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ABSTRACT 

 

         Bone implants are commonly used to replace bones and joint defects; nevertheless, 

mechanical, biological, and structural incompatibilities between bones and implants can cause 

serious complications. Traditional bone implants used in orthopedic bone and joint replacements 

have solid and stiff components that shield the peri-implant bone stress and cause the implants to 

loosen prematurely. New porous materials are necessary to enable an implant to imitate the host 

bones, and this is the main focus of this research work. 

        In biomedical sectors, using additive manufacturing techniques has shown massive benefits 

such as flexibility in building micro and macro-scale structures based on computer models and 

analyses. Despite the fact that porous structures bring mechanical and biological environments 

closer to the host bone, poor internal architectural designs may compromise mechanical 

characteristics and structural integrity. As a result, the mechanical and biological performances 

of small-scale units of porous structure deserve additional investigation.    

       Titanium is one of the most prevalent and biocompatible metals (Niinomi, 2008a and 

2008b). In orthopedics, the demand for Ti alloys and its use in clinical surgeries are constantly 

increasing. Because of its moderate Young's modulus, outstanding compressive strength, 

biocompatibility, and sufficient space for cell accommodation, the porous structures have been 

modeled for bone tissue engineering or orthopedic applications. Additive manufacturing (AM) 

technologies, particularly selective laser melting (SLM), can be used to create porous scaffolds 

with complicated internal and external shapes and both of these are most important for the repair 

of large sectional bone defects (As a result of this advantage, the SLM method is one of the most 

competitive AM technologies employed in biomedical applications. In this research, seven 

different Ti-6Al-4V porous scaffolds (Diamond, Grid, Cross, Vinties, Tesseract, Star, and Octet) 

of 15 mm cube with 65% porosity are designed using Rhino 6 software and manufactured using 

Ti-6Al-4V powders by SLM. Because of its high heating rate and low holding time, SLM can 

build nanoscale grain scaffolds. However, in most cases, this method results in insufficient 

compaction where desired functions are not achieved.  

         Compression test of all the seven scaffolds is performed on an INSTRON compressive 

testing machine with a maximum load cell capacity of ±25 kN to measure its mechanical 



 

vi 

properties.  Actual porosity and surface roughness of the fabricated scaffolds are measured. Then 

all the scaffolds are analyzed by Ansys 2020 R2. The elastic modulus of fabricated samples is 

very similar to that of human bones (E=3-30 GPa), but compressive strength is higher than that of 

human bone, which will minimize the stress-shielding effect and extend the implant's longevity. 

The Gibson-Ashby Correlation Model is used to investigate the samples relative elastic modulus. 

Ti-6Al-4V porous scaffolds have a low effective Young's modulus, high compressive strength, 

and enough cell accommodation space to meet medical needs for clinical demands. Porous Ti-

6Al-4V scaffolds (Diamond, Grid, Cross, Vinties, Tesseract, Star, and Octet) have  shown the 

relative elastic moduli and compressive mechanical strength are 6.5 GPa, 11.15 GPa, 10.33 GPa, 

7.16 GPa, 5.87 GPa, 7.9 GPa & 11.16 GPa and 96.41 MPa, 98.42 MPa, 101.39 MPa, 95.63 MPa, 

94.02 MPa, 88.71 MPa & 90.49 MPa respectively, which are comparable to human bone. The 

scaffolds made by SLM have a reasonably good pore structural accuracy and excellent 

mechanical strength. Grid type structure exhibits lower surface roughness value and better 

manufacturing ability whereas error percentage of porosity is lower than the other scaffolds.   

         It is found that using porous Ti-6Al-4V structures in orthopedic bone implants could be a 

better option for load-sharing implants because it balances stability, maintains bone matching 

stiffness, decreases bone stress shielding, and possibly extends implant longevity.      

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 

 

 

 
KEYWORDS 

 

Bone, Stress shielding, Ti-6Al-4V, Porous scaffolds, Additive manufacturing, Selective laser 

melting, 3D printing, Biomedical implant, Mechanical testing, Ansys 2020 R2 analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

viii 

NOMENCLATURE 

____________________________________________________ 

Ti                                                Titanium 

Al                                               Aluminium 

V                                                Vanadium 

AM                                            Additive manufacturing. 

SLM                                           Selective laser melting 

THR                                           Total hip replacements  

E                                                 Effective elastic modulus 

FCC                                            Face centred cubic 

MIM                                           Metal injection moulding 

CP                                              Commercially Pure 

HA                                             Hydroxyapatite 

HCP                                           Hexagonal closed packed 

BCC                                           Body centred cubic 

2D                                              Two dimension 

3D                                              Three dimension 

EBM                                           Electron beam melting 

SLS                                            Selective laser sintering 

DED                                           Directed energy deposition 

LENS                                         Laser engineered net shaping 

DLD                                           Direct laser deposition 

PBF                                            Powder bed fusion 

DMLS                                        Direct metal laser sintering 

LC                                              Laser cladding 



 

ix 

LOM      Laminated object manufacturing 

SMD                                         Shape metal deposition 

LS                                             Lattice structure 

UTS                                          Ultimate tensile strength 

STL                                          Standard tessellation language                          

CAD                                         Computer‐aided design 

CGS                                          Constructive solid geometry 

B-Rep                                       Boundary representation 

CASPS                                     Computer‐aided system for porous scaffold 

UCS                                         Ultimate compressive strength 

SLA                                         Stereolithography 

UV                                           Ultraviolet 

PCL                                         Polycaprolactone 

Ed                                             Energy density 

h                                              Hatch distancing 

vs                                             Scan speed 

t                                               Layer thickness 

Pl Laser power 

Ei Energy input 

dl                                                                    Diameter of laser beam 

LED                                        Linear energy density 

P                                              Laser power 

Vb                                                                Building rate 

PLS                                         Porous lattice structure 

SEM                                       Scanning electron microscope 



 

x 

Ra                                           Surface roughness 

Wp                                          Weight of the porous scaffold 

Wd                                          Weight of the dense scaffold 

LMD                                      Laser metal deposition 

Ep                                           Effective Young’s modulus of porous scaffolds 

Es                                            Effective Young’s modulus of dense scaffolds 

σp                                           Compressive strength of porous scaffolds 

σd                                           Compressive strength of dense scaffolds 

SS                                           Scan speed 

PD                                          Particle diameter 

HD                                         Hatch distance 

LP                                          Laser Power 

LD                                         Laser diameter 

ρ                                            Density 

LT                                         Layer thickness 

Ti                                                                Initial Bed Temperature 

VED                                     Volume energy density 

a, b, C1 and C2                                 Constants 

RD                                        Relative density  

RH                                        Room humidity 

HA                                        Hydroxyapatite                                    

DOE                                     Design of experiments 

S/N                                       Signal-to-noise 

FE                                         Finite element 

FEA                                      Finite element analysis 



 

xi 

Numbering of Figures, Tables and Equations  

Figures, tables, and equations have been numbered in accordance with the chapters in which they 

appear in the thesis. Each table, figure and equation has two distinct numbers. The first number 

specifies the number of the chapter, and the second number denotes to the actual number of the 

figure, table, and equation in that chapter.  

 

Representation of References  

The list of references has been furnished at the end of the thesis. These references have been 

represented by the respective name of the author(s) along with the year of publication.        

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xii 

CONTENTS 

______________________________________________________________________________ 

 Page No. 

   CERTIFICATE                                                                                                                      i 

   ACKNOWLEDGEMENT           ii 

   LIST OF PUBLICATIONS                  iii - iv 

   ABSTRACT                    v - vi 

   KEYWORDS                                                                                                                       vii 

   NOMENCLATURE                 viii - xi 

   CONTENTS                             xii - xvi 

   LIST OF TABLES                           xvii - xviii 

   LIST OF FIGURES                 xix - xxiii 

 

 Chapter 1 INTRODUCTION 1 - 26 

1.1 BACKGROUND 1 

1.2 METALLIC BIOMATERIALS 4 

 1.2.1 Stainless steel and its alloys 5 

 1.2.2 Cobalt and its alloys 6 

 1.2.3 Titanium and its alloys            6 

 1.2.3.1 Ti-6Al-4V 12 

1.3 ADDITIVE MANUFACTURING (AM) PROCESSES FOR 

METALLIC BIOMATERIALS 

13 

 1.3.1 Powder bed fusion (PBF)                                             17 

 1.3.2 Selective laser melting (SLM) 17 

 1.3.3 Electron beam melting (EBM)    18 

 1.3.4 Selective laser sintering (SLS)    18 

 1.3.5 Laser engineered net shaping (LENS 19 



 

xiii 

1.4 LATTICE STRUCTURED (LS) POROUS BIOMATERIALS                              20 

1.5 A COMPARISON OF METALLIC BIOMATERIALS IN THE 

FIELDS OF ADDITIVE MANUFACTURING 

21 

1.6 PROBLEM STATEMENT                                                                           22 

1.7 RESEARCH AIM                                                                                                      23 

1.8 RESEARCH OBJECTIVES                                                                                      23 

1.9 RESEARCH SIGNIFICANCE                                                                               24 

1.10 SCOPE OF CURRENT RESEARCH WORK                                                    24 

1.11 ORGANISATION OF THE THESIS                                                           25 

 

Chapter 2 LITERATURE REVIEW 27 – 67 

2.1 INTRODUCTION   27 

2.2 GAP ANALYSIS 28 

2.3 OVERVIEW 29 

2.4 METALLIC IMPLANTS     29 

2.5 TITANIUM 30 

 2.5.1 Titanium as a Biomaterial    31 

 2.5.2  Biomedical Titanium Alloys       33 

2.6 POROUS SCAFFOLDS     34 

2.7 BONE STRUCTURE    35 

 2.7.1 Macro and microstructures                                                                              40 

          2.7.1.1 Trabecular bone 40 

          2.7.1.2  Cortical bone 42 

 2.7.2 Sub‐microstructure                                                                                        42 

          2.7.2.1 Lamella 42 



 

xiv 

 2.7.3 Nanostructure 43 

          2.7.3.1 Collagen fibrils and apatite crystals 43 

 2.7.4 Bone adaptive remodeling 44 

 2.7.5 Cellular structures 45 

 2.7.6 Computer‐aided design‐based methods 47 

 2.7.7 Unit block approach 47 

 2.7.8 Computer‐aided system for porous scaffolds 49 

 2.7.9 Influence of unit architecture 49 

 2.7.10 Porous biomimetic scaffolds for bone tissue  engineering 50 

            2.7.10.1 Effects of bone formation on bone tissue scaffolds 52 

2.8 DENSITY AND POROSITY 52 

2.9 SHAPE AND SIZE OF PORES 53 

2.10 PROPERTIES OF HUMAN BONES 54 

2.11 BIO-RELATED PROPERTIES 56 

 2.11.1 Non-toxicity and biocompatibility 56 

 2.11.2 Biodegradability for temporary implant materials 57 

2.12 CHARACTERISTICS OF A SUCCESSFUL TI-6AL-4V IMPLANT 58 

2.13 ADDITIVE MANUFACTURING (AM) TECHNIQUES 60 

 2.13.1 Stereolithography (SLA) 61 

 2.13.2 Selective laser sintering (SLS) 63 

 2.13.3 Fused deposition modeling (FDM) 64 

 2.13.4 Three‐dimensional printing 65 

 2.13.5 Selective laser melting (SLM)   66 

2.14 SUMMARY   67 



 

xv 

Chapter 3 PROBLEM FORMULATION, OBJECTIVES AND                             

METHODOLOGY 

 

