
Univ
ers

ity
 of

 C
ap

e T
ow

n

\ 

A QUALITATIVE HOLOGRAPHIC STUDY OF 
HEMIPELVIC AND ACETABULAR DEFORMATION 

CAUSED BY DIFFERENT HIP PROSTHESES 

By 

ATHANASIOS APOSTOLOU SPIRAKIS 

Submitted to the University of Cape Town in partial 

fulfilment of the requirements for the degree of Master 

of Science in Medicine in the field of Biomedical 

Engineering. 

:The UniversitY. of Cape Town has been given 
~ right to reproduce this thesis in whole 

, dr''k'l' part. Copyright Is held by the author. DECEMBER 1988 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 



ABSTRACT 

Aseptic loosening of the components is probably the 

most common long-term complication resulting in failure of 

Total Hip Arthroplasty. The mechanical behaviour of bone 

under 1 oad is one of the contributory causes of 

loosening encountered at the prosthesisjcementjbone 

interface. 

The present study dealt with a series of in

vitro experiments conducted on epoxy resin models of 

human hemi-pelves with different commercially available 

acetabular components implanted in them. These are used for 

the construction of simplified models of the artificial hip 

joint (three-dimensional) and of the prosthesisjcementjbone 

acetabular interface (two-dimensional). 

Loading conditions for the models included tensioning 

of the simulated abductor muscles for the h~mi-pelvic and 

femoral loading for the prosthesisjcementjbone interface 

study. 

The experimental method employed was real-time holographic 

interferometry, a stress analysis technique recently used in 

the biomechanical field, which permitted whole-field 

simultaneously inspection of deformation patterns. 
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The holographic interferograms were interpreted in a 

qualitative rather than a quantitative manner. The models do 

not exactly represent the in-vivo situation. Since 

this study identified high stresses both in the hip bone as 

well as in the interface (prosthesis/bone) it is suggested 

that these stresses are implicated in the mechanical 

pathogenesis of loosening. 

The observed changes in stress levels detected in our models 

could serve as a guide for future designs of acetabular 

prostheses as well as guide a in surgical techniques. 
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CHAPTER 1 

INTRODUCTION 

1.1 THE PROBLEM 

Increased longevity has resulted in many more people 

developing diseases of bones and joints. Osteoarthritis and 

rheumatoid arthritis are amongst the most disruptive and 

disabling of those diseases. 

Osteoarthritis (OA) is a chronic degenerative joint disease 

associated with a variety of predisposing factors such as 

infection, trauma, congenital deviations from the normal 

joint geometry (dysplasia) or Perthes disease. OA arises as 

a consequence of a disturbed ·balance between the biological 

potential of the joint and the imposed mechanical stress and 

strain: consequently the joint surfaces become eroded and 

movement is compromised. 

Rheumatoid arthritis (RA) is a chronic inflammatory disease 

of the synovium which may culminate in destructive changes 

within the joint. It is believed that R.A. is precipitated 

by a "trigger" which initiates a disorderd immune response: 

This results in inflammation of the synovium and the 

joint subsequently becomes stiff and painful. 
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Treatment o:(- patients with severe OA or RA may involve 

replacement arthroplasty of affected joints. Many different 

joints have been replaced including the knee, ankle, 

shoulder and elbow; however the hip is presently the most 

commonly replaced joint. 

Totale hip prostheses which have been developed and refined 

for more than thirty years: today they provide dramatic 

rehabilitation in patients suffering from severe OA or R.A. 

of the hip. However, artificial hip joint designs still 

present problems with respect to their function, the 

anchoring materials employed and the interaction of the 

prostheses with the surrounding biological tissues. 

A·septic loosening of the components of a total hip 

arthroplasty (T.H.A.) remains a central problem; it is 

probably the most common of the many long term complications 

resulting in failure of T.H.A. Loosening of the femoral 

component occurs relatively early and has therefore received 

the greatest attention. Fixation of the acetabular component 

was considered satisfactory for many years. However, 

·evidence is now emerging which indicates that loosening of 

the acetabular components also represents a major problem. 

Loosening always occurs at the bone/cement or bonejcomponent 

interface. Pain is the main symptom, occurring initially on 

load-bearing, but later even at rest. A diagnosis of 

loosening is based on sequential radiographic studies. The 

mechanical behaviour of bone under load represents one of 

the many contributory causes of loosening. 
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1.2 THE IMPORTANCE OF THE PROBLEM 

Loosening of the acetabular component may be 

clinically silent for years; too often the diagnosis of 

loosening becomes obvious only after migration and extensive 

bone resorption has already occurred. Radiolucent zones 

appearing on post-operative roentgenographs have been 

described by numerous authors and the incidence of 

demarcation andjor migration of the acetabular component was 

noted to be 25% by DeLee and Charnley (1976) and 24% by 

Griffith, et al (1978) after 12-15 and 11-15 year follow-up 

studies respectively. 

These assessments were made on the basis of analysis of 

plain roetgenograms; clearly such data underestimate the 

true incidence of loose acetabular components. This 

combined with the technical difficulties of revision of 

failed acetabular components and the high incidence of early 

failure of fixation after re-operation, highlights the 

importance of acetabular fixation. 

1.3 POSSIBLE SOLUTIONS - OBJECTIVES OF THE STUDY 

The orthopaedic surgeon has a wide choice of 

prosthetic components in T.H.A. When he is choosing the 

specific prosthesis, his considerations include clinical 

(patient selection, rehabilitation, surgical technique etc.) 
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and b iomechanical (component breakage, wear, loosening 

etc.) aspects. The current awareness and appreciation of 

the importance of acetabular fixation and in particular of 

the problem of loosening has resulted in a new generation of 

acetabular prostheses embracing design changes, new 

materials and improved operative techniques. While 

acetabular components have undoubtedly been improved, they 

are still not optimal. Many of the components have 

potentially significant functional differences, particularly 

with regard to the deformation they cause in the pelvis and 

acetabular region. In order to minimise the frequency of 

loosening the maximum possible fixation strength of the 

acetabular component must be established and the stresses 

applied to it must not exceed this. An understanding of the 

deformation mechanism is thus a prerequisite to the 

biomechanical solution of the problem of loosening. 

The primary objective of this study was thus, to 

compare qualitatively the deformation patterns caused in the 

pelvis and the prosthesis/cement/bone interface by different 

acetabular component designs in vitro. The 

technique used was a qualitative holographic inter

ferferometric deformation analysis and the prostheses 

studied included cemented and cementless acetabular 

components in current use. 

The secondary objective was to establish a reliable 

modern experimental deformation analysis method which could 
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be used in other biomechanical-orthopaedic studies, (eg. 

femoral replacement, total knee arthroplasty, shoulder 

arthroplasty, internal-external fixation plates, etc.) based 

on the experience gained from the present study. 
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CHAPTER 2 

REVIEW OF RELATED LITERATURE 

2.1 ANATOMY OF THE HIP JOINT 

Basic knowledge of the musculoskeletal anatomy, the 

internal anatomy and physiology of living bone and the 

biomechanics of the hip joint is required to understand the 

philosophy of total hip arthroplasty. 

2.1.1 EXTERNAL ANATOMY OF THE HIP JOINT 

2.1.1.1 GENERAL ANATOMY 

The hip joint is a ball-and-socket, multiaxial self 

centering joint connecting the trunk to the lower 

extremity. It is formed by the articulation of the femoral 

head with the cup-shaped fossa of the acetabulum. The 

articular surfaces are spheroid than spherical, 

approximately congruent and are covered with hyaline 

cartilage. The femoral head forms two thirds of a sphere, 

slightly flattened superiorly with its covering cartilage 

thicker on the medial central surface and thinner towards 

the periphery. The cartilage of the horse-shoe shaped 

articular surface of the acetabulum is thickest 

peripherally. A cross-sectional view of the hip joint in 

frontal plane is shown in Fig. 2.1. 
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The mechanical demands on this joint are severe. 

It must be capable not merely of supporting the entire 

weight of the body - as in standing on one leg - but of 

stable transference of the weight, even during movement of 

the trunk upon the femur, such as occurs with rapid 

alternation at the two hip joints during walking and 

running. The joint must therefore possess great strength and 

stability. This stability is secured by the bony 

configuration of the joint, its strong ligaments and its 

overlying massive musculature. Fig. 2.2 shows the different 

ligaments of the hip joint. 

acetabulum -------4~~~:----_;;acetabular cartilage 

trabecular bone-----1""*"...;_,; 

Fig. 2.1: Cross sectional view of the hip joint 
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iliofemoral ligament 

.__--~------ti'bro-cartilaginous labrum 

head of femur 

~77-----=--:------- pubofemoral ligament 

Fig. 2.2: Ligaments of the hip joint (Romanes, 1964) 

Although only two-fifths of the femoral head occupies 

the bony acetabulum in any position, the joint remains 

stable due to the tough fibro-cartilaginous labrum. 

2.1.1.2 THE HIP BONE 

The hip bone is large and uneven (Figs. 2.3 and 2.4)' 

and consists of three parts, the ilium, ischium and pubis, 

fused together. The ilium is the broad, sinuously curved 

portion and joins the other two at the acetabulum. The 

ilium is superior and is set at right angles to the other 

two parts. The ischium is the L-shaped part of the hip 

bone which passes down from the acetabulum and then turns 
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forNards to join the pubis. It consists of the body and the 

ramus. The pubis has a flattened body which forms the 

anteroinferior wall of the pelvis near the midline. The 

pubis and ischium surround an oval or triangular hole, the 

obturator foramen and fuse with each other inferiorly. The 

different bony features of the hip bone seen from the 

lateral and medial sides are shown in Figs. 2.3 and 2.4. 

2.1.1.3 MOVEMENTS AT THE HIP JOINT 

The movements occurring at the hip joint are those 

typical of a ball-and-socket joint: it permits three 

orthogonal degrees of rotational freedom. These movements 

can be analysed as: 

1) Flexion and extension around a transverse axis 

sagittal plane (XZ) (Fig. 2.5): the femur is moved 

forwards or backwards. 

2) Abduction and adduction around an antero-posterior 

axis-frontal plane (YZ) (Fig. 2.5): the femur is 

removed from, or brought towards the middle line of 

the body. 

3) Medial and lateral rotation around a vertical 

axis- transverse plane (XY) (Fig. 2.5): the foot is 

turned medially or laterally. 
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posterior superior---4-
spine 

posterior inferior--~;......
spine 

junction of ilium & pubis 
junction of ilium &iscium 

ischial spine 

antenor superior 
spine 

:!----anterior inferior 
spine 

junction of ischium & pubis 

...... ---:~....,...--acetabulum 

Fig. 2.3: Right hip bone seen from the lateral side 
(Romanes, 1964) 

anterior superior 
sp1ne 

anterior inferior. 
sp1ne 

junction of ilium & pubis __ ~'-""'~~~o... 

'junction of pubis & ischium ---1 

pubic tubercle 

posteriqr superior 
spme 

Fig. 2.4: Right hip bone seen from the medial side 
(Romanes, 1964) 
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4) Circumduction where the movements of flexion, 

extension, abduction and adduct'ion take place in 

succession, the limb swings around the side of a 

cone, the apex of which is in the hip joint. 

z 
·1 

abduction 
.__adduction 

--+ 

med.r- medial rotation 

lat. r- lateral rotation 

Fig. 2.5: Movements at the hip joint 

2.1.1.4 MUSCLES RESPONSIBLE FOR MOVEMENTS 

The muscles of the hip joint can be arranged in 

flexor, extensor, abductor and adductor groups according to 

the function they perform. A summary of the functional 

anatomy of the hip muscles is given in Table 2.1. 

The muscle attachments of the hip joint can be seen 

in Figs. 2.6 and 2.7 in anterior and posterior view 

respectively. 
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iliacus---+..,. 

sartorius----'• 

vastus lateralis __ _. ~'"""'----adductor b 

.r----adductor m 

obturator externus 

Fig. 2.6: Muscular origins and insertions on right hip 

bone and upper part of femur - Anterior view 

(Basmajian, 1981) 

gluteus 
maximus--......, 

gluteus 
min 1 mus __ __...;:_....--

biceps 

--t·.p nsor fasciae 
latae 

gluteus med. 

vastus lat 

adductor m 

Fig. 2.7: Muscular origins and insertions on right hip 

bone and upper part of femur - Posterior view 
(Basmajian, 1981) 
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TABLE 2. 1: SUMMARY OF FUNCTIONAL ANATOMY OF HIP MUSCLES 

FUNCTION (PRIMARY) 

I. Flexors 

II. Extensors 

III. Abductors 

IV. Adductors 

v. Medial Rotators 

VI Lateral Rotators 
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MUSCLE 

·Iliopsoas 

Tensor Fascia Latae 

Sartorius 

Adductor Brevis 

Gluteus Max 

Adductor Magnus 

Gluteus Medius 

Gluteus Minimus 

Adductor Brevis 

Adductor· Longus 

Adductor Magnus 

Gluteus Maximus 

Gluteus Medius 

Gluteus Minimus 

Tensor Fascia Latae 

Gluteus Maximus 

Piriforms 

Gemelli 

Quadratus Femoris 

Obturator Externus 

Obturator Internus 



2.1.2 BONE STRUCTURE AND PROPERTIES 

Fixation of the implants of total hip replacement 

largely depends on the mechanical behaviour of bone. It is 

therefore necessary to review the internal structure and 

properties of bone. 

Bone is the primary structural element of the human 

body. It is unique among structural materials in that it is 

self-repairing and can alter its properties and con

figuration in response to changes in mechanical demand (Woo, 

et al, 1981). 

Bones consist of bone tissue, tendinous insertions, 

vessels and nerves. Morphologically bone tissue is organized 

in two ways. When the tissue forms a compact solid mass 

with relatively few intervening spaces it is known as 

compact bone; however when it forms a three dimensional 

network of inter- communicating osseous projections called 

trabeculae with many intervening spaces it is known as 

trabecular or cancellous bone. The outermost layer of 

compact bone is known as cortical bone. (Wheater, 1979). 

In a joint, such as the hip, the articular surfaces 

are covered by an adherent layer of smooth, well-lubricated 

articular cartilage. Articular cartilage is bonded to its 

subjacent bone at a region called the subchondral plate. 
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2.1.2.1 MECHANICAL BEHAVIOUR OF BONE 

Bones are the weight-bearing structural components 

adapted to support the body. The bony skeleton provide the 

compression members of the mechanical structure while the 

muscles and ligaments act as tension members. 

An analysis of the architecture of a bone with 

relation to the forces which it transmits indicates that 

bone is an example of the relationship of structure and 

function: increased use will produce hyperthophy and 

decreased use atrophy (Wolff's Law) (Bechtol, 1959). 

Several factors influence the material properties of 

cortical bone·. Those properties are dependent upon the 

rate at which the bone tissue is loaded. Materials, such as 

bone, in which the stress-strain characteristics and 

strength properties are dependent upon the applied strain 
\ 

rate are said to be viscoelastic (or time-dependent 

materials). The stress-strain behaviour of cortical bone is 

also very dependent upon the orientation of the bone 

microstructure with respect to the direction of loading. 

Such materials are said to be anisotropic materials. The 

viscoelastic, anisotropic nature of cortical bone 

distinguishes it as a complex material. 

The major physical difference between cancellous 

bone and cortical bone is the increased porosity of the 

cancellous bone. This porosity is reflected by measuring 

the apparent density. Apparent density has a profound 

15 



influence on the compressive stress-strain behaviour of 

cancellous bone. Strength is related to the square of the 

apparent density and modulus to the cube of the apparent 

density. (Carter, 1977) 

The joint cartilage which is the bearing surface is 

supported quite appropriately by the subchondral plate of 

bone. This subchondral bone is, in turn, supported by bony 

trabeculae which meet it at approximately right angles. On 

loading the subchondral bone transmits the stresses first to 

the cancellous bone and then to the cortical bone. 

2.1.2.2 BONE REMODELLING 

Bone is a metabolically active tissue. Throughout life 

it is continuously being remodelled by reabsorption of old 

borie and deposition of new bone. These processes are 

invo 1 ved in bone development, growth and fracture repair. 

They respond to mechanical stress by reorganizing bone 

structure to bear weight more efficiently. Thus, the 

remodellin9 characteristics of the bone can determine the 

success or failure of long term total joint replacements. 

It should be noted that the term "remodelling" of bone has 

a meaning somewhat broader than just the local bone turnover 

process, describing in addition both the external geometry 

changes and internal property changes that result from local 

cellular activity. (Hart, et al, 1984) 

16 



A change in the magnitude or direction of loads that 

produce stress within the bone produces a change in the 

internal architecture of the bone. (Scott J H 1957) 

The remodelling process is sustained in response to 

the mechanical demands made upon it throughout the first 

forty or fifty years of life. The mechanical loading 

provides a continuous stimulus and the remodelling process 

continues. However 1 as an individual ages 1 the process 

proceeds at a slower rate. 
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2. 2 MECHANICAL PRINCIPLES RELATED TO LOAD TRANSMISSION 

THROUGH THE HIP JOINT 

2.2.1 HIP STABILITY 

The hip joint is nearly an ideal spherical joint. 

