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Abstract 

Following total hip arthroplasty (THA), a considerable level of natural mechanical 

loading is shielded from the cortical bone and is transferred to the hip stem. This 

stress shielding effect caused by the underloaded femur post THA, over time, 

lead to bone loss. This consequently weakens the implant support and increases 

the risk of elevated micromotion at the bone-implant interface, leading to aseptic 

loosening and potentially femoral fracture, requiring a revision surgery. 

 

Many studies have investigated the development of different types of hip stems 

with various geometrical/structural designs and material properties to reduce the 

stress shielding. However, current approaches in the literature do not show a 

significant reduction in stress shielding and bone resorption, and often do not 

evaluate these parameters in Gruen zones, where such considerations are very 

important for clinicians when evaluating the performance of a hip implant. 

Furthermore, no fatigue performance has been performed on any of the 

suggested low stiffness hip stems in the literature.  

 

The overall aim of this thesis was to design and develop a low stiffness hip stem 

that can simultaneously minimize bone resorption and implant instability. Two 

custom tailored stems were developed and evaluated. One had a low material 

stiffness made from polyether ether ketone (PEEK) and one had a variable 

stiffness based on graded lattice structures made from 3D printed titanium (i.e. 

Ti6Al4V).  

 

In this study, stress shielding and bone resorption were evaluated across the 

Gruen zones using experimental and validated computational models. The 

overall stiffness and fatigue life of the developed hip stems were measured. 

Results demonstrated that the developed low stiffness porous Ti6Al4V and PEEK 

hip stems considerably reduced the level of stress shielding and bone resorption 

compared to a solid Ti6Al4V hip stem with identical geometry. This reduction was 

more evidenced in the proximal femur. 
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Impact statement 

Stress shielding and bone resorption are the two major factors leading to aseptic 

loosening of a hip implant. This thesis addressed the challenges on developing 

an optimum low stiffness hip stem, to avoid revision surgery secondary to implant 

loosening. The presented thesis is conceived as a product and translation 

combined development for translation of the identified clinical needs (implant 

failure) to a specific product - novel patient-specific implants. It addresses a key 

aspect of health care problem improve quality of life for orthopaedic patients, 

especially for in resource poor settings and for aging populations. The project will 

have major scientific and economic impacts through the development of 

customised and cost-effective orthopaedic implants; social impacts through 

improve the life of quality of life of patients especially in resource-poor settings 

for ageing populations to support knowledge based, stratified design of 

orthopaedic implant. The beneficiaries of this study reflect the value chain from 

the patient, through the clinician, the hospital and healthcare providers, to the 

industrial generators of the underpinning technology and materials. Specifically, 

the major impacts that this thesis have had in this field are mentioned below: 

 

1. Morphological deviation of strut thicknesses and pore sizes of the selected 

rectilinear, triply periodic minimal surface (TPMS) diamond and gyroid 

lattice structures were studied. It was shown that the mean printed strut 

thickness was greater than the designed value resulting in a smaller mean 

printed pore size. By understanding the morphological characterisation 

between the as-designed and as-built matrixes, a compensation strategy 

was developed to reduce this deviation to some extent. This can help 

manufacture lattice structures that can have a more similar geometry 

compared to their as-designed geometry. Hence, resulting in a more 

realistic experimental evaluation of their mechanical properties compared 

to their as-designed mechanical properties. 

2. Experimental mechanical tests and validated finite element (FE) models 

were used to systematically investigate the mechanical properties and 

failure modes of the selected rectilinear, TPMS diamond and gyroid lattice 

structures under four loading patterns, including compression, tension, 

bending and torsion. It was shown that at certain porosities, both diamond 
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and gyroid lattice structures have comparable mechanical stiffness and 

strength to the surrounding cortical bone, suggesting a reduction in stress 

shielding. The presented results in this thesis provides support for the 

mechanical aspects of clinical translation of additively manufactured (AM) 

polyether-ether-ketone (PEEK) and functionally graded porous Ti6Al4V 

implants used for large bone defects and load-bearing orthopaedic 

applications, such as porous hip implants that undergo multiple stress 

states. The obtained mechanical properties of the mentioned lattice 

structures in this thesis can also be used to develop different products with 

altering loading conditions in other fields, including automotive, aerospace, 

and marine industries.  

3. Both the developed low stiffness hip stem including the PEEK and 

functionally graded porous Ti6Al4V stem were implanted in an artificial 

femur bone and showed a promising reduction in stress shielding and 

bone resorption proximally. Therefore, the proposed hip stems may 

eventually be used as a potential replacement for the generic solid implant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Acknowledgements 

I would like to take this chance to thank all the people who supported and helped 

my PhD. study: Within the Division of Surgery and Interventional Science at UCL 

my primary supervisor, Prof. Chaozong Liu. for his scientific guidance, and 

encouragement during my PhD. 

 

Iôd like to thank my secondary supervisors, Professor Mehran Moazen, Professor 

Steve Taylor and Professor Jia Hua. for their guidance, contributions, and 

invaluable advice. Much of this research would've not been possible without 

them. 

 

My appreciation also extends to my laboratory colleague Dr. Maryam Tamaddon, 

Mark Harrison, Arsalan Marghoub, Katherine Wang, Haoyu Wang, Swastina 

Nath Varma and Pilar Garcia-Souto for their great support and provided 

techniques in the mechanical testing lab. I would like to thank all members from 

UCL Orthopaedic Bioengineering Research Group for their support and 

meaningful discussion. Thanks to Professor Ling Wang and her research group 

in Xiôan Jiaotong University for their kind support and advice in implant design 

and FE analysis. 

 

Last but not least, I am extremely grateful to my parents for their continued 

support and whose value to me only grows with age. 

 

 

 

 

 

 

 

 

 

 



vii 
 

UCL Research Paper Declaration Form (Chapter 2) 

Please use this form to declare if parts of your thesis are already available in another 
format, e.g. if data, text, or figures: 

¶ have been uploaded to a preprint server;  

¶ are in submission to a peer-reviewed publication;  

¶ have been published in a peer-reviewed publication, e.g. journal, textbook.   
 

This form should be completed as many times as necessary. For instance, if you have 
seven thesis chapters, two of which containing material that has already been published, 
you would complete this form twice. 
 

1. For a research manuscript that has already been published 

a) Where was the work published? (e.g. 

journal name) 

Materials & Design: 

On the design evolution of hip implants: A 

review 

b) Who published the work? (e.g. 

Elsevier/Oxford University Press):   
Elsevier  

 

c) When was the work published? 23/03/2022 

d) Was the work subject to academic 
peer review? Yes  

e) Have you retained the copyright for 
the work? Yes 

[If no, please seek permission from the relevant publisher and check the box next to the 

below statement]: 

ἦ 
I acknowledge permission of the publisher named under 1b to include in this thesis 

portions of the publication named as included in 1a. 

2. For multi-authored work, please give a statement of contribution covering all 

authors: 

Seyed Ataollah Naghavi: Writing original draft, Conceptualization, Investigation, Writing ï 

review & editing. Liyao Guo: Writing ï original draft, Conceptualization, Investigation, 

Writing ï review & editing. Ziqiang Wang: Writing ï review & editing. Swastina Nath Varma: 

Writing ï review & editing. Zhiwu Han: Supervision. Zhongwen Yao: Supervision. Ling 

Wang: Supervision. Liqiang Wang: Supervision. Chaozong Liu: Supervision.  

3. In which chapter(s) of your thesis can this material be found? 

Chapter 2  

4. e-Signatures confirming that the information above is accurate (this form should 

be co-signed by the supervisor/ senior author unless this is not appropriate, e.g. if the 

paper was a single-author work): 

Candidate: Seyed Ataollah Naghavi Date: 28/04/2023 

Supervisor: Chaozong Liu Date: 28/04/2023 



viii 
 

UCL Research Paper Declaration Form (Chapter 3 & 4) 

 

1. For a research manuscript that has already been published (if not yet published, 

please skip to section 2): 

a) Where was the work published? (e.g. 

journal name) 

Biomaterials Translational:  

On the mechanical aspect of additive 
manufactured polyether-ether-ketone 
scaffold for repair of large bone defects 

b) Who published the work? (e.g. 

Elsevier/Oxford University Press):   
Chinese Medical Association  

 

c) When was the work published? 28/06/2022 

d) Was the work subject to academic 
peer review? Yes  

e) Have you retained the copyright for 
the work? Yes 

[If no, please seek permission from the relevant publisher and check the box next to the 

below statement]: 

ἦ 
I acknowledge permission of the publisher named under 1b to include in this thesis 

portions of the publication named as included in 1a. 

2. For multi-authored work, please give a statement of contribution covering all 

authors: 

Conceptualization, and methodology: SAN, CS; data curation: SAN, MH; investigation, 

formal analysis, validation, and manuscript draft: SAN; supervision: MM, LW, CL; 

manuscript revision: SAN, CS, MH, MT, JZ, LW, CZ, SNV, DL, MM, LW, CL. All authors 

approved the final version of this manuscript.  

3. In which chapter(s) of your thesis can this material be found? 

Chapter 3 & 4 

4. e-Signatures confirming that the information above is accurate (this form should 

be co-signed by the supervisor/ senior author unless this is not appropriate, e.g. if the 

paper was a single-author work): 

Candidate: Seyed Ataollah Naghavi Date: 28/04/2023 

Supervisor: Chaozong Liu Date: 28/04/2023 

 

 

 

 



ix 
 

UCL Research Paper Declaration Form (Chapter 3) 

 

1. For a research manuscript that has already been published (if not yet published, 

please skip to section 2): 

a) Where was the work published? (e.g. 

journal name) 

Materials:  

On the Morphological Deviation in Additive 
Manufacturing of Porous Ti6Al4V Scaffold: A 
Design Consideration 

b) Who published the work? (e.g. 

Elsevier/Oxford University Press):   
MDPI  

 

c) When was the work published? 06/07/2022 

d) Was the work subject to academic 
peer review? Yes  

e) Have you retained the copyright for 
the work? Yes 

[If no, please seek permission from the relevant publisher and check the box next to the 

below statement]: 

ἦ 
I acknowledge permission of the publisher named under 1b to include in this thesis 

portions of the publication named as included in 1a. 

2. For multi-authored work, please give a statement of contribution covering all 

authors: 

Conceptualization, S.A.N.; Data curation, S.A.N. and A.M.; Formal analysis, S.A.N., H.W., 

S.N.V., M.T., R.G., J.G. and W.X.; Funding acquisition, C.L.; Investigation, S.A.N., H.W., 

S.N.V., M.T., A.M., R.G., J.G. and W.X.; Methodology, S.A.N.; Supervision, M.M., J.H. and 

C.L.; Visualization, S.A.N.; Writingðoriginal draft, S.A.N.; Writingðreview and editing, 

S.A.N., H.W., S.N.V., M.T., A.M., R.G., J.G., M.M., J.H., W.X. and C.L. All authors have 

read and agreed to the published version of the manuscript.  

3. In which chapter(s) of your thesis can this material be found? 

Chapter 3  

4. e-Signatures confirming that the information above is accurate (this form should 

be co-signed by the supervisor/ senior author unless this is not appropriate, e.g. if the 

paper was a single-author work): 

Candidate: Seyed Ataollah Naghavi Date: 28/04/2023 

Supervisor: Chaozong Liu Date: 28/04/2023 

 

 



x 
 

UCL Research Paper Declaration Form (Chapter 4) 

 

1. For a research manuscript that has already been published  

a) Where was the work published? (e.g. 

journal name) 

Bioengineering:  

Mechanical Characterisation and Numerical 
Modelling of TPMS-Based Gyroid and 
Diamond Ti6Al4V Scaffolds for Bone 
Implants: An Integrated Approach for 
Translational Consideration 

b) Who published the work? (e.g. 

Elsevier/Oxford University Press):   
MDPI  

 

c) When was the work published? 24/09/2022 

d) Was the work subject to academic 
peer review? Yes  

e) Have you retained the copyright for 
the work? Yes 

[If no, please seek permission from the relevant publisher and check the box next to the 

below statement]: 

ἦ 
I acknowledge permission of the publisher named under 1b to include in this thesis 

portions of the publication named as included in 1a. 

2. For multi-authored work, please give a statement of contribution covering all 

authors: 

Conceptualisation, S.A.N. and C.L.; Data curation, S.A.N. and K.W.; Formal analysis, 

S.A.N., M.T., A.M., K.W., B.B.B., K.H., W.X., X.L., C.S., L.W. (Ling Wang), M.M., L.W. 

(Liqing Wang), D.L. and C.L.; Funding acquisition, C.L.; Investigation, S.A.N., M.T., A.M., 

K.W., B.B.B., K.H., W.X., X.L., C.S., L.W. (LingWang), M.M., L.W. (LiqingWang), D.L. and 

C.L.; Methodology, S.A.N.; Supervision, M.M., L.W. (Liqing Wang), D.L. and C.L.; 

Visualisation, S.A.N.; Writingðoriginal draft, S.A.N.; Writingðreview and editing, S.A.N., 

M.T., A.M., K.W., B.B.B., K.H., W.X., X.L., C.S., L.W. (Ling Wang), M.M., L.W. (Liqing 

Wang), D.L. and C.L. All authors have read and agreed to the published version of the 

manuscript.  

3. In which chapter(s) of your thesis can this material be found? 

Chapter 4  

4. e-Signatures confirming that the information above is accurate (this form should 

be co-signed by the supervisor/ senior author unless this is not appropriate, e.g. if the 

paper was a single-author work): 

Candidate: Seyed Ataollah Naghavi Date: 28/04/2023 

Supervisor: Chaozong Liu Date: 28/04/2023 



xi 
 

UCL Research Paper Declaration Form (Chapter 5) 

 

1. For a research manuscript that has already been published  

a) Where was the work published? (e.g. 

journal name) 

Polymers:  

Stress Shielding and Bone Resorption of 
Press-Fit PolyetherïEtherïKetone (PEEK) 
Hip Prosthesis- A Sawbone Model Study 

b) Who published the work? (e.g. 

Elsevier/Oxford University Press):   
MDPI  

 

c) When was the work published? 29/10/2022 

d) Was the work subject to academic 
peer review? Yes  

e) Have you retained the copyright for 
the work? Yes 

[If no, please seek permission from the relevant publisher and check the box next to the 

below statement]: 

ἦ 
I acknowledge permission of the publisher named under 1b to include in this thesis 

portions of the publication named as included in 1a. 

2. For multi-authored work, please give a statement of contribution covering all 

authors: 

Conceptualization, S.A.N. and C.L. (Chaozong Liu); Data curation, S.A.N., C.L. (Churun 

Lin), M.B. and P.G.-S.; Formal analysis, S.A.N. and C.L. (Churun Lin); Funding acquisition, 

C.L. (Chaozong Liu); Investigation, S.A.N., C.L. (Churun Lin) and M.B.; Methodology, 

S.A.N. and C.L. (Chaozong Liu); Supervision, S.T., J.H., L.W., D.L. and C.L. (Chaozong 

Liu); Visualization, S.A.N.;Writingðoriginal draft, S.A.N. and C.L. (Churun Lin); Writingð

review and editing, S.A.N., C.L. (Churun Lin), C.S., M.T., M.B., P.G.-S., S.T., J.H., L.W. 

and C.L. (Chaozong Liu). All authors have read and agreed to the published version of the 

manuscript. 

3. In which chapter(s) of your thesis can this material be found? 

Chapter 5  

4. e-Signatures confirming that the information above is accurate (this form should 

be co-signed by the supervisor/ senior author unless this is not appropriate, e.g. if the 

paper was a single-author work): 

Candidate: Seyed Ataollah Naghavi Date: 28/04/2023 

Supervisor: Chaozong Liu Date: 28/04/2023 

 

 



xii 
 

UCL Research Paper Declaration Form (Chapter 5) 

 

1. For a research manuscript that has already been published  

a) Where was the work published? (e.g. 

journal name) 

Frontiers in Bioengineering and 

Biotechnology:  

A novel hybrid design and modelling of a 
customised graded Ti-6Al-4V porous hip 
implant to reduce stress-shielding: An 
experimental and numerical analysis 

b) Who published the work? (e.g. 

Elsevier/Oxford University Press):   
Frontiers  

 

c) When was the work published? 26/01/2023 

d) Was the work subject to academic 
peer review? Yes  

e) Have you retained the copyright for 
the work? Yes 

[If no, please seek permission from the relevant publisher and check the box next to the 

below statement]: 

ἦ 
I acknowledge permission of the publisher named under 1b to include in this thesis 

portions of the publication named as included in 1a. 

2. For multi-authored work, please give a statement of contribution covering all 

authors: 

SN: conceptualization and design of the study, experimental and computational data 

acquisition, data analysis, investigation, and writing the original draft of the manuscript; MT 

and PG-S: experimental data acquisition and data analysis; MM, ST, and JH: supervision 

and data analysis; CL: supervision, funding acquisition and conceptualization. All authors 

contributed to the overall manuscript writing, review and editing. All authors read and 

approved the final version of the manuscript. 

3. In which chapter(s) of your thesis can this material be found? 

Chapter 5  

4. e-Signatures confirming that the information above is accurate (this form should 

be co-signed by the supervisor/ senior author unless this is not appropriate, e.g. if the 

paper was a single-author work): 

Candidate: Seyed Ataollah Naghavi Date: 28/04/2023 

Supervisor: Chaozong Liu Date: 28/04/2023 

 

 



xiii 
 

List of symbols 

! ï Initial cross-sectional area of the compression scaffold, m2 

!  ï Initial cross-sectional area of the tensile sample within the gauge length, m2 

!  ï Effective contact area, nm2 

" ï Fitting parameter 

# ï Loading curvature 

%ᶻ ï Reduced Youngôs modulus, GPa 

% ï Specimen Youngôs modulus from Nanoindentation, GPa 

% ï Young's modulus of the diamond indenter, GPa 

& ï Applied force, N 

( ï Hardness, GPa 

È ï Indentation depth, nm 

È ï Indenter contact depth, nm 

È  ï Max indentation depth, nm 

È ï Residual depth after unloading, nm 

+ ï Constant = 24.56 

, ï Initial length of the compression scaffold, m 

, ï Gauge length of tensile sample, m 

, ï Initial length between the tensile sample grips, m 

Ў, ï Displacement of top surface of the scaffold, m 

Í ï Fitting parameter 

0 ï Indentation load, mN 

0  ï Maximum indentation load, mN 

03 ï Pore size, ɛm 

2 ï Relative density of scaffolds, % 

3 ï Slope of the unloading curve 

34 ï Strut thickness, ɛm 

Ö ï Poisson ratio of the specimen 

Ö ï Poisson ratio of the diamond indenter 

ɻ ï Alpha phase of Titanium alloy (Ti6Al4V) 

ɼ ï Beta phase of Titanium alloy (Ti6Al4V) 

ʎ ï Stress, MPa 



xiv 
 

„ ï Yield stress, MPa 

ɾ ï Indenter Geometry constant 

ʇ ï Correction factor = 1.05 

 ɲï Diameter of samples 

ᶮ  ï Schoen Gyroid unit cell 

ᶮ  ï Schwartz Diamond unit cell 

Ј# ï Celsius degree 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 
 

List of abbreviations 

ADC ï Analog-to-Digital Converter  

CAD ï Computer Aided Design  

CNC ï Computer Numerical Control  

CT ï Computed Tomography  

FDM ï Fused Deposition Modelling  

FE ï Finite Element  

FEA ï Finite Element Analysis  

FEM ï Finite Element Method  

FFF ï Fused Filament Fabrication  

FoS ï Factor of Safety 

PAEK ï Polyaryl-ether-ketone  

PEEK ï Polyether-ether-ketone  

SLS ï Selective Laser Sintering  

SSI ï Stress Shielding Increase  

THA ï Total Hip Arthroplasty  

THR ï Total Hip Replacement  

TNS ï Ti-33.6Nb-4Sn Alloy  

TPMS ï Triply periodic minimal surface  

 

 

 

 

 

 

 

 

 



16 
 

Table of contents 

 

Declaration .......................................................................................................... ii 

Abstract .............................................................................................................. iii 

Impact statement ............................................................................................... iv 

Acknowledgements ............................................................................................ vi 

List of symbols ................................................................................................. xiii 

List of abbreviations .......................................................................................... xv 

List of figures..................................................................................................... 20 

List of tables ...................................................................................................... 29 

Chapter 1. Introduction ..................................................................................... 32 

1.1.   Problem statement ............................................................................... 32 

1.2.   Research aims and objectives .............................................................. 33 

1.2.1. Aims ................................................................................................. 33 

1.2.2. Objectives ........................................................................................ 33 

1.3.   Chapter organisation ............................................................................ 34 

Chapter 2. Background and literature review .................................................... 36 

2.1.   Introduction ........................................................................................... 36 

2.2.   Total hip replacement ........................................................................... 36 

2.2.1.   Anatomy of femoral bone and hip .................................................. 36 

2.2.2.   Increased rate of total hip arthroplasty ........................................... 40 

2.2.3.   Cemented and uncemented hip replacement ................................ 41 

2.2.4.   Review of uncemented conventional hip stems ............................. 44 

2.3.    Implant failure and current limitations .................................................. 52 

2.3.1.   Stress shielding ............................................................................. 53 

2.3.2.   Aseptic loosening and bone resorption .......................................... 54 

2.3.3.   Measures for reducing implant failure ............................................ 58 



17 
 

2.4.   Implant design and materials ................................................................ 62 

2.4.1.   Implant design requirements .......................................................... 62 

2.4.2.   Hip stem geometry ......................................................................... 64 

2.4.3.  Review of Metal, Ceramic and Composite Hip Stem ...................... 70 

2.5.   Additive manufacturing ......................................................................... 76 

2.5.1.   Advancement in Additive manufacturing ........................................ 76 

2.5.2.   Custom tailored implants ............................................................... 79 

2.6.   Lattice structures for hip stem application ............................................ 79 

2.6.1.   Regular structure ........................................................................... 80 

2.6.2.   Stochastic structure ....................................................................... 84 

2.7.   Thesis rationale .................................................................................... 84 

Chapter 3. Understanding the process capability of the additive manufacturing 

of porous matrix ................................................................................................ 86 

3.1.   Introduction ........................................................................................... 86 

3.2.   Materials and methods ......................................................................... 90 

3.2.1.   Design and manufacturing of porous implant ................................. 90 

3.2.2.   Morphological and microstructure characterisations ...................... 95 

3.2.3.   Statistical analysis .......................................................................... 97 

3.3.   Results ................................................................................................. 97 

3.3.1.   Morphology of porous biomaterials: designed vs. manufactured ... 97 

3.3.2.   Surface roughness (as-built and sandblasted) ............................. 106 

3.4.   Discussion .......................................................................................... 108 

3.5.   Conclusions ........................................................................................ 112 

Chapter 4. Establishment and validation of FE model for analysis of porous 

titanium and PEEK matrix ............................................................................... 114 

4.1.   Introduction ......................................................................................... 114 

4.2.   Materials and methodology ................................................................ 119 

4.2.1.   Design and manufacturing of solid and porous specimens .......... 119 



18 
 

4.2.2.   Macroscale mechanical characterizations of solid compression and 

dogbone specimens ................................................................................. 126 

4.2.3.   Nanoscale mechanical characterizations of Ti6Al4V matrix ......... 126 

4.2.4.   Mechanical characterizations of lattice structures ........................ 129 

4.2.5.   Finite element modelling of Ti6Al4V and PEEK matrix ................ 133 

4.3.   Results ............................................................................................... 140 

4.3.1.   Experimental investigation of mechanical testing ........................ 140 

4.3.2.   FE Model Development and Validation of Mechanical Testing .... 151 

4.3.3.   Comparison of compressive properties with the classical Gibsonï

Ashby model ............................................................................................ 165 

4.3.4.   Failure mechanisms and failure model ........................................ 168 

4.4.   Discussion .......................................................................................... 172 

4.5.   Conclusions ........................................................................................ 183 

Chapter 5. Establishment and validation of FE model for performance analysis 

of hip implant................................................................................................... 186 

5.1.   Introduction ......................................................................................... 186 

5.2.   Materials and methods ....................................................................... 197 

5.2.1.   Femur model preparation and validation ...................................... 197 

5.2.2.   Femur fixation and orientation ..................................................... 198 

5.2.3.   Strain gauge location ................................................................... 200 

5.2.4.   Loading and strain measurements ............................................... 205 

5.2.5.   Finite element modelling of intact femoral bone ........................... 207 

5.2.6.   Design and manufacturing of customer-tailored short hip stem ... 209 

5.2.7.   Mechanical testing and stress distribution in the femur................ 213 

5.2.8.   FE modelling of stress distribution and bone resorption .............. 218 

5.3.   Results ............................................................................................... 225 

5.3.1.   Experimental testing and validation of the FEA model ................. 225 

5.3.2.   FEA results for simulating load at 2300 N .................................... 234 



19 
 

5.3.3.   Stress shielding and bone resorption evaluation ......................... 236 

5.3.4.   Stem stiffness .............................................................................. 242 

5.3.5.   Yield and fatigue factor of safety evaluation ................................ 244 

5.3.6.   Dynamic test ................................................................................ 251 

5.4.   Discussion .......................................................................................... 252 

5.5.   Conclusions ........................................................................................ 255 

Chapter 6. Discussion ..................................................................................... 258 

6.1.   Literature review ................................................................................. 258 

6.2.   Lattice structures ................................................................................ 260 

6.3.   Low stiffness hip stem ........................................................................ 262 

6.4.   Limitations .......................................................................................... 264 

Chapter 7. Conclusions and future works ....................................................... 266 

7.1.   Conclusions ........................................................................................ 266 

7.2.   Future works ....................................................................................... 269 

Appendix ......................................................................................................... 272 

Appendix 1 ï Chapter 3 ............................................................................... 272 

Appendix 2 ï Chapter 5 ............................................................................... 282 

Appendix 3 ï List of publications ................................................................. 283 

References...................................................................................................... 285 

 

 

 

 

 

 



20 
 

List of figures 

Figure 1-1: Hip implant (a) components and (b) assembly (Grandjean et al., 

2012). .............................................................................................. 33 

 

Figure 2-1: Anatomy of the femur (Cole, 2020). ................................................ 37 

Figure 2-2: The hip joint showing the Ilium, ischium, and pubis (Basicmedical Key, 

2022). .............................................................................................. 38 

Figure 2-3: Anatomy of the hip joint showing the anterior iliofemoral, inferior 

pubofemoral, posterior ischiofemoral ligament and acetabular labrum 

(Giveandgopt, 2022). ...................................................................... 40 

Figure 2-4: Schematic diagram of total hip replacement with cemented and 

uncemented hip implant inserted in the femur (eOrthopod, 2012). . 44 

Figure 2-5: Schematic of different types of hip stems (a): Type 1-Single-wedge, 

(b): Type 2-Double-wedge, (c):  Type 3a-Tapered round, Type 3b-

Tapered rectangle and Type 3c-Tapered cone, (d) Type 4-Cylindrical 

fully-coated, (e) Type 5a-Modular neck, Type 5b-Modular body, (f) 

Type 6-Anatomic, (g) Type 7a-Femoral neck, Type 7b-Calcar loading, 

Type 7c-Lateral flare and Type 7d-Tapered stem. .......................... 51 

Figure 2-6: Architectures of different regular and irregular lattice structures 

(Benedetti et al., 2021). ................................................................... 82 

 

Figure 3-1: Three-dimensional-printed samples: (a) TPMS gyroid Ti6Al4V matrix; 

(b) TPMS diamond Ti6Al4V matrix; (c) Rectilinear PEEK matrix. .... 91 

Figure 3-2: SEM images presenting (a) the morphology of spherical Ti6Al4V raw 

powder for manufacturing lattice structures via SLM and (b) the 

powder's surface appearance. ........................................................ 93 

Figure 3-3: Schematic illustration of the 3D printing process of (a) Ti6Al4V and 

(b) PEEK matrix. ............................................................................. 95 

Figure 3-4: Overlapping CAD and micro-CT TPMS morphology data in horizontal 

and vertical struts orientations for (a) diamond matrix, (b) gyroid 

(Horizontal Struts) matrix and (c) gyroid (Vertical Struts) matrix; and 

overlapping CAD and micro-CT rectilinear morphology data in (d) 

horizontal and (e) vertical planes. CAD: computer-aided design; 

micro-CT: micro-computed tomography. ......................................... 98 



21 
 

Figure 3-5: Percentage error of (a) pore size and (b) thickness for both gyroid and 

diamond matrixes. ......................................................................... 100 

Figure 3-6: Within-slice standard deviations were plotted against the mean 

excess (i.e., the slice mean minus target value) for each structure 

type, variable and strut orientation. Different colours denote the 5 

different replicates of each printed structure. The x-axis scales differ 

in each panel. The y-axis scales are the same in all panels, except for 

the horizontal strut measurements for gyroids, where they cover a 

wider range. The grey vertical line at zero marks where the mean 

measurement would equal the target value. Replicates 1, 2, 3, 4, and 

5 are shown in red, blue, purple, orange, and turquoise colours, 

respectively. .................................................................................. 102 

Figure 3-7: Mean strut thickness plotted against mean pore size for each slice 

within each replicate structure, for each combination of structure type 

and strut orientation. There are 20 points in each panel, each being 

the mean of the 30 measurements in the same slice. The red lines 

show the target values for each variable. The grey line in each panel 

is given by the equation ●  ◐  ◄╢  ◄╟, where ◄╢ and ◄╟ are the 

target values for strut thickness and pore size, respectively. The same 

axis scales were used in all panels except for the location of the pore 

size scale, which differed for diamonds and gyroids because of their 

different target values. ................................................................... 105 

Figure 3-8: SEM images showing the morphology of the printed Ti6Al4V samples: 

(a) as-built gyroid, (b) as-built diamond, (c) sandblasted gyroid and (d) 

sandblasted diamond. Digital microscope images showing the 

morphology of the printed Ti6Al4V samples: (e) as-built, (f) 

sandblasted. .................................................................................. 107 

 

Figure 4-1: Dimensions of additively manufactured tensile dogbone and 

compression specimens with (a) Ti6Al4V and (b) PEEK material. 119 

Figure 4-2: Manufactured specimens for porous (a) compression and (b) tensile 

testing. ........................................................................................... 122 

Figure 4-3: Manufactured specimens for porous (a) three-point bending and (b) 

torsion testing. ............................................................................... 123 



22 
 

Figure 4-4: Micro-CT section view of the (a) gyroid and (b) diamond tensile 

specimens showing the graded strut thickness in the junction between 

the lattice structure and the top and bottom solid grip sections. .... 124 

Figure 4-5: Schematic CAD design and AM manufactured test specimens for (a) 

compression, (b) tension, (c) three-point bending, and (d) torsion test.