68 – 90 

3.1 INTRODUCTION                                                                                                                                                                                                        68 

3.2 PROBLEM FORMULATION 69 

3.3 OBJECTIVES 70 

3.4 EXPERIMENTAL TECHNIQUES AND PROCEDURES                                   70 

 3.4.1 Selection of the material 70 

 3.4.2 Design of porous Ti-6Al-4V lattices 73 

 3.4.3 Fabrication of porous Ti-6Al-4V alloy structures by SLM   74 

 3.4.4 Morphology characteristics 79 

 3.4.5 Heat treatment process 82 

 3.4.6 Surface roughness test 83 

 3.4.7 Porosity measurement of manufactured scaffolds 84 

 3.4.8 Mechanical properties 85 

 3.4.9  Experimental setup and compression test 87 

3.5 FINITE ELEMENT ANALYSIS 89 

3.6 SUMMARY 89 

 

Chapter 4 RESULTS AND DISCUSSION      91 – 117 

4.1 INTRODUCTION 91 

4.2 SURFACE ROUGHNESS 91 

4.3 POROSITY VARIATION OF FABRICATED SCAFFOLDS 92 

4.4 OPTIMISATION OF PROCESS PARAMETERS 93 

 4.4.1 Diamond 94 

 4.4.2 Cross 96 



 

xvi 

 4.4.3 Grid 97 

 4.4.4 Vinties 98 

 4.4.5 Tesseract 100 

 4.4.6 Star 101 

 4.4.7 Octet   102 

4.5 EFFECT AND OPTIMISATION OF PROCESS PARAMETERS 

DURING SLM 

103 

4.6 COMPRESSION TEST 108 

4.7 MECHANICAL PROPERTIES 111 

4.8 FINITE ELEMENT SIMULATION 112 

 4.8.1 Mesh convergence study   113 

 4.8.2 Result analysis 115 

4.9 SUMMARY 116 

 

Chapter 5 CONCLUSIONS 118 – 121 

5.1 CONCLUSION AND REMARKS 118 

5.2 SCOPE OF FUTURE WORK 120 

 
REFERENCES 121 - 145 

 

 

 

 

  

 

 

 

 



 

xvii 

LIST OF TABLES                                                                                

Table 

No. 
Caption of the table 

Page 

No. 

 

1.1 The melting temperatures, densities, and estimated elemental cost commonly 

employed in titanium alloy. 
7 

1.2 Titanium alloys for biomedical applications (Niinomi et al., 2004). 11 

1.3 Comparison between the properties of three major metallic biomaterials. 12 

1.4 Outline of additive manufacturing approaches. 16 

2.1 Scaffolding Requirements for Implants (Long et al., 1998). 31 

2.2 Typical Metallic Implant Materials' Properties (Long et al., 1998). 32 

2.3 Mechanical properties of different human bones. 55 

2.4 Overview of AM processes employed in orthopedic applications. 61 

3.1 Particle size distribution analysis. 70 

3.2 Powder property analysis. 71 

3.3 Chemical composition of Ti-6Al-4V powder used in this work. 71 

3.4 Physical properties of Ti-6Al-4V alloy in this work. 71 

3.5 General specifications of stereo microscope (Model-Stemi 508). 80 

3.6 Heat treatment process of as-built scaffolds by SLM.   82 

4.1 Roughness value (Ra) of prepared samples. 92 

4.2 Measured porosity of the prepared samples. 92 

4.3 Response Table for Signal to Noise Ratio. 95 



 

xviii 

4.4 Response Table for Means. 95 

4.5 Response Table for Signal to Noise Ratios. 96 

4.6 Response Table for Means. 96 

4.7 Response Table for Signal to Noise Ratios. 97 

4.8 Response Table for Means. 98 

4.9 Response Table for Signal to Noise Ratio. 99 

4.10 Response Table for Means. 99 

4.11 Response Table for Signal to Noise Ratios. 100 

4.12 Response Table for Means. 100 

4.13 Response Table for Signal to Noise Ratios. 101 

4.14 Response Table for Means. 102 

4.15 Response Table for Signal to Noise Ratios. 103 

4.16 Response Table for Means. 103 

4.17 Input process parameters used in SLM process for Ti-6Al-4V. 104 

4.18 Optimized process parameters and build system of Ti-6Al-4V using SLM. 105 

4.19 Mechanical properties of manufactured porous Ti-6Al-4V scaffolds and natural 

cortical bones. 

109 

4.20 Mesh convergence study for the numerical simulation 113 

  

 

 



 

xix 

LIST OF FIGURES                                                                               

Figure 

No. 
Caption of the figure 

Page 

No. 

 

1.1 Natural progression of a hip replacement: (a) pretreatment x-ray; (b) immediate 

postoperation; (c) post-operative bone resorption occurs after 8 years; and (d) 

stem migration and post-operative fracture (Yamada et al., 2009). 

3 

1.2 Classification of metallic Biomaterials. 5 

1.3 Uses of Titanium scaffolds for in orthopedics  bone replacement and  supports: 

(a) Compression plate for distal femoral locking; (b) Internal locking plate for 

proximal humerus fractures; (c) Titanium elastic nails for pediatric long bone 

fractures; (d)  Locking and non-locking screws; (e) Titanium acetabular cup with 

HA coating  for THR; (f) Polyethylene liner with a titanium lining on its rim (the 

polyethylene liner is fitted into the acetabular cup and represents as a acetabular 

component togetherly of THR (Ghosh et al., 2018) & (g) screws and main rod for 

broken bone surgery (collected from Dishari Hospital, Malda). 

8 

1.4 The applications of Ti alloy biometals in biomedical by 3D printing: (a) cranial 

prosthesis (b) surgical guide (c) scapula prosthesis (d) knee prosthesis (e) 

dental implants (f) interbody fusion cage (g) acetabular cup and (h) hip 

prosthesis (Ni et al., 2019). 

10 

1.5 The beta transus of Ti-6Al-4V. 11 

1.6 Classification of Additive Manufacturing (AM) techniques (Guo et al., 2013). 14 

1.7 Classification of Power Bed Fusion (PBF) technology. 17 

1.8 (a-d) Different types of Ti-6Al-4V structures (e) Mesh Ti-6Al-4V alloy 

structures and (f) Replica of human vertebrae fabricated by SLM technique 

(Bose et al., 2018). 

20 

1.9 (a) Ultimate tensile strength (UTS), and (b) elongation of Ti-6Al-4V processed by 22 



 

xx 

metal-AM processes. 

2.1 A) HCP Structure B) BCC Structure (Lütjering et al., 2009). 30 

2.2 Elastic moduli of different biomedical alloys and bone (Geetha et al., 2009). 34 

2.3 SEM micrograph of Porous Ti (Ryan et al., 2006).  35 

2.4 An anteroposterior radiograph of the hip showing the trabecular orientations. 36 

2.5 The hierarchical structure of bone tissue (Podshivalov et al., 2014). 37 

2.6 Bone Structure (Zilberman et al., 2011). 39 

2.7 SEM of 22-Year Old Male Human Bone (Hansma, 2004). 40 

2.8 Bone architecture fabricated with additive manufacturing techniques: (a) rod‐like 

specimen from lumbar spine; (b) plate‐like specimen from femur (Hildebrand et 

al., 1999). 

41 

2.9 The figure depicts the composite layer's trabeculae-building lamella structure 

(Hamed et al., 2012). 
43 

2.10 (a) Severe metaphyseal stress shielding after total hip arthroplasty, and                    

(b) Periprosthetic fracture following the implant loosening (Yamada et al., 2009). 
44 

2.11 Micro-CT images of bovine cancellous bone (a & b) and three open-cell metallic 

foams (c) showing similar morphology (Guillén et al., 2011). 
46 

2.12 (a) Space-filling units in the form of spheres, (b) overlaid onto a solid structure, 

and (c) created using standard Boolean operations, resulting in a void structure 

with the appropriate geometry. 

48 

2.13 
Scaffold blocks created by merging polyhedral unit cells (Sudarmadji et al., 

2012). 
50 

2.14 An orthopedic porous scaffold's bone ingrowth into the pores serving as a stable 

fixing (Nouri, 2008). 

51 



 

xxi 

  2.15 Hierarchical structure of human bone (Li et al., 2016).  55 

2.16 Failure possibilities of bio-implant. 59 

2.17 SLM Manufacturing Process. 60 

2.18 Scheme of the SLA process. 62 

2.19 Scheme of the SLS process. 63 

2.20 Scheme of the FDM process. 64 

2.21 Scheme of the 3DP process. 65 

2.22 Scheme of the SLM process. 66 

3.1 (a) Morphological micrograph of Ti-6Al-4V raw powder for SLM 

Manufacturing; (b) Particle size distribution of Ti-6Al-4V powder. 
72 

3.2 Designing of the scaffolds in Rhino 6 software. 74 

3.3 An overview of additive manufacturing processes used in present work. 75 

3.4 EOS Direct Metal Laser Sintering Machine (Model: EOSINT-M280) at Central 

Tool Room & Training Centre (CTTC), MSME Tool Room (Govt. of India), 

Bhabaneshwar. 

76 

3.5 
Schematic of fabrication process of Ti64 PLS using SLM system EOSINT 

M280. 
76 

3.6 (a) Parts arrangement with names, (b) STL files on printing board of the laser 

sintering machine. 
77 

3.7 (a-d) Porous lattice scaffold samples obtained after fabrication. 78 

3.8 Computer Model of Ti-6Al-4V Porous Scaffolds: (a) Diamond (b) Cross   (c) 

Grid   (d) Vinties (e) Tesseract (f) Star and (g) Octet. 
78 



 

xxii 

3.9 Stereo microscope (Model-Stemi 508) for measuring pore size and strut 

thickness. 
80 

3.10 Measurement of pore area and strut thickness using stereo microscope (Stemi 

508) of fabricated porous scaffolds: (a) Diamond, (b) Cross, (c) Grid, (d) Vinties, 

(e) Tesseract, (f) Star & (g) Octet. 