Mechanically, hip stability is a problem of rotary 

equilibrium. Single-leg stance, in either walking or 

standing, necessitates stabilisation of the opposite leg and 

trunk on the weight-bearing femoral head, thus enabling the 

body to rotate in any direction. The centre of rotation is 

the centre of the femoral head. Since the hip is a ball

and-socket joint it must be universally stabilised - thus 

the need for large muscles acting on it from all 

directions. This system will be in equilibrium when the 

result of all the forces acting on it passes through the 

femoral head. The stress on the surface of the joint is then 

determined by the magnitude of the resultant force 

(vectorial sum of muscle forces and body weight) and of the 

area of support on which the force is acting. 

2.2.2 BIOMECHANICS OF ONE-LEGGED STANCE 

Detailed reports of normal hip mechanics are numerous 

(Denham, 19 59, Paul, 1967, Morris 1971, Greenwald, 1971, 

Frankel, 1980). In this section only the basic principles 

of the mechanics of the one-legged stance phase of gait will 

be discussed. 
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One-leg weight-bearing stance occurs during most of 

the phase in walking and throughout the whole stride when 

running. Figure 2. 8 shows the time dimensions of the 

walking cycle. The cycle duration is represented by 100% 

and lasts from right (RT) heel contact to the next RT 

heel contact: it is made up of a stance phase (62%) and a 

swing phase (38%). 

Rt heel Lt 
contact toe- off 

Lt heel Rt 
contact toe-off 

At heel Lt 
contact toe-off 

O% 
I 

50% 

I 
100% I 

I I 
I I 

I 

I 1 1 : I I 
1double 1+<11-------~•·,ldou blel+--------.1 double I 
~upport! Rt single support buppod Lt single support !Support 
I I I I I I 

I I I I I I 
I I 

I I I I I 

:• .. --
1
1Rt stance phase----•ll>ti+4-Rt swing phase-.! I 

I 1 1 I I 

I l+-Lt swing phase .. :.. Lt stance phase ___ ..;...._ _ __. .. , 

~ I I 

1 I : 
,..
1 1------'-------Cycle Duration 1'----------.. 

Fig. 2.8: Time Dimensions of Walking cycle 

In the stance phase the trunk must at all times 

balance on the head of the femur in the coronal (frontal) 

plane - as coronal balance must be maintained. Three 

principle forces influence the pelvis: body weight, muscle 

forces and the resultant force which acts via the femoral 
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head on the acetabul urn. Assuming that the abductors are 

the only muscles and ignoring lateral shift of the pel vis 

and trunk the resultant force across the hip can be 

calculated. The direction of the major forces acting on 

the hip joint in the coronal plane and the theoretical 

moment arms involved are shown in Fig. 2.9. 

Since the system must be in equilibrium, the 

torque produced by the abductor muscles must balance the 

torque produced by the mass of the body. 

Therefore: WxL = Mxd (1) 

where W: body weight minus the weight of one lower limb, 

L: moment arm of body weight, 

M: abductor muscle force and 

d: the abductor moment arm. 

From (1) therefore, M = wx.L (2) 
d 

Fig. 2.9: Resultant force analysis for one-legged stance. 
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The direction of the abudctor force is the same as the 

angle of the abductors ( 13M) and this force can be 

separated into a vertical (!\ v ) and a horizontal (f\ H ) 

components. (Fig. 2.10) 

Then: = Mcosl3 M and ~" = Msin13 ". 

The body weight is assumed to have only a vertical 

component. 

From Fig. 2.10 the resultant forceR= \Jc~") 2 + C~v 

+ W)2 

and the angle R = tan· 1 ( 

BR 

I BM 
I 
I 
I 
I 
I 
I 
I 

---~M 
MMH V 

~H 
) 

W+~v 

Fig. 2.10: Vectorial analysis of forces acting on the hip j 

joint 
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The above analysis demonstrates the important role that the 

abductor muscles play in the stability of the hip joint. 

Charnley in 1979 stated that the essence of the mechanics of 

the hip is that the total load on the hip joint is created 

more by the abductor muscles than by the mere weight of the 

body. If a change in ratio of the levers puts the abductor 

muscles at a mechanical disadvantage, 

necessary to maintain the pelvis in 

increase. 

2.2.3 FORCE ANALYSIS AT THE HIP JOINT 

the muscle force 

equilibrium must 

Assessment of loads transmitted and muscle forces 

exerted at the hip joint is one of the major problems of 

hip biomechanics. In-vivo internal forces and 

moments are difficult to measure directly. The task of 

calculating these quantities is not a simple matter. The 

larger number of muscles and ligaments· and the multi

directional force range of movement at the hip joint makes 

the problem virtually indeterminate because there are more 

unknowns than equations (generally non linear). Various 

approaches to reduce the number of unknowns are reported in 

the 1 i tera ture; these include utilization of electro

myographic (EMG) data or mathematical optimization 

techniques (Seireg & · Arvikar, 1973 & 

1978, Hardt, 1978). Other methods 

1975, Crowninshield, 

include· direct in-

vivo experiments using instrumental endoprostheses 

(Rydell, 1966) or force-plates (McLeish & Charnley, 1970). 
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Formulation of in-vitro hip joint models has also 

been reported (Merchant, 1965). 

In an experimental or mathematical hip jointjmuscle 

force analysis one has to face the problems of a complex 

anatomy, with different muscle forces in every individual, 

incomplete kinematic data, tedius computational process and 

redundant variables (indeterminant problem). 

A review of the most important research work conducted 

in this field is shown in Table 2.2. The major goal of 

almost all the investigators was to measure or calculate the 

resultant hip joint force in relation to the body weight. 

Comparison of the results reflecting the magnitude of the 

resultant force of three representative studies are shown in 

Figure 2.11. 

5 

~. 

4 ', 
I 

FORCE/ 
/WEIGHT 

\ . ~ 
\,, -· ' 

\ 
\ 

3 

2 

1 

,02 
H.S. F. F. 

0·4 1 

H.O. 

- HART(1978) 

--·- -· PAUL (196 7) 

-·-· RYDELL(1966) 

0·8 

I 

I 

1·0 
I 

H.S 

Fig. 2.11: Magnitude of the resultant hip joint force 
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The difference between the joint contact force 

predicted using mathematical optimization methods and the 

directly measured force (Rydell, 1966) can be attributed to 

the fact that Rydell's measurements . were made in abnormal 

subjects (subjects after T.H.A.) whereas Hart's predictions 

were made for normal joints. As expected the forces in the 

normal joint are greater than in the abnormal one. 

Other comparisons between the different methods and 

results of the different investigators, cited in Table 2.2 

are difficult to evaluate because of the nature of each 

researcher's system for acquiring data and defining the 

individual parameters of his particular model. 
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TABLE 2.2 

INVBSTIGATOR(S) 

AND DATE 

Merchant 

(1965) 

Rydell 

( 1966) 

Paul 

(1967) 

William &: 

Svensson 

(1968) 

McLeish & 

Charnley 

(1970) 

Seireg & 

Arvikar 

(1973 & 1975) 

Goel & 
Svensson 

(1977) 

Crowninshield 

et al 

(1978) 

Force Analysis at the Hip Joint 

METHOD 

-Chains & strain 

guages attached 

at a model 

-Simulation of muscles 

with . weights 

Strain guages 

fitted in patients 

with T.H.A. 

Mathematical 

''reduction•· 

method 

Mathematical model 

- 3D analysis 

Force plate

radiographic 

screen 

Mathematical model 

using linear 

optimization 

techniques (first. 

study) 

Mathematical model 

Mathematical 

optimization 

technique (same 

as Seireg & 

Arvikar) 

VARIATIONS 

Positions 

Femur-pelvis: 

-neutral-neutral 

-neutral-abducted 

-neutral-adducted 

-ext. rot.-neutral 

-int. rot.-neutral 

Level walking 

(slow-fast) 

One-legged stance 

-Grouping of 

functionally 

similar muscles 

One-legged stance 

Muscles considered: 

Gluteus med. & min. 

r.r.L., rectus 

femoris 

-Different postures 

of the subjects 

(elevation to 

sagging relative 

to supporting leg) 

-Different bones 

and joints of 

significant 

muscles of 

lower limb 

-One-legged stance 

-Consideration of 

14 muscles & 

ligaments of the 

hip bone 

-Level walking 

-Stair climbing 

-Descending & 
rising from a 

chair 
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ltiSULTS 

Abductor muscle 

force = 1.02 B.W. 

(Body weight) 

RESULTANT FORCE IR.F.) 

R.F. = 3.3 B.W. 

R. F. 3.39 B.W. 

R.F. = 3.4 Bli' 

-Abductors = 1.·3 B. W. 

-T.f.L. = 0.18 B.W. 

-Abduction forces in 

in one-legged stance 

-R.F. = 1.8-2.7 B.W. 

R.F. 5.4 B.W. 

-Calculation of 

individual muscle 

forces 

-Reaction at the 

sacroiliac joint 

= 1. 35 B. "II'. 

R.F. = 3.3- 5 B.W. 



• 

INVESTICATOR(S) 

AND DATE 

Hardt 
(1978) 

Patriarca 

et al 

(1981) 

METHOD 

Mathematical 

optimization 

method 

Analytical 

optimization 

met trod 

VARIATIONS 

Normal level 

walking 

Whole walking 

cycle 
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USULTS 

R.F. = 5.7 B.W. 

-Calculation of 

forces of different 

muscles 

-Calculation of 

individual muscle 

force 

-Myoelectric activity 

representation 



2.3 TOTAL HIP ARTHROPLASTY (T.H.A.} 

2.3.1 PRINCIPLE 

The development of a functionally effective hip joint 

revolutionised the management of arthritis of the hip. 

Improved surgical technique together with better pre- and 

post-operative care have broadened the indication for T.H.A. 

The outlook for patients suffering from incapacitating 

osteoarthritis or rheumatoid arthritis of the hip has 

improved tremendously. 

Since the early 1960's the number of T.H.A.s carried 

out annually has grown almost exponentially (see Fig. 2.12) 

(Huiskes, 1980). 

1400 

1200 

1000 

400 

200 

1962 1973 

Fig. 2.12: Number of T.H.A. operations in nine Swiss 
orthopaedic clinics (1955-1973) (Huiskes, 1980). 
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The Northern Ireland Information Service, reported in 

19 8 6 that more than a million hip arthroplasties were 

performed in the world each year: they noted that a 

significant number of these have to be done again within 

five years (revisional surgery). Huiskes in 1980 reported 

that 80.000 T.H.A.s were performed annually in the USA 

alone. These figures indicate the importance of such an 

operative procedure. 

Total hip arthroplasty implies replacement of both the 

acetabulum and the femoral head with artificial 

biocompatible components: movement of the joint then takes 

place at their articulating surfaces (see Fig. 2.13) . 

.J>--~--\-----:?C 

. . 
• • . : 

• 
HIP RECONSTRUCTION 

A: FEMORAL COMPONENT 

B, ACETABULAR COMPONENT 

C: PM MA BONE CEMENT 

OR REMODELED BO,\IE 

B 

DISEASED HIP 
A: FEMORAL HEAD 

, B: ACETABULUM 

C: ARTICULAR CARTILAGE 

Fig. 2.13: Principle of T.H.A. 
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The acetabular component is seated into the hip bone while 

the stemmed femoral component is inserted down the 

intermedullary canal of the femur. 

The artificial hip joint has two distinct general functions: 

firstly to restore the normal kinematic characteristics of 

the joint, and secondly, to transfer the joint forces to the 

bone. The latter function must be fulfilled for as long as 

possible without pain or failure. This requirement is 

closely related to the stress patterns occurring as a result 

of the load transfer mechanism both within the different 

materials and at their connecting surfaces (interfaces). 

Swanson ( 1977) in the first of three papers in a series 

reviewed the historical development of hip joint 

replacement and identified the features common to all good 

prosthetic designs. 

These included the following: 

a) both articulating surfaces should be replaced 

b) the bone that is removed need not be more than a few 

millimetres deep 

c) secure fixation is essential for relief from pain 

d) materials used must be compatible with the human body 

and with each other 

e) the insertion of the prosthesis must be technically 

feasible. 

In the second paper, Swanson (1977) described examples 

of the designs in current use for replacement of the hip 

joint. In the third paper, Swanson (1978) reviewed the 
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results that had been obtained, the causes of failure and 

problems and trends in the following areas: 

a) Mechanical design 

b) Choice of materials 

c) Fixation 

d) Surgical technique 

e) Organization and economics 

2.3.2 METHODS OF FIXATION 

The concept of modern T.H.A. dates back to 1957 when 

John Charnley designed his artificial hip joint consisting 

of a stainless steel femoral component articulating in an 

acetabular component (A.C.) made from polytetrafluoro

ethylene (PTFE). His early results were encouraging but the 

joints did not last in human patients. Wear of the A.C. was 

the main problem. 

In 1962 Charnley replaced the PTFE with a more 

wear-resistant plastic, high-density polyethylene (H. D.P.). 

Charnley's development of low-friction arthroplasty 

(L.F.A.) and the introduction of self-curing acrylic 

cement represent the most significant developments in T.H.A. 

The principle of L.F.A. is not only that low 

frictional resistance must be maintained within the joint 

but also that torque transmitted from the metal femoral 
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component to the ··~.c. must be res is ted for the arthroplasty 

to succeed. Since torque is the product of frictional force 

and the length of the lever on which it acts, and since 

the frictional force between metal and plastic surfaces is 

constant for a given load, torque could be decreased only by 

reducing the diameter of the prosthetic head . 

Innumerable different total hip replacements have 

been developed since Charnley's first design. currently 

there are well over a hundred designs available, and it is 

difficult for the orthopaedic surgeon to make a rational 

choice. 

At present there are two different basic concepts in 

T.H.A.: fixation of the implants with acrylic bone cement 

{polymethelmethacrylate -PMMA) and cementless implantation 

of the prostheses. 

In the former concept a steel alloy stem is cemented 

into the femur and a H. D.P. cup with or without metal

backing is cemented into the acetabulum. The acrylic cement 

is an organic polymer that has two different functions: the 

first is to serve as an anchor by penetrating the bone and 

the second to act as a spacing device by holding the cement 

coat firmly between the implant and the bone at a given 

distance. There is no adhesive action as such but rather an 

expansion which gives a mechanically stable unit and gross 

motion between the prosthesis and the bones is eliminated. 
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However, a foreign body response is initiated in the bone 

immediately after cemented prosthetic implantation. This is 

caused both by the acrylic and by the necrotic tissue and 

debris occurring at the interface as a result of trauma and 

the high temperatures ( -100° C) encountered during cement 

polymerization (Vernon-Roberts & Freeman, 1976). This is 

sometimes irreversible and may result in prosthetic 

loosening. Huiskes (1980) published a comprehensive study of 

the thermal properties of bone cement using finite-element 

analysis. These properties were analysed in detail and he 

concluded by recommending specific procedures to prevent or 

reduce bone necrosis. 

In contrast to the conventional cemented procedure, a 

cementless implant relies on fixation of the components by 

bony ingrowth. The concept of biological fixation has 

evolved in an attempt to decrease the incidence of loosening 

experienced with cemented components (Hulbert 1970, Judet 

1978, Lord 1979, Morscher 1983), particularly in the younger 

patient. The objective of cementless insertion is to obtain 

firm fixation by bone which grow into and around the 

prosthesis. Terms like osseo-integration have been coined 

suggesting ingrowth of the bone into the implant, a 

phenomenon observed with sintered titanium (Galante, et al 

1971, Lambert, et al 1972), sintered Co-Cr-Mo alloy balls 

(Cameron, et al 1973) and sintered alumina (Hulbert, et al 

1974). The idea is that bone will grow into the surface of 

the prosthesis which has been made irregular (porous or 

threaded) in order to facilitate this. 
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The main advantages of using cementless prosthetic 

components are the absence of the necrotic fibrous tissue 

layer and the toxic monomers encountered using acrylic 

cement. It has been shown (Pilliar 1975, Harris 1983, 

Galante 1983) that the interface between implant and 

surrounding bone can remodel with time and can maintain· 

stability. Addressing this problem of interface stability, 

Homsey, et al ( 1972) stated that the material of this 

implant should have a modulus of elasticity approximating 

that of the surrounding tissue in order to avoid unwanted 

relative movements at the interface. Obviously this depends 

on the nature of the forces. Under compressive forces as in 

the acetabulum, differences in elasticity will be of minor 

importance"; with bending forces on the other hand, the 

implant transmitting the forces to the bone must be more 

rigid. The elasticity and thus the deformation of an 

implant under load depends not only on the elastic modulus 

of the material used, but also on the design of the 

prosthesis. 

There are, however, problems associated with 

"biological fixation". Swanson and Freeman ( 1977) explain 

that there must be a large contact area between prosthesis 

and bone to avoid fatigue failure of the involved bone. 