 ...................................................................................................... 125 

Figure 4-6: (a) Schematic representation of the interaction between Berkovich 

indenter tip and the sample (Oliver and Pharr, 1992): ╟□╪●ð

maximum applied load; ▐□ðmaximum depth; ▐╬ðcontact depth; 

▐█ðfinal depth. (b) A typical loadïdisplacement indentation curve.

 ...................................................................................................... 129 

Figure 4-7: Illustration of the corresponding experimental setup of Ti6Al4V and 

PEEK lattice structures in compression, tension, bending and torsion 

testing. ........................................................................................... 130 

Figure 4-8: Illustration of the main dimensions on porous dogbone round tensile 

sample. .......................................................................................... 131 

Figure 4-9: Mesh convergence study on (a) the TPMS matrix (G1200 in this case) 

and (b) the rectilinear matrix. ......................................................... 135 

Figure 4-10: Illustration of mesh refinement with the converged element size of 

(a) 0.065 mm for the TPMS matrix (G1200 in this case) and (b) 0.1 

mm for the rectilinear matrix, in compression, tension, bending and 

torsion. .......................................................................................... 136 

Figure 4-11: Illustration of loading and boundary condition used in compression, 

tension, bending and torsion FE models. ...................................... 140 

Figure 4-12: Compression and tension behaviour of solid additively manufactured 

(a) Ti6AI4V and (b) PEEK specimen. ............................................ 141 

Figure 4-13: Optical image of indentations created under a load of 100 mN on (a) 

gyroid and (b) diamond lattice structure. ....................................... 142 

Figure 4-14: Indentation loadingïunloading curves (or Pïh curves) performed at 

100 mN on (a) gyroid and (b) diamond lattice structure. Different 

colours of the curves show different indentation loadingïunloading 

that were performed on the gyroid and the diamond structures. ... 143 

Figure 4-15: Measured hardness with respect to (a) displacement into the surface 

and (b) applied load. ..................................................................... 145 



23 
 

Figure 4-16: Measured Young's modulus with respect to (a) displacement into the 

surface and (b) applied load. ......................................................... 146 

Figure 4-17: Experimental compression testing of (a) G600 and (b) D800 matrix.

 ...................................................................................................... 147 

Figure 4-18: Experimental testing of the selected TPMS gyroid and diamond 

structures in (a) compression, (b) tension, (c) bending and (d) torsion.

 ...................................................................................................... 149 

Figure 4-19: Experimental testing of the PEEK lattice structures in (a) 

compression, (b) tension, (c) bending and (d) torsion. .................. 149 

Figure 4-20: FE model validation of compression (a) gyroid and (b) diamond and 

tension (c) gyroid and (d) diamond specimens via experimental 

mechanical testing in compression and tension, respectively. ...... 152 

Figure 4-21: FE model validation of bending (a) gyroid and (b) diamond and 

torsion (c) gyroid and (d) diamond specimens via experimental 

mechanical testing in bending and torsion, respectively................ 153 

Figure 4-22: (a-d) Stress-strain curve of experimental and finite element model in 

(a) compression, (b) tension, (c) three-point bending scaffolds and (d) 

torsion. E: stiffness; Ɑ◐: yield strength. ......................................... 154 

Figure 4-23: Section view of PEEK rectilinear structure finite element model 

results of (a) compression (b) tension (c), three-point bending and (d) 

torsion. The red-black arrows show the direction of the applied load.

 ...................................................................................................... 155 

Figure 4-24: Comparison of FEA-predicted Youngs's modulus and yield strength 

of gyroid and diamond structures in (a) compression and (c) tension.

 ...................................................................................................... 158 

Figure 4-25: FEA results of gyroid and diamond structures with a pore size of 

1000 ɛm in (a) compression and (b) tension. ................................ 159 

Figure 4-26: Comparison of the effect of altering porosity from 50ï70% on (a) 

pore size, (b) surface area to volume ratio, (c) Youngs's modulus, and 

(d) yield strength of gyroid and diamond structures. ..................... 160 

Figure 4-27: Comparison of FEA-predicted Youngs's modulus and yield strength 

of gyroid and diamond structures in (a) three-point bending and (c) 

torsion. .......................................................................................... 162 

Figure 4-28: FEA results of gyroid and diamond structures with a pore size of 

1000 ɛm in (a) three-point bending and (c) torsion. ...................... 163 



24 
 

Figure 4-29: Illustration of Young's modulus - yield strength relationship between 

gyroid and diamond TPMS structures for (a) compression, (b) tension, 

(c) bending and (d) torsion testing. ................................................ 165 

Figure 4-30: Variation of (a) the relative modulus and (b) the relative strength of 

the Ti6Al4V TPMS structures with relative density. ....................... 167 

Figure 4-31: Illustration of the broken TPMS specimens under (a) compression, 

(b) tension and (c) bending. Torsion samples did not reach the plastic 

deformation region due to machine load cell limitation and were not 

broken. .......................................................................................... 169 

Figure 4-32: Illustration of the broken rectilinear specimens under (a) 

compression, (b) tension (c) bending and (d) torsion testing. Digital 

microscope images of the cracked (e) tensile and (f) bending 

specimens. Scale bars: 100 ɛm. ................................................... 171 

Figure 4-33: Comparison of measured (a) hardness and (b) Young's modulus 

with the literature. The error bars denote ±2 standard errors, 

displaying an approximate 95% confidence interval for our estimate.

 ...................................................................................................... 174 

 

Figure 5-1: Developed porous hip stems within the last five years to minimise 

stress shielding includes; (a) Stem using an optimum distribution of 

relative density tetrahedral unit cell, designed by Arabnejad et al., 

2017, (b) Stem using tetrahedral unit cell designed by Wang et al., 

2018, (c) Stem using body centre cubic unit cell deigned by Sun et al., 

2022, (d) Stem using diamond unit cell designed by Kladovasilakis, 

Tsongas and Tzetzis, 2020, (e) Stem using lattice structure developed 

based on Kriging method, designed by Gao et al., 2022, (f) Stem using 

square unit cell designed by Eldesouky et al., 2017, (g) Stem using 

diamond lattice unit cell designed by Jette et al., 2018, (h) Stem using 

vintile lattice unit cell designed by Abete et al., 2021, (i) Meta stem 

with the lateral part of the femoral stem having a re-entrant 

honeycomb structure and the medial part having a honeycomb 

structure, designed by Kolken et al., 2018, (j) Stem using body centre 

cubic unit cell designed by Mehboob et al., 2020b, (k) Stem using 

stochastic unit cell designed by Tan et al., 2021, (l) Stem using face 



25 
 

and body centred and upper shaft cubic with vertical struts unit cell, 

designed by He et al., 2018. .......................................................... 189 

Figure 5-2: Illustration of (a) dimensions of the Sawbone, (b) clinical CT-scanner 

used to CT scan the Sawbone, and (c) the segmentation of the 

cancellous and cortical bones in Mimics Medical Imaging Software®.

 ...................................................................................................... 198 

Figure 5-3: (a) Section view of the fixation method of the femur inside the steel 

pot. (b) Verifying the vertical position of the femur inside the steel pot 

in anterior and medial view. ........................................................... 199 

Figure 5-4: (a) Dimensions and orientation of the aluminium block. (b) Orientation 

of the femur when placed inside the aluminium block. .................. 200 

Figure 5-5: Rosette strain gauge location on the femoral bone. ..................... 202 

Figure 5-6: Three-element rosette strain gauge orientation. ........................... 202 

Figure 5-7: Strain gauge attachment location on the experimental model. ..... 205 

Figure 5-8: (a) Strain count measurements from zero count (0 N) up to 1200 N 

with 100 N load steps from 500-1200 N. (b) Filtration process of 

removing signal errors and outliers from the raw local strain count 

data. .............................................................................................. 206 

Figure 5-9: Gruen zone classification on the (a) intact femur and (b) implanted 

femur. Gruen zones are classified based on the position of the 

inserted implant into the femur. ..................................................... 207 

Figure 5-10: Mesh convergence study on the intact femoral bone (cortical shell).

 ...................................................................................................... 208 

Figure 5-11: Illustration of loading and boundary condition of the femoral bone in 

(a) experimental setup and (b) FE model setup. ........................... 209 

Figure 5-12: Illustration of (a) Solid hip stem design and dimensions of the 

geometry used for all hip stems, (b) 3D printed porous hip stem with 

gyroid and diamond TPMS unit cells implemented, (c) Isometric 

exploded view of the porous hip stem, (d) Micro CT sectional view of 

the porous hip stem with functionally graded diamond structures 

within the medial section, (e) 3D printed PEEK hip stem with 

rectilinear unit cells implemented as surface coating and (f) Isometric 

exploded view of the PEEK hip stem. ........................................... 210 

Figure 5-13: Illustrates the strut thickness and pore size optimisation in diamond 

medial region. ................................................................................ 211 



26 
 

Figure 5-14: Section view schematic of (a) intact femur model as 1st 

configuration, (b) implanted solid hip stem femur model as 2nd 

configuration, (c) implanted porous hip stem femur model as 3rd 

configuration (c) implanted PEEK hip stem femur model as 4th 

configuration. ................................................................................. 213 

Figure 5-15: (a) Showing the location of the femoral head resection line on the 

intact femur. (b) Resected femoral head. ...................................... 214 

Figure 5-16: Anterior and medial x-ray images of the (a) solid stem, (b) porous 

stem and (c) PEEK stem implanted in the femoral bone. .............. 215 

Figure 5-17: Fixation orientation of the (a) stem in CAD model. Confirming the 

experimental orientation with x-ray images of the (b) solid, (c) porous 

and (d) PEEK stem following ISO 7206-4:2010 standard using PMMA 

bone cement. ................................................................................ 217 

Figure 5-18: Experimental setup of static and dynamic testing of (a) porous and 

(b) PEEK hip stem implanted in bone cement following ISO 7206-

4:2010 standard using PMMA bone cement. ................................ 218 

Figure 5-19: Loading and boundary conditions of the FE model of the solid, 

porous and PEEK hip stem fixed in (a) the femur and (b) cement. 221 

Figure 5-20: Remodelling rate as a function of the strain energy density (SED). 

No bone remodelling is predicted within the physiological strain range 

shown by the dead zone. Strain lower than the dead zone causes loss 

in bone density, while larger strains cause gain in bone density 

(Turner et al., 2005). ..................................................................... 223 

Figure 5-21: Showing the variation of (a) Maximum principal strain (Ⱡ ), (b) 

minimum principal strain (Ⱡ ), (c) maximum principal stress (Ɑ ) (d) 

minimum principal stress (Ɑ ), Maximum shear stress (Ⱳ□╪●) and 

von Mises stress (Ɑ ○▫▪ ╜░▼▄▼) when increasing the applied load 

from 500 N to 1200 N in 100 N intervals. ...................................... 227 

Figure 5-22: Illustrates the experimental µ-strain (Ů33) along the vertical axis of 

the femur for all four configurations of intact bone, femur implanted 

with a solid stem, porous stem and PEEK stem. ........................... 228 

Figure 5-23: Comparing the measured experimental and FEA von Mises stress 

by (a) direct comparison and (b) Bland-Altman plot for FE model 

validation. ...................................................................................... 229 



27 
 

Figure 5-24: Illustrates the von Mises stress distribution of the cortical shell of the 

intact bone in (a) anterior, lateral, posterior and medial view upon 

loading it to 1200 N. (b) Shows the medial view with upper von Mises 

stress colour scale of 18 MPa. (c) Shows the lateral view with upper 

von Mises stress colour scale of 13.2 MPa. .................................. 230 

Figure 5-25: Stress ratio for 10 points of interest across the intact bone, solid 

stem, and porous stem, obtained through (a) experimental 

investigation, and (b) FE simulation. There were 4 rosettes (L1ïL4) 

on the lateral side and 6 (M1ïM4, MX1 and MX2) on the medial side.

 ...................................................................................................... 233 

Figure 5-26: Prediction accuracy by BlandïAltman Plot for the equivalent stress 

for the 10 points of interest on the porous and the PEEK stem. The 

red dotted lines represent the 95% confidence interval. ................ 234 

Figure 5-27: Distribution of the (a) von Mises stress and (b) the compressive 

strain across the intact bone and the implanted femur with solid, 

porous and PEEK stems at 2300 N load. The numbers indicate the 

Gruen zones 1ï7. .......................................................................... 236 

Figure 5-28: The (a) von Mises stress ratio and (b) stress shielding increase when 

comparing the solid stem to the porous and the PEEK stem in each 

Gruen zone (1-7). Total value shows the overall performance of the 

stem in all Gruen zone combined together. ................................... 238 

Figure 5-29: The (a) bone resorption and (b) bone loss reduction when comparing 

the solid stem to the porous and the PEEK stem in each Gruen zone 

(1-7). Total value shows the overall performance of the stem in all 

Gruen zone combined together. .................................................... 241 

Figure 5-30: Loadïdisplacement graph for the intact femur (red line), solid (black 

line), porous (blue line) and PEEK (yellow line) stem. The stiffness 

value of each configuration is presented above or below the 

respective slopes on the diagram. Intact femur data is obtained from 

the literature (Patton et al., 2019) and uniaxial compression tests were 

conducted for all stems fixed in PMMA bone cement (ISO 7206-

4:2010). ......................................................................................... 244 

Figure 5-31: The yield factor of safety distribution in the implanted porous stem 

in (a) femur and (b) cement, loaded at 2300 N. (c) The fatigue factor 

of safety of each element in the porous stem implanted in the femur 



28 
 

(black circle) and in the cement (red circle), examined through the 

Soderberg and Goodman fatigue theory. ...................................... 246 

Figure 5-32: The yield factor of safety distribution in the implanted PEEK stem in 

(a) femur and (b) cement, loaded at 2300 N. (c) The fatigue factor of 

safety of each element in the PEEK stem implanted in the femur (black 

circle) and in the cement (red circle), examined through the Soderberg 

and Goodman fatigue theory. ........................................................ 250 

Figure 5-33: Showing the (a-b) failed porous stem after fatigue testing, lasting for 

457,349 cycles. (c-d) failed PEEK stem after fatigue testing, lasting 

for only 5,102 cycles...................................................................... 252 

 

Figure A1-1: This shows the complete set of measurements for diamond (D1100) 

matrixes. The 30 individual measurements are plotted as blue dots 

against a common scale for each slice and strut orientation, for each 

replicate structure separately. The mean values of the 30 

measurements are marked as red triangles and their standard 

deviations are printed in red in each panel. The target values are 

marked by grey vertical lines. The strut thicknesses in microns are 

shown in the upper two rows of panels, all with the same axis scale, 

and the pore sizes in microns are shown in the lower two rows, all with 

the same scale. .............................................................................. 274 

Figure A1-2: This shows the complete set of measurements for gyroid (G800) 

matrixes. The method of plotting and conventions are the same as in 

Figure A1-1. ................................................................................... 275 

Figure A1-3: Histograms of the 600 individual measurements minus their slice 

means, pooled over all 20 slices, for each structure type, variable and 

strut orientation. The red curves are fitted Normal density functions 

with mean 0 and standard deviations s1 given in Table 3-6. .......... 277 

Figure A1-4: Normal Q-Q plots of the 20 slice means, for each structure type, 

variable and strut orientation. Different colours denote the 5 different 

replicates of each printed structure. The grey line in each panel has 

intercept and slope given by the mean and standard deviation of the 

20 slice means. .............................................................................. 279 

 



29 
 

List of tables 

Table 2-1: Current recommendations regarding the factors affecting aseptic 

loosening. (adapted from Apostu et al., 2022). ................................ 60 

 

Table 3-1: Physical properties of matrixes used for the morphological 

investigation. ................................................................................... 92 

Table 3-2: Chemical composition of Ti6Al4V powder used in this study. .......... 93 

Table 3-3: Laser parameters used in manufacturing Ti6Al4V matrix. ............... 94 

Table 3-4: Process parameters used in manufacturing PEEK matrix. .............. 94 

Table 3-5: Morphological parameters for different types of the porous structure. 

± indicates the standard deviation of the mean values. ................... 99 

Table 3-6: Standard deviations of individual measurements at different locations 

in the same slice (s1) and in different slices (s2), and means and 

standard deviations of the 20 slice means for each combination of 

structure type, variable and strut orientation. The standard deviations 

of the slice means were each based on 15 degrees of freedom, 

calculated using one-way ANOVA (slices within replicates) of the slice 

means. Additionally, the estimates are given with 95% confidence 

intervals of the excess (mean minus target) in microns and the excess 

as a percentage of the target value. All quantities are in microns 

except for the last two columns, which are percentages. .............. 103 

 

Table 4-1: Comparison of mechanical properties of lattice data collected from the 

literature. Dash (-) indicates an absence of data. .......................... 116 

Table 4-2: Physical properties of lattice specimens used for experimental 

investigation. ................................................................................. 121 

Table 4-3: Dimensions of the round tensile specimens used in this study. ..... 131 

Table 4-4: Physical properties of lattice specimens used for FEA investigation.

 ...................................................................................................... 134 

Table 4-5: Number of elements used in gyroid, diamond and rectilinear FE 

models in compression, tension, bending and torsion. .................. 137 

Table 4-6: Comparison of mechanical properties obtained via experimental 

testing in compression, tension, bending, and torsion for both TPMS 



30 
 

(gyroid and diamond) and rectilinear structures. Dash (-) indicates an 

absence of data. ............................................................................ 150 

Table 4-7: Comparison of mechanical properties, obtained via experimental and 

FE plasticity model study, and cortical bone properties in 

compression, tension, bending, and torsion tests for gyroid, diamond 

and rectilinear structures (Szabo and Rimnac, 2022; Wang et al., 

2016; Caeiro, González and Guede, 2013; Bobbert et al., 2017). Dash 

(-) indicates an absence of data. ................................................... 156 

Table 4-8: Reduction of Young's modulus and yield strength of the lattice 

structures to that of their bulk Ti6Al4V (for gyroid and diamond) and 

PEEK (for rectilinear) materials. .................................................... 181 

Table 4-9: Comparison of Gibson-Ashby constant values ╒ , ╒ , ▪, and □ of 

gyroid and diamond structure with classical Gibson-Ashby model.

 ...................................................................................................... 182 

 

Table 5-1: Recent studies considering porous hip stem to reduce stress shielding 

effect and bone loss. ..................................................................... 194 

Table 5-2: Parameters of the strain gauges and the ADC. ............................. 202 

Table 5-3: Evaluation of maximum von Mises Stress, ╕▫╢◐░▄■▀, ╕▫╢█╪◄░▌◊▄, 

╕▫╢ ╖▫▫▀□╪▪ and ╕▫╢ ╢▫▀▄►╫▄►▌ across varying physical 

activities and load levels for the implanted porous stem. Activity, óISO-

7206-4 In cementô, was performed on the porous stem inside the bone 

cement with maximum von Mises stress at the distal restriction point. 

All other activities were performed on the porous stem inside the 

femur with maximum von Mises stress at the medial neck of the stem.

 ...................................................................................................... 246 

Table 5-4: Evaluation of maximum von Mises Stress, ╕▫╢◐░▄■▀,  ╕▫╢█╪◄░▌◊▄, 

╕▫╢ ╖▫▫▀□╪▪ and ╕▫╢ ╢▫▀▄►╫▄►▌ across varying physical 

activities and load levels for implanted PEEK stem. Activity, óISO-

7206-4 In cementô, was performed on the PEEK stem inside the bone 

cement with maximum von Mises stress at the distal restriction point. 

All other activities were performed on the PEEK stem inside the femur 

with maximum von Mises stress at the medial neck of the stem. .. 250 

 



31 
 

Table A1-1: Means and standard deviations (in microns) of the 30 measurements 

within each slice within each replicate for each structure type, variable 

and strut orientation. ..................................................................... 279 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



32 
 

Chapter 1. Introduction 

1.1.   Problem statement  

Total hip arthroplasty (THA) has been widely used to manage damaged hip joints 

in conditions such as hip osteoarthritis (Figure 1-1). The first attempt to surgically 

treat hip arthritis was more than 100 years ago in early 20th century. THA has 

been a clinically successful operation for more than 3 decades (Fontalis et al., 

2021; Bota et al., 2021; Knight et al., 2011; Learmonth, Young and Rorabeck, 

2007). Nonetheless, it is known that the stiffness of the currently available hip 

stems is approximately six to seven times the stiffness of the host cortical bone 

(Mehboob et al., 2020a). This difference prevents a sufficient load transfer from 

the stem to the surrounding bone resulting in a reduced stress distribution in the 

femur, otherwise known as the stress shielding effect (Huiskes, Weinans and Van 

Rietbergen, 1992). Over time, this stress shielding at the implant-bone interface 

can cause aseptic loosening of the implant, followed by tight pain and possible 

peri-prosthetic fractures (Arabnejad et al., 2017). Subsequently, revision surgery 

may be required, i.e., to replace the loosened hip stem with a larger stem for a 

tighter fit. During the revision surgery, the implant will be removed, potentially 

damaging the femur by detaching some local healthy bones and reducing its wall 

thickness (Masri, Mitchell and Duncan, 2005). Data from the literature suggests 

that patients who undergo revision THA are 4.4 times more likely to have a peri-

prosthetic fracture than primary THA (Meet et al., 2011). It has been shown that 

the recently developed shortened personalised stems provide a more 

physiological load to the surrounding cortical bone, which helps reduce stress 

shielding. However, they tend to have less initial stability after implantation 

(Feyen and Shimmin, 2014; Bishop et al., 2010).  
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Figure 1-1: Hip implant (a) components and (b) assembly (Grandjean et al., 

2012). 

This doctoral thesis hypothesizes that by developing a low-stiffness short stem 

through altering structural and material properties, the stress on the proximal 

femur would effectively increase, resulting in lower stress shielding. 

1.2.   Research aims and objectives 

1.2.1. Aims 

This doctoral thesis aims to develop short stem custom-tailored porous titanium 

alloy (Ti6Al4V) and solid polyether ether ketone (PEEK) hip stems with reduced 

stiffness close to the cortical bone. Such development can potentially help to 

reduce the high level of stress shielding in the proximal femur. Porous structures 

can also potentially help to achieve better osseointegration with the bone due to 

their porous nature leading to a long-term fixation of the stem to the surrounding 

bone.  

1.2.2. Objectives 

The specific objectives of this doctoral thesis were the followings: 

1. To manufacture scaffolds based on two selected lattice structures 

(surface TPMS gyroid and diamond) and perform a detailed morphological 

comparison between the designed and manufactured lattice structures 

(Chapter 3). 
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2. To carry out mechanical testing of the manufactured lattice structures in 

compression, tension, bending and torsion (Chapter 4). 

 

3. To carry out finite element (FE) analysis corresponding to the 

aforementioned mechanical testing. Additionally, to validate the finite 

element models to predict the mechanical performance of the lattice 

structures with a wider range of pore size and porosity (Chapter 4). 

 

4. To develop and manufacture a solid Ti6Al4V custom-tailored hip stem with 

the best fit to the geometry of the femur bone (Chapter 5). 

 

5. To optimise the lattice structure of the porous Ti6Al4V hip stem based on 

the pattern of stress and the level of stress shielding. To develop and 

manufacture a porous Ti6Al4V and a solid PEEK hip stem with the same 

geometry as the solid Ti6Al4V and to carry out total hip arthroplasty on 

synthetic bones (Chapter 5).  

 

6. To investigate the effect of porous Ti6Al4V and a solid PEEK hip stem on 

the level of stress shielding in the cortical bone compared to the generic 

solid Ti6Al4V implant. 

1.3.   Chapter organisation 

This thesis contains seven chapters structured as follows: 

Chapter 1 (Introduction): provides an overview of the clinical problem and 

describes the research aims and objectives. 

Chapter 2 (Background and literature review): overviews the hip anatomy, the 

complications associated with the hip joint, and general background on total hip 

replacement. Subsequently, discusses and reviews the current implants available 

in the market and focuses on the lattice structures used for custom-tailored 

implants manufactured using additive manufacturing (AM) techniques.  

Chapter 3 (Understanding the process capability of the AM manufacturing of the 

porous implants): details morphological characterisation of the Ti6Al4V and 
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PEEK lattice implants developed in this thesis potentially for bone replacement 

applications.  

Chapter 4 (Establishment and validation of FE model for analysis of porous 

titanium matrix): details the mechanical properties of the selected TPMS gyroid 

and diamond Ti6Al4V and PEEK scaffolds tested under a range of experimental 

tests. It further describes the finite element models and their validation versus the 

experiments. The FE models are then used to predict the mechanical properties 

of a wider range of pore size and porosity of the TPMS matrices.   

Chapter 5 (Establishment and validation of FE model for performance analysis 

of hip implant): describes the custom-tailored hip stems designed and 

manufactured with Ti6Al4V and PEEK. Stems are implanted into a femoral 

Sawbone, and reduction in stress shielding is measured via strain gauges. FEM 

of implanted stems are validated with the experimental strain gauges readings. 

Stress shielding and bone resorption in each Gruen zone are reported and 

compared with the intact bone and generic solid Ti6Al4V and PEEK stem. The 

mechanical performance of the stem, including its stiffness and fatigue life, are 

measured.  

Chapter 6 (Discussion): key findings of each chapter are discussed. 

Chapter 7 (Conclusions and future works): highlights the main conclusions of the 

thesis and suggests the future works to follow from this thesis.  
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Chapter 2. Background and literature review 

2.1.   Introduction 

This chapter introduces the background of total hip replacement, followed by 

anatomy and coordination of the femur and hip joint. Typical reasons for THA and 

the clinical performance of the implants are mentioned. Cemented and 

uncemented hip implants and associated problems and benefits are presented. 

Preventative methods such as implant geometrical design and material 

modifications are explained in detail. A comprehensive literature review of the old 

and currently available hip implants is provided. Lattice structures used for 

custom-tailored implants, with the help of AM technology, are described briefly.  

2.2.   Total hip replacement  

Total hip arthroplasty or hip replacement is one of the largest surgical milestones 

of the twentieth century. The first operation was conducted in 1960 and has been 

followed by multiple material and design modifications to date (Learmonth, Young 

and Rorabeck, 2007). Furthermore, more and more resources have been 

allocated for further research and development of prosthetic hip implants. Multiple 

studies suggest that hip injuries are one of the most prominent and frequent joint 

injuries throughout the globe. Henceforth, artificial hip stems have been 

continuously advanced in terms of their design optimisation, materials, fixation 

method, and structural shape (Guo et al., 2022). 

2.2.1.   Anatomy of femoral bone and hip 

The hip joint is among the largest weight-bearing joints in the human body. It 

contains two prominent parts. Firstly, the ball or the femoral head is located at 

the top of the femur and fits into the pelvis through a rounded socket called the 

acetabulum. The positioning of the ball facilitates movement of the femur, which 

is the strongest bone of the body. The detailed anatomy of the femur and hip is 

as follows. 

Femoral bone 

Proximally, the femoral bone articulates with the hip bone through the acetabulum 

cup of the pelvis. Likewise, the distal articulation of the femur is owing to the knee 

joint with the tibia. Generally, long bones (such as femur) encompass two major 



37 
 

layers; a spongy interior layer of cancellous bone and a denser outer layer of 

cortical bone (Martini, Nath and Bartholomew, 2013). Apart from these layers, the 

femoral bone has five distinct regions. It includes the proximal epiphyses, 

proximal metaphysis, diaphysis, distal metaphysis and distal epiphyses (Figure 

2-1). Both the epiphyses incorporate an interior cancellous bine layered by the 

exterior cortical bone. However, the diaphysis is distinct as it encompasses a 

central medullary cavity lined by the outer cortical bone (Marieb and Hoehn, 

2004). The fovea is a little indentation at the top of the femur bone, where a 

ligament attaches at the femoral head. The length of the neck is around 50 mm, 

and the angle at which it meets the shaft is roughly 125 degrees. The lesser 

trochanter is conical and is located medially, behind and below the neck. 

Whereas the greater trochanter is located on the upper lateral side of the shaft, 

lateral to the neck. A shell of cortical bone surrounds a less dense cancellous 

material to form the proximal femur and neck (Osterhoff et al., 2016). Figure 2-1 

shows a clear anatomy of the femoral bone. 