82 

3.11 Talysurf surface roughness tester (Mitutoyo SJ-210). 84 

3.12 Porosity measurement of fabricated porous scaffolds by measuring cylinders. 85 

3.13 
HSS plates to be fitted with INSTRON machine: (a) Upper plate and (b) Lower 

plate. 
88 

3.14 Compression test set up for INSTRON. 88 

3.15 Sample held in INSTRON testing machine with two additional attachments. 89 

4.1 Percentage of error in porosity of different prepared samples. 93 

4.2 Main Effects Plots for Means and SN Ratios for Diamond. 95 

4.3 Main Effects Plots for Means and SN Ratios for Cross. 97 

4.4 Main Effects Plots for Means and SN Ratios for Grid. 98 

4.5 Main Effects Plots for Means and SN Ratios for Vinties. 99 

4.6 Main Effects Plots for Means and SN Ratios for Tesseract. 101 

4.7 Main Effects Plots for Means and SN Ratios for Star. 102 

4.8 Main Effects Plots for Means and SN Ratios for Octet. 103 

4.9 Variation of relative density (%) with volume energy density (J/mm
3
). 105 

4.10 Effect of input process parameters during fabrication by SLM. 106 

4.11 Compressive stress-strain curve of porous Ti-6Al-4V scaffolds obtained from 108 



 

xxiii 

INSTRON. 

4.12 Measurement of pore area and strut thickness using stereo microscope (Stemi 

508) of the tested scaffolds: (a) Diamond, (b) Cross, (c) Grid, (d) Vinties, (e) 

Tesseract, (f) Star & (g) Octet. 

110 

4.13 The effect of porosity on elastic modulus. 111 

4.14 Relative elastic modulus, E1/E2 vs Porosity %. 112 

4.15 Relative compressive strength, σ1/σ2 vs Porosity %. 112 

4.16 Finite element simulations of designed porous scaffolds by Ansys 2020 R2: (a) 

Diamond, (b) Cross, (c) Grid, (d) Vinties, (e) Tesseract, (f) Star & (g) Octet. 
115 

 

 

 

 

 

 

 

 

 

 



 

1 

CHAPTER                                                                        INTRODUCTION 

  

      

        This portion of the chapter explains the history of research and problems, as well as its aims 

and objectives. The research scope and significance are described in the following section. The 

last portion of the thesis describes the remaining chapters. 

1.1 BACKGROUND  

        In orthopedic surgery, it is very desirable to develop artificial organs and implants to 

replace damaged and sick hard tissues including bones, teeth, and joints. Orthopedic prosthesis 

has shown to be incredibly effective in restoring function and providing great quality of life to 

millions of people each year. To restore the normal function of damaged hard tissues, it is 

important for an engineer to devise innovative methods. Since 17
th

 century, metals have been 

employed as bio-implants. A huge number of metals and applied materials have been produced 

during the past several decades with notable improvements in different characteristics for a 

variety of medical applications. Traditional metallic bone implants, on the other hand, are dense 

and frequently plagued by issues including adverse reactivity, bio-mechanical incompatibility 

(Asaoka et al., 1985), and a lack of sufficient area for new bone tissue to develop within the 

implant. The construction of porous scaffolds that resemble the structure and mechanical 

characteristics of genuine bone has been made possible. Osteointegration is the process of bone 

cells growing into and integrating with a porous material. The stress-shielding issue may be 

reduced or resolved if the necessary mechanical characteristics are present, a low elastic modulus 

like that of bone. To reduce or eliminate undesirable bodily reactions, it is necessary to produce 

biocompatible and corrosion-resistant metallic materials. Even though a broad variety of 

materials may be employed in this rapidly expanding industry, certain of them are more 

frequently used in medical applications. For dental and orthopaedic implants, titanium and its 

alloys provide several benefits, including great biocompatibility, a high strength-to-weight ratio, 

a reduced elastic modulus, and improved corrosion resistance (Bai et al., 2017). Zr, Nb, Ta, Sn, 

Mo, and Si are alloying elements that would significantly improve the characteristics of titanium 

for biomedical applications. 

 1 
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         Metals have strong elastic modulus and tolerable yield points, allowing structures to be 

built that can withstand enormous loads without major elastic deformations. Since they are 

ductile, indicating that crossing the yield point results in plastic deformation instead of an abrupt 

brittle fracture, enabling for repair treatment such as surgical therapy to restore components 

before major damage occurs. Metals have considerable flexibility and, as a result, fatigue 

endurance limitations, making them the most preferred biomaterial for applications such as bone 

plates that must resist a significant number of load-unload cycles. Metal devices provide great 

durability to the diversity of both external and internal conditions found in orthopedic treatment 

if appropriate thought is given to production, surface polishing, and handling. 

        The material selection of the implants fabrication for bone support and replacement is purely 

dependent on number of properties. With the advancement of technology, additive manufacturing 

(AM) has opened up a new route for metal implants. Additive manufacturing has a number of 

benefits over traditional approaches, including complex forms, patient specific designs, and 

custom porosity. AM has about 50 process parameters that must be optimized in order to get the 

desired implant characteristics for long-term functionality. In addition to the treatment parameters, 

lattice structures are used to promote porosity and improve osseointegration and tissue ingrowth 

(Bandyopadhyay et al., 2010).  

        Joint replacement surgeries are most typical and major surgical treatment that have high 

success rate in relieving of pain and dysfunction in patients over the age of 60. In Australia, four 

lakh ninety-eight thousand six hundred sixty (498,660) total hip replacements (THRs) were 

conducted in 2015, a 64.9% rise over the previous 12 years (Huang et al, 2017). These 

procedure's outstanding success broadens its application to younger adults. Porous coated 

surfaces, which were first introduced on femoral prosthesis in the 1980s, make bone implant 

attachment easier by permitting bone regeneration (Abbasi et al., 2020) into pores with no need 

of cement bonding. A "cementless femoral stem" is the name of this type of implant. The 

cementless femoral stem is the best alternative for pediatric patients and those who lead healthy 

lifestyle (Khanuja et al., 2011). 

       Cementless prosthesis has increased in popularity of all total hip replacements from 51.3% 

(in 2003) to 63.3% (in 2015), and this trend has maintained (Huang et al, 2017). The cumulative 
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percentage revision rate for this prosthesis over a 15-years period is 4.3-12.4%, with aseptic 

loosening of the proximal femur becoming the most prevalent cause of implant failure (Huang et 

al, 2017). Because of the predicted trend of younger patients requiring THR, revision rates are 

expected to increase as average life span increases. Today's unavoidable increase in the number 

of revision procedures makes long-term fixation a big issue. The development of a long-term 

stable prosthesis is crucial for avoiding the problem of loosening implants. 

          Because the load that normally exerts on a femur is shielded by the metallic prosthesis, 

long-term fixation of the prosthesis is a big issue. This phenomenon is known as the "stress-

shielding effect," and it occurs because of the prosthesis being stiffer than the bone it replaces. 

As a result of the absence of load on the implanted femur, it fails within 10 years of implantation. 

Both orthopedic bone implants and dental implants have a stress-shielding effect. The stress-

shielding effect for hip implants is particularly aggressive due to the increased load demand and 

brittle bones caused by osteoporosis of the hip bone. Stress shielding causes three major issues: 

(1) periprosthetic fracture or avulsion of bony prominences such as the greater or lesser 

trochanter; (2) less bone support for a revision implant after removal of a well-fixed implant 

from the stress-shielded bone; and (3) increased intracortical porosity of the stress-shielded bone. 

As shown in Fig. 1.1, one aetiology of implant loosening because of periprosthetic bone 

resorption is stress shielding, which leads to the premature failure of a THR via mechanisms that 

include aseptic loosening, implant migration, and periprosthetic bone fracture. As a result, it 

would be advantageous if femoral implants could be produced with features that reduce stress 

shielding. 

  
    (d)  
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Fig.1.1: Natural progression of a hip replacement: (a) pretreatment x-ray; (b) immediate 

postoperation; (c) post-operative bone resorption occurs after 8 years; and (d) stem migration and 

post-operative fracture (Yamada et al., 2009). 

 

            Because of their high stiffness, modern cementless femoral prostheses cannot avoid the 

problem of stress shielding. Even metal implants with low-stiffness like titanium (E = 112 GPa), 

which are generally employed as the best implant choice, are stiffer than cortical bone (E = 30 

GPa). The present model of these femoral implants favours a modular stem that consists of a 

titanium alloy femoral stem which is connected to a cobalt–chromium femoral head by a taper 

junction. The advantages of this modular stem allow the surgeon to remedy irregularities in leg 

length, offset, and version. Because of its superior mechanical strength, abrasion resistance, and 

corrosion resistance titanium alloys are employed as joint prosthesis. When a cobalt–chromium 

femoral head is used with a titanium femoral stem, however, crevice corrosion is accelerated 

galvanically. The wear particles generated by metal corrosion because bone lysis and 

inflammatory reactions in the soft tissue, resulting in implant loosening. One option is to employ 

a modular cobalt-on-cobalt prosthesis. The cobalt–chromium femoral stem is significantly stiffer 

than titanium, which can accentuate the early aseptic loosening from stress shielding and 

increase the risk of implant loosening. As a result, there is no such a suitable material for 

metallic implants that can provide the same stiffness as human bone. 

1.2 METALLIC BIOMATERIALS 

        A perfect biomaterial should have qualities such as excellent biocompatibility and no 

unfavorable tissue reaction. It must also have a bone-like density, strong mechanical strength and 

fatigue resistance, low elastic modulus, and excellent wear & corrosion resistance (Attar et al., 

2019). Even though combining all these properties in a single material are extremely 

challenging. Because of their superior mechanical qualities and biocompatibility, several metals 

are employed as biomaterials. A few are utilized as quiet alternatives for hard tissue repairs 

including total hip and knee joints, broken healing devices like bone plates and screws, spinal 

fixation apparatus, and dental implants. Various metallic alloys are utilized as actuators in more 

active devices like vascular stents and orthodontic arch wires. 
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        Implants in bio-medicals must have precise mechanical properties that harmonise with 

human bones to ensure long-term effectiveness (Fig. 1.2). Young modulus, tensile strength, 

compressive strength, and toughness are mechanical properties of human bone that are affected 

by age, gender, location in the body, water content, and illness history. Bone is a natural 

composite substance made up mostly of collagen fibres and an inorganic bone mineral matrix 

called apatite, which is a tiny crystal. Cartiligen is a collagen-based tissue that comprises big 

protein saccharit molecules that bind collagen fibres together in a gel. The baring surfaces of the 

body's movable joints are formed by articular cartillery, which has a linear visco-elastic 

behaviour. It also has an extremely low coefficient of friction, which is due to the existence of 

senovial fluid, which may be squeezed when compressed. 

