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Abstract

Total hip arthroplasty (THA) procedures are performed in order to alleviate the 

symptoms of traum a or degeneration of the hip joint and to restore function. 

Currently available clinical methods to determine periprosthetic bone quality and 

osseointegration are relatively subjective and are not sufficient for evaluating 

implant stability, especially in the absence of symptoms such as pain. This 

investigation evaluates the feasibility of utilizing vibrational analysis to 

quantitatively assess the quality of periprosthetic bone and osseointegration 

following a total hip replacement procedure. This in vivo, non-invasive diagnostic 

approach could be used to supplement current clinical assessment techniques and 

provide health-monitoring information for the life of the implant. The results 

indicate that the frequency response of an implant could be used to identify certain 

types of non-osseointegration in the form of deteriorating periprosthetic bone 

quality.

Abstract

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgem ents

First and foremost, I would like to Dr. Walied Moussa for providing this incredible 

opportunity for me and for sharing his ideas and experience. His encouragement, 

support, patience and generosity of spirit was always comforting and unwavering. 

Thank-you for inviting me to join your group.

I would also like to express my deepest appreciation to Dr. Edmond Lou. Thank-you 

for allowing me to work on this project. I am also thankful for his advice, support 

and patience and for sharing his expertise and resources for the last couple of years.

I am very grateful for the unconditional love and support from my parents, William 

and Connie, as well as my brothers, Andrew and Michael. I am also fortunate 

enough to enjoy the support of many good friends (Elma, Shafi, Tyler, Adrien, Steve, 

Monetta, Sandeep, Kerly, Michelle, Jesse, Fiona...). I need to also thank Derek and 

Trylan for all their love and encouragement.

To the faculty and staff of the Mechanical Engineering Department, I am thankful 

for their assistance throughout the years. I would also like to thank my fellow lab 

members as well as Dr. Jeffrey Yokota. Furthermore, I am appreciative of Dr. John 

Cinats for generously sharing his orthopaedic knowledge with me and for providing 

an opportunity for me to observe a total hip replacement procedure. I would also 

like to acknowledge Brian Goertz and Darcy Kipp from Stryker Canada.

Financial support from the Natural Sciences and Engineering Research Council, the 

Glenrose Rehabilitation Hospital and the Department of Mechanical Engineering 

was also greatly appreciated.

Acknowledgements

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To M y Parents, 

William and Connie

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents
Abstract

Acknowledgements 
Table of Contents 

List of Tables 

List of Figures 
Definitions

Chapter 1: Introduction
1.1 Problem Description................................................................................................ 1

1.2 Objective and Scope of T hesis ................................................................................3

1.3 Background Information.........................................................  4

1.3.1 Anatomical Direction Nome nclatu re.......................... ..........................4

1.3.2 Anatomy of the Hip Jo in t.........................................................................5

1.3.3 Causes and Symptoms of Hip Deterioration........................................ 6

1.3.4 Hip Implant Assembly............................................................................ 10

1.3.5 Total Hip Arthroplasty: Rate of Occurrence and Demographic...... 12

1.3.6 Total Hip Replacement (THR) Procedure.............................................12

Chapter 2: Literature Review
2.1 Mechanical assessment of bone properties.........................................................16

2.2 Diagnostic assessment techniques following total hip replacem ent............... 17

2.2.1 Current diagnostic assessment techniques..........................................17

2.2.2 Proposed vibrational diagnostic techniques for health-

m onitoring of loosened hip p ro sth etics .................   17

2.2.3 Other proposed diagnostic techniques for health-monitoring of

loosened hip prosthetics.........................................................................20

Table of Contents

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3: Material Definition and Mechanical Properties
3.1 Bone Physiology.......................................................................................................21

3.1.1 Wolffs Law................................................................................................21

3.1.2 Stress-Shielding Effect............................................................................ 22

3.1.3 Structure of Bone..................................................................................... 24

3.2 Mechanical Properties of Bone............................................................................. 27

3.2.1 Heterogeneity and Anisotropy of Bone.................................................27

3.2.2 Mechanical Properties of Cortical Bone: Cited Values...................... 27

3.2.3 Mechanical Properties of Cortical Bone: Implemented Values........ 30

3.2.4 Mechanical Properties of Cancellous Bone: Cited Values.................30

3.2.5 Mechanical Properties of Cancellous Bone: Implemented Values ..35

3.2.6 Mechanical Properties of Periprosthetic Bone.................................... 36

3.3 Femoral S tem ..........................................................................................................38

3.3.1 Type and Model of Femoral Stem ..........................................................38

3.3.2 Mechanical Properties of Femoral S tem ..............................................41

Chapter 4: Finite Element Modeling and Geometry
4.1 The Finite Element Method and Discretization of the Continuum................ 43

4.1.1 Finite Element Method...........................................................................43

4.1.2 Discretization the Continuum ............................................................... 44

4.2 Femoral Implant: CAD Model and Finite Element Model................................46

4.2.1 Creation of Finite Element Model and CAD Model............................46

4.2.2 Original CAD Implant Model (S16M2) vs. Implemented CAD

Implant Model (S16M9).........................................................................48

4.2.3 Numerical validation of Implant Model............................................... 53

4.3 Femoral Bone: CAD Model and Finite Element M odel....................................56

4.3.1 Creation of Finite Element Model and CAD Model of the

Femoral Bone........................................................................................... 56

4.3.2 Generation of Periprosthetic Bone Model............................................65

4.3.3 Approximating the topography of the cancellous bone volume

using a constant-thickness section....................................................... 65

Table of Contents

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4 Type and Size of FEA Elem ents...........................................................................70

4.4.1 Type of FEA Elem ents.............................................................................70

4.4.2 Size of FEA Elem ents..............................................................................71

Chapter 5: Results and Analysis
5.1 Review of Objectives.............................................................................................. 74

5.1.1 Defining the Manipulated Variables.....................................................74

5.2 Non-Dimensionalizing the Frequency-Response of the Im plant....................75

5.3 Mode Shapes........................................................................................................... 77

5.4 Effects of Periprosthetic Bone Density................................................................79

5.4.1 Results........................................................................................................ 79

5.4.2 Range and resolution...............................................................................85

5.5 Effects of Periprosthetic Bone Thickness........................................................... 86

5.6 Effects of Localized Non-Osseointegrated Periprosthetic Bone along

the porous-coated body of the im plan t...............................................................95

5.6.1 Anterior vs. Posterior Non-Osseointegration......................................95

5.6.2 Medial vs. Lateral Non-Osseointegration............................................103

5.6.3 Proximal-to-Distal Non-Osseointegration...........................................109

5.6.4 Osseointegration in Physiologically-Significant Regions

(variation of the Gruen Zones) ............................................................115

5.7 Effects of varying Cancellous Host Bone Thickness........................................122

Chapter 6: Conclusions and Future Work

6.1 Summary and Conclusions.................................................................................. 127

6.3 Future Work........................................................................................................... 130

B ib liograp h y ........................................................................................................... 131

Table of Contents

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables
Table Page

3.1 Available data on the Poisson’s ratio of Femoral Cortical Bone   28
3.2 Summary of cited mechanical properties (apparent density and

elastic modulus) of Femoral Cortical Bone, by selected 
investigators......................................................................................................29

3.3 Implemented values for Cortical Bone in this study....................................30
3.4 Summary of cited mechanical properties of Femoral Cancellous

Bone, by selected investigators using various testing methods and 
protocols..............................................................................................................31

3.5 Summary of power law relationships between apparent density
and modulus of elasticity of cancellous bone by selected 
investigators using various testing methods and protocols...................... 34

3.6 Implemented values for Healthy Cancellous bone in this s tu d y ...............36
3.7 Values of the Host and Periprosthetic cancellous bone properties

used in this study............................................................................................. 37
3.8 Published mechanical properties of TMZF™.................................................41
3.9 A comparison of material and geometric properties: Secur-Fit™

stem versus S16M9 m odel..............................................................................41
3.10 Implemented mechanical properties of TMZF™ in this study................... 42
4.1 S16M2 vs. S16M9: Material properties and modal analysis

comparison ...................................................................................................51
4.2 Implemented mechanical properties of the implant material

(TMZF™) in this study.................................................................................... 52
4.3 Modal analysis comparison of various similar models .............................54
4.4 Comparison of the mode frequencies predicted by theory and

ANSYS................................................................................................................54
4.5 Modal Analysis of Full Implant Models vs. Partial Stem Models..............55
4.6 Comparison of the mode frequencies of Full Implant Model vs.

Distal Stem Model............................................................................................ 55
4.7 Volumetric comparison of implant with bone and beam with

sleeves.................................................................................................................62
4.8 Mechanical properties of beam and sleeves.................   63
4.9 Percent error between modal analysis results (Mode #1 to #5) of

beam with and without simulated cortical bone sleeve.............................64

List of Tables

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table Page

4.10 Comparison of modal analysis results of an Implant with Typical
Proximal Femur Topography and Implant with Simulated 
Cancellous Bone Layer.................................................................................... 66

4.11 Percent deviation between modal analysis results (Mode #1 to #5)
of an Implant with Typical Proximal Femur Topography and an 
Implant with Simulated Host Bone Layer...................................................67

4.12 Percent error between modal analysis results (Mode #1 to #5) of an 
Implant with Typical Proximal Femoral Topography and an
Implant with Simulated Cancellous Bone Layer........................................69

5.1 Varying periprosthetic bone thickness and its effect on the
frequency range (Mode #1)..............................................................................87

5.2 Various permutations of periprosthetic bone thickness (tl) and 
periprosthetic bone density (pi) that produce a first mode
frequency-response of approximately 950 Hz.............................................. 91

5.3 Geometric Properties of Proximal and Distal sections................................109

List of Tables

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures
Figure Page

1.1 Anatomical Directions....................................................................................... 4
1.2 Anatomical Directions of the Femoral Bone (thighbone).............................5
1.3 Anatomy of the Hip Joint.................................................................................. 6
1.4 Hip joint damage due to osteoarthritis........................................................... 7
1.5 Common types of Femoral Bone Fractures of the Femoral Neck

and Intertrochanteric Region......................................................................... 8
1.6 Collapse of Femoral head bone due to Avascular Necrosis..........................8
1.7 Exploded View and Assembled Views of a typical modular Total

Hip Replacement system ................................................................................ 10
1.8 Detailed view of the uncemented implant surface and

periprosthetic bone interface...........................................................................11
1.9 Total Hip Replacement procedure .................................................................14
1.10 Completed Total Hip Replacement................................................................. 15
3.1 Femur -  Cancellous and Cortical bone components................................... 24
3.2 Structure of Femoral Bone...............................................................................25
3.3 Cortical Bone - dense bone tissue consisting of an arrangement of

closely associated Haversian systems of osteons.........................................25
3.4 A scanning electron microscopic view of the sheet and stru t

arrangement of the cancellous bone lattice from the upper fem ur.......... 26
3.5 CAD model of Femoral Host bone and Periprosthetic Bone

surrounding a femoral implant stem ............................................................ 36
3.6 Stryker® Howmedica Osteonics’ Secur-Fit™ HA stem ................................ 38
3.7 Manufacturer Breakdown for Total Hip Replacement Components 39
3.8 Manufacturer Breakdown for Femoral Stem Components........................ 40
3.9 Manufacturer Breakdown for Acetabular Components..............................40
4.1 Finite Element Analysis Process....................................................................44
4.2 Discretization (meshing) of a Continuum......................................................44
4.3 Various 2-dimensional and 3-dimensional Element Types........................ 45
4.4 CAD model (Version S16M2) vs. Secur-Fit™ Im plant................................47
4.5 CAD model (Version S16M2) of Secur-Fit™ Implant: with and

without normalizations................................................................................... 48
4.6 Comparison of S16M2 vs. S16M9 CAD models of the im plant..................49
4.7 S16M9 model - Fully constrained nodes on the hydroxapitite-

covered, coarsened surface on the body of the proximal s te m ..................50
4.8 S16M2 vs. S16M9: Comparison of modal analysis results......................... 51

List of Figures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure Page

4.9 Percent variation of modal analysis results between Case 2 and 3.......... 52
4.10 Numerical Validation Process..........................................................................53
4.11 Models of cantilever beam, distal stem and full implant model with

boundary constraints shown...........................................................................53
4.12 Rendered view of Greer’s left-sided femoral bone model after

importing IGES format file into SolidWorks®..............................................58
4.13 Truncation of Distal Femur in SolidWorks® before importing the

IGES model into ANSYS®..................   59
4.14 Creation of a solid femoral model from a trimmed surfaces model,

in the ANSYS® environment...........................................................................59
4.15 Truncation of cancellous bone stock above and below

hydroxyapatite-covered surface on im plan t................................................ 60
4.16 Implant and cancellous bone volume with and without cortical

bone.................................................................................................................... 61
4.17 Comparison of geometrically accurate implant and bone volumes

assembly and geometric equivalent beam with sleeves of simulated 
bone layers.........................................................................................................63

4.18 Modal analysis results (Mode #1) of beam with and without
simulated cortical bone sleeve....................................................................... 64

4.19 Generation of the Periprosthetic Bone Volume by offsetting 
constant-thickness volumes from the surface of the implant body 65

4.20 An Implant with Typical Proximal Femoral Topography and an
Implant with Simulated Cancellous B one...................................................66

4.21 Modal analysis (Mode #1) of Implant with Typical Proximal Femur
Topography and Implant with Simulated Host Bone Layer..................... 67

4.22 Implant with Typical Proximal Femoral Topography and Implant
with Simulated Cancellous Bone L ayer....................................................... 68

4.23 Modal analysis (Mode #1) of Implant with Typical Proximal
Femoral Topography and Implant with Simulated Cancellous Bone 
L ay er..................................................................................................................69

4.24 Type of Element Implemented: SOLID95 -  A 20-Node Brick
E lem ent..............................................................................................................70

4.25 A comparison of element sizes and mesh resolution................................... 71
4.26 Element Size Sensitivity Analysis: Test Case Configuration ...................72
4.27 Element size sensitivity analysis determined by the frequency 

response (Mode #1) of an implant with two types of bone layers 73
4.28 Computational time for various element sizes............................................. 73
5.1 A conceptual example of a time-lapsed (serial) frequency-response

of an implanted prosthesis..............................................................................76
5.2 Mode shapes at Mode #1, #3 and #5 -  Implant vibrates

predominately in the anterio-posterior direction........................................77

List of Figures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure Page

5.3 Mode shapes at Mode #2 and #4 -  Implant vibrates predominately
in the medio-lateral direction.........................................................................78

5.4 Effect of varying periprosthetic bone density: Analysis
Configuration...............................................   80

5.5 Effect of varying periprosthetic bone density (Results not
normalized) - Mode #1..................................................................................... 81

5.6 Effect of varying periprosthetic bone density (Results normalized) -
Mode # 1 ............................................................................................................. 81

5.7 Effect of varying periprosthetic bone density and comparison of
modal response (first five modes) - Results have not been 
normalized......................................................................................................... 82

5.8 Effect of varying periprosthetic bone density and comparison of
modal response (first five modes) - Results have been norm alized......... 82

5.9 Effect of varying periprosthetic bone density -  Percent difference
between frequency responses..........................................................................84

5.10 Effect of varying periprosthetic bone density -  Decrease in
resonance frequency.........................................................................................84

5.11 Effect of varying periprosthetic bone thickness: Analysis
Configuration....................................................................................................87

5.12 Effect of varying periprosthetic bone thickness (Results
normalized) - Mode #1 ..................................................................................... 88

5.13 Effect of varying periprosthetic bone thickness (Results not
normalized) - Mode #1 ..................................................................................... 88

5.14 Effect of varying periprosthetic bone thickness, tl: (Mode #2)................ 89
5.15 Effect of varying periprosthetic bone thickness, tl: (Mode #3)................ 89
5.16 Effect of varying periprosthetic bone thickness, tl: (Mode #4)................ 90
5.17 Effect of varying periprosthetic bone thickness, tl: (Mode #5)................ 90
5.18 Effect of varying periprosthetic bone thickness, t l  -  Percent

difference between frequency responses....................................................... 92
5.19 Effect of varying periprosthetic bone density (tl- 0.25 mm):

Decrease in resonance frequency...................................................................93
5.20 Effect of varying periprosthetic bone density (tl- 0.50 mm):

Decrease in resonance frequency...................................................................93
5.21 Effect of varying periprosthetic bone density ( t l - 1.00 mm):

Decrease in resonance frequency...................................................................94
5.22 Effect of varying periprosthetic bone density (tl- 1.50 mm):

Decrease in resonance frequency...................................................................94
5.23 Anterior vs. Posterior Non-Osseointegration ..............................................96
5.24 Anterior vs. Posterior Non-Osseointegration -  Percent difference

between frequency responses..........................................................................98
5.24 Anterior Non-Osseointegration -  Decrease in resonance frequency........98
5.26 Posterior Non-Osseointegration -  Decrease in resonance frequency.......99

List of Figures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure Page

5.27 Anterior vs. Posterior Non-Osseointegration — Decrease in
resonance frequency (Mode #3)............................................................ 99

5.28 Anterior vs. Posterior Non-Osseointegration -  (Mode # 1 ).........................100
5.29 Anterior vs. Posterior Non-Osseointegration -  (Mode #2).........................100
5.30 Anterior vs. Posterior Non-Osseointegration -  (Mode #3 ).........................101
5.31 Anterior vs. Posterior Non-Osseointegration -  (Mode # 4 ).........................101
5.32 Anterior vs. Posterior Non-Osseointegration -  (Mode #5).........................102
5.33 Medial vs. Lateral Non-Osseointegration.....................................................103
5.34 Medial vs. Lateral Non-Osseointegration -  Percent difference

between frequency responses.........................................................................105
5.35 Medial Non-Osseointegration -  Decrease in resonance frequency 105
5.36 Lateral Non-Osseointegration -  Decrease in resonance frequency

relative............................................................................................................... 106
5.37 Medial vs. Lateral Non-Osseointegration -  (Mode #1)............................... 106
5.38 Medial vs. Lateral Non-Osseointegration -  (Mode #2)............................... 107
5.39 Medial vs. Lateral Non-Osseointegration -  (Mode #3)............................... 107
5.40 Medial vs. Lateral Non-Osseointegration -  (Mode #4)............................... 108
5.41 Medial vs. Lateral Non-Osseointegration -  (Mode #5)............................... 108
5.42 Proximal vs. Distal Non-Osseointegration...................................................109
5.43 Proximal vs. Distal Non-Osseointegration -  Percent difference

between frequency responses.........................................................................I l l
5.44 Proximal Non-Osseointegration -  Decrease in resonance frequency .... I l l
5.45 Distal Non-Osseointegration -  Decrease in resonance frequency 112
5.46 Proximal vs. Distal Non-Osseointegration -  (Mode #1)............................ 112
5.47 Proximal vs. Distal Non-Osseointegration -  (Mode #2)............................ 113
5.48 Proximal vs. Distal Non-Osseointegration -  (Mode #3)............................ 113
5.49 Proximal vs. Distal Non-Osseointegration -  (Mode #4)..........................  114
5.50 Proximal vs. Distal Non-Osseointegration -  (Mode #5)............................ 114
5.51 Gruen Zones...................................................................................................... 115
5.52 Four physiologically-significant regions: Greater Trochanter,

Calcar, Mid-Lateral Cortex and Mid-Medial Cortex..................................115
5.53 Non-osseointegration of four physiologically-significant regions -

Percent difference between frequency responses  ............................. 117
5.54 Non-osseointegration of four physiologically-significant regions -

Decrease in Mode #3 resonance frequency..................................................117
5.55 Non-osseointegration of four physiologically-significant regions -

Decrease in Mode #4 resonance frequency..................................................118
5.56 Non-osseointegration of four physiologically-significant regions -

Decrease in Mode #5 resonance frequency..................................................118
5.57 Non-osseointegration of four physiologically-significant regions —

(M ode#l)...........................................................................................................119

List of Figures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure Page

5.58 Non-osseointegration of four physiologically-significant regions -
(Mode #2)...........................................................................................................119

5.59 Non-osseointegration of four physiologically-significant regions -
(Mode #3)........................................................................................................   120

5.60 Non-osseointegration of four physiologically-significant regions -
(Mode #4)......................................................................................................... 120

5.61 Non-osseointegration of four physiologically-significant regions -  
(Mode #5)...........................................................................................................121

5.62 Effect of varying cancellous host bone thickness, t2: Analysis
Configuration...................................................................................................122

5.63 Effect of varying cancellous host bone thickness, t2 — Percent
difference between frequency responses...................................................... 123

5.64 Effect of varying cancellous bone thickness, t2 - (Mode #1)...................... 124
5.65 Effect of varying cancellous bone thickness, t2 - (Mode #2)...................... 124
5.66 Effect of varying cancellous bone thickness, t2 - (Mode #3)...................... 125
5.67 Effect of varying cancellous bone thickness, t2 - (Mode #4)...................... 125
5.68 Effect of varying cancellous bone thickness, t2 - (Mode #5)...................... 126

List of Figures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Definitions

Antero-posterior: Relating to both front and back.

