual ligaments is not as obvious
as with the Lateral group. Figure 1.1.3-2 illustrates the Medial or Deltoid group.
The majonty of the fibres of the Deltoid group are directed posteriorly and laterally

from the medial malleolus. A smaller number of fibres extend anteriorly.

Chapter 1
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Figure 1.1.3-1 Lateral ligaments in lateral view (A) and posterior view (B)

(Gosling, et al., 1993).

Figure 1.1.3-2 Medial (Deltoid) ligaments: Tibionavicular and Anterior Talotibial
(1), Tibiocalcaneal, superficial (2) and deep (4) and Posterior

Talotibial, superticial (3) and deep (5)
(Pankovich & Shivaram, 1979)
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The division of the Deltoid group will be described according to Pankovich &
Shivaram (1979) which defines four separate ligaments, each attached to the medial
malleolus. The Posterior Talotibial ligament attaches at the posterior distal surface
of the medial malleolus near the groove for the Peroneus Brevis tendon. This
ligament runs to the posterio-medial surface of the Talus near the border of the
posterior third of the Talar Trochlear surface. This ligament possesses two thick
bundles, the superficial and deep, which function as a single unit to constrain the
Talus within the Ankle Joint. This ligaments stops the Talus from internally rotating
at the Ankle Joint or from everting.

The Tibiocalcaneal ligament runs from the anterior surface of the distal tip of
the medial malleolus to the sustenaculum tali of the Calcaneus. This ligament is flat
in geometry and constrains the Calcaneus and Talus within the Ankle and Subtalar
Joints. The Talus is contrained from internally rotating and the Calcaneus is limited
in the amount of eversion 1t is allowed at the Subtalar Joint.

The Anterior Talotibial ligament 1s thinner and weaker that the preceding
two. This ligament runs from the anterior surface of the distal tip of the medial
malleolus to the medial surface of the Talar neck. This ligament constrains the Talus
in the Ankle Joint from externally rotating.

The final ligament of the Deltoid group is the Tibionavicular ligament, which
shares an attachment with the Anterior Talotibial ligament on the medial malleolus.
This ligament runs in the same direction as the Anterior Talotibial and lies
superficially to it. This ligament, however, 1s thicker and stronger than the Anterior
Talotibial and is attached to the dorso-medial aspect of the Navicular bone of the
midfoot. This ligament therefore constrains Talus about the Ankle Joint and the
tarsal bones about the Subtalar Joint. As with the Anterior Talotibial ligament, the
Talus 1s constained from externally rotating within the Ankle Joint. The ligament
also stops the tarsal bones of the foot from externally rotating about the Subtalar

Joint and from dislocating the Talar Head-Navicular Socket articulating of the
Subtalar Joint.
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Figure 1.1.3-3 Superior view of the Subtalar ligaments (Gosling, et al. 1993).
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Subtalar Ligaments

There are a large number of ligaments which attach the Talus, Calcaneus,
Navicular and Cuboid. These ligaments range in size and strength from minor
thickenings of the subtalar joint capsules to large distinct cord and band-like
ligaments. Four ligaments are particularly important in the constraint of Subtalar
Joint motion: the Cervical, the Inter-osseus, and the Posterior and Medial
Talocalcaneal ligaments.

The Cervical ligament is the strongest of the ligaments joining the Talus to
the Calcaneus. This ligament runs from the anterio-medial aspect of the floor of the
sinus tarsi on the Calcaneus to the inferior aspect of the Talar neck. The Cervical
ligament is shaped like a narrow rectangular band. The wide and flat Interosseus
ligament is located medially to the Cervical ligament in the canalis tarsi. The
ligament is oblique 1in its orientation as it runs from the sulcus calcanei of the
Calcaneus to the sulcus tali. The medial fibres of this ligament are shorter than the
lateral fibres, and the ligament fills the width of the canalis tarsi. Figure 1.1.3-3
shows the Cervical and Interosseus ligaments.