 

Figure 2-1: Anatomy of the femur (Cole, 2020). 
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The hip joint 

The hips provide support to the body and allow for movement such as running, 

climbing, and other activities. The hip joint is a typical example of a ball and socket 

joint. The head of the femur articulates against the acetabulum. Additionally, the 

acetabulum is composed of three smaller bones: ilium, ischium, and pubis. These 

smaller bones meet at the epiphyseal junction and are connected by the triradiate 

cartilage (Figure 2-2). The acetabulum is hemispherical and is formed by the 

smaller innominate bones. The pubis forms the anterior one-fifth of it, the 

posteroinferior two-fifth is formed by the ischium, and lastly, the posterosuperior 

two-fifth portion is formed by the ilium. The femoral head is shaped as a half 

sphere and is lined with articular cartilage similar to the acetabulum. It allows for 

smooth articulation of the femur in the acetabulum (Neumann, 2010). 

 

Figure 2-2: The hip joint showing the Ilium, ischium, and pubis (Basicmedical Key, 

2022). 

Coordination of hip joint and femur 

The alignment and coordination of the hip joint and femoral head allow for 

rotation, flexion, circumduction, adduction, abduction, and extension. The pelvic 

acetabulum has a deeper socket to fix the femoral head inside. This socket is 



39 
 

critical as the weight of the body is transferred from the hip joint to the femur at 

this joint. There are specific trabeculae present in the proximal epiphysis of the 

hip bones. They function to transfer weight across the hip joint from the pelvis 

towards the compact bone in the femoral diaphysis. The structure of the diaphysis 

is unique as it can create an equilibrium between structural strength and weight 

(Martini, Nath and Bartholomew, 2013). 

Furthermore, the hip joint is reinforced by a series of ligaments, including the 

anterior iliofemoral ligament, the inferior pubofemoral ligament and the posterior 

ischiofemoral ligament (Figure 2-3). The hip and femoral bones are joined by a 

central region of fibrocartilage known as the acetabular labrum. It increases the 

socket depth and facilitates a wide range of motion along all axis, hence providing 

stability to the joint (Neumann, 2010). In terms of motion, the femoral head is 

medially projected, while the position of the hip joint is medial to the axis of the 

shaft. This arrangement applies that the body weight and strain are applied away 

from the centre and dispersed along the bone. Additionally, these forces 

compress the medial side of the diaphysis while the lateral sides resist bending 

under tension (Martini, Nath and Bartholomew, 2013). When a person stands up, 

the femoral head is tightly fixed into the acetabulum through the supporting 

ligament; hence the joint is stabilised, and further movement is restricted (Martini, 

Meehan and Welch, 2001). Figure 2-3 clearly illustrates hip joint-femoral head 

interaction and the different ligaments involved in the process. 



40 
 

 

Figure 2-3: Anatomy of the hip joint showing the anterior iliofemoral, inferior 

pubofemoral, posterior ischiofemoral ligament and acetabular labrum 

(Giveandgopt, 2022). 

2.2.2.   Increased rate of total hip arthroplasty 

THA is a common intervention shown to be both effective and economical in 

contemporary orthopaedic surgery. Its primary objectives are the reduction of hip 

pain and the recovery of hip function in the range of motion (Abdulkarim et al., 

2013). With an ageing population and total hip replacement design 

improvements, arthroplasty is now being performed on younger patients (< 70 

years old) at a much higher rate (Riley, 2018). The National Joint Registry reports 

that between 2016-17, more than 101,000 hip replacement procedures were 

performed in the United Kingdom. It indicated an increase of 3.5% from the 

previous year (National Joint Registry, 2017). On the other hand, in the United 

States alone, the number of successful total hip replacement (THR) surgeries 

exceeds one million annually and is projected to increase over the next two 

decades (Pivec, 2012). The Chinese Investment Research Report on the 

Development of the Human Joint Industry reported that about 200,000 joint 

replacement surgeries are performed in China every year (https://www.askci.- 

com/) (ASKCI, 2018). Additionally, more and more surgeons are opting for 

arthroplasty in older as well as younger individuals to optimise the quality of life 

of patients. In a THA surgery, both the acetabulum and the femoral head are 

replaced (Parker, Gurusamy and Azegami, 2010).  
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2.2.3.   Cemented and uncemented hip replacement 

Generally, there are two types of stem fixations for the hip joint. The first category 

includes cemented stems (most common between 2003 and 2007), while the 

other includes uncemented or cementless stems (most common between 2008 

and 2019) (Figure 2-4). Polymethylmethacrylate (PMMA) is used as a cement in 

cemented THAs, instantly fixing the stem to the bone. Osseointegration of the 

stem's surface coating into the bone provides long-term fixation for uncemented 

THA. The initial fixation is done by inserting a stem slightly bigger than the 

reamed bone to create compression hoop stresses and prepare the bed for 

press-fit implantation (Maggs and Wilson, 2017). The load may be transferred 

from the implant to the bone in both cemented and uncemented femoral implants. 

However, flexibility, stiffness, size, and resultant stress shielding effect may vary 

in each type. Due to the larger size of the uncemented stems compared to 

cemented ones, cementless stems experience higher stress shielding, resulting 

in more bone resorption (Ridzwan et al., 2007). Both types of fixation methods 

have been reviewed by the 19th annual report of National Joint Registry (NJR) of 

the UK to evaluate which fixation method provides better long-term implant 

survivorship and less implant-related complications in primary THA. As of 2022, 

a total of 1,344,357 primary THAs were registered, among which 30% were 

cemented (with an average age of 73 years) and 37% were uncemented (with an 

average age of 64 years). The remining amount (32%) were either hybrid, reverse 

hybrid or resurfacing. It is reported that the popularity of cemented fixation has 

dropped from 57% in 2003 to 22% in 2021. Consequently, uncemented fixation 

increased popularity from 15% to 35%; this suggests that uncemented THA is 

becoming more common in clinical settings. Patients had an average age of 74 

and 65 for cemented and uncemented fixation respectively, showing that the 

uncemented fixation has been performed more in younger patients (National 

Joint Registry, 2022). According to NJR, the survival rate of cemented hip stem 

was higher than that of uncemented hip stem in patients aged 65 years or older 

at ten years. During the first six months the risk of revision with cemented stem 

was lower than uncemented stem.  

Generally, cemented stems are chosen over cementless stems when the patient 

has poor bone quality. Likewise, a cementless stem is selected in cases when 

the patient has good bone quality (Apostu et al., 2022).  



42 
 

Cemented hip stem 

Cemented hip stems were first introduced by Dr. Charnley in the 1960s 

(Charnley, 1972). Due to the promising early outcomes of Charnley's implant, 

surgeons have increasingly turned to the cemented approach for a wide variety 

of patients. These patients include even the young and active ones. However, 

there was a significant rate of failure in young individuals, as shown by 

radiographic and clinical findings (Chandler et al., 1981; Dorr, Kane and Conaty, 

1994). Before the 1990s, cemented THA was the standard procedure for securing 

implants in the body (Ansari et al., 2018). The femoral canal is prepared and 

cleaned in THA before the cement is inserted. After a few minutes of drying time, 

the stem is inserted and held in place until the cement has fully cured. THA 

components may be positioned precisely with regard to the patient's anatomy and 

leg length owing to the cement layer (Maggs and Wilson, 2017). Once the PMMA 

has been set, the cement will have interlocked with the bone, providing a stable 

implant. During insertion, the surgeon may adjust the leg's length and version 

with the use of a cement buffer (Maggs and Wilson, 2017; Wyatt et al., 2014). 

There are multiple advantages of cemented total hip replacements. Firstly, it can 

withstand variations or minute deviations in the surgical procedure. The bone 

cement filter will remove any discrepancies in the bed cut for the prosthesis in the 

skeleton. Second, antibiotic materials can be added to the bone cement to help 

reduce the risk of post-surgical infection. Third, the patients may start using their 

new complete hips soon after the surgery. Furthermore, the cement layer 

cushions the impact of the whole hip prosthesis and the highly rigid metal on the 

bone. This bumper distributes the maximum stresses pressing on the bones 

during walking evenly throughout the hip joint. Finally, it would cost less to 

perform the cemented THA.  

There are however some shortcomings of cemented fixation. Firstly, the stem-

bone interface might weaken or even be broken when bone cement ages. 

Secondly, it is possible for the patient's blood flow to be disrupted while the 

surgeon presses the soft bone cement into the bare bone marrow cavity. Thirdly, 

cement crumbles under repeated and cyclical mechanical force. Bone 

breakage or osteolysis may occur if broken cement is allowed to accumulate. In 

addition, the cement particles may enter the bloodstream and end up in the 
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respiratory system, such as the lungs. Finally, it requires longer surgical time 

(Maggs and Wilson, 2017; Sivasankar, 2007; Vivek, 2014).  

Uncemented hip stem 

Uncemented THA was initially introduced in 1979 to address the hip stem's long-

term survivorship (Ansari et al., 2018). This is the most common choice in the 

United States, Australia and Canada (Zhang, Yan and Zhang, 2017). It involves 

the insertion of a stem that is purposely sized larger than the prepared bone. This 

size variation ensures a ópress-fitô by compress fixation (Ansari et al., 2018; 

Maggs and Wilson, 2017). Uncemented stems have a roughened surface, often 

covered with a porous hydroxyapatite layer at the stem surface. This 

arrangement facilitates bone attachment and early stability. Bone ingrowth (bone 

growing into the porous nature of the implant) and ongrowth (bone growth into 

the microdivots) is the typical fixation processes in this type of THA. Additionally, 

osteointegration of the bone with the implant is another factor that extends stem 

cell viability (Ansari et al., 2018). Uncemented prosthetics are marked by a wider 

array of options, such as hybrid THA with uncemented cups and cemented stem 

and custom femoral diameter through modular cups (Wyatt et al., 2014). In 

uncemented THA, fixation is easier and faster to perform, the surgeon avoids all 

complications by cementing the stem during the surgery. This includes mixing the 

bone cement, waiting for it to set, moving the stem while the cement is still 

doughy, and risking blood pressure drop and heart failure. Another potential 

advantage is that the patient avoids cracking and disintegrating bone cement 

layers following surgery. Cementless stems also offer a better long-term bond 

between the hip stem and the surrounding bones. Nevertheless, cementless 

fixations have several limitations. Firstly, there is an imminent danger of bone 

marrow fragments entering the bloodstream following cementless stem 

hammering. Secondly, there is an increased risk of bone fracture if the surgeon 

press fits the stem too hard into an undersized bone bed. Finally, the 6-12 weeks 

post-operative weight restriction is considered the most prominent drawback. 

This is to allow enough bone growth onto the surface of the hip stem before 

performing any heavy activity (Maggs and Wilson, 2017; Sivasankar, 2007; 

Vivek, 2014). 
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Figure 2-4: Schematic diagram of total hip replacement with cemented and 

uncemented hip implant inserted in the femur (eOrthopod, 2012). 

2.2.4.   Review of uncemented conventional hip stems 

There are seven types of hip stem designs with different contact areas between 

the implant and the host bone. These are type 1 (single wedge), type 2 (double 

wedge), type 3 (tapered round, rectangle and cone), type 4 (cylindrical, fully 

coated), type 5 (modular neck and body), type 6 (anatomic stem) and type 7 

(short stem). Khanuja et al. (2021) showed that types 1, 2, 4, and 7 femoral stems 

have better survival than types 3, 5, and 6. However, types 1, 2, and 4 showed a 

higher stress shielding effect. The contact area in each stem type can affect the 

primary osseointegration process, which may result in early aseptic loosening 

(Wagner et al., 2021). 

Type 1 design (single-wedge) 

Single wedge hip stems (Figure 2-5a) are designed to engage with the 

metaphyseal cortical bone in the medialïlateral plane via wedge fit or three-point 

fixation along the stem length (Hozack and Booth, 1990; Vresilovic et al., 1994). 

This is to provide initial rotational stability of the stem that allows for immediate 

initial fixation and robust osseointegration in the metaphysis. The stem is flat and 

narrow in the antero-posterior plane, wide in the medialïlateral plane proximally 

and tapers distally.  Along the proximal section, coating is applied one-third to 

five-eighths of the stem to promote osseointegration (Burt et al., 1998; Sharkey 
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et al., 1990). No distal reaming is required when using single wedge hip stems. 

This reduces the risk to the endosteal blood supply. Patients with a narrow 

femoral diaphysis and wide metaphysis may result in diaphyseal engagement of 

the stem. Single wedge hip stems are generally used for primary THA. This stem 

has been a successful hip stem with favorable results with more published reports 

than any other design. In 2008, McLaughlin and Lee (2008) reported 145 total hip 

arthroplasties with Taperloc stem (Biomet, Warsaw, IN). It was shown that the 

survivorship of the stem was 99% at a 20 years follow-up with aseptic loosening 

as the end point. Parvizi et al. (2004) performed a similar study on the Taperloc 

stem with an intermediate follow-up of 11-years and showed a 99.1% 

survivorship. Sakalkale et al. (1999) evaluated 71 total hip arthroplasties using 

the Tri-lock stem (DePuy, Warsaw, IN) at a 10-year follow-up. The revision rate 

for aseptic loosening was 0% with 0% failure rate at a mean follow-up of 10 years. 

Aldinger et al. (2009) studied 155 young patients and showed a 90% survivorship 

at a 20-year follow-up. No thigh pain was reported in this study. 65 hips were 

investigated by McLaughlin and Lee (2008) with a mean of 20-years follow-up. 

They showed a 99% survivorship with aseptic loosening as the end point. 3% of 

the stems were associated with thigh pain. The first generation of hip stem design 

has shown an excellent result; however, high rates of thigh pain and stress-

shielding is a concern. Some modifications on the type one design includes the 

addition of surface porous coatings. Considering the age of this hip stem, long-

term follow-up results are now available to evaluate the performance of this hip 

stem design.  

Type 2 design (double-wedge) 

Double wedge hip stems (Figure 2-5b) are generally wider than the single wedge 

stems in the anterior-posterior plane and are designed to be both medialïlateral 

filling and anteriorïposterior filling. These stems are generally coated along their 

proximal one-third to two-thirds for better osseointegration to the metaphysis of 

the cortical bone. Similar to single wedge stem, diaphysis is engaged to allow for 

increased rotational stability. The distal portion are either tapered or rounded to 

fill the canal (Sinha, Dungy and Yeon, 2004; Luites et al., 2006). When preparing 

the femoral bone for the surgery, the diaphysis is reamed and metaphysis is 

broached. Modifications are implemented by the manufactures on the original 

design to further increase the rotation stability, reduce the stiffness of the stem, 
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minimize stress-shielding and thigh pain. These modifications include the 

addition of splines or longitudinal flutes, to engage the endosteum distally. Similar 

to single wedge stems, double wedge stems are also generally used for primary 

THA. Many studies had shown excellent long-term survivorship of double-wedge 

stem (Capello et al., 2003; Incavo, Beynnon and Coughlin, 2008; Epinette and 

Manley, 2008; Lee et al., 2005).  DôAntonio et al. (2001) examined and reported 

314 Omnifit-HA stem (Stryker Orthopaedics, Mahwah, NJ) with a 11-years follow-

up. They demonstrated a 99.5% survivorship with only 0.5% aseptic loosening 

failure rate. A similar study by Lee et al. (2005) evaluated 85 Omnifit-HA stem 

(Stryker Orthopaedics, Mahwah, NJ) for young patients (mean age of 53) with a 

10.3 years follow-up. They demonstrated a 0% aseptic loosening failure rate. 

Epinette and Manley (2008) reported 571 hip stems with a mean age of 65-years 

at 15-20 years follow-up. They demonstrated a 99.2% survivorship of the hip 

stems at 17-years, where the remining 0.7% required revision surgery.  

Type 3 design (tapered) 

Tapered hip stems (Figure 2-5c) are generally divided into 3 types based on their 

geometrical shape and means of fixation. These are: Tapered round (type 3a), 

Tapered rectangle (type 3b) and Tapered cone (type 3c). Tapered stems have a 

long, consistent taper in both the medial-lateral and the anterior-posterior plane 

with smooth and gradual change in geometry or coating. Unlike type 1 and 2 

design, fixation is obtained more at the metaphyseal-diaphyseal junction than in 

the metaphysis.  

Tapered round stem have a rounded, tapered conical designs in both anterior-

posterior and medial-lateral planes. Similar to type 1 and 2 design, stability is 

obtained by three-point fixation. Additionally, rotational stability is achieved by 

adding coated fins or ribs two-thirds proximally of the stem. When preparing the 

femoral bone for the surgery, proximal broaching and distal reaming is required 

(Lombardi et al., 2000; Bourne et al., 2001). 

Tapered rectangle stem have a rectangular cross-section, allowing for three-point 

fixation in the metaphyseal diaphyseal junction and proximal part of the diaphysis 

(Korovessis et al., 1997; Bieger et al., 2016). Excellent four-point rotational 

support is also provided due to its cross-section (Zweym¨uller et al., 1982). Unlike 

type 1 and 2 design, reamers are not used for the femoral preparation. 

Additionally, porous coating is usually applied to the entire length of the stem.  
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Tapered cone stem has a narrow and round proximal profile with longitudinally 

raised splines or ribs for fixation and rotational stability. The stem is designed to 

wedge into the femoral medullary canal, providing axial and bending stability. 

Similar to type 3b, coating is usually applied to the entire surface of the stem. 

Tapered cone stem allows for excellent use in revision femoral arthroplasty. 

Lombardi, Berend and Adams (2009) reported 2000 Mallory-Head porous stem 

(Biomet, Warsaw, IN) with a mean follow-up of 10 years. They demonstrated a 

1% revision rate due to failure of bone ingrowth. Similarly, Reitman et al. (2003) 

evaluated 72 Mallory-Head porous stem implanted in patients with 50% having 

Dorr Type C bone. They demonstrated a 100% survivorship with a mean follow-

up of 13.2 years. Schuh et al. (2009) reported 94 Wagner stems (Zimmer, 

Warsaw, IN) with a mean follow-up of 11.5 years. They demonstrated a 91.5% 

survivorship with 8.5% undergoing revision surgery, 3.2% of which were for 

aseptic femoral loosening. GarciaïCimbrelo et al. (2003) evaluated 104 

Zweymuller stems (Smith & Nephew, Memphis, TN) with a mean follow-up of 10 

years with 0% aseptic loosening failure rate. However, 12 hips with 

nonprogressive subsidence were evident, which was not clinically significant. 

Bourne et al. (2001) reported 307 tapered stems with a minimum follow-up of 10 

years. A 99% stem survivorship was achieved and a mild stress shielding was 

noted proximally in 50% of the cases. Park et al. (2003) studied 76 tapered round 

stem (Mallory Head - Biomet, Warsaw, IN) with a mean follow-up of 10.1 years 

and survival rate of 98.7%. Excellent results were observed for 95.5% of the 

patients, whereas 4.4% of the patients experienced thigh pain.  

Type 4 design (cylindrical fully-coated) 

Cylindrical fully-coated stem (Figure 2-5d) have fixation on the cortical bone at 

any point along the length of the stem, particularly diaphyseal engagement. 

These stems are usually fully coated with an ingrowth surface and have a 

proximal collar which enhances axial stability and transmits forces to the calcar. 

Collar is a unique feature of the cylindrical fully-coated stem compared to other 

types of stem designs. When preparing the femoral bone for the surgery, proximal 

broaching and distal reaming is required. To increase the rotational stability, distal 

section of the stem is uncoated. Many studies have demonstrated excellent 

outcomes with cylindrical fully-coated stems (Engh et al., 2001; Belmont et al., 

2008; McAuley et al., 2004). Belmont et al. (2008) examined the results of 223 
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cylindrical fully coated (80% of its proximal portion) stem from 1982 to 1984. They 

demonstrated a 98% survivorship with a mean follow-up of 22 years with no 

implant loosening when bone ingrowth was performed. Only 2.7% of the stems 

had loosened. McAuley et al. (2004) reported a 96.1% survivorship of the stems 

with a mean follow-up of 15 years in younger patients (under the age of 50). 

Moyer et al. (2010) reviewed 115 cylindrical fully-coated stems implanted in very 

young patients with a mean age of 39.6 years. They demonstrated a 99.1% 

survival rate at a mean follow-up of 8.6 years. Kwon et al. (2013) showed that the 

bone mineral density (BMD) was significantly lower in fully-coated stems than in 

stems with smaller region with porous coatings. However, there was no 

correlation between the BMD and Harris hip scores. Barrack et al. (2000) reported 

that thigh pain in patients with proximally coated stems is higher at 42% than that 

of patients with fully coated stems 19%. 

It has been shown that the survivorship of the cylindrical fully-coated stems has 

been excellent at 20 years follow-ups. However, thigh pain and proximal stress 

shielding has been a huge concern for patients for many years (Nourbash and 

Paprosky, 1998; Engh and Bobyn, 1988; Engh, Bobyn and Glassman, 1987). 

Modifications such as reducing the stiffness of the stem has helped reduce the 

thigh pain in long-term. Although, patients with Dorr Type-C bone are not 

recommended to use cylindrical fully-coated stems (Khanuja et al., 2011). 

Type 5 design (modular) 

Modular stem (Figure 2-5e) consist of a separate metaphyseal sleeve and 

diaphyseal stem that are generally divided into 2 types, these are: Modular neck 

(type 5a), Modular body (type 5b) (Ohl et al., 1993). Modular stems are often 

used in complex primary and revision THA with varying femoral anatomy. This 

includes anatomic abnormalities and rotational malalignments, such as are seen 

with hip dysplasia (Cameron, 1996; Cameron, Keppler and McTighe, 2006; 

Christie et al., 1999). When preparing the femoral bone for the surgery, diaphysis 

is reamed independently of the metaphyseal preparation, which is completed 

either with a reamer or proximal broaching. The most popular modular design is 

composed of a titanium porous-coated proximal sleeve with a smooth fluted distal 

femoral stem. The advantage of using a modular neck stem is the ability to adjust 

the neck-shaft angle for complex cases. Additionally, some advantages of using 

modular body are the ability to fine-tune anteversion, length, and offset. On the 



49 
 

contrary, disadvantages include corrosion at the modular interface when fretting 

occurs (Rodrigues et al., 2009; De Martino et al., 2015). This results in adverse 

local tissue reaction and higher cost (Krishnan et al., 2013; Clair et al., 2019). 

Generally, modular stems are more expensive than their non-modular 

counterparts and that the multiple parts require a more extensive inventory (Goyal 

and Engh, 2013). Cameron, Keppler and McTighe (2006) studied 795 primary hip 

stems with a mean follow-up of 11 years. They demonstrated an aseptic 

loosening rate of only 0.25% (two patients) and thigh pain rate of 1.8% (fourteen 

patients). Archibeck et al. (2011) reported that a single modular junction can 

restore offset and leg lengths within 1 mm in 60% of the cases whereas with a 

double modular junction this increase to 80% of the cases. Kop, Keogh and 

Swarts (2012) studied 57 hip stems with 7 different modular stem designs. They 

demonstrated that cobalt-chromium modular stems have corrosion and fretting of 

the neck-stem taper. Although titanium modular stems have less corrosion, they 

are more prone to mechanical failure in the modular junction (Papapietro et al., 

2016; Ceretti and Falez, 2016). 

Type 6 design (anatomic) 

Anatomic stems (Figure 2-5f) are curved stems that are designed to match the 

geometry of the proximal femur (Mont et al., 1999; Noble et al., 1988). They are 

wider proximally, both laterally and posteriorly. They have a meta-diaphyseal bow 

and a built-in neck anteversion for right or left femora to achieve maximal contact. 

Anatomic stems are either tapered or cylindrical distally. Stability and initial 

fixation are achieved through preparing the femur for metaphyseal fit-and-fill 

broaching and distal reaming. These stems are generally used for primary THA 

(Kim et al., 2014; Kim and Yoo, 2016). The first generation of anatomic stems 

demonstrated an increased thigh pain (up to 36%) and poor survivorship with 

respect to aseptic loosening (Bojescul et al., 2003; Butler, Lansky and Duwelius, 

2005; Heekin et al., 1993; Kim et al., 2003). Kim et al. (1999) evaluated 116 

anatomic stems and demonstrated a 9% clinical failure rate and 28% thigh pain 

cases with a mean follow-up of 6 years. Heekin et al. (1993) reported 100 cobalt-

chromium anatomic stems at 5-year follow-up. They demonstrated a 5% clinical 

failure rate, with 15% of the patients having thigh pain. In 2008, Kim (2008) 

studied 601 anatomic stems with a mean age of 53 years which were followed 

for a mean of 8.8 years. It was demonstrated that no components required 
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revision and no evidence of thigh pain nor radiographic loosening. Historically, it 

is known that anatomic stems are associated with a higher rate of thigh pain and 

inferior results, hence, further modifications in stem design is needed to enhance 

rotational stability. 

Type 7 design (short) 

Short stems (Figure 2-5g) are small sized stems that facilitate less invasive 

surgical procedure and are designed to preserve proximal femoral bone 

(Lombardi et al., 2009). Currently, there are many types of short hip stems 

designs including Femoral neck (type 7a), Calcar loading (type 7b), Lateral flare 

(type 7c) and Tapered stem (type 7d).  

Many studies have demonstrated that short stems can achieve stable fixation 

despite lacking diaphyseal fixation (Gomb´ar et al., 2019; Kim, Park and Kim 

2017; Kim and Oh, 2012; Kim, Park and Kim, 2012). Calcar loading stems have 

lateral flare that allows for fixation in the lateral cortex and calcar which promotes 

a more physiological load transfer to the proximal femur (Leali and Fetto 2004). 

Logroscino et al reported that Proxima stem (DePuy) is capable of exerting a 

more physiological strain on the femoral bone with no sign of stress-shielding with 

a mean follow-up of 1 year (Logroscino et al., 2011). Morrey et al. (2000) 

evaluated 159 Mayo stems (Zimmer, Warsaw, IN) with a mean follow-up of 6.2 

years. They demonstrated a 98.2% survivorship with mechanical loosening as 

the end point and 91% with osteolysis as the end point. It was found that less 

blood transfusion is needed with short stems compared to conventional stems. 

Considering the high rate of survivorship, Gilbert et al. (2009) studied 49 of these 

Mayo stems and showed that 18% of these stems are misaligned and 

intraoperative femoral fractures occurred in 4% of the short stems. Short tapered 

stems are more similar looking to conventional, proximally coated tapered stems 

but with a shorter distal taper. This is to transfer a more physiological load 

proximally and reduce the stress-shielding effect (Kheir, Drayer and Chen, 2020). 

Gustke et al. (2012) examined 500 Fitmore stems (Zimmer, Warsaw, IN) with a 

mean follow-up of 1.3 years. 34% of the stems subsided >2 mm and reached 

maximal stability. 29% demonstrated diaphyseal cortical hypertrophy. Ulivi et al. 

(2018) reported 163 Tri Lock Bone Preservation stems (DePuy) with a minimum 

follow-up of 7 years. They demonstrated that no cases had aseptic loosening, 

progressive radiolucent nor periprosthetic osteolysis.  
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Figure 2-5: Schematic of different types of hip stems (a): Type 1-Single-wedge, 

(b): Type 2-Double-wedge, (c):  Type 3a-Tapered round, Type 3b-Tapered 

rectangle and Type 3c-Tapered cone, (d) Type 4-Cylindrical fully-coated, (e) Type 

5a-Modular neck, Type 5b-Modular body, (f) Type 6-Anatomic, (g) Type 7a-

Femoral neck, Type 7b-Calcar loading, Type 7c-Lateral flare and Type 7d-

Tapered stem. 

Successful hip stems 

A study was performed by Naudie et al. (2020) comparing the three most 

commonly used successful uncemented femoral stems over the last 15 years. 
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The stems included the Summit® double-wedge (Depuy, Warsaw, Indiana), 

Synergy® double-wedge (Smith and Nephew, Memphis, Tennessee) and 

Corail® single-wedge (Depuy, Johnson and Johnson, Warsaw, Indiana).  A total 

of 2095 patients were included in this study, where 52% were Synergy® stems, 

38% were Summit® stems and remaining 10% were Corail® stems. Amongst all 

the examined stems, only 18 stems (0.86%) underwent revision surgery with 3 

Summit® stems (17%), 15 Synergy® stems (83%) and zero Corail® stems. 

Considering the evaluation of the different stem types 1-7 in section 2.2.4., clinical 

evidence suggests that the most successful stem design is the double-wedge 

stems with survivorship rates greater than 99% in a 15-20 year period post 

operation.  

 

2.3.    Implant failure and current limitations 

A cartilaginous layer covers the acetabulum and the femoral head for cushioning, 

which results in ease of movement. Multiple factors such as injuries or diseases 

such as rheumatism and arthritis may damage this cartilage, precipitating muscle 

stiffness. Henceforth, the joint may become painful and everyday activities may 

become problematic for the patient (McAuley, 2004; Doblaré, García and Gómez, 

2004; Geetha, 2009). Likewise, conditions such as osteoarthritis, osteomyelitis, 

osteonecrosis, and acetabular or femoral neck fractures are a few of the primary 

indicators of THA. They affect the elderly population of any region resulting in 

increased incidents of hip arthroplasty (Lever, 2010; Cox, 2006). Furthermore, 

hip injuries or fractures may also call for total hip replacement. They may occur 

due to falls, traffic accidents, osteoporosis, or any disease affecting the hip joint. 

Such injuries may precipitate permanent disabilities and are expected to increase 

to about 6.26 million by 2050 (Mownik and Srinivas, 2012; Cooper, Campion and 

Melton, 1992).  