Apparent density (of cancellous bone): The mass of mineralized trabeculae divided 

by the volume occupied by both trabeculae and pores (bulk volume).

Aseptic loosening: Loosening of an artificial hip or knee component in the absence of 

infection.

Atrophy: A wasting or decrease in size of a body organ, tissue, or part owing to 

disease, injury, or lack of use, arid caused by death and reabsorption of cells, 

diminished cellular proliferation, pressure, ischemia, malnutrition, decreased 

function, or hormonal changes.

Cephalo-caudal: Proceeding or occurring in the long axis of the body especially in the 

direction from head to tail.

Densitometry: Measuring the optical density of a substance by shining light on it 

and measuring its transmission.

Diaphysis: The shaft of a long bone.

Epiphysis: The proximal or distal end of a long bone.

Excised: To remove by or as if by cutting.

Ex vivo: In an artificial environment outside the living organism; (synonym: in vitro; 

antonym: in vivo).

Histologic: The microscopic structure of tissue.

Hydroxyapaptite: A calcium phosphate based compound of a similar composition to 

bone.

Hypertrophy: A nontumorous enlargement of an organ or a tissue as a result of an 

increase in the size rather than the number of constituent cells.

In vivo: Within a living cell or organism; Refers to an experiment conducted in the 

body.

Definitions
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In vitro: Refers to an experiment conducted in the laboratory.

Isostrain: Equal strain condition.

Material density (of cancellous bone): The mass of trabeculae, divided by the volume 

of the trabeculae alone.

Medio-lateral: Relating to the median plane and a side.

Metaphysis: The zone of growth between the epiphysis and diaphysis during

development of a bone. The transitional zone at which the diaphysis and 

epiphysis of a bone come together. This is the region of long bone on the 

diaphyseal side of the epiphyseal plate.

Osseointegration: The firm anchoring of a surgical implant (as in dentistry or in 

bone surgery) by the growth of bone around it without fibrous tissue 

formation at the interface.

Osteoarthritis: A form of arthritis, occurring mainly in older persons, that is 

characterized by chronic degeneration of the cartilage of the joints. Also 

known as degenerative joint disease.

Osteogenesis: The formation and development of bony tissue.

Osteopenia: A condition of bone in which decreased calcification, decreased density, 

or reduced mass occurs.

Osteoporosis: A disease in which the bones become extremely porous, are subject to 

fracture and heal slowly and is characterized by decrease in bone mass with 

decreased density and enlargement of bone spaces producing porosity and 

brittleness.

Osteonecrosis: Death of bone cells or tissues, especially in a localized area of the 

body, due to impaired or disrupted blood supply (as that caused by traumatic 

injury or disease) and marked by severe pain in the affected region and by 

weakened bone that may flatten and collapse.

Periprosthetic: Of or relating to, or occurring in the tissues surrounding the 

prosthetic.

Porosity: The ratio of the volume of all the pores in a material to the volume of the 

whole.

Radiolucency: Allowing the passage of x-rays or other radiation; not radiopaque.

Definitions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Radiopaque : Not allowing the passage of x-rays or other radiation.

Revision surgery: A procedure whereby a failed implant is replaced with a new one. 

Rheumatoid arthritis: A chronic disease marked by stiffness and inflammation of the 

joints, weakness, loss of mobility, and deformity.

Roentgenography : A radiographic technique tha t uses X-rays to produce a 

roentgenogram (a photograph made with x-rays).

Definitions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1

Introduction

1.1 Problem  D escrip tion

Total hip arthroplasty (THA), or total hip replacement (THR) procedures, are 

performed in order to alleviate the symptoms caused by a dysfunctional hip and to 

restore function and mobility for the patient. Dysfunctional hips are usually 

attributed to traum a and injury or deterioration of the hip joint due to bone erosion 

or atrophy in combination with a variety of joint-related diseases. Typically, 

patients who have severe hip arthritis suffer joint stiffness, have difficulty walking 

and experience pain in the groin and thigh regions. Many patients report an 

overwhelming decrease of pain and restoration of hip function and vast 

improvements on patient mobility following a hip replacement procedure.

Following a THR, the patient’s follow-up is crucial. Health professionals 

monitor the patient’s healing progress and identify any problems that may require 

revision surgery. Currently, post-operative monitoring and diagnosis has been 

determined on a patient-by-patient basis and is generally dependent on the amount 

of time that has passed since the surgery. In addition, roentgenograms (x-ray 

photographs) or other methods of medical imaging such as the use of dual-energy x- 

ray absorptiometry (DXA or DEXA) and the patients’ self-assessments are also 

taken into account. Clinical appraisals alone are insufficient for evaluating the 

stability of total hip prostheses, since unstable components do not always produce 

early symptoms [Engh et al., 1990] even in the presence of substantial bone loss or 

atrophy [Maloney et al., 1990a,b]. Clinical radiographs are useful for providing gross
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information concerning architectural changes of periprosthetic bone remodelling 

during the post-operative phase, but reliable quantitative information is difficult to 

assess [Maloney et al., 1996]. Relatively large decreases in bone mineral content 

must also occur before it is evident on plain radiographs. It has been shown that 

densitometric differences of 9-21% only yield relatively small changes on 

radiographs [West et al., 1987]. Huiskes et al. [1992] also noted that traditional 

roentgenographs are unsuitable to accurately determine net changes in bone mass of 

less than 30%. Differences in radiographic technique (target distance, exposure 

setting and field variability) can also affect the accuracy of clinical assessments 

[Maloney et al., 1996].

Clearly, the ability to monitor and quantify the osseointegration progression 

of the periprosthetic bone is very significant to orthopaedic surgeons as well as 

patients. However, there is little consensus among surgeons in the assessment of the 

progression of fracture healing [Bhandari et al., 2002]. Perceptions of the concept of 

fracture healing are widely varying. Currently, there is no universally accepted 

standard of measuring and quantifying fracture healing. Therefore, tangible 

mechanical measurements concerning bone quality assessment would be very 

advantageous.

Herein lies the need to develop a monitoring technique to quantify the 

healing progression of periprosthetic bone. Ideally, this method would be a non- 

invasive technique that characterizes in vivo periprosthetic bone properties. This 

will aid in determining the most effective prescription to facilitate the patient in 

recovering as quickly as possible and to resume normal activities, with less chance of 

over-stressing the repairing fracture during the recovery and rehabilitation stages. 

This health-monitoring technique could also identify patients who potentially 

require revision surgery before catastrophic bone loss occurs.
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1.2 O bjective and Scope o f T hesis

The purpose of this research is to determine the feasibility of an in vivo, 

periprosthetic bone osseointegration monitoring technique. Advanced 

osseointegration is indicative of mechanical and structural stability of the bone and 

implant interface. This study will determine the possibility of monitoring the 

progression of biologic fixation between periprosthetic bone tissue and a cementless 

hip implant within the proximal shaft of the femoral stem.

Specifically, this particular study investigates the feasibility of detecting and 

monitoring the frequency response of an implant, as the stiffness of the 

periprosthetic bone (bone tissue surrounding the implant) changes. The stiffness of 

the periprosthetic bone can be influenced by a number of variables. Most notably, 

these variables are bone density and bone thickness. These variables will be 

individually identified and its influence on the modal response of the implant will be 

examined. Therefore, the scope of this thesis will include examining the effects of:

1) Periprosthetic bone density

2) Periprosthetic bone thickness

3) Periprosthetic bone density variations in localized regions

along the porous coated body:

a. Anterior vs. Posterior Non-Osseointegration

b. Medial vs. Lateral Non-Osseointegration

c. Proximal vs. Distal Non-Osseointegration

d. Non-Osseointegration in Physiologically-Significant 

Regions (variation of the Gruen Zones)

4) Cancellous Host Bone Thickness
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1.3 Background Inform ation

This section is intended to apprise the reader of the various terms that will be used 

in the following chapters. The anatomy of the hip will be introduced as well as some 

information regarding hip diseases and hip replacement surgery.

1.3.1 A natom ical D irection  N om enclature

The various sections of the anatomy, directional nomenclature that are typically 

used, in regards to the human body, will be introduced and defined. The anatomical 

directions used in this study are defined and illustrated in Figures 1.1 and 1.2.

Anterior:

Posterior:

Lateral:

Medial:

Proximal:

Distal:

Lateral
Side

Located on or near the front of the body.

Located on or near the back of the body.

Relating to, or situated at or on the side.

Relating to, or extending toward the middle.

On the limbs, a point closer to the main body.

On the limbs, a point farther away from the main body.

Medial
Side

Anterior
Side

Posterior
Side

Anterior View Lateral View
Figure 1.1: A natom ical D irections
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Proximal Region

Lateral Side

Medial Side

Distal Region

Anterior View Posterior View

F igure 1.2: A natom ical D irection s o f th e  Fem oral B one (thighbone)

1.3.2 A natom y o f th e Hip Jo in t

The hip joint is comprised of a “ball and socket” assembly that permits the 

huge range of motion required for walking, running, squatting, climbing and sitting. 

This “ball and socket” assembly consists of two main sections: the pelvis and the 

femur (thighbone), as shown in Figure 1.3. The top end of the femur (femoral head) 

is ball-shaped and fits into the round socket (acetabulum) of the pelvis. In between 

the femoral head and the acetabulum is articular cartilage, which cushions the 

femoral head and the acetabulum socket of the pelvis. The articular cartilage allows 

the two bony surfaces to move against each another without wearing down the bones 

and also acts as a shock absorber. Chronic deterioration of articular cartilage 

(osteoarthritis) is one of the m ain reasons for undergoing a hip replacem ent 

procedure.
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Pelvis

Femur —

Acetabulum

Femoral
Neck
Lesser
Trochanter

Femoral
Head

G reater
Trochanter

Figure 1.3: A natom y o f the Hip Jo in t

1.3.3 C auses and Sym ptom s o f Hip D eterioration

The most common cause for total hip replacement surgery is osteoarthritis, or 

degenerative joint disease. This type of arthritis (inflammation of the joint) develops 

over time and occurs mainly in older people and is also commonly referred to as 

typical “wear and tear” arthritis. Over time, deterioration of the hip joint, due to 

articular cartilage erosion, can cause pain and result in a loss of motion. Eventually 

the diseased parts of the hip joint can wear away and bone can begin to rub against 

bone. Chronic bone rubbing may lead to painful outgrowths (bone spurs or 

osteophytes) on the worn bony surfaces as shown in Figure 1.4.
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Osteophytes

©MWfG 1999

Figure 1.4: Hip jo in t dam age due to  osteoarth ritis  
(Im age provided cou rtesy  o f M edical M ultim edia Group, LLC)

Other common causes of hip deterioration are osteopenia, osteoporosis, injury 

and bone tumors. Osteopenia, a condition of bone in which decreased calcification, 

decreased density, or reduced mass occurs, is most likely caused by osteoporosis. 

Osteoporosis, a disease in which the bones become extremely porous, can lead to 

fracture of the femoral bone as shown in Figure 1.5. When the bone is fractured, 

there is also risk of rupturing the blood vessels as well. Since bone is a living tissue 

that requires blood supply, if the blood supply is damaged, the disengaged bone will 

begin to die. All of the blood supply to the femoral head (the ball portion of the hip 

joint) comes through the neck of the femur. Therefore, when the femur is fractured, 

damage can occur to these blood vessels and the femoral head can no longer 

maintain its structure. This type of bone loss caused by insufficient blood supply 

(Figure 1.6) is known as osteonecrosis, or is also known as avascular necrosis (AVN).
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Displaced 
femoral neck 

fracture

Intertrochanteric
fracture

Figure 1.5: Common typ es o f  Fem oral B one Fractures o f the (a) Fem oral N eck and  
(b) In tertroch anteric  R egion  (betw een  the greater and less  trochanter)  

(Im age provided courtesy  o f M edical M ultim edia Group, LLC)

Flattened top of 
y  femoral head

Medial and lateral 
femoral circumflex 

arteries O M M C  IW 9GMMG 1999

Figure 1.6: Collapse o f Fem oral head bone due to A vascular N ecrosis  
(Im age provided cou rtesy  o f  M edical M ultim edia Group, LLC)
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Another possible cause of joint problems is rheumatoid arthritis, which also 

causes persistent joint inflammation. While osteoarthritis affects individual joints, 

rheumatoid arthritis usually causes multiple joints to become inflamed in a 

symmetrical pattern (both sides of the body affected). Rheumatoid arthritis is an 

autoimmune disease, which occurs when the antibodies of the immune system 

mistakenly attacks its own body tissue. When this occurs, the lining tissue of the 

joint (synovium) becomes inflamed, resulting in the production of excessive joint 

fluid (synovial fluid), which will cause swelling. The immune system improperly 

identifies the synovial membranes that secrete the lubricating fluid in the joints as 

foreign. Swelling and inflammation will damage the surrounding synovial 

membrane and the body will replace damaged tissue with scar tissue, causing the 

normal spaces within the joints to become narrow and the bones to fuse together. 

Because it can affect multiple organs of the body, rheumatoid arthritis is referred to 

as a systemic illness and is sometimes called rheumatoid disease.

The most common place to experience pain is the groin area, although 

patients may also suffer from thigh, back and knee pain. As a result, most potential 

hip replacement candidates will also experience reduced mobility, joint stiffness and 

are in constant discomfort.
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1.3.4 Hip Im plant A ssem bly

A total hip prosthesis consists of “ball and socket” assembly of three components -  

the femoral stem, the femoral head, and the acetabulum cup and sleeve that fits into 

the pelvis (Figure 1.7). The acetabulum sleeve provides a smooth surface for the 

femoral head to fit into and allows the femoral stem to rotate and swivel.

Femoral Head-

Acetabular Shell 

Acetabular Sleeve 

Femoral Stem

Exploded View Assembled View

F igure 1.7: E xploded V iew  and A ssem bled V iew s o f a 
typ ica l m odular Total Hip R eplacem ent system

Depending on the particular design and model, the prosthesis can be fitted 

with or without bone cement. In a cemented procedure, bone cement would be used 

to fixate the femoral stem into the medullary canal of the femur. However, in an 

uncemented procedure, no bone cement is used and the femoral stem is press-fitted 

into the femoral canal. In order to facilitate stability and fixation of the implant, 

uncemented prostheses are specially designed to fixate with surrounding bone 

without the aid of cement. The surface of the proximal femoral stem component is
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coarsened with pores to facilitate mechanical macro-interlocking with the bony 

ingrowth to the anterior-posterior (AP) stem (Figure 1.8). The proximal stem is also 

coated with a thin hydroxy apatite (HA) layer (minimum 50 microns thick). 

Hydroxyapatite, Caio(P04)6(OH)2, is a bioactive material which promotes healing 

bone to grow into the pores to permanently fixate the prosthesis. This is process is 

known as “osseointegration”.

The term “osseointegration” was introduced by Branemark when it was 

observed that chambers made of titanium could become permanently incorporated 

with living bone tissue [Branemark, P.I., 1983]. This biological phenomenon allows 

the formation of a permanent and stable fixation of bone tissue with the titanium 

oxide layer of an implant. When an implant is osseointegrated, there is no 

progressive relative movement between the implant and the bone with which it has 

direct contact.

0MMG 2002

Figure 1.8: D eta iled  v iew  o f the uncem en ted  im plant surface  
and p erip rosth etic  bone interface.

(Im age provided  cou rtesy  o f  M edical M ultim edia Group, LLC)
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1.3.5 Total Hip A rthroplasty: R ate o f O ccurrence and  

D em ographic

According to the Canadian Joint Replacement Registry, there were approximately 

48,400 total hip and total knee replacement procedures in 2002-2003, representing a 

one-year increase of 10% from approximately 44,000 procedures in 2001-2002 

[Canadian Institute for Health Information, 2005]. In the United States alone, 

according to the American Academy of Orthopaedic Surgeons, there were 

approximately 491,000 hip and knee arthroplasty procedures performed in 2001 

[American Academy of Orthopaedic Surgeons (AAOS), 2004]. AAOS also reported 

that total hip replacement surgeries accounted for approximately 165,000 of these 

performed procedures. Internationally, nearly 800,000 total hip arthroplasties are 

performed annually [White et al., 2000].

In the past, hip replacement surgery was an option primarily for people over 

60 years of age. In the United States, approximately 60% of total hip replacement 

recipients are aged 65 and over [American Academy of Orthopaedic Surgeons, 2004]. 

More recently, younger and more active people have also been also been receiving 

hip replacements due to injuries sustained during highly active activities and 

participation in more extreme sports.

1.3.6 Total Hip R eplacem ent (THR) Procedure

Total hip replacement is a major operation and is usually performed under a general 

anaesthetic. The patient is sedated and experiences no pain or surgical pressure 

during the procedure. The operation itself takes approximately two to three hours 

and the patient stays in the hospital for approximately a week or less, until it is safe 

to walk with the aid of sticks or crutches.

Once the patient is sedated and ready for the procedure, the orthopaedic 

surgeon begins by making an incision on the anterior-lateral side of the thigh, over 

the hip joint. After the incision is made, the ligaments and muscles are separated 

and clamped back to allow the surgeon access to the hip joint area. When the hip 

joint is exposed, the femoral head is disjointed from the acetabulum socket. Using a
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power saw, the femoral head is then separated (Figure 1.9a) from the femur bone.

After the femoral head is removed, the acetabulum socket is also prepared 

using a reamer (Figure 1.9b). The reamer removes the articular cartilage and 

prepares the acetabulum socket to receive the acetabular shell and sleeve (Figure 

1.9c). The acetabular component of the hip prosthesis is now ready for the femoral 

component.

To prepare the femur to receive the femoral stem, a special set of rasps are 

used to gradually shape and hollow out the cancellous bone of the femur to the exact 

shape of the distal stem of the femoral component of the hip prosthesis, as shown in 

Figure 1.9d. During an uncemented prosthesis procedure, once the proper shape is 

achieved, the femoral stem is press-fitted into the cavity (Figure 1.9e) using a 

mallet. If the surgeon has elected to use a cemented type of prosthetic, bone cement 

would be applied to fixate the stem with the surrounding bone material. Once the 

femoral stem is in place, the femoral head component (ball) is placed onto the neck of 

the femoral stem, as shown in Figure 1.9f. The prosthetic femoral head can now be 

inserted into the prosthetic acetabular sleeve. The total hip replacement system is 

now fully assembled (Figure 1.10). Before the incision is closed, the surgeon will 

perform a series of tests to confirm that the total hip replacement system is in place 

and performing properly. If necessary, the surgeon will make adjustments prior to 

closure.
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Chapter 2

Literature Review

2.1 M echanical assessm en t o f bone properties

Mechanical testing of bones has been performed for over a century. Various 

investigators have attempted to characterize the mechanical properties of bones 

using a variety of methods such as tensile [Rho et a l, 1993], compressive [Carter et 

a l, 1977], indentation, flexure, fatigue and vibrational [Doherty et al., 1974; Khalil 

et al., 1981] testing on a variety of different bone specimens, from small sections to 

intact long bones.

Although these various methods are mechanically proven, these techniques 

are only applicable for in vitro testing for excised bone material or cadaver bones.

More recently, in the last thirty years, investigators have utilized ultrasonic 

techniques [Yoon and Katz, 1976; Singh, 1989; Rho, 1996; Strelizki et al., 1997; 

Ouedraogo et al., 2002; Lasaygues et al., 2005], quantitative computed tomography 

(QCT) [Lotz et a l, 1990; Ciarelli et al., 1991; Rho et al., 1991; Kuiper et al., 1997; 

Cup pone et al., 2004] as well as dual energy x-ray absorptiometry (DEXA) methods 

[Pearson et al., 1995; van Lenthe et al., 2001] to quantify bone properties.
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2.2 D iagnostic  assessm en t tech n iq u es fo llow in g  

tota l h ip  rep lacem ent

2.2.1 C urrent d iagn ostic  assessm en t tech n iq u es

Previously mentioned quantitative techniques are also used for clinical assessment 

of fixation quality of hip prostheses. A number of authors have reported using dual 

energy X-ray absorptiometry for determination of periprosthetic bone quality 

[Kiratli et al., 1992; Cohen et al., 1995; Kroger et al., 1996; Nakamura, 1996; Wixson 

et al., 1997; Venesmaa et al., 2001; Okano et al., 2002].