       The most important step to examine before using implants is in-vitro characterization. The 

outcomes of in-vitro research are critical in providing the required proof of concept. Implant into 

animals such as a rat, rabbit, sheep, even directly in the human body, would be used in the in-

vivo investigation. Pure titanium, titanium alloys, surgical grade stainless steel, and cobalt–

chromium alloys are the most commercially available biocompatible metals. 

 

Fig. 1.2: Classification of metallic Biomaterials. 

 

 

1.2.1 Stainless steel and its alloys 

 

        Stainless steel is the first metal to be employed as a biomedical implant due to its excellent 

mechanical properties, but it was not a long-term success because of its poor biocompatibility 

with living tissues. Despite its greater vulnerability to crevice corrosion than other prevalent 
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metallic biomaterials, 316L austenitic stainless steel (ASTM-F-138/139) has proven acceptable 

and the metal of choice for fracture healing devices throughout decades of usage. It's also been 

utilized to create certain joint replacement parts.  

         From forging temperature (1050
0
C) to room temperature, it forms a single phase (FCC 

austenite phase) and achieves its excellent strength and fatigue resistance by strain hardening and 

solid solution strengthening processes, as well as a fine grain size. Implants are typically forged at 

temperatures beginning at 1050
0
C and progressing through a succession of forging and re-

annealing processes until they reach a near-final form. 

 

1.2.2 Cobalt and its alloys 

 

         Cobalt alloys have been employed for a long time because of their superior corrosion 

resistance in physiological environments. Casting or forging can be used to make Co-based alloy 

implants (Bahrami et al., 2015), with the latter employing bar stock created by traditional forming 

of cast billets (rolling, extrusion) or hot isostatic pressing of Co alloy powders. Novel 

technologies for near net-shape creation of objects from metal powders (metal injection 

moulding) are also being investigated. 

        All Co-Cr-Mo implant alloys comprise Cr (26–30 wt%), Mo (5–7 wt%), some Ni (1 wt%), 

additional residual trace elements (Mn, Fe, Si, N), and C (low-C∼0.05 wt%) or high-C∼0.25 

wt%). 

 

1.2.3 Titanium and its alloys 

 

        Since the late 1960s, titanium and its alloys have been employed progressively in the 

manufacture of orthopedic implants (for fracture repair and joint replacement). Titanium and its 

alloys are thought to be the most suitable biomaterials. Titanium-based biomaterials have 

demonstrated good biocompatibility as well as fatigue & corrosion resistance and comparatively 

low cost (shown in Table 1.1). Their high strength-to-weight ratio also makes them lightweight 

(Fig. 1.3). Surface modification is necessary to improve the osseointegration of Ti-implants, 
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which may be accomplished using the AM method. Titanium implants are made by casting and 

contain a variety of refractive components with much higher melting temperatures than titanium, 

causing mechanical problems. Further efforts were undertaken to develop a material that would 

be both biocompatible and strong enough to be used in a medical setting. Titanium may be 

employed as a biomaterial in two forms: pure Ti CP (Commercially Pure) and Ti-6Al-4V ELI 

(Al: 5.5-6.5 %, V: 3.5-5.5 %, Impurities of C, Fe, O, N, H: 0.5-0.6 %, 89-98% Titanium). 

Approximately 45% of titanium production is attributed to the use of Ti-6Al-4V as a biomaterial. 

 

Table 1.1 - The melting temperatures, densities, and estimated elemental cost commonly 
employed in titanium alloy. 
 

Element 
Melting Point 

Temperature (
0
C) 

Density (g/cm
3
) Price (Rs./Kg) 

Ti 1678 4.5 2000 

Al 660 2.7 208 

V 1910 5.8 2500 

Ta 3020 16.6 10810 

Nb 2477 8.5 20000 

Zr 1855 6.5 3000 

Mo 2623 10.2 3500 

Fe 1538 7.8 100 

Ni 1455 8.9 1100 

Co 1495 8.9 4500 

Mn 1246 7.4 390 

W 3422 19.3 6000 

Cr 1907 7.2 1000 
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Fig.1.3: Uses of Titanium scaffolds for in orthopedics  bone replacement and  supports: 

(a) Compression plate for distal femoral locking; (b) Internal locking plate for proximal 

humerus fractures; (c) Titanium elastic nails for pediatric long bone fractures; (d)  

Locking and non-locking screws; (e) Titanium acetabular cup with HA coating  for THR; 

(f) Polyethylene liner with a titanium lining on its rim (the polyethylene liner is fitted into 

the acetabular cup and represents as a acetabular component togetherly of THR (Ghosh et 

al., 2018) & (g) screws and main rod for broken bone surgery (collected from Dishari 

Hospital, Malda). 

(g) 

(a) 

(b) 

(c) 

(d) 

(e) (f) 
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          The most prevalent Ti alloy used in biomedical applications is Ti-6wt% Al-4wt% V (Ti64) 

(Niinomi, 2003). The microstructure of Ti-6Al-4V alloy has a combination of α and β phases 

with hexagonal closed packed (HCP) and body centred cubic (BCC) crystal structures, 

respectively (Chlebus et al., 2011). Al serves as an α stabiliser in the Ti-6Al-4V alloy, whereas V 

serves as a β stabiliser. Figure 1.5 shows the Ti-6Al-4V beta-transus temperature. The key 

properties of (α +β) titanium are its high strength, great fatigue and corrosion resistance, and 

comparably low density. The mechanical properties associated with phase transitions, which are 

determined by previous processing and heat treatment operations, have a significant impact on 

the microstructure of Ti64. At temperatures over 883°C (β-transus temperature), pure Ti is BCC 

(β-phase), and HCP (α-phase) at lower temperatures. The addition of other components stabilizes 

one of the two phases. Al, O, N, and C are the α-stabilizers, where β-stabilizers are divided into 

two types: β-isomorphous (Mo, V, Nb, and Ta) and β-eutectoid (Fe, W, Cr, Si, Ni, Co, Mn, and 

H). Recently, isomorphous Ti alloys have piqued attention for implant applications due to the 

low elastic moduli that these alloys may achieve when properly treated. Some Ti alloys contain 

the elements Zr and Sn, which are termed 'neutral' alloying elements since they have no 

influence on either α or β-phase stabilization. This alloy works best when direct contact is 

necessary with tissues or bones as shown in Fig. 1.4. 

        Because vanadium works as a beta-stabilizer, the beta-increased phase's strength persists 

below the transition temperature, resulting in a two-phase system. Although vanadium has been 

shown to be hazardous in a few studies over the years, aluminium ions have been linked to 

Alzheimer's disease. As a result, advance biomaterials with less harmful for long-term effects are 

being developed. Toxic components should also be avoided or utilized in a reasonable proportion 

for broader application. Furthermore, elements such as chromium and nickel can be used to 

replace them. 

 



 

10 

 

Fig. 1.4: The applications of Ti alloy biometals in biomedical by 3D printing: (a) 

cranial prosthesis (b) surgical guide (c) scapula prosthesis (d) knee prosthesis (e) 

dental implants (f) interbody fusion cage (g) acetabular cup and (h) hip prosthesis (Ni 

et al., 2019). 

  

         In general, most Ti alloys have suitable mechanical characteristics for orthopedic 

applications. Ti alloys have higher torsional and axial stiffness (modulus) than stainless steel and 

Co-Cr alloys and, as a result, provide less stress shielding. As compared to Co-Cr-Mo alloys, the 

most undesirable mechanical properties of Ti alloys are susceptibility to crack propagation, 

comparative softness, and relatively low wearing and frictional qualities. The existence of a 

passive oxide layer on the surface of Ti and its alloys is responsible for their clinical success in 

terms of biocompatibility. TiO2 is a naturally occurring titanium oxide with 5 to 29 nm thickness 

that may be repaired fast after injury (Breme and Biehl, 2016; Bram et al., 2000). Nonetheless, 
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there is significant debate over the precise chemistry of pure titanium vs alloyed titanium oxides 

(Brunski, 2004). Some Ti alloys created for biomedical applications are listed in Table 1.2. Table 

1.3 shows a comparison of the characteristics of Ti with their metallic biomaterial analogues. 

 

 

 

Fig.1.5: The beta transus of Ti-6Al-4V. 

      

Table 1.2 - Titanium alloys for bio-medical applications (Niinomi et al., 2004). 

  

Composition Type 

Pure Ti Α 

Ti-6Al-4V ELI (ASTM F136084, F620-87) α+β 

Ti-6Al-7Nb α+β 

Ti-6Al-4V (ASTM F1108-88) α+β 

Ti-5Al-2.5Fe α+β 

Ti-5Al-3Mo-4Zr α+β 

Ti-15Sn-4Nb-2Ta-0.2Pd α+β 

Ti-15Zr-4Nb-2Ta-0.2Pd α+β 

Ti-13Nb-13Zr near β (low modulus) 

Ti-12Mo-6Zr-2Fe β (low modulus) 

Ti-15Mo β (low modulus) 
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Ti-16Nb-10Hf β (low modulus) 

Ti-15Mo-5Zr-3Al β (low modulus) 

Ti-15Mo-2.8Nb-0.2Si-0.26O β (low modulus) 

Ti-35Nb-7Zr-5Ta β (low modulus) 

Ti-29Nb-13Ta-4.6Zr β (low modulus) 

Ti-40Ta, Ti-50Ta 
β (high corrosion 

resistance) 

  

  

Table 1.3 - Comparison between the properties of three major metallic biomaterials. 

 

Characteristics Stainless Steel Cobalt-Chromium Titanium 

Stiffness High Medium Low 

Strength Medium Medium High 

Corrosion resistance Low Medium High 

Biocompatibility Low Medium High 

 

1.2.3.1 Ti-6Al-4V 

 

          Because of its biocompatibility, most of the Ti-6Al-4V research is motivated by its 

prospective uses as body prosthesis and implants. Ti-6Al-4V is of relevance due to its uses in the 

biomedical industry (Marin et al., 2013). Because of its superb biocompatibility, exceptional 

corrosion resilience, and superior mechanical durability, Ti-6Al-4V has indeed been extensively 

employed for different orthopedic implants (Pattanayak et al., 2011). Furthermore, Ti-6Al-4V 

has a higher specific strength and elastic modulus over cobalt chromium alloys and stainless 

steel (Abe et al., 2003). ASTM standards, ISO standards, and the US FDA all specify functional 

standards for Ti-6Al-4V implants. Regardless of how the alloy is processed, Ti-6Al-4V 

components could have a variety of microstructures. Casting, wrought ingots, and powder 

metallurgy; for instance, provide three distinct microstructures for Ti-6Al-4V. It is due to the 

microstructure of pure titanium is entirely α. β Phase occurs along grain boundary whenever pure 
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titanium is alloyed with stabilizers (Attar et al., 2015). The proportion of α and β phases can vary 

depending on treatment factors such as temperature, cooling rates, and mechanical stress levels. 