Thus, very precise surgical techniques are needed to shape 

the bone to fit the prosthesis. They further point out that 

immediately after insertion the prosthesis must not be 

allowed to move and so fracture new trabeculae ingrowth. It 

is thus necessary to protect the joint (for several months) 

in order to reduce joint stresses. 
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Preston, 1978 and Engh, 1983 reported other 

significant problems including failure of bone or soft 

tissue to grow into the coating, unpredictable clinical 

results and stress-shielding of the bone with subse.quent 

loosening. 

The secure stability of primary anchoring of the 

prosthesis in the acetabulum and femur remains a problem. 

This is particularly true in the presence of poor bone 

stock, which is often encountered in the acetabulum with 

dysplasias, protrusions and post-traumatic defects. 

2.3.3 MATERIALS USED IN T.H.A. 

There are many different artificial hip joint designs 

available: these are usually made of special metal alloys 

in combination with a variety of plastics. Before reviewing 

the biomaterials used in T.H.A., consideration should be 

given to the requirements that have to be met by them. 

Elley, et al (1976) drew up six requirements for joint 

·implant materials: 

a) they must have adequate strength to withstand 

physiological loads 

b) they must not corrode in vivo 

c) they must not cause adverse tissue reactions 

d) they must be non-toxic 

e) bearing surfaces must be wear-resistant and 

f) should have a low co-efficient of friction between 

them 
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Based on these requirements they listed five metals and 

two polymers that are suitable for implantation; 

Metals: - Wrought Austenitic Stainless Steel (type 310) 

- Cobalt-chromium-molybdenum - cast alloy 

Polymers: 

(Vitallium) 

- Pure Titanium 

- Titanium alloy (6Al4V annealed) 

- Cobalt-chromium-tungsten-wrought alloy 

(wrought alloy (Wrought Vitallium) 

- Ultra-high molecular weight polyethylene 

(UHMWP) 

- Acrylic bone cement (PMMA) 

swanson and Freeman ( 1977) and Weightman ( 1981) 

tabulated the mechanical properties of the above mentioned 

biomaterials, i.e. the ultimate tensile strength, modulus of 

elasticity, elongation at fracture, compressive strength 

and fatigue strength. They also included biomaterials such 

as aluminium oxide ceramic, polyamide and polyester. 

2.3.4 FAILURE OF PROSTHETIC COMPONENTS 

Although high success rates are reported with current 

hip prosthetic components and techniques several factors 

limit the life of these devices. 

Artificial hips must withstand loads as high as 700Kp 

without plastic deformation or fracture of the material. 
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The bone to which the components are to be fixed is itself 

elastic and deforms and recovers its shape after each 

application and removal of load. The prosthetic 

components also deform elastically but to a different 

extent, because their materials have a stiffness which 

differ to that of bone: some deformation at the bone

prosthesis interface seems inevitable. The magnitude of this 

deformation will determine whether the implant will be 

stable or will become loose. Other important mechanical 

factors which affect the life of hip prostheses are the wear 

rate and the frictional torque produced by the bearing. 

Failure of secure fixation of T.H.A. has been studied 

extensively by retrospective review of clinical records 

(Carlson & Gentz, 1980; Galante, et al 1975; Gruen, et al 

1979; Weber & Charnley 1975; Stauffer, 1982). These reviews 

indicate that loosening of the femoral component is not 

uncommon; this can be attributed to failure of the acrylic 

cement (PMMA) surrounding the prostheses, i.e. breakdown of 

either the cement bone or the metal cement interface. Many 

other factors including the patient's weight, activity 

levels, impact stresses, cementing techniques and varus 

placement of the femoral component are also involved. After 

extensive follow-up studies, Amstutz, et al (1976) and 

Beckenbaugh & Illstrop (1978) reported respectively, a 19,5% 

and 24% incidence of femora~ component loosening. 

stresses in the femoral component have been analysed 

in the past both numerically by using finite-element 
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analysis (Svensson, et al 1976; Scholten, 

experimentally by using strain-gauges 

Svensson, 1977; Markoff & Amstutz, 1976; 

1980). These researchers calculated 

et al 1977) and 

(Huiskes, 1980; 

Jacob & Huggler, 

stresses in the 

cortical bone, acrylic cement and metal prosthetic stem 

varying the prosthesis position and stem thickness. 

The following section provides a more in depth review 

of the problem of loosening of the acetabular component in 

T.H.A. 

37 



2.4 LOOSENING OF THE ACETABULAR COMPONENT (A.C.) 

4.1 IDENTIFICATION 

While initially sepsis was the major fear after T.H.A. 

current experience among orthopaedic surgeons happily 

indicates that this problem occurs infrequently. 

Aseptic loosening of the A.C. poses a major threat to 

the long-term success of hip arthroplasties , particularly 

because it is often associated with substantial losses of 

pelvic bone stock. "Loosening" can be defined, according to 

Amstutz, 1976 in various ways: 

1) In a ·mechanical sense, motion will occur between 

components in a composite structure such as T.H.A. 

where materials of different moduli are used in 

combinations and where there is inadequate bending. 

2) Radiographic loosening is demonstrated by the presence 

of either cement cracks or radiolucent zones at 

the bonejcementjimplant interface. 

Concerning the first definition a question that must be 

answered is in what degree this motion is acceptable? 

Swanson, ( 1977) suggested that the cyclic displacements of 

the implant in relation to bone is acceptable if its 

amplitude does not increase progressively with early 
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.successive application of load and if it does not give rise 

to pain. This statement relates the adequacy of fixation to 

the demands made on the implant. Hence it can be said that 

loosening is failure of adequate fixation. 

The representative study regarding the importance 

of loosening with or without migration of the A.C. is that 

of De Lee and Charnley (1976). This was a 12 to 15 year 

follow-up of 112 cemented A.C. where four types of A.C. 

interface manifestations were recognized: 

GRADE I: Perfect acceptance of cement by acetabulum; 41% 

of acetabuli showed no demarcation. 

GRADE II: Slight or moderate demarcation in 34% 

GRADE III: Severe demarcation. In this group demarcation 

involved the whole circumference of the socket, 

the gap being wider than 1mm. There were 12% of 

the hips in this group. 

GROUP IV: Migration. This group showed a definite gap with 

severe demarcation and some degree of migration 

( 13%) . 

25% of A.C.s in this study showed in severe demarcation 

or severe demarcation with migration. 

In another study of 264 hips with a follow-up of 5 to 

15 years Griffith, et al (1978) noted that this incidence of 

radiological loosening within the first 5-10 years was only 
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4.5%. However, 24% of those hips were regarded as loose at 

11 to 15 year follow-ups. 

All of 93 T.H.A. reviewed by Salvati, et al (1976) 

showed radiolucencies at 3 years. Beckenbaugh and Illstrup 

( 1978) reported radiolucencies about the acetabulum in 99% 

of their patients. A.C. loosening was the cause of revision 

in a number ·of cases reviewed by Muller (1981) in a 10 year 

follow-up. Carlsson (1980), Olsson, et al (1981), Salvati, 

et al (1981) reported an incidence of A.C. loosening in from 

10-29% of cases in other follow-up studies. 

Most of those studies concerning the incidence of A.C. 

loosening were made by examining plain radiographs. However, 

arthrography has revealed that acetabular components can be 

loose when they appear to be well fixed on radiographs 

(Murray, 1975, Salvati, 1976). Therefore, the above 

mentioned figures must be an underestimation of the true 

incidence of A.C. loosening and migration. This was well 

supported by Mjoberg et al (1986) who, using roentgen 

stereophotogrammetry, reported that 55% of the acetabular 

components had migrated during a two-year period following 

T.H.A. 

The stages of A. c. loosening are represented 

diagrammatically in Figure 2.14 using the contour of the 

A.C. and obturator foramen line (OF line) as reference. The 

o. F. line is a line perpendicular to the long axis of the 
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body and tangential to the upper border of the obturator 

foramen. 

A) 

A 

c 0 

Fig. 2.14: Stages of A.C. Loosening-Migration 
(Muller, 1981 (a)) 

EARLY STAGE OF LOOSENING: A radiolucent line is 

present at interface between bone and cement in 

the weight-bearing position. 

B) EARLY MIGRATION: Distance between OF line and A.C. 

contour is increased. Cranial migration is starting. 

C) ADVANCED MIGRATION: A.C. migrates cranially. Cement 

mass remains firmly adherent to A. c. Tilting occurs 

and A.C. slowly approaches more vertical position. 
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D) PROTRUSIO: With medial migration A. c. can perforate 

the medial wall and under extreme circumstances may 

completely dislodge into the pelvis. 

Other representation of radiographic bone-cement 

lucencies and migration of the A.C. was made by Carlsson and 

Gentz in 1984 and is shown schematically in Fig. 2.15. The 

reference axes used by them pass through the centre of the 

A.C. and divide it in three quadrants. This is very similar 

to the original classification discussed by De Lee and 

Charnley (1976). 

3) 

' ' ' ' I '-" 

Fig. 2.15: Loosening & Migration of A.C. (Carlsson & Gentz, 
1984) 
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GRADE I: 

GRADE II: 

Unchanged position of the A.C.; radiolucency of 

less than 2mm in all 3 quadrants. 

Unchanged position of the A. c.; radiolucency 

greater than 2mm in the 2 upper quadrants; 

radiolucency in the lower quadrants equal or 

less. 

GRADE III: Change of position in any direction, including 

indirect ·signs of migration e.g the "wake 

phenomenon" - radiolucency more pronounced in 

the lower quadrant. 

2.4.2 POSSIBLE CAUSES 

The etiology of loosening is, without any doubt, very 

complex. However, 

late acetabular 

advanced. 

several theories accounting for early or 

loosening and radiolucency have been 

Loosening may be due to faulty implantation of the 

prosthesis, to trauma or to infection in the tissues 

adjacent to the implant. Many cases however, exist in which 

the technique of implantation appears to be satisfactory, in 

which there is no history of injury and in which there is no 

evidence to suggest the presence of infection. In 1970, 

Amstutz suggested that a "significant initial movement" may 

be the cause of loosening. Although this factor may be 

important in early loosening (i.e. loosening within two 

years of implantation) it cannot be considered in late 
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radiolucency and loosening. Vernon-Roberts & Freeman ( 197 6) 

stated that bone necrosis may be involved in the genesis of 

prosthetic loosening either because dead bone fractures or 

because a thick zone of fibrous tissue ruptures, leading to 

loosening of the prosthesis at a lower stage. Bone necrosis 

can be caused by the heat generated by polymerisation of 

PMMA or by leakage of monomer from the cement before it 

polymerizes. Thus the chemical and thermal effects of PMMA 

represent another theoretical contributory cause of A.C. 

loosening, as discussed by Andersson (1972). 

An alternative theory is that the response of bone to 

excess stress may be a common source of failure of 

acetabular fixation. This type of loosening may include 

breakdown of the mechanical bond between the cement and A.C. 

as well as at the cement/bone or implant/bone interface as a 

result of repetitive cyclic loading or sudden impact loading 

of the prosthesis as sustained in a fall. Eftekhar & Pawluk 

(1980) combining the theories of bone necrosis and stress 

concentration in bone presented the sequential stages that 

lead to ultimate loosening and failure of the A.C. These 

stages are shown in Fig. 2.16. 

Other causes of loosening may include unpredictable 

reaction of living bone, the physical and chemical 

properties of the materials used, in different surgical 

technique and poor-quality bone that is inadequate for 

fixation with acrylic cement. However, the long-term results 
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Fig. 2.16: Sequential stages leading to loosening and 
failure of A.C. (Eftekhar & Pawluk, 1980) 

of A. c. fixation are presently more dependent on late 

mechanical failures at the implantjcementjbone interface and 

the mechanical properties of the materials used, than to 

biological problems. (Jacob, 1976, Petty, 1980, Markoff, 

1983) 

The adaptation of this "mechanical" approach to the 

incidence of A.C. loosening and the presence of radiolucent 

zones at the interface has motivated many researchers -

whose work is reviewed in section 2. 5 - to examine the 

mechanics of the interface and the acetabular stress-strain 

distribution. 
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2.4.3 MECHANICAL CONDITIONS AT THE BONE/IMPLANT/CEMENT 

INTERFACE 

Loosening of the A.C. will occur once the stresses 

imposed on the fixation regularly and persistently exceed 

its strength. It is therefore impossible to discuss the 

prevention of loosening, without considering both the 

strength of the fixation and the stresses to be applied to 

the A.C. 

The loads that are applied to the acetabulum can vary 

between 2 and 6 times body weight during normal activity. As 

has already been mentioned three principal forces act on the 

pelvis: Body weight, abductor muscles and resultant force 

which acts via the femoral head on the acetabulum. These 3 

forces cause an elastic deformation of the acetabulum which 

can freely take place due to the flexible articular 

cartilage in the loaded acetabullum. (Fig. 2.17) 

Normal Loaded 

Fig. 2.17: Elastic deformation of pelvis 
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After the insertion of a rigid A.C., the original 

degree of deformation is impaired and secondary compressive 

stresses therefore occur at the 'interface. These stresses 

tend to push the A.C. out. (Fig. 2.18) When PMMA is used for 

A.C. fixation there is no chemical bond between the A.C. and 

the cement, nor between the bone and the cement: there is 

therefore no adhesion in the sense of molecular attraction 

or sharing. 

C.S. 

F Resultant force 

C.S. Compressive forces 

Fig. 2.18: Forces at the bonejimplant interface 

Due to the mechanical interlocking of cement and 

cancellous bone, the cement-:-bone interface may be able to 

transfer tensile stresses to some extent, although this is 

doubtful when a soft fibrous tissue layer is interposed.The 

A. C. -cement interface will disconnect on tension while the 

shear resistance depends solely on friction. Friction at the 

A. C. -cement interface as well as at the cement-bone 

interface depends on the roughness of the contact surfaces 

and on the compressional stresses, hence also on initial 
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locked-in stresses. Increased friction of the articulating 

interface means increased torque and shear stress which may 

lead to an increased rate of loosening. According to 

Andersson 1972, it is doubtful whether low friction has any 

real importance in the anchorage of the prosthesis. For the 

loosening of cemented A.C. twisting moments of 140-180 N.m 

are needed whereas frictional moments between A.C. and head 

are only about 9.5-16 N.m (Andersson, et al 1972, Chen, et 

al, 1974). 

Shear forces are unavoidable at the interface between 

bone and implant as an interval is always present due to the 

existence of a layer of connective tissue on the interface 

which develops in the process of repair of the damaged bone. 
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2.5 PELVIC AND ACETABULAR DEFORMATION - EXPERIMENTAL/ 

COMPUTATIONAL METHODS USED 

A review of past work pertaining to stress distribution 

in the pel vis and the acetabular region was carried out 

using five different data bases on four on-line computerised 

literature searches. 

The difficulty in reviewing such a subject became readily 

evident because past investigators used different 

approaches, materials, assumptions, loading conditions etc. 

However, it was possible to identify two broad categories. 

One concerning the materials or media and the second the 

type of stress-analysis methods employed. 

In the first category it was possible to identify work that 

was done one: 

1. Physical hip bone (dry or cadaveric)jhip joint. 

2. Physical model of the bonejartificial hip joint. 

3. Computations on a mathematical model. 

In the second category relating to methods of analysis the 

following were identified: 

1. Strain-guage work 

2. Finite-element analysis 

3. Photoelastic studies 

4. Holographic Interferometric techniques 
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The discussion of the subject of the above-mentioned 

categories includes very briefly the principle of each 

method. No attempt was made by the author to evaluate these 

methods. 

2.5.1 STRAIN-GUAGES (S.G.) 

Probably the most common and widely used device for 

strain measurement is the electrical resistance strain

guage. 

Its operation is based on the principle that the resistance 

of a conductor changes when it is subjected to mechanical 

deformation. Since it is relatively easy to measure changes 

in resistance this behaviour forms the basis of a convenient 

method of measuring strain and therefore stress. The guage 

consists of a grid of wire cemented to the surface being 

studied so that its change in resistance as the specimen is 

loaded measures the strains (tensile or compressive) 

produced in the surface. 

The application of this method in examining the 

stressjstrain behaviour in vitro of the human pelvis was 

employed by Jacob, et al (1976), Finlay, et al (1986) and 

Petty, et al (1980). Schreiber, et al (1976) presented a 

similar work to Jacob, but include~ long term follow-ups and 

clinical findings about acetabular loosening. 

Details of these studies are presented in Table 2.3 

/ 
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TABLE 2.3 Application of S.G. in pelvic/acetabular deformation 
investigation 

Investigators Jacob et al (1976) 

Materials -epoxy models 

Loading 

Conditions 

Complexity of 

research 

Variations 

Calculated 

Variables 

Conclusions 

Ca.ments 

-subchondral bone 

(SCB) simulation 

-single-leg stance 

-weights & adjustable 

springs for muscle 

simulation 

-80 triaxial S.G. 