However, the most commonly utilized clinical in vivo assessment technique of 

fixation quality involve conventional imaging-based techniques such as plain x-ray 

radiographs and its various forms [Phillips and Kattapuram, 1982; O’Neill and 

Harris, 1984; Van der Lande et al., 1986], The diagnostic sensitivity and 

reproducibility of these methods are inadequate in quantitatively assessing or 

predicting loosening of hip prosthetics [Gerogiou and Cunningham, 2001; Roder et 

al., 2003] and there is no real consensus on the radiological signs [Li et al., 1995]. In 

addition, exposure to x-radiation may impose health hazards and would not be 

suitable for long-term monitoring [Huang et al., 2002],

2.2.2 Proposed  vibrational d iagn ostic  tech n iq u es for 

health -m onitoring o f loosen ed  hip p rosth etics

A number of researchers have proposed and investigated the validity of a number of 

non- or low-invasive diagnostic techniques to aid in ascertaining loosening of hip 

prosthetics. In 1979, Chung et al., first explored the concept of using vibration 

testing to diagnose prosthesis loosening. Chung et al. developed a diagnostic 

technique that assessed the integrity of cemented total hip replacement systems in- 
vitro (in an artificial environm ent outside the living organism ) by using sound in  the 

audio range to mechanically excite the femoral hip components. Using this low 

energy diagnostic technique, it was proposed that i f  the coupled bone, implant and 

cement system were mechanically excited by a sinusoidal force over a band of
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frequencies, as the cement cured, it would produce a shifting in the values of the 

resonant frequencies. This theory was tested by using three embalmed, partially 

excised human femurs that were fitted posthumously with a cemented femoral 

prosthetic. The frequency response of the composite bone-implant-cement system 

was determined at various time intervals after prosthesis implementation. As the 

cement polymerized and matured, there was indeed an upward shift in the 

frequency response of the composite system. Another study by Van der Perre [1984] 

also found variations in the natural frequency measurements of dry femurs with 

fixed and loose prostheses and also reported a decrease in the resonant frequencies 

of femurs with loose prostheses.

Rosenstein et al., [1989] also explored the validity of vibration analysis to 

distinguish between firmly cemented implants and loose femoral prostheses, in in- 

vitro and in-vivo situations. This study utilized both cadaveric femurs as well as 

patients in a clinical study. Rosenstein et al. criticized that the techniques 

presented by Chung et al. and Van der Perre required non-realistically available 

baseline information and proposed a method that did not necessitate this type of 

information. This study also concluded that the vibrational output signal is altered 

when loosening occurs. The bone-prosthesis unit produced a pure output signal 

when the femoral stem was firmly implanted and when loosening occurred, the 

loosening components produced sustained superimposed output signals. Most 

significantly, this study determined that a soft tissue interface, such as fat, muscle 

and skin, does not appreciably alter the ability to obtain satisfactory output signals. 

Rosenstein et al. also reported that the energy levels required to perform the test 

were not uncomfortable for the patients.

In the mid-1990s, additional work by Li et al., [1995, 1996] was completed to 

determine the diagnostic sensitivity of vibrational analysis in identifying early 

prosthetic loosening. Using plastic models and cadaver femora, different stages of 

loosening were simulated. All the femora were fitted with an implanted prosthesis 

and the distal third of the femur was introduced to a sinusoidal force. The output 

signal was detected near the greater trochanter using an accelerometer. The results 

of this study determined that this particular method was reliably detecting late 

loosening, but performed poorly in differentiating between early mechanical 
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loosening and a secure implant. In addition, specimens with cement fracture or 

fibrous tissue at the interface exhibited a similar vibrational response as the secure 

implant. The study (Li et al., [1996]) also observed that the results of a securely 

implanted system were qualitatively consistent with linear vibrating beam theory.

More recently, others have also explored the validity of utilizing vibration- 

based damage detection techniques to assess the integrity of in vivo hip prostheses 

[Georgiou and Cunningham, 2001; Lieven et al., 2001], Lieven et al. [2001] collected 

experimental frequency-responses from various patients and presented neural 

network processed data that could be used to classify loose and fixed prostheses. 

Georgiou and Cunningham [2001] also gathered experimental data from a number of 

THR patients and evaluated of the accuracy of the collected vibrometry data and the 

radiographs. The results of this particular study indicated that vibration testing 

was shown to be 20% more sensitive and able to diagnose 13% more patients when 

compared with radiographs from the same patients.

Gang et al., [2003] also addressed the feasibility of a vibrational diagnostic 

tool in detecting arthroplasty loosening. Using computer models of a cemented, 

uncollared, straight stem, they concluded tha t when the size of failure was greater 

than one-third of the femoral stem length, vibrational analysis provided a reliable 

diagnosis. In addition, it was observed that motion at higher harmonics was the 

most sensitive to interface failure.

In 2004, Jaecques et al. presented a vibrational technique to assess the 

quality of fixation of cementless hip prostheses. A full modal analysis was performed 

using hammer excitation of a horizontally suspended femur with a cemented 

implant. In addition, finite element analysis was utilized to determine the mode 

shapes of two commercially available cemented stems as well as a custom-made 

cementless stem. Experimentally, three conditions were addressed: (1) well 

cemented, (2) only cemented in the distal region and (3) “clinically mobile” 

(displacement of approximately 1mm sensed by hand). These experiments indicated 

tha t only severe loosening would be detectable when the first bending mode of the 

femur was excited. Their preliminary finite element analysis (of the various 

prostheses alone) suggests that distal defect of the bone/implant interface should be 

more readily detectable than a proximal defections. In addition, an increase in the 
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resonance frequency shift was observed during higher mode numbers. Jaecques et 

al. also commented that accurate non-invasive vibration measurement would 

require an instrumented prosthesis with telemetry capabilities. Interestingly, Puers 

et al. [2000] presented a prototype telemetry system and tested the apparatus in 

non-specific cadaver experiments. Data collection was achievable and the authors 

suggested clinical trials of the device would be necessary to determine the value of 

such a device. However, published follow-up studies of such a device are unavailable 

to date. Nevertheless, interest in the application of vibrational techniques to assess 

post-operative total hip replacement is ongoing.

2.2.3 Other proposed d iagn ostic  tech n iq u es for health -

m onitoring o f loosen ed  hip p rosth etics

Arpaia et al. [2005] introduced an ElS-based approach (Electrical Impedance 

Spectroscopy) to diagnose prosthetic osseointegration. The study detailed a method 

for resolution improvement and noise reduction. The experimental results indicated 

that this particular approach is capable of detecting the presence of an interface 

layer as well as potentially characterizing its thickness and biological nature.

Another approach was explored by Browne et al. [2005] and they presented 

an acoustic emission (AE) technique to monitor structural degradation and predict 

failure mechanisms for cemented total hip replacement constructs. The 

experimental results suggest that the use of acoustic emission can successfully 

locate and monitor damage in bone cement. In addition, this particular method can 

simultaneous monitor debonding and cement cracking.
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Chapter 3

Material Definition and M echanical 

Properties

3.1 Bone P hysio logy

3.1.1 W olffs Law

In the late 19th century, Julius Wolff attributed the concept of “functional 

adaptation” to describe the adaptive ability of bone to structurally optimize itself (its 

internal architecture) in response to the magnitude of mechanical stimuli (or applied 

load) that the bone experiences. In summary, Wolff proposed that “mechanical 

stress was responsible for determining the architecture of bone...." [Forwood and 

Turner, 1995]. In other words, "remodelling of bone ... occurs in response to physical 

stresses - or to the lack of them - in that bone is deposited in sites subjected to stress 

and is resorbed from sites where there is little stress" [Salter, 1999], This concept is 

known as “Wolffs Law” and is generally accepted as the foundation of bone 

remodelling. As published in 1892, Wolffs Law states:

“Every change in the form and the function of a bone or of their 

function alone is followed by certain definite changes in their internal 

architecture, and equally definite secondary alterations in their 

external confirmation, in accordance with mathematical laws.”
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3.1.2 S tress S h ie ld in g  E ffect

The capacity of bones to properly remodel itself around an implanted prosthesis is

vital and it has been proven that mechanical stress is necessary in order to 

stimulate osteogenesis and bone remodelling. Within 24 - 48 hours following a hip 

replacement surgery, patients are encouraged to walk a couple of steps at a time 

with the aid of a walker. Around the third postoperative day, the patient is allowed 

full weight-bearing walking with the aid of crutches [Gustilo, 1988] and start 

transferring loads to the implant to stimulate bone formation on the bone and 

implant interface. However, it is also now known that the certain implant designs 

are more successful than others for transferring stress onto the periprosthetic bone. 

This is due to a phenomenon known as “stress shielding”. According to Hooke’s Law 

(Equation 3.1), in every composite (multi-component) system of varying material 

properties, the component that is stiffer (higher elastic modulus, Ehigh) will sustain 

the greater part of the load (or localized stress, a), thereby “stress shielding” the less 

stiffer components (lower elastic modulus, E/ow).

For an isostrain condition (perfect interfacial adhesion) [see Voigt, 1889], the strain 

at the bone and implant interface is assumed equal and therefore:

<j = E s (3.1)

Where: cr = stress
E  = modulus of elasticity (Young’s Modulus) 
S  — strain

cr
E

£  —  £  —  £effective bone implant (3.2)

Furthermore: effective
^ b o n e  _  ® im plant

E  Ebone implant
(3.3)
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Since the femoral stem is comprised of a material with a much higher elastic 

modulus (such as titanium) than the periprosthetic bone, the bone is subjected to a 

proportionally lower localized load. Therefore, in accordance with Wolffs Law, less 

applied stress on the bone will facilitate resorption of the bone, osteopenia or bone 

lysis, which can lead to aseptic loosening of the implant or femoral fracture [Fredin 

et al., 1987].

In order to reduce stress shielding, various implant manufacturers are 

developing components that attempt to diminish the stress shielding effect by 

minimizing the stiffness differential between the femoral stem component and the 

cancellous bone. Currently, most commercially available hip prostheses are made of 

cobalt-chrome and stainless steel (titanium) alloys due to its biocompatibility, high 

corrosion resistance and high wear debris resistance. However, metallic stems are 

approximately 20 to 40 times stiffer than femoral bone. More recently, some 

manufacturers are exploring the possibility of utilizing advanced composites for 

implant applications.

Advanced composite materials appear to be promising since manufacturers 

can determine variables such as material selection, spatially-controlled ingredient 

composition and fibre orientation, which can customize the strength and stiffness 

properties of the composite materials [Allcock and Ali, 1997; Cheal et al., 1992; 

Evans and Gregson, 1992]. Analytical and experimental studies have shown that 

stress shielding is lower for a composite prosthesis in comparison with metallic alloy 

prostheses [Cheal et al., 1992; Huiskes et al., 1992; Otani et al., 1993a,b; Glassman 

et al., 2001; Senapati and Pall, 2002]. Clinical studies with animals have also 

demonstrated that the use of composite stems can increase proximal bony ingrowth 

[Turner et al., 1997], enhance stability [Magee et al., 1988], increase proximal 

medullary bone density [Turner et al., 1997] and enhance proximal load transfer 

[Sumner et al., 1997]. However, despite the number of advantages of composite 

implants, there are potential drawbacks and concerns that must also be addressed. 

Lower stiffness stems, although more mechanically compatible, will also inherently 

produce higher particulate wear debris generation due to lower wear resistance [Li 

et al., 2003]. Also, existing sterilization techniques that are associated with metallic 

implants, involve high temperatures and cleaning solvents which may lead to 
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damage to the composite implant or subsequent leaching of toxic material into the 

bio-environment [Evans and Gregson, 1998] or inversely, the composite implant may 

be susceptible to swelling and degradation from joint fluids [Park, 1984],

3.1.3 Structure o f B one

Bones in the arms and legs, such as the femur, are considered to be long bones, 

while bones in the wrists and ankles are known as short bones. In general, bones 

are comprised mainly of two main types: cortical and cancellous bone (Figure 3.1). 

The shaft of the long bone is known as the diaphysis and the transitional region 

between the diaphysis and epiphysis regions is known as the metaphyseal region.

Cortical Bone

Cancellous Bone

Proximal Proximal Diaphysis Distal Distal
Epiphysis Metaphysis Metaphysis Epiphysis

Figure 3.1: Fem ur -  C ancellous and C ortical bone com ponents.

Cortical bone (also known as compact bone) is dense and forms a protective 

layer around the cancellous bone material. The cortical bone is comprised of a series 

of adjacent concentric formations called osteons, which form a Haversian system 

(Figure 3.2). Within the osteons, Haversian canals contain capillaries, arterioles, 

venules and nerves. Each osteon is composed of concentric layers of lamellar tissue 

that alternate in fibre orientation, which contributes to the strength properties of 

the cortical bone. Between the concentric lamellar tissues, the bone cells 

(osteocytes) are located in cavities called lacunae. Small channels (canaliculi) radiate 

from the lacunae to the osteonic canal to provide a system of interconnecting 

pathways throughout the lamellae [Nordin and Frankel, 2001] as shown in Figure

3.3.
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Figure 3.2: Structure o f  Fem oral Bone. 
[Adapted from  Starr and Taggart, 2001, page 652]

Endosteum

Nerve
Blood
vessel

Pores

Compact i?
bone

i

Osteon

Osteonic canal
Compact b o n e . /  £  «■ .

Spongy 
bone

Trabeculae 
Canaliculus

II

Periosteum

Nerve
Osteonic canal 
Blood vessel

Yolkmann’s
canal

Nerve

Osteocyte 
Lacuna (space)

F igure 3.3: C ortical B one - dense bone tissu e  con sistin g  o f  an arrangem ent 
o f  c lose ly  associa ted  H aversian  system s o f  osteons.

[Adapted from  Shier et al., 1996, page 190].
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Cancellous bone is a network of spongy-appearing, trabecular bone tissue 

resembling a lattice of bars, struts, plates and marrow filled cavities with large 

spaces between them (Figure 3.4) and is found within the inner canal of the bone. 

The term “cancellous bone” refers to the porous bulk material matrix of the bone 

while the term “trabecular bone” is used when describing the tissue of the bars, 

struts and plates itself [Rho et al., 1993]. Mechanical measurements show that the 

elastic and strength properties of the individual trabeculae are much larger than the 

bulk volume of cancellous bone [Ashman et al., 1988], which also includes the 

influence of the pores. For cancellous bone, the ratio of the combined volume of the 

pores to the total bone volume (porosity) may range from 30 to 90%, while compact 

bone has a porosity of approximately 5 to 30 % [Carter et al., 1977].

Figure 3.4: A scann ing  electron  m icroscop ic v iew  o f the sh eet and strut 
arrangem ent o f  the cancellous bone la ttice  from  the upper fem ur.

[M artens et al., 1983]
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3.2 M echanical P roperties o f Bone

3.2.1 H eterogen eity  and A nisotropy o f B one

Bone is a composite material that exhibits both anisotropy (material elasticity varies 

with loading direction) as well as substantial heterogeneity (material elasticity 

varies with location) [Pope and Outwater, 1974; Ashman et al., 1988], Trabecular 

bone, in particular, is highly anisotropic in both modulus and strength [Hodgskinson 

and Currey, 1990; Ciarelli et al., 1991; Galante et al., 1970], Since the anisotropic 

behaviour of trabecular bone develops in response to its functional responsibilities 

[Wolff, 1986], the principal mechanical axis (longitudinal) is generally associated 

with the largest modulus.

Although bone is highly anisotropic and heterogeneous, two major 

experimental studies of trabecular bone properties in the proximal femur by Brown 

and Ferguson [1980] and Martens et al., [1983] have shown that density differences 

account for 10- to 100-fold deviations in material properties, whereas anisotropy 

accounts for only 2- to 4-fold differences. Therefore, it is reasonable to assume that a 

first-order estimate of the material properties of trabecular bone can be made with 

data on density alone. [Lotz et al., 1990]. Furthermore, since the elastic modulus of 

the implant’s titanium material is substantially larger (20- to 80-fold difference) in 

comparison with the cancellous bone material, it is also reasonable to apply isotropic 

properties for the cancellous bone to parametrically establish the influence of 

density (and hence elastic modulus) on the modal response of the implant.

3.2.2 M echanical P rop erties o f C ortical Bone: 

Cited V alues

Since cortical bone material is anisotropic [Katz and Meunier, 1987], there are slight 

variations in reported material properties (Table 3.1 and 3.2). These differences 

may be attributed to variations in porosity, minerahzation and osteonal direction 

[Currey, 1988; Schaffler and Burr, 1988; Reilly and Burstein, 1974], The anisotropy 

of cortical bone has been characterized by various investigators [Reilly and Burstein,
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1975; Yoon and Katz, 1976] and it is now commonly accepted that cortical bone 

material is approximately transversely isotropic (higher strength and stiffness in the 

longitudinal direction than in the transverse direction) [Carter and Spengler, 1978]. 

Experiments by Morgan [2003] and Reilly et al. [1974] showed no significant 

difference (p = 0.9) in modulus of elasticity values that were determined by tension 

or compression tests. Burstein et al. [1976] also noted that there was not any 

appreciable difference (p > 0.05) in cortical bone properties between males and 

females. In addition, the same study revealed that the elastic modulus of the 

femoral diaphyseal cortex tissue only decreased by approximately 2.2% per decade.

The available data on Poisson’s ratio (v) for cortical bone is very limited and 

only a small number of investigators have published values. It is generally accepted 

and reasonable to utilize a Poisson’s ratio of 0.3.

Table 3.1: A vailable data on the P o isson ’s ratio  o f  Fem oral C ortical Bone.

A uthors Specim en Site 
(No. of Specimens)

Poisson's
Ratio

Ashman et al. (1984) Metaphysis and Diaphysis of Femur (60) 0.235 - 0.422

Reilly et al. (1975) Middle third cortex of femora (201) 0.460 - 0.580
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Table 3.2: Sum m ary o f  cited  m echan ical properties (apparent d en sity  and e la stic  
m odulus) o f  Fem oral C ortical Bone, by se lected  in vestiga tors u sin g  

various testin g  m ethods and protocols.
W here available, va lu es are quoted as m ean ± standard deviation .

Authors
Specimen Site 

(No. of
Position 
of bone

Young's
Modulus

Apparent
Density Method

specimens) specimen (MPa) (g/cm3)
Ashman Metaphysis and Superior-Inferior 20000

e t a l. Diaphysis of Radial 12000 N/A Ultrasonic
(1984) Femur (60) Circumferential 13400

Bayraktar 
e t a l. 

(2004)

Femoral diaphyseal 
region (74)

Principal 
orientation of 

local trabeculae

19900 ± 
1800 0.43 - 0.75

Mechanical 
Testing and 

FEA
Femoral diaphyseal 

cortex (11)
Superior-Inferior 

(20-29 yrs. old) 18000 ± 280

Femoral diaphyseal 
cortex (9)

Superior-Inferior 
(30-39 yrs. old) 18600 ± 140

Burstein 
e t a l. 

(1976)

Femoral diaphyseal 
cortex (12) 

Femoral diaphyseal 
cortex (18)

Superior-Inferior 
(40-49 yrs. old) 

Superior-Inferior 
(50-59 yrs. old)

18700 ± 1480 

18200 ±610 N/A Mechanical
Testing

Femoral diaphyseal 
cortex (27) 

Femoral diaphyseal 
cortex (14) 

Femoral diaphyseal 
cortex (4)

Superior-Inferior 
(60-69 yrs. old) 

Superior-Inferior 
(70-79 yrs. old) 

Superior-Inferior 
(80-89 yrs. old)

15900 ± 680 

18000 ± 1860 

15400

Lotz 
e t a l. 

(1991)

Metaphyseal shell 
of proximal 

femora (123)

Longitudinal

Transverse

12500 ±2140  

5990 ± 1520

1.72 ±0.1

1.73 ±0.07

Mechanical
Testing

Evans
Femoral Cortex (35) 
Avg. age = 41.5 yrs. Longitudinal 14600 1.91

Mechanical
(1976) Femoral Cortex (35) 

Avg. age = 71 yrs. Longitudinal 13600 1.85
Testing

Reilly 
e t a l. 