Despite the high clinical success rate (95% within ten years) of THA, over 15% 

of patients still require revision surgery, where 50% of the revisions are 

undertaken within five years of initial surgery, owing to some clinically related 

factors (Ulrich et al., 2008). The 19th annual report of NJR has reported that 

females under 55 years had higher revision rates than their male counterparts, 

whereas females aged 80 years and older had a lower revision rate than their 

male counterparts (National Joint Registry, 2022). 
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The majority of currently available hip implants last for approximately 25 years for 

elderly patients and 10-15 years for younger patients, depending on the patient's 

activity level and lifestyle, implant type, fixation method, and implant material 

(Evans et al., 2019; Harrysson et al., 2008). Various performance problems have 

been reported over the years with hip implants. They include issues like aseptic 

loosening (42%, due to stress shielding and osteolysis from the generated wear 

debris), tight pain (15%), bacterial infection at the joint (15%), periprosthetic 

fracture (11%) and implant fracture (3%) (Aqil and Shah, 2020; Ulrich et al., 2008; 

National Joint Registry, 2022). Additionally, various patient-related issues may 

also arise, such as poor bone quality (Kobayashi et al., 2000), sickle cell anaemia 

(Vichinsky et al., 1999), and high body mass index may lead to revision surgery 

of the hip implant (Azodi et al., 2008). It should be noted that these factors 

potentiate problems such as prosthetic failure, joint dislocation, or frequent 

infections. 

2.3.1.   Stress shielding 

Hip implants are made of various materials, such as titanium-based or cobalt-

chromium alloys, 316L stainless steel, and tantalum, where all are considerably 

stiffer (110 ï 230 GPa) than the surrounding cortical bone (10-30 GPa) 

(Arabnejad and Pasini, 2012). Following THA, a considerable level of mechanical 

loading is transferred to the hip stem, shielding the stress that would have been 

transferred to the femoral bone resulting in an underloaded femur (Wang and 

Tanzer, 2018) (Chamay and Tschantz, 1972; Lim, Carmichael and Cabanela, 

1999). This is known as the stress shielding effect. Stress shielding has been a 

well-established issue for proximal femoral bone for several decades and is still 

attracting significant research interest (Liu et al., 2021a; Huo et al., 2022; Guo et 

al., 2022). According to Wolffôs law, bone reconstructs and self-organises its 

topology to adapt to the external load exerted onto it (Wolff, 1986, 1869). It is 

followed by bone re-modelling, which results in either bone formation or 

resorption (Huiskes et al., 2000). In the case of stress shielding, a large portion 

of the natural load is removed from the cortical bone, resulting in a loss of the 

mechanical stimulus that drives bone formation, leading to bone loss over time 

(Tan and van Arkel, 2021). This consequently weakens the implant support and 

increases the risk of elevated micromotion at the interface of implant and bone, 
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leading to aseptic loosening of the implant. Stress shielding is one of the key 

factors of mechanical implant loosening.  

Stress shielding can be evaluated through two important considerations. Femoral 

stress is one of the leading indicators of direct loading on the femur. Multiple 

studies use it as a key evaluation criterion for stress shielding. In-vitro 

experiments can accurately measure material stress, while digital imaging and 

strain gauges can be used to attain stress values on the surface. These measures 

cannot be used to evaluate the stress distribution on the inside of the femur. In 

this regard, finite element analysis has emerged as an effective and optimal 

method for the study of load transmission from the stem to the femur. Multiple 

studies incorporating finite element analysis have been discussed in chapter 5. 

The second important consideration for evaluating stress shielding is the stiffness 

of the femoral stem. Generally, increased stiffness of the stem is associated with 

a reduced probability of in-vivo bending deformation and reduced transfer load to 

the femur. Thus, the reduction of stiffness of the femoral stem is directly 

associated with the avoidance of stress shielding. It was also found that stress 

shielding of the femoral stem is directly affected by its axial stiffness (Mehboob 

et al., 2020a).  

2.3.2.   Aseptic loosening and bone resorption 

Aseptic loosening is regarded as one of the most common causes of hip implant 

failure that can affect patients 10 to 20 years after primary hip replacement 

surgery (Abu-Amer, Darwech and Clohisy, 2007). This may happen as a result of 

patient or surgeon-related issues, including discrepancies in stem design, 

femoral anatomy, poor bone quality (osteoporosis, rheumatoid arthritis, etc.), 

surgical technique and approach, inadequate initial fixation (poor interlock), the 

healing process, mechanical and biological loss of fixation over time and loading 

conditions post-surgery (Apostu et al., 2022; Abu-Amer, Darwech and Clohisy, 

2007). Most hip failures are reported within the first two years of implantation and 

are usually attributed to infection and joint instability (Ulrich et al., 2008). 

However, failures after 5 years are usually due to aseptic loosening of the stem. 

This was first explained by Harris et al. as a localised bone resorption resulting in 

the loosening of the implant without any infection (Harris et al., 1976). Hailer, 

Garellick and Kärrholm (2010) studied more than 170k THAs and showed that 

cementless THAs had a higher risk of aseptic loosening compared to cemented 
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THAs. Multiple factors are responsible for aseptic loosening, and thus multiple 

theories have been proposed to explain it. The rate of aseptic loosening is 

influenced by three main characteristics of the hip implant: the implant design, 

alloy, and surface treatment (Hoskins et al., 2021a). The alloy used to 

manufacture the hip implant can directly influence the implantsô stiffness, strength 

and corrosion resistance, which can directly impact the survivorship of the implant 

(Apostu et al., 2018).  

The hypothesis that the main cause of aseptic loosening is the presence of wear 

particles released from the acetabular cup into the joint fluid was widely accepted 

for a long time. The diameter of these wear particles is mostly less than 5 ɛm and 

is randomly shaped. These particles may trigger macrophages, which in turn can 

increase the bone resorption activity of osteoclasts and reduce the bone-forming 

process of osteoblasts (Parithimarkalaignan and Padmanabhan, 2013). Some 

studies suggest that the cellular response to wear particles may vary with size, 

shape, and number of particles, where particles size ranging from 0.2 to 10 ɛm 

in diameter undergo phagocytosis by macrophages (Gonzalez, Smith and 

Goodman, 1996; Sabokbar, Pandey and Athanasou, 2003; Gelb et al., 1994). It 

is known that the chance of occurrence of osteolysis can increase with the 

increased rate of wear particle accumulation between the bone-implant interface 

(Shanbhag et al., 1994; Shanbhag et al., 2000). Studies suggest that the release 

of such wear particles leads to inflammatory responses, which become more 

pronounced as osteolysis progresses and ultimately result in bone loss (Abu-

Amer, Darwech and Clohisy, 2007). The bone resorption increases the gap 

between the bone-implant interface. Hence, more of the underlying mineral bone 

is subjected to the corrosive effects of the joint fluid and wear debris. Eventually, 

the implant will become loose (aseptic loosening) during this process (Goodman 

and Gallo, 2019; Apostu et al., 2022; Schmalzried e al., 1992). Several studies 

have investigated the impact of cement, metal, and polyethylene (PE) wear 

particles on the onset of aseptic loosening (Sundfeldt et al., 2006; Dowd et al., 

2000; Schmalzried et al., 1996; Jones and Hungerford, 1987). 

Aseptic loosening might also be caused by bone remodelling in response to the 

stress-shielding effect or combination of osteolysis and stress shields. Since all 

reasoning for aseptic loosening of the hip stems are regarded as one item 

ñaseptic looseningò in the UK National Joint Registry, this is not necessarily easy 
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to differentiate the reasoning behind the provided data as aseptic loosening. Bone 

resorption due to stress-shielding causes a decrease in bone mineral density 

(BMD), eventually leading to osteoporotic bone, which helps ease joint fluid flow 

by widening the bone-implant interface. This makes it easier for wear particles to 

enter and enhances the occurrence of osteolysis process, thereby promoting 

implant loosening (Apostu et al., 2022). Preventing further bone loss and aseptic 

loosening in a patient's femur necessitates protecting the femur from resorption 

and keeping the femur's natural bone mineral density as much as possible. 

Hence, an implant with reduced stress shielding is needed to reduce bone 

remodelling and bone loss in the long term. With the advent of additive 

manufacturing technologies, it is now possible to address stress shielding via 3D 

printing low stiffness hip stem. 

Furthermore, implant loosening can also be caused by inadequate preparation 

and improper initial fixation of the stem, leading to micromotion of the stem with 

respect to the femur. Increased micromotion at the bone-implant interface tends 

to affect the stability of the implant and may cause high fluid pressure in the 

periprosthetic gap, which can initiate osteolysis (Aspenberg and van der Vis., 

1998; Skoglund and Aspenberg., 2003; Fahlgren et al., 2010). Similarly, large 

micromotion (> 200 ɛm) can also stimulate the formation of excess fibrous cortical 

tissues around the implant, eventually preventing osseointegration at the 

interface (Caouette, Yahia and Bureau, 2011). There is a range of 

osseointegration results dependent on the degree of micromotion. Since bone 

and the implant both undergo elastic deformation at the contact, osseointegration 

may take place even for a low range of micromotion between 20 and 40 ɛm (Engh 

et al., 1992; Jasty et al., 1997). However, greater levels of micromotion 

compromise implant stability and may expose the interface to the joint fluid and 

wear particles, which may cause bone tissue resorption and eventual implant 

loosening.  

The surgical approach used to implant the hip stem inside the femur can 

significantly affect the rate of aseptic loosening. Three common ways to access 

the hip joint are from the front of the hip (anterior approach), from the side of the 

hip (lateral or anterolateral approach), and from the back of the hip (posterior 

approach) (Apostu et al., 2022). Hoskins et al. (2021b) performed a study on 

more than 48k primary cementless THAs and showed that the anterior approach 
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resulted in a higher rate of stem loosening. Similarly, Hoskins et al. (2020) 

examined more than 122k patients and showed a higher rate of early major 

revisions with the anterior approach. On the contrary, Mjaaland et al. (2017) 

examined more than 21k THAs from the Norwegian Arthroplasty Register and 

concluded that the risk of revision surgery was not increased when the anterior 

or anterolateral approach was implemented when compared to lateral or posterior 

approaches. 

Patient-related factors such as age, gender, genetics, obesity, high blood sugar, 

smoking, activity level (affecting the amount and direction of loading) or having a 

certain type of disease can affect the risk of aseptic loosening.  Bayliss et al. 

(2017) performed a study on 63k patients and showed that 35% of patients 

younger than 70 years old had to undergo revision surgery, compared to 5% for 

patients aged 70 years or older. It is known that younger patients (< 70 years old) 

have a more active lifestyle, hence may need to undergo an early revision surgery 

compared to less active patients aged 70 years or older. A study examined the 

results of male and female patients during total hip replacement revision surgery. 

It showed that female patients have a significantly increased periarticular 

remodelling compared to male patients (Ormsby et al., 2019). 

Furthermore, a systematic review was undertaken by Prokopetz et al. (2012) and 

concluded that more than 87% of the reviewed papers resulted in an increased 

risk for revision surgeries in male patients due to aseptic loosening. It is known 

that several genetic variations of single-nucleotide polymorphisms (SNPs) 

increase the risk of aseptic loosening. They include IFIT2/IFIT3, CERK, and 

PAPPA (Koks et al., 2020). Del Buono, Denaro and Maffulli (2012) performed a 

systematic review and concluded that certain types of genes are overexpressed 

when aseptic loosening is examined. These are: TNF-238 A allele, IL6-174 G 

allele, interleukin (IL)-6 (-597), TNF-alfa promoter (-308G-A), and MMP-1 

promoting gene. Electricwala et al. (2016) studied 273 revision THAs and showed 

that obesity could increase the risk of early revision surgery by 4.7 times due to 

aseptic loosening. Also, Haverkamp et al. (2011) performed a meta-analysis on 

15 cases and showed that obese patients have an odds ratio of 0.64 to develop 

aseptic loosening compared to nonobese patients. In a study by Maradit et al. 

(2017) it was shown that patients with high blood sugar could have an increased 

risk of revision surgery due to aseptic loosening. Lee et al. (2017) suggested that 
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smoking can increase the risk of early revision surgery due to aseptic loosening 

by three times. A meta-analysis by Myers et al. (2011) concluded that patients 

must quit smoking at least two months before the THA surgery to prevent the risk 

of early aseptic loosening. On the other hand, a randomised trial on 120 patients 

suggested that patients who quit smoking 6-8 weeks prior to THA surgery 

reduced their postoperative morbidity, including wound healing and the need for 

revision surgery (Kapadia et al., 2014). It is known that Parkinsonôs disease can 

increase the risk of aseptic loosening by 6.1% in the first year postoperatively 

(Fontalis et al., 2020). Gu et al. (2021a) compared 881 patients with sickle cell 

disease to the control group and concluded that there is an increased risk of 

aseptic loosening at two years. Aseptic loosening of patients with chronic liver 

disease was studied and showed that they have a 7% risk of aseptic loosening 

within one year compared to the control group (Onochie et al., 2019). Also, 

patients with hemophilia have a 10.2% risk of aseptic loosening within one year 

follow-up period (Strauss et al., 2017).   

2.3.3.   Measures for reducing implant failure  

Aseptic loosening due to stress shielding is an important consideration and 

challenge in THA. Presently, there are two main ways to prevent or reduce stress 

shielding; 

i. Alter the stress transmission path  

The stress transmission path can be altered by changing the geometric profile of 

the femoral stem. It can be done through the addition of a collar to the stem, which 

helps exert a more physiological load on the proximal femur (Perelgut et al. 2020; 

Al-Dirini et al. 2017). By designing a patient-specific implant, the geometry of the 

implant can match the geometry of the patient femoral bone. Hence a more 

physiological load is transferred to the proximal femur, reducing the stress-

shielding effect (Hua et al., 2010). Lastly, the stress transmission path can be 

altered by shortening the femoral stem length (Liang et al., 2018; Falez, Casella 

and Papalia, 2015). However, these measures are also marked by specific 

limitations. For instance, the mechanical effectivity of collars is dependent on 

good contact with the calcar (Jeon et al., 2011). Likewise, short stems are still 

under consideration in terms of their alignment accuracy and initial stability 

(Shishido et al., 2018; Giardina et al., 2018). 
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ii. Reduction of integral stiffness of the stem  

The integral stiffness of the femoral stem can be reduced in an effort to prevent 

stress shielding. It can be done by reducing the stiffness of the composite 

structure (Bougherara et al., 2011; Glassman et al., 2001), adopting a structure 

that is hollow from the inside (Tan and van Arkel, 2021; Gross and Abel, 2001), 

employing metallic porous structures (Liu et al., 2021a), and using the slotted 

design on the distal end (Cameron, 1993). Additionally, reducing the stiffness of 

distal end or using a grooved end design may also prevent stress shielding. It is 

owing to the fact that most of the bone resorption takes place around the proximal 

femur (Glassman, Bobyn and Tanzer, 2006). 

Prevention of aseptic loosening and bone resorption 

Aseptic loosening can be prevented or reduced through a number of strategies, 

including physical or biological barriers, reducing endotoxins, strong fixation 

between bone-implant interfaces, reducing the stiffness of the hip stem, and use 

of perioperative drugs. Firstly, the implants interface can be sealed to create 

physical or biological barriers to prevent wear partials from moving from the 

acetabular cup to the implant-bone interface, which prevents periprosthetic 

osteolysis (Coathup et al., 2004; Bobyn et al., 1995). Thus, sealing could be an 

optimal way to prevent implant loosening. Aseptic loosening caused by bacterial 

infections can be prevented by the removal of endotoxins from titanium particles. 

It is reported that this removal can reduce particle-induced osteolysis by around 

50-70% (Bi et al., 2001). A key factor in preventing aseptic loosening is a good 

connection between the bone and the implant. Hence, numerous modifications in 

stem material and structure can be made to enhance the long-term biological 

fixation of the bone-implants interface by the osseointegration process. It includes 

applying a porous coating to the hip stem (Hartzband et al., 2010; Landor et al., 

2007; McAuley, Sychterz and Engh, 2000; McAuley, Culpepper and Engh, 1998) 

or developing porous stems suitable for bone ingrowth (Liu et al., 2021a). 

Composite and isoelastic hip stems (Naghavi et al., 2022a; Bougherara et al., 

2011; Trebse et al., 2005; Morscher and Dick, 1983) are also often studied due 

to their lower stiffness compared to metal stems.  

Perioperative drugs, including opioids, statins, beta-blockers, and 

antiosteoporotic drugs, are also often used to reduce bone loss after THAs, which 

delays the implant loosening process and need for revision surgery (Apostu et 
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al., 2022). The use of opioids as perioperative drugs has been shown to increase 

the proinflammatory cytokines increasing the rate of aseptic loosening (Malahias 

et al., 2021). Danish Hip Arthroplasty Registry has shown that using statins as a 

perioperative drug can reduce cytokine production, reducing the risk of revision 

surgery (Sorial et al., 2020). It is also known that statins can reduce the osteolysis 

process near the hip stem due to the down-regulated HMG-CoA/ 

GGPP/RhoA/ROCK pathway, hence reducing the proinflammatory state (Valles 

et al., 2014). Lubbeke et al. (2013) performed a study on 735 primary THAs and 

concluded that the use of statins could delay the femoral osteolysis process by 

five years after initial surgery. It is known that beta-blockers can have an 

inhabitation effect on osteoclastic activity, which increases bone mineral density 

(BMD) that helps reduce the risk of aseptic loosening (De Soto et al., 2019). Most 

of these modifications have managed to reduce implant loosening and bone 

resorption to some extent. However, they have failed to fully prevent bone 

resorption, reduce implant micromotion, and preserve the bone stock 

simultaneously. Fender, van der Meulen and Gregg (2003) reported that a 

surgeonôs experience could significantly affect the revision rate of the THAs. They 

further mentioned that surgeons who perform less than 60 THA per year are more 

likely to have a higher revision rate than surgeons who perform more than 60 

THA per year. The design stage is usually modified to prevent or reduce the 

aseptic loosening of the hip stem in the long term. Henceforth, a porous low-

stiffness stem was developed with reduced stress shielding effect and improved 

bone bonding to the surrounding bones.  Table 2-1 summarises the current 

recommendations from the literature regarding the factors affecting aseptic 

loosening adapted from Apostu et al. (2022).  

Table 2-1: Current recommendations regarding the factors affecting aseptic 

loosening. (adapted from Apostu et al., 2022). 

Stage Category Recommendations 

Preoperative 

Femoral stem 

Porous stem 

Hydroxyapatite coated stem 

Type 1, 2, 4 and 7 stem design 

Bearing surfaces 
Ceramic-on-polyethylene 

Dual mobility cup 

Patient-related Body mass index < 35 
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factors Patients with the following are at 

higher risk: 

- age < 70 years; 

- genetic variations (ex. 

IFIT2/IFIT3, CERK, PAPPA, 

etc.); - Hyperglycemia; 

- Rheumatoid arthritis; 

- Femoral head AVN; 

- Hip dysplasia; 

- Parkinson's disease; 

- Chronic liver disease; 

- Lumbar spinal fusion; 

- History of hip arthroscopy. 

Surgical team 

More than 100 total hip 

replacements per year 

performed by the surgeon 

Use of fewer types of implants 

by the same surgeon 

Intraoperative Surgical factors 

Lateral or posterior approach 

Avoid excessive drilling and 

rasping 

Obtain good stability of implant 

Obtain acetabular bone 

coverage of more than 60% 

Acetabular cup horizontal 

inclination of around 45 degrees 

Postoperative 

Postoperative 

protocol 

Avoid high-impact activities 

Postoperative drugs 

Use of bisphosphonates 

Use of statins 

Use of beta-blockers 

Avoid opioids 

Avoid nonsteroidal anti-

inflammatory drugs NSAIDs 
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2.4.   Implant design and materials 

2.4.1.   Implant design requirements 

An implant must have the necessary physical attributes to ensure the stability of 

THA with an ideal lifetime of 35 years. Patient related factors such as bone 

geometry, bone density, age, gender, genetics, weight, high blood sugar, 

smoking, activity level (affecting the amount and direction of loading) must also 

be obtained in the design phase of designing a custom hip stem. Several 

functional requirements are set for replacement materials of hip implants (Geetha 

et al., 2009) such as; 

a) Biocompatibility with the environment of the body 

b) Short and long-term implant stability 

c) The preservation of bone tissue around the implant 

Biocompatibility 

When discussing implant materials, biocompatibility refers to how well they work 

within the body's natural environment. The material must be non-toxic and 

corrosion-resistant without triggering any immunological or allergic reaction in 

physiological fluids (Geetha et al., 2009; Long and Rack, 1998; Wang, 1996). 

Additionally, the material should have high mechanical strength, fatigue 

resistance, and wear resistance to avoid mechanical failure and function reliably 

over time under cyclic loads. Bone cells must be able to adhere to, proliferate on, 

migrate to, and differentiate from an implant surface for the procedure to succeed. 

Likewise, the surface needs to have interconnected porosity with pores of an 

appropriate size to aid in bone ingrowth and the movement of nutrients and 

regulatory substances. Various surface treatments may improve an implant's 

surface compatibility with the body's tissues. They include heat treating, coating 

with apatite to boost bone cell adhesion, and coating a porous surface. Most 

titanium used in implants is either commercially pure Ti or Ti6Al4V (Geetha et al., 

2009; Gibson, Ashby and Harley, 2010; Bobyn et al., 1980). Long-term uses of 

Ti6Al4V have prompted the creation of a second generation of titanium alloys 

containing non-toxic alloying elements such as Ta, Nb, and Zr (Geetha et al., 

2009; Schuh et al., 2007). Ti6Al4V's elastic modulus may be lowered without 

sacrificing the material's strength by substituting vanadium and aluminium, which 

alters the allotropic form of the material from alpha + beta to beta phase (Song et 
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al., 1999). This decreases the implant stiffness, which helps reduce the rate of 

bone resorption secondary to the stress shielding effect. 

Implant stability 

The stability of an implant is critical for its long-term performance and success. 

Compromised implant stability may lead to implant micromotion. It is a 

phenomenon that suppresses bone ingrowth through the promotion of fibrous 

attachment to the implant. Subsequently, the patient starts developing hip pain, 

implant failure or possible bone fracture. This condition necessarily requires 

revision surgery. Two major parameters are used to quantify the stability of an 

implant. They include shear stress and the relative displacement at the bone-

implant interface. The accurate value for allowed micromotion is yet to be 

discovered. However, studies suggest that an approximate interface micromotion 

of less than 40 ɛm under daily activities is essential for bone ingrowth in a design 

implant (Engh et al., 1992; Jasty et al., 1997). Henceforth, controlling interface 

stress is essential for the optimal performance of an implant. The shape of the 

developed stem can control initial stability, interface stress and micromotion 

during the design phase of the implant. Many studies have performed shape 

optimisation of the stem to reduce the interface stresses and micromotion 

(Huiskes and Boeklagen, 1989; Kowalczyk et al., 2001; Fernandes, Folgado and 

Ruben, 2004; Ruben, Folgado and Fernandes, 2007).  

Preservation of bone tissue 

With the increasing rate of young patients (< 70 years old) seeking primary THA, 

it is essential for them to preserve more native bone stock in primary THA. This 

is because they have higher potentials undergoing revision surgery during their 

life time (Kurtz et al., 2009). Hence, optimal implant survival with reliable clinical 

outcomes and proximal bone preservation is a must (Liang et al., 2018). In both 

primary and revision surgical procedures, bone loss is to be avoided at all costs. 

Periprosthetic fractures and other clinical complications have been linked to 

significant or worsening stress shielding in primary surgery. Similarly, increased 

intracortical porosity of stress-shielded bone may also render it more vulnerable 

to the entrance of particle wear debris, leading to osteolytic bone loss and implant 

loosening (Sundfeldt et al., 2006; Bobyn et al., 1995). If normal bone has been 

removed before the revision surgery, the bone will not be able to connect 

effectively to the cementless revision implant. Consequently, a fracture might 
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occur during the procedure. The likelihood of a successful implant fixation after a 

hip revision procedure is, therefore, lower than that following a primary THR 

procedure. 

2.4.2.   Hip stem geometry 

In the past few decades, multiple studies have focused on the geometry or 

structural design of artificial hip joint prostheses. This section primarily focuses 

on the variable geometry of hip stems, including their porous construction, shape, 

length, and functional gradient construction. 

Short hip stem 

Generally, the length of the hip stem is determined in accordance with the specific 

requirements of the patients. It may include the patientôs height, weight, gender, 

and type of injury or disease (Wiik et al., 2021). Hip stem length is classified on 

the basis of vertical distance from the tip of the greater trochanter. Short femoral 

stems where first introduced in 1989 (Morrey et al., 1989). They were developed 

to allow less reaming of the femoral shaft, less resection of the femoral neck, 

preserve proximal bone stock, reduce thigh pain, long-term stability and increase 

physiological proximal loading to reduce stress shielding compared with those of 

conventional stem (Yu et al., 2016; Liang et al., 2018, Leali et al., 2002; 

Dabirrahmani et al., 2010). In addition, younger patients have narrower 

diaphyseal canals, which make conventional longer stems more of a surgical 

challenge (Wiik et al., 2021). 

Currently, there is no exact definition of short stem in the literature, with stem 

length ranging from 40 to 135 mm. (Khanuja et al., 2014). However, in most 

cases, the stem length follows the ISO 7206-4-2010 standard with stem length 

less than 120 mm. Some define the short stem length to be less than twice that 

of the vertical distance from the tip of the greater trochanter to the base of the 

lesser trochanter. Stems with a length of more than that are classified as standard 

stems (Feyen and Shimin, 2014). Yu et al. (2016) studied 74 short stems and 75 

conventional stems with mean follow-up of 41 months and showed that no short 

stem underwent revision surgery for aseptic loosening, migration, or osteolysis. 

In the same study, it was shown that there was a significant difference in the level 

of thigh pain between both groups, with zero thigh pain in short stem and six tight 

pain (10.3%) with conventional stem. In a similar study by McAuley et al. (1998) 

it was shown that 8% of patients have thigh pain postoperatively using 
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conventional stem. Many other studies reported that short stem has a low 

incidence rate of thigh pain after THA (Santori and Santori, 2010; Kim, Park and 

Kim, 2013). Couple of studies have investigated the intra-operative fracture of 

short stem and conventional stem (Kavanagh, 1992; Lindahl, 2007). It was shown 

that, there was no fracture with the short stem, but approximately 9 % of the 

conventional stem underwent fracture.  

Wiik et al. (2021) studied the impact of reducing the femoral stem length on gait 

by comparing the performance with both short stem and conventional stem. They 

concluded that short stem has no performance impairment on gait. Additionally, 

it had functional equivalence in all phases of loading during stance when 

compared to the conventional stem.  This supports the growing evidence that a 

short stem can perform well when considering an everyday activity, such as 

walking (Zugner et al., 2018; Wiik et al., 2018) 

Recent systematic reviews and meta-analysis have found that short stem provide 

dependable fixation, and no cases of femoral aseptic loosening were observed in 

elderly patients with femoral neck fractures compared to conventional stem 

(Stulberg and Dolan, 2008; Patel et al., 2012; Kim et al., 2012). It must be noted 

that at the diaphysis, the cortical bone is stronger. Hence, the diaphyseal fixation 

of the femoral stem provides increased stability. Yet, this stability comes with an 

increased load at the distal femur and stress shielding at the proximal femur (Liu 

et al., 2021b). The section below discusses different length variations of the hip 

stem and the associated characteristics or complications in the respective 

implants. 

Stress-shielding effect of short stem 

In the mid-1990s, a new concept of the hip stem was put forward. It involved a 

prosthesis that was no longer intramedullary stem and was made to fit into an 

angular resection of the femoral neck (Munting and Verhelpen, 1995). Soon after, 

in-vitro experiments were conducted on the model, indicating reduced fretting and 

an overall lower initial failure rate. Joshi et al. (2000) further extended this work 

and gave an implant design with a distinct geometry. They proposed the concept 

that a shorter length of the prostheses can significantly reduce stress shielding 

as well as sheer stress at the interface. Henceforth, they used the traditional 

sessile prosthesis and shortened the length of the femoral stem. In another study, 

Al-Jassir, Fouad and Alothman (2013) researched the effect of variable stem 
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lengths on the total stress at the hip implant. They noticed that the length of the 

stem significantly impacted the shear and von Mises stress on the bone cement, 

bone, and the stem itself. Additionally, as the length was increased, the von Mises 

stress at bone cement also increased. However, the shear stress decreased with 

increasing length. Jergesen and Karlen (2002) obtained radiographic images 

indicating that a larger femoral stem is associated with severe stress shielding as 

compared to smaller and middle-sized stems. Kim et al. (2003) evaluated bone 

mineral density (BMD) after one year follow-up and showed that BMD was 

increased in Gruen zone 1 and 7 in short stem when compared with the 

decreased BMD observed in conventional stem for both Gruen zones. Hence, a 

superior biomechanical loading is achieved by implanting a short stem which 

results in more physiological loading to the femur proximal, reducing the stress 

shielding. Therefore, it is critical to use an implant with shorter stem to preserve 

more healthy bones and reduce the stress-shielding effect.  

Stability of short stem 

Reimeringer et al. (2013) used finite element methods (FEM) to do a static 

analysis of a model of high-velocity walking and stair climbing following THA. 