-Simulation of hip 

bone with and 

without cancellous 

bone 

-Directions & 
magnitude of 

principal stresses 

in the roof of 

acetabulum & in the 

entire pelvis 

-Compressive stresses 
were found in the 

region above the 

acetabulum 

-The SCB bone should 
not be removed 

-The acetabulum was 
not replaced 

-Good description of 
the experimental 

procedure followed 

Petty et al (1980) 

-Twelve pairs of 

cadaveric hemi-pelves 

-single-leg stance 

-special fixture ~ith 

Charnley femoral head 

prosthesis and 

-simulation of abductor 

muscle pull 

-3 S.G. rossettes 

-8 different types of 

installation made 

twice: 1) without an 

acetabular prosthesis 

2) with an Austin

Hoare prosthesis 

-Strains per unit 

joint force 

-Tensile and compressive 

strains along the 

arcuate line of ilium 

-The use of a central 

hole has a pronounced 

effect on the strain 

patterns 

-Reinforcing holes do 
not appear to affect 

the strain patterns 

but local effects are 

noted 

-Too many variables 

-Complicated loading 

mechanism 
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Finlay et a1 (1986) I & II 

-7 embalmed cadaveric 

hemi-pelves 

-single-leg stance 

-Loads up to 2.5KN 

(resultant joint force) 

-25 S.G. rossettes 

-Comparison of plastic & 
metal-backed prostheses 

with SCB intact or removed 

-Influence of 30 anchoring 

holes 

-Principal & tensile 

stresses for all the 

variations 

-Use of anchoring holes 

does not produce notable 

changes in the stress 

pattern 

-The SCB bone removal 
results in major stress

pattern changes 

-No muscle action simulation 

-Does not agree with Harris, 

1982 & Carter, 1982 
regarding the importance of 

metal-hack·c"g of the 



2.5.2 FINITE-ELEMENT ANALYSIS (F.E.A.) 

The application of the F.E.A. method involves the 

development of a model which resembles the real structure in 

features such as geometry, properties of the materials 

involved, properties of the connections between the 

rna terials and boundaries of the model and loading 

conditions. After defining the boundary conditions, the 

model is mathematically divided into little blocks or, 

elements connected by nodal points. In the computer 

simulation model, the separate elements are assigned 

material properties and boundary nodes are provided with the 

appropriate loads which cause displacement of the nodes. 

The computer program then calculates the strains and 

stresses in the nodal points by solving a set of equations 

in matrix form. 

Finite-element analysis of the pel vis and acetabular 

component is complicated by 

(i) the irregular geometry of the bone, 

( ii) the non-homogeneous, anisotropic properties of bone 

tissue 

(iii) the dynamic character of the joint loading 

(iv) locked-in stresses in the cement mantle, caused by 

dimensional changes during the polymerization process. 

Four basic finite element analysis studies of the stress 

distribution in the pelvis have been reported in the 
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literature. Two of these related to the normal pelvis (Goel, 

et al 1978, Oonishi, 1983) and the other two to cemented 

acetabular reconstruction (Vasu, et al 1982, Petersen, et al 

1982) . 

The description of the method and findings of these studies 

are presented in Table 2.4. 

Studying the periacetabular stress distributions Carter, et 

al (1982 & 1983} extended the original work of Vasu, et al 

(1982} by examining the effect of cement thickness and metal 

backing of the acetabular component (1982) and the stress 

distribution when its subchondral bone was retained (1983). 

Crowninshield, et al (1983} reported a stress analysis 

of protrusio acetabuli using Petersen's method. The 

conclusions drawn from these studies were: 

1) Increasing cement thickness caused a decrease in the 

stresses in the cement and surrounding cancellous 

bone. 

2) A further reduction in these stresses was found using 

Co-er alloy backed acetabular component. 

3) Reaming of the subchondral bone and insertion of a 

cemented acetabular component seriously disrupts the 

stress pattern and leads to high stresses in the 

cement and in the trabecular bone. 
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TABLE 2.4: Application of F.E.A. in pelvic/acetabular deformation 
investigation 

Investigators 

Method 

Materials 

Loading 

conditions 

Co111plexity 

of research 

Variations 

Calculated 

variables 

Goel (1978) 

2-D F.E.A. 

Graphs plotted 

from sections of 

araldite casts 

of hip bone 

-one-leg stance 

-378 joint 

elements 

-809 nodal 

points 

Varying number 

of elements: 

-section ;;ith 

lcm intet'val 

for acetabulum 

-interval of 

2cm for iliac 

region 

-~laximum and 

minimum 

principal 

stresses 

Oonishi (1983) 

3-D F.E.A. 

Computer model of 

the entire hemi

pelvis 

-one-leg stance 

-28 muscular 

elements 

-2251 elements 

-930 nodal points 

-Normal 

acetabulum 

-ceramic socket 

-A.P. vie"' 

-Lateral vie~; 

-lJpper vie" 

-Principal, 

maximum shear 

& Von-i1ises 

stresses 

Vasu et al (1982) 

2-D F.E.A. 

Section of hip 

bone in a 

superior-inferior 

direction 

-one-leg stance 

-6 muscular 

elements 

-pressure 

distribution 

from resultant 

joint force. 

-2iS elements 

-424 nodal points 

-Normal 

acetabulum 

-THR with 3mm 

Pt'lt·IA & diffuse 

pressure 

distribution 

-concentrated 

pressure 

distribution 

-polyethelene 

-metal-backing 

-Principal & 
Von-Nises 

stresses 
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Petersen et al 

(1982) 

3-D F.E.A. 

Axisymmetric model 

in a mid-frontal 

section of the hip 

bone 

-non axisymmetric 

loading 

-conically 

distributed load 

-330 elements 

-Polyethelene cup 

with 22,28,38,44mm 

diameter 

-metal-backing 

-Naximum stresses 

in SCB bone & PMMA 



TABLE 2.4: (continued) 

Investigators 

Conclusions 

co-ents 

Gael (1978) 

-Stresses are 

in the acetab. 

region compared 

with the ilium 
-Stresses in the 

medial side are 

less than in 
the lateral 

side 

-The first 

attempt to 

determine 

pelvic stresses 

& theoretically 

results do not 

agree with Jacob 

-Simplest F.E.A. 

study 

-'·lm·e economical 

-Less 

computational 

time 

-Does not contain 

much detail 

about the 

acetab. region 

Oonishi (1983) Vasu et al (1982) 

-Outside surfaces -Stresses in the 
of the pelvis bone cement were 
were subjected to greatest at the 
compressive stress. superior roof 

-On the natural of acetabulum 
acetabulum the -tensile stresses 
stress were more pron-
concentrated ounced at the 
on the top & 

& postero

medial area 

-Max. stress on 

the ceramic 

socket 

concentrated 

to the antero

lateral area 

-Difficult to 

interpret 

-Very time 

consuming 

margins 

-reduction of 

stresses with 

metal-backing 

-Good study 

-Very good 

presentation 

of literature 

survey 
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Petersen et al 

(1982) 

-Thin wall 

polyethylene 

prosthesis 

increase max. 

stresses 

-stresses increase 

with the removal 

of SCB bone 

-No explanation 

about sections 

chosen & loading 

conditions 

-the normal hip 

was not analysed 



2.5.3 PHOTOELASTICITY 

Photoelasticity is based on the double refracting 

properties of certain plastics. When polarized light is 

passed through a loaded transparent bire-fringent material 

and viewed through a polarizer two superimposed sets of 

stress patterns or fringes are produced. One of these 

patterns, the isoclinics, provides information about the 

direction of the maximum stress at various points and the 

other, the isochromatics, provides information about the 

geographic difference between the maximum and minimum 

tensile or compressive stresses. 

Photoelasticity was first applied in studying the load 

distribution in a 2-D model at the hip joint by Fessler in 

1961. In that model the pelvis was made to move vertically 

while the head of femur was fixed to a rigid frame. The 

feasibility of the method was demonstrated by calculating 

the maximum shear stresses from the fringe pattern. 

It was only in 1980 and 1981 that Holm again applied 

the method in an attempt to examine the internal stress 

pattern of the hip bone and the stress distribution after 

loading it. In the first paper a good correlation between 

the expected stress situation (Wolff's law) and the 

trabecular pattern was observed. On the basis of this 

analysis two types of 2-D models for 

analysis were developed (1981) with 
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description of the experimental apparatus and procedure. 

Holm proved that the models could be used in an analysis of 

the principal stress pattern changes following the insertion 

of various types of hip prostheses. 

Finally, Bourgois and Wagner (1985) presented a method 

of providing a 3-D photoelastic model of the hip bone which 

could be used in a stress analysis of the artificial hip 

joint. 

2.5.4 HOLOGRAPHIC INTERFEROMETRY (H.I.) 

The principle of H. I., as the method employed in the 

present study, is comprehensively described in Chapter III. 

However, in brief H.I. can be used in experimental mechanics 

to give whole-field point-by-point displacements resulting 

from thermal or mechanical stresses. It is a very sensitive 

non-contact method which does not necessarily require a 

model of the structure. However stringent stability 

requirements coupled with technical and experimental 

expenditure remain a problem. 

H.I. is increasingly gaining recognition in the 

bio-medical field. Direct holographic recording can be 

applied only in the visible optical range for external 

organs, bones and body surfaces .. The studies reported by 

Fuzessy, et al (1977), Hanser (1979), Vukicevic, et al 

(1977), Roder, et al (1981), Van Ells, et al (1981) Wagner & 
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Cardner ( 1984) are typical examples of the application of 

the technique in the field of orthopaedic surgery. Manley, 

et al (1987) and orvyn, et al (1987) in an elegant critique 

of the use of H.I. for biomechanical measurements felt that 

the method could provide unique data and holds promise for 

biomechanical applications. 

However, only two studies of pel vic and acetabular 

deformation have been reported. The first was conducted by 

Miyanaga, et al (1980) for a normal acetabulum with a 

standard spherical socket and a dysplastic acetabulum with a 

special type of eccentric socketr The technique used was the 

double-exposure H. I. The holographic deformation (fringe) 

pattern for the two sockets was presented for the neutral 

position. The holographic pattern for the two sockets 

appeared almost the same. It was claimed by the researchers 

that the same pattern was obtained in the adducted and 

abducted positions of the pelvis but no results were given. 

In addition the loading conditions applied were not 

explained in detail. 

The second study was conducted by Vukicevic, et al (1982) 

who used the double-exposure H. I. technique in order to 

investigate deformations of embalmed and fresh specimens of 

' 
human pelves under special loading conditions. The 

feasibility of applying the technique in such a study was 

demonstrated and preliminary observations were made. The 

acetabulum was not replaced and the fringe patterns obtained 

were not analysed in detail. 
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CHAPTER 3 

PRINCIPLES OF HOLOGRAPHY I HOLOGRAPHIC INTERFEROMETRY 

3.1 INTRODUCTION 

Dennis Gabor in 1948 in an attempt to improve the 

resolving power of the electron microscope, invented a 

process for image formation without the use of lenses. His 

goal was to record the entire wavefield of an object and 

regenerate or rather reconstruct it again at any later time. 

The resulting record is called a hologram, being derived 

from the Greek word holos which means "the whole" (i.e. 

phase and amplitude) and gramma which means "message" or 

"record". 

Gabor's efforts were hampered, by the unavailability of a 

source of coherent light, and it was not until the early 

1960's when Leith and Upatnieks (1962,1964) produced the 

first high quality holograms using a strong coherent laser 

source, that widespread attention was given to holography. 

3 • 2 WHAT IS HOLOGRAPHY? 

To answer this question the holographic process has to 

be examined in detail. Since we are all familiar with 

conventional photography the difference between holography 
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and photography will be a good starting point. A guide for 

this discussion is an article published in the Scientific 

American by Leith and Upatnieks (1965). 

In ordinary photography the image of the object is 

arranged by means of a lens, to fall on the film where a two 

dimensional map of the irradiance (flux density) 

distribution in the image plane is recorded. To view the 

photograph, the film is observed either directly or by 

transmission and thus the appearance of the original object 

is simulated in the observer's eyes. The method cannot 

reproduce the true optical field distribution that was 

originally present in the image plane because the 

information about phase of the field is lost in the 

photographic process. The film responds only to the 

time-averaged intensity which is the square of the amplitude 

of a wavefront. In holography the wave fronts themselves are 

recorded. They contain all the optical information 

contained in the original light waves coming from the 

object. This is indicated schematically in Fig. 3.1 which 

shows an arbitrary object being illuminated by light from a 

source. The scattered light waves then fall into the eyes of 

an observer. The eye is not responsive to the object but to 

the light waves reaching its entrance aperture. 

Thus, if there was a way of recording these waves at, 

say, the plane shown dashed in the figure and reproducing 

them at a later stage so that the same waves came towards 

the observer, then what the observer will see is an 
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Fig. 3.1: Scattered light waves from an arbitrary object 

image of the original object. However, in contrast to 

the case with normal photography the image will appear in 

three dimensions and will exhibit parallax, i.e. as the 

observer changes his viewing position, the 

perspective of the picture changes just as an object is 

viewed through a window. In the ideal situation the 

observer would not be able to tell if the light is 

coming from a reconstructed wavefront or from the 

original object (Gabor, 1971, Leith, 1965). 

Recording the amplitude of the waves is not a serious 

problem: any photographic recording material can do 

that. However, all detectors are totally insensitive to 

the phase differences among the various parts of the 

field. since phase can be recorded by the technique of 

interferometry the problem is solved by means of a 

background wave which converts phase differences into 

intensity differences (Gabor, 1948, 1949) a quantity 

"recognizable" by the photographic film. Now, if the 

object and the background wavefronts that interfere are 
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interference fringes coherent, a very complex pattern of 

will be created at the photographic film which now becomes 

a hologram. The wavefronts emanating from the object are 

"frozen in time" on the hologram and they can be "played 

out" again by properly illuminating it. 

The practical processes and mathematical principles 

involved in holography are described in many texts (Collier, 

1979, Smith, 1975, Stroke, 1969). Here, only an 

outline of the general principles involved in the 

two-step holographic process is given. These 

include the recording and reconstruction of the 

wavefronts: 

Recording OBJECT _..WAVE_.. STORING 

two steps 

Reconstruction: STORING_.. WAVE_.. 3-D OBJECT IMAGE 

3.2.1 RECORDING OPTICAL SYSTEM I FORMATION OF A HOLOGRAM 

A monochromatic beam of highly coherent light 

emanating from a laser is split by means of a prism (beam 

splitter) into two components (see Fig. 3.2). One of the 

beams is reflected by a mirror, expanded by means of a 

diverging lens (microscope objective) and a spatial filter 

(a pinhole assembly) and is used to illuminate the object 

to be recorded. This beam referred to as the object beam 

is modulated by a reflection from the object's surface. 
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The second beam is known as the reference beam and is not 

modulated by any intervening object. 

beam splitter mirror 

LASER 
reference beam 

mirror 

Fig.3.2: Schematic representation of hologram recording 
apparatus. 

If both of these beams are directed to some kind of surface 

they will produce a set of fine fringes (dark and light 

bands) on that surface as a result of their mutual 

interference. If this surface is a photographic emulsion 

the fringe pattern, resulting from the superposition of the 

two beams, can be recorded. After photographic processing 

the emulsion becomes a hologram. 

The formation of a hologram in such a way was introduced by 

Leith and Upatnieks in 1962 under the name "off-axis" 

holography (the two interfering beams arrive at the 

recording medium from substantially different directions). 
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3.2.2 RECONSTRUCTION OF A HOLOGRAM 

The hologram itself has no resemblance to the 

original object and gives no hint of the image recorded. It 

is impossible to interpret a hologram visually without 

actually reconstructing the image because it appears as 

a meaningless shadow. The hologram can be reconstructed 

with the original apparatus used in recording but now is 

illuminated with the reference beam alone (see Fig. 3.3). 

LASER 

beam splitter 
reference beam. 

... 
... ... ~'~eft_ 

first order 
wave 

microscope 
·objective 
pinhole 

virtual imag 

Fig. 3.3: Schematic representation of holographic reconstruction 
apparatus 

·During the hologram reconstruction a portion of the las·er 

light is let through the plate undeviated (the so-called 

64 



zero-order wave) and the remaining light is diffracted by 

the hologram into wave fronts of higher-order. Out of 

the number of diffracted waves, the most important in 

holography, are the two first-order wavefronts, one on each 

side of the zero-order wavefront. One of these diffracted 

orders consists of waves that produce an image (the 

so-called virtual image) of the original object as if it was 

still located behind the plate at the position it occupied 

during the recording although the object had been removed. 

A second image (the so-called real image) appears located in 

front of the plate, when reconstructed with a conjugate 

wavefront. (A conjugate wavefront is a wavefront travelling 

in the opposite direction to the original and having reverse 

curvature). 

The reconstructed virtual image is three-dimensional in 

nature and exhibits paral-lax and perspective effects. 

Mathematically it is described by a wave function identical 

to that of the object. Furthermore, if the hologram is 

divided into several pieces each small piece still contains 

the complete image (but at some sacrifice of resolution and 

image quality) since each point on the object reflects light 

to the entire photographic plate during the recording 

process. 