(1975)

Middle third cortex 
of femora (170)

Superior-
Inferior 17000 N/A

Mechanical
Middle third cortex 

of femora (31) Transverse 11500 N/A
Testing

Reilly et 
a l. (1974)

Human femoral 
diaphysis (196)

Superior-
Inferior 17100 ±3150 N/A Mechanical

Testing

Rho et 
a l. (1993)

Tibial diaphyseal 
cortex (20)

Superior-
Inferior 18600 ± 3500 1.817 ± 

0.138

Mechanical 
Testing and 

FEA
Zysset e t Femoral diaphyseal Superior- oninnj. wnn n t / a  Nanoinden- 
a l. (1999) cortex (1401) Inferior tation
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3.2.3 M echanical P roperties o f C ortical Bone: 

Im plem ented  V alues

Given the available data regarding the material properties of femoral cortical bone, 

the mechanical properties that were implemented in this study are listed in Table

3.3. The value used for the modulus of elasticity (12000 MPa) is based on an 

extensive investigation by Ashman et al. [1984] and is in close to agreement to 

Reilly’s results [1975]. It would also seem reasonable to apply an apparent density 

of 1.8 g/cm3 and a Poisson’s ratio of 0.3.

Table 3.3: Im plem ented  va lu es for C ortical B one in  th is  study.

Young's A pparent Poisson's
M aterial Modulus Density ra tio

(E) </>) (v)

Femoral Cortical 
Bone

12000 MPa 
(Radial) 1.8 g/cm3 0.3

3.2.4 M echanical P rop erties o f C ancellous Bone: 

Cited V alues

In order to conduct a parametric study of the bone properties and include a wide 

range of potential patients (due to biological variations in age, gender, weight, state 

of health), an investigation of the mechanical behaviour of cancellous bone in the 

proximal femur was required. As well, a range of the material properties values 

would need to be established.

There have been numerous published studies [Wirtz et al., 2000; Turner et 

al., 1999; Ashman and Rho, 1999; Rice et al., 1988; Martens et al., 1983; Reilly et al., 

1974] attempting to establish cancellous and trabecular bone properties. However, 

the collected data is widely varying and very inconsistent (Table 3.4) due to its 

substantial heterogeneity and anisotropy [Keaveny et al., 2001; Goldstein, 1987],
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Table 3.4: Summary of cited mechanical properties of Femoral Cancellous Bone, 
by selected investigators using various testing methods and protocols. 

Where available, values are quoted as mean ± standard deviation.

A uthors
Specimen

Site
(n)*

Positiont 
of bone 

specimen

A pparent
Density

(P)
(g/cm3)

Young's
Modulus

(E)
(MPa)

M ethod

Ashman
and
Rho

(1988)

Human 
Femora (3)

Principal 
orientation 

of local 
trabeculae

0.28 - 0.38 959 - 2170 Ultrasound

Augat 
et al. 

(1998)

Human 
proximal 

Femora (29)

SI

ML

AP

N/A

137 ± 25 

68 ± 10 

54 ± 11

Computed 
Tomography 

(CT Scan)

Banse
(1996)

Human 
femoral 

heads (20)

Parallel to 
femoral 

head axis
N/A

Right: 1142 ±570 

Left: 1132 ±546
Mechanical

Testing

Brown Proximal
femur
(800)

SI 3386
and

Ferguson
(1980)

ML

AP

N/A 2595

1967

Mechanical
Testing

Carter 
et al. 

(1980)

Proximal 
and Distal 
Femora (2)

Principal 
orientation 

of local 
trabeculae

0.20 - 0.80 50 - 2000 Mechanical
Testing

Ducheyne 
et al. 

(1977)

Distal 
Intracondylar 
femur (183)

SI 0.60-0.12 59 - 5943 Mechanical
Testing

Galante 
et al. 

(1970)

Human 
Vertebral 
bone (71)

SI

ML

AP

0.16-0.27

0.17-0.30

0.15-0.36

N/A Mechanical
Testing

Marten 
et al. 

(1983)

Proximal Femora 
(Intertrochanteric 

area) (20)

SI

ML

AP

N/A

317 ±293 

263 ± 170 

12.5 ±6.4

Mechanical
Testing

* n  = number of specimens tested. 
t Orientation of bone specimen during testing: 

AP = Anterior-Posterior Direction 
ML = M edial-Lateral Direction 
SI = Superior-Inferior Direction
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While the previously mentioned studies focused on measuring mechanical 

properties, various authors [Morgan et al., 2003; Augat et al., 1998; Goldstein, 1987] 

have also postulated that the architecture and location of the trabecular structures 

contribute to the strength properties of the cancellous bone. Pope and Outwater 

[1974] also considered the variation in the mechanical properties as a function of 

position and orientation of the bone. As well, Whitehouse and Dyson [1974] 

presented micrographs from various regions in the proximal femur and a 

comparison of the micrographs showed that in regions of low stress, it appeared 

lower in density. In addition, open-celled, rod-like structures were present. In areas 

of high stress, the region was higher in density and was comprised of closed cells and 

plate-like structures. However, Morgan et al. [2003], Harrigan et al. [1981] and 

Ducheyne et al. [1977] also reported that trabecular specimens with the same 

density could exhibit different strength properties due to anatomic location, 

directional orientation and the structure of the individual trabecula. The variability 

of these numerous parameters could possibly account for the inconsistency of 

reported material properties and the anisotropy of cancellous bone. Goldstein [1987] 

also noted that testing protocols and conditions such as loading direction, 

temperature, moisture content, specimen preparation technique and storage 

conditions of the cancellous bone specimens would also make it difficult to compare 

data from various investigators.

Despite the huge inconsistencies in material properties, several investigators 

have also attempted to ascertain a mechanical relationship between apparent 

density and the elastic modulus of cancellous bone. The “apparent density” of 

cancellous bone is defined as “the mass of mineralized trabeculae divided by the 

(bulk) volume occupied by both trabeculae and pores” [Ashman and Rho, 1988], 

whereas the term “material density” corresponds to the “mass of trabeculae, divided 

by the volume of the trabeculae alone” [Ashman and Rho, 1988]. The “elastic 

modulus” (or Young’s modulus, E) describes the measure of the stiffness (resistance 
to deformation) of a given material and, within the limits of elasticity, it is defined 

as the ratio of the applied linear stress (a) to the resulting strain (e ), as shown in 

Equation 3.4 and 3.5.
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applied

p
resulting

(3.4)

Where:

p
resulting

AL _  L'-L
(3.5)

And: L = original length prior to applied load 
L ' = deformed length after applied load

Published data suggests that, within an appropriate density range, the 

compressive elastic modulus can be expressed as a function of density using an 

empirically derived linear relationship [Ciarelli et al., 1991; Martens et al., 1983; 

Ducheyne et al. 1977] or a power-law model, as shown in Equation 3.6 and 3.7 

[Morgan et al., 2003; Ciarelli et al., 1991; Lotz et al., 1990; Carter and Hayes, 1977], 

with the density raised to the power between one and three as shown in Table 3.5.

(3.6)

Or: log E = log A + B log p (3.7)

Where: E= modulus of elasticity 
p -  apparent density

A, B  = experimentally derived constants
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Table 3.5: Sum m ary o f pow er law rela tion sh ip s b etw een  apparent d en sity  and  
m odulus o f  e la stic ity  o f  can cellou s bone by se lected  in vestigators  

u sin g  various testin g  m ethods and protocols.
Note: r2 = variation in the dependent variable (E) accounted for by the independent 

variable (p). A r2 value close to one denotes a strong correlation between E and p.

Authors
Specim en

Site
(n)‘

Positiont  
o f  bone  

specim en

Em pirical
M odel

E = f(p)
r2

A pparent
D ensity

(P)

Young's
M odulus

(E)
(MPa)

M ethod

Carter
and

Hayes
(1977)

Tibial
Plateaus

(100)

Principal 
orientation 

of local 
trabeculae

2875p3 
(at strain 

rate of 
0.01 sec1)

N/A 0.15-0.75
(g/cm3) 10- 1213 Mechanical

Testing

Ciarell 
et al. 

(1991)

Proximal
metaphyseal

femur
(54)

SI

ML

AP

1797p

791p

1241p

0.50

0.31

0.48

0.15 - 0.80
(g/cm3)

186 - 993 

182 - 633 

270 - 1438

Mechanical 
Testing 

and 
CT Scan

Ciarell 
et al. 

(1991)

Proximal
metaphyseal

femur
(54)

SI

ML

AP

Ap2-17

Apl.38

Apl.94

0.55

0.40

0.48

0.15 - 0.80
(g/cm3)

N/A

N/A

N/A

Mechanical 
Testing 

and 
CT Scan

Lotz 
et al. 

(1990)

Proximal
femora

(49)

Principal 
orientation 

of local 
trabeculae

1304p14 0.91 0.13- 1.20
(g/cm3) 78 - 1530

Mechanical 
Testing 

and 
CT Scan

Morgan 
et al. 
(2003)

Greater
trochanter

(23)

Femoral 
neck (27)

SI

SI

15010p218

6850p149

0.82

0.85

0.14-0.28
(g/cm3)

0.26 - 0.75
(g/cm3)

203 - 924 

921 - 4462

Mechanical 
Testing 

and 
CT Scan

Rho 
et al. 

(1995)

Proximal
femora
(>32)

SI

ML

AP

-331+4.56p 

-506+3.64p 

-657+3.91p

0.90

0.89

0.90

100 - 1000
kg/m3

<4200

<3100

<3200

CT Scan

Rho
et al. 

(1995)

Proximal
femora
(>32)

SI

ML

AP

0.58p13

O.Olp1-86

0.004p201

0.91

0.89

0.94

100 - 1000
kg/m3

230 - 4607 

53 - 3802 

42 - 4286

CT Scan

* n = number of specimens tested.
t Orientation of bone specimen during testing:

AP = Anterior-Posterior Direction, ML = M edial-Lateral Direction, SI = Superior-Inferior Direction
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3.2.5 M echanical P roperties o f C ancellous Bone: 

Im plem ented  V alues

For this particular study, the material properties assigned for the cancellous bone 

will be based on the results published by Lotz et al. [1990]. The material properties 

documented by Lotz et al. were used for a number of reasons. The development of 

Lotz et al.’s power law addressed the heterogeneity of cancellous bone due to factors 

such as location of trabecular bone sample and age of sample population. This 

particular research was one of few studies that specifically investigated the 

relationship between apparent density and the modulus elasticity of cancellous bone 

in the proximal femur region. In addition, the distribution of population studied by 

Lotz et al. was also older (average age = 65) and more age-appropriate, given the 

physical status of a typical hip replacement recipient. In addition, the apparent 

density (p) range that was evaluated by Lotz was also reasonable (0.13 - 1.20 g/cm3). 

The lower end of the density range would characterize a patient with bone lysis 

present, while the higher end of the density range would be indicative of a patient 

with a healthy and fully osseointegrated implant.

Lotz et al. reported a power law relationship between the modulus of 

elasticity and apparent density as:

E = m o p ' A os)

Where: E  = modulus of elasticity (MPa)
p  = apparent density (g/cm3)

And: 0.13 g/cm3 < p < 1.20 g/cm3

Therefore, for healthy cancellous bone, the implemented value of elastic 

modulus is 1691 MPa and the apparent density is 1.20 g/cm3. The Poisson’s ratio (v) 

of cancellous bone has a range of 0.01 - 0.35 with an average of 0.12, as cited by 

Wirtz et al. [2000]. As a result, the Poisson’s ratio of healthy cancellous bone is 0.12 

for this study, as shown in Table 3.6.
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Table 3.6: Im plem ented  values for H ealthy C ancellous bone in th is  study. 
H ealthy can cellou s bone w ill also be referred to as “H ost” bone to  

differen tiate  from  can cellou s perip rosth etic  bone.

M aterial

A pparent
Density

(P)
(g/cm3)

Young's
M odulus

(E)
(MPa)

Poisson's
ra tio

(v)

Healthy Femoral 
Cancellous (Host) Bone 1.2 1691 0.12

3.2.6 M echanical P roperties o f P erip rosth etic  B one

Periprosthetic bone is defined as the volume of cancellous bone that surrounds the 

implant and exhibits changes in material properties, as the implant becomes 

osseointegrated. The “host” bone is defined as the original healthy cancellous bone 

tha t surrounds the healing, periprosthetic bone volume and is assumed to be beyond 

the range of influence of the periprosthetic bone and implant interface (Figure 3.5).

Femoral Implant

Periprosthetic
Bone

Host Bone

Femur

Figure 3.5: CAD m odel o f  Fem oral H ost bone and P erip rosth etic  
Bone surrounding a femoral implant stem.

The apparent density of the periprosthetic bone varied between 0.13 - 1.20 

g/cm3 while the host bone (or “healthy” bone) was constant at 1.20 g/cm3. The bone 

properties used in this study are summarized in Table 3.7 and the corresponding
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elastic modulus was calculated using Lotz’s power law (Equation 3.8). As mentioned 

previously, the apparent density range (0.13 - 1.20 g/cm3) that Lotz et al. evaluated 

encompasses a wide range of health conditions. The lower end of the density range 

would characterize a patient with severe bone lysis present, while the higher end of 

the density range would be indicative of a patient with healthy periprosthetic bone 

and a fully osseointegrated implant.

Table 3.7: V alues o f  the H ost and P erip rosth etic  can cellou s bone properties  
used  in  th is  study. The va lu es o f the e la stic  m odulus and apparent d en sity  w ere  

determ ined  u sin g  the pow er law  rela tion sh ip  (1310p1,40) develop ed  by 
Lotz et al. [1990] and th e  P o isson ’s ratio  is cited  from  W irtz et al. [2000].

Type of 
Cancellous 

Bone

A pparent
Density

(P)
(g/cm3)

Young's
Modulus

(E)
(MPa)

Poisson's
ra tio

(v)

Periprosthetic
Bone 0.13- 1.20 75.3 - 1690.9 0.12

Host Bone 1.20 1690.9 0.12
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3.3 Fem oral Stem

3.3.1 Type and M odel o f Fem oral Stem

The femoral stem utilized in this particular study is a Secur-Fit™ HA stem by 

Stryker® Howmedica Osteonics (Kalamzoo, Michigan). This particular model is 

made of titanium alloy (TMZF™) and is a cementless, interference-fit femoral stem 

(as shown in Figure 3.6).

Neck of femoral stem

Distal stem Porous HA-coated
surface

Figure 3.6: Stryker® H ow m edica O steon ics’ Secur-Fit™  HA stem .

The Secur-Fit™ HA femoral stem was chosen for a number of reasons. 

Firstly, this study required the inclusion of a cementless-type femoral stem in order 

to eliminate the necessity of modeling and incorporating the in vivo response of bone 

cement and its affect on the modal analysis of the implant. In addition, according a 

national survey (with a participation rate of 67%) by the Canadian Institute for 

Health Information (CIHI) and the Canadian Joint Replacement Registry (CJRR; a 

national registry that collects information on total hip and total knee replacements 

performed in Canada), 61% of the hip replacements were cementless [Canadian 

Institute for Health Information, 2005]. Secondly, the Secur-Fit™ HA stems have a 

good clinical track record [Cinats, 2005] and are clinically versatile since it is 

available in different sizes and neck angles and are easy to insert [Cinats, 2005],
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In addition, according to a preliminary survey of 992 hip replacement 

recipients complied by the Canadian Institute for Health Information (CIHI) and the 

Canadian Joint Replacement Registry, between May 2001 and March 2002, Stryker® 

Howmedica Osteonics provided more than half (54%) of the total hip components. A 

list of manufacturers is shown in Figure 3.7. The next most common supplier 

provided only 23% of the components (of the patients surveyed) during the same 

time period. Component-specific (femoral stem and acetabular component) 

manufacturer distributions are shown in Figures 3.8 and 3.9, respectively. It should 

be noted that the sample size was small and represented approximately 5% of the 

total number of hip replacements performed in Canada during the aforementioned 

time period.

Ceraver 
3%

Sulzer
3% Wright Medical 

3%
Smith & 
Nephew  
Richards 

3%

Biomet
6%

Johnson & 
Johnson/De Puy 

5%

Stryker
Howmedica

Osteonics
54%

Zimmer
23%

Figure 3.7: M anufacturer B reakdow n for Total Hip R eplacem ent Com ponents 
based  on a survey  o f  992 hip rep lacem ent recip ien ts b etw een  

May 1, 2001 -  M arch 31, 2002. Survey w as conducted  in  Canada by the  
Canadian In stitu te  for H ealth Inform ation. [Adapted from  CIHI, 2002]
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Ceraver 
3%

Smith & 
Nephew 
Richards 

3%

Biomet
6%

Johnson & 
Johnson/De 

Puy 
8%

Sulzer
3% Wright

-Medical
3%

L
IpKfll

Zimmer
22%

Stryker 
Howmedica 
Osteonics 

52%

Figure 3.8: M anufacturer B reakdow n for Fem oral S tem  Com ponents 
based  on a survey o f 992 h ip  rep lacem ent recip ien ts betw een  

May 1, 2001 -  M arch 31, 2002. Survey w as conducted  in  Canada by the  
C anadian In stitu te  for H ealth  Inform ation. [Adapted from  CIHI, 2002]

Ceraver
4%

Sulzer
2%

Smith & 
Nephew 
Richards 

1%

Biomet
6%

Wright
Medical

3%

Stryker
Howmedica
Osteonics

44%

Johnson &
Johnson/De 

Puy 
13%

^Zimmer 
27%

Figure 3.9: M anufacturer B reakdow n for A cetabular C om ponents 
based  on a survey o f 992 h ip  rep lacem ent recip ien ts betw een  

May 1, 2001 -  M arch 31, 2002. Survey w as conducted  in Canada by the  
Canadian In stitu te  for H ealth  Inform ation. [Adapted from  CIHI, 2002]
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3.3.2 M echanical P rop erties o f Fem oral S tem

Stryker® Howmedica Osteonics’ Secur-Fit™ femoral stem is comprised of a beta 

titanium alloy developed by Howmedica R&D. This particular alloy is identified as 

Ti-12Mo-6Zr-2Fe and is known commercially as TMZF™. The properties of TMZF™ 

are summarized in Table 3.8.

Table 3.8: P ub lished  m echan ical properties o f  TMZF™.

A lloy
Type

Y ield
S tren g th

(M Pa)

U ltim a te
S tren g th

(M Pa)

E lo n g a tio n  
in  A rea  

(%)

M ateria l
D e n s ity
(kg/m 3)

E la stic
M od u lu s

(M Pa)

TMZF™ 1000 - 1060 1060- 1100 1 8 - 2 2 4982 74000 -  85000

The 3-D, computer-aided design (CAD) version of the Secur-Fit™ HA stem is 

designated in this study as model S16M9 (Stryker, Version 16, Metric Model, 

Version 9). Due to geometric differences in the CAD model, the volume of the CAD 

S16M9 stem was slightly larger than the actual Secur-Fit™ stem (more details in 

Chapter 4.2.2). Therefore, the applied material density of the TMZF™ was modified 

so that the mass of the CAD model femoral stem (S16M9) had the same mass as the 

actual Secur-Fit™ stem (as shown in Table 3.9). The actual values of the TMZF™ 

properties that were used in this study are shown in Table 3.10. The implemented 

values for the elastic modulus and the elongation in area percentage were averaged.

Table 3.9: A com parison  o f  m aterial and geom etric properties: 
Secur-Fit™  stem  versu s S16M9 m odel.

Im p lan t M odel
M ateria l
D e n s ity
(kg/m 3)

E la stic
M odulus

(M Pa)

P o isso n 's
R atio

V olum e
(m 3)

M ass
(kg)

Secur-Fit™ 4982.0 80000 0.2 2.91E-05 0.145

S16M9 
(CAD model) 4137.9 80000 0.2 3.50E-05 0.145
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Table 3.10: Im plem ented  m echan ical properties o f  TMZF™ in th is  study.

E lo n g a tio n M ateria l E la stic
TMZF™ in  A rea D e n sity M od u lu s

(%) (kg/m 3) (M Pa)

Published values 1 8 - 2 2 4982.0 74000 - 85000

Implemented values 20 4137.9 80000
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Chapter 4

Geometry and Finite Element Modeling

4.1 The F in ite E lem ent M ethod and  

D iscretization  o f the C ontinuum

4.1.1 F in ite E lem ent M ethod

In the field of mechanics and engineering, there are many complex problems and not 

all problems can be solved using analytical methods. In such cases, numerical 

techniques are employed to simulate the problem and provide a potential solution. 