The Posterior and Medial Talocalcaneal ligaments are located at the posterior
aspect of the Subtalar Joint. The Posterior Talocalcaneal ligment is broad and flat
and attaches to the apex of the lateral posterior tubercle of the Talus. It runs
inferiorly and posteriorly down to the posterior third of the superior surface of the
Calcaneus. The Medial Talocalcaneal ligament attaches to the apex of the medial
posterior tubercle of the Talus and runs to the sustenaculum tali on the Calcaneus.

This ligament is thick, short and very strong.

Three other ligaments are involved in the Subtalar Joint. While they do not
act to constrain 1ts motion, they do complete the concave shape of the Navicular
Socket surface with which the Talar head articulates. These ligaments are the
Calcaneonavicular component of the Bifurcate ligament and the Superior and Plantar
Calcaneonavicular ligaments. The Bifurcate ligament runs in a V-shape from the
anterio-medial aspect of the sinus tarsi of the Calcaneus. The ligament has two

components: the Calcaneonavicular and the Calcanealcuboidal. The
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Calcaneonavicular component attaches to the lateral and plantar aspects of the
Navicular Socket surface. This fibres of this ligament component form part of the
floor of the concave Socket surface.

The Superior Calcaneonavicular ligament runs from the the anterior and
medial aspects of the sustenaculum tali of the Calcaneus. It is directed upward and
around the Talar head and attaches to the supero-medial aspect of the Socket surface.
This ligament forms the medial aspect of the Navicular Socket. The Plantar
Calcaneonavicular ligament, or Spring ligament is the strongest of the three. It also
plays a large role in the maintenance of the longitudinal arch of the foot. This
ligament runs from the inferior surface of the Calcaneus, anterior to the sustenaculum
tali and is direct upward to its attachment on the plantar aspect of the Socket surface.

This ligament forms the plantar aspect of the Navicular Socket.

1.1.4 The Retaining Structures of the Ankle Complex
Very few of the muscles acting about the Ankle and Subtalar Joints of the

Ankle Complex exert tension along a straight line from origin to insertion. Most of
the muscles possess one or two pulley points where the tendon of the muscle changes
direction as it passes over a bone surface or under a retaining structure. There are
four retaining structures in the Ankle Complex: the Superior and Inferior Extensor

Retinacula and the Superior and Inferior Peroneal Retinacula.

Extensor Retinacula

The Extensor Retinacula changes the direction of the extrinsic ankle and toe
extensor tendons. The extrinsic muscles are those that originate on the leg but insert
on the foot. The Superior Extensor Retinaculum is continuous with the superficial
aponeurosis of the lower leg and can be considered a thickening of this aponeurosis
rather than a completely separate ligament. This structure runs transversely across

the anterior surface of the distal lower leg. It attaches laterally to the lateral crest of

Chapter 1
Anatomy and Function



. ‘ L& - | -
‘__L___rSupenor Extensor
. Retinaculum

| Inferior Extensor
Retinaculum

. ]

Figure 1.1.4-1 Dorsal view of the Superior and Inferior Extensor Retinacula

(Martini, 1995).
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Figure 1.1.4-2 Lateral view of the Superior and Inferior Peroneal Retinacula

(Moore, 1992).
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the Fibula and the lateral aspect of the lateral malleolus. The medial attachment is
the anterior crest of the Tibia and the medial malleolus. The Superior Extensor

Retinaculum is illustrated in Figure 1.1.4-1. This retaining structure acts as a pulley
point for four muscle tendons: Tibialis Anterior, Peroneus Tertius, Extensor

Digitorum Longus and Extensor Hallucis Longus.

The Inferior Extensor Retinaculum is distinct from the surrounding dorsal
foot aponeurosis. This retaining structure is Y-shaped and covers the dorsal surface
of the midfoot and Talus. The Inferior Extensor Retinaculum is attached medially at
the anterior surface of the medial malleolus and the medial aspect of the Navicular-
First Cuneiform joint in the midfoot. The single lateral attachment runs from the
lateral surface of the lateral malleolus to the floor surface of the sinus tarsi on the
Calcaneus. This provides pulley points for the two extrinsic toe extensors: Extensor

Digitorum Longus and Extensor Hallucis Longus.