3. 3 HOLOGRAPHIC INTERFEROMETRY {H. I.) 

Although holography has found applications in a wide variety 

of fields (three-dimensional display, data processing and 
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pattern recognition) it is generally conceded that one of 

its most important applications has come from its 

combination with interferometry. 

The application of holography to interferometry was 

first suggested by Horman (1964) and was developed by Powell 

(1965), Burch (1965), Hildebrand and Haines (1966), 

Aleksandrov and Bunch-Bruerich (1967), Sol lid (1969) 

and many other investigators. The subject is discussed 

extensively by Ambramson 1981, Erf 1974, Hariharan 1985, 

Vest 1979. Here only a brief outline of the subject will be 

given. 

When two wavefronts interact the phenomenon of 

interference occurs. When the two waves are in phase, their 

amplitudes are added (constructive interference - dark 

fringe) whereas when they are out of phase their amplitudes 

are subtracted (destructive interference -bright fringe) . 

(See Fig. 3. 4) 
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Fig. 3.4: a) Constructive Interference 
b) Destructive Interference 

66 



If the two waves are greatly different, the resulting 

interference fringes are so closely together that they 

cannot be seen by the eye. This was the case in the 

formation of a normal hologram described in the 3.2 section. 

However, if the two wavefronts are nearly identical, only a 

few fringes are formed and these can easily be observed. 

The principle underlying holographic interferometry is that 

the reconstructed wavefront is such an exact replica of the 

original that it can be interfered with the wavefront 

actually emanating from the object. Thus the wavefronts 

from an object may be recorded, the object may then be 

deformed and a second-set of wavefronts may be recorded. 

When the two wavefronts are reconstructed, an interference 

pattern (interferometric fringes) will be created that is 

related to the deformation and displacement of the object . 

. It is the storage or time-delay aspect which gives the 

holographic method a unique advantage over conventional 

optical interferometry (Collier, 1971) . Any rough surface 

object can be studied using holographic interferometry the 

only requirement being that sufficient light be diffusely 

reflected towards the holographic plate. This is another 

advantage of the method compared to ordinary interferometry 

which requires highly-polished surfaces of the objects. 

Also, the optical components (eg. mirrors) used, need not be 

perfect sine~ their 

contribute to the 

surface irregularities do not 

interference fringe pattern. This 

interference pattern consists of dark and bright fringes 

which represent the loci of points having an equal change in 
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the optical-path length between the light source and the 

observer. A bright fringe occurs where the path length 

difference between the original and final stage equals a 

full number of wavelengths whereas a dark fringe occurs 

where the difference equals an odd multiple of half-wave 

lengths. The change in the optical-path length is 

proportional to the displacement component along the 

bisector of the angle between the direction of illumination 

and direction of observation. (Sollid 1969, Vest 1979) (A 

more detailed explanation about the geometry of interference 

fringe formation is presented in Appendix A). 

There are several variations of the basic holographic 

interferometric technique, namely the double-exposure, 

real-time technique, sandwich holography, pulsed 

interferometry, time-average analysis, stroboscopy, use of 

two wavelengths, use of moire effects. It is beyond the 

scope of this chapter to describe all these techniques. 

However, the techniques of the static double-exposure and 

real-time are discussed briefly in the following paragraphs 

for two reasons: firstly because they constitute the basis 

of most of the studies reported in the literature and 

secondly because both the techniques were used by the author 

in the _preliminary stages of the present project. 

3.3.1 STATIC DOUBLE-EXPOSURE HOLOGRAPHIC INTERFEROMETRY 

In this method, two consecutive positions of an object 

are recorded in the same holographic plate with the object 
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being displaced andjor deformed between the two exposures. 

In other words, the first exposure (half the usual time) is 

associated with an undeformed object and the second exposure 

is associated with the deformed object. After the hologram 

is developed the two wavefronts are reconstructed together. 

Slight changes in the optical paths (from the laser to the 

object and back to the hologram), due to displacement of the 

I 

object, cause phase differences in light arising from the 

two separate images when they are reconstructed; these phase 

differences are represented as interference fringes which 

are observed on the reconstructed images. These 

interference fringes indicate the amount of displacement or 

deformation applied on the object. The technique is often 

referred to as the "frozen-fringe" technique. 

3 .• 3. 2 REAL-TIME HOLOGRAPHIC INTERFEROMETRY 

In real-time technique the hologram is initially 

exposed with the object in an unstressed or some given 

stress state. After development, the hologram is then 

exactly replaced in its original position in the 

apparatus it was recorded. On reconstruction with the 

original reference beam the virtual image is now seen 

superimposed on the object, which is itself 

re-illuminated. Ideally the object and its image 

should be coincident in space and no fringe pattern will 

be seen. If there has been no change in the object and 

if the repositioning is perfect. However, shrinkage of 
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the emulsion of the plate, during the development 

procedure, cause the appearance of one or two broad 

residual fringes superimposed in the undeformed object. 

Having achieved an effective coincidence of the virtual 

image with the object, the latter may be placed under stress 

and caused to deform. As a result, the optical distance from 

an observation point to any point of the displaced surface 

will change relative to its distance to the corresponding 

point on the comparison surface (the virtual image). 

Distances from surface points from the light source which 

illuminates both surfaces, also change. Accordingly, 

coherent light rays scattering from identical but displaced 

surface areas will acquire a relative phase shift from the 

source to the observation plane, which will cause 

wave-amplitude addition and subtraction. Thus a fringe 

pattern is observed or photographed, characteristic of 

the object's displacements, or deformation. 

Real-time holographic interferometry renders the unique 

possibility immediately to see deformations rise under 

increasing load. The method is commonly employed for 

qualitative observation but the developing procedure and the 

replacing of the holographic plate to its original position 

is tedious. 

The technique is also known as "live-fringe" 

holographic interferometry. 
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CHAPI'ER 4 

EXPERIMENTAL PROCEDURE-METHODOLOGY 

4.1 INTRODUCTION-PREVIEW OF THE STUDY 

The experimental procedure used in this study was based 

on a series of in vitro experiments conducted on 

epoxy resin models of human hemi-pelves with different 

commercially available T.H.A. acetabular components 

implanted in them. These hemi-pelvis models were used for 

the construction of a simplified model of the artificial 

hip joint and for the simulation of 

interface of that joint. 

the prosthesis-bone 

Although it is acknowledged that simulation using 

physical models has certain drawbacks (including that it is 

not truly representative), it was felt that the advantage 

gained by the early exposure of poor design features using 

in vitro studies could not be ignored. (Testing a 

prosthesis by implanting it in humans is not only time 

consuming but also expensive and unethical.) The qualitative 

and comparative nature of this study justifies the use of 

models in an extremely complex system such as the artificial 

hip joint. 

The methodology followed in this study was divided 

into two parts: 
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1. Three-dimensional simulation of the artificial hip 

joint and study of the hemipelvic deformation 

caused by the different tensions applied in the 

abductor muscles for each of the four models. 

2. Two-dimensional simulation of the prosthesis

implant interface and the study of its deformation 

caused by perpendicular loading of the system. 

Both series of experiments were conducted on the models by 

employing the real-time holographic interferometric method. 

This study was motivated by the prospect that holographic 

interferometry could provide a very sensitive, contactless 

and considerably faster way of obtaining results compared to 

the already reported classical techniques. With regard to 

the sensitivity of the method, this lies in the order of 1 

urn or better depending on the wavelength of the laser light 

used for recording and reconstruction. 

advantages of a non-contact system 

There are many 

over contacting 

techniques for obtaining the data required for proper 

deformation analysis of hip prostheses. Since non-contact 

systems, such as holographic interferometry exert no force 

on the surface of the object the surface will not be 

deformed thus improving accuracy of the results. In addition 

no special preparation of the surface of the models used was 

required. 

However, due to the fact that few applications of 

holographic interferometry in orthopaedics were found in the 
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literature, many problems had to be overcome before 

meaningful results could be obtained. Furthermore, this 

study is probably the first to compratively analyse stress 

distribution in both cemented and cementless acetabular 

components. 

4.2 MODELLING THE ARTIFICIAL HIP JOINT 

In an artificial hip joint in vivo, the 

prosthesis cement and acetabulum comprise a structure that 

is complex with respect to its geometric form, material 

properties and loading conditions. However, practical 

bio-engineering solutions to the deformation and stress 

analysis of the pelvis and of the implant/acetabulum 

interface can be obtained only by significant simplification 

of the structure. 

The method used consists of the development of a model 

which resembles the real structure in essential features. 

These features can be categorized into: 

1. Geometry of the structure i.e. the three dimensional 

shape of the artificial hip joint system. 

2. Usage of real artificial components. 

3. Simulation of the muscles involved and body weight. 

4. The loading conditions. 
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4.2.1 CONSTRUCTION OF IDENTICAL EPOXY MODELS OF THE HIP BONE 

The problem of matching the size and physical 

properties of cadaveric acetabuli is almost insurmountable. 

Repeated insertion and removal from irregular cancellous 

bone also defies reproducability. This led the author to 

adopt simulated acetabuli and hip bones (epoxy-resin 

models) in an effort to provide valid comparative results. 

Another reason for using epoxy models was the inherent 

variations in mechanical strength among human cadaver 

specimens because of the age, anisotropy, inhomogenity, 

etc. The human specimen is desirable for test material but 

the variations in mechanical strength of the cancellous bone 

in different individual skeletons is so large that 

significant variations in the test results, could arise. 

Three-dimensional hip bone models were therefore cast 

in a rigid epoxy resin (Epidermix-365 from African Bitumen 

Emulsions (ABE) Pty. Ltd., Epping S.A.) in a silicone rubber 

mould (Mouldtex) which was made from a dry hip bone of a 

healthy person obtained from the Anatomy Department; a very 

careful radiographic examination of the bone was made to 

ensure that no defects were present on it. With regard to 

the fabrication of the mould the basic problem was to obtain 

identical models. A multi-layer mould was used with 

increasing hardness from the inside to the outside. The 

epoxy resin used was obtained from the same manufactured 

batch and exactly the same amount (sensitivity in the order 

of mg) was poured into the mould after vacuum depressurising 
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the resin in 720nunHg. The density and hence the elastic 

modulus of the epoxy models could be v ·ery accurately 

maintained from one model to the next; this was assured by 

measuring the specific density of each of the four models 

constructed. No attempt was made to model cancellous or 

cortical bone. Photograph 4.1 shows the dry bone and the 

mould obtained from that, and Appendix B describes all the 

steps followed for the construction of the epoxy hip bone 

models. 

Photograph 4.1: Dry hip bone and mould 
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4.2.2 INSERTION OF DIFFERENT ACETABULAR COMPONENTS 

The insertion of all the acetabular components in the 

epoxy model of the hip bone was performed by an experienced 

hip surgeon (Dr I . D • L e a r month ) thus m i n i m i s i n g 

differences in surgical techniques used in vivo with this 

in vitro study. The acetabular components inserted 

(donation from HOWMEDICA (U.K.) Ltd through MAYO SURGICAL 

S.A.) included cemented and cementless types of the same 

inner diameter (I.D.). The cemented prostheses design 

variations included: 

1. Muller 

H. D.P. 

cup (I. D. = 32mm, o. D. = 50mm) - pure 

2. Vitalock cup (I.D. = 32mm, O.D. = 50mm) - pure 

H.D.P. with Co-er metal-backing. 

The cementless: 

1. 

2. 

Bichat III (I.D. = 32mm, 

screw-threaded cobalt-chrome 

polyethylene inner core. 

O.D. = 50mm) 

alloy with U.H.M.W. 

Porous-Coated Anatomical (P.C.A.) (I.D. 

49mm) low profile porous alloy 

with U.H.M.W.P. insert. 

= 32mm, O.D. = 

(cabal t-chrome) 

The procedure followed for the insertion of the 

cemented prostheses included: 

76 



1. Reaming of the acetabulum 

2. Drilling of anchorage holes: one in the acetabular 

roof, one in the ischium and six randomly 

distributed peripherally around the acetabulum in the 

posterior, superior and ischial directions. 

3. Trial seating of test cup. 

4. Molding and pressurization of bone cement 

(P.M.M.A.) into the holes. 

5. Definitive seating of cup. 

6. 

7. 

Removal of excess cement. 

Positioning of the cup with 40° 

10° 15° ante-version. 

inclination and 

One of the epoxy-resin models with a cemented cup (Muller) 

inserted can be seen in Photograph 4.2. 

For the cementless prostheses steps 2, 4 and 6 of the 

procedure described above were omitted. The P.C.A. 

acetabular component was fixed with the pegs provided by the 

manufacturer (Fig. 4 .1) for tortional stability at the 

interface. 

The principle applied in the design of the P.C.A. acetabular 

component in the in vivo situation is that of 

"micro" mechanical interlock: a post-operative period of 

bony adaptation and ingrowth is required to ensure long 

term component stability. To compensate for that, epoxy 

resin was poured in and around the pores of the prosthetic 

component. The bone ingrowth was therefore simulated in 

this in vitro situation. 
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Photograph 4.2: Hip bone epoxy model with a 
Muller cup. 
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Fig. 4.1: P.C.A. acetabular cup: a) Frontal view 

A) 

b) Cross-sectional view 

'/ 

B) 
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I 

Fig. 4.2: Screw-threaded acetabular cup a) Cross sectional 
view 

b) Frontal view 

79 



The self-tapping screw-threaded cup was screwed 

into the hip bone model (Fig. 4. 2) . Since the instruments 

for insertion of that cup were not available a special 

ratchet had to be made in the mechanical workshop of the 

Biomedical Engineering Department (Mr H. Kronenberg) for 

screwing in the cup. (See photograph 4.3) 

Photograph 4.3: Ratchet for insertion of screw-threaded cup 

The principle inherent 

threaded cup in vivo is 

in the design of the screw

that it will provide a 

"macro" mechanical interlock: immediate fixation is achieved 

by interlock of the implant threads in the surrounding 

bone. Simulation of bony ingrowth was again produced by 

pouring epoxy resin around the threads of the implant. 
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4.2.3 EXPERIMENTAL COMPONENT DESIGNS 

The experimental apparatus consisted of the femoral 

and hemi-pelvic components which were orientated and loaded 

in the one-legged stance position. 

4.2.3.1 FEMORAL COMPONENT 

This component was simulated by casting the 

chosen prosthetic stem {Z 4043-03 Long Neck: 32mm zimaloy 

standard stem) into a section of pipe with quick-setting 

cement. (Fig. 4.3) 
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Fig. 4.3: Simulation of femoral component 
a) Side view b) Frontal view 
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B) 

Small pulleys were welded onto the pipe at points A, B, c, 

D, E and F: these represent the points of attachment 
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of the main equilibrating muscles. The muscles involved 

were represented by wires whose length from these pulleys 

(See Fig. 4.4) could be adjusted by the use of nuts. 

The muscles simulated and their attachment points were: 

Gluteus medius Attachment Point A 

Gluteus Minimus . Attachment Point G . 
Tensor Fasciae Latae Attachment Point E 

Gluteus Maximus . Attachment Point B . 
' 

Hamstrings . Attachment Point D . 
Adductors Attachment Point c 

Iliacus Attachment Point F 

---·to pelVIS 

wing nut pulley 

Fig. 4.4: Restraining wire adjustment 

4.2.3.2 PELVIC COMPONENT 

According to Crownishield, et al (1978) 

there are twenty-seven muscles which are responsible for 

the stability of the hip joint. Considering the 

comparative nature of· this study, it was considered 

unnecessary to simulate all these muscles. It was 

therefore felt that adequate accuracy could be achieved by 
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simulating the seven principle groups of muscles 

referred to above. These muscles were simulated by single 

restraining wires passed through the small pulleys and 

attached to the hip bone model to the points shown in 

Fig. 4.3. The wires were attached to the pelvis by 

machine screw hooks drilled through the model and 

reinforced by stainless steel metal plates which 

distributed the force on the model. The in vivo situation 

could of course have been represented more accurately 

by using a cluster of restraining wires for each 

muscle because the origins and insertions of the muscles 

around the hip are broad bony areas and not single points. 

In other words bony landmarks do not alone provide enough 

information about the size or spatial orientation of the 

muscles. The gluteus medius for example arises from both 

the ilium and the overlying fascia lata; its point of 

insertion is also complex: much of the anterior 

third is confluent distally with the fascia of the vastus 

lateralis. Neither end of this muscle can therefore be 
• 

located reliably by a fixed point on the bone. However, 

since the area of interest is the acetabular region, it can 

be reasonably assumed that the effect of a single central 

restraining wire as opposed to a group of wires is the 

same, as long as the central point of attachment for each 

muscle is far enough away from this region. It was 

therefore felt that it was sufficient to use a single 

restraining wire to represent the resultant line of force 

for each muscle. Another assumption of the model was that 

the muscles produced tensile forces only. In order to 
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measure the tension of the cables, springs - whose design is 

presented in Appendix C - were attached between the cables 

by means of two hooks. A very sensitive digital micrometer 

was then used to obtain accurate measurements of the 

tension. 