In many instances, numerical techniques are used to evaluate a large number of 

variables within a particular problem. This type of parametric analysis would not 

be easily achievable using analytical techniques. When utilized properly, numerical 

techniques such as the Finite Element Method (FEM) can reduce computational 

time, save money and provide an accurate solution in situations where analytical 

methods would be too prohibitive. The finite element method is a comparatively 

simple, robust and efficient method of obtaining an approximate numerical solution 

for a given mathematical model of a problem.

Before the solution process can occur, the physical problem must first be 

idealized or computationally simulated (Figure 4.1). This includes relevant physical 

dimensions, mechanical properties and boundary conditions such as loading 

conditions and constraints. In addition, the continuum must be discretized with the 

appropriate element types and element sizes to ensure accurate numerical 

simulation.
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Modeling + D iscretization + Solution Error

Physical
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Discrete
Solution
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Figure 4.1: F in ite  E lem ent A nalysis P rocess [Adapted from F elip p a , 2004]

4.1.2 D iscretization  o f the C ontinuum

Conceptually, a body or structure (the continuum) may be divided, or discretized, 

into a number of smaller elements (Figure 4.2) of finite dimensions and a finite 

number degrees of freedom. A “node” defines the vertices of each element and these 

nodes are shared with adjacent elements to ensure continuity throughout the 

continuum. Some elements contain mid-line nodes, which are available for higher 

accuracy modeling of high curvature objects (Figure 4.3).

Non-meshed
continuum

Meshed
continuum

Figure 4.2: D iscretiza tion  (m eshing) o f a C ontinuum
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3-node or 6-node 
triangle

4-node or 8-node 
quadrilateral

4-node tetrahedron 10-node tetrahedron

8-node brick 20-node brick

Figure 4.3: V arious 2-dim ensional and 3-dim ensional E lem ent Types

The discretization of the whole continuum (Figure 4.2) enables the 

formulation of the solution of its constituent elements, since it is usually easier to 

compute the local solution for each element. When this occurs, the necessary 

boundary and loading conditions are imposed and the equations of equilibrium are 

enforced at the nodes and then solved to obtain the global solution for the overall 

continuum. The essence of the finite element method is to take a complex problem 

(whose solution may be too difficult to obtain) and to decompose the actual problem 

into smaller-scaled localized problems upon which a simple approximation of its 

solution may be constructed. The local approximate solutions are then 

superpositioned to obtain a global approximate solution. Therefore, proper 

discretization (or meshing) is very important to the accuracy of the numerical 

analysis since errors can be compounded once the global solution is assembled.
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4.2 Fem oral Implant: CAD M odel and F in ite  

E lem ent M odel

4.2.1 C reation o f th e CAD and F in ite E lem ent M odel

The Computer-Aided Design (CAD) model of the Secur-Fit™ implant (Figure 4.4a) 

was created by the Author using a 3D solid-modeling package (SolidWorks®, Release 

2001, SolidWorks Corporation, Concord, Massachusetts). The dimensions of the 

implant were determined by using reference points on the actual Secur-Fit™ 

implant and the various dimensions were manually measured using a Vernier 

caliper. Once the CAD model was created, an IGES file was produced and then 

imported directly into a Finite Element Analysis (FEA) program (ANSYS®, Release 

8.1, Ansys Inc., Canonsburg, Pennsylvania). The IGES (Initial Graphics Exchange 

Specification) format provides a neutral-exchange file configuration for two- 

dimensional or three-dimensional CAD models or drawings and is often utilized 

when interfacing between dissimilar modeling packages and applications.

Although the initial creation of the implant model in the CAD program was 

relatively simple, the attainm ent of a SolidWorks®/ANSYS® compatible IGES model 

proved to be very laborious. In many instances, although the IGES models could be 

created and imported to ANSYS® per se, depending on the geometry, modeling 

method, exporting and importing options implemented, it influenced the 

manipulability of the model in the FEA environment. Once the CAD model is 

imported into the FEA program as a surface model, a solid volume model is required 

to be created so that material properties can be assigned to the solid volume. 

However, early generations of the CAD model did not allow the creation of a solid 

volume model and further manipulation of the implant model was hindered in the 

ANSYS® environment due to missing surfaces, Boolean operation tolerances or 

inconsistencies along adjacent surface boundaries of the IGES model, which 
prohibited volume creation. However, after many iterations, a compatible CAD 

model was achieved (Version S16M2 - Stryker, Version 16, Metric Model, Version 2), 

as shown in Figure 4.4b.

Chapter 4: Geometry and Finite Element Modeling 46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(b)

F igure 4.4: CAD m odel (Version S16M2) vs. Secur-Fit™  Im plant 
(a) Photo o f  Secur-Fit™  Im plant (AP View)

(b) CAD m odel (Version S16M2) o f the Secur-Fit™  Im plant (AP V iew )

All Secur-Fit™ implants have “normalizations” on the anterior and posterior 

surfaces of the implant (Figure 4.5a). These normalizations are transitional “steps” 

or striations and were designed to transform hoop stress to compressive loads, 

provide potential for more efficient load transfer, help resist medial and distal 

migration and subsidence and also to provide maximized projected area to resist 

rotation [Stryker, 2004]. However, in order to facilitate the offsetting of the surfaces 

on the body of the implant to create the periprosthetic bone volume (see Section 

4.3.2, Figure 4.19 for more details), the normalizations were removed (Figure 4.5b).
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N o rm aliza tio n s

(a)

W ith o u t
N o rm aliza tio n s

(b)

F igure 4.5: CAD m odel (V ersion S16M2) o f Secur-Fit™  Im plant (AP View) 
(a) Im plant w ith  norm alizations (b) Im plant w ithout norm alizations.

4.2.2 O riginal CAD Im plant M odel (S16M2) versus  

Im plem ented  CAD Im plant M odel (S16M9)

In order to further manipulate the FEA model of the implant during finite element 

analysis and decrease the processing time, slight geometric modifications were made 

to the S16M2 model to accommodate these requirements. Due to the capabilities of 

the CAD program and the modeling approach utilized by the Author, the original 

model (S16M2) was defined by a split line on the medial surface (Figure 4.6a) to 

facilitate the modeling of the curved profile of the body of the implant (Figure 4.6b).

However, it was necessary to remove the split line on the S16M2 model in 

order to create the periprosthetic bone volume by perpendicularly offsetting the 

medial surface of the implant. Therefore, the S16M2 model was altered in order to 

have one continuous surface (Figure 4.6c). However, as a result of this modification 

on the CAD model, the profile is no longer curved (Figure 4.6b vs. Figure 4.6d). This 

new model was designated as S16M9.
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Split line

Curved profile

(a) (b)

No split 
line

(c)

No curved profile

<d)

F igure 4.6: C om parison o f S16M2 vs. S16M9 CAD m odels o f  the im plant 
(a) S16M2 (M edial View): Note sp lit line a long the m edial surface o f th e  im plant 

(b) S16M2 (A nterior-Posterior View): N ote curved profile
(c) S16M9 (M edial View): Note NO sp lit line a long th e  m edial surface o f the im plant 

(d) S16M9 (A nterior-Posterior View): N ote rem oved curved profile.
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Following the previously mentioned geometric modifications of the implant 

model, an investigation was conducted to evaluate the frequency-response of the new 

S16M9 model and the old S16M2 model, to determine the consequences of altering 

the anterior-posterior profile of the implant. Both models were fully constrained on 

the surface of the hydroxyapatite-covered body of the proximal stem (Figure 4.7) 

since this is where the surface is coarsened with pores to facilitate osseointegration. 

As a result of the geometric modifications, the volume of the modified model 

(S16M9) increased slightly by 5.2%. Since the volume of the new S16M9 model 

(3.50E-5 m3) is slightly larger than the original S16M2 model (3.32E-5 m3), the 

density (implemented in the modal analysis) of the TMZF™ was adjusted 

accordingly to 4137.9 kg/m3 in order to maintain the original mass of the Secur-Fit™ 

implant.

Figure 4.7: S16M9 m odel - Fully constrained  nodes on the hydroxapitite-covered , 
coarsened  surface on the body o f  th e  proxim al s te m

The modal analysis (frequency-response) results of the two models (Table 4.1 

and Figure 4.8) varied approximately 2.4 -  4.2% (Figure 4.9) while the range and 

scale of the frequencies remained consistent and largely unaffected. In Case 1, the 

published density of TMZF™ (4982 kg/m3) was used during the modal analysis of the 

S16M2 model. Since the volume of the S16M2 model was slightly larger than the 

actual implant, the mass of the S16M2 model was 0.164 kg, which is larger than the 

actual mass of the Secur-Fit™ model (0.145 kg). Therefore, the material densities in 

Case 2 and 3 were adjusted to correspond to the actual mass of the Secur-Fit™ 

model.
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Table 4.1: S16M2 vs. S16M9: M aterial properties and m odal an alysis com parison
(E lastic M odulus = 80 GPa).

P r o p e r tie s M ode No. an d  F req u en cy -R ep o n ses  (Hz)

C ase
No. Im p lan t

M ateria l
D e n s ity
(kg/m 3)

M ass
(kg)

1 2 3 4 5

1 S16M2
Model 4982.0* 0.164 1107.3 1131.3 4744.1 4948.4 8970.6

2 S16M2
Model 4365.0 0.145 1183.0 1208.6 5068.3 5286.6 9583.7

3 S16M9
Model 4137.9 0.145 1155.1 1178.2 5280.8 5503.7 9869.2

*Density of TMZF™ (beta titanium alloy of femoral stem)

10000

9000 -

8000 - -

N
a

a 
3
£  5000a
g. 4000 
£

3000

2000  -

□  Case 1 

Case 2 

Case 3

Mode #1 Mode #2 Mode #3 Mode #4 Mode #5

Figure 4.8: S16M2 vs. S16M9: C om parison o f  m odal an alysis resu lts.
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Since the absolute percent variation between modal results between Case 2 

and Case 3 were relatively small (Figure 4.9), it was considered acceptable to 

continue to adopt and utibze the new S16M9 model. As a result, the properties of 

the implant material shown in Table 4.2 will be implemented for the modal analysis 

of the finite element (FE) model.

5%

Mode #1 Mode #2 Mode #3 Mode #4 Mode #5

Figure 4.9: P ercent varia tion  o f  m odal an alysis resu lts b etw een  Case 2 and 3 
(as show n in Table 4.1), relative to  Case 2 resu lts.

Table 4.2: Im plem ented m echan ical properties o f  
the im plant m aterial (TMZF™) in  th is  study.

TMZF™
Elongation 

in Area 
(%)

M aterial
Density
(kg/m3)

Elastic
M odulus

(MPa)

Published values 18-22 4982.0 74000 - 85000

Implemented values 20 4137.9 80000
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4.2.3 N um erical va lidation  o f Im plant M odel

To validate the computational implant model that was used in the study, a 

parametric modal analysis was conducted and the frequency results were compared. 

The numerical validation process is shown in Figure 4.10.

Cantilever Beam  
M anual Analysis

Cantilever Beam  
A N S Y S

Confirm  FEA  
approach and modeling

Confirm  order of 
m agnitude and range  

of frequencies

Implant 
(D istal stem only) 

A N S Y S

Implant 
(Full model) 

A N S Y S

Figure 4.10: N um erical V alidation  P rocess

(a) Cantilever Beam (b) Cantilever Distal Stem

(c) Full Implant Model

Figure 4.11: M odels o f  cantilever beam , d ista l stem  and full im plant m odel 
w ith  boundary constra in ts show n
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A geometrically similar cantilever beam (Figure 4.11a) was used as a 

controlled study and manual analysis using simple beam theory (Table 4.3, Case 1) 

was used to validate the FEA model (Table 4.3, Case 2) of the cantilever beam. The 

results from Case 1 and Case 2 indicate that simple beam theory cannot be applied 

to this particular model (with an aspect ratio of approximately 9.5) since the percent 

errors for Modes #4 and #5 were 54.8% and 50.6% respectively, as shown in Table 

4.4.

Table 4.3: M odal an alysis com parison o f variou s sim ilar m odels (F igure 4.11)

Mode (Hz) P roperties

Case Model
(Method) 1 2 3 4 5

M aterial
Density
(kg/m3)

Mass
(Kg)

1 Cantilever Beam 
(Manual Analysis) 837.3 5247.5 14705.8 28796.2 47617.2 4137.9 0.038

2 Cantilever Beam 
(ANSYS) 831.1 4967.8 11951.0 13011.0 23504.0 4137.9 0.041

3 S16M2 Stem 
(ANSYS) 1125.6 1150.6 4823.6 5033.3 10253.0 4982.0* 0.043

4 S16M9 Stem 
(ANSYS) 1177.1 1204.4 5377.4 5617.0 10373.0 4137.9 0.039

* Density of TMZF™

Table 4.4: C om parison o f  the m ode frequ en cies pred icted  by theory  and ANSYS

Mode (Hz)

Case Model
(Method) 1 2 3 4 5

1 Cantilever Beam 
(Manual Analysis) 837.3 5247.5 14705.8 28796.2 47617.2

2 Cantilever Beam 
(ANSYS) 831.1 4967.8 11951.0 13011.0 23504.0

Percent Error (%) 0.62 5.33 18.7 54.8 50.6
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For comparison purposes, the distal stems of the S16M2 and S16M9 model 

were then isolated, fixed at one end (Figure 4.11b) and the frequency-response was 

determined. These results were then compared to the modal analysis of both models 

of the full implant, as shown in Figure 4.11c. The resultant frequency responses of 

the implant models (fully constrained on the proximal porous-covered stem as shown 

in Figure 4.7) were very similar to the modal analysis of only the distal portion of 

the implant stem, as shown in Table 4.5. The maximum percent error between the 

S16M9 models was 5.1% as shown in Table 4.6. These results confirm the numerical 

analysis process and validate the S16M9 implant model since the results of the 

modal analysis were similar in range of values and magnitude.

Table 4.5: M odal A nalysis o f  Full Im plant M odels vs. P artia l S tem  M odels

Mode (Hz) P roperties

Case Im plant 1 2 3 4 5
A pparent
Density
(kg/m3)

Mass
(Kg)

la S16M2: 
Full Model 1107.3 1131.3 4744.1 4948.4 8970.6 4982* 0.164

lb S16M2: 
Distal Stem 1125.6 1150.6 4823.6 5033.3 10253.0 4982* 0.043

2a S16M9: 
Full Model 1155.1 1178.2 5280.8 5503.7 9869.2 4137.9 0.145

2b S16M9: 
Distal Stem 1177.1 1204.4 5377.4 5617.0 10373.0 4137.9 0.039

*Density of TMZF™

Table 4.6: C om parison o f the m ode frequ en cies o f  
Full Im plant M odel vs. D ista l Stem  M odel

Mode

Im plant 1 2 3 4 5

Percent error (Case la  and lb) - S16M2 1.7% 1.7% 1.7% 1.7% 14.3%

Percent error (Case 2a and 2b) - S16M9 1.9% 2.2% 1.8% 2.1% 5.1%

Chapter 4: Geometry and Finite Element Modeling 55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3 Fem oral Bone: CAD M odel and F in ite

E lem ent M odel

4.3.1 C reation o f th e CAD M odel o f the Fem oral Bone

The use of composite bones as substitutes for cadaveric specimens in experimental 

research has many obvious advantages. Composite femur are designed to 

geometrically and mechanically reproduce the response of the human femur with the 

same physical properties as real bone and can be cut, drilled, tapped, or gouged with 

standard orthopaedic instruments [Sawbones Pacific Research Laboratories, 2004]. 

They are primarily used for ex vivo testing, comparing or designing of implants and 

other devices and in surgical skills courses. The use of composite femurs have been 

extensively validated [Szivek et al., 1990; Cristofolini et al., 1996; Heiner and Brown, 

2001] and are consider to be mechanically acceptable and provide a uniform test bed 

for certain types of comparative testing. These commercially produced femurs are 

composed of rigid polyurethane to simulate the cancellous bone component and an e- 

glass fiber-filled epoxy mixture used to replicate the cortical bone. To the Author’s 

knowledge, there is only one company that produces commercially available 

composite femurs (Sawbones, Pacific Research Laboratories Inc., Yashon, 

Washington).

In 1995, Dr. Marco Viceconti announced the "Standardized Femur Program" 

proposed by the Laboratory for Biomaterials Technology, Istituti Ortopedici Rizzoli 

in Bologna, Italy. This initiative produced a three-dimensional computer rendering 

of the composite femur as a standardized reference for FE models of the human 

femur [Viceonti et al., 1996]. This model was developed using computed tomography 

images (CT scans) of Sawbones’ “Second-Generation” composite model. In 1999, 

Sawbones introduced a “Third-Generation” composite femur with increased 

anatomic detail and included an intermedullarly canal in the mid-shaft area. The 

geometry of the composite femur was based on the anatomy of the left-side femur of 

an 89 kg, 183 cm tall male.

With the introduction of the Third-Generation composite femur, Greer [1999]
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created a new CAD model using laser-scanned data. The model defined both the 

cortical bone volume as well as the cancellous bone volume. Greer’s CAD model was 

originally available for downloading from the International Society of Biomechanics 

(ISB) Finite Element Repository (http://isb.ri.ccf.org/isb/). However, this website no 

longer hosted and the Author received a copy of the IGES file, in its original form, 

from a colleague who had previously accessed the website before it was no longer 

available. (It has recently come to this Author’s attention that Greer’s model is also 

available at: http://biomech.me.unr.edu/download/whole_femur_IGES.zip.) It should 

also be noted that a recent search of the Internet found a newer third-generation 

CAD model (Release Date 17-Jun-2003) available at: 

http://www.tecno.ior.it/VRLAB/researchers/repository/BEL_repository.html#3rdGen 

Femur. The owner of this model described the newer model as significantly different 

from Greer’s model, mainly in the head and neck region and the model was obtained 

via assembly of CT-scan slices.

Greer’s model was available in an IGES format and it was initially attempted 

to import the model directly into the finite element analysis [FEA] program. 

However, due to the complex surfaces around the condyles on the distal femur, the 

IGES model proved to be difficult to manipulate into a solid volume model and 

hindered future Boolean manipulation of the model during the pre-processing phase. 

As a result, the original IGES model was first imported into a CAD program 

(SolidWorks®) and a solid volume model was created (Figure 4.12) from the surface 

geometries by stitching the boundaries of adjacent trimmed surfaces.
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(a) P osterior V iew (b) A nterior V iew

Figure 4.12: R endered v iew  o f G reer’s left-sided  fem oral bone m odel 
after im porting IGES form at file in to  SolidWorks®.

Once a solid model of the femur was established, in order to reduce the 

number of irrelevant complex surfaces that needed to be exported out of SolidWorks® 

and then imported into the FEA program, the condyles on the distal portion of the 

femur were truncated in SolidWorks® (Figure 4.13). The truncated femoral model 

was then exported as an IGES format and imported into the FEA program as a non­

defeatured model of trimmed surfaces (Figure 4.14a), which allowed the creation of 

the volumetric model (Figure 4.14b). The creation of a volumetric model is necessary 

so that mechanical properties can be assigned and Boolean operations can be 

performed with the implant model in the FEA environment. Since the truncated 

model is smaller than the original model, it also greatly reduced the computational 

time for each analysis since the number of potential nodes was also reduced.
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(a) Full fem ur m odel (b) Truncated fem ur m odel

F igure 4.13: T runcation o f D ista l Fem ur in  SolidWorks® before  
im porting the IGES m odel in to  ANSYS®.

(a) Trim m ed Surfaces M odel (b) Solid  V olum e M odel

F igure 4.14: C reation o f  a solid  fem oral m odel from  a trim m ed surfaces m odel,
in  the ANSYS® environm ent.
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Since osseointegration only occurs on the coarsened, hydroxapitite-covered 

surface of the implant, the cancellous bone around the distal stem of the implant 

cannot mechanically interlock with the smooth surface of the distal stem. When a 

cementless prosthesis is interference-fitted into the femur, limited immediate 

stability is produced against crushed and necrotic trabeculae [Furlong and Osborn, 

1991]. Although some loads can be transferred through boundary contact, the distal 

stem is essentially not constrained and potentially allowed to macroscopically shift 

within the canal against the much softer cancellous tissue, especially when the 

necrotic bone is resorbed. This is particularly true for proximally porous-surfaced 

femoral implants, which are designed to achieve only proximal fixation. Since the 

distal stem is free to shift within the cancellous canal, the bone located immediately 

above and below the hydroxapitite-covered surfaces was also truncated (Figure 

4.15).