          The price of titanium alloys originates primarily from two factors: (i) the expenses 

associated to its extraction technique (presently utilized Kroll’s reduction procedure is energy-

intensive and not so far robust) and (ii) the pay of current manufacturing techniques which 

needs preventive habitats, greater energy intake and usually entails substantial waste production 

(Imam et al., 2010). To reduce the aggregate expense of manufacturing, study has thus centred 

on unconventional effectual manufacturing methods (Lütjering et al., 2007a). In recent times, 

additive manufacturing (AM) has sparked considerable interest in addressing a few of these 

difficulties. In theory, additive manufacturing permits one to create an object of practically any 

desirable shape via a digital model using sequential material layers placed and fused together. 

           Aside from the ability to build components with unique functional geometries those are 

hard to obtain with traditional processing, additive manufacturing processes are employed 

(Gibson et al., 2010). For instance, excluding support structures in certain circumstances, AM 

employs only the raw material required to build a component, regardless of its form, minimizing 

material waste dramatically. Selective Laser Melting is among the most intriguing AM methods 

for the manufacturing of titanium alloys (SLM). Following precise adjustment of the SLM 

system, literatures have revealed that exceptionally dense (99.7% or higher) SLM titanium alloy 

may be created. As a result, super dense SLM titanium alloys have mechanical qualities 

equivalent to those of traditionally made alloys. The preponderance of titanium alloy SLM 

research has, though, concentrated on selecting processing parameters which could enhance 

sample density and construct rate with minimal respect for component microstructure. As a 

result, whenever multiple SLM systems are employed, component grade, consistency, and 

mechanical characteristics of SLM specimens are frequently uneven. 

 

1.3 ADDITIVE MANUFACTURING (AM) PROCESSES FOR METALLIC   

      BIOMATERIALS 

 

         Acellular and cellular AM approaches for biomaterials are the two primary kinds of AM 

techniques. Cellular processing uses both living cells and biomaterials, as opposed to acellular 
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processing, which involves the processing of biomaterials without the need of living cells. 

According to the ASTM standard, acellular additive manufacturing technologies may be 

categorized into following seven groups: (1) binder jetting, (2) directed energy deposition, (3) 

material extrusion, (4) material jetting, (5) powder bed fusion, (6) sheet lamination, and (7) vat 

photopolymerisation (Fig. 1.6). Individual AM procedures vary based on the material used and 

the machine technology used. In AM methods like as powder bed fusion and directed energy 

deposition, there are a few metal-AM procedures for powder-based metallic feedstock systems. 

A procedure called "powder bed fusion" uses heat energy, such as a laser or an electron beam, to 

fuse powdered material in specified locations on a powder bed. A few of the advantages of this 

method are the ability to create intricate, small-scale items with high dimensional accuracy, 

construct without the need for support, and employ a variety of powders. Powder bed fusion is 

one of the earliest AM techniques to be commercialised, and it has made a significant 

contribution. Selective laser melting (SLM), electron beam melting (EBM), and selective laser 

sintering (SLS) are three types of powder bed fusion processes capable of processing 

biocompatible powder metal. 

 

      Fig. 1.6: Classification of Additive Manufacturing (AM) techniques (Guo    

      et al., 2013). 
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          Direct energy-based approaches used a direct source of energy, which was often a laser, 

electron beam, or plasma arc. Directed energy deposition (DED), as described by ASTM 

F2792-12a, is an AM technique "in which concentrated thermal energy is employed to fuse 

materials by melting as they are deposited. Powder, filament, or wires are all employed to feed 

the fused material. The starting material was continuously fed into these processes before the 

heat energy melted it and deposited it in a layer-by-layer manner. A computer controls the 

geometry and pattern creation in these operations using the XYZ system. These processes can 

be used on ceramic, composite, and polymeric materials, but they are most commonly used on 

metals. LENS (laser engineered net shaping) is an AM technology that uses powder-based 

metallic biomaterials and is classified as a direct laser deposition (DLD) technique. An 

overview of several AM methods is shown in Table 1.4. 
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Table 1.4 - Outline of additive manufacturing approaches. 

 
Process Layout 

Layer creation 
method Phase change Materials 

 L 

I 

Q  

U 

I 

D 

Stereolithography 

(SLA) 

Liquid resin 

in a vat 
Liquid layer 

deposition 

Photo- 

polymerisation 

Acrylates, epoxies, filled 

resins 

Fused deposition 

modelling (FDM) 

Material melted 

in a nozzle 

Continuous 

extrusion and 
deposition 

Solidification by 

cooling 

Polymer (ABS, PA), wax, 

filled polymers, metals 

 

Ink jet printing 

Droplets 
of molten 

material 

Drop on 
demand 

deposition 

Solidification by 

cooling 

 

Polymers, wax 

 

P 

O 

W 

D 

E 

R 

 

Three-dimensional 

printing 

Binder and 

powder in  bed 

Layer of 

powder and 

drop on 
demand 
deposition 

 

 

No phase change 

 

Ceramics/metals/polymers 

with binder 

Selective laser 

sintering/melting 

(SLS/SLM) 

 

Powder in  bed 

 

Layer of 

powder 
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1.3.1 Powder bed fusion (PBF) 

 

          Powder Bed Fusion (PBF) methods create solid parts by inducing fusion (sintering or 

melting) between the particles of a plastic or metal powder one layer at a time using a heat 

source. The majority of PBF technologies use mechanisms to distribute and smooth thin 

layers of powder while a part is formed, resulting in the final component being encased in 

powder when the build is finished. 

        Different energy sources (i.e. lasers or electron beams) and powders utilized in the 

process are the key differences in PBF technology (plastics or metals). Power bed fusion 

technology is further divided into following technologies as shown in Fig. 1.7.  

 

Fig. 1.7: Classification of Power Bed Fusion (PBF) technology. 

 

1.3.2 Selective laser melting (SLM)  

 

           SLM is a kind of laser-based powder bed fusion which is also known as an improved 

form of selective laser sintering (SLS) (Amado et al., 2011), because it permits complete 

melting of metal particles and generates a homogeneous SLM product. Only pure and alloyed 

metal powders are used in SLM. Direct metal laser sintering (DMLS) is almost synonymous 

with SLM. The original DMLS technique is similar to the SLM in that it uses high-powered 

lasers to melt tiny metallic particles completely. In the year 2002, SLM was created. This 

technology has been employed for the biomedical sector as one of the 'non-traditional' 

manufacturing complicated part ways under metal- AM. The manufacturing of jaw and bone 

implants for dentistry and orthopedic purposes is one of the first investigations.  

       In comparison to other metal-AM techniques, SLM is the most widely used metal powder 

bed fusion process in the production of metallic biomaterials today. This situation corresponds 
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to the expansion of the SLM system in terms of new machine development and innovation in 

order to make it more productive and profitable. As the increase reached the year 2012, the 

importance of new technology development and well-developed innovation for machine usage 

grew. It involved the fabrication of SLM systems in-house for research including in vitro 

studies for bone scaffolds and biomedical implants made of a variety of titanium alloys. 

 

1.3.3 Electron beam melting (EBM) 

 

           The Electron Beam Melting (EBM) technique is named after a commercial equipment 

created by a Sweden company Arcam in 2015. The process is one of the most well-known 

powder bed fusion methods for metal. The system has a rake, build platform, powder 

hoppers, and an energy supply, similar to SLM. In the processing approach, however, the 

device employs electron beam energy rather than a laser. EBM must operate in a high 

vacuum due to several fundamental features of electron beams. Furthermore, some metals 

and alloys with a highly reactive state are prone to absorbing contaminants when exposed in 

air. The vacuum chamber is utilized to maintain the integrity of the EBM created object by 

creating a vacuum atmosphere during the process. The intrinsic capacity of technological 

maturity provides benefits such as high build resolution, good dimensional precision, a clean 

build environment, reduced surplus materials, and near-net- form capabilities. These studies 

demonstrated the ability of SLM and EBM to directly construct tailored metallic cellular 

scaffolds for orthopedic implants. 

 

1.3.4 Selective laser sintering (SLS) 

           Selective laser sintering was the one and only powder bed fusion technique to be 

formed and commercialized. The material choices and powder fusing process are the main 

distinctions between SLS and other powder bed fusion procedures. SLS is a laser-based 

powder bed fusion technology similar to SLM. Unlike SLM, however, the raw powder is 

partly molten or heated to the sintering point during the SLS process. SLS can manufacture 

thermoplastic polymer/ceramic or metal composite powders as material alternatives. Polymer 

is employed as a binder in powder-based metallic material technology to hold fused metal 

particles together at low temperatures. Depolymerisation is used to remove the polymer from 

the green body afterwards. As a result, the portion created has porous features by nature. 
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Previous biomedical research has focused on using a mix of SLS and post-processing to 

reduce porosity and quickly produce near-full-density components. The production of 

metallic foams for bone implants is the most common use for porous structural materials.  

             Metallic foam’s cellular structure may be created to mimic cancellous bone's 

structure while still fulfilling design requirements for porosity, form, size, strength, and 

biocompatibility. Metallic foam should allow for greater bone contact. The porous structure is 

thought to aid bone formation by allowing bodily fluid to pass through the open cell foam's 

linked network of holes. As a result, the implant and bone have a better interlock, which 

helps to prevent or eliminate implant loosening faults. 

  

1.3.5 Laser engineered net shaping (LENS) 

 

          Sandia National Laboratory (a renowned research institution in the United States) 

pioneered LENS technology (a type of additive manufacturing) by developing the 

fundamental principles and initial applications, while Optomec Inc. played a crucial role in 

commercializing and advancing the technology for widespread industrial use. It is recognized 

as a widely utilized AM method that employs biocompatible metal powders and falls under 

the category of direct laser deposition techniques. This technology may be used to modify the 

surface of a part as well as fabricate near net-shaped functional components. It is a method in 

which a pool of molten material isn't surrounded by a bed of powdered material during the 

process. LENS has a 4 kW high-power laser (solid state or fibre optic laser). A combination 

of particles is fed through argon pressured nozzles in the LENS process. It is directed to a 

point of convergence that also acts as the laser's focal point. 