They looked at how shortening the femoral stem affected the implant's initial 

stability and longevity. Straight and curved prosthetic stems of five and four 

different lengths, respectively, were implanted. The research indicated that the 

average micromotion between the prosthetic stem and bone rose from 17 to 52 

ɛm during fast walking, and the peak value increased from 42 to 104 ɛm when 

the length of the straight stem was reduced from 146 to 54 mm. When the curved 

prosthesis stem's length was decreased from 105 mm to 54 mm, the average 

micromotion between the stem and bone rose from 10 m to 29 ɛm, and the peak 

value increased from 37 m to 101 ɛm. The stair-climbing model came to the same 

conclusions. While recent studies have shown a correlation between femoral 

stem length and femoral stability, shortening the femoral length to improve 

accessibility during surgery should not jeopardise its stability. Further long-term 

clinical trials are needed to prove the significance of the shortening of the femoral 

stem and the resultant survival rate. 

Ultrashort and conventional cementless stems 

Kim and Park (2016) performed a comparative study of the ultrashort 

and anatomical cementless stems. Clinical, radiological, and bone density 
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outcomes were evaluated independently, and it concluded that the ultrashort and 

standard cementless stems had similar effectiveness and fixation during follow-

up. Yu et al. (2016) examined the clinical and radiological effects of THA with 

short and standard femoral stems in 70-year-old patients. Short and traditional 

stems had similar operation times, estimated blood loss, and hemoglobin levels 

at discharge. The conventional stem fractured five times, while the short stem did 

not. Both stems had similar Harris hip scores and radiographic values at the final 

follow-up. Six conventional stem hip joints caused thigh discomfort, while short-

stem joints did not. Both short and conventional stems may offer stable fixation 

in patients over 70; however, the short stem femoral prosthesis had less 

discomfort and intraoperative fractures. 

Aseptic loosening with stem length  

Zhang et al. (2020) examined distal femoral prosthesis replacement data from 

patients during 2001ï2017. Cox and two-stage regression models examined the 

correlation between stem length and aseptic loosening. The research 

demonstrated a substantial nonlinear relation between femoral stem length and 

aseptic loosening, with the inflection point estimated at 143 mm. On the left side 

of the inflexion point, the aseptic loosening risk decreases by 6% with every 1 

mm stem length increase. These results could help orthopaedics doctors make 

clinical decisions about hip stems. Niinimäki, Junila and Jalovaara (2001) 

measured bone mineral density in 24 THA patients with short stems using dual-

energy X-ray absorptiometry (DEXA). The study concluded that proximal porous-

coated short stems preserved bone mass better than cemented and long-stem 

prostheses. 

 

Interface failure with stem length  

Rietbergen and Huiskes (2001) conducted an independent study to examine the 

impact of reducing stem length on the load transfer of ABG stem (also called 

Anatomique Benoist Girard stem). They explained that the probability of interface 

failure is not directly linked with the length of the shorter stems. Nonetheless, it is 

noteworthy that shorter stems are marked by certain limitations. They include 

severe difficulty controlling stem motion during the surgery and reduced initial 

stability. Furthermore, mathematical modelling studies were conducted to 

determine the stress concentration at certain points owing to longer and shorter 
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femoral stems. It was concluded that longer stems would eventually increase 

stress in the stem and at the proximal end of the femur. Subsequently, shorter 

stems will create more stress at the proximal end of the femur. This stress may 

be greater than the strength limit of bone cement and the bone itself.  

In brief, increasing the length of the prosthetic stem may help reduce the risk of 

aseptic loosening and stress shielding effect, whereas a shorter stem length 

enhances its initial and long-term stability; and higher bone density in regions 

surrounding the hip stem. Lastly, it is noteworthy that the selection of the length 

of the prosthetic stem should be made in accordance with the pathology and 

physiological characteristics of the patient.  

Hip stem shape 

The shape of the hip stem is also variably employed, like the length of the femoral 

stem. Traditional hip stem only included a curve shape; however, the curved 

design has long been ruled out. The hip stem shape not only incorporates its 

shape design but also includes the cross-section of the femoral stem. It denotes 

the stem volume and the material distribution along the axis of the stem. The 

purpose of developing different hip stem shapes is to create an optimal load 

transfer system incorporating the proximal end of the femur that aligns with the 

natural geometry of the hip joint and mimics the physiological load transfer to the 

femoral bone. This objective is achieved through various designs of the stem 

geometry. In this regard, Laine et al. (2000) proposed that fitting and filling of the 

femoral stem can be optimised through the employment of an anatomical design 

of implant. The following section sheds light on different hip stem shapes and 

associated characteristics of the previously developed prosthesis. 

i. Hollow stem and associated stress shielding 

Cemented prosthetic femoral stems came in a variety of forms and sizes (hollow 

cylindrical, inverted cone, forward cone, and solid) and were conceptualised by 

Zheng, Feng, X. and Feng, Y. (2006). The finite element analysis determined that 

the von Mises stress distribution was more reasonable for the three hollow forms 

compared to the solid shape. Additionally, the maximum von Mises stress on the 

stem was lower for the inverted conical stem. Thus, the stress shielding effect is 

mitigated in the region where the human proximal femur makes contact with the 

prosthesis by using an inverted cone-shaped femoral stem. An optimal 

configuration of a hollow stem was developed by Gross and Abel (Gross and 
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Abel, 2001). The stress distribution of an optimised hollow stem was compared 

with that of a reference solid stem, with the internal diameter of the prosthesis 

serving as the design variable and the stress on the bone cement serving as the 

design constraint. In another study, the hollow shape of the prosthetic stem was 

shown to decrease peak stress at the distal end of the prosthetic tip by 20% while 

increasing stress on the proximal cortical bone by the same amount (Mattheck, 

Vorberg and Kranz, 1990). The cortical bone saw a reduction in stress shielding 

as a consequence of the higher load.  

ii. Variable cross-sections stems  

Sabatini et al. (2008) carried out a finite element analysis using variable cross-

sections of femoral stems. They employed a trapezoidal, elliptical, and circular 

stem and compared their displacement and von Mises stress at a specific location 

on the stem. They concluded that the trapezoid cross-sectional design was 

optimal in terms of the internal design of the implant. However, it precipitated 

uneven stress distribution from both the external and the internal regions. 

Although this design did succeed in redistributing stress away from the internal 

side, the scientists suggested that alternate designs should be explored for 

developing implants with minimal stress shielding. Despite the fact that femoral 

stems with a round or elliptical cross-section did not often exhibit the lowest stress 

values, they did produce a more uniform stress distribution by minimising 

fluctuations in stress at various sites. Some research suggests that the stability 

of a femoral stem increases when it has a rectangular cross-section, sharp edges, 

and a curved form (Pilliar, Lee and Maniatopoulos, 1986). The initial stem design 

was proposed to be curved; however, it was soon advanced to more straight and 

variable shapes. It is recommended that both cemented and non-cemented 

femoral stems be straight. A cement-based femoral stem is more likely to 

generate a full cement-based sheath if it has a straight stem shape. In the case 

of a cementless femoral stem, it is best to go with a straight stem for better 

alignment with the femoral marrow cavity. 

iii. Porous plasma conical stems 

Ellison et al. (2009) investigated femoral reconstruction after THA for the long 

term using a porous plasma conical titanium stem. For this study, the researchers 

randomly chose 97 patients who had had a primary total hip replacement and 

had a Mallory-Head porous femoral stem prosthesis inserted. It was determined 
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that a Mallory-Head tapered titanium femoral stem coupled with annular proximal 

plasma spray coating might significantly reduce stress shielding in a well-fixed 

and functional THA. Also, the cortical thickness of the majority of femurs was 

either increased or unaltered in all regions around the prosthesis. 

iv. Sharp-edged stems 

A specific study using infinite element simulations was carried out by Hu et al. 

(2010) for four common femoral stems. The purpose of the study was to assess 

the stress distribution as well as micromotion at interface of the implant and the 

bone. Additionally, the four stems used were Secur- Fit, Alloclassic, VerSys, and 

Ribbed Anatomic. The values of stress distribution and micromotion at the 

proximal interface were recorded under stair-climbing loading conditions. 

Moreover, every section's front, inner, back, and side portion was specifically 

selected for calculations. All stems demonstrated optimal initial stability. 

However, the Ribbed Anatomic and Alloclassic models showed significant stress 

at the ribs and sharp corners, respectively. Therefore, it was deduced that sharp-

edged femoral stems are marked by considerable levels of stress. 

v. Stems with variable internal constructions 

Li optimised the prosthetic parameters using UG secondary development 

technique and produced three stems with varied internal constructions: solid, 

cylindrical through-hole, and rectangular hollow (Li, 2017). These criteria 

optimised exterior stem dimensions and quickly established the prosthetic model. 

The solid shield architecture had the maximum stress shielding on the femur, 

followed by the cylindrical through-hole stem and the rectangular hollow stem, 

which had the lowest at 58.42%. The authors improved the rectangular hollow 

stems to reduce stress shielding to 54.86%. 

The above findings will aid in the development of a common femoral stem shape 

that restores the natural load transfer mechanism in the proximal femur. 

2.4.3.  Review of Metal, Ceramic and Composite Hip Stem 

Artificial hip implants were initially produced by using stainless steel, silver and 

platinum. Soon after, a prolonged period of development resulted in the 

introduction of newer materials for the hip prosthesis. They included cobalt-

chromium alloys and titanium. Similarly, numerous structural shapes were also 

developed, such as porous constructions, columns and rectangles. These 
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changes resulted in performance optimisation of the implants and greatly 

enhanced their stability and efficiency in the human body. The various materials 

used for hip stems are as follows; 

Metal materials 

Bobyn et al. (1990) looked at how stress shielding was affected by the prosthetic 

material's flexibility. Cobalt-chromium and titanium alloys were the two types of 

porous-coated stems that were examined. The findings demonstrated that a 

flexible femoral stem consistently resulted in less femoral bone resorption than a 

stiff femoral stem. Sumner and Galante (1992) found similar results when they 

studied the use of a low-stiffness, cementless, and porous-coated shank in dogs, 

finding that there was less proximal femur bone loss. The proximal stress at the 

stem/bone interface was observed to increase with a flexible stem compared to 

a rigid one, which may contribute to implant failure (Huiskes, Weinans and Van 

Rietbergen, 1992). The elastic modulus of titanium alloy is 110 GPa, which is 

much smaller than that of Co-Cr-Mo alloy (200-230 GPa) and stainless steel (200 

GPa). When choosing among the metals, titanium alloy is the best option due to 

its reduced mismatch in elastic modulus value with the surrounding cortical bone 

(10-30 GPa) compared to the other alloys listed. However, it is important to note 

that even the modern titanium alloy hip stems still offer a significant degree of 

stress shielding that may be mitigated by bringing the implant's effective stiffness 

as near as possible to that of cortical bone (Arabnejad et al., 2017). 

After implanting titanium alloy femoral stem prosthesis in 239 patients, 

Eingartner, Piel and Weise (2007) followed up with them after an average of 13 

years. The average Harris Hip Score throughout the follow-up period was 77. A 

metric from 0 to 100 measures the dysfunction of the hip implant. A patient with 

a symptom severity score of 70 or above is considered to have a favourable 

outcome (Harris, 1969). Titanium stem had promising long-term follow-up 

outcomes that were comparable to those of other cemented stems used 

effectively in primary total hip replacement. Additionally, the use of titanium and 

cement in the femoral stem did not raise the probability of aseptic loosening. 

Toxicity of metal implants 

Vanadium (Va) and Aluminum (Al) toxicity has been a serious issue for 

orthopaedic surgeons over the years. Commonly used Titanium alloys (e.g., 

Ti6AI4V) also contain significant amounts of vanadium and aluminium (i.e., 4% 
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vanadium and 6% aluminium along with 90% titanium). The release of Al and Va 

causes discolouration of the surrounding tissues in the process of alloy 

dissolution. Additionally, they may also trigger an inflammatory reaction within the 

body (Choubey, Balasubramaniam and Basu, 2004). The ionised Ti-6Al-4V 

particles emitted from the implant have been demonstrated in certain research to 

influence the deposition of a mineralised matrix by changing the expression of 

the osteoblasts. By interfering with regular cell division in bone marrow, ion 

particles may also prevent the healthy growth of osteoblasts (Thompson and 

Puleo, 1996). Aluminium particle emission has also been linked to Alzheimer's 

disease and breast cancer (Geetha et al., 2009; Mandriota et al., 2016). These 

biological consequences may harm humans in a number of ways, causing 

discomfort in the patient, promoting implant loosening (in the case of osteolysis), 

and implant failure (Khadija et al., 2018). Recent research has focused on 

creating a titanium alloy (Ti 0.4O 0.5Fe 0.08C) devoid of aluminum and vanadium 

for use in medical applications, including implants and osteosynthesis. Thus, it 

will eventually eliminate these potential health risks associated with Ti6Al4V 

(Haase et al., 2020). These alloys have been demonstrated to outperform 

standard Ti6Al4V in terms of yield tensile strength and elongation at fracture 

thanks to the addition of O, C, Fe, Au, Si, Nb, or Mo as alloying elements. The 

study also discovered that compared to Ti6Al4V, the alloy Ti 0.4O 0.5 Fe 0.08C 

exhibited superior corrosion resistance and biocompatibility (Haase et al., 2020). 

Other models of aluminum and vanadium-free titanium alloy used for 

manufacturing hip stem models include Ti35Nb7Zr5Ta (TNZT), Ti12Mo6Zr2Fe 

(TMZF) and Ti32Nb8Zr4Ta (Sidhu, 2021; Eldesouky et al., 2017a). It was shown 

that TMZF and TNZT exhibit a stiffness value of 55-85 GPa, which is significantly 

lower than Ti6Al4V. They were also known to produce lesser stress shielding as 

compared to titanium alloy stems (Eldesouky et al., 2017a). 

In recent years, multiple concerns regarding the long-term biological 

consequences of released metal ions have been raised in relation to stainless 

steel (AISI 316L) implants. Corrosion and wear are the typical causes of nickel 

and chromium ions release (Pulido and Parrish, 2003). Allergic responses and 

skin disorders like swelling and reddening may be caused by the metal ions or 

fretting particles generated by stainless steel implants. Additional human health 

risks include carcinogenesis and teratogenicity (Yang and Ren, 2010). 

Additional research has suggested that adopting high-nitrogen nickel-free 
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stainless steel (Fe-Cr-Mn-Mo-N) to avoid these biological impacts is effective. 

This form of stainless steel has substantially improved its mechanical properties. 

As a result, it is recommended to use the newly discovered metal alloys, such as 

titanium alloys devoid of aluminum, vanadium and stainless steel with high 

nitrogen and no nickel content, as a viable alternative to the conventional 

orthopedic implants now on the market (Menzel and Kirschner, 1996). 

Composite materials: 

Composite materials include; 

i. Composites with lower Elastic Modulus 

Initially, orthopedics employed composites with lower elastic modulus for THA. It 

was considered an attempt to lower the mismatch of elastic modulus between the 

implant and the corresponding bone (Bougherara et al., 2011). Soon after, it was 

found that these prostheses had compromised long-term durability under cyclic 

loading and strength (Evans and Gregson, 1998). Additionally, clinical difficulties 

might arise from using softer materials in hip joints. For example, use of carbon 

fiber material causes the development and transfer of macrophages to lymphatic 

arteries, which subsequently circulate through the vascular system in unfavorable 

ways (Brandwood et al., 1992). Lieu et al. (2005) performed a FEM study 

comparing the surface stress distributions on titanium alloy, carbon fiber 

reinforced polysulfone (CFR/PSF) composite, Co-Cr-Mo alloy, and stainless-

steel prostheses. The stress distribution of the titanium alloy and CFR/PSF 

composite prostheses were much better than the Co-Cr-Mo alloy and stainless-

steel stems, highlighting their promising potential to be used in clinical settings. 

ii. Thermoplastic Polymer Matrix and Continuous Carbon Fibers 

Polyamide Composite 

The microstructure and biomechanical characteristics of a composite material 

consisting of a thermoplastic polymer matrix and continuous carbon fibers were 

investigated by Campbell et al. (2008). They performed static and dynamic 

fatigue testing of carbon fiber/polyamide 12 (CF/PA12) composites. When 

compared to cortical bone (10ï30 GPa), the composite material had Young's 

modulus (12.2 GPa), and its fatigue performance was much higher ( ρπ cycles) 

then what is required of femoral stems in complete hip prosthesis (THPs). The 

flexural modulus of CF/PA12 was 16.4 GPa, which is close to the flexural 



74 
 

modulus of cortical bone, which ranges from 10-30 GPa. This composite's 

potential to be formed into intricate patterns with tunable qualities makes it a 

promising material for use in hip stem production because of its ability to mitigate 

the stress shielding effect. 

iii. Carbon fiber-based Composite 

Bougherara et al. (2011) performed a specific analysis comparing the carbon 

fiber-based composite implant with two commercial implants. They included the 

commercially available Omnifit and Exeter stem (Stryker, Mahwah, NJ, USA). It 

was discovered that carbon fiber composites have a 45-100% lower strength than 

commercially available metal components. The findings indicated that carbon 

fiber composites might be a good option for reducing the likelihood of bone stress 

shielding, bone loss, and implant loosening. Subsequently, the composite hip 

was assessed for stress distribution and compared to a conventional metal hip 

joint for the first time in this work. 

iv. Thermosetting Polymer-based Composite 

Thermoset polymer-based composite material fashioned using the resin transfer 

molding technique was also used by Reinhardt et al. (1999). They were 

successful in creating a prototype hip stem made from carbon fiber socks braided 

together and wound around a wooden dowel. A large volume percentage of 

around 38% was achieved because of the two-way arrangement of the fibers. 

It also led to excellent mechanical performance and properties in fatigue and 

stiffness, both of which were comparable to those of the regional cortical bone. 

However, this composite is unsuitable for use as a hip implant owing to the 

presence of significant residual monomers within the final product. 

v. Composite Stem and Solid Cobalt-Chromium Core 

In order to lessen the stress shielding, a composite stem made of a solid cobalt-

chromium core surrounded by a layer of porous polyether-ether-ketone (PEEK) 

covering may be a suitable option due to its reduced stiffness. PEEK is an 

aromatic polymer with one ketone and two ether bonds in the molecular backbone 

with a chemical formula of poly (oxy-1, 4-phenyleneoxy-1, 4-phenylenecarbonyl-

1, 4-phenylene). PEEK is a semi-crystalline, high-performance thermoplastic 

which was first synthesised in 1978 (Verma et al., 2021; Yu et al., 2021; Gu et 

al., 2021b). The multiple benzene rings in the molecular chain of PEEK provide 

heat resistance and chemical stability. The two ether bonds and a carbonyl group 
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provide good flexibility, giving PEEK excellent heat, wear, chemical and radiation 

resistance. As a biomaterial, the good resistance and stability of PEEK allow it to 

be implanted into the human body and stay for a long period. However, PEEK is 

bioinert and does not interact with its surrounding environment and does not 

integrate with the cortical bone. In terms of mechanical properties, the density 

(1.28-1.32 g/mm3), elastic modulus (3 GPa) and yield stress (110 MPa) are 

closer to those of human bone compared to biomedical metal materials such as 

titanium-based alloys, cobalt-based alloys and stainless steel, effectively 

reducing the stress shielding with sufficient load-bearing capacity (Zanjanijam et 

al., 2020). PEEK is radiolucent so that there are no artefacts on X-rays which can 

be detrimental to post-operative examination. With these advantages, PEEK has 

emerged as a promising biomaterial for the reconstruction of bone defects (Yu 

and Liu, 2021; Kurtz et al., 2008). Some studies have investigated porous PEEK 

coating of the hip stems with a stochastic matrix structure with an average pore 

size of 300 ɛm (Nieminen et al., 2007; Ma and Tang, 2014). Some patients also 

had periprosthetic infection and loosening because the PEEK covering had 

detached from the central core (Saltzman et al., 2014). 

Similarly, a controlled-stiffness composite femoral prosthesis was studied in 

another research. It was conceived and produced by Simões, Marques and 

Jeronimidis (2000) and Simoes and Marques (2001) which consisted of a cobalt-

chromium core surrounded by a flexible composite outer layer. The novel 

design's predicted performance was compared to standard, single-module 

prostheses.  

Ti6AI4V and PEEK as potential material selection for hip stem: 

Considering the above-mentioned materials, Ti6AI4V and PEEK materials were 

selected as potential material to develop a porous hip stem. Both Ti6AI4V and 

PEEK are shown to be safe and effective biomaterials for the applications that 

they are provided for e.g., spinal fusion cages, skull treatment, rib, orthopedics 

implants and etc. (Yu and Liu, 2021). There are some benefits and shortcomings 

in both materials in orthopedic application which are briefly mentioned below.  

Ti6AI4V is a bioactive material which can interact with the surrounding biological 

system and set up chemical bonds with the bone tissue. It can promote 

regeneration and deposition of bone matrix on the surface of the hip stem, 

resulting in long-term stability. On the contrary, PEEK material is biologically inert 
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which prevents good integration with surrounding bone tissues after implantation. 

However, its bioactivity can be improved at design level with the use of 3D printing 

technology. Integrated porous structures can be constructed to help ease the 

osseointegration process of surrounding bone tissues on the surface of the hip 

stem. Alternatively, the PEEK material can be coated with bioactive ceramic 

materials such as bioglass, HA (hydroxyapatite), and ɓ-tricalcium phosphate to 

increase its osseointegration (Goharian et al., 2017; Sarfraz et al., 2022). 

In terms of mechanical properties, it is known that the elastic modulus of Ti6AI4V 

is around 110 GPa, which is much greater than the surrounding cortical bone (10-

30 GPa) resulting in stress shielding and bone resorption. Elastic modulus of 

PEEK is approximately 3 GPa which is closer to that of cortical bone. Generally, 

PEEK is much more flexible than Ti6AI4V which is a weight-bearing material, 

however, PEEK bear weight like bone due to similar mechanical properties, 

hence making it a suitable selection for joint replacement applications 

(Zanjanijam et al., 2020).  

Readability of X-rays, MRI or CT scans are important in bone remodeling 

detection, postoperative complications and map out future surgeries. Ti6AI4V 

implants create image scattering when exposed to X-rays, MRI or CT beams 

resulting in an inaccurate monitoring of the scans. However, PEEK implants result 

in improved X-rays, MRI or CT scans accuracy due to its radiolucency. This 

allows better visualization of the bone tissue integration (Lovald and Kurtz; 2012).  

In this study, both Ti6AI4V and PEEK materials were selected as potential 

material to develop a porous hip stem. 

 

2.5.   Additive manufacturing 

2.5.1.   Advancement in Additive manufacturing  

Additive manufacturing (AM) has been advancing over the past 25 years, bridging 

many gaps in developing new products that conventional manufacturing methods 

were limited in producing. This includes rapid prototyping, lightweight design and 

functional integration (Khorasani et al., 2022). AM or 3D printing is a technique 

that builds 3D objects from a 3D digital model in a layer-by-layer fashion. This is 

accomplished either using computer-aided design (CAD) or scanning the object. 

AM has allowed any user to design 3D models with complex geometries, 
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consolidating them into one part and fabricating them (Izadi et al., 2020). Over 

the past decades, AM technologies, such as selective laser melting (SLM), 

selective laser sintering (SLS), and electron beam melting (EBM) have been used 

in many fields, including the medical, automotive, aerospace, and marine 

industries and for personal protective devices (Subic and Kovacs, 2019; Rochus 

et al., 2007; Ngo et al., 2018; Tamaddon et al., 2022; Liu et al., 2021b; Xu et al., 

2021; Craddock et al., 2012). Advances in AM have opened new possibilities for 

the fabrication of biomedical devices or constructs with synergistic biological and 

mechanical properties that can mimic natural tissue structures and the 

physiological environment. Additionally, AM has been utilised in the medical field 

to produce vascularised tissues and organs (via bioprinting) or to develop patient-

specific orthopedic implants (via metal printing) (Lee Ventola, 2014). The AM of 

metals (such as Ti6Al4V) has enabled the development of customised complex-

shaped structures, including porous architecture with a high strength-to-weight 

ratio, to be used as bone scaffolds for orthopaedic applications (Liu and Shin, 

2019). These scaffolds feature high surface areas that provide a template for 

initial cell attachment, proliferation, differentiation, and tissue formation. Their 

distinctive porous structure can enhance the osseointegration process and long-

term biologic fixation (Irsen et al., 2005; Buj-Corral, Bagheri and Petit-Rojo, 

2018). Titanium alloy (Ti6Al4V) has been extensively used in orthopaedic 

implants due to its excellent biocompatibility and osseointegration. It also has 

high mechanical strength, stiffness, and good corrosive resistance properties (Liu 

and Shin, 2019; Liu, Chu and Ding, 2004). 

There are several factors that can affect the quality of AM products; these include 

raw material properties, design strategies (consolidation, orientation, topology 

and geometrical optimisation), manufacturing process and postprocessing 

(Khorasani et al., 2022). It has been shown that additively manufactured Ti6Al4V 

alloys can reduce mechanical properties (fatigue life, stiffness, and strength) to 

approximately 90% of the expected values of traditionally manufactured Ti6Al4V 

(Vilaro, Colin and Bartout, 2011; Hu et al., 2020). This is due to the highly 

localised heat input and short interaction time, large temperature gradients, and 

high cooling rates that are present. These unique thermal features dramatically 

affect as-built microstructures and lead to high residual stresses in AM-fabricated 

Ti6Al4V products, which in turn affect their macroscopic performances 

(Yadroitsev and Yadroitsava, 2015). In addition, the inevitably formed defects 
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during the AM processes significantly compromise the productsô mechanical 

properties. Zhou et al. (2022) showed that by post-heat treating the AM samples, 

residual stresses could be relieved, which can significantly improve the fatigue 

strength of specimens. It is also known that the fatigue strengths of traditionally 

manufactured parts are higher than AM parts due to a smoother surface finish 

(Nicoletto, 2020). 

Uncontrolled micropores are generally developed in the process of AM. These 

are the gas pores created due to the trapped gas inside the hollow powders that 

did not escape during the solidification process and have a diameter of 

approximately 1ï100 ɛm (Lin et al., 2007; Wang et al., 2020a; Wu et al., 2020). 

Another type of micropores is called lack-of-fusion pores, which are generated 

due to unoptimised melting conditions such as insufficient laser energy trying to 

melt an excessive amount of powders, which results in inadequate melting and 

weak bonding between layers. Lack-of-fusion pores tend to be larger than gas 

pores. During loading, the sharp edges of these micropores act as nucleation 

sites for adiabatic shear bands and initiate microcracks, which results in 

premature failure (Vilaro, Colin and Bartout, 2011; Li et al., 2015). Some studies 

have shown a significant reduction (approximately 25% of the expected values) 

in Youngôs modulus and yield strength of AM products, raising concerns about 

the manufacturing methods and process used to produce Ti6Al4V alloy products 

(Garciandia, 2009). 

Metal powders are typically left behind in the AM lattice implants via EBM or SLM. 

A high concentration of metal ions in the blood and associated problems after 

implantation have been linked to the ingestion of these powders (Levine et al., 

2013; Chang and Haddad, 2019). Vibration tables and compressed air are two 

commonplace ways of cleaning up the powder (Simoneau et al., 2017; Jette et 

al., 2018). When utilising EBM, Harrysson et al. (2008) observed that less 

sintering powder was needed when the bed was preheated, making it simpler to 

clean up any melted residue. Eldesouky et al. (2017) used EBM to create lattice 

implants with acceptable geometric consistency. Soon after, they discovered a 

discrepancy between the measured and planned mass, which was attributed to 

titanium powder being retained in the pores. 

Another study showed that the cell size of the EBM used to print a porous femoral 

stem had a direct correlation with how well the produced characteristics matched 
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the design parameters (Arabnejad and Pasini, 2013). The implant with a cell size 

of 1 mm had walls that were 33.5% thicker and pores that were 53.6% smaller 

than the design, and the pores contained partly melted powder. However, the 

difference was drastically cut down to 5.5% and 0.1%, respectively, by increasing 

the specified pore diameters to 2 and 3 mm. Large unit cells, however, would not 

be ideal for bone formation. Nonetheless, a conductive coating on the material 

could overcome this problem.  

The manufacturing precision is also affected by the unit cell's porosity and strut 

angle. When comparing the actual strut thickness to the design value, Arabnejad 

et al. (2016) discovered that the discrepancy increased with both porosity and 

angle between the strut and horizontal plane. While post-production acid etching 

or electropolishing might help bring the two closer together, doing so can 

compromise the mechanical properties of the porous structure (Pyka et al., 2012). 

2.5.2.   Custom tailored implants 

There is a limited selection of sizes and forms available for the conventional hip 

prosthesis. Small alterations in hip geometry may have significant implications on 

hip function. Hip replacement surgery has advanced to the point that it can be 

performed on all types of patients. By using cutting-edge 3-D imaging technology, 

surgeons may plan for intricacies of size, form, angulation, and duration in 

advance with pinpoint accuracy. New custom-built prostheses, developed 

individually for the individual patient, may now match exactly the needed 

geometries, allowing them to be used by those whose hips fall too far outside the 

usual range or who have a significant deformity. Custom-made implants are 

optimal for preventing lower leg discrepancy and restoring extra-medullary 

anatomy (Flecher, Ollivier and Argenson, 2019). Additionally, patient specific hip 

implant can help ease a more physiological load transfer from the hip stem to the 

cortical bone, which reduces the stress shielding. Hence, a custom-tailored hip 

stem is needed for future design developments.  