Figure 4.15: T runcation o f  cancellous bone stock  above and below  
hydroxyapatite-covered  surface on im plant

In order to further reduce the computational time, it was proposed that 

cortical bone volume could be excluded during the analysis since the cortical bone is 
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approximately 7 times stiffer than the cancellous bone and the cortical bone layer is 

much thinner in comparison to the thickness of the cancellous bone volume. Also, it 

was hypothesized that the influence of the cortical bone volume would be minimized 

due to the distance from the implant itself. Based on the reasons mentioned above, 

it was speculated that constraining the surface of the outermost boundary of the 

cancellous bone volume, without the cortical bone present, might produce similar 

results as constraining the outermost surface of the cortical bone volume. To verify 

this, a comparison of the modal response of the implant with cortical bone (Figure 

4.16a) and without cortical bone (Figure 4.16b) was conducted.

Periprosthetic
bone

Cancellous
bone

Cortical bone

(a) (b)

Figure 4.16: Im plant and can cellou s bone volum e  
(a) w ith  cortica l bone and (b) w ithout cortica l bone

However, although the Author was able to create the cortical bone volume in 

the FEA program, it was not possible to add the cortical bone layer volume to the 

implant/periprosthetic/cancellous bone continuum. Therefore, to verify the earlier 

hypothesis, a beam with similar size and mass properties of the implant (Table 4.7) 

was created and “sleeves” or hollowed-beams of proportional volumes were added 

onto the beam to simulate the various bone layers (Figure 4.17). In both cases, the 

nodes on the surfaces of the outermost bone volume were constrained in all 

directions. The implemented mechanical properties are shown in Table 4.8.
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Table 4.7: Volumetric comparison of implant with bone and beam with sleeves

Im plant w ith bone Volume
(m3)

Ratio of 
Volumes

Volume
(m3) Beam w ith sleeves

Implant 3.50E-05 1.24 4.34E-05 Beam

Periprosthetic Bone 
(1mm thick) 3.71E-06 1.16 4.32E-06 Periprosthetic Sleeve 

(1mm thick)

Cancellous Bone 3.27E-05 0.96 3.15E-05 Cancellous Sleeve

Cortical Bone 1.40E-05 1.07 1.50E-05 Cortical Sleeve
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(b)

Figure 4.17: Comparison of (a) geometrically accurate implant and bone volumes 
assembly and (b) geometric equivalent beam with sleeves of simulated bone layers

Table 4.8: Mechanical properties of beam and sleeves

Volume (Sim ulated Constituent)
M aterial
Density
(kg/m3)

Elastic
Modulus

(MPa)

Beam (Implant) 4137.9 80000.0

Sleeve 1 (Periprosthetic Bone) 130.0 75.3

Sleeve 2 (Cancellous Bone) 1200.0 1690.9

Sleeve 3 (Cortical Bone) 1800.0 12000.0

Chapter 4: Geometry and Finite Element Modeling 63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A modal analysis of the beam and sleeves assembly (with and without the 

cortical bone volume) was conducted to determine the significance of the cortical 

bone layer. As shown in Figure 4.18 and Table 4.9, the cortical bone layer had very 

little influence on the modal response of the beam (implant surrogate). The 

maximum percent deviation between the modal results of the beam with and 

without the cortical bone sleeve was 1.87% during Mode #5 at p i = 1.20 g/cm3. 

Based on these results, it was concluded that the elimination of the cortical bone 

volume would not greatly influence the modal response of the implant. Therefore, 

the cortical bone was excluded during the FE analysis.

1050 

1000
N

E
sB 950
>> u
s 900 o'« u 
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F igure 4.18: M odal an alysis resu lts (Mode #1) o f beam  w ith  and  
w ithout sim ulated  cortica l bone sleeve.

Table 4.9: P ercen t error b etw een  m odal an alysis resu lts (Mode #1 to  #5) o f  beam  
w ith  and w ith ou t sim ulated  cortica l bone sleeve.

p i (g /cm 3) 0.130 0.237 0.344 0.451 0.558 0.772 0.986 1.200

M ode #1 0.11% 0.15% 0.18% 0.21% 0.23% 0.26% 0.27% 0.29%

M ode #2 0.13% 0.20% 0.24% 0.27% 0.30% 0.32% 0.35% 0.36%

M ode #3 0.10% 0.13% 0.23% 1.17% 1.27% 1.38% 1.44% 1.49%

M ode #4 0.35% 0.55% 0.53% 0.55% 0.42% 0.61% 0.64% 0.66%

M ode #5 0.14% 0.46% 0.89% 1.17% 1.36% 1.61% 1.76% 1.87%
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4.3.2 G eneration  o f P erip rosth etic  B one Volum e

The periprosthetic bone volume was created in the FEA environment using 

constant-thickness sections that were created by perpendicularly offsetting the 

surface of the implant as shown in Figure 4.19. The thickness of the periprosthetic 

bone varied from 0.25 mm to 1.50 mm. A thickness of 2.0 mm or more would 

definitely be visible on a typical radiograph and thus, for this reason, it established 

the upper boundary of the range of periprosthetic bone thickness to evaluate.

Full
periprosthetic 
bone layer

No periprosthetic 
bone (surface of 
implant)

Medial
periprosthetic
bone

F igure 4.19: G eneration  o f  the P erip rosth etic  B one V olum e by o ffsettin g  
constan t-th ickness volum es from  the surface o f the im plant body

4.3.3 A pproxim ating th e topography o f th e can cellou s  

bone volum e u sin g  a con stan t-th ick n ess section

To determine the validity of utilizing constant-thickness volumes to simulate 

varying bone thicknesses, without compromising the accuracy of the model, a study 

was conducted to verify that a constant-thickness volume could be used to 

numerically represent the topography of a typical proximal femoral bone section. 

The study consisted of an implant fitted into a typical proximal femur section and 

comparing its modal results with the frequency-response of an implant and 

constant-thickness section (Figure 4.20). The thickness of the simulated bone layer 

was determined by reproducing an equivalent volume of the proximal femur section
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(3.618e-5 m3). The volume of a 7.65 mm thick bone layer was 3.623e-5 m3. The 

results (Table 4.10) confirmed that the simulated constant-thickness bone layer can 

be utilized and it produced similar results as the proximal femoral bone section. The 

ability to use constant-thickness layers is significant and aids in determining the 

effect of varying the thickness of the cancellous host bone (see Chapter 5.7).

Simulated 
cancellous bone 
(7.65mm thick)

Typical
cancellous bone 
topography

Figure 4.20: An Im plant w ith  T ypical Proxim al Fem oral T opography and an  
Im plant w ith  S im ulated  C ancellous Bone (C onstant R adial T h ickness = 7.65 mm)

Table 4.10: C om parison o f  m odal analysis resu lts o f  an Im plant w ith  T ypical 
Proxim al Fem ur Topography and Im plant w ith  Sim ulated C ancellous B one Layer  

(T hickness = 7.65 mm), as show n in F igure 4.20

Mode No. (Hz) Bone
P roperties

Model 1 2 3 4 5
A pparent
D ensity
(kg/m3)

Mass
(Kg)

Im plant w ith 
Proxim al Fem ur 

Topography
989.0 1016.7 4352.6 4554.8 5344.4 1200.0 0.043

Im plant w ith 
Constant- 
Thickness 985.4 1016.9 4320.6 4550.3 5307.4 1200.0 0.043

Bone Layer

Chapter 4: Geometry and Finite Element Modeling 66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To verify that the constant-thickness simulated bone could be used within the 

desired apparent density range (0.13 - 1.20 g/cm3), the modal analysis of an implant 

with a proximal femoral section and an implant with its equivalent constant- 

thickness bone layer was compared (Figure 4.21). The first mode responses of both 

cases are very similar and the percent error varied between 0.09% to 1.32% (at p i = 

0.130 g/cm3 and pi = 0.237 g/cm3, respectively). The percent errors of all five modes 

are shown in Table 4.11. The largest percent error was 3.94% during Mode #5 at p i 

= 0.344 g/cm3. These results validate the implementation of a constant-thickness 

bone layer.

1000 
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*  900fl
3

§ 850 a 0)
|  800 
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Figure 4.21: M odal an a lysis  (Mode #1) o f  Im plant w ith  T ypical Proxim al Fem ur  
Topography and Im plant w ith  S im ulated  H ost B one Layer (T hickness = 7.65 mm)

Table 4.11: P ercen t d eviation  b etw een  m odal an alysis resu lts (Mode #1 to  #5) o f  an  
Im plant w ith  T ypical Proxim al Fem ur Topography and an  

Im plant w ith  S im ulated  H ost Bone Layer (T hickness = 7.65 mm)

pi (g/cm3) 0.130 0.237 0.344 0.451 0.558 0.772 0.986 1.200

Mode #1 0.09% 1.32% 0.94% 0.74% 0.63% 0.49% 0.42% 0.36%
Mode #2 2.17% 0.11% 0.09% 0.07% 0.05% 0.02% 0.00% 0.02%
Mode #3 2.66% 0.03% 0.12% 0.06% 0.68% 1.24% 0.90% 0.74%
Mode #4 1.94% 0.56% 1.05% 0.79% 0.26% 0.19% 0.09% 0.10%
Mode #5 1.56% 3.86% 3.94% 1.44% 1.10% 1.04% 0.89% 0.69%
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After determining that the utilization of a constant-thickness cancellous bone 

layer was numerically possible and very similar to the modal response of an implant 

with a typical proximal femoral bone topography, a 1-mm thick periprosthetic bone 

layer was added in between the implant and host bone volumes (Figure 4.22). The 

first mode modal response of both test cases is shown in Figure 4.23 and the percent 

error varied from 0.07% to 0.51%. The maximum percent error was 1.49% during 

Mode #4 at p i = 0.130 g/cm3, as shown in Table 4.12. These results further validate 

the implementation of a constant-thickness bone layer. Even with the addition of the 

periprosthetic bone layer, a comparison of the results from the modal analysis 

(Figure 4.23 and Table 4.12) further confirmed that the constant-thickness bone 

layer could be utilized to simulate the regular cancellous bone volume when 

evaluating the effects of varying the thickness of the cancellous host bone.

Typical 
cancellous bone 

topography

Simulated 
cancellous bone 
(6.65 mm thick)

Periprosthetic 
cancellous bone 

(1 mm thick)

F igure 4.22: Im plant w ith  T ypical Proxim al Fem oral Topography and  
Im plant w ith  S im ulated  C ancellous B one Layer (T hickness = 6.65 mm). 

In both in stan ces, the perip rosth etic  bone layer (in black) is 1 m m  thick.
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Figure 4.23: M odal an a lysis  (Mode #1) o f  Im plant w ith  T ypical Proxim al Fem oral 
Topography and Im plant w ith  S im ulated  C ancellous Bone Layer (T hickness = 6.65 
mm). In both in stan ces, the perip rosth etic  bone layer is 1 m m  th ick  (F igure 4.20).

Table 4.12: P ercent error b etw een  m odal an alysis resu lts (Mode #1 to  #5) o f  an  
Im plant w ith  T ypical Proxim al Fem oral Topography and an Im plant w ith  

Sim ulated C ancellous B one Layer (T hickness = 6.65 mm). In both in stances, the  
perip rosth etic  bone layer is 1 m m  th ick  (Figure 4.20).

p i (g /cm 3) 0.130 0.237 0.344 0.451 0.558 0.772 0.986 1.200

M ode #1 0.07% 0.18% 0.25% 0.31% 0.36% 0.43% 0.47% 0.51%

M ode #2 0.13% 0.03% 0.01% 0.03% 0.05% 0.06% 0.07% 0.08%

M ode #3 0.03% 0.44% 0.57% 0.63% 0.68% 0.77% 0.83% 0.87%

M ode #4 1.49% 1.02% 0.40% 0.10% 0.03% 0.14% 0.18% 0.20%

M ode #5 0.20% 0.26% 0.50% 0.72% 0.87% 1.07% 1.19% 1.26%
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4.4 Type and Size o f FEA E lem ents

4.4.1 Type o f FEA E lem ents

To accommodate the geometry of the implant and the high curvature of the original 

topography of the femoral bone surface, a structural, higher-order 20-node brick 

element (SOLID95 as shown in Figure 4.24) was chosen for the 3-dimensional model 

meshing. The 20-node element can accommodate irregular shapes without much 

loss of accuracy. Other 4-node, 8-node and 10-node elements were also attempted 

but the model failed to mesh in certain areas. The SOLID95 brick element is 

versatile and is able to degenerate into tetrahedral-, pyramid- and prism- shaped 

elements.

M1N,01P1U,V1W,X

A.B

tK,L,S

(Tetrahedral Option)
X

M,N,0,P,U,V,W,X

(Pyramid Option)

0,P,W

A,B

K,L,S

(Prism Option)

Figure 4.24: Type o f  E lem ent Im plem ented: SOLID95 -  A 20-Node B rick  E lem ent
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4.4.2 S ize o f  FEA E lem ents

A sensitivity analysis was used to determine the appropriate size of elements 

(Figure 4.25) that should be implemented without compromising the accuracy of the 

solution. A model analysis of a selected geometric configuration (Figure 4.26) was 

used to determine the sensitivity of the modal results due to the size of the elements 

(element edge length). The size of elements will determine the mesh resolution, 

which influences the number of elements, nodes and computational time. Although 

there are always trade-offs between accuracy and computation time, optimizing the 

element size will minimize the effects of these compromises.

M g M M l

(a) (b)

F igure 4.25: A com parison o f  e lem en t sizes and m esh reso lu tion  
(a) A course m esh  w ith  5.0 m m  size  elem ents  
(b) A finer m esh w ith  1.5 m m  size elem ents
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Femoral Implant

Periprosthetic Bone 
(1.5 mm thick)

Healthy Host Bone_

Femur

Figure 4.26: E lem ent Size S en sitiv ity  Analysis: Test Case C onfiguration. 
(P eriprosth etic  Bone: D en sity  = 0.13 g/cm 3, E lastic  M odulus = 75.3 MPa, 

C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)

Based on the results of the sensitivity analysis (Figure 4.27), it was 

determined that a constant element size of 2.5 mm would be implemented for all the 

simulations (approximately 45,000 elements and 65,000 nodes). Although it appears 

that a larger element size could have been used in order to reduce computational 

time (Figure 4.28), for certain geometries (with high curvature and small features) 

and periprosthetic bone layer thicknesses, the implementation of a larger element 

size was not possible. For example, it was not possible to implement an element 

with an edge length of 3.5 mm for a periprosthetic bone thickness of 0.25 mm. 

Although local mesh resolution could have been implemented, based on the results 

shown in Figure 4.27, it would not have dramatically influenced the results of the 

modal analysis. Therefore, local mesh resolution was considered to be unnecessary.
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Figure 4.27 E lem ent size sen sitiv ity  an alysis determ ined by the frequency response  
(Mode #1) o f  an im plant w ith  tw o types o f  bone layers (see F igure 4.26) 
(P eriprosth etic  Bone: D en sity  = 0.13 g/cm 3, E lastic  M odulus = 75.3 MPa, 

C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 4.28: C om putational tim e for various e lem en t sizes for te s t  configuration  
show n in  F igure 4.26. A nalysis perform ed on an 

Intel® Xeon™ PC (3.06GHz CPU and 2.00 GB RAM).
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Chapter 5

Discussion of Results

5.1 R e v ie w  o f  P r o b le m  D e s c r ip t io n

Monitoring of implanted prostheses is critical in identifying patients whose healing 

is slow-to-progress or if the onset of fracture is highly probable. This is especially 

important for patients who are asymptomatic and no radiographic signs of 

mobilization or femoral loosening are visible. Therefore, the development of a new 

quantitative monitoring technique could advance current diagnostic and health- 

monitoring practices for identifying at-risk patients.

5.1.1 D efin in g  th e M anipulated V ariables

As stated in Chapter 1, the objective of this study was to determine the feasibility of 

detecting and monitoring the progression of osseointegration of the bone 

surrounding an implant. Specifically, it was proposed that this type of health 

monitoring could be accomplished by evaluating the frequency response (co) of an in 

vivo prosthesis as a result of variations in the stiffness of periprosthetic bone stock 

(bone tissue surrounding the implant). This study will explicitly focus on the non- 

osseointegration of periprosthetic bone adjacent to the porous-coated areas along the 

implant surface of the femoral stem.

The stiffness of the periprosthetic bone is influenced by a number of factors, 

but most notably, bone density and bone thickness. These variables have been 

individually identified and its affects on the modal response of the implant will be 

examined. Therefore, the scope of the analysis protocol includes examining the
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effects of:

1) Periprosthetic bone density

2) Periprosthetic bone thickness

3) Periprosthetic bone density variations in localized regions along the 

porous coated body:

a. Anterior vs. Posterior Non-Osseointegration

b. Medial vs. Lateral Non-Osseointegration

c. Proximal vs. Distal Non-Osseointegration

d. Non-Osseointegration in Physiologically-Significant Regions 

(variation of the Gruen Zones)

4) Cancellous Host Bone Thickness

5.2 N on-D im ensionalizing the Frequency- 

R esponse o f the Im plant

It should be emphasized that the purpose of this study is not to correlate the 

absolute value of an implant’s frequency-response to a specific state of physiological 

osseointegration. Rather, the objective is to establish that, over a period of time, 

changes in the material properties of the periprosthetic bone (due to 

osseointegration or atrophy) are reflected by a detectable change in the modal 

response of the implant. Conceptually, in a clinical situation, the frequency- 

monitoring-system (“sensor”) would be calibrated or initialized to provide a baseline 

measurement, following a hip replacement procedure. The change in frequency, 

relative to its baseline value, would be monitored over time during regularly 

scheduled post-operative evaluations (Figure 5.1).

A single measurement of one frequency-response value will not be able to 

uniquely quantify the status of osseointegration of the bone and the actual values of 

the frequencies will most likely vary slightly from patient-to-patient. For this 

reason, some of the following results will be normalized relative to the frequency- 

response value at the lowest density (pi = 0.13 g/cm3) in each particular test case,
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using Equation (5.1).

►>O
d

da*a>u
Pm

Time

Figure 5.1: A conceptual example of a time-lapsed (serial) frequency-response
of an implanted prosthesis.

^0 .13
CO = — -----------

CO (5<1)0.13

Where: C0r = normalized frequency-response
COp = frequency-response at p  of interest 

COq j3 = frequency-response at p=  0.13 g/cm3
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5.3 M o d e  S h a p e s

This study will focus on the first five modes of the frequency-response of the 

implanted prosthesis. Each mode number corresponds to a different and specific 

mode shape. During the first, a third and fifth mode, the implant vibrates 

predominately in the anterio-posterior direction (Figure 5.2), while the implant 

vibrates mostly in the medio-lateral direction during the second and fourth mode 

(Figure 5.3). As each mode number increases, the frequency-response of the implant 

also increases. In addition, the results reveal that certain mode numbers are more 

responsive (than others) for indicating variations in material and geometric 

properties, which will be examined in the following chapter.

(a) (b) (c)

F igure 5.2: M ode shapes at M ode #1, #3 and #5 -  
Im plant v ibrates predom inately  in the anterio-posterior d irection  

(a) M ode #1 (b) M ode #3 (c) Mode #5
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(a) (b)

F igure 5.3: M ode shapes at M ode #2 and #4 -  
Im plant v ibrates predom inately  in  the m edio-lateral d irection  

(a) M ode #2 (b) M ode #4
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5.4  E f fe c t s  o f  P e r ip r o s t h e t ic  B o n e  D e n s i t y

5.4.1 R esults

Trevisan et al., [1997] stressed the increasing importance of evaluating 

periprosthetic bone density since prosthetic fixation and stability may be affected by 

bone density [Dorr et al., 1990; Lee et al., 1991]. Poss [1992] also identified that age- 

related decreases in bone density could also be a potential factor of failure. Early 

identification of patients with lower-than-normal density changes during the early- 

stage, bone-remodelling phase may be prescribed bisphosphonates to reduce loss of 

periprosthetic bone stock in conditions associated with accelerated bone turnover 

[Bhandari et al., 2005], As such, atypical decreases in density of periprosthetic bone 

stock could be indicative of delayed osseointegration or bone atrophy. This has been 

observed during roentgenographic or radiographic assessments where the presence 

of radiolucencies and reactive lines around the implant are symptomatic of bone 

loss. Inversely, if the implant is osseointegrated, the density of the periprosthetic 

bone should progressively increase until it peaks and maintains a steady-state. 