         A micro-melt pool is then created once the powder has melted. The melt pool sticks to 

the surface. The substrate of the LENS is stationary, but the above laser system travels 

upward as each layer is deposited. To prevent oxidation of the build material during 

deposition, the entire build assembly of LENS system is contained in a controlled 

environment. LENS is anticipated to provide higher benefits over powder bed fusion in terms 

of fabrication effectiveness, improved cooling effect, and the ability to re-fabricate parts. The 

molten pool is not enclosed by a powder bed in the LENS process. 
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1.4 LATTICE STRUCTURED (LS) POROUS BIOMATERIALS 

 

          Compared to porous biomaterials made using traditional manufacturing processes, 

additive manufacturing has three significant benefits. First, the micro-architecture of porous 

biomaterials can be minutely controlled (Fig. 1.8). Because the mechanical characteristics of 

porous biomaterials are based on their micro-architecture, this is a significant benefit. Porous 

biomaterials' mechanical characteristics can thus be altered by altering their micro-

architecture. The ability to combine solid materials with porous materials or porous materials 

with diverse micro-architectures in one single construction is the second benefit. Because 

each micro-architecture produces a different set of mechanical characteristics, the distribution 

of mechanical qualities inside the implant may be tuned to reduce stress shielding. Third, 

additive manufacturing methods may be used to create patient-specific implants. There are 

two major benefits to increasing the porosity of porous metallic biomaterials. Initially, the 

stiffness of the metallic biomaterial decreases to the level of stiffness values generally 

determined for bone. Second, extremely porous biomaterials allow for sufficient bone growth 

and implant fixation. High degrees of porosity may compromise the fatigue properties of 

highly porous biomaterials. 

 

               

  

   (a)        (b) 

    (c)    (d) 
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Fig. 1.8: (a-d) Different types of Ti-6Al-4V structures (e) Mesh Ti-6Al-4V alloy structures 

and (f) Replica of human vertebrae fabricated by SLM technique (Bose et al., 2018). 

 

1.5 A COMPARISON OF METALLIC BIOMATERIALS IN THE FIELDS OF 

ADDITIVE MANUFACTURING  

          Metal-AM technologies are expected to expand in popularity in the next years. In 2012, 

16.4% of the AM's entire system-related revenue came from biomedical applications. The 

ability of metal-AM to correlate with the in-demand of medical device components and 

technology is the primary reason for this (Fig. 1.9). Most medical equipment, including as 

dental crowns and surgical implants, require miniaturizations and so benefit from metal-AM 

technologies envelope size fabrication. 

          Furthermore, the technologies are capable of satisfying clinical efficacy, as evidenced 

by the successful matching of particular patients with good features by customized solutions. 

In the biomedical domain in 2017, the majority of metal-AM procedures were quite 

competitive. Nonetheless, due to their capacity to give precise control over interior pore 

patterns and complicated forms as required in biomedical applications, SLM and EBM 

technologies are likely to lead the potential. 

      (e)    (f) 



 

22 

                                         (a)                                        (b) 

Fig. 1.9: (a) Ultimate tensile strength (UTS), and (b) elongation of Ti-6Al-4V processed by 

metal-AM processes. 

 

          On the other hand, metal-AM companies are competing to offer new equipment that let 

manufacturers to process metal goods efficiently and affordably. Because of their outstanding 

characteristics, titanium and its alloys have remained the preferred biomaterial employed by 

metal-AM techniques and have maintained their dominance. For the production of metal-

AM, electron and laser melting technologies provide appealing alternatives, especially for 

orthopedic and dental implants that need to match the body while being speedier and less 

costly. In the areas of implant structural design and process development, further work will 

be done in the future. 

 

1.6 PROBLEM STATEMENT 

           The metallic orthopedic implant loosens prematurely due to a stiffness mismatch 

between it and the surrounding bone. Porous metals have been offered as a way to reduce 

metal stiffness and more nearly mimic bone stiffness. Porous implants are commonly made 

using traditional methods such freeze drying, solvent casting, and salt leaching. Non uniform 

pore distribution, lack of adjustable strength, toxic material residue, and unregulated internal 

architecture are all shortcomings of these procedures, resulting in unsatisfactory bone implant 

production. To design and create a perfectly controlled internal architecture of porous metals, 

advanced additive manufacturing (AM) techniques integrate diverse computer-aided 
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capabilities. Using selective laser melting (SLM) processes, the complicated porous patterns 

are produced layer by layer. This form of well‐defined porous metal is called cellular 

structure. The construction of a correct internal architecture of the cellular structure remains a 

difficult trial-and-error process, even though the pores of the cellular structure enhance the 

biological environment required for bone tissue and decrease the mechanical stiffness of solid 

metal alloys. 

           The biomechanics of human bone should be reflected by the internal design of metallic 

bone implants. From a morphological standpoint, bone is a complex structure with optimized 

functions spanning nano, micro and macro-scales (Kumar et al., 2018). The multi-scale bone 

formations stimulate the question of whether a graded cellular method may be employed to 

manufacture a bonelike material for tissue regeneration and replacement technologies. 

Successfully constructing implants with porous structures should mimic bone characteristics, 

avoid, or eliminate peri-implant bone stress shielding, and increase hip implant longevity. 

 

1.7 RESEARCH AIM  

           The focus of this research is to come up with alternative designs of porous structures 

that are biocompatible with bone and to resist bone stress. Prosthetic devices for joint 

replacements and other bone replacement applications can be made using Ti alloy powders 

by AM methods. 

          The main aim of this research is that porous Ti alloy implants might be created using 

SLM methods to mimic human bone and avoid or minimize proximal bone stress shielding 

after insertion. 

 

1.8 RESEARCH OBJECTIVES  

           Stress shielding reduces the durability of cementless implants and orthopedic bone 

implants, resulting in increased revision surgery morbidity and mortality. The primary 

objective of this study is to investigate the mechanical properties and manufacturing 

feasibility of laser melted porous Ti alloy structures to minimize peri-implant bone stress 

shielding. These objectives are: 
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 To investigate the internal architecture of porous structures and to see how they might 

provide mechanical and biological performance for bone implants. 

 To investigate the production feasibility of laser melted porous titanium structures and 

their potential as osseointegration implants. 

 To investigate the effects of graded orientations on the mechanical properties and 

stress-transfer properties of titanium porous structures. 

 

1.9 RESEARCH SIGNIFICANCE 

           Human bones are formed of biological composite material with a porous structure, 

whereas implants are normally constructed of solid metal. By merging porous structures with 

the implant, this study attempted to build a bone biomimetic implant that might minimize the 

stress shielding effect. These porous structures should give a light weight structure with bone-

like biomechanics and support a biological environment for bone cell processes, which 

should help the implanted prosthesis last longer. 

         The findings of this thesis will help to advance material synthesis for bioengineering 

and medicinal applications. This thesis is mostly concerned with mechanical and biological 

performances of porous titanium implants. Novel applications for manufacturing weight 

bearing orthopedic bone implants that perform more nearly to human bone will be found by 

establishing new internal architectural patterns and graded orientation. 

          The significance of this research is that it will be used to create a new cementless 

implant that will eliminate periprosthetic bone stress shielding and hence increase implant 

longevity. SLM methods can minimize the cost of graded cellular prosthesis by employing 

less material. Furthermore, lowering the rates of revision surgery morbidity and death will 

save lives, money, and limited health resources. 

 

1.10 SCOPE OF CURRENT RESEARCH WORK 

        Metal AM creates implants that are very patient-specific, stronger, have lower impurity 

content, have a superior osseointegration surface, and many other benefits. Metal AM has 

about 50 parameters that must be optimised for the manufacture of porous implant lattice 
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structures, which are distinct from the parameters utilised for the fabrication of bulk materials. 

The optimal AM parameters for fabricating lattice structure (LS) porous implants are 

investigated in this research. Furthermore, this research identifies the optimal combination of 

porosity percentage and lattice unit cell strut thickness for reducing implant volume and 

eliminating stress shielding. This study will aid in determining the most appropriate AM 

settings and lattice geometrical considerations for the commercialization of LS porous medical 

implants. 

 

1.11 ORGANISATION OF THE THESIS 

        This thesis is divided into the following five chapters. 

Chapter 1: Introduction  

        This part discusses the background, metallic biomaterials, manufacturing processes, 

problem statement, research aim, objectives, significance, and scope of this research.  

Chapter 2: Literature review  

        The properties that distinguish bone as a distinct structure are investigated. The 

evolution of osseointegrated implants is examined in order to identify research gaps that may 

be investigated in order to increase bone implant efficiency by bringing it closer to bone 

properties. Finally, methods of additive manufacturing procedures that may be utilized to 

construct complicated three-dimensional porous structures are discussed. 

Chapter 3: Problem formulation, objectives, and methodology.  

        The porous Ti-6Al-4V alloy structures are designed through Rhino 6 software. This 

chapter examines the capability of fabricating a porous structure using AM techniques 

particularly SLM and different methodologies used in this work. 

 

Chapter 4: Results and discussion    

         Microstructure observation, porosity measurement, surface roughness measurement and 

compression test are performed physically on different Ti porous scaffolds and mechanical 

properties are compared between them. The mechanical, biological and chemical 
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characteristics of the porous titanium alloy implants are compared in graphical 

representations with human bones whether the metallic implants are suitable or not to meet 

the biomedical needs.   

Chapter 5: Conclusions and recommendations for future study.  

         This chapter summarizes the thesis key results and offers knowledge gaps that could be 

worth investigating further. 
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CHAPTER                                                   LITERATURE REVIEW 

 

2.1 INTRODUCTION 

      Bone replacement is a popular and significant surgical technique used to cure pain and 

disability in biomedical surgery. Porous surfaces for femoral prosthesis have recently been 

effectively introduced in the fixation of bone-implant by permitting bone development 

through the pores. However, with time, body pressure focuses on the bone site, resulting in 

stress-shielding phenomena. According to Hussaini et al. (2015), this stress-shielding effect 

was discovered in post-implant instances. To counteract this impact, porous metals were 

developed to reduce the stress-shielding effect by lowering the effective elastic modulus 

closer to that of natural bones. Interconnected porous structures are also effective for 

adhesion, proliferation, and differentiation of bone tissues (Chen et al., 2020). Porous 

scaffolds can avoid osteonecrosis and osteogenesis abnormalities surrounding the implant. 