2.6.   Lattice structures for hip stem application 

As mentioned in section 2.3.3., porous surfaces or porous stems are suitable for 

better osseointegration of the surrounding bone to the hip stem. With currently 

available additive manufacturing technology, it is now possible to 3D print these 

fully porous hip stems with different types of lattice structures. In terms of design, 
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lattice structures are generally divided into regular (unit cell structure) or irregular 

(stochastic) structures, as shown in Figure 2-6. 

2.6.1.   Regular structure 

Regular structures are most common in designing porous femoral stems. Their 

designs can be customised to achieve the desired mechanical properties. 

Likewise, by changing the strut thickness and cell size, the porosity and pore size 

can be adjusted for optimal bone ingrowth. Regular structures can be further 

separated into two groups of strut-based and triply periodic minimal surface 

(TPMS) structures, where TPMS structure can be of surface TPMS or skeletal 

TPMS type (Benedetti et al., 2021). Examples of strut-based lattice structures are 

Cubic, Body Centric Cubic (BCC), Octet-truss, Tetrahedron, Diamond and 

Rhombic dodecahedron unit cells (Figure 2-6). TPMSs are minimal surfaces that 

are periodic in three independent directions. They have emerged as an effective 

solution for constructing lattice structures in recent years and have gained 

attention in the field of tissue engineering scaffolds. The surface TPMS structures 

have a continuously curved surface, where they can avoid any localised stress 

concentration, and they also have a smooth stress distribution to their 

surrounding surfaces (Gue et al., 2019). They have zero-mean curvature at every 

surface point, enhancing their load-bearing capacity and mechanical properties 

(Zadpoor, 2015). They also have improved biological features due to their high 

surface-to-volume ratio, which can provide more effective fixation to the host 

tissue using enhanced initial cell seeding (Brentel et al., 2006; Oliveira, Pereira 

and Cairo 2002). Some of the most investigated TPMS structures in the literature 

are Gyroid, Diamond, Primitive, Neovius, Splint P and I-WP (Figure 2-6) 

(Benedetti et al., 2021). The geometry of these structures is often adapted from 

nature, including butterfly wings, scales, Augustus beetle shells, exoskeletons of 

weevils, and biological cubic membranes (Han and Che 2018). 

Every TPMS structure has a unique morphology where its morphological 

parameters, such as pore shape and size, strut thickness and porosity, can be 

controlled and adjusted. Such an adjustment provides sufficient mechanical 

properties to support physiological loadings and match the required mechanical 

properties of local bone (Maconachie et al., 2019). Increasing the porosity of 

porous scaffolds can improve cell growth and nutrient transport. However, this 

can also reduce the mechanical strength and stiffness of the scaffold. Henceforth, 
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a compromise is needed between the mechanical properties and the permeability 

of the scaffold during the design process (Parthasarathy et al., 2010; Yan et al., 

2014). Moreover, manufacturability and biocompatibility are other important 

characteristics of bone implants to be considered (Ma et al., 2020).  

Rumpler et al. (2008) performed an in vitro study on curved surfaces to 

understand the local growth rate of bone tissues on the surface of the implant 

induced by osteoblasts. It was shown that cell growth and bone tissue formation 

are proportional to the local concave curvature. On the other hand, minimal bone 

tissue was present on the convex curvature. Other studies also suggest an 

increased rate of osteoblast growth on concave surfaces due to the ñpresence of 

contractile tensile stresses produced by cells near the tissue surface,ò suggesting 

the positive impact of mechanical forces on bone tissue growth (Gamsjger et al. 

2013; Bidan et al, 2012). Recent studies have highlighted that gyroid structure 

has one of the highest levels of permeability that can enhance the settling speed 

of cells upon the static seeding of immortalised mesenchymal stem cells. The 

diamond structure displays a high stiffness, surface area, and tortuosity (du 

Plessis et al., 2018; Al-Ketan et al., 2019). Tortuosity concerns the flow path 

complexity and is defined as the ratio of the mean flow path length to the shortest 

distance between the flow path inlet and outlet planes. 
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Figure 2-6: Architectures of different regular and irregular lattice structures 

(Benedetti et al., 2021). 

i. Cubic structure 

The cubic unit cell is relatively simpler, with orthogonally symmetric mechanical 

properties. It indicates that their longitudinal and transverse dimensions have 

identical values for Youngôs modulus (Arabnejad et al., 2017). Such cells 

encompass promising elastic stiffness as well as axial stiffness (Arabnejad and 

Pasini, 2013). Additionally, the strut thickness can be altered to regulate axial 

stiffness. 
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ii. Body-centered cubic (BCC) and diamond structures 

BCC and diamond structures were studied by Mehboob et al. (2018) through the 

application of finite element models. They used both structures with the same 

porosity and compression load. Subsequently, it was concluded that the cubic 

structure had a higher equivalent yield strength and Youngôs modulus. However, 

when considering the bending capabilities of these two-unit cells under shear 

loading, they have much lower stiffness than other unit cells (Egan et al., 2017). 

In terms of basic design, BCC is similar to a cubic unit cell with an addition of 

specific inclined cylindrical struts on the inside of the cell. It possesses superior 

mechanical properties under torsion loads, bending and axial compression. 

Additionally, its isotropic mechanical properties are stronger than the cubic unit 

cell. Likewise, a few structures, such as Ti6Al4V cubic unit cell and TiAl4V BCC, 

exhibit promising yield strengths under axial compression loading and an optimal 

Youngôs modulus value (Mehboob et al., 2018). 

iii. Tetrahedral structure 

Femoral stems may be designed to contain tetrahedral unit cells. Their cell 

geometry was studied by Wang et al. (2018) as a representation of faces, loops, 

edges and vertices. They have better axial strength and stability than other 

bending dominant unit cells (Wang et al., 2018; Arabnejad et al., 2017). 

Additionally, the tetrahedral topology is marked by an increased cubic symmetric 

stiffness matrix. They exhibit almost isotropic mechanical properties (Deshpande, 

Fleck and Ashby, 2001). The relative density of each tetrahedral element may be 

regulated by modifying the thickness of the struts to optimise the mechanical 

characteristics of various parts of the femoral stem. However, this modification 

must be in accordance with the required loading conditions, limitations, and 

performance indicators. 

iv. Diamond structure 

Femoral stems with more complicated diamond lattice architectures have also 

been studied (Jette et al., 2018; Mehboob et al., 2018; Wang et al., 2020b). 

Diamond lattice mechanical qualities are more identical to the bone and 

possess uniform stress distribution and superior isotropic properties than cubic 

and tetrahedral unit cells (Quevedo González and Nuño, 2016; Zadpoor and 

Hedayati, 2016). In vivo investigations by Taniguchi et al. (2016) showed that 600 
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ɛm pore size is best for bone ingrowth in diamond lattice systems, while Wang et 

al. (2019) recommended 500 ɛm pore size. 

v. Other types 

Other types of regular cell structures have variable mechanical properties and 

stress distribution. Pore arrangement direction and distribution are just as 

important as the stiffness, strength, isotropy, and possibility for bone ingrowth 

when designing porous femoral stems. The porous structure may one day be 

uniquely built and distributed based on body weight, bone density, and the shape 

of the medullary cavity to obtain the ideal mechanical and biological adaption 

qualities. Alternately, the stress distribution of the femoral stem might be used to 

integrate various unit cells in different parts of the stem body. This would allow 

the mechanical characteristics to be modified in response to loading 

circumstances, capitalising on the advantages of certain kinds of porous 

structures. 

2.6.2.   Stochastic structure 

Generally, stochastic structures exhibit a microstructure identical to the 

cancellous bone of humans. They are known to be more isotropic (Alkhader and 

Vural, 2008) and are usually fabricated through powdered metallurgy (Capek and 

Vojtech, 2015). Altering the pore volume fraction or the voxel size of such 

structures might alter their mechanical properties. The voxel size describes the 

size of the volume pixel in terms of its side length, while the pore 

volume describes how porous the volume is. Simoneau et al. (2017) modified the 

structure's porosity using a voxel size of 200 ɛm to reduce the implant's stiffness 

while maintaining its strength. When finished, the stem had 33% porosity, 

Young's modulus of 37 GPa, and yield strength of 279 MPa. In the case of 

stochastic porous structures, the smallest unit is often called a volume pixel. The 

unit cell of a volume pixel is often smaller and more irregularly distributed than a 

conventional regular structure. It is simpler to fit into the design space and might 

be a suited candidate for hip stem application.  

 

2.7.   Thesis rationale  

In this chapter, all aspects and requirements related to the design of hip implants, 

including implant stability, implant geometry and structure, biocompatibility, 
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preservation of bone tissue around the implant and implant material were 

discussed. Material and structure optimisation is the key to achieving optimal 

attributes in femoral stem prostheses. Optimising the function of a femoral 

prosthetic stem requires a multifaceted approach. While various design 

optimisation strategies exist, more advanced combination designs may be 

necessary to achieve this goal. Many optimization procedures have been 

proposed for the design of hip stems. It has been shown that the recently 

developed shortened personalised stems provide a more physiological load to 

the surrounding cortical bone, which helps reduce bone resorption and stress 

shielding. However, they tend to have less initial stability after implantation 

(Feyen and Shimmin, 2014; Bishop et al., 2010).  

This doctoral thesis aims to develop short stem custom-tailored porous titanium 

alloy (Ti6Al4V) and solid polyether ether ketone (PEEK) hip stems with reduced 

stiffness close to the cortical bone. Such development can potentially help to 

reduce the high level of stress shielding and bone resorption in the proximal femur 

and enhance the initial stability of the hip stem after implantation. In contrast to 

the currently available fully solid hip implants, the Ti6Al4V hip stem is fully porous 

with graded structures that results in non-homogeneous distribution of material 

properties in the required regions. Porous structures can also potentially help to 

achieve better osseointegration with the bone due to their porous nature leading 

to a long-term fixation of the stem to the surrounding bone.  

Additive manufacturing technique is considered for the fabrication of the Ti6Al4V 

and PEEK lattice structures and hip implants. Detailed morphological 

characterisation of the Ti6Al4V and PEEK lattice structures are undertaken. 

Mechanical properties of the selected TPMS gyroid and diamond Ti6Al4V and 

PEEK lattice structures are tested under a range of experimental tests that 

validated the FE model. FE models are then used to predict the mechanical 

properties of a wider range of pore size and porosity of the TPMS matrices.  The 

fabricated stems are implanted into a femoral Sawbone, and reduction in stress 

shielding is measured via strain gauges. FEM of implanted stems are validated 

with the experimental strain gauges readings. Stress shielding and bone 

resorption in each Gruen zone are reported and compared with the intact bone 

and generic solid Ti6Al4V and PEEK stem. The mechanical performance of the 

stem, including its stiffness and fatigue life, are measured. 
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Chapter 3. Understanding the process 

capability of the additive manufacturing of 

porous matrix 

 

3.1.   Introduction 

This chapter details the full morphological characterisation of two TPMS gyroid 

and diamond porous Ti6AI4V and a rectilinear PEEK implant suitable for a bone 

replacement application. Geometric deviation between the as-designed and as-

built matrixes were assessed. In addition, the surface roughness of the Ti6Al4V 

matrixes before and after post-processing with sandblast was measured. 

 

Geometrical mismatch 

The additive manufacturing (AM) of metals (such as Ti6Al4V) and polymers (such 

as PEEK) has enabled the development of customized complex-shaped 

structures, including porous architecture with a high strength-to-weight ratio to be 

used as bone scaffolds for orthopaedic applications (Liu and Shin, 2019). These 

scaffolds feature high surface areas that provide a template for initial cell 

attachment, proliferation, differentiation, and tissue formation. Their distinctive 

porous structure can enhance the osseointegration process and long-term 

biologic fixation (Irsen et al., 2005; Buj-Corral, Bagheri and Petit-Rojo, 2018). 

Titanium alloy (Ti6Al4V) has been extensively used to manufacture a range of 

orthopaedic implants due to its excellent biocompatibility and osseointegration. It 

also has high mechanical strength, stiffness, and good corrosive resistance 

properties (Liu and Shin, 2019; Liu et al., 2004). However, a geometrical deviation 

between the as-designed and as-built porous structures has been reported with 

the currently available AM technologies, including SLM, SLS and EBM (Bagheri 

et al., 2017). This deviation is further increased by reducing the pore size 

(Parthasarathy et al., 2010). This geometrical deviation indeed affects the 

expected morphological properties of the structure and may result in closed pores 

with trapped powders (Arabnejad et al., 2016). It has been reported that the strut 

thickness is a function of the angle at which the material is formed on the building 
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plate (Van et al., 2011; Arabnejad et al., 2016). As the angle of vertically printed 

struts (0 degrees) approaches that of horizontal struts (90 degrees), the excess 

thickness between the as-designed and as-built structures increases. 

Understanding the process capability of additive manufacturing is important in 

achieving "precision" and satisfactory in vivo performance of orthopaedic 

implants. It is especially true for porous implants that require good bone ingrowth 

for stable mechanical fixation. There are several factors that can affect the quality 

of AM products; these include raw material properties, design strategies 

(consolidation, orientation, topology, and geometrical optimization), 

manufacturing process, and post-processing (Khorasani et al., 2022). 

Additionally, with current AM technology, defects such as imperfect geometry, 

high surface roughness, microporosity, and the offset of the strut axes from their 

nominal axes are inevitably formed. These defects can significantly compromise 

the products' morphological and mechanical properties. Morphological properties 

play a key role in the fixation of cementless orthopaedic implants, depending on 

the regenerative capability of the host bone (Fini et al., 2004). Gignato et al. 

(2022) performed a study on improving the accuracy of SLM-manufactured parts. 

They showed that regardless of the printing angle of struts (from 0 to 90 degrees), 

the geometrical accuracy would not exceed 15 ɛm in a standard deviation, and 

sloped planes at 15ï20 degrees should preferably be avoided to achieve 

dimensional accuracy. Two significant factors that affect the geometrical 

accuracy of the manufactured parts are the building angle and the type of 

geometry being fabricated (Giganto et al., 2022). Bageri et al. (2017) investigated 

developing a compensation strategy to reduce the geometry mismatch of 

Tetrahedron and Octet structures. They used the results of an error analysis of a 

planer sample (spider-web) design with strut orientations from 0 to 90 degrees at 

intervals of 30 degrees to develop a thickness compensation expression as a 

function of the angle of printing the strut with respect to the built plate. They 

managed to reduce the percentage error of the horizontal struts between the as-

designed and as-built structures from 60% to 3.1%. In practice, two factors can 

potentially limit the application of the AM technique for orthopaedic implants. First 

is the need for a controlled geometry and architecture, and the other is the 

requirement for the printed implants to be mechanically vigorous. Therefore, in 

order to manufacture clinically useful orthopaedic implants through the effective 
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operation of AM technology, it is important to understand the manufacturability of 

the AM systems (Liu et al., 2007).  

Surface roughness  

The fabrication of AM scaffolds results in irregular and inhomogeneous strut 

thicknesses and surface topologies. The surface roughness of these scaffolds 

has been shown to have a major influence on the material's functional properties, 

such as frictional behaviour, fluid dynamics, heat transfer, optical and mechanical 

properties, and biological cell attachment onto the surface of the scaffold (Leu, 

2011; Rostamy et al., 2011; Liu et al., 2011; Zeman et al., 1999; Kotousov, 

Bortolan and Rahman, 2011; Wennerberg et al., 2009). Many studies have 

investigated the effect of surface roughness on osseointegration, long-term 

boneïimplant fixation, and removal torque required to detach the bonding 

(London et al., 2002; Vandamme et al., 2008; Hsu et al., 2007). Rønold, 

Lyngstadaas and Ellingsen (2003) showed that tensile strength is proportional to 

surface roughness up to 3.9 ɛm, and a further increase in roughness results in 

reduced tensile strength. A review paper by Wennerberg et al. (2009) has shown 

that the optimal surface roughness for enhanced boneïimplant attachment is 

between 1 and 2 ɛm. Surface roughness is affected by several factors, including 

stability, dimensions, the behaviour of the melt pool during the SLM process, and 

the orientation of the strut to the built plate (Thijs et al., 2010). It is known that 

struts printed in the vertical direction (ʃ = 0) to the built plate have a smoother 

surface finish than horizontal struts (ʃ = 90). This difference is because when 

printing a strut facing upwards, it has direct contact with the laser beam. Hence, 

the majority of the powders are melted (Maconachie et al., 2019). However, as 

the angle of the printing strut and the built plate increases (ʃ = 0  O90), the 

amount of unsintered powders increases (Mazur et al., 2017). It is primarily 

because the horizontal struts have the potential to overheat, which can cause 

partially fused powder particles to adhere to them and result in a lower surface 

quality (McMillan, Leary and Brandt, 2017). These particles can act as stress 

concentration when loaded, reducing the porous implant's fatigue resistance and 

mechanical properties. Several post-processing treatments can reduce the 

surface roughness of the as-built samples, including electropolishing, chemical 

processes, mechanical polishing, and heat treatment. Chemical etching is an 

acid-based solution that penetrates the pores of the scaffold and dissolves the 
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irregularities of the struts' surfaces, resulting in reduced surface roughness (Pyka 

et al., 2012). The reduced surface roughness can be controlled by controlling the 

chemical composition and etching time of the process (Bobbert et al., 2017). 

Mechanical polishing includes sandblasting, where aluminium oxide particles are 

sprayed onto the scaffold surface at high speed to remove any partially bonded 

powders, leaving a smoother surface roughness (Yang et al., 2019). This process 

also causes severe local plastic deformations, which result in the strain hardening 

of the surface of the scaffold and increased stiffness, strength, and fatigue 

performance (Jiang et al., 2006). Heat treatment at a very high temperature (1300 

°C) can melt and fuse the partially fused powder particles on the struts and make 

them more uniform (Pattanayak et al., 2011). A research gap in this field is that 

there has been no experimental investigation on morphological characterisation 

of the Ti6Al4V TPMS (gyroid and diamond structure) and PEEK rectilinear 

matrixes. The hypothesis is that by understanding the geometrical deviation 

between the as-designed and as-built porous structures a compensation strategy 

can be developed to reduce this morphological deviation to some extent and have 

a more predictable geometry of the porous structures. 

 

The aim of this chapter is to perform a detailed morphological characterisation 

and comparison between the as-designed and as-built Ti6Al4V TPMS (gyroid 

and diamond) and PEEK rectilinear matrixes suitable for a bone replacement 

application. 

 

The specific objectives of this chapter are: 

1. To design and 3D print the Ti6Al4V TPMS (gyroid and diamond) and PEEK 

rectilinear matrixes. 

2. To micro-CT scan the manufactured matrixes and reconstruct the DICOM 

files to obtain a CAD model of the matrixes.  

3. To import the micro-CT slices into ImageJ software and perform several 

image processing filtrations. 

4. To measure the strut thickness and pore size of the matrices in vertical 

and horizontal directions in several equally spaced planes.  
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3.2.   Materials and methods 

3.2.1.   Design and manufacturing of porous implant 

Micro-structure-driven design of the porous implants 

Two TPMS structures, that is, gyroid (G) and diamond (D) matrixes, were 

developed using the nTopology software (version 3.25.3, New York, USA - Figure 

3-1). The equations used to develop the TPMS Schoen gyroid (1) and Schwarz 

diamond lattice (2) unit cells are as follows (Soro et al., 2020):  

Schoen Gyroid unit cell: 

ᶮ ὼȟώȟᾀ ÓÉÎὼÃÏÓώ ÓÉÎώÃÏÓᾀ ÓÉÎᾀÃÏÓὼ ὅ σ ρ 

Schwarz Diamond unit cell: 

ᶮ ὼȟώȟᾀ ίὭὲὼίὭὲώίὭὲᾀ ίὭὲὼὧέίώὧέίᾀ

ὧέίὼίὭὲώὧέίᾀ ὧέίὼὧέίώίὭὲᾀ ὅ                          σ ς 

where (ὼȟώȟᾀ) is the Cartesian coordinate system and ὥȟὦȟὧ are the length of the 

unit cell in ὼȟώȟ and ᾀ directions. In this study, ὥȟὦȟ and ὧ were kept constant to 

obtain isotropic properties. The constant ὅ is the defined relative density. Sheet-

based TPMS structures were defined as zero isosurface where the level-set 

function was ᶮὼȟώȟᾀ π. To consider having a thickness, the unit cell was 

enclosed between two isosurfaces ᶮὼȟώȟᾀ Ὠ and ᶮὼȟώȟᾀ Ὠ, where Ὠ 

defines the value of sheet thickness (Zhang et al., 2022). 
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Figure 3-1: Three-dimensional-printed samples: (a) TPMS gyroid Ti6Al4V matrix; 

(b) TPMS diamond Ti6Al4V matrix; (c) Rectilinear PEEK matrix. 

In considering the resolution of the SLM machines, the sheet thickness of the 

TPMSs was kept constant at 300 ɛm, and the unit cell size was varied to generate 

different pore sizes, porosities, volumes, and surface areas depending on the 

structure unit cell type. This study selected only two pore sizes for each TPMS 

structure for morphological investigation. These were sheet TPMS gyroid unit 

cells with a pore size of 800 ɛm (G800) and 1000 ɛm (G1000); and sheet TPMS 

diamond unit cells with a pore size of 900 ɛm (D900) and 1100 ɛm (D1100).  

Considering the currently available 3D printing technologies for PEEK material, 

FDM (Fused Deposition Modeling) is the most successful 3D printing technology. 

However, building complex structures such as hexagonal scaffolds are extremally 

difficult with FDM method. Hence, considering the simplicity of the rectilinear 

structure, this scaffold type was selected for manufacturing PEEK scaffolds 

(Zheng et al., 2021).  

Rectilinear PEEK matrix was designed with a pore size of 0.4 mm. Pore size was 

defined as the interconnected pore size, the diameter of a sphere that passes 

through the largest pore of the porous structure. It has been demonstrated by 

Maskery et al. (2018) and Barnes et al. (2021) that a minimum of a 4 × 4 × 4 unit 

cell repeat is required in every direction to minimize the structural size effect. This 

was to ensure the potential translation of findings in this study to larger structures, 

such as orthopaedic implants. The porosity  ɲof the lattice structures was 

determined according to Eq. 2.3, where higher values for  ɲindicated additional 
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space for bone ingrowth. For enhanced osseointegration,  ɲhad to be at a 

minimum of 50% (Arabnejad et al., 2016). 

ὖέὶέίὭὸώ ɲ ρ
ὠέὰόάὩ έὪ ίὧὥὪὪέὰὨ

ὠέὰόάὩ έὪ ίέὰὭὨ ίὸὶόὧὸόὶὩ 
                      σ σ 

 

The dimension of each matrix structure is shown in Figure 3-1. The physical 

properties of the matrixes used for morphological investigation are outlined in 

Table 3-1. 

Table 3-1: Physical properties of matrixes used for the morphological 

investigation. 

Structure 
Matrix 

ID 

Sheet 

thickness 

(mm) 

Pore 

size 

(ɛm) 

Unit cell 

(mm) 

Porosity 

(%) 

# 

Samples 

printed 

Gyroid 
G800 

0.3 
800 2.208 62.0 5 

G1000 1000 2.608 67.4 1 

Diamond 
D900 

0.3 
900 2.400 56.4 1 

D1100 1100 2.811 62.2 5 

Rectilinear PEEK 0.4 400 0.800 50.0 5 

 

Raw powder and filament material  

Ti6Al4V- grade 23 ELI powder (supplied by A GE Additive Company and 

manufactured by Darwin Health Technology Co., Guangzhou) was used to 

fabricate the titanium matrix. The morphology of the powder particles was 

examined by scanning electron microscopy (SEM; Thermo/FEI Quanta 200F, 

Massachusetts, USA). As presented in Figure 3-2, the powder particles had a 

nearly spherical shape with very smooth surfaces indicating the efficient 

flowability of the particles. The particle size distribution (ASTM B822) was ╓  

21 µm, ╓  37 µm, ╓  51 µm with an apparent density (ASTM B417) of 2.38 

(g/cm)3. The chemical composition of this Ti6Al4V powder was also investigated 

(ASTM B348), highlighting a very low level of carbon, oxygen, iron, and nitrogen 

(Table 3-2).  
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A commercial PEEK raw material (450G, VICTREX, Rotherham, UK) with a 

weight-average molecular weight of approximately 37,000 (Seo et al., 2019) was 

used in this study. A twin-screw extruder made PEEK filament with a diameter of 

1.75 mm. 

 

Figure 3-2: SEM images presenting (a) the morphology of spherical Ti6Al4V raw 

powder for manufacturing lattice structures via SLM and (b) the powder's surface 

appearance. 

Table 3-2: Chemical composition of Ti6Al4V powder used in this study. 

Element C O N H Fe Al V Ti 

Standard 

values  

(mass %) 

 

0.08 

 

0.20 

 

0.05 
 0.015  0.3 

 5.5-

6.75 

 3.5-

4.5 
Balance 

Measured 

values  

(mass %) 

0.01 0.09 0.02 0.0022 0.22 6.44 4 Balance 

 

Manufacturing of testing specimens 

TPMS matrixes were manufactured from Ti6Al4V alloy (Grade 23 ELI) using a 

SLM machine (EOS M280, Krailling, Germany). Optimized printing parameters 

by Darwin Health Technology Co. was used to gain the highest printing quality 

with the minimal deviation between the as-built and as-designed matrix. The 

details of the laser parameters are outlined in Table 3-3. The fabricated samples 

were removed from the build plate by a wire-cutting machine and air-blown to 

remove any unmelted powder. The samples were heat-treated at 820°C in an air 
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environment, with a heating rate of 9°C/min for 2 hrs to enhance the mechanical 

properties of the lattice structure. They were then finally cooled to room 

temperature in a furnace. Sandblasting was employed for mildly smoothing 

surfaces of the lattice structures with quartz sand (particle size = 50 µm / pressure 

= 0.6 MPa). Rectilinear PEEK matrixes were manufactured by a commercial 3D 

printer (Engineer 200, Jugao AM, Xi'an, China) through fused filament fabrication 

(FFF) technology, also known as fused deposition modelling. The PEEK filament 

is made by extruding raw material and is fed into the heated nozzle of the AM 

machine, where the filament is melted and extruded from the nozzle onto the 

substrate. By this means, a part was manufactured layer by layer. The 

parameters of the 3D printing processes are summarized in Table 3-4. Figure 3-

3 shows the schematic illustration of the 3D printing process of the Ti6Al4V and 

PEEK matrix. 

 

Table 3-3: Laser parameters used in manufacturing Ti6Al4V matrix. 

Parameter 

Laser 

power 

(W) 

Layer 

thickness 

(µm) 

Scan 

speed 

(mm/s) 

Spot 

size 

(µm) 

Energy 

density 

(J/mm3) 

Hatch 

distance 

(µm) 

Value 190  30 1000  90  85  110 

 

Table 3-4: Process parameters used in manufacturing PEEK matrix. 

Parameter 

Nozzle 

temperature 

(ᴈ) 

Ambient 

temperature 

(ᴈ) 

Nozzle 

diameter 

(mm) 

Printing 

speed 

(mm/s) 

Layer 

thickness 

(mm) 

Value 420 20 0.4 20 0.2 
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Figure 3-3: Schematic illustration of the 3D printing process of (a) Ti6Al4V and 

(b) PEEK matrix. 

 

To obtain a more reliable statistical results with smaller margins of error, five 

replicates of G800, D1100, and rectilinear matrixes were manufactured. 

However, since the variation of measured pore sizes and strut thicknesses were 

not significant between different matrixes (for G800 and D1100), only one sample 

of G1000 and D900 was manufactured for morphological analysis.  

 

3.2.2.   Morphological and microstructure characterisations 

All fabricated samples (G800, G1000, D900, D1100, and rectilinear) were 

scanned, and their morphologies were characterised using a SkyScan (model 

1172, Bruker, MA, USA) high-resolution micro-computed tomography (micro-CT) 

scanner. The scans were performed with a tube voltage of 102 kV, a tube current 

of 96 µA, a scan time of 30 min, and a voxel size of 10 × 10 × 10 µm. Each sample 

was rotated from 0° to 180° in steps of 0.5°, and five images were recorded to 

obtain an average radiograph image. The micro-CT data were then reconstructed 

into 2D slices, representing the cross-sectional images of the matrixes with a 

commercial software package (NRecon, Skyscan N.V., Kontich, Belgium). The 

reconstruction process included a beam-hardening correction of 35%, a ring 

artifact reduction of 10, and lower and upper histogram ranges of 0 and 0.15, 

respectively. 
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For TPMS matrixes, strut thickness (ST) and pore size (PS) were measured for 

vertical struts (by manually clicking and measuring on each image) at different 

locations within four slices, which were vertical cross-sections equally spaced 

across the structure. In addition, ST and PS were similarly measured for 

horizontal struts in 4 other slices, also equally spaced across the structure. ST 

was measured at 30 locations within each slice and PS at another 30 locations. 

Thus, for G800 (n=5) and D1100 (n=5) matrix, 20 slices showed vertical struts (4 

slices in each of 5 replicates), and 20 other slices showed horizontal struts with 

30 ST measurements and 30 PS measurements in each slice. Hence, there were 

600 pore size and 600 strut thickness measurements for G800 and D1100 

matrixes. However, since only one sample of G1000 and D900 was 

manufactured, we only had four slices showing vertical struts and four other slices 

showing horizontal struts with 30 ST measurements and 30 PS measurements in 

each slice. Hence, there were 120 pore size and 120 strut thickness 

measurements for G1000 and D900 matrixes. For the rectilinear PEEK matrix, 

ST and PS were measured at 15 different locations in five different slices. Hence, 

there were 75 pore size and 75 strut thickness measurements. ImageJ software 

package (National Institutes of Health, Bethesda, Rockville, MD, USA) measured 

the ST and PS across the samples.  