Peroneal Retinacula
The two Peroneal Retinacula both act as retaining structures for the Peroneal
Longus and Brevis tendons. While the pulley points for these tendons are supplied

by a shallow groove in the posterior surface of the lateral malleolus, the Retinacula

ensure that the tendons remain in position. The Superior Peroneal Retinaculum is the

shorter and more distinct of the two. It attaches at the lateral border of the posterior
malleolar groove for the Peroneal tendons on the Fibula and extends down to the

posterior edge of the lateral surface of the Calcaneus, close to the insertion of the
Achilles tendon.

The Inferior Peroneal Retinaculum is a continuation of the lateral, inferior
branch of the Inferior Extensor Retinaculum. Its medial attachment is in the sinus
tarsi, on the superior surface of the Calcaneus, where the Inferior Extensor
Retinaculum attaches. It extends inferiorly to the lateral malleolus and attaches to
the lateral surface of the Calcaneus, anterior to the attachment of the Superior

Peroneal Retinaculum. These two retaining structures are shown in Figure 1.1.4-2.
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1.1.5 Muscles and Tendons of the Ankle Complex
The muscles of the ankle and foot are classified as either intrinsic or extrinsic.

The intrinsic muscles are those that both originate and insert on the foot. These
muscles therefore do not exert any influence over the Ankle or Subtalar Joints. The
extrinsic muscles insert on the foot but originate on the leg. These are the muscles
which actuate the Ankle Complex joints. The eleven extrinsic muscles are
subdivided into four groups based on location: the Triceps Surae, the Peroneal and

the Anterior and Posterior Tibial groups.

Triceps Surae Group

This group contains the two largest muscles of the Ankle Complex: the
Gastrocnemius and the Soleus. These muscles are unique in that they share a
common tendon, the Achilles tendon, which inserts on the posterior edge of the
anterior surface of the Calcaneus. They also have no pulley points and their lines of
action run straight from insertion to origin. These muscles are located superficially
on the posterior side of the lower leg. The two are illustrated in Figure 1.1.5-1.

The Gastrocnemius muscle has two distinct heads and lies superficially to the
Soleus. This muscle crosses the Knee Joint as well as the Ankle Complex and
originates on the posterior surface of the distal Femur. Soleus lies deep to

Gastrocnemius and originates on the posterior aspect of the proximal third of the
Tibia and Fibula.

The Triceps Surae muscles are both strong plantar-flexors and weak
invertors. The effects of the Triceps Surae muscles are listed in Table 1.1.5-1, along
with the effects of the other extrinsic muscles. The Gastrocnemius muscle is a
propulsive muscle and contibutes greatly to the plantar-flexing moment of the foot

required during the push-off phase of walking. The Soleus fulfils a propulsive role

like the Gastrocnemius, but it is also influential in the maintenance of posture.
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Group ' Muscle | Ankle Joint Subtalar Joint
Triceps Surae (Gastrocnemius Plantar-flex [nvertor
Soleus | Plantar-flex [ Invertor
i Peroneal Peroneus Plantar-flex ~ Evertor
- Longus 2 A |
Peroneus Plantar-flex Evertor
Brevis

I a4 }_ . B~ M, R e L SN e i,
| Peroneus Plantar-tlex Evertor

Tertius |

Anterior
Tibial

| Tibialis Dorsi-flex i [Invertor
Antel_*ior e
Extensor Dorsi-flex ~ Evertor

| Digitorum Longus

Extensor Evertor
Eﬂ]ums Longus s
Posterior Tibialis Plantar-flex [nvertor
Tibial Posterior
Flexor Plantar-flex Invertor
Digitorum Longus
Flexor Plantar-flex [nvertor

) 1 Hallucis Longus

- - G e —

Table 1.1.5-1 The Muscles of the Ankle Complex and their effects about the Ankle

and Subtalar Joints.