    The capacity of mature bone tissue to renew via osteoclasts and form new bone via 

osteoblasts has been extensively established (Gao et al., 2017 and Currey, 2012). Although 

self-repair potential is restricted for bone lesions less than 10 mm (Heuijerjans et al., 2017). 

Autografts are taken from patients for smaller transplants, however the size of the graft is 

rigorously regulated, and the patient's health are also a consideration. When a bone defect or 

damage reaches this essential size, medical practitioners can employ bone grafts to effectively 

implant in the afflicted area once the healing process is completed. According to the disease 

control centre, more than two million bone procedures are performed each year (Hoover et 

al., 2017). 

      Because of its good biocompatibility, improved corrosion resistance, high strength-to-

weight ratio, and higher stiffness, titanium alloy (Ti-6Al-4V) is extensively employed as a 

potential implant material in orthopedic areas for the replacement of knee and hip prostheses. 

Young's modulus of dense Ti-6Al-4V is significantly greater than that of human bone (Liu et 

al., 2017). The Young's modulus of dense Ti-6Al-4V is 112 GPa (Geetha et al., 2009), but it 

is 3 to 30 GPa in human bone (Martens et al., 1983). Because of the large elastic modulus 

mismatch, employing such material for bone grafting is limited. To solve this difficulty and 

match the human bone, Ti-6Al-4V scaffolds with porous structures are designed in such a 

way that the effective Young's modulus of the porous scaffolds closer that of the human bone. 

2 
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Furthermore, the porous nature of the scaffold will aid in the development of new bone by the 

osteoblast method through this porous route. An ideal solution for application-specific 

scaffold printing for a bone replacement application is advanced additive manufacturing, such 

as the three-dimensional printing technique. 3D printing is a method of creating items from 

3D model data by depositing material layer by layer. Selective laser melting (SLM) is a 

technology that may be used to make patient-specific porous scaffolds with a high degree of 

external form control (Bose et al., 2018).  Using Rhino 6 software, a 3D scaffold model with 

proper dimensions is first created, and then the model is sliced into multiple 2D components 

and saved as standard tessellation language (STL) files. The AM machine setup executes 

layer by layer deposition along the defined tool path to construct the 3D porous scaffold after 

receiving the files. This approach of creating porous bone implants is gaining popularity 

among researchers since bone implants are needed to treat a variety of patient-specific bone 

fractures. Jardini et al. (2014) used AM methods to effectively produce porous scaffolds for a 

mandibular implant and a big cranical defect. Due to its capacity to construct complex, light-

weight structures, AM technologies are widely applied in the biomedical field (Melchels et 

al., 2010). AM technologies have been embraced by the automotive, aerospace, jewellery, 

and other biological uses industries (Petrovic et al., 2011). A comparison of trabecular 

implant surfaces manufactured by SLM and EBM was published by Biemond et al. (2013). 

They demonstrated the differences in morphological properties and surface roughness 

between specimens fabricated using two different techniques: individual granules can be seen 

clearly in specimens fabricated using the EBM process, whereas specimens fabricated using 

the SLM process have a comparatively smoother surface with almost no grain visibility. 

Surface roughness of manufactured components improved by EBM implants is 

unsatisfactory, and osteoblasts are required to enhance surface roughness (Ponader et al., 

2008). 

2.2 GAP ANALYSIS  

The following gaps are listed from review of open literatures:  

 During fabrication via SLM, the porosity of porous scaffolds may differ than the 

designed porosity that was not considered earlier. 

 Optimisation of process parameters was not addressed to get the suitable results. 
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 Surface treatment, compression test and finite element simulation of porous scaffolds 

with Diamond, Cross, Grid, Vinties, Tesseract, Star & Octet structures was not 

reported. 

 

2.3 OVERVIEW  

       The fundamentals of bone biomimetic implants are introduced in this chapter. Firstly, 

bone properties and structures are described on hierarchical scales. Finally, the use of additive 

manufacturing (AM) techniques, selective laser melting (SLM) and stereolithography (SLA) 

in the creation of a novel design of bone biomimetic implants is discussed.     

 

2.4 METALLIC IMPLANTS 

 

       Metallic implants claim to increase the quality and sturdiness of human life through 

contributing to healthcare as technology advances. Biomedical implants are distinctively 

different in terms of their usage and application, with each type exhibiting a distinct set of 

characteristics. For example, femoral implants have higher tensile and compressive strengths, 

but dental implants have higher wear and fatigue resistance. Due to differences in the elastic 

modulus of metallic implants compared to human bone, stress shielding may be a concern 

(Weinmann et al., 2018). In terms of biological use, titanium alloys are more prevalent 

(Oldani et al., 2012). Due to their superior mechanical and biological qualities, Ti alloys are 

preferred over stainless steel and Co-alloys in the fabrication of biomedical implants 

(Dallago et al., 2017). The modulus of elastic of stainless steel and Co alloys is noticed to be 

10 times that of bones, whereas titanium alloys' elastic modulus is only 0.5 times that of 

stainless steel, resulting in a low risk of stress shielding compared to Co alloys and stainless 

steel (Li et al., 2017). 

          Porosity is also added to implants with three-dimensional (3D) open cell structures 

called lattice structures (LS) to reduce stress shielding (Ullah et al., 2014). Porosities in 

lattice-generated structures can range from 20 to 80 percent, depending on the application and 

load bearing capability. The technique of Additive Manufacturing can best achieve the 

production of lattice produced structures with required controllability and accuracy of up to 

micrometre scale, as is sought for biological uses (Yavari et al., 2013). Osseointegration, or 
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the direct structural and functional connection between the organised living bone and the 

surface of a load-bearing implant, is made possible by lattice structures (Koppolu et al., 

2016). As a result, modeled porosity (form and size) is critical for bone ingrowth and hence 

biocompatibility. 

          In compared to bulk material, lattice structures provide different mechanical and 

biological behaviour (Ullah et al., 2014). These materials serve as the most realistic substitute 

for a bone, and hence the most appropriate choice (Taniguchi et al., 2016). The mechanical 

and biological features of these porous materials have been explored by a group of authors 

(Pyka et al., 2012). It has been established that the kind of unit cell (Campanelli et al., 2014), 

pore size (Barui et al., 2017), porosity (Yavari et al., 2015), strut diameter (Cansizoglu et al., 

2008), and build angle (Bagheri et al., 2017) have an impact on the implant material's 

intrinsic mechanical and biological qualities. Furthermore, modulating SLM process 

parameters and initiating post heat treatments improves implant performance (Li et al., 2016). 

2.5 TITANIUM 

        Ti possesses a hexagonal closed-packed (HCP) structure at room temperature, which 

generally is termed as α (Lütjering et al., 2003). Ti undergoes an allotropic change to body-

centered cubic (BCC) β structure at 883°C and remains stable in the β-phase till it achieves 

its melting point of 1678°C (Lütjering et al., 2003 and Lütjering et al., 2007b). Fig. 2.1 

depicts the body cell for these structures. Ti alloys could have α, β or mixed α/β 

microstructures owing to the allotropic transition that is impacted by replacement and 

intervening elements and is reliant on metal purity (Lütjering et al., 2007b). 

 
Fig. 2.1:  a) HCP Structure   &   b) BCC Structure (Lütjering et al., 2007b). 
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              Ti alloys are created by alloying elements stabilizing between the α or β phases, and 

the amount of bonding electrons engaged is depending on the degree of bonding electrons 

participating. Electron/atom ratios of alloying elements lower than 4 stabilize the phase, ratios 

of 4 neutralize the phase, and ratios larger than 4 stabilize the β phase (Polmear, 2005). The β-

phase has substantial anisotropy from α, physical and mechanical characteristics, lesser 

ductility, elevated opposition to plastic deformation, greater creep resistance, as well as 

diffusion rates at least two orders of magnitude lesser than β-phase (Polmear, 2005). 

 

2.5.1 Titanium as a Biomaterial 

 

         Scaffolds comprised of alloys like stainless steel, cobalt, and titanium have long being 

employed inside the human body (Mengucci, 2016). The Table 2.1 lists the several 

standards which these biomaterials should fulfil in order to be employed in biological 

applications. Table 2.2 lists some of the features of these metals and alloys. 

 

Table 2.1- Scaffolding Requirements for Implants (Long et al., 1998). 

Compatibility Mechanical Properties Manufacturing 

Tissue reactions Elasticity Fabrication methods 

Changes in properties- 

 Mechanical 

 Physical 

 Chemical 

Yield stress 
Consistency and conformity to all 
requirements 

Ductility Quality of raw materials 

Toughness 
Superior techniques to obtain 
excellent surface finish or texture 

Time dependent deformation 
Capability of material to get safe and 
efficient sterilization 

Degradation leads to- 

 Local deleterious 
changes 

 Harmful systemic effects 

Creep Cost of product 

Ultimate stress  

Fatigue strength  

 Hardness  

 Wear resistance  

 

      Although the Table 2.2 lists several problems connected with particular 

biomaterials, Ti as well as its alloys is becoming progressively highly relevant in the 
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market owing to its elevated qualities, which make them perfect as implant materials. 

Because of its great resistance to corrosion, biocompatibility, and strength, Ti and its 

alloys can fulfil the criteria for implants higher than any material (Lütjering et al., 2007b). 

 

Table 2.2 - Typical Metallic Implant Materials' Properties (Long et al., 1998).  

 Stainless steels Cobalt-base alloys Ti & Ti-base alloys 

Designation 

ASTM F-138                          
(*316 LDVM*) 

ASTM F-75 
ASTM F-799 
ASTM F-1537 
(Cast and wrought)                                                       

ASTM F-67 (ISO 
5832/II) 
ASTM F-136 (ISO 
5832/II) 
ASTM F-1295 
 (Cast and wrought) 

Principal 
alloying 
elements (wt%) 

Fe (bal.) 

Cr (17-20) 

Ni (12-14) 

Mo (2-4) 

Co (bal.) 