 

The surface roughness of the specimens was measured using a 4K digital 

microscope (VHX-7000, Keyence, Osaka, Japan) with 500 magnification. This 

microscope has an Optical Shadow Effect Mode which combines a large depth 

of field with high resolution using image sensors and optical systems. This allows 

sub-micron defects to be identified (in colour) and enhance uneven surfaces and 

analysed. To measure the surface roughness of the sample, laser beam is 

emitted from the light source which scans the target surface. The laser light is 

reflected back and passes through the half mirror and enters the light-receiving 

element. The intensity of the received laser plus the height position of the lens is 

recorded. The accuracy of the measured method is backup by the pinhole 

confocal method. A pinhole with diameter of only tens of microns is placed in front 

of the light-receiving element which can block the reflects when the image is not 

in focus. Once the image is in focus, all the reflected light reaches the light-



97 
 

receiving element in both the normal optical system and the laser confocal optical 

system. Ra (arithmetic average roughness) was measured using the above 

method. Morphology of the as-built and sandblasted samples were observed 

using scanning electron microscopy (SEM) using a Thermo/FEI Quanta 200F 

machine with 5 kV voltage and spot size of 2, while samples were being mounted 

on a stub. 

3.2.3.   Statistical analysis 

Numerical and graphical analyses of strut thickness and pore size measurements 

were performed in R (R Foundation for Statistical Computing, Vienna, Austria). 

These included calculations of group means and standard deviation estimates 

with confidence intervals, analyses of variance with standard diagnostics, and 

calculations of components of variance. 

3.3.   Results  

3.3.1.   Morphology of porous biomaterials: designed vs. manufactured 

Key morphological characteristics such as the strut thickness (ST) and pore size 

(PS) of the as-built samples were characterised and measured by a micro-CT. 

ST and PS were measured using vertical struts (0 degrees) and horizontal struts 

(90 degrees), as shown in Figure 3-4. Table 3-5 summarises the morphological 

parameters of micro-CT and CAD values for the TPMS gyroid and diamond and 

rectilinear PEEK matrixes. For TPMS matrices, the measured pore size and 

porosity of the micro-CT data were smaller than the CAD data. However, the 

measured strut thickness of micro-CT data was larger than the CAD data for all 

TPMS matrixes. This value was exactly the other way around for rectilinear PEEK 

matrixes, where the measured pore size and porosity of the micro-CT data were 

larger than the CAD data, and the measured strut thickness of micro-CT data was 

smaller than the CAD data. 
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Figure 3-4: Overlapping CAD and micro-CT TPMS morphology data in horizontal 

and vertical struts orientations for (a) diamond matrix, (b) gyroid (Horizontal 

Struts) matrix and (c) gyroid (Vertical Struts) matrix; and overlapping CAD and 

micro-CT rectilinear morphology data in (d) horizontal and (e) vertical planes. 

CAD: computer-aided design; micro-CT: micro-computed tomography. 
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Table 3-5: Morphological parameters for different types of the porous structure. ± indicates the standard deviation of the mean values. 

 

 

 

 

 Pore Size (µm) Porosity (%) Strut Thickness (µm) 

Unit cell CAD 
Micro-CT 
(Vertical) 

% 
Error 

Micro-CT 
(Horizontal) 

% 
Error 

CAD  Micro-CT 
% 

Error 
CAD 

Micro-CT 
(Vertical) 

% 
Error 

Micro-CT 
(Horizontal) 

% 
Error 

Gyroid 

800 776.2 ± 18.3 3% 631.3 ± 33.8 21% 62.00 54.9 11% 

300 

312.6 ± 17.3 4% 498.6 ± 37.1 66% 

1000 976.4 ± 22.4 2% 814.2 ± 35.8 19% 67.40 61.8 8% 310.4 ± 14.5 3% 482.8 ± 24.3 61% 

Diamond 

900 887.1 ± 17.3 1% 804.7 ± 16.4 11% 56.40 47.4 13% 

300 

303.5 ± 13.2 1% 399.1 ± 32.7 33% 

1100 1066.9 ± 18.9 3% 1007.2 ± 18.9 8% 62.15 55.2 11% 307.5 ± 18.5 3% 405.4 ± 19.5 35% 

Rectilinear 400 - - 460.5 ± 30.2 15% 50.00 61.1 22% 400 - - 310 ± 10.7 22% 
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For TPMS matrixes, it was demonstrated that the percentage error in the 

manufactured porosity decreases as the designed porosity increases. At the 

same time, the error in the vertical and horizontal struts and pore size are reduced 

for the gyroid structures but increased for the diamond matrixes, except for the 

error in the diamond's horizontal pore size, which is reduced with increased 

porosity.  Figure 3-5 shows the percentage error of pore size and strut thickness 

measurements for both vertical and horizontal struts.  

 

 

Figure 3-5: Percentage error of (a) pore size and (b) thickness for both gyroid and 

diamond matrixes. 

A more detailed and comprehensive study on the morphological deviation of 

TPMS gyroid (G800) and diamond (D1100) matrix is undertaken in the following 

section, and a full set of strut thickness and pore size measurements for G800 

and D1100 are presented in the form of dot plots in Figures A1-1 and A1-2 (in 

Appendix 1).  

Variation of individual measurements 

The means and standard deviations of the 30 measurements of ST and PS in 

each slice are listed in Table A1-1, and Figure 3-6 shows a plot of these standard 

deviations against the mean excess (slice means minus their target values). The 

variation of individual measurements within each slice was comparable across 

the 20 slices within each group. The pooled standard deviations for all slices 

within each group (each with 20 x 29 = 580 degrees of freedom) are presented 

in Table 3-6, denoted by s1. They represented how much individual 

measurements in the same slice varied about their slice means. The standard 

deviations (s2) in Table 3-6 describe how much individual measurements in a 

replicate structure varied about the replicate mean. Histograms of the 600 pooled 
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differences of the measurements from the mean slice for each group, along with 

fitted normal distributions, are shown in Figure A1-3. 
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Figure 3-6: Within-slice standard deviations were plotted against the mean excess (i.e., the slice mean minus target value) for each structure 

type, variable and strut orientation. Different colours denote the 5 different replicates of each printed structure. The x-axis scales differ in 

each panel. The y-axis scales are the same in all panels, except for the horizontal strut measurements for gyroids, where they cover a 

wider range. The grey vertical line at zero marks where the mean measurement would equal the target value. Replicates 1, 2, 3, 4, and 5 

are shown in red, blue, purple, orange, and turquoise colours, respectively.
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Table 3-6: Standard deviations of individual measurements at different locations in the same slice (s1) and in different slices (s2), 

and means and standard deviations of the 20 slice means for each combination of structure type, variable and strut orientation. The 

standard deviations of the slice means were each based on 15 degrees of freedom, calculated using one-way ANOVA (slices within 

replicates) of the slice means. Additionally, the estimates are given with 95% confidence intervals of the excess (mean minus target) 

in microns and the excess as a percentage of the target value. All quantities are in microns except for the last two columns, which 

are percentages. 

 

   St.Dev. Target 

Value 

Slice Means Excess (MeanïTarget) Percentage Excess 

   s1 s2 Mean St.Dev Estimate (95% C.I) Estimate (95% C.I) 

Diamond 

(D1100) 

ST 

Vertical 18.5 21.0 300 307.5 10.52 7.5 (2.5, 12.5) 2.5 (0.8, 4.2) 

Horizontal 19.5 20.7 300 405.4 7.92 105.4 (101.6, 109.2) 35.1 (33.9, 36.4) 

PS 

Vertical 18.9 21.9 1100 1066.9 11.51 ī33.1 ī(38.6, 27.6) ī3.0 ī(3.5, 2.5) 

Horizontal 18.9 20.7 1100 1007.2 9.18 ī92.8 ī(97.2, 88.4) ī8.4 ī(8.8, 8.0) 

Gyroid 

(G800) 

ST 

Vertical 17.3 18.6 300 312.6 7.53 12.6 (9.0, 16.2) 4.2 (3.0, 5.4) 

Horizontal 37.1 37.3 300 498.6 7.79 198.6 (194.9, 202.3) 66.2 (65.0, 67.4) 

PS 

Vertical 18.3 19.7 800 776.2 7.98 ī23.8 ī(27.6, 20.0) ī3.0 ī(3.5, 2.5) 

Horizontal 33.8 35.3 800 631.3 11.83 ī168.7 ī(174.3, 163.1) ī21.1 ī(21.8, 20.4) 
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Variation of slice means 

Estimates of excess from the target value and comparisons between orientations 

and structure types were appropriately based on an analysis of variation of the slice 

means, which were shown as red triangles in Figures A1-1 and A1-2 and listed in 

Table A1-1 in Appendix 1. Figure 3-7 shows, for each structure type and strut 

orientation, the mean ST plotted against the mean PS for each of the four slices 

within each of the five replicates (i.e., 20 points in each panel). The horizontal red 

lines indicate the target values for ST, and the vertical red lines indicate the target 

values for PS. The grey lines indicate where the sum of ST and PS would equal the 

sum of their target values. The axis scales were designed to allow comparisons 

between panels and within panels. The resulting slice mean standard deviations are 

given in Table 3-6, along with the corresponding mean values (i.e., the means of the 

20-slice means), the target values, and estimates of the excess (mean minus target 

in microns) and relative excess (mean minus target as a percentage of the target) 

with 95% confidence intervals. 
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Figure 3-7: Mean strut thickness plotted against mean pore size for each slice within 

each replicate structure, for each combination of structure type and strut orientation. 

There are 20 points in each panel, each being the mean of the 30 measurements in 

the same slice. The red lines show the target values for each variable. The grey line 

in each panel is given by the equation ●  ◐  ◄╢  ◄╟, where ◄╢ and ◄╟ are the 

target values for strut thickness and pore size, respectively. The same axis scales 

were used in all panels except for the location of the pore size scale, which differed 

for diamonds and gyroids because of their different target values. 

 

A QïQ plot in Figure A1-4 was generated for all the measured data for G800 and 

D1100 to see if the slice means can be assumed to be normally distributed or not.   

 

Important morphological characteristics such as pore size, porosity, and strut 

thickness of the manufactured rectilinear PEEK matrix samples were also 
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characterized and compared to their designed CAD values (Table 3-5). The results 

show that the averaged measured strut thicknesses (310 Ñ 10.7 ɛm) are thinner than 

the designed value of 0.4 mm. The averaged measured pore size (460.5 Ñ 30.2 ɛm) 

is thicker than the designed value of 0.4 mm and has a percentage error of 

approximately 15% between the two values. The printed matrix's surface-to-volume 

ratio was also measured to be 8.08 mm-1 which is larger by less than 7% compared 

to the designed matrix (7.56 mm-1). Figure 3-3d,e shows the visual comparison of 

strut thickness and pore size of the designed and printed matrixes in horizontal and 

vertical planes. 

 

3.3.2.   Surface roughness (as-built and sandblasted) 

Figure 3-8a,b shows the as-built morphology of the fabricated gyroid and diamond 

matrixes. As can be seen, the surface roughness of the matrix was reduced 

significantly after post-treating them with sandblasting (Figure 3-8c,d). The surface 

roughness was measured with a digital microscope, showing that the as-built (Figure 

3-8e) and sandblasted matrixes (Figure 3-8f) had an average and standard deviation 

of 16.98 (6.06) ɛm and 1.21 (0.62) ɛm, respectively.  
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Figure 3-8: SEM images showing the morphology of the printed Ti6Al4V samples: 

(a) as-built gyroid, (b) as-built diamond, (c) sandblasted gyroid and (d) sandblasted 

diamond. Digital microscope images showing the morphology of the printed Ti6Al4V 

samples: (e) as-built, (f) sandblasted. 
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3.4.   Discussion 

This chapter focused on the morphological characterization of two TPMS gyroid and 

diamond porous Ti6AI4V and a rectilinear PEEK implant to assess the geometric 

deviation between the as-designed and as-built matrixes. The surface roughness of 

the TPMS structures before and after post-processing was also studied. 

 

The significance of these deviations causes serious issues in biological function and 

clinical performance, which are discussed further. Many studies have investigated 

the effect of geometry on osseointegration performance. It is important to know that 

the pore size needs to be small enough to allow for initial osteoblast cell colonisation 

and large enough to initiate vascularisation of the pre-bone tissue and ensure 

satisfactory osseointegration by supplying the required nutrients (Taniguchi et al., 

2016; Braem et al., 2014; Kuboki, Jin and Takita, 2001; Yang et al., 2001; Zhang et 

al., 2013). Van Bael et al. (2012) suggested that a pore size of 500 ɛm can improve 

the initial cell seeding, colonisation, and attachment. In contrast, a pore size of 1000 

ɛm is more likely to have better vascularisation of host living cells after two weeks. 

Fukuda et al. (2011) also recommended a pore size of 500 ɛm, but Wu et al. (2013) 

suggested a pore size of 700 ɛm to enhance osseointegration. Overall, for 

satisfactory bone ingrowth and enhanced osseointegration, the porosity needs to be 

above 50% with a pore size range of 300ï800 ɛm, which can benefit vascularisation 

and cell growth simultaneously (Arabnejad et al., 2016; Barba, Alabort and Reed, 

2019). The results of this investigation highlight a clear geometrical mismatch 

between the as-built and as-designed AM-fabricated porous Titanium implants. The 

mean printed strut thickness was greater than the designed target value due to the 

over-melting of the struts. Generally, the printed horizontal struts had a greater 

deviation from their designed values when compared to vertical struts. This deviation 

is because vertical struts can self-support themselves while being printed, however, 

horizontal struts can not self-support themselves and need to be printed in air. As 

shown in Figure 3-5, gyroid matrixes (G800 and G1000) had a larger thickness 

percentage error (~ 64%) for horizontal struts when compared to diamond matrixes 

(D900 and D1100), which was ~ 34%. The results show that the vertical strut 
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thicknesses were larger only by < 5% (for both gyroid and diamond) and were in 

good agreement with the designed strut thickness values.  

For the diamond implant (D1100), the strut thickness deviation increased from 7.5 

ɛm (2.5% excess) for vertical struts to 105.4 ɛm (35.1% excess) for horizontal struts. 

For the gyroid (G800) design, the corresponding deviations were larger, ranging from 

12.6 ɛm (4.2% excess) to 198.6 ɛm (66.2% excess) (Table 3-6).  

 

The measured horizontal and vertical pore sizes were smaller than the designed 

pore size owing to excess thickness in horizontal and vertical struts. Horizontal struts 

caused a greater deviation in pore size when compared to vertical struts. Gyroid 

matrixes (G800 and G1000) had a larger pore size percentage error (~ 20%) for 

horizontal struts when compared to diamond matrixes (D900 and D1100), which was 

~ 10%. Similar to vertical strut thickness percentage error, both gyroid and diamond 

had a vertical pore size percentage error < 5% and were in good agreement with the 

designed pore size values. 

 

For the diamond implant (D1100), the deviation of the mean pore size from the 

designed value increased from 33.1 ɛm (-3.0% excess) for vertical struts to 92.8 ɛm 

(-8.4% excess) for horizontal struts. The corresponding deviation for gyroids was 

larger, ranging from 23.8 ɛm (-3.0% excess) to 168.7 ɛm (-21.1% excess). 

 

Variation of TPMS individual measurements 

The pooled standard deviations (s1) showed similar magnitudes (between 17.3 and 

19.5 microns), except for horizontal struts in gyroids, which were approximately twice 

as large (33.8 microns for PS and 37.1 microns for ST). Standard deviations (s2) 

were larger than s1 because the slice means also varied. Details of how s2 values 

were calculated are given in Appendix 1. Histogram results in Figure A1-3 show that 

empirical distributions tended to be more peaked (leptokurtic) with longer tails than 

a normal distribution. Having a longer tails distribution means that the strut thickness 
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and pore size are less uniform, making them more vulnerable in long term. This may 

have implications for the performance of the structure.  

 

Variation of TPMS slice means 

Figure 3-7 (mean ST plotted against the mean PS) shows that the points were 

negatively correlated (as might be expected) and the correlation was stronger for 

vertical struts (G800 0.79; D1100 0.96) than for horizontal struts (G800 

0.48; D1100 0.24). In every case, the mean pore size was below the target 

value, albeit by differing amounts. The discrepancy from the target was greater for 

the horizontal struts than the vertical ones, and that difference was more pronounced 

for gyroids than for diamonds. For the mean strut thickness, all points were above 

the target value of 300 microns, except for vertical struts in diamonds, where 5 of 

the 20 points were below it. In that case, a formal test of the null hypothesis that the 

true mean ST equalled 300 microns gave a p-value of 0.0061, indicating strong 

evidence that the true mean was greater than 300 microns. The excess thickness 

above the target was much larger for the horizontal struts compared with the vertical 

ones, and, again, this difference was more pronounced for gyroids than diamonds. 

For each combination of structure type, variable, and strut orientation, a two-way 

analysis of variance (ANOVA) of the 20-slice means was carried out, where the 

factors were replicates (with levels 1, 2, 3, 4, and 5) and the slice order (with levels 

1, 2, 3 and 4). In all cases, there was very little evidence of any systematic variation 

in the slice order. Indeed, there was very little evidence of systematic variation 

between the replicates, except for the horizontal struts within gyroids, where there 

was some evidence that the replicate means varied for both ST and PS 

measurements. Therefore, the between-slice variances of the slice means from the 

one-way ANOVA of slices within replicates was calculated, each with 15 degrees of 

freedom. The mean values of each slice are the basic data for the analysis of 

variation between slices. For the validity of the ANOVA calculations, it is not required 

that the slice means should be normally distributed about their respective population 

means. However, the t-test P-values and 95% confidence intervals in Table 3-6 are 

formally based on that assumption, though they are robust to moderate departures 

from it. Figure A1-4 shows Normal Q-Q-plots of the 20 slice means for each group 
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of measurements. For a sample from a Normal population, the points would tend to 

increase roughly in a straight line with intercept and slope given by the population 

mean and standard deviation. Figure A1-4 confirms that it is reasonable to assume 

that the slice means are normally distributed for the purpose of calculating P-values 

and 95% confidence intervals from the t-distribution.  

 

Rectilinear PEEK matrix  

For the rectilinear PEEK matrix, the averaged measured strut thicknesses were 

thinner than the CAD value and had a percentage error of ~ 22%. This percentage 

error could be due to the struts shrinkage after printing due to the solidification. 

Indeed, this shrinkage in strut thickness results in larger pore sizes of the printed 

matrixes having a percentage error of ~ 15%. This strut thickness reduction and pore 

size increase resulted in a higher porosity (61.1%) than the designed porosity (50%). 

 

Surface roughness  

In this study, the average surface roughness of the TPMS structures was reduced 

significantly from 16.98 ɛm down to 1.21 ɛm (93% reduction) by post-treating via 

sandblasting. The achieved surface roughness was low enough to lie within the 

suggested limit (1ï2 ɛm) to have an enhanced osseointegration and long-term 

boneïimplant fixation (Wennerberg and Albrektsson, 2009). It is worth mentioning 

that even though a smooth surface on the outer surface of the matrixes was 

obtained, it was noticed that as the sample was sliced through, the surface 

roughness started to increase. It suggested that the sandblasting particles did not 

reach the inner sections of the matrix due to the small design of the pore size. 

 

Some preventive and post-processing actions could be taken to reduce the 

deviations between the as-designed and as-built structures. It included actions such 

as designing compensation strategies before printing, optimising machine parameter 

tuning, chemical etching, electropolishing, and sandblasting (Arabnejad et al., 2016; 

Eshraghi and Das, 2010). Design compensation strategies can be considered and 
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implemented before manufacturing the porous implants using the estimated 

geometrical shift in the strut thickness and pore size of the mentioned structures. For 

example, the designed vertical and horizontal struts of the unit cell of each lattice 

structure can be reduced by the mentioned percentage excess value and have more 

control over the as-built implants. Due to time limitations and cost implications, this 

study did not implement the compensation strategy.   

 

Limitations 

The primary limitation of this study was that, due to cost implications, it was not 

possible to fabricate all the designed TPMS samples (gyroid and diamond) for the 

entire range of intended porosities (52.7ï71.7%) for this study. Hence, only the 

geometrical deviation of only four TPMS samples (G800, G1000, D900 and D1100) 

were examined. A better understanding of geometrical deviation in pore size and 

strut thickness would have been provided if a wider range of porosities were 

considered to be manufactured and examined by micro-CT.  

 

3.5.   Conclusions 

The morphological deviation of strut thicknesses and pore sizes in AM-manufactured 

porous implants varied within a structure, with a standard deviation of approximately 

20 ɛm, except for the horizontal struts in gyroids, where the standard deviation was 

larger (approximately 36 ɛm). The mean printed strut thickness was greater than the 

designed value. For the diamond matrix, the difference increased from 7.5 to 105.4 

ɛm when the strut orientation changed from vertical to horizontal. The corresponding 

deviations for gyroids were larger, ranging from 12.6 to 198.6 ɛm, respectively. The 

mean printed pore size was less than the designed pore size and was negatively 

correlated with the mean strut thickness, though the two means did not add to the 

sum of their targets. For diamonds, the difference in mean pore size from the target 

increased from 33.1 ɛm for vertical struts to 92.8 ɛm for horizontal struts. The 

corresponding increase for gyroids was larger, ranging from 23.8 to 168.7 ɛm. Post-

processing the matrixes with sandblasting could reduce the surface roughness of 

the as-built matrixes from 16.98 Ñ 0.51 ɛm to 1.21 Ñ 0.05 ɛm. The obtained surface 
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roughness would lie within the suggested value from the literature for enhanced 

osseointegration and long-term boneïimplant fixation. 

By understanding the morphological characterisation between the as-designed and 

as-built Ti6Al4V TPMS (gyroid and diamond structure) and PEEK rectilinear 

matrixes, a compensation strategy could be developed to reduce this deviation to 

some extent. This can help manufacture lattice structures that can have a more 

similar geometry compared to their as-designed geometry. Hence, resulting in a 

more realistic experimental evaluation of their mechanical properties compared to 

their as-designed mechanical properties. Considering the time limitations of the 

project and parallel working in different chapters, this compensation strategy was not 

undertaken throughout this thesis. 
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Chapter 4. Establishment and validation of FE 

model for analysis of porous titanium and 

PEEK matrix 

4.1.   Introduction 

This chapter details and systematically characterise the interplay between different 

porosities of Ti6Al4V sheet TPMS (gyroid and diamond) and rectilinear PEEK lattice 

structures and their respective compressive, tensile, flexural, and torsional 

properties. FE models of the manufactured lattice structures were validated and 

further used to develop a wider range of porosities for TPMS gyroid and diamond 

lattice structures. 

 

Large bone defects often result from musculoskeletal tumour resection, infection, or 

trauma that cannot heal properly without surgical stabilization (Migliorini et al., 2021). 

Scaffolds are often needed for reconstruction of large bone defects. Triply Periodic 

Minimal Surface (TPMS) is a kind of periodic implicit surface with zero mean 

curvature. It has emerged as an effective solution for constructing porous structures 

and have gained attention in tissue engineering scaffolds. Recent studies have 

investigated typical TPMS structures, including gyroid, diamond, primitive, and 

isometric-wrapped surfaces. These studies have highlighted that gyroid structure 

has one of the highest levels of permeability that can enhance the settling speed of 

cells upon static seeding of immortalized mesenchymal stem cells, while diamond 

structure displays high stiffness, surface area, and tortuosity (Du Plessis et al., 2018; 

Al-Ketan et al., 2019). To date, many studies have focused on obtaining mechanical 

properties and failure mechanisms of Ti6Al4V TPMS using static compression, static 

tension, and fatigue tests (Yu et al., 2020; Hameed et al., 2021; Ge et al., 2020; Li 

et al., 2021; Wang et al., 2020b; Polley et al., 2022; Khrapov et al., 2021). On the 

other hand, only a few studies have reported on the AM PEEK porous orthopaedic 

implants, which, however, are believed to be an effective way of improving the 

osseointegration of PEEK (Najeeb et al., 2016; Walsh et al., 2016). The studies of 
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Zheng et al. (2022) and Zhu et al. (2019) reported that AM PEEK implants with 

controllable pore size facilitated bone ingrowth and osseointegration. Nevertheless, 

the porous structure compromises the overall mechanical properties of porous 

implants. The mechanical property of the porous implants is an important aspect that 

regulates the in vivo performance of the implants. The existing studies investigated 

the compressive properties of PEEK and PEEK-based composite porous structures 

(Zheng et al., 2021; Oladapo et al., 2021; Zhong et al., 2019). However, 

understanding only the compressive and tensile properties of Ti6Al4V and PEEK 

porous structures is insufficient. It is known that lattice structures for bone 

replacement and orthopaedic implants also undergo complex bending and torsional 

loading in the body. Hence, it is crucial to investigate and quantify the bending and 

torsional properties of lattice structures, which will provide the basis for the clinical 

translation of AM porous implants. Currently, only a few studies have investigated 

the bending and torsional properties of metallic (titanium alloy, steel, and aluminum) 

structures, while to the best knowledge of the author, no study has investigated the 

performance of Ti6Al4V TPMS and PEEK lattice structures under bending and 

torsion (Horn et al., 2014; Korshunova et al., 2021; Mohammadhosseini et al., 2017; 

O'Masta et al., 2017; Audibert et al., 2018; Rahman Rashid et al., 2017; 

Imwinkelried, 2007; Yánez et al., 2018; Cansizoglu et al., 2008; Naghavi et al., 

2022b). Table 4-1 shows the summary of physical and mechanical properties of 

some typical sheet and skeletal TPMS structures in compression, tension, bending, 

and torsion test. As it can be seen in Table 4-1, many studies have only performed 

compression and tension tests on TPMS gyroid and diamond scaffolds. In 

compression studies, gyroid-sheet scaffolds had a range of porosities from 52-90% 

with expected respective Young's modulus and yield strength of 1.5-13.9 GPa and 

30-225 MPa. In comparison, diamond-sheet scaffolds had a range of porosities from 

44-75% with respective Young's modulus and yield strength of 3.1-6.4 GPa and 129-

240 MPa. It is clear that as the porosity of the scaffolds increase, their mechanical 

properties including the Youngôs modules and yield strength reduces. Barber et al. 

(2021) compared gyroid and diamond sheet in compression with same porosity 

(75%) and pore size and showed that gyroid sheet has a lower Youngôs modules 

(74%) and yield strength (73%) compared to diamond sheet. Soro et al. (2021) 

compared gyroid and diamond sheet in tension with same porosity (69%) and pore 
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size and showed that gyroid sheet has a lower Youngôs modules (88%) and yield 

strength (76%) compared to diamond sheet. 

To the best knowledge of the author, no study has investigated the mechanical 

properties of diamond-sheet in tension and also gyroid-sheet and diamond-sheet in 

bending and torsional test.  

 

Table 4-1: Comparison of mechanical properties of lattice data collected from the 

literature. Dash (-) indicates an absence of data. 

Test Topology 
Porosity 

(%) 

Pore 

size 

(ɛm) 

Young's 

modulus 

(GPa) 

Yield 

strength 

(MPa) 

Reference 

Compression 

Gyroid-sheet 52-66 
406-

464 
4-5.8 120-225 

Bobbert et 

al., 2017 Diamond-

sheet 
44-60 

291-

443 
5-6.4 150-240 

Gyroid-sheet 90 
910-

1540 
2.97-5.22 73-132 

Polley et al., 

2022 

Gyroid-sheet 76-85 - 1.5 30-65 
Khrapov et 

al., 2021 

Gyroid-sheet 55-85 - 3-13.9 40-139 
Kelly et al., 

2019 

Gyroid-sheet 75 - 2.3 94 
Barber et 

al., 2021 
Diamond-

sheet 
75 - 3.1 129 

Gyroid-

skeletal 
75-90 

1280-

1300 
0.45-1.92 - 

Yánez et 

al., 2018 

Gyroid-

skeletal 
32 300 8.1 375 

Zhu et al., 

2018 

Gyroid-

skeletal 
80 560 1.25 81 

Yan et al., 

2015 Diamond-

skeletal 
80 480 1.25 69 
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Diamond-

skeletal 
80 - 1.7 62 

Zhao et al., 

2020 

Tension 

Gyroid-sheet 55-85 - 2.9-16.9 
27.3-

73.7 

Kelly et al., 

2019 

Gyroid-sheet 65 574 7.3 321 
Yu et al., 

2020 

Gyroid-sheet 76 - 1.2 37 
Khrapov et 

al., 2021 

Diamond-

skeletal 
80 - 5.84 70 

Lietaert et 

al., 2018 

Diamond-

skeletal 
69 - 13.3 107 

Soro et al., 

2021 Gyroid-

skeletal 
69 - 11.7 81 

Bending 

Diamond-

skeletal 
85 - 0.35 15.1 

Hosseini et 

al., 2017 

Octet-skeletal 81 - 6.2 61 
Masta et al., 

2017 

Rhombic 

Dodecahedron 
60-80 - 5.7-10.7 

59.9-

84.3 

Horn et al., 

2014 

Torsion 
Gyroid-

skeletal 
75-90 

1280-

1300 
0.56-1.75 14-47 

Yánez et 

al., 2018 

 

Many researchers have performed experimental and numerical investigations on the 

mechanical behaviour of Ti6Al4V alloy deformation at macro and micro/nanoscales 

using traditional compression tests and conventional nanoindentation tests 

(Tuninetti et al., 2021; Dong, Li and Wang, 2013; Han et al., 2015; Cai et al., 2011). 