Presumably, this occurs when a permanent physiological union has occurred or 

when the osseointegration process has reached its plateau. As the density (p) of the 

periprosthetic bone increases, the elastic modulus (E) also increases. The density 

and elastic modulus relationship was determined by using the power-law 

relationship (Equation 5.2) reported by Lotz et al., [1990], as mentioned in Section

3.2.5.

E  = 1 3 1 0 /j14 (5.2)

Where: E = modulus of elasticity (MPa) 
p = apparent density (g/cm3)

And: 0.13 g/cm3 < p < 1.20 g/cm3
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Based on a periprosthetic bone thickness (tl) of 1 mm (as illustrated in 

Figure 5.4), Figures 5.5 and 5.6 show the first mode response (with and without 

normalized results) of the implant due to density variation of the periprosthetic 

bone. The results shown in Figures 5.5 and 5.6 both indicate that the frequency- 

response (con as shown in Equation 5.3) of the implant increased as the density of the 

periprosthetic bone (pi) increased. This is predicted by Equation (5.2) since the 

elastic modulus (or stiffness) of the periprosthetic bone increased by a power of 1.4 

with the density. As the stiffness increases, Equation 5.3 indicates that the 

frequency-response will also increase. This trend is also reflected in the first five 

modes as shown in Figures 5.7 and 5.8.

2n  V m (5.3)

Where: (On

k
m

natural frequency 
stiffness of the system 
mass of the system

Femoral Implant

Periprosthetic Bone 
(1.0 mm thick)

Healthy Host Bone__

Femur

Figure 5.4: E ffect o f  vary in g  perip rosth etic  bone density: A nalysis C onfiguration. 
(P eriprosth etic  Bone: t l  = 1.0 nun, 0.13 g/cm 3 < p i < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Periprosthetic Bone Density, pi (g/cm3)

Figure 5.5: Effect o f varyin g  perip rosth etic  bone d en sity  (R esults NOT norm alized). 
M odal response (Mode #1) o f im plant w ith  tw o types o f bone layers (see F igure 5.4) 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < p i < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Femoral Implant

Periprosthetic Bone 
(1.0 mm thick)
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Periprosthetic Bone Density, pi (g/cm )

Figure 5.6: E ffect o f varyin g  perip rosth etic  bone d en sity  (R esults norm alized). 
M odal response (Mode #1) o f im plant w ith  tw o types o f  bone layers (see F igure 5.4) 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < p i < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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R esults have NOT been  norm alized.
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Figure 5.8: E ffect o f vary in g  perip rosth etic  bone d en sity  and com parison  o f  m odal 
response (first five m odes) o f im plant w ith  tw o types o f bone layers (F igure 5.4) 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < p i < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa). 

R esults have been  norm alized w ith  resp ect to  co at pi = 0.13 g/cm 3 o f  each  mode.
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A comparison of the overall range of the modal analysis values between p i = 

0.13 g/cm3 and p i = 1.20 g/cm3, relative to the frequency-response at p i = 0.13 g/cm3 

(Equation 5.4), highlights which mode number is produces largest frequency range 

in response to density variations of a uniformly thick periprosthetic bone stock. As 

shown in Figure 5.9, the overall percent difference is the highest for Mode #4 (41.1%) 

and it would seem to indicate that Mode #4 is slightly more responsive in indicating 

changes in periprosthetic bone density (assuming a constant thickness 

periprosthetic bone stock) than Mode #3 or #5 (overall percent difference was 37.5% 

and 38.3% respectively). However, according to Figure 5.10, when comparing the 

decrease in frequency response relative to the frequency response at p i = 1.20 g/cm3 

(Equation 5.5), Mode #5 is more sensitive to detecting early decreases in the density 

of the periprosthetic bone since the rate of decrease in the frequency is much higher 

in comparison with the other modes. Therefore, the frequency responses during the 

fifth mode are more likely to indicate early loosening of the prosthetic.

Overall Percent difference =  — — (fkxL
^0.13

Where: CO  ̂ 2n = frequency-response at pi = 1.20 g/cm31.20

COq 13 = frequency-response at pi = 0.13 g/cm3

(5.4)

COi 20 — CO
Decrease in frequency response = — :-------------------- (5.5)

“ a  .20

Where: (0 \ 20 = frequency-response at pi = 1.20 g/cm3
(Op = frequency-response at pi of interest
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Figure 5.9: E ffect o f varyin g  perip rosth etic  bone d en sity  -  
P ercent d ifference b etw een  frequency resp on ses at p i = 0.13 g/cm 3 and 1.20 g/cm 3. 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.10: E ffect o f  vary in g  p erip rosthetic  bone d en sity  -  
D ecrease in  resonance frequency relative to  frequency response at p i = 1.20 g/cm 3 
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5.4.2 R ange and reso lu tion

Measurement resolution is limited by the noise density (or noise floor) and will also 

vary with the measurement bandwidth. Equation (5.6) defines the relationship 

between resolution, noise density and bandwidth.

R  =  N \ j \ . 6 B W  (5.6)

Where: R  = resolution (mg)

N  = noise density
r \ mg

BW  = bandwidth (Hz)

The results in Figure 5.5 were not normalized to illustrate the typical values 

and range of the computed first-mode frequency-response results of the implant. As 

indicated by the values of the frequency-response in Figure 5.5, it is reasonable to 

conclude that a potential in vivo sensor with a resolution of 1 Hz (within a 

bandwidth of 100 Hz) is achievable since existing, commercially available MEMS 

(Micro-Electro-Mechanical Systems) accelerometers can already resolve signals 

lower than 1 Hz (within 100 Hz).

For example, Analog Devices (Analog Devices Inc., Norwood, Massachusetts) 

produces an accelerometer (ADXL202JE/AE) that allows signals below 2 mg (at 60

Hz bandwidth) to be resolved with a noise density of 0.2 mgl\j~Hz . Another 

manufacturer, MEMSIC (Memsic Inc., North Andover, Massachusetts), produces the 

MXR7210GL/ML chip that is capable of a resolution better than 1 mg at 1 Hz at a

noise density of 0.4 mg/\[Hz . Both of these accelerometers are available in 

hermetically sealed, LCC (leadless chip carriers) surface mount packages 

approximately 5mm x 5mm x 2mm and are operational between 0°C to 70°C (normal 

body tem perature range is 36.1 - 37.8 °C [Simmers, 1988]).
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5.5 E ffects o f P eriprosthetic  Bone T hickness

The variation in periprosthetic bone thickness (as shown in Figure 5.11) was 

investigated because an increase in the thickness of lower-density periprosthetic 

bone stock could be indicative of progressive or impending bone loss, due to 

instability, failed osseointegration and/or atrophy. The potential to mechanically 

measure and verify increases in periprosthetic bone thickness around the implant 

would be significant since it is difficult to obtain roentgenograms with beams 

positioned exactly tangential to the surface of the porous-coated areas along the 

implant [Engh et al., 1990]. It is especially difficult to situate the patient and the 

scanning gantry in the same positions during serial roentgenograms. As a result, 

the state-of-health of the bone surrounding proximally porous-coated implants are 

difficult to assess since reactive lines around the porous-coated area are difficult to 

distinguish and measure, especially in the early stages.

The first-mode frequency-response of the implant, as the periprosthetic bone 

thickness (tl) uniformly increases, is shown in Figures 5.12 and 5.13. At a given 

density, as the increase in bone thickness progressed, it corresponded to a lower 

frequency-response value. This trend is consistent for the first five modes (Figures 

5.12 to 5.17). These results are similar to the effects of decreased periprosthetic 

bone density. This is significant because these results are consistent in suggesting 

that a descending frequency-response value indicates deteriorating periprosthetic 

bone, whether it is due to loss of bone density or increases in thickness of affected (or 

deteriorating) periprosthetic bone at a given density. In addition, Table 5.1 and 

Figure 5.13 indicate that as the periprosthetic thickness increases, the frequency 

range between p i = 0.13 -  1.20 g/cm3 also increases.
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Femoral Implant

Periprosthetic Bone 
(0.25 < t l  < 1.5 mm thick)

Femur

Healthy Host Bone

Figure 5.11: Effect of varying periprosthetic bone thickness:
Analysis Configuration.

(Periprosthetic Bone: 0.25 mm< t l  <1.5 mm, 0.13 g/cm3 < pi < 1.20 g/cm3, E = 1310p14, 
Cancellous Host Bone: Density = 1.20 g/cm3, Elastic Modulus = 1690.9 MPa)

Table 5.1: Varying periprosthetic bone thickness and its effect 
on the frequency range (Mode #1) between pi = 0.13 -  1.20 g/cm3. 

(Periprosthetic Bone: 0.25 mm< t l  <1.5 mm, 0.13 g/cm3 < pi < 1.20 g/cm3, E = 1310p14, 
Cancellous Host Bone: Density = 1.20 g/cm3, Elastic Modulus = 1690.9 MPa)

P erip rosthe tic  
bone thickness, 

t l  (mm)

Frequency range betw een 
pi = 0.13 -  1.20 g/cm3 

(Hz)

Difference in 
range,

(00l.30 -  COO.12)
(Hz)

0.25 944.6 -  985.0 40.4

0.50 925.4 - 985.3 59.9

1.00 894.4 - 985.3 90.9

1.50 870.0 - 985.4 115.3
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Modal response (Mode #2) o f im plant w ith  tw o typ es o f bone layers (Figure 5.11) 
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It is noteworthy to observe that although an implant’s frequency-response 

may have reached a plateau during serial frequency measurements (as shown 

conceptually in Figure 5.1), this alone would not necessarily indicate that 

physiological changes in the bone have ceased. Rather, it may be indicative of 

increased bone density coupled with the effects of increased periprosthetic bone 

thickness, or decreases in both density and thickness of the periprosthetic bone. For 

example, as shown in Figure 5.12, a frequency of approximately 950 Hz corresponds 

to a range of potential density and thickness permutations (Table 5.2). In these 

instances, it would appear that the positive effects of increased bone density could 

negate the unfavorable consequences of increased deteriorating periprosthetic bone 

thickness.

Table 5.2: V arious perm utations o f  p erip rosth etic  bone th ick n ess  ( t l)  and  
perip rosth etic  bone d en sity  (p i) th at produce a first m ode 

frequency-response o f  approxim ately  950 Hz, as show n in  F igure 5.11. 
(P eriprosth etic  Bone: 0.25 m m  < t l  < 1.50 mm, E = 1310p14, 

C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)

P e r ip r o s th e tic  bone d e n s ity , 
p i (g /cm 3)

P e r ip r o s th e tic  
b on e th ic k n e ss , 

t l  (mm )
0.154 0.231 0.326 0.388

0.25 950.0 Hz

0.50 950.1 Hz

1.00 950.1H z

1.50 950.0 Hz

Chapter 5: Discussion of Results 91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In addition, as shown in Figure 5.18, the overall percent difference increases 

as the thickness of the periprosthetic bone stock increases. Figure 5.18 also 

indicates that the highest overall percent difference occurs during Mode #4 for the 

largest tested thickness value of t l  = 1.5 mm (57.7%) and the overall percent 

difference of this particular mode is slightly larger when compared to Mode #3 or #5 

(overall percent difference was 54.4% and 46.8% respectively for t l  = 1.5 mm). 

However, when comparing the decrease in frequency response relative to the 

frequency response at p i = 1.20 g/cm3 (Figures 5.19 to 5.22), Mode #5 is consistently 

more sensitive to detecting early decreases in the density of the periprosthetic bone 

since the rate of decrease in the frequency is much higher in comparison with the 

other modes. Therefore, the fifth mode frequency responses are more likely to 

indicate early loosening of the prosthetic, regardless of the thickness of the 

periprosthetic bone.
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□  t l  = 0.25 mm

■  t l  = 0.50 mm 

H tl = 1.00 mm
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Figure 5.18: E ffect o f  varyin g  perip rosth etic  bone th ick n ess, t l  -  P ercen t d ifference  
b etw een  frequency resp on ses at p i = 0.13 g/cm 3 and p i = 1.20 g/cm 3. 

(P eriprosth etic  Bone: 0.5 m m <  t l  < 1.5 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.19: E ffect o f varyin g  perip rosth etic  bone density  ( t l-  0.25mm) -  
D ecrease in  reson ance frequency rela tive to frequency resp onse at p i = 1.20 g/cm 3. 

(P eriprosth etic  Bone: t l  = 0.25 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.20: E ffect o f varyin g  p erip rosth etic  bone density  ( t l-  0.50mm) -  
D ecrease in resonance frequency rela tive to frequency resp onse at p i = 1.20 g/cm 3. 

(P eriprosth etic  Bone: t l  = 0.50 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.21: E ffect o f varyin g  perip rosth etic  bone d en sity  ( t l  =1.00mm) -  
D ecrease in  reson ance frequency relative to frequency resp onse at p i = 1.20 g/cm 3. 

(P eriprosth etic  Bone: t l  = 1.00 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.22: Effect o f  vary in g  perip rosth etic  bone d en sity  ( t l  =1.50mm) -  
D ecrease in  reson ance frequency rela tive to  frequency resp onse at p i = 1.20 g/cm 3. 

(P eriprosth etic  Bone: t l  = 1.50 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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5.6 E ffects o f L ocalized N on-O sseointegrated  

P erip rosth etic  Bone a long the porous-coated  

body o f the im plant

Since bone loss does not usually occur uniformly around the implant, an 

investigation of density changes in different “regions” is necessary to determine if 

changes in periprosthetic bone density in localized areas along the porous-coated 

body of the implant are detectable. The effects of proximal non-osseointegrated 

regions in comparison to distal non-osseointegrated regions along the porous-coated 

surface of the implant will be examined. In addition, comparisons between the non- 

osseointegrated anterior and posterior regions as well as the non-osseointegrated 

lateral and medial regions will also be observed. Furthermore, this section will 

include the modal analysis results of the implant due to density variations of 

periprosthetic bone stock located in specific physiologically-significant zones (greater 

trochanter, calcar, mid-lateral cortex and mid-medial cortex) along the porous-coated 

surface of the implant.

5.6.1 A nterior vs. P osterior N on-O sseointegration

An implant is regarded as osseointegrated when there is no progressive relative 

movement between the implant and the bone with which it has direct contact 

[Branemark, 1983]. Clinically, this means that there is an interlocking mechanism 

whereby prosthetic components are incorporated into living bone and that the union 

can persist under all normal conditions of loading. Clearly, osseointegration would 

not be viable in the presence of bone loss or low-density periprosthetic bone stock.

In the anterior non-osseointegrated condition, the density of the 

periprosthetic bone on located on the anterior half of the implant (Figure 5.23a) was 

varied from 0.13 -  1.20 g/cm3, while the density of the healthy posterior half of the 

implant was 1.20 g/cm3. In the posterior non-osseointegrated situation (Figure 

5.23b), the conditions were reversed.
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Anterior 
periprosthetic 

bone layer

Cancellous 
host bone

(a) A nterior p erip rosth etic  bone stock  -  show n w ith  and w ith ou t host bone stock

Posterior 
periprosthetic 

bone layer

Cancellous 
host bone

(b) Posterior p erip rosth etic  bone stock  -  show n w ith  and w ithout h ost bone stock

Figure 5.23: A nterior vs. P osterior N on-O sseointegration  
In both cases, p erip rosth etic  bone: t l  = 1.0 mm, 0.13 g/cm3 < pi < 1.20 g/cm3, and  

healthy  can cellou s host bone: d en sity  = 1.20 g/cm 3, e lastic  m odulus = 1690.9 MPa.

Figure 5.24 indicates that the largest range in frequency-response, between 

p i = 0.13 g/cm3 and p i = 1.20 g/cm3, occurred in Mode #5 with a percent difference of 

17.6% for the anterior half and 16.9% for the posterior half. Comparisons of the 

modal response of the implant in anterior or posterior non-osseointegrated 

conditions (Figure 5.28 to 5.32) indicate that the frequency-response of the implant 

is sensitive to localized density variations. However, during the fifth mode, the 

width of the frequency range is very similar for both the anterior and posterior non- 
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osseointegration conditions (804 Hz and 778 Hz respectively, as shown in Figure 

5.32). Therefore, the results from Mode #5 would not be very useful for 

differentiating between the anterior and posterior non-osseointegrated conditions. 

Instead, the results in Mode #3 are more effective for differentiating between 

anterior and posterior non-osseointegrated conditions (3.7% and 6.4% respectively), 

as shown in Figure 5.24. The frequency-response range of the non-osseointegrated 

anterior periprosthetic bone was approximately 166% larger than the non- 

osseointegrated posterior condition during Mode #3 (261 Hz vs. 157 Hz respectively).

A comparison of the decrease in frequency response relative to the frequency 

response at p i = 1.20 g/cm3 (Figures 5.25 to 5.26) reveals that the rate of decrease in 

the frequency is much higher during Mode #5 than the other modes and therefore 

more sensitive to detecting early decreases in the density of the periprosthetic bone 

for both anterior and posterior halves. Therefore, the fifth mode frequency 

responses are more likely to indicate early loosening of the prosthetic in these 

regions. A similar analysis of the Mode #3 results (Figure 5.27) indicates that the 

rate of decrease in the frequency results is slightly higher for the anterior half.

In summary, Figures 5.25 to 5.32 show that the frequency-response to 

density variations, between the non-osseointegrated anterior and posterior halves, 

are difficult to distinguish and it would be hard to uniquely identify between the 

anterior and posterior halves within only one mode of results. Rather, the results 

from Mode #5 and Mode #3 would need to be concurrently assessed to determine the 

absence of osseointegration and to establish which side of the implant is more likely 

to be non-osseointegrated. Once again, the results in Mode #5 are more likely to 

indicate early loosening, although not able to distinctly identify which half.
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Figure 5.24: A nterior vs. Posterior N on-O sseointegration  -  P ercen t d ifference  
b etw een  frequency resp onses at p i = 0.13 g/cm 3 and p i = 1.20 g/cm 3 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.25: A nterior N on-O sseointegration  -  
D ecrease in  resonance frequency rela tive to frequency response at p i = 1.20 g/cm 3. 

(P eriprosth etic  Bone: t l  = 1.00 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.26: P osterior N on-O sseointegration  -  
D ecrease in  reson ance frequency rela tive to  frequency resp onse at p i = 1.20 g/cm 3. 

(P eriprosth etic  Bone: t l  = 1.00 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.27: A nterior vs. P osterior N on-O sseointegration  (Mode #3) -  
D ecrease in reson ance frequency rela tive to frequency response at p i = 1.20 g/cm 3. 

(P eriprosth etic  Bone: t l  = 1.00 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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F igure 5.28: A nterior vs. Posterior N on-O sseointegration  -  
M odal A nalysis (Mode #1)

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.29: A nterior vs. P osterior N on-O sseointegration  -  
M odal A nalysis (Mode #2)

(P erip rosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.30: A nterior vs. Posterior N on-O sseointegration  -  
M odal A nalysis (Mode #3)

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.31: A nterior vs. P osterior N on-O sseointegration  -  
M odal A nalysis (Mode #4)

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.32: A nterior vs. P osterior N on-O sseointegration  -  
M odal A nalysis (Mode #5)

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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5.6.2 M edial vs. L ateral N on-O sseointegration

In the medial non-osseointegrated case, the density of the periprosthetic bone on 

located on the predominately medial half of the implant (Figure 5.33a) was varied 

from 0.13 -  1.20 g/cm3, while the density of the posterior half of the implant was 

healthy (pi = 1.20 g/cm3). In the lateral non-osseointegrated situation (Figure 

5.33b), the conditions were reversed.

Although the volumes of medial and lateral sections are not equal (0.20970E- 

05 m3 and 0.15883E-05 m3 respectively), it is more physiologically accurate to 

consider these sections in this manner since the implant has been designed 

correspondingly to achieve maximum fixation and to minimize the local or systemic 

rejection response.

Medial 
periprosthetic 

bone layer

Lateral 
periprosthetic 

bone layer

(a) (b)

F igure 5.33: M edial vs. Lateral N on-O sseointegration
(a) M edial perip rosth etic  bone stock
(b) Lateral perip rosth etic  bone stock

In both cases, perip rosth etic  bone: t l  = 1.0 nun, 0.13 g/cm3 < pi < 1.20 g/cm3, and  
healthy  can cellou s host bone: d en sity  = 1.20 g/cm 3, e la stic  m odulus = 1690.9 MPa.