Peroneal Group

Three muscles make up the Peroneal group: the Peroneus Longus, Brevis and
Tertius. The Longus and Brevis are the two largest of the group. These are shown 1n
Figure 1.1.5-2. The Peroneus Longus and Brevis originate on the lateral surface of
the Fibula, with the Longus originating more posteriorly and proximally than Brevis.
The Peroneus Brevis lies deep to Longus and runs along the long shaft of the Fibula
from its origin to a groove on the posterior surface of the lateral malleolus. From this
pulley point, the tendon of Brevis is directed anteriorly and distally to the lateral
prominence on the base of the Fifth Metatarsal were it inserts. The Peroneus

Longus, from its origin, runs down the down the long shatt of the Fibula,

superficially to Brevis, and has a pulley point on the Brevis tendon at the posterior
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Figure 1.1.5-3 Anterior view of the Anterior Tibial muscles: Tibialis Anterior,

Extensor Digitorum Longus and Extensor Hallucis Longus
(Martini, 1995).

13A



lateral malleolus. The tendon is then directed anteriorly and distally to a groove on
the lateral border of the Cuboid were the tendon turns again and passes under the
plantar surface of the midfoot. The Peroneus Longus tendon then inserts on the
medial, plantar aspect of the First Cuneiform and the base of the First Metatarsal.
The Peroneus Longus and Brevis muscles are both stroflg evertors and weak plantar-
flexors. The Peroneus Longus has a propulsive role during locomotion and the
Brevis is more of a postural muscle (Moore, 1992).

The Peroneus Tertius is distinct from the Lonus and Brevis since it oniginates
on the distal third of the anterior surface of the Fibula. It is sometimes considered to
be a part of the Extensor Digitorum Longus muscle. The Tertius runs down the
anterior surface of the Fibula lateral to the Exten-sor Digitorum Longus and passes
under the Superior Extensor Retinaculum. From this pulley point, the tendon 1s
directed anteriorly and distally where it inserts on the dorsal aspect of the Fifth
Metatarsal base. Since the Peroneus Tertius runs anterior to the lateral malleolus,
this muscle primarily a dorsi-flexor and a weak evertor. Due to the size of the
Peroneus Tertius muscle belly and the effective lever arm of the tendon about the
two joints of the Ankle Complex, this muscle has only a weak influence. The eftects

of all the muscles about the Ankle Complex is summarised in Table 1.1.5-1.

Anterior Tibial Group

There are three muscles in the Anterior Tibial group: Tibialis Anterior, and
the two toe extensors, Extensor Digitorum Longus and Extensor Hallucis Longus.
These three muscles are shown in Figure 1.1.5-3. The Tibialis Anterior originates on
the lateral, anterior surface of the Tibia. It runs down the long shaft of the Tibia from
its origin and passes under the Superior Extensor Retinaculum. The tendon is then
directed from this pulley point to its insertion on a tubercle on the inferior, medial
surface of the First Metatarsal base. This muscle is the strongest of the dorsi-flexors
and an invertor.

The Extensor Hallucis Longus originates on the medial, anterior surface of

the Fibula and on the Interosseus Membrane. This muscle runs deep to the Tibialis

Anterior and Extensor Digitorum Longus. The tendon passes under the Superior and
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Figure 1.1.5-4 Posterior view of the Posterior Tibial muscles: Tibialis Posterior,

Flexor Digitorum Longus and Flexor Hallucis Longus
(Martini, 1995).
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Intertor Retinacula and runs along the medial side of the First Metatarsal until it
inserts on the dorsal surface of the Distal Hallucal Phalanx. In addition to extending

the great toe, this muscle also acts as a relatively strong dorsi-flexor and a very weak

cvertor,

The Extensor Digitorum originates on the proximal third of the lateral,
anterior surface of the Fibula. It passes down the long shaft of the Fibula, lateral to
Tibialis Anterior and medial to Peroneus Brevis, and passes under both the Superior
and Inferior Extensor Retinacula. Under the Inferior Extensor Retinaculum, the
tendon splits into four separate tendons which travel down the rays of the Second to
Fifth Metatarsals and each inserts variously on the dorsal surfaces of the Phalanges
of the lesser toes. In addition to extending the lesser toes, this muscle is a strong
dorsi-flexor and a weak evertor. The effects of each of these muscles are listed in
Table 1.1.5-1. Each of the muscles of this group is active both during locomotion

and 1n the maintenance of posture.