In recent years, nanoindentation techniques have been widely used to characterize 

the local micromechanical properties of materials at micro and nanoscales. These 

include microhardness, Young's modulus, yield stress, work-hardening exponents, 

and the indentation size effect (dependence of hardness on indentation depth) 

(SridharBabu, Kumaraswamy and AnjaneyaPrasad, 2015). All these mechanical 

properties are obtained by the loadïdisplacement curves (Pïh), which are generated 

via indenting the material as either a load or depth control (Haghshenas et al., 2017). 
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The nanoindentation method has some major benefits as an alternative to traditional 

testing. For example, only a small amount of material is required for these 

techniques; they are nondestructive, relatively fast, simple, and inexpensive to 

perform and provide precise measurements and control over loading rates and 

indentation depth during indentation (Haghshenas et al., 2017). Currently, the 

research gap in this field is that there has been no investigation on the performance 

of Ti6Al4V TPMS and PEEK lattice structures under bending and torsion. Therefore, 

it is crucial to investigate and quantify the flexural and torsional properties of lattice 

structures for bone replacement application. 

 

This chapter aims to systematically characterise the interplay between different 

porosities of Ti6Al4V sheet TPMS (gyroid and diamond) and rectilinear PEEK lattice 

structures and their respective compressive, tensile, flexural, and torsional 

properties.  

The specific objectives of this chapter were the followings: 

1. To design and manufacture a range of TPMS (gyroid and diamond) and 

rectilinear PEEK lattice structures. 

2. To perform experiment mechanical testing to obtain respective compressive, 

tensile, flexural, and torsional properties. 

3. To carry out and validate the FE model of the experimental mechanical tests. 

4. To investigate the effect of different porosities of Ti6Al4V sheet TPMS (gyroid 

and diamond) lattice structures and their respective compressive, tensile, 

flexural, and torsional properties via FE modelling. 

 

Data obtained in this chapter could be used to design and fabricate the porous 

implants used for large bone defects and load-bearing orthopaedic applications, 

such as porous hip implants that undergo multiple stress states. 
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4.2.   Materials and methodology  

4.2.1.   Design and manufacturing of solid and porous specimens 

Ti6Al4V and PEEK are two excellent biomaterials for orthopaedic applications. To 

understand the material properties of the 3D printed structures, solid dogbone tensile 

and compression specimens were designed for both Ti6Al4V and PEEK materials. 

Three samples of each specimen were used for mechanical testing. The dogbone 

tensile specimens had an initial length (ὒ) of 35 mm, grip length (ὒ) of 54 mm, total 

length (ὒ) of 94 mm, grip length of 20 mm, and thickness of 2 mm. Both Ti6Al4V 

and the PEEK compression specimens had the same diameter to length ratio of 1:2. 

Dimensions of the solid dogbone tensile and compression specimens are shown 

fully in Figure 4-1.  

 

Figure 4-1: Dimensions of additively manufactured tensile dogbone and 

compression specimens with (a) Ti6Al4V and (b) PEEK material. 

It has been demonstrated by Maskery et al. (2018) and Barnes et al. (2021) that a 

minimum of a 4x4x4 unit cell repeat is required in every direction to minimize the 

size effect on the structural and mechanical performance of the unit cell. Having a 

minimum number of unit cells to avoid structural size effect was considered in this 

study to ensure the potential translation of study findings to larger structures such 

as orthopaedic implants. Compression specimens were designed according to ISO 

17340-2014. Gyroid specimens had a diameter of 11.04 mm and a height of 16.56 
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mm, whereas diamond specimens had a diameter of 14.06 mm and a height of 21.08 

mm (Figure 4-2a). Tensile specimens were designed according to ISO 6892:2019. 

Both gyroid and diamond specimens had a diameter of 11.04 mm and 14.05 mm, 

respectively, with a parallel length-to-diameter ratio of at least 2:1. Gyroid and 

diamond specimens had a gauge length of 14.72 mm and 18.74 mm, respectively, 

with a gripping length of 20 mm on either side (Figure 4-2b). Three-point bending 

specimens were designed according to ASTM C1674. Both gyroid and diamond 

specimens had an overall width and thickness of 12.5 mm, a span length of 50 mm, 

and a support span of 43 mm (Figure. 4-3a). Torsion specimens were designed 

according to ASTM E143-13. The diameters of the round, porous torsion specimens 

were set to be at least five times the unit cell size of the lattice structure with a gauge 

length-to-diameter ratio of at least 4:1. Both gyroid and diamond specimens had a 

diameter of 14.06 mm, a gauge length of 58.22 mm, and a total length of 86.22 mm. 

The samples' top and bottom flat grip sections were each 10 mm long and long 

enough to be attached to the jaws of the Instron machine (Figure 4-3b). The physical 

properties of the specimens used for experimental investigation are outlined in Table 

4-2. Five compression specimens of G600 and D800 were manufactured and 

mechanically tested individually. The stress-strain curve of all five specimens were 

consistent with each other, resulting in a very similar (<5% difference) Young's 

modulus and yield strength. Hence, due to cost implications, only one sample was 

considered for all other structure types. All the specimens were then manufactured 

with SLM for morphological and mechanical investigation. 
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Table 4-2: Physical properties of lattice specimens used for experimental 

investigation. 

Structure 
Matrix 

ID 

Sheet 

thickness 

(mm) 

Pore 

size 

(ɛm) 

Unit cell 

(mm) 

Porosity 

(%) 

# 

Samples  

Gyroid 

G600 

0.3 

600 1.808 54.0 5 

G800 800 2.208 62.0 1 

G1000 1000 2.608 67.4 1 

Diamond 

D800 

0.3 

800 2.195 52.7 5 

D900 900 2.400 56.4 1 

D1100 1100 2.811 62.2 1 

Rectilinear PEEK 0.4 400 0.800 50.0 5 
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Figure 4-2: Manufactured specimens for porous (a) compression and (b) tensile 

testing. 
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Figure 4-3: Manufactured specimens for porous (a) three-point bending and (b) 

torsion testing. 
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It is known that any junction between the solid and lattice structures can act as stress 

concentration upon loading and may initiate a crack in this area. A graded strut 

thickness was introduced between the lattice structure and the solid grip sections of 

the tensile and torsion specimens to ensure they fail within their gauge zone. Figure 

4-4 shows the micro-CT section view of the gyroid and diamond tensile specimens 

with clear visibility of the graded strut thickness in the junction between the lattice 

structure and the top and bottom solid grip sections. 

 

Figure 4-4: Micro-CT section view of the (a) gyroid and (b) diamond tensile 

specimens showing the graded strut thickness in the junction between the lattice 

structure and the top and bottom solid grip sections. 

 

Porous PEEK specimens for compression, tension, three-point bending, and torsion 

tests were also designed and manufactured. The geometry and sizes of the test 

specimens are shown in Figure 4-5. All scaffolds were built with the same orthogonal 

structure with a unit cell size of 0.8 mm, a pore size of 0.4 mm, and a struct size of 

0.4 mm. Thus, the porous part of the scaffolds had a nominal porosity of 50%.  
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Figure 4-5: Schematic CAD design and AM manufactured test specimens for (a) 

compression, (b) tension, (c) three-point bending, and (d) torsion test. 
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4.2.2.   Macroscale mechanical characterizations of solid compression and 

dogbone specimens 

To obtain the mechanical properties of the solid Ti6Al4V and PEEK specimens, 

compressive and tensile specimens were tested in compression (ISO 17340-2014) 

and tension (ISO 6892:2019), respectively. Instron mechanical testing machine 

(model 5969, 50 kN load cell, Instron, Massachusetts, USA) was used for solid 

Ti6Al4V dogbone, PEEK dogbone and compression specimens. However, for solid 

Ti6Al4V compression specimens, Instron mechanical testing machine (model 5985, 

250 kN load cell, Instron, Massachusetts, USA) was used. Bluehill® Universal 

software (2016, Massachusetts, USA) was used to control the machine and record 

the respective load-displacement measurements at 50 Hz. For the compressive test, 

the specimens were placed between two flat, hard metal machine platens, and only 

vertical movement was allowed. The solid compression specimens were 

compressed with a constant displacement of 0.01 mm s-1 until failure. The strain 

was calculated as the displacement of the upper surface in the vertical direction (Ўὒ) 

divided by the initial length of the specimens (ὒ). For the tensile test, the dogbone 

tensile samples were fixed with a grip length of 20 mm and were loaded under 

tension with a constant displacement of 0.01 mm s-1 until failure. The strain was 

calculated as the measured displacement Ўὒ divided by the specimen's initial 

parallel length (ὒ). 

 

4.2.3.   Nanoscale mechanical characterizations of Ti6Al4V matrix 

Nanoindentation sample preparation 

Gyroid and diamond lattice structures were embedded in epoxy resin (EpoThin, 

Buehler, Lake Bluff, IL, USA) and were kept inside a vacuum chamber at 25 Bar 

pressure for 30 min to be able to remove any trapped bubbles within the porous 

structure of the specimens. The resin was cured by placing the embedded 

specimens inside a pressure curing chamber at 2 MPa for a day. Cured samples 

were sectioned at the continuous visible struts level for further analysis. The 

specimens were polished with sandpaper grits of P400, P800, P1200 and P2500 

and a ChemoMet polishing cloth with polishing alumina until roughness  1 ɛm was 
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obtained. 

 

Nanoscale mechanical properties  

The micromechanical analysis was performed using a nanoindenter (Anton Paar 

GmbH, Graz, Austria) equipped with a diamond Berkovich indenter (3-sided 

pyramid) with Young's modulus and Poisson's ratio of 1141 GPa and 0.07, 

respectively. The nanoindentation tests were conducted considering a reduced 

modulus of elasticity, hardness and contact depth and using Oliver and Pharr 

method (Oliver and Pharr, 1992). Mechanical properties investigated in this work 

were the local microhardness (() and Young's modulus (%) of the material. Two 

loads of 50 and 100 mN were used to record the loadïdisplacement curves (Pïh 

curve) with a constant loading-unloading rate of 100 mN/min. A total of 49 

indentations were performed on the diamond specimens and 24 indentations on the 

gyroid specimens. A typical schematic and loadïdisplacement (Pïh) curve of an 

indented sample is shown in Figure 4-6. The diamond indenter was inserted into the 

surface of the material, causing a deformation on the surface, reaching a certain 

maximum depth (Ὤ ) and contact depth (Ὤ). Once the indenter was removed, some 

of the deformed material was restored, reaching the final depth (Ὤ). Ὤ  at maximum 

load (ὖ ) could be obtained from this Pïh curve. Young's modulus and hardness 

values were calculated from the ὖ , initial unloading slop Ὓ and Ὤ , which was 

dependent on the elasticity of the material. According to Kick's law, the loading curve 

could be expressed by the following equation: 

ὖ ὅὬ                                                             τ ρ 

where ὖ is the indenter load, Ὤ is the indenter displacement, and ὅ is the loading 

curvature depending on the elasticïplastic material properties, as well as indenter 

geometry. Based on Oliver and Pharr's model, the unloading curve could be 

expressed as (Oliver et al., 1992): 

ὖ ὄ Ὤ Ὤ                                                 τ ς 

where ὄ and ά are fitting parameters and Ὤ is the residual depth after unloading. 

Microhardness Ὄ could be calculated as follows: 
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Ὄ
0

ὃ
                                                           τ σ 

where ὃ  is the effective contact area, which was shown by: 

ὃ ὑὬ                                                            τ τ 

where ὑ is a constant, whose value was 24.56 for the Berkovich indenter in this 

case, and Ὤ is the measured contact depth in the unloading curves (Janakiraman 

and Aldinger, 2010). Elastic contact stiffness, 3, is the unloading slope at the 

maximum indentation depth Ὤ , and is shown by the following equation: 

Ὓ ά ὄÈ È                                   τ υ  

Contact depth, Ὤ, was estimated with the following equation: 

È È ‎
0

Ὓ
                                                     τ φ 

where ‎ is the tip-dependent geometry factor, which was equal to 0.75 for a 

Berkovich indenter in this case (Gouldstone et al., 2007). 

Young's modulus, Ὁ, could be expressed as:  

Ὁ ρ ὺ
ρ

Ὁz

ρ ὺ

Ὁ
                                         τ χ 

Ὁᶻ
“

ς‗

Ὓ

Ѝὃ
                                                       τ ψ 

where ὺ is the Poisson's ratio of the specimen, which was 0.33 for the Ti6Al4V alloy, 

Ὁ and ὺ are Young's modulus and Poisson's ratios of the diamond indenter, whose 

values were 1141 GPa and 0.07, respectively (Janakiraman and Aldinger, 2010). Ὁᶻ 

is the reduced Young's modulus, ‗, is a correction factor associated with the indenter 

shape, which was approximately 1.05 for the Berkovich indenter (Ma and Clarke, 

1995). 
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Figure 4-6: (a) Schematic representation of the interaction between Berkovich 

indenter tip and the sample (Oliver and Pharr, 1992): ╟□╪●ðmaximum applied load; 

▐□ðmaximum depth; ▐╬ðcontact depth; ▐█ðfinal depth. (b) A typical loadï

displacement indentation curve. 

 

4.2.4.   Mechanical characterizations of lattice structures 

Compression test 

A compression test was performed on the Ti6Al4V and PEEK lattice structures 

according to standard methods for porous and cellular metallic materials described 

in ISO 13314:2011 in the same fashion as the solid compression testing. 

Compressive modulus (Ὁ) was measured as the maximum slope of the elastic 

region of the compression stress-strain curve. Yield strength („) was measured by 

intersecting the stress-strain curve with a 0.2% offset line parallel to the elastic 

region. The compressive modulus was calculated as follows: 

#ÏÍÐÒÅÓÓÉÖÅ ÍÏÄÕÌÕÓ Ὁ   
ʎ

‐
  

Ὂ
ὃ
Ўὒ
ὒ

                                 τ ω 

where „ is the stress, Ὂ is the vertical reaction force, ὃ is the initial solid cross-

sectional area of the upper surface of the scaffold, ‐ is the strain, Ўὒ is the 

displacement of the upper surface in the vertical direction, and ὒ is the initial length 

of the specimens. Figure 4-7a shows the experimental setup of the compression 

specimen under loading. 
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Figure 4-7: Illustration of the corresponding experimental setup of Ti6Al4V and PEEK 

lattice structures in compression, tension, bending and torsion testing. 

 

Tension test 

A tensile test was performed on the Ti6Al4V and PEEK lattice structures according 

to ISO 6892:2019. The specimens were gripped over a 20 mm length on either side. 

Tensile testing was conducted using the same machine and displacement rate for 

the compression tests. Here, the strain was calculated as the measured 

displacement (Ўὒ) divided by the specimen's initial length (ὒ), while stress (ů) was 

calculated as the measured load (Ὂ) divided by the specimen's solid initial cross-

sectional area (Ὓ) (Figure 4-8). Dimensions of the round porous tensile specimens 

are presented in Table 4-3. Tensile modulus (Ὁ) (maximum slope of the elastic 

region) and tensile yield strength (ʎ) (intersection of the stress-strain curve with a 

0.2% offset line parallel to the linear regression of the initial loading) of the 

specimens were measured from the tensile stress-strain graphs. The tensile 

modulus was calculated as follows: 

4ÅÎÓÉÌÅ ÍÏÄÕÌÕÓ  Ὁ   
ʎ

‐
  

Ὂ
Ὓ
Ўὒ
ὒ

                                 τ ρπ 

where „ is the stress, Ὂ is the vertical reaction force, Ὓ is the initial cross-sectional 

area of the diameter (Ὀ ), ‐ is the strain, Ўὒ is the displacement of the upper surface 
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in the vertical direction, and ὒ is the initial length of the specimens. Figure 4-7b 

shows the experimental setup of the tension specimen under loading. 

 

Figure 4-8: Illustration of the main dimensions on porous dogbone round tensile 

sample. 

 

Table 4-3: Dimensions of the round tensile specimens used in this study. 

Structure 

Total 

Length (ὒ) 

mm 

Initial length 

(ὒ) mm 

Gauge 

length (ὒ ) 

mm 

Diameter 

(Ὀ ) mm 

Solid cross-

sectional 

area (Ὓ) cm2 

Gyroid 68.08 22.08 14.72 11.04 95.73 

Diamond 74.11 28.11 18.74 14.06 155.26 

Rectilinear 66.00 20.00 13.56 10.00 78.54 

 

Three-point bending test 

Three-point bending test was performed on the Ti6Al4V and PEEK lattice structures 

according to ASTM C1674-16 standard. Bending testing was performed using 

Instron mechanical testing machine (model 5969, 50 kN load cell, Instron, 

Massachusetts, USA) under quasi-static conditions at a crosshead displacement of 

0.005 mm/s until failure. Displacement (Ўὒ) was measured at 50 Hz. Bending strain 

(‐) was calculated as displacement (Ўὒ) divided by the specimen's initial thickness 

(Ὠ), and bending stress („) was calculated as follows: 
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"ÅÎÄÉÎÇ ÓÔÒÅÓÓ „   
σ&ὒ

ςὦὨ
                                   τ ρρ 

where Ὂ is the vertical reaction force, and ὦ is the width of the sample. Bending 

modulus (Ὁ) (maximum slope of the elastic region) and bending strength (ʎ) 

(intersection of the stress-strain curve with a 0.2% offset line parallel to the linear 

regression of the initial loading) of the specimens were measured from the bending 

stress-strain graphs. Figure 4-7c shows the experimental setup of the three-point 

bending specimen under loading. 

 

Torsion test 

The torsion test was performed on the Ti6Al4V and PEEK lattice structures 

according to ASTM E143-13. Specimens of each structure type were placed 

between two flat jaws, fixed at the bottom, and only torsional movement was allowed 

from the top jaw. Torsional testing was conducted using an Instron linear-torsion 

mechanical testing machine (model E3000, 3 kN & 25 Nm load cell, Instron, 

Massachusetts, USA) under quasi-static conditions at a constant speed of 30 

degrees/min (which is high enough to make creep negligible) until failure. Torque (4) 

(N.mm) and angle of twist (ʃ) (rad) were measured at 1000 Hz and were used to 

calculate the shear modulus ('), shear stress (ʐ), and shear strain (ɾ) as presented 

below: 

3ÈÅÁÒ ÍÏÄÕÌÕÓ '  
4 ,

ὐ ʃ
                                              τ ρς 

3ÈÅÁÒ ÓÔÒÅÓÓ ʐ
4 Ò

ὐ
                                               τ ρσ 

3ÈÅÁÒ ÓÔÒÁÉÎ ɾ
ʃ Ò

ὒ
                                                τ ρτ 

where ὐ is the polar moment of inertia of a solid bar (mm4): 

ὐ
“

ς
ὶ                                                     τ ρυ 
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where ὶ is the radius of the bar (mm). The polar moment of inertia of the lattice 

structures was calculated from the smallest cross-sectional area of the scaffolds with 

a built-in block of nTopology software (version 3.25.3, New York, USA). Torsional 

stiffness (maximum slope of the elastic region) and torsional strength (intersection 

of the stress-strain curve with a 0.2% offset line parallel to the linear regression of 

the initial loading) were measured from the torsional stress-strain graphs. Figure 4-

7d shows the experimental setup of the torsion specimen under loading. 

 

4.2.5.   Finite element modelling of Ti6Al4V and PEEK matrix 

Geometry and mesh convergence 

Finite element (FE) modelling of all considered structures and mechanical tests, 

including compression, tension, three-point bending, and torsion, were done using a 

similar loading regime as the experimental testing. The lattice structures are 

generated on nTopology software (version 3.25.3, New York, USA), where FE mesh 

can be define to the lattice structures. The physical properties of the lattice structures 

used for FEM investigation are outlined in Table 4-4. FE mesh files are then imported 

to Abaqus software (version 2019, Dassault Systèmes Simulia Corp, USA) to 

perform the FEA study. Mesh convergence was conducted on both TPMS and 

rectilinear structures using tetrahedral elements (C3D10). Element size was studied 

from a range of 2 to 0.05 mm and 2 to 0.065 mm for TPMS and rectilinear structures, 

respectively. Maximum stress of the selected region in each simulation were 

measured. The solution was considered to have converged if the measured 

maximum stress did not change by > 5% for a doubling element quantity (Pegg et 

al., 2013). It was demonstrated that the results converged within 5% with an element 

size of 0.065 mm and 0.1 mm for TPMS and rectilinear structures, respectively 

(Figure 4-9). Figure 4-10 shows the refined FE mesh of the TPMS and rectilinear 

structures for all mechanical testing. The results of the gyroid compression, tension, 

three-point bending, and torsion specimen converged with about 15.5, 22.5, 76.0, 

and 83.1 million elements. Additionally, the results of the diamond compression, 

tension, three-point bending, and torsion specimen converged with about 31.6, 46.0, 

76.2, and 83.4 million elements. Lastly, the results of the rectilinear compression, 
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tension, three-point bending and torsion specimen converged with about 10, 10.2, 

25.4, and 44.3 million elements. Table 4-5 shows the number of elements used for 

all considered structures and testing.  

 

Table 4-4: Physical properties of lattice specimens used for FEA investigation. 

Structure Matrix ID 

Sheet 

thickness 

(mm) 

Pore size 

(ɛm) 

Unit cell 

(mm) 

Porosity 

(%) 

Gyroid 

G600 

0.3 

600 1.808 54.00 

G700 700 2.008 58.30 

G800 800 2.208 62.00 

G900 900 2.408 65.00 

G1000 1000 2.608 67.40 

G1100 1100 2.808 69.70 

G1200 1200 3.008 71.70 

Diamond 

D800 

0.3 

800 2.195 52.70 

D900 900 2.400 56.40 

D1000 1000 2.606 59.27 

D1100 1100 2.811 62.15 

D1200 1200 3.016 64.58 

D1300 1300 3.217 66.65 

D1400 1400 3.421 68.68 

D1500 1500 3.625 70.27 

Rectilinear Rectilinear 0.4 400 0.8 50 
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Figure 4-9: Mesh convergence study on (a) the TPMS matrix (G1200 in this case) 

and (b) the rectilinear matrix. 
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Figure 4-10: Illustration of mesh refinement with the converged element size of (a) 

0.065 mm for the TPMS matrix (G1200 in this case) and (b) 0.1 mm for the rectilinear 

matrix, in compression, tension, bending and torsion. 
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Table 4-5: Number of elements used in gyroid, diamond and rectilinear FE models 

in compression, tension, bending and torsion. 

Structure Compression Tension Bending Torsion 

G600 19,855,531 24,824,133 82,697,571 90,107,242 

G700 17,919,908 23,629,926 79,436,881 86,008,522 

G800 16,349,685 22,827,399 77,024,207 83,769,962 

G900 15,121,746 22,276,198 75,336,911 82,229,499 

G1000 13,907,684 21,796,954 73,808,416 80,696,951 

G1100 13,053,752 21,365,056 72,502,871 79,787,076 

G1200 12,095,817 20,982,578 71,288,177 79,213,527 

Average 

(Gyroid) 
15,472,018 22,528,892 76,013,576 83,116,111 

D900 38,701,081 49,232,907 80,718,167 89,946,508 

D1000 36,445,648 47,804,503 78,958,119 86,843,624 

D1100 33,039,913 46,658,345 77,505,158 84,618,514 

D1200 30,803,256 45,725,459 75,662,305 82,682,663 

D1300 29,056,965 44,898,082 74,542,988 81,192,672 

D1400 27,473,786 44,251,806 73,357,274 79,881,310 

D1500 25,966,956 43,644,249 72,758,747 78,829,092 

Average 

(Diamond) 
31,641,086 46,030,765 76,214,680 83,427,769 

Rectilinear 9,980,166 10,241,515 25,408,338 44,315,875 

 

Material properties 

Obtained results of a FE model can vary significantly based on the input material 

properties of the model. Hence, to carefully input these materials' properties into 

Abaqus, data on the stress-strain curve from the solid dogbone tensile samples were 

obtained. Tensile Young's modulus (Ὁ), yield strength (ʎ) (0.2% offset) and plastic 

strain-stress data were recorded and used to model the mechanical elastic and 

plastic material properties of the lattice structures. The loading plates in compression 
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testing were assumed to be rigid; their material properties were irrelevant. The 

material was assumed to be solid and homogeneous. The Poisson's ratio was set 

as 0.3. Isotropic elasticity and hardening models were used in all simulations. 

Loading and boundary conditions 

A general static step was used to model the FE lattice structures. The FE model of 

compression, tension, and three-point bending scaffolds was loaded uniaxially in 

compression and tension with the following boundary conditions.   

Compression boundary conditions 

For compression testing, two rigid circular plates were created. The nodes at the 

bottom and top faces of the lattice structure were tied (fixed) to the bottom and top 

rigid plates in all directions, respectively (i.e., no sliding or separation is allowed). 

The bottom plate was fixed (Encastre) in all directions, and a reference point (RP), 

which was allowed to only move in a uniaxial direction, was introduced and 

constrained to the centre of the top plate (Figure 4-11a). This RP allows to apply a 

uniform uniaxial displacement to all the top nodes of the lattice structure and 

eventually deform the lattice structure until it yielded. A vertical displacement of 1 

mm (for TPMS structures) and 3 mm (for rectilinear structures) on the RP in the 

negative Y direction was applied with a constant strain rate of 0.1 s-1. The respective 

reaction force (Ὂ) and displacement (Ўὒ) were measured from this single RP node 

and, as a result, compressive Young's modulus/stiffness (Ὁ) and yield strength (ʎ) 

(0.2% offset of the linear regression of the initial loading) of the matrix were 

measured from the compression stress-strain graphs. 

Tension boundary conditions 

For tensile testing, the surface of the bottom round solid grip section (16 mm) of the 

model was fixed (Encastre) in all directions. The surface of the top grip section (16 

mm) was coupled to an RP created at the centre of the top surface of the model 

(Figure 4-11b). The RP was constrained to move only in a uniaxial direction. A 

vertical displacement of 2.5 mm (for TPMS structures) and 3 mm (for rectilinear 

structures) was applied to the RP in the positive Y direction with a constant strain 

rate of 0.1 s-1. The respective reaction force (Ὂ) and displacement (Ўὒ) were 

measured from this single RP node and, as a result, tensile Young's 
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modulus/stiffness (Ὁ) and yield strength (ʎ) (0.2% offset of the linear regression of 

the initial loading) of the matrix were measured from the tensile stress-strain graphs. 

Bending boundary conditions 

Two semicircle supports and a semicircle loader with a 5 mm radius were created 

for the three-point bending test to replicate the experimental model. To allow sliding 

between the inbuilt plates of the matrix and the supports and loader, a tangential 

behaviour with a penalty coefficient of friction of 0.2 and normal behaviour with hard 

contact were introduced. The loader and supports had a surface-to-surface 

interaction with the lattice structure (finite sliding) and slave "adjustment only to 

remove overclosure." Penetration was allowed onto the surface of the inbuilt plates 

of the scaffold. An RP was defined on the top surface of the semicircle loader and 

was coupled with the top surface of the loader (Figure 4-11c). The RP was 

constrained to only move in a uniaxial direction. A vertical displacement of 1.5 mm 

(for TPMS structures) and 3.5 mm (for rectilinear structures) was applied to the RP 

in the negative Y direction with a constant strain rate of 0.1 s-1. The respective 

reaction force (Ὂ) and displacement (Ўὒ) were measured from this single RP node. 

As a result, bending modules (Ὁ) and bending strength (ʎ) (0.2% offset of the linear 

regression of the initial loading) of the matrix were measured from the bending 

stress-strain graphs. 

Torsion boundary conditions 

For the torsion test, the surface of the bottom flat grip section (10 mm) of the model 

was fixed (Encastre) in all directions, and the surface of the top grip section (10 mm) 

was coupled to an RP created at the centre of the top surface of the model (Figure 

4-11d). The RP was constrained to only move about the y-axis. A twist of 0.5 rad (for 

TPMS structures) and a moment of 4500 N.mm (for rectilinear structures) was 

applied to the RP, and the respective moment and twist angle were measured from 

this single RP node. As a result, the torsional stiffness (Ὃ) and torsional strength 

(0.2% offset of the linear regression of the initial loading) of the matrix were 

measured from the torsional stress-strain graphs. 
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Figure 4-11: Illustration of loading and boundary condition used in compression, 

tension, bending and torsion FE models. 

 

4.3.   Results  

4.3.1.   Experimental investigation of mechanical testing  

Titanium and PEEK bulk column compression and Dogbone sample tension 

testing 

Macroscale mechanical properties (Global Mechanical Tests) 

Figure 4-12 shows the stressïstrain graph of the experimental results of bulk 

compression and dogbone tension sample for Ti6AI4V and PEEK material. For 

Ti6AI4V, compressive Young's modulus (Ὁ) and yield strength („) (0.2% offset) 

were measured to be 35.77 ± 2.10 GPa and 1012 ± 45 MPa, respectively. Tensile 

Young's modulus (Ὁ) and yield strength („) (0.2% offset) were measured to be 

95.06 ± 1.50 GPa and 788 ± 11 MPa, respectively. For PEEK, compressive Young's 

modulus (Ὁ) and yield strength („) (0.2% offset) were measured to be 1.58 ± 0.06 

GPa and 62.00 ± 1.26 MPa, respectively. Tensile Young's modulus (Ὁ) and yield 

strength („) (0.2% offset) were measured to be 1.71 ± 0.07 GPa and 85.50 ± 0.37 

MPa.  




































































































































































































































































