According to the results shown in Figure 5.34, between pi = 0.13 g/cm3 and 

pi = 1.20 g/cm3, modes #1, 3, 4 and 5 show that the percent difference of the 

frequency-response of non-osseointegration of the medial periprosthetic bone is
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larger than the percent difference of the frequency-response of the non- 

osseointegrated lateral periprosthetic bone. The largest percent difference occurred 

for the medial non-osseointegrated case during Mode #5 with a percent difference of 

28.4%. The Mode #3, 4 and 5 results (Figures 5.34) indicate that the frequency- 

responses of the non-osseointegration of the predominately medial side varies 

significantly (11.0%, 13.5% and 28.4% respectively) between p i = 0.13 g/cm3 and pi 

= 1.20 g/cm3.

For the lateral non-osseointegrated case, the largest percent difference was 

5.1%, which occurred during the fourth mode. These results indicate that the non- 

osseointegration of the predominately lateral side does not produce frequency- 

responses that are highly distinguishable between p i = 0.13 g/cm3 and pi = 1.20 

g/cm3.

A comparison of the decrease in frequency response relative to the frequency 

response at p i = 1.20 g/cm3 (Figures 5.35) reveals that the rate of decrease in the 

frequency is much higher during Mode #5 than the other modes for the non- 

osseointegrated medial case. Therefore, the results in Mode #5 are more sensitive to 

detecting early decreases in the density of the predominately medially-located 

periprosthetic bone. In contrast, the frequency change of the laterally-located 

periprosthetic bone is nominal as indicated by Figure 5.34 and 5.36.
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Figure 5.34: M edial vs. Lateral N on-O sseointegration  -  P ercent d ifference betw een  
frequency resp on ses at p i = 0.13 g/cm 3 and p i = 1.20 g/cm 3 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm3, E lastic  M odulus = 1690.9 MPa)

25
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Figure 5.35: M edial N on-O sseointegration  -  
D ecrease in  resonance frequency rela tive to frequency response at p i = 1.20 g/cm 3. 

(P eriprosth etic  Bone: t l  = 1.00 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.36: Lateral Non-Osseointegration -  
Decrease in resonance frequency relative to frequency response at p i = 1.20 g/cm3. 

(Periprosthetic Bone: t l  = 1.00 mm, 0.13 g/cm3 < pi < 1.20 g/cm3, E = 1310p14, 
Cancellous Host Bone: Density = 1.20 g/cm3, Elastic Modulus = 1690.9 MPa)
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Figure 5.37: Medial vs. Lateral Non-Osseointegration -  Modal Analysis (Mode #1). 
(Periprosthetic Bone: t l  = 1.0 mm, 0.13 g/cm3 < pi < 1.20 g/cm3, E = 1310p14, 
Cancellous Host Bone: Density = 1.20 g/cm3, Elastic Modulus = 1690.9 MPa)
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Figure 5.38: M edial vs. Lateral N on-O sseointegration  -  M odal A nalysis (Mode #2). 
(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 

C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.39: M edial vs. Lateral N on-O sseointegration  -  M odal A nalysis (Mode #3). 
(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 

C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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5.6.3 Proxim al vs. D ista l N on-O sseointegration

To examine the effects of proximal or distal non-osseointegration, the periprosthetic 

bone layer was divided into two sections. Each section enclosed approximately one- 

half of the volume of the porous-coated body of the implant (Figure 5.42). The 

division of the two sections corresponded to a distance of 126.4 mm measured from 

the distal tip of the femoral stem and the geometric properties are listed in Table 

5.3.

Proximal 
periprosthetic 
bone section

Distal 
periprosthetic 
bone section

(a) (b)

F igure 5.42: Proxim al vs. D ista l N on-O sseointegration  
(a) Proxim al p erip rosth etic  bone stock

(b) D ista l p erip rosth etic  bone stock  
In both cases, perip rosth etic  bone: t l  = 1.0 mm, 0.13 g/cm3 < pi < 1.20 g/cm3, and  

healthy can cellou s host bone: d en sity  = 1.20 g/cm 3, e lastic  m odulus = 1690.9 MPa.

Table 5.3: G eom etric P roperties o f  Proxim al and D ista l section s

Volume of Volume of im plant
Section Section enclosed by section

(m3) (m3)

Proximal 1.57e-06 8.86e-06

Distal 2.14e-06 8.91e-06
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The results shown in Figure 5.43 indicate that percent difference of the 

frequency-response of the distal half is higher than the proximal half during the first 

four modes. Among the first four modes, the largest percent difference was 17.3% 

during the fourth mode for the non-osseointegrated distal portion. However, the 

largest percent difference, of all five modes, occurred during the fifth mode (23.2%) 

for the proximal half.

Based on the results shown in Figure 5.43, although the fourth mode 

produced the highest range for the distal portion, the results of mode #1 indicate 

that the first mode is approximately 46 times more sensitive to density variations of 

the distal portion than the proximal portion (9.6% vs. 0.2% respectively). However, 

to confirm proximal non-osseointegration, the fifth mode frequency-response appears 

to be more sensitive to density variations of the proximal portion. The fifth mode 

percent difference of the frequency-response, between pi = 0.13 g/cm3 and p i = 1.20 

g/cm3, was 23.2% for the proximal portion and 3.7% for the distal portion.

A comparison of the decrease in frequency response relative to the frequency 

response at p i = 1.20 g/cm3 (Figures 5.44) reveals that the rate of decrease in the 

frequency is much higher during Mode #5 than the other modes for the non- 

osseointegrated proximal portion. Therefore, these results further support the 

observation that frequency-response in Mode #5 is more sensitive to detecting early 

decreases in the density of the proximal periprosthetic bone. For the distally-located 

periprosthetic bone case, the frequency change is slightly larger in Mode #4 than the 

other modes, as indicated by Figure 5.45.

To attem pt to differentiate between proximally- or distally- located non­

integrated periprosthetic bone, the frequency response results from Mode #1, 2 and 5 

would need to be concurrently assessed in order to aid in determining which part of 

the implant is more likely to be loosened.
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Figure 5.43: Proxim al vs. D ista l N on-O sseointegration  -  P ercen t d ifference  
b etw een  frequency resp on ses at p i = 0.13 g/cm 3 and p i = 1.20 g/cm 3 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)

1020

1000  -

®  (p ro x im a l)  ^  ® (d is ta l)

980 -

960 -

N
H•w

as
£ oaVs
® 940

920 -

+

+

900
0.2

Proxim al
periprosthetic

bone

D istal
periprosthetic

bone

■  Proximal Non-Osseointegrated 

+  Distal Non-Osseointegrated

0.4 0.6 0.8 1
Periprosthetic Bone Density, pi (g/cm3)

1.2

Figure 5.46: Proxim al vs. D ista l N on-O sseointegration - M odal A nalysis (Mode #1) 
(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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5.6.4 O sseoin tegration  in P h ysio log ica lly  S ign ifican t  

R egions (variation  o f the G ruen Zones)

This section includes results of the modal response of the implant due to density 

variations in specific physiologically-significant quadrants. For the purposes of this 

study, the original seven Gruen zones protocol [Gruen et al., 1979] (Figure 5.51) 

were modified and four regions of interest were considered for this particular study: 

the greater trochanter, the calcar, the mid-lateral cortex and the mid-medial cortex, 

as shown in Figure 5.52.

Figure 5.51: G ruen Zones- (1) G reater Trochanter (2) Lateral M etaphysis (3) Lateral 
D iaphysis (4) D iaphysis d ista l to  th e  fem oral im plant (5) M edial D iaphysis (6) 

M edial M etaphysis (7) L esser T rochanter or Calcar [Gruen e t al., 1979]

Calcar

Mid-Medial
Cortex

Greater
Trochanter

Mid-Lateral
Cortex

Figure 5.52: Four physio log ica lly -sign ificant regions:
G reater Trochanter, Calcar, M id-Lateral Cortex and M id-M edial Cortex
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The results shown in Figure 5.53 show that the largest percent difference 

occurs during the fifth mode (20.6%), for the calcar region. These results are 

significant because some implants with fully-covered porous stems can fail to 

osseointegrate around the calcar region since fixation of the distal stem is usually 

favored with these types of implants. In addition the ability to measure calcar region 

fixation is also important since proximal osseointegration, especially along the 

medial cortex, is highly desirable and also enhances stability of the implant near the 

neck of the implant, Figure 5.53 also indicates that the other three regions are not 

as sensitive to volumetric bone density variations and it would be difficult to 

differentiate the frequency-response results between each of these regions. The 

results for all five modes are shown in Figures 5.57 to 5.61.

The largest frequency range of all five modes occurs during Modes # 3, 4 and 

5 (as shown in Figure 5.53). A closer examination of decrease in frequency response 

relative to the frequency response at p i = 1.20 g/cm3 (Figures 5.54 to 5.56) reveals 

that the rate of decrease in the frequency is slightly higher for the mid-medial cortex 

during Mode #3, even though the overall width of the range is higher for the calcar. 

The same trend is also indicated in Mode #4. These fourth mode results also suggest 

that the rate of frequency changes of the mid-lateral and mid-medial cortex are 

higher in comparison to the calcar region, although the overall frequency range for 

the calcar area is slightly larger than the other two regions. However, given that 

the overall decrease in frequency during Mode #3 and 4 are very low (approximately 

4%), these modes would not be ideal for monitoring early loosening in these areas.

In contrast, the decrease in frequency responses is the highest during Mode 

#5 for the calcar region. Therefore, these results further support the observation 

that the frequency-responses in Mode #5 are more likely to indicate early decreases 

in the periprosthetic density of the calcar region.
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Figure 5.54: N on -osseointegration  o f the four physio log ica lly -sign ifican t regions  
D ecrease in M ode #3 resonance frequency rela tive to  

frequency response at p i = 1.20 g/cm3.
(P eriprosth etic  Bone: t l  = 1.00 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.57: N on-osseointegration  o f  the four p h ysio log ica lly -sign ifican t regions  
(Greater Trochanter, Calcar, M id-Lateral Cortex and M id-M edial Cortex)-(M ode #1) 

(P eriprosth etic  Bone: t l  = 1.0 nun, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.58: N on -osseointegration  o f the four physio log ica lly -sign ifican t regions  
(Greater Trochanter, Calcar, M id-Lateral Cortex and M id-M edial Cortex)-(M ode #2) 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.59: N on -osseointegration  o f  the four p h ysio log ica lly -sign ifican t regions  
(Greater Trochanter, Calcar, M id-Lateral Cortex and M id-M edial Cortex)-(M ode #3) 
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Figure 5.60: N on -osseointegration  o f the four physio log ica lly -sign ifican t regions  
(Greater Trochanter, Calcar, M id-Lateral Cortex and M id-M edial Cortex)-(M ode #4) 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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Figure 5.61: N on -osseointegration  o f  the four physio log ica lly -sign ifican t regions  
(Greater Trochanter, Calcar, M id-Lateral Cortex and M id-M edial Cortex)-(M ode #5) 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous H ost Bone: D en sity  = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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5.7 E ffects o f varying C ancellous H ost Bone 

T hickness

The variation in cancellous host bone thickness was investigated because increasing 

thickness of cancellous host bone stock is reflective of the effect of different bone 

sizes, due to the variability of typical THR patients. The thickness of the cancellous 

host bone (t2) varied uniformly in 2.0 mm increments from 2.0 mm to 10.0 mm, as 

shown in Figure 5.62. The density of the cancellous host bone was constant at p2 =

1.20 g/cm3. The thickness of the periprosthetic bone was constant at t l  = 1.0 mm 

thick and the density of the periprosthetic bone (pi) varied between 0.13 g/cm3 to

1.20 g/cm3.

Femoral Implant

Periprosthetic Bone 
(1.0 mm thick)

Healthy Host Bone 
(2.0 mm < t2 < 10.0 mm)

Femur

Figure 5.62: E ffect o f varyin g  cancellous host bone th ick n ess, t2:
A nalysis Configuration.

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous Bone: 2 m m  < t2 < 10 mm, p2 = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)

The frequency-response of the implant, as the thickness of the cancellous host 

bone layer (t2) increases, is shown in Figures 5.63 to 5.68. The results from the first 

five modes all indicate that as the thickness of the cancellous bone layer increased, it 

corresponded to a lower frequency-response value. These results are consistent with
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Equation 5.3, which indicates that the natural frequency is inversely proportional to 

the square root of the mass. Therefore, as the mass increases, the natural frequency 

would be decreased, which is reflected in the results.

It is interesting to note that it would appear that the increase of the 

cancellous bone thickness does not seem to detrimentally affect the effectiveness of 

the this monitoring technique, The results from the first four modes (as shown in 

Figure 5.63), show that the percent difference of the frequency-response of the 

implant, between p i = 0.13 g/cm3 and p i = 1.20 g/cm3, did not vary significantly 

within each mode. Although the percent difference of the frequency-response of the 

implant decreased (as t2 increased) during the fifth mode, the overall results in 

Figure 5.63 would seem to indicate that patients with larger bone structure could 

also benefit from the same monitoring technique.

70%

□ t2 = 2 mm

□ t2 = 4 mm

t2 = 6 mm

■ t2 = 8 mm
2 40%

t2 = 10 mm

fi 30%

10%

Mode #1 Mode #2 Mode #3 Mode #4 Mode #5

Figure 5.63: E ffect o f  vary in g  cancellous host bone th ick n ess, t2 -  P ercent  
difference betw een  frequency resp onses at p i = 0.13 g/cm3 and p i = 1.20 g/cm 3 

(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310P1-4, 
C ancellous Bone: 2 m m <  t2 < 10 mm, p2 = 1.20 g/cm 3, E lastic  M odulus = 1690.9 MPa)
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(P eriprosth etic  Bone: t l  = 1.0 mm, 0.13 g/cm 3 < pi < 1.20 g/cm 3, E = 1310p14, 
C ancellous Bone: 2 m m  < t2 < 10 mm, p2 = 1.20 g/cm3, E lastic  M odulus = 1690.9 MPa)
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Chapter 6

Conclusions and Future Work

6.1 Sum m ary and C onclusions

Hip replacement procedures have become a very common procedure in the treatm ent 

of degenerative hip and joint disease due mainly to arthritis, as discussed in 

Chapter 1. Time-related variations of periprosthetic bone density after total hip 

arthroplasty reflect the physiological condition of the bone and implant interface. 

The ability to quantitatively assess periprosthetic bone density may be clinically 

relevant in the early diagnosis of pathologic bone deterioration or delayed fracture 

union and as a means of evaluating potential prosthetic designs and facilitate design 

improvements.

A parametric study was conducted to determine whether variations in the 

physiological status of periprosthetic bone, surrounding a femoral stem, would 

correspond to a relative change of the frequency-response of the implant. This study 

analyzed the effects of varying geometric and material properties of periprosthetic 

and host bone. Utilizing modal analysis, a comparison of the results indicate that 

some forms of non-osseointegrated periprosthetic bone would be detectable using 

this type of non-destructive, in vivo diagnostic technique.

The concept of utilizing vibrational techniques to identify physiological or 

structural deficiencies is not novel. Chapter 2 summarizes other investigators who 

have examined the validity of using vibration techniques to characterize the physical 

properties of long bones, the detection of prosthetic loosening or fracture healing. 

Vibrational frequency analysis was later applied to femurs with implanted hip
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prostheses (both experimental and FE studies) and results indicated that the 

vibrational technique could possibly be used to differentiate between loose and fixed 

implants. However, these particular studies focused mainly on fixed or catastrophic 

loosening of the implant. Rather, this particular study specifically focuses on other 

variables such as density and stiffness of periprosthetic bone and its affect on the 

early detection of non-osseointegration of an implant using vibrational frequency 

analysis.

Bone physiology was discussed in Chapter 3, as well as the material 

properties of the cortical and cancellous bone of the human femur. The cortical bone 

properties were adopted from the results of an intensive investigation by Ashman et 

al. [1984] and the cancellous bone properties were based on a power law relationship 

reported by Lotz et al. [1990]. In addition, Chapter 3 also introduced the type of 

femoral stem utilized (Stryker® Howmedica Osteonics’ Secur-Fit™ HA) as well as its 

material properties.

Chapter 4 discussed the implementation of the finite element method to 

numerically facilitate of the modal analysis of the implant and bone continuum. In 

addition, the challenges of creating and implementing a compatible finite element 

model of the femur, periprosthetic bone volume and implant were addressed. To 

establish the validity of the implant model, comparisons of geometrically similar 

cantilever beams was considered. This analysis confirmed that simple beam theory 

was not applicable for determining the natural frequencies of the distal stem, due to 

the low aspect ratio (9.2). In addition, the inclusion of the cortical bone layer during 

the FE analysis was determined to be unnecessary, as the cortical bone layer did not 

dramatically alter the frequency response of the implant. It was also determined 

that the implementation of a constant-thickness bone layer can be used to substitute 

and simulate the effect of the regular topography of the cancellous bone, without 

much degradation to the frequency results. This proved to be significant as it 

provided a method to parametrically simulate different bone sizes due to the 

variability in hip replacement patients. A sensitivity analysis of different element 

sizes helped to determine that an element size of 2.5 mm would be the best 

compromise between accuracy and computational time.

Chapter 6: Conclusions and Future Work 128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The modal analysis results of various case studies were presented in Chapter 

5. The scope of the analysis protocol included examining the effects of varying 

periprosthetic bone density and thickness, periprosthetic bone density in localized 

regions and varying the thickness of the cancellous host bone layer. The results 

indicate that variations in periprosthetic density do indeed affect the frequency 

response of the implant. As the quality of the bone decreases, so does the frequency 

response. This trend was observed in all the cases. Early detection of decreases in 

periprosthetic density is most likely to be observed during Mode #5, at the higher 

frequency ranges. According to Figures 5.7 and 5.8, Mode #1 and #2 were also not 

likely to provide any significant indications of loosening.

An examination of varying the thickness of periprosthetic bone increased, 

indicated that an increase in thickness also decreased the values of the frequency 

responses and resulted in producing a response within a larger frequency range. 

The results of this particular case study also revealed that a periprosthetic bone 

thickness as thin as 0.25 mm could be detectable in certain cases. Figure 5.20 shows 

that an overall catastrophic loss of 0.25 mm thick bone would vary the Mode #5 

frequency response by almost 25%. It is also significant to note that although the 

frequency response value may remain relatively unchanged during serial 

measurements, Table 5.2 indicates that this phenomenon may not solely indicate 

that physiological changes have ceased.

A comparison of the non-osseointegration of the anterior and posterior halves 

along the implant reveal that that variations in the density of the anterior-located 

bone is a little more likely to affect the frequency-response of the system. However, 

it would be difficult to determine which side is affected based on this data alone. In 

contrast, the frequency response due to variations of the medially-located 

periprosthetic bone was much more pronounced in comparison with the lateral side 

(Figure 5.34). The results from the comparison of proximal and distal volumes 

indicate that non-osseointegration of the proximal half is more likely to be 

detectable.

This vibrational technique appears to be very effective for detecting density 

variations in periprosthetic bone around the calcar region, as shown in Figure 5.53.
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This is significant as proximal fixation of the implant in this area is crucial for 

enhancing stability.

A parametric increase in the thickness of the cancellous bone also indicates 

that bone size does not detrimentally affect the effectiveness of the vibrational 

frequency technique as shown in Figure 5.64.

6.2 Future Work

Now that it has be parametrically established that the vibrational frequency 

response of an implant can be affected by variations in the periprosthetic bone 

density, a closer examination of this phenomenon would be the next step. A more 

detailed FE model could be used to develop a better understanding of the validity 

and limitations of the vibrational analysis approach. The implementation of 

anisotropic material properties would need to be applied. The influence of including 

the acetabular components would also need to be explored.

Other physiologically relevant permutations should also be examined. This 

includes instances such as when fibrous tissue forms around the implant. This type 

of tissue is not osseointegrated into the implant, yet can provide some form of 

stability in some cases.

In addition, an amplitude analysis of along the various parts of the implant 

may aid in determining the best placement of input and output accelerometers to 

measure the frequency responses. Depending on the location of excitation and 

measurement, an examination of the effects of damping due to surrounding soft 

tissue such as fat, muscle and skin would also need to be explored.
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