Posterior Tibial Group

The three muscle of the Posterior Tibial group all lie deep to the Triceps
Surae group and are much smaller than the Gastrocnemius and Soleus muscles. The
muscles of this group are: Tibialis Posterior, and the two toe tlexors, Flexor
Digitorum Longus and Flexor Hallucis Longus. Figure 1.1.5-4 illustrates these three
muscles. The Flexor Hallucis Longus lies deep to the other two muscles of this
group and originates on the posterior surface of the distal third of the Interosseus
Membrane. It runs down the posterior surface of the Interosseus Membrane and over
a groove on the posterior surface of the Talus, between the lateral and medial
posterior tubercles. From this pulley point, the tendon runs inferior to the
sustenaculum tali and along the plantar surfaces of the midfoot and forefoot bones.
The tendon inserts on the plantar aspect of Distal Hallucal Phalanx. This muscle, in
addition to flexing the great toe, is a weak plantar-flexor and invertor.

The Flexor Digitorum Longus originates on the medial aspect of the middle
third of the posterior Tibial surface. It runs parallel and medial to the Hallucis

Longus tendon and passes over a groove in the posterior surface of the medial
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Figure 1.2.1-1 Variability between individuals of the orientation of the Ankle Joint

Rotational Axis in the normal population (Inman, 1976).
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Figure 1.2.1-2 Migration of the Ankle Joint Rotational Axis as the Talus moves

through 1ts Range of Motion (Barnett, et al. 1952 1n Sarratian, 1983).
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malleolus and under the sustenaculum tali. From here, the tendon splits into four
which each travel along the plantar surfaces of the rays of the Second to Fifth
Metatarsals. The tendons each insert on the plantar aspects of the Phalanges of the
lesser toes. This muscle primarily flexes the four lesser toes. Secondarily, it is a

weak plantar-flexor and very weak invertor.

The third muscle of the group is the Tibialis Posterior. This muscle originates on
the proximal and middle thirds of the posterior surface of the Interosseus Membrane.
It runs superficially to the Flexor Hallucis Longus down the posterior Tibia and
passes over a groove in the posterior surface of the medial malleolus and under the
sustenaculum tali of the Calcaneus. The tendon then splits into three components
which variously insert on the plantar surfaces of the tuberosity of the Navicular, the
Second and Third Cunieforms and the Cuboid bones. This muscle is a weak plantar-
flexors and a very weak invertor. Each of the three muscles of the Posterior Tibial
group are active in the maintenance of standing posture. However, due to the size of
the three muscle bellies and the small lever arms that each possess about the joints of
the Ankle Complex, they exert very little influence during the propulsive phase of

locomotion (Moore, 1992).

1.2 FUNCTIONAL ANATOMY OF THE ANKLE COMPLEX
1.2.1 Motion of the Ankle Joint

The Ankle Joint is formed by the articulations between the Tibial Mortice
surface and the Talar Trochlear surface and between the Medial and Lateral
Malleolar surfaces of the Tibia-Fibula and Talus. The two malleoli form a fork
within which the Talus is tightly held. The Mortice surface is concave and the
Trochlea convex, so the Talus tends to rotate about an axis that runs generally medial
to lateral. The axis of the Ankle Joint has been located in various cadaver studies
performed on fresh and unfixed tissue (Inman, 1976, Sammarco et al., 1973).

Inman showed the axis of rotation for the Ankle Joint to run just distal to the

tip of the medial malleolus at 5£3 mm below and just lateral and anterior to the tip of
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