The locations of each origin and insertion hook of the wires 

were selected after careful study of topographical anatomy 

of dried bones, standard anatomy books (Gray, Basmaj iam 

1981) and after consultation with orthopaedic surgeons. 

Dostal's, et al (1986), paper presenting a three

dimensional biomechanical hip model also provided a good 

reference of the x, y and z co-ordinates of the different 

muscles around the hip. No attempt was made to simulate the 

three different muscle fibre segments (anterior, middle and 

posterior) of the gluteus medius and minimus muscles, as 

this would have unnecessarily complicated the model. 

4.2.3.3 ORIENTATION OF COMPONENTS 

The maximum load on the hip joint during normal gait 

occurs just after heel strike, that is when the body is 

supported on one leg (the 16th phase of gait according to 

Fisher) . (Crowninshield, 1978) To implement static loading 

of the model it was therefore necessary to appropriately 

align the femoral and pel vic components as at heel strike 

and then to simulate the effects of body weight and muscle 
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forces in that position, i.e. the one-legged stance. Since 

the configuration of the femur and pelvis at this phase 

varies from person to person, it was decided to align the 

components radiographically. 

Using an anteroposterior (AP) roentgenogram of the author's 

hips and pelvis as reference the orientation of the pelvis 

in the one-leg stance position was obtained. The hip-joint 

model was then x-rayed in many different positions and its 

orientation was compared with that of the normal subject 1 

until the de-sirable single-limb stance position was 

achieved. (See photograph 4.4) Special fixtures were used to 

accurately locate and hold the model in that position. 

In order to ensure accurate reproducible orientation for all 

the other models 1 an external reference frame (jig) was 

constructed. (Fig 4.5 and photograph 4.5) The directions of 

the rio-ordinate areas were defined by three pelvic 

landmarks, namely the Anterior Superior Iliac Spine 

(A. s. I .s.), Pubic tubercie (P.T.) and Posterior Superior 

Iliac Spine (P.S.I.S.), as well as the centre of the 

acetabulum of the first model orientated radiographically. 

The X 1 y and z co-ordinates of those landmarks are given in 

Table 4. 1. These points then became the reference 

orientation points each time a different model was used. 
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Photograph 4.4: Radiograph of hemi-pelvis model in one-leg 

stance position. 
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Photograph 4.5: External reference frame 

A. C. 
*PT. 

T! 
T 

Fig. 4.5: External reference frame design with pelvic landmark 
co-ordinates 
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TABLE 4.1: Pelvic Landmarks and Co-Ordinate Data (em) 

1. Acetabulum centre 

2. Anterior Superior Iliac Spine 

3. Pubic Tubercle 

4. Posterior Superior Iliac Spine 

4.2.3.4 STATIC LOADING OF APPARATUS 

Landmark Co-ordinates 

X 

0.0 

3.2 

7.2 

6.4 

y 

9.5 

5.4 

8.1 

6.3 

z 

0.0 

5.1 

5.3 

1.1 

After obtaining the correct orientation of the 

hemi-pelvis the model was loaded by simulating the muscle 

forces involved and the body weight. 

The muscle forces obtained by tensioning the various 

springs for the single-leg stance position using the 

reference frame is described in Section 4. 2. 3. 3. Estimates 

of in-vivo muscular forces were reported in the literature 

(Brown & Shaw, 1983, Patriarca, 1981) . These forces around 

the hip vary from 19kg for the tensor fasciae latae muscles 
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to 75kg for the gluteus maximus muscle. The muscle forces 

used in this study were of a much less magnitude than those 

encountered in vivo, but were proportional. The 

tensor fasciae latae was used as the reference value and the 

other muscles were appropriately tensioned to present a 

constant relationship. (See also Appendix C) 

The body weight acts through the sacrum which joins 

the left and right hemi-pelves at the base of the spine. 

Since a hemi-pelvis with an attached sacrum could not be 

, obtained a steel rod drilled through the iliac tuberosity 

was built-up with putty to simulate the attached sacrum. The 

body weight was then simulated by attaching known weights 

from the steel rod using a lever system. The magnitude of 

the weight was also different to the in-vivo 

situation (eg. 70kg) but it was proportional to the other 

muscle force. 

A diagram of the entire apparatus is shown in Fig. 

4.7. The photographs 4.6 and 4.7 present the model from two 

different views. 
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Photograph 4.6: Posterior view of artificial hip joint model 

Photograph 4.7: Medial view of artificial hip joint model 
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femoral 
component 

pulleys 

base 

rt. hemipelvis 

~ QQdy. weight 

Fig. 4.6: Artificial hip joint model: 

1. Tensor fasciae latae 
2. Gluteus minimus 
3. Gluteus medius 
4. Gluteus maximus 
5. Hamstrings 
6. Adductor group 
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4.3 QUALITATIVE HOLOGRAPHIC INTERFEROMETRIC (H.I.) 

EXPERIMENTS FOR HEMI-PELVIC DEFORMATION 

After constructing the hip-joint model real-time H.I. 

was employed to examine the deformation of the hemi-pelvis 

produced by loading the different prosthetic components. As 

was explained in Section 3. 3. 2, the first requirement of 

such a technique is to make a hologram of the object under 

examination. This was performed by the following procedure: 

4.3.1 RECORDING OPTICAL SYSTEM 

The experimental apparatus utilized in the present 

study is depicted in figure 4.7. 

A helium, -neon (He-Ne) laser (Spectra-Physics, 127 

with output power of 25mW) emitting at the red end of the 

visible spectrum at a wavelength of 632, 8nm was used as a 

• 
light source. The beam of the laser light was divided by a 

variable beam splitter into a reference beam and an object 

beam. Each of these beams was then expanded by passing 

through a diverging lens (D.L.) (microscope objective lens 

x40). Spatial filters composed of these diverging lenses and 

two 10 u m diameter pinhole assemblies with fine adjustment 

were used in both the reference and object beams to provide 

a uniformly intense illumination. Diffraction artefacts 

collected by the beams from imperfections in the various 

optical components were therefore removed. Utilizing a 
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collimating mirror (M 2 ) a plane reference wave was 

produced which was directed towards the holographic plate 

(H. P.) . The hemi-pel vic model diffusely reflected light 

which interfered with the reference beam light on the same 

H. P. at the same time with the resultant formation of 

interference fringes on the H.P. 

In order to reproduce fringes on the plate the phase 

relation between the two light beams had to be constant 

during the exposure time. This was important if the 

difference in path length between the two beams was shorter 

than the coherence length of the laser light used ( -lOcm) • 

Mirrors and H.P. were, therefore, positioned so that 

reference and object beams travelled nearly equal distances 

before reaching the H.P. In other words the condition (see 

Fig. 4. 7) 

(VBS, M2 ) + (M2 , H.P.)::=::::(VBS, M1 ) + (M1 , OBJ) + (OBJ, 

H.P.) had to be satisfied. 

Finally, the intensity of the reference beam was 

greater than the intensity of the light scattered from the 

object. To maximize the efficiency of the recorded hologram 

an intensity ratio of reference to object beam of nearly 9:1 

was used. 

The angle between object and reference beam was 

approximately 45° . 
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Since the experimental procedure involves the 

interferometric comparison of wavefront~ separated in time, 

it is obvious that mechanical stability of the optical 

system was another condition of critical importance: the 

slightest motion during recording would decrease the quality 

of or result in failure of the hologram. The entire optical 

system including laser, mirrors, lenses, H.P. and object was 

therefore placed on a table free of vibrations and suspended 

by anti-vibrational mounts. The optical components were 

magnetically secured to this table. 

The recording was carried out under controlled conditions in 

which environmental noise and air current fluctuations were 

minimal {Holographic Interferometric Laboratory, Mechanical 

Eng. Dept., UCT). It is worth mentioning here, that apart 

from the laser and the variable beam splitter, all the other 

components used were designed and manufactured locally in 

the Mechanical Engineering Department's workshop. 

4.3.2 RECORDING PHOTOGRAPHIC MATERIAL 

The dimensions of the interference pattern to be 

recorded was of the order of magnitude of the wavelength of 

the laser light used for the exposure. It was therefore 

essential to utilize a very high resolving power 

photographic plate. For this reason the Agfa-Gevaert 8E75 HD 

NAH holotest plates were used for all the recordings of the 

interference pattern. The features of these plates are: 
J 

{Agfa-Gevaert, H.D.T.-Technical information data sheet): 
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HOLOGRAPH JC 

TABLE 

L 
A 
s 
E 
R 

00 
•••• 

Video recorder 

•• •• •• •• 
•• 

Video monitor 

Camera 

Fig. 4.7: REAL-TIME HOLOGRAPHIC INTERFEROMETRIC OPTICAL 
APPARATUS FOR PELVIC DEFOill1ATION 

Object: 
H.P. 
M, 2 : 
v.l3.s.: 
D. L. 
S.F. 

Artificial Hip-Joint Model 
Holographic Plate 
Front Surface Mirrors 
Variable Beam Split~er 
Diverging Lens 
Spatial Filter 
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Size grain: 35nm 

Resolving power: 5000 linesjmm 

Dimensions: 4in (10.2cm) x 5in (12.7cm) x 0.04in (O.lcm) 

The plate was positioned in a specially designed H.P. 

holder. 

4.3.3 EXPOSURE 

During the alignment and arrangement procedures the 

laser light was left on. This allowed the laser to come to 

thermal equilibrium with its surroundings and ensured the 

attainment of maximum stability before making any 

holographic exposures. 

The exposure time of the photographic material is not 

a constant value for every object since the reflectivity of 

different objects varies. It was therefore necessary to 

establish the exposure time for the hemi-pelvis model. Using 

the holographic mask it was found that the best exposure 

time was between 10 seconds and 15 seconds. A 10 seconds 

exposure time was chosen and used for all the experiments. 

Before exposure and after positioning the plate in the plate 

holder it was necessary to wait at least three minutes to 

ensure that the very stringent stability requirements were 

achieved and the plate activated by a safe weak room light. 
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4.3.4 DEVELOPING PROCEDURE (PHOTOGRAPHIC PROCESSING) 

A variety of methods of developing the exposed 

holographic plate are reported in the literature. In 

real-time holographic interferometry it is very critical 

which developing procedure is used. The reason for this is 

that residual fringes over the object can appear during the 

reconstruction process. The prime source of these residual 

fringes is the photographic storage medium: difference in 

the thickness in the emulsion of the plate before the 

exposure and after processing is one of the factors 

responsible for such fringes. During development (conversion 

of silver salts into black metallic silver), stop bathing 

(cause the developer to cease action), fixing (removal of 

the unexposed silver salts from the emulsion), bleaching 

(involves oxidation of the silver converting it to a silver 

ion in order to improve efficiency) and washing of the 

plate, the various soluble compounds are washed out of the 

emulsion. This shrinkage causes a distortion or shift of the 

reconstructed image and thus produces residual fringes over 

the object. Since it was essential not to have any 

residual fringes and since many of those occurred during the 

preliminary experiments, it was decided to use only 

developer in the processing procedure and omit all the other 

commonly used steps. However the different developers used 

also resulted in a considerable amount of shrinkage of the 

plate. It was found (J Gryzagoridis, 1987) that using 

PYROGALLOL as the developer for real-time H. I. caused the 

least amount of shrinkage compared with other commercially 
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available developers (i.e. D-19 and Ilford) . Experiments 

conducted with all three mentioned developers confirmed 

these findings. 

Thus, the photographic processing procedure used had only 

three steps: 

1) Development in PYROGALLOL for 30-45sec (optical 

density 0.6- 0.8) with continuous agitation. 

PYROGALLOL developer can be made as follows: 

PART A PART B 

Pyrogallol 5gms 

Water to make up 500ml 

Sodium carbonate 

(anhydrous) 60gms 

Water to make up 500ml 

Mixture of equal volumes of Part A and B imm~diately 

prior to development. 

2) Wash for five (5) minutes in running tap water. 

3) Dry the plate using a hairdryer. 

4.3.5 RECONSTRUCTION - REAL-TIME EXPERIMENTS 

After processing the hologram, the holographic plate 

was returned to the exact position occupied before the 

developing procedure. A specially designed plate holder 

ensured the precise repositioning of the holographic plate 

along the x and y axes within a fraction of the wavelength 
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of laser light. In order to reconstruct the virtual image of 

the object the hologram was illuminated by the original 

reference beam used for the recording. The reconstructed 

image was, therefore, superimposed on the object. Any 

movement or deformation of the object would then . cause an 

interference pattern (a set of fringes superimposed on the 

object). 

The hemi-pelvis model, with the inserted acetabular 
I 

component, in the one-leg stance orientation was first 

examined. In the early stages of the experiments a 

relatively large number of residual fringes were obtained: 

the likely cause was emulsion distortion or shrinkage during 

the development. As already mentioned this problem was 

eliminated by using pyrogallol as a developing agent. Hence, 

only one or two broad dark fringes were seen superimposed on 

the hemi-pelvis model in the unstressed condition. 

The model was then loaded by tensioning the springs 

simulating the abductor muscles (gluteus medius and gluteus 

minimus). The amount of the deflection of the springs 

corresponded to incremental loading of 5, 10, 20 and 30 

Newtons. 

Interference fringes superimposed on the model and localised 

in space started appearing. Because the focus had to be 

exactly on the object, the contrast of the fringes obtained 

was increased by manipulating the reference beam by rotating 

the variable beam splitter (i.e. the ratio of object: 

reference beam was changed). 
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The sequence of events on loading was viewed directly 

on a TV monitor (Fig. 4.7) and the evolution of the fringes 

could be simultaneously recorded on a video tape. The 

interferometric fringe pattern was then photographed from 

the TV monitor and not directly from the holographic plate. 

The advantages of using a close-circuit TV were: increase in 

resolution because of the use of high resolution video 

camera, decrease in speckle noise and capability of zooming 

in on areas of interest. In addition the contrast of the 

fringes could be directly balanced on the monitor by 

changing the contrast on the video camera. 

A problem experienced with the first model was that 

the fringe pattern changed with time under constant load. 

This change was attributed to creep of the epoxy resin model 

because the rheological behaviour of the epoxy used at room 

temperatures is viscoelastic. Creep was very pronounced 

after the fi'rst hour (with about one fringe-order change) 

but decreased to a negligible effect after one and a half 

hours. For load durations greater than one and a half hours 

creep was virtually undetectable. A waiting period had, 

therefore, to be observed before a new loading condition was 

applied to the model. 

After recording all the loading conditions by 

measuring the deflection of the springs by means of a 

digital micrometer, the obtainable fringe pattern was 

photographed (camera: Minolta SRT 101 and 200mm lens, f = 

16, exposure time - 1 sec, film: Ilford HP5 400 ASA) and 
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printed (multigrade II, high contrast paper). Some of these 

photographs are presented in Chapter 6. 

All the stages of the above mentioned experimental procedure 

were repeated with the other three models. (Muller, P.C.A. 

and Screw-threaded) (see summary in flowchart 4.1) 

During these experiments the initial position orientation 

and strain state were kept exactly the same for each model 

by means of the external reference frame (jig) and measuring 

spring deflection as accurately as possible. Another way of 

keeping the same initial conditions for all models was 

obtained after the recording of the first hologram of the 

"metal-backed" hemi-pelvic model: using exactly the same 

arrangement of the optical apparatus the models had to 

precisely coincide with the reconstructed virtual image of 

the first model. 
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FLOWCHART 4.1: Methodology in Real-Time H.I. for hemi-pelvic 
deformations 

Set-up the apparatus 

Development of hologram and 
return to the plate holder 

Reconstruction 

BAD 

GOOD 

Model loading: First 
loading increment 

Simultaneous TV observation 
and photographic/video recording 

Increased loading 

Fringes very dense for the 
maximum load 
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CHAPI'ER 5 

ACETABULAR DEFORMATION CAUSED BY DIFFERENT HIP PROSTHESES 

5.1 MODELLING THE PROSTHESIS/BONE INTERFACE 

It was decided to use the same acetabular components 

used in the pel vic deformation study to reconstruct a 

two-dimensional model of the prosthesis/cement/bone 

interface. This model was constructed by cutting a 

coronal slice through the three-dimensional hemi

pelvis model: the section was in a plane extending in 

a superior-inferior direction through the centre of the 

acetabulum (see Fig. 5.1) (section of high loading). 

The model obtained is shown in Fig. 5. 2 . However in this 

section the whole acetabular component was left intact. 

The cement and the epoxy-resin simulation of bone 

ingrowth prevented the components from falling apart. 

The interface was thus available for holographic analysis. 

Photograph 5.1 shows two of those 2-D models with the 

acetabular components in situ. 
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ILIUM 

ACETABULUM 

Fig. 5.1 Orientation of hemi-pelvic model section 

Fig. 5.2: Model section in a superior-inferior plane 
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Photograph 5.1: Two-dimensional models of prosthesisjcementjbone 
interface for a Muller and a P.C.A. acetabular 
component. 
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5.2 LOADING CONDITIONS 

The support and loading techniques were considered 

next. In the three-dimensional pel vis the resultant hip 

contact force is opposed superiorly by the contraction force 

of the hip abudctor muscles. Inferiorly the resultant force 

is opposed by a reaction force, at the pubic symphysis, 

which is transmitted through the pubis and the ischium; 

these structures were excluded from· the plane of the model 

section. To reflect this loading pattern, the superior and 

inferior borders of the models were rigidly supported 

(using a thick layer of a very high strength putty) and 

cementing them in a frame, as shown diagrammatically in Fig. 

5.3. 

190mm 

~+---------- 120 mm ---------.'1"" 

Fig. 5.3: Two-dimensional hemi-pelvic model slice supported 
in a mild-steel bar frame. 
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To simulate the loading reaction conditions in the 

present 2-D model, a pressure distribution in the acetabulum 

was effected consistent with that which may be encountered 

during the single-leg stance phase of gait. The resultant 

femoral load was directed along the ilium by means of a 

dead-weight oil pressure system. (see Fig. 5.4) A connector 

had, therefore, to be manufactured to link the dead-weight 

tester's oil hose with the interface of the models. Due to 

the different shape of the inner part of the prosthetic 

components used, four different connectors were manufactured 

in order to avoid any oil leakage. 

Femoral increment loads of 280KPa ( 40Psi) , 420KPa ( 60Psi), 

560KPa (80Psi) and 700kPa (lOOPsi) were applied to the 

models. 

dead weight 
tester 

Fig. 5.4: Loading configuration of the prosthesis 
jcementjbone interface in a two-dimensional model. 
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5.3 REAL-TIME HOLOGRAPHIC INTERFEROMETRIC EXPERIMENTS 

The optical apparatus and the procedure described in 

Chapter 4 were used, with the new two-dimensional model of 

the interface. The diagrammatic form of the apparatus is 

presented in Fig. 4. 7. Photographs 5. 2 and 5. 3 show the 

apparatus in the experimental environment. (Holographic 

laboratory of Mechanical Engineering Department, UCT) 

Photograph 5.2: Holographic optical-apparatus for deformation of 
the prosthesisjcementjbone interface. 

1: Laser 
2: Variable Beam-splitter 3,6: Front surface mirrors 

4,5: Diverging lens with pinhole assembling (spatial 
filters) 

7: Object 
8: Holographic plate holder 
9: Dead-weight tester 

10: Video camera 
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Photograph 5.3: Another view of the holographic apparatus used. 
The video recorder, TV monitors and photographic 
camera are shown in the left-hand side of the 
picture. 

The interferometric fringe patterns that were recorded for 

the different models and loading conditions, are presented 

in Chapter 6. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

6.1 INTRODUCTION 

The results of real-time holographic interferometric 

testing performed on the artificial hip joint and the 

prosthesis/bone interface models are presented and discussed 

in this chapter. Pelvic and acetabular deformation in four 

different acetabular prostheses were qualitatively examined. 

All the experiments were carried out under identical 

loading conditions which were chosen from the observations 

of preliminary investigations (radiographic orientation of 

the models) as well as from conditions described in the 

literature. These conditions have been described in Chapters 

4 and 5 and Appendix B where pertinent references have been 

given. 

Two types of tests were conducted on the four 

acetabular prosthetic components: 

I) Tensioning of the abductor muscles (gluteus medius and 

gluteus minimus) of the hip joint model. 

II) Femoral loading of the prosthesis/cement/bone 

interface by pressuration. 

The experiments were repeated two or more times to 
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evaluate the reproducibility of the results. The 

degree of reproducibility was found to be very 

satisfactory because of the qualitative nature of the 

interpretation of the results. 

Interpretation of the holographic interference 

(fringe) pattern was possible due to the contouring 

effect produced. This was based on observing 

fringe-pattern anomalies and indications of stress 

concentration levels over the surface of the test 

objects which were under load. 

The interferometric holograms immediately showed areas of 

high strain which are important fo·r the evaluation of the 

behaviour of different acetabular prosthetic components and 

the different fixation methods used in Total Hip 

Arthroplasty. 

It is important to emphasize that this study was not 

undertaken to establish the absolute level of stress. 

The intention was to ascertain the stress-response in the 

object being stressed and to comparatively analyse the 

influence of different prosthetic materials and fixation 

methods at this response. 

6.2 HEMI-PELVIC DEFORMATION 

Medial view holographic interferograms of the right 

hip bone:-models implanted with the four different 
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acetabular components, viz, Muller, Metal-Backed, P.C.A. and 

Screw-Threaded are represented in photographs 6.1-6. 8. It 

was decided to include the effect of only two loading 

conditions for each model. These were tensioning of the 

simulated abductor muscles for incremental loads of 10 and 

20 Newtons (N) for the one-legged stance position of the" 

hemi-pelvis. For orientation purposes the bony landmarks are 

identified on the transparency overlying the photographs. 

Immediately after applying the first incremental load 

of SN, broad dark lines (interference fringes) were visible 

in all the objects. As explained in Chapter 3 these fringes 

were generated by changes in total optical path length due 
\ 

to object displacement. The closer together the inter-

ferometric fringes were, the more physical displacement of 

the object had occurred. The fringes observed indicate 

approximate object displacement increments of one half of 
I 

the wavelength of the laser light used ( 300nm). 

After implantation of the Muller (pure High Density 

Polyethelyne) acetabular component the fringe pattern 

obtained for incremental load of 10N was uniform and 

parallel (Photograph 6.1). 

The displacement level (hence the strain or deformation 

level) was found to be greater in the iliac than in the 

ischial region. This was to be expected as the areas of 

origin of the abductor muscles which were tensioned were in 

the iliac region (they are not shown in the photographs) . 
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After increasing the tensioning load to 20N the fringe 

pattern changed: the fringe density increased and a small 

change in the uniformity could be observed in the ischium 

(Photograph 6.2} as shown by the arrow on the transparency. 

This area coincided with the approximate centre of the 

acetabulum seen from the ischial side. The change in the 

fringe pattern for the Muller type prosthesis could not be 

interpreted at the preliminary stages of the experiments 

i.e. before the examination of the interface - which is 

presented in Section 6.3 - the change of the uniformity of 

the fringes appearing in photograph 6.2 could be related to 

stress concentration produced around one of the drilled 

holes (1/4" diameter) for anchoring the bone cement. 

The fact that fringes appeared in the steel-rod ' 

attached to the ischial tuberosity for simulation of the 

body weight indicated that the whole object, besides being 

strained, suffered undesirable rigid-body motion. This 

rigid-body motion was of the translation type which 

introduced displacement across the whole interference 

pattern in a clockwise direction. This translation was 

unavoidable since the object consisted of femoral component 

which was rigidly fixed compared to the pelvis. On 

tensioning the abductors it was therefore the pelvis that 

moved. One possible solution to that problem would be to 

fuse the femoral and the acetabular component but loading 

could no longer be simulated in the artificial hip joint. 

Although there are methods in holographic interferometry to 

eliminate and compensate for rigid-body motion displacements 
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(Hu, et al 1976) these are very laborious and time 

consuming. It was decided not to apply them for the 

following reasons: 

1) The qualitative and comparative nature of the study. 

2) Analysis of hemi-pelvic deformation was considered as 

preliminary experiments before the investigation of 

the prosthesis/cement/bone interface. 

3) The rigid-body motion displacement did not appear to 

distort the hip bone-model surface deformation. This 

was confirmed by the results which appeared 

qualitatively consistent with these obtained from the 

interface study. 

It is therefore recognised that one of the limitations 

of the present study was the fact that the fringe pattern 

obtained for all the four hip bone models indicated the 

combination of out-of-plane displacements due to bending 

andjor rotation and rigid-body translations superimposed to 

that displacement. 

The results obtained after loading the model with the 

Metal-Backed acetabular component inserted are presented 

in photographs 6.3 and 6.4. The loading conditions were the 

same as for the Muller type. It can be seen (photograph 6.3) 

that the model wasdeformed in the same manner under loading 

but this.deformation was less than in the case of the Muller 

component. This could be attributed to the fact that the 

addition of metal-backing increased the elastic modulus of 

the component. 
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In photograph 6. 4 the fringe pattern does not exhibit 

anydiscontinuity similar to that shown in photograph 6.2. No 

stress concentration points appeared with the use of this 

component. Hence, the increase in the stiffness of the 

acetabular component may improve the stress distribution in 

the hip bone. However, the reduction in the overall stresses 

in the bone model encountered with the stiff metal-backed 

component was not very significant when compared to 

polyethylene. This is at variance with the reports by Harris 

(1982) and Petersen, et al (1982) when reporting their 

interfacial studies. For a more direct comparison with 

the above mentioned papers one should refer to section 6. 3 

where the metal-backed prosthesis/bone interface is examined 

more thoroughly. Finlay, et al (1986) also reported minimal 

differences between plastic and metal-backed acetabular 

components. 

Regarding the cementless type of prostheses, the 

medial view interferograms of the model with the Porous

Coated Anatomical (P.C.A.) acetabular component are shown 

in photographs 6.5 and 6.6 (loading conditions of 10 and 20N 

respectively) . 

The examination of the interferograms revealed that the 

fringe pattern is uniform and parallel for both loading 

conditions. This would indicate that there is no disturbance 

of the stress distribution in the entire surface of the hip 

bone. Stress concentration in the vicinity of the 
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acetabular component on theischial side was negligibly small 

(photograph 6.4) in comparison with the one encountered with 

the cementless screw-threaded component (photograph 6.8). 

Concerning the overall stress level it appeared (photograph 

6. 5) that the bone was stressed more with the use of the 

P.C.A. than with the other components for the same tension 

of the abductor muscles. This could be attributed either to 

experimental error in measuring the deflection of the 

springs or to the difference of the elastic modulus of the 

implant/epoxy resin (which was used to simulate bone in

growth) composite structure. The experiment was repeated 

with special attention to the adjustment of the springs but 

the same fringe pattern was obtained. This indicated that 

the different implant material-fixation methods used might 

be implicated in the discrepancy of the stress level. 

However, the bone-model appeared to respond favourably to 

the P.C.A. component although the bone ingrowth fixation 

area was minimal and patchy due to the porous structure of 

the surface of the implant. 

The other component used was the Screw-threaded 

type. The presence of very sharp threads on the surface of 

this component enabled it to be screwed into the bone model 

at insertion. 

Bone ingrowth was simulated, as it is already mentioned, by 

filling residual gaps with the same epoxy resin used to make 

bone model. 

116 



The results obtained after loading the model are presented 

in photographs 6.7 and 6.8. 

After increasing the tension of the abductor muscles to 10N 

it can be seen (photograph 6. 7) that the resultant fringe 

pattern differed from those obtained with the previous 

models. A stress concentration point can now easily be 

identified in the ischial side of the acetabulum (see arrow 

in the attached transparency). By increasing the tension to 

20N a complicated swirling pattern of stress lines was 

noticed (photograph 6. 8) . Two stress concentration points 

could now be observed: one near the approximate centre of 

the acetabulum and the other near the obturator foramen as 

indicated by the arrows. 

The stress concentration points created could be related to 

the considerable hoop stresses generated around the sharp 

threads at insertion of the components. An examination of 

the prosthesis/bone-model structure after the experiment 

revealed that the stress concentration points in the inter

ferogram corresponded to the points where the threads of the 

prosthesis had cut the bone. In the in-vivo 

situation these could cause bone resorption which would 

eventually lead to loosening of the acetabular component. 

The narrow and symmetrical threads might therefore be 

implicated in loosening of this type of cementless 

prosthesis. 
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The differences in the interferometric fringe pattern 

and the stress concentration points identified in the 

ischium for the different types of acetabular prosthetic 

designs stimulated the author to further investigate the 

prosthesisjcementjbone interface. The results obtained from 

this study are presented and discussed in the following 

section 6.3 
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Photograph 6.1: 

Photograph 6.2: As in 6.1 under load of 20N. 
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Photograph 6.3: Medial view interferogram of the model implanted 
with a metal-backed A.C. (Load = lON) 

Photograph 6.4: As in 6.3 under load of 20N. 
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Photograph 6.5: Medial view interferogram of the model implanted 
with a P.C.A. A.C. (Load = 10N) 

Photograph 6.6: As in 6.5 under load of 20N. 
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Photograph 6.7: Medial view interferogram of the model implanted 
with a screw-treaded A.C. (load = lON) 

Photograph 6.8: As in 6.7 under load of 20N. 

122 



6.3 ACETABULAR DEFORMATION 

Since an understanding of the stress distribution in 

the acetabular region was one of the objectives of this 

study a model of the prosthesisjcementjbone .interface was 

constructed as described in Chapter 5. A femoral pressure 

was then applied to the acetabulum. This represents a 

somewhat coarse approximation of the in-vivo 

situation but since the purpose of the study was to 

qualitatively compare the different displacement

deformation patterns, it was thought to be acceptable. 

Another assumption was that the reaction at the hip joint 

was distributed over the whole of the acetabular region 

whereas in reality it is concentrated to a narrow band. 

However, the author felt that this admittedly simple model 

could offer insight into the relative effects on acetabular 

stress distribution of acetabular component design 

variations andjor surgical techniques. 

The same four acetabular components implanted in the 

study of hemi-pelvic deformation were used viz. 

High Density Polyethylene (H. D.P.) of the Muller 

component 

High Density Polyethylene with Co-er Metal-Backing 

Porous-Coated Anatomical component 

Screw-threaded component 
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The results obtained after applying pressure to the. models 

are presented in photographs 6. 9-6. 18 for two loading 

conditions: pressures of i) 560kPa (80PSi) and ii) 700kPa 

(100Psi). Close-up photographs are provided for a better 

view of the prosthesisjcementjbone-model interface. 

It must be remembered that the results only demonstrate the 

deformation pattern for the various prosthetic component 

designs and are best used to determine trends in stress 

states associated with those designs. 

Holographic interferograms using the MULLER 

prosthesis (pure H.D.P.) are presented in photographs 6.9 

and 6. 11 for loading conditions corresponding to 560kPa 

(80Psi) and 700kPa (100Psi) pressures respectively. 

Photographs 6.10 and 6.12 are close-up views of the 

prosthesis/cement/bone-model structure at these loading 

conditions. 

Immediately after applying pressure broad interferometric 

fringes appeared in the surface of the bone, whereas those 

seen in the acetabular component (A.C.) were denser. This 

phenomenon occurred because the difference between the 

elastic modulus of the implant and the cement/bone model did 

not allow the whole system to deform in the same manner 

under loading. This agreed with the findings of Jacob's et 

al (1976) and also indicated that the model responded 

favourably to what is probably happening in the in

vivo situation. 
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With this model it was also possible to minimise rigid-body 

motion displacements since the objects were rigidly 

supported in two regions. 

Increase of the load was associated with an increased fringe 

density both in the bone-model and on the surface of the 

A.C. This is demonstrated in photog.raph 6.9. No fringes were 

apparent on the. A.C. surface as these were too fine to be 

observed. 

A review of all the results presented here suggests that the 

Muller A.C. increased the stress created in the model 

superiorly to the A.C. 

This can be attributed to the fact that after total hip 

arthroplasty the contact force at the A.C. tends to force it 

between the medial and lateral walls of the ilium which then 

results in increased stresses in the bone. 

The holographic interferograms (photographs 6. 9 and 6. 11} 

also revealed that the infero-medial wall of the ilium (see 

arrows 1 in the transparencies) experienced higher stress 

distribution than the lateral wall. 

This finding was in total agreement with Petty 1 et al 

(1987) 1 Vasu, et al (1982) and Finlay, et al (1986) who 

performed similar studies using Strain-Gauges and 

Finite-Element Analysis. 
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The high stress level in the medial wall of the ilium could 

lead to ultimate loosening and failure of the A.C. The 

tendency of the A. C. to migrate medially, as presented by 

Muller (1981 (a)) and Carlsson and Gentz (1984), could also 

be attributed to the high stresses generated in the medial 

wall as shown in the present study. 

Another important finding clearly demonstrated in all the 

interferometric holograms 6. 9-6.12 but particularly in 6.10 

and 6.12 is the stress concentration point found around the 

periphery of the 1/4" diameter hole drilled in the roof of 

the acetabulum to provide firm cement fixation during the 

insertion procedure (see arrow 2 in the transparencies) • 

This is a controversial issue in the literature: some 

researchers (Antersson, et al 1972, Eftekhar & Pawluk, 1980, 

Finlay, et al, 1986) found the anchoring holes helpful in 

increasing the strength of the bond between cement and bone, 

whereas others (Chen et al, 1974, Petty, et al, 1980) did 

not. 

However, according to Timoshenko and Goodier, 1970 

drilled-holes in any material will produce notable 

stress-concentrations, which has been clearly demonstrated 

in the present study. Although Petty, et al {1980) related 

the existence of the stress concentration point to the 

proximity of one of the anchoring holes to the strain-gauge 

rossette, photographs 6. 9-6. 12 illustrate that these 

points are always present. This deduction can be made as a 

contactless stress analysis method was employed. This 

126 



highlights the advantage of a holographic interferometric 

technique over the strain-gauge method in this regard. 

The importance of these stress concentration points is 

obvious when one considers that the acetabular wall might 

deform more for a particular acetabular load with than 

without a large cement anchoring hole. This may accelerate 

the long-term loosening of the acetabular component. 

The results did not indicate 1 however 1 that the small 

randomly distributed anchoring holes would create any 

stress concentration. This agrees with Oh's findings in 

1983 who reported that the small holes have far less chance 

of creating a defect (eg. crack) through the acetabulum. 

Hence 1 many small anchoring holes could provide the 

solution for resisting torsional loads. 

The interferograms showing the effect of METAL

BACKING on the deformation of the prosthesisjcementjbone

model are presented in photographs 6. 13 and 6.14. These 

corresponded to the same loading conditions used for the 

H.D.P. component viz. 560kPa (80Psi) and 700kPa (100Psi). As 

the methodology of this model has already been described 1 

the results obtained with this metal-backed A.C. are 

presented and discussed in comparison with H.D.P. component. 

One of the first observations made when examining 

photographs 6.13 and 6.14 was that the stiff metal-backed 

A. c. produced a slight reduction in the overall bone-model 

stresses when compared with the more deformable H.D.P. A.C. 

A similar finding was reported by Finlay et al (1986). 
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However this reduction in stress was not considered as 

significant as that reported by Carter, et al (1982), 

Crowninshield, et al (1983) and Petersen, et al (1983). 

However, the addition of the metal-backing to the H. D.P. 

component eliminated the peak stress in the cement/bone

model interface (photograph 6. 14) which was experienced 

around the anchoring hole (photograph 6.12) superior to the 

component with the H.D.P. cup. 

The present study also revealed a stress concentration point 

at the supero-lateral border of the ilium which emerged 

after increasing the 

(100Psi) (see arrow 1 

femoral loading pressure to 700kPa 

in photograph 6. 14) . This stress 

concentration might be related to one of the randomly 

distributed drilled-holes in the acetabulum or to one of the 

small pods provided by the manufacturer on the surface of 

the component for torsional stability. The Finite-Element 

Analysis models reported in the literature failed to detect 

this stress concentration point in the lateral wall. It 

therefore, appears that the stiff metal-backed A.C. reduced 

the maximum stresses in the vulnerable superior-medial area 

of the acetabulum and transferred them to stronger parts of 

the bone. 

The stresses in the infero-medial wall of the ilium 

were largely increased with the use of the metal-backed A.C. 

(as shown in photograph 6.14, arrow no. 2): they had started 

"disappearing" because they became too fine to be observed. 
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This stress increase at the inferior margin of the cup was 

also found in Carter's, et al {1982) Finite-Element Model. 

However they interpreted this finding as being artifactual 

on the basis that this model did not reproduce the 

three-dimensional loading situation. 

Since fractures of the A.C.'s are rare interpretation 

of the results obtained for the different A.C. surface 

displacement has been omitted. It can only be said, as 

demonstrated on the interferograms, that the H.D.P. A.C. was 

deformed more. than the Metal-Backed one. This was to be 

expected because of the higher elastic modulus of the 

latter. 

Turning to the cementless prostheses, the results 

obtained after loading the Porous-Coated-Anatomical 

(P.C.A.) A.C. are 

It can be seen 

stress level was 

presented in photographs 6.15 and 6.16. 

(photograph 6 .16) that the overall bone 

slightly increased with the P.C.A. when 

compared to the other components examined. There was also 

some increase in the stress level in the infero-medial wall 

of the ilium. However, the P. C. A. improved the stress 

distribution at the fixation interface (photograph 6 .16). 

The fringe pattern was uniform and almost parallel- and 

stress discontinuity was not observed along the entire 

prosthesis/bone-model interface. Comparison of these 

results with those of other investigators was not possible 

since no similar study was reported in the literature. It 

might of course be argued that the in-vivo bone 
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ingrowth and re-modelling situation was not truly 

reproduced. It is believed, however, that by "creating" an 

interface bond with the same material as the bone model 

(since epoxy res in was poured · into the pores of the 

prosthesis) the conditions at the interface were 

qualitatively consistent with the in-vivo 

situation: as already noted the contact area between the 

bone and model was limited and patchy. 

Finally, the SCREW-THREADED component was examined by 

loading it with 560kPa and 700Pa pressure. The results 

obtained are presented in photographs 6.17 and 6.18. 

Examination of the interferometric hologram revealed that 

the overal bone-model stresses were reduced in comparison 

with all the other components. Stresses in the medial 

wall of the ilium were increased when compared with those in 

the lateral wall. A very small discontinuity in the fringe 

pattern could be observed at the interface where the sharp 

threads had cut the bone (see arrows in both 6.17 and 6.18 

photographs). These stress concentration points were not, 

however, as prominent and clear as the ones presented in 

Section 6. 2. This might be related to the fact that the 

model used, did not represent the three-dimensional loading 

conditions since the out-of-plane stiffness and support 

created by the ischium and the pubis was totally ignored. 

However, even these small concentrations of stress could be 

implicated in ultimate loosening of the acetabular component 

of a total hip arthroplasty in a long-term basis where 
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in-vivo loading conditions were applied over a 

prolonged period. 

It was again not possible to compare these results 

with those of other researchers as no similar experimental 

stress analysis study for the screw-threaded acetabular 

component has been reported in the literature. 
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2-D 

erferogram of the 2-D 
rosthesisjcementjbone i 

560kPa (80Psi)] 

Photograph 6.10: Close-up view of 6.9 
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Photograph 6.11 As in 6.9 under load of 700kPa (100Psi) 

Photograph 6.12: Close-up view of 6.11 
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Photograph 6.13: Interferogram of the 2-D model of the metal-backed 
prosthesisjcementjbone interface [Loading 
condition: 560kPa (80Psi)] 

Photograph 6.14: As in 6.13 under load of 700kPa (100Psi) 
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Photograph 6.15: Interferogram of the 2-D model of the P.C.A. 
prosthesis/bone interface [Loading condition: 
560kPa (80Psi)] 

Photograph 6.16: As in 6.15 under load of 700kPa (100Psi) 
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Photograph 6.17: Interferogram of the 2-D model of the Screw 
Threaded prosthesis/bone interface [Loading 
condition 560kPa (80Psi)] 

Photograph 6.18: As in 6.17 under load of 700kPa (100Psi) 
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CHAPTER 7 

7.1 CONCLUSIONS 

The observations and conclusions derived from the 

present study can be summarized as follows: 

1) Holographic Interferometry (H. I.) proved to be a 

useful and sensitive experimental stress analysis 

method in studying biomechanical problems of the hip 

joint. 

2) It would appear that the principle of the H.I. method 

could be applied to the investigation of other joints 

(e.g. knee, elbow) where similar problems are 

encountered. 

3) The study provided reasonable predictions of stress 

concentration points and overall deformation in the 

hemi-pelvis and at the prosthesis/bone interface. 

4) The distribution of stress appeared qualitatively 

different for the various implanted acetabular 

components (A.C.). 

5) Highly stressed areas could be identified both in the 

hip bone model and the acetabular interface. Such 

stress areas are considered to be relevant to the 

loosening mechanism. 

6) The reliability of the results derived from the 

holographic method is confirmed by correlation with 

other published results where different stress 

analysis methods were used. 
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7) The following conclusions were made from the 

three-dimensional hemi-pelvic model studied: 

i) Small stress concentrations were obtained in 

the ischium when the Muller A.C. was used. 

ii) This was not observed with the Metal-Backed or 

P.C.A. A.C. 

iii) The Screw-Treaded A.C. showed the stress 

concentration points more prominently in regions 

where the threads had cut the bone model. It is 

believed that the threads may therefore cause 

stress concentration and stress protection which 

could contribute to bone resorption and 

loosening. 

iv) There was no significant reduction in the 

overall deformation pattern with the use of a 

Metal-Backed A.C. 

8) From the two-dimensional prosthesisjcementjbone 

interface model studied, the following conclusions 

were made: 

i) Increased stresses were identified 

immediately superiorly to all the components. 

ii) There were increased stresses in the medial wall 

of the ilium in comparison with the lateral wall 

for all the components. 

iii) Stress concentration was found around the 

periphery of the large fixation hole with the 

use of the Muller A.C. Hence, an acetabular wall 

with large fixation holes might be more 

deformable and thus provide less support for 

acetabular loads. 
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i v) The surface deformation of the Muller component 

was much higher than with the others. 

v) There was no significant reduction in the 

overall stress distribution with the use of a 

Metal-Backed A.C. 

vi) The stresses in the medial wall of the ilium for 

the Metal-Backed A.C. were higher than with all 

the other components. In addition 1 with this 

component 1 a stress concentration point was 

detected in the lateral wall of the ilium. 

vii) Uniform deformation pattern was obtained with 

the use of the P.C.A. 

viii) Small stress concentrations was detected in the 

Screw-Threaded acetabular component interface. 

7.2 RECOMMENDATIONS 

In general it can be said that the most important area 

of future research should be the problem of the acetabular 

interface - that is the interface between: 

i) prosthesis and cement 

ii) prosthesis and bone 

iii) cement and bone 

This could provide a better understanding of the mechanism 

of aseptic loosening. 

Future work could be divided into "short-term" and 

"long-term" projects. 
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Investigation of the following represents some of the 

pass ible "short-term" projects that could be undertaken 

using the same basic methodology. 

1) Different commercially available designs of 

threaded, metal-backed and porous-coated prostheses. 

2) Various cement thicknesses and distribution. 

3) Various anchor holes sizes, positions and numbers. 

4) Different femoral head sizes. 

5) Different H.D.P. thicknesses. 

6) Models with subchondral bone removed and intact. 

7) Different materials e.g. metal on H.D.P., ceramic on 

H.D.P., ceramic on ceramic. 

"Long-term" projects would then embrace analysis of 

the clinical and radiographic results of patients who had 

undergone T.H.A. with cross-reference to the data obtained 

from the above studies. Clinical reviews are important as 

other factors besides the stress distribution might 

influence loosening of the acetabular component i.e. 

chemical or biological response, heat generated by the bone 

cement, residual necrotic bone debris etc. 
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APPENDIX A 

GEOMETRY OF HOLOGRAPHIC INTERFEROMETRIC FRINGE FORMATION 

- FRINGE INTERPRETATION 

Holographic interferometry (H. I. ) is used to produce 

fringe patterns which display whole-field distribution of 

surface displacement, deformation or vibration. 

Stresses and bending moments in a test object subjected to 

· mechanical loading are normally calculated from measurements 

of strain. This is a kinematic quantity related to the 

derivatives of the object's surface displacement. In order 

for the H.I. to be useful for such measurements, a 

relationship between the resultant fringe pattern and the 

actual displacement has therefore to be established. 

Following the approach of Aleksandrov & Bonch-Bruevich, 

1967, and Sollid, 1969, such a relationship can be formed. 

In Figure A1 a point P on the surface of an object 0 is 

shown, illuminated by a point light source L (laser) 

-(represented by the unit propagation vector K1) and viewed 

from the point of observation H (hologram) (represented by 

-the unit vector K2). 

After displacement of the object, the 

become the position P1 and the change in 

point P will 

optical-path 

length w i 11 cause interference (interference is only 
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L 

Fig. A.l: Vectorial notation of geometric fringe formation 

produced between corresponding points). The new illumination 

and observation directions are now represented by the unit 

- -vectors K3 and K4. It can be shown (Sollid, 1969) that 

-the vector displacement L of the point P is related 

directly to the optical phase difference at this point 

between the two interfering wave fields by the equation 

.... -+- -+- ............ 

<I> = (2 Tt I A.) (K2-K1) . L = K. L (A.l) 

- --/A.) (K2-K1) is known as the sensitivity where K = (2 n 

vector taken along the bisector of the angle between the 

illumination and observation directions 2a. 

Three measurements of the phase difference on holograms made 

with different directions of observation or illumination 

give three equations of the same form as equation (A.l) from 

-which the vector displacement L can be evaluated. This 

evaluation and the interpretation of the fringe pattern 

generally is often not an elementary process. 
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Most researchers dealing with this problem tend to 

derive their own methods of evaluation and interpretation of 

the interferograms. Hence, the absence of a general 

·methodology of fringe interpretation is another problem in 

the field of H.I. Briers, in 1976, conducted an exhaustive 

literature search about the interpretati9n of holographic 

interferograms and published an excellent review on the 
( 

subject. He concluded that most of the researchers used four 

main fringe interpretation methods: 

1) Fringe localization method 

2) Fringe counting technique 

3) Hologram fringe or Haidinger-type fringe technique 

4) The zero-order fringe method. 

It is beyond the scope of this Appendix to describe in 

detail each one of those techniques since the study 

presented here is based on a qualitative evaluation of the 

fringe patterns and not a quantitative evaluation of the 

fringe patterns and not a quantitative one. 

143 



APPENDIX B 

CONSTRUCTION OF EPOXY-RESIN HIP BONE MODELS 

PROCEDURE 

I START J 

Dry bone of human RT hempipelvis 

Mould of the hip bone 
using liquid rubber (latex) 

' 

Cut through the iliac fossa 
and along the post ramus of pubis 

up to the pubic tubercle and 
around the obturator foramen 

Take out the bone I 

Fill in the epoxy-resin with 
hardener (A.B.E.) 

Wait for 36 hours in order to 
obtain full strength 

I Take out the model I 

Repeat the procedure for the 
four models 

Are 
NO they Use them 

identicar YES for the 
? experiments 
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COMMENTARY 

-Dry bone obtained from the 
the Anatomy Dept. 

-careful radiographic 
examination for any defects 

-Make a multilayer coating 
of the bone (use a heater 
to dry the liquid rubber). 

-Add cream colour dye 
-Vaccum pressure the resin 
in 760mmHg. 

-Use epoxy from the same 
batch. 

-Apply exactly the same 
pressure conditions. 

-Add exactly the same amount 
of resin 

-Measure the specific 
density of each model 



APPENDIX C 

SPRING DESIGN 

~ixteen (16) different tension springs with various 

wire diameters (6 ), coil diameters (D) and number of coils 

(N) were tested on the spring tester with different known 

masses. Tension springs twist a little when extended and 

this twisting although slight may affect the position or 

rotation of the hooks on the tester thereby affecting the 

for~e. The amount of twist depends on the number of coils 

and the length of deflection (x). For springs with less 

than 20 coils the usually be ignored. For this reason a 

spring with 17 coils was chosen. In order to obtain the 

spring rate or stiffness of the spring K, where 

K-- p --
X 

a curve was plotted for the different masses (P) used and 

the deflection (X) that they caused was measured. 

The curve shown in Fig. C.1 is the characteristic for 

the chosen spring. (6 = 1.60mm, D = 12.25mm, N = 17) Nine of 

those springs were manufactured by Hesper-Springs SA and 

were again tested subsequently in order to detect any 

differences arising from the manufacturing process. After a 

few trials the springs were found identical and used for 

simulation of the force exerted by the muscles on the hip 

model .. pa 
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Fig. C.1: Experimental Deflection- weight curve for spring 
with N = 17, D = 12.25mm, 6 = 1.60mm 
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APPENDIX D 

PROPORTIONAL MUSCLE FORCES 

Based on Brown & Shaw's, 1983, Patriarca, 1981 and 

Oonishi's 1983 studies the forces of the main equalibrating 

muscles around the hip can be approximated with the 

following values: 

Gluteus maximus 735N {75kgf) 

Gluteus medius 55 0N {56kgf) 

Gluteus minimus 294N {30kgf) 

Tensor fascia latae 186N {19kgf) 

Adductor group 637N {65kgf) 

Hamstrings 206N {21kgf) 

Iliacus 274N {28kgf) 

Using the force of the tensor fascia latae muscle as a 

reference value the proportional muscle forces are presented 

in Table D. 1. 

It has already been mentioned in the text that the 

orientation of the hemi-pelvis was radiographically 

controlled. Hence it was expected that the proportions of 

the muscle forces would differ from those reported in the 

literature. 

The values of the proportions for these muscles are 

also shown in Table 0.1. These values were kept constant for 

all the models tested. The discrepancies between the 

proportional muscle forces used in this study and the ones 

reported in the literature are of minor importance because 

of the comparative nature of the study. 
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TABLE D. 1: PROPORTIONAL HIP JOINT MUSCLE FORCES: 

MUSCLE 

Gluteus max. 

Gluteus med. 

Gluteus min. 

Tensor fascia latae 

Adductor group 

Hamstrings 

Iliacus 

FORCE PROPORTIONS 

(LITERATURE) 

735:186 - 4 

550:186 - 3 

294:186 - 1.5 

186:186 = 1 

637:186 - 3.5 

206:186 - 1.1 

274:186 - 1.4 
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FORCE PROPORTIONS 

(USED IN THIS STUDY) 

5.1 

3.7 

2.1 

1 

2.9 

1.5 

2.4 
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