Cr (19-30) 

Ni (0-37) 
Mo (0-10) 

Ti (bal.) 
Al (6) 
V (4) 
Nb(7) 

Advantages 

 cost, 
availabilit
y 

 processin
g 

 wear resistance 

 corrosion 
resistance 

 fatigue strength 

 biocompatibilit
y 

 corrosion 
resistance 

 minimum 
modulus 

 fatigue strength 

Disadvantages 

 long term 
behavior 

 high 
modulus 

 high modulus 

 biocompatibilit
y 

 power rear 
resistance 

 low shear 
strength 

Primary 
utilisations 

Temporary 
devices (fracture 
plates, screws, 
hip nails) 

Used for THRs 
stems in UK 
(high Nitrogen) 

Dentistry castings 

Prostheses stems 

Load-bearing 
components in TJR 
(wrought alloys) 

Used in THRs with 
modular (Co-Cr-Mo or 
ceramic) femoral 
heads 

Long-term, permanent 
devices (nails, 
pacemakers) 

 

 

    According to Lutjering (2007b) and Williams (2005), the main drawback of Ti is its 

high elastic modulus of roughly 112 GPa. Mechanical strength is an important 

consideration when employing scaffolds for bone replacement. The scaffold must be 

robust enough to handle acceptable loads, and not so strong that it causes stress shielding. 
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  The modulus discrepancy among two materials causes stress shielding. Reduced 

stress is passed to bone linked to implant, resulting in bone resorption and, as a result, 

implant loosening (Li et al., 2014). Bone has a modulus of 3-30 GPa, that is much lower 

than Ti (Choi et al., 1990; Wang et al., 2006; and Elias et al., 2008). It reduces the 

implant's lifespan, frequently leading to uncomfortable and expensive modification 

operations. As a result, research has been carried out to identify novel strategies for 

improving mechanical characteristics of Ti and titanium alloys for biomedical purposes 

(Li et al., 2014). 

   2.5.2 Biomedical Titanium Alloys 
 

   Titanium alloys possess significantly less Young's moduli (55–110 GPa) than 

316LSS (210 GPa)         and Co–Cr alloys (240 GPa). The Fig. 2.2 depicts the elastic moduli of 

several biomedical titanium alloys as well as bone. They do, meanwhile, contain moduli 

that are much greater than bone (3–30 GPa). Because of the large disparity in moduli 

between such implants and the surrounding bone, bone resorption occurs all around 

implant, causing implant loosening and, as a result, the sufferer might undergo severe 

reoperation. The "stress shielding effect" refers to this biomechanical mismatch. As a 

result, implant materials must have a modulus similar to bone they restore so as to 

minimize stress shielding effect. This eventually led to growth of novel forms of Ti 

materials for implant (containing design plus fabrication) with lower modulus similar  to 

those of bone, thru goal of achieving reduced stiffness and sacrificing other important 

parameters (Niinomi, 2003; Haghighi et al., 2015; Niinomi, 2012; Li et al., 2008 and 

2016). Several low-moduli, non-toxic β-type titanium materials for implants, like Ti–

24Nb–4Zr–8Sn (Ti2448) (Hao et al., 2005) and Ti–29Nb–13Ta–4.6Zr (TNTZ) 

(Niinomi, 2003), have indeed been produced. Other option is utilizing porous structures 

rather than solid materials since porosity may lower the both modulus as well as weight of 

material when compared to solid alternatives. Additionally, modulus of a porous material 

may be conveniently adjusted, and bone cell in-growth might be enhanced over solid 

equivalents (Cheng et al., 2012; Attar et al., 2014 and Challis et al., 2010). As a result, 

porous materials can be used in joint replacement surgery as well as bone grafting 

application (Barbas et al., 2012). 
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2.6 POROUS SCAFFOLDS 
 

         Porous materials have recently been explored in research. Parthasarathy et al. (2010 

and 2011) demonstrated how Ti-based biomaterials may be tailored to human bone by 

including a greater porous structure that is essential for cell adhesion, growth, and survival. 

Researchers came to the conclusion that porous structure minimizes the elastic modulus and 

consequences of stiffness misalignment, which are frequent in mass metallic biomaterials. 

This really is due to the fact that there is far lower material sustaining same cross-sectional 

area. Furthermore, porosity produces an open channel which favours tissue ingrowth and 

hence allows for improved tissue conduction (Li et al., 2014). The linked structure enables 

for full bone ingrowth and a steady blood supply, both of which are critical for 

biocompatibility and been a source of concern in previous biomaterials (Long et al., 1998). 

Fig. 2.3 depicts the microstructure of a porous Ti scaffold (Ryan et al., 2006).  

 

Fig. 2.2: Elastic moduli of different biomedical alloys and bone (Geetha et al., 2009). 
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Fig. 2.3: SEM micrograph of Porous Ti (Ryan et al., 2006). 

 

    For scaffolds, significant porosity is needed to permit for tissue conduction; 

nevertheless, a combination with mechanical strength should be established. 

 

2.7 BONE STRUCTURE  

          Bone is an open cell composite material that has a complicated vascular system as well 

as a considerable number of protein-related components. Bone is composed of two different 

types of tissues that are firmly packed together at the architectural level: cortical bone and 

trabecular bone. The outer shell of bone, called cortical bone, is a dense compact structure 

that covers the inner 3D lattice structures or trabecular bone. Cortical bone, also known as the 

Haversian system, is extremely dense and has cylindrically arranged osteons that range in 

size from 10 to 500 µm. It is noteworthy that the blood veins in the Haversian canal run 

parallel to the long axis of bone. Through perforating canals, blood arteries are linked to 

vessels on the bone's surface. The inner surface of cortical bone, referred to as trabecular 

bone, is connected by rod and plate-shaped structures. Furthest from to cortical bone, 

cancellous bone is very porous and is made up of an interconnected network of trabeculae 

with a diameter of between 50 and 300 µm. Porosity or density variations exist between these 

two forms of bone tissues. Whereas the porosity of cancellous bones ranges from 75% to 

90%, that of cortical bone is just 5–10% (Burr and Martin, 1989; Choi et al., 1990 and Rho 

et al., 1995). 
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          According to Ritchie et al. (2005), bone is a living tissue with the capacity for self-

repair and the ability to modify its physical characteristics to suit the load and environmental 

circumstances. The combined actions of osteoblasts (cells that make new bone) and 

osteoclasts (cells that break down existing bone) are what cause this adaptive remodeling 

process. The variety, hierarchical (Akbarzadeh et al., 2015) structure, and composite 

components that characterize bone make it a special type of material. The volume percentage 

of individual trabeculae, the 3D architecture of those trabeculae, and tissue characteristics are 

the three factors that most significantly influence bone heterogeneity (Keaveny et al. 2001). 

For the entire organ to operate well bone tissues display functional gradients throughout a 

spatial volume in which each layer or component serves a specific purpose. As a result, 

depending on the functionality needed, various bone portions may have varied bone 

characteristics and orientation. 

           Depending on how it performs, bone has to be both structurally and mechanically 

sound. The brain is shielded from impact stresses by the skull, whereas a femur is continually 

stressed by repetitive strain during routine everyday activities. Hence, a femur is stronger 

than the skull bone. Walking causes the femoral bones to experience cyclic loading, which 

encourages the laden bones to modify their characteristics in response to the mechanical 

stimuli. Depending on where each bone is located and what it does, the intensity and 

direction of mechanical impulses on those bones may vary (Carter, 1984). 

 

Fig. 2.4: An anteroposterior radiograph of the hip showing the trabecular 

orientations. 

          



 

37 

         Since it resists both tensile and compressive pressures during weight bearing, the 

proximal femur is a superb illustration of functionally optimized structures. According to the 

direction of the trabecular lines, those forces optimize the internal structure of the femoral 

neck. The trabecular shape is seen in Fig. 2.4 and includes both compressive and tensile 

groups that are oriented in certain planes. In contrast to the primary tensile group, which 

originates from the femoral head's foveal region and travels through the superior femoral 

neck and into the lateral sub-trochanteric cortex, the primary compressive group extends from 

the medial sub-trochanteric cortex and lines superiorly into the weight-bearing femoral head. 

In response to the weights applied to this bone, the trabecular orientation develops. Cortical 

bone density changes as well to accommodate the load needed in each place. 

 

        Bone is a special substance due to the heterogeneity of the bone tissue and the variations 

in density depending on location. The calcar femoral, a cortical bone in this region with the 

thickest cortex to accommodate the mechanical demands, is located in the medial cortex of 

the proximal femurs, which resists the maximum load. Analyzing bone structures and 

material components at hierarchical length scales spanning from the macro to nanoscale 

components is crucial to comprehend how bone adaptive structures relate to mechanical 

qualities. 

 

 

Fig. 2.5: The hierarchical structure of bone tissue (Podshivalov et al., 2014). 
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         Groups of osteons and trabeculae at the microscale (10-500 µm) (Fig. 2.5b) are part of 

the hierarchical structure of bone shown in Fig. 2.5. Lamellae and trabecula combine to form 

this group structure at the sub-microscale (1-10 µm) (Fig. 2.5c), which is produced by 

fibrillary collagen, minerals, and non-collagenous organic proteins at the nanoscale (100 nm-

1 µm) and sub-nanoscale (˂100 nm) (Fig. 2.5d & e). 

 

         It is crucial to comprehend the form and characteristics of bone to build scaffolds that 

can replace it. Extra cellular matrix (ECM) and bone mineral make up the extremely intricate 

architecture of bones (Zilberman et al., 2011). Bones provide a variety of purposes, including 

as facilitating bodily movement, providing places for muscles to connect, and providing 

support for soft tissue (Zilberman et al., 2011). Bone may be characterized as a natural 

material composite with anisotropic properties and a seven-tiered organization (Zilberman et 

al., 2011). Fig. 2.6 depicts a schematic representation of this organization, which is present in 

most body regions. 

 

        Cortical bone has an apparent density of 1.99 g/cm
3
 (Currey, 1999), but cancellous bone 

has a much lower apparent density, often ranging from 0.05 to 1.0 g/cm
3
 (Keaveny, 2002). 

The entire volume of cancellous bone that is not occupied by bone tissue and is generally 

filled with marrow is referred to as its porosity. Although the difference between the two 

bone tissues is difficult for porosities less than 50%, the transition from compact to 

cancellous bone is typically evident and occurs over a short distance. The cortical region 

makes up 80% of bone, whereas the remaining 20% is made up of the cancellous or spongy 

trabecular region (Zilberman et al., 2011). Due to these various locations, the elastic modulus 

for bone varies between 4 GPa and 30 GPa (Choi et al., 1990; Wang et al., 2006 and Elias et 

al., 2008). The cancellous area is referred to as "a porous network of connecting rods or 

plates," whereas the cortical region can be regarded as a thick solid (Gibson et al., 1985). The 

percentage of cancellous bone differs amongst living organisms. For example, birds flying in 

the sky have a higher proportion of cancellous bone than creatures crawling on the ground 

(Nakajima, 2007). Histological examination of the tissue's microstructure reveals the 

distinction between cortical and cancellous bone. Cortical bone is distinguished by uniform, 

cylindrically formed lamellae, whereas cancellous bone can be distinguished by non-uniform, 

wavy convolutions of lamellae. Moreover, cancellous bone tissue is metabolically active and 

may be reshaped more often than cortical bone tissue (Rho et al., 1995). 
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         As depicted in Fig. 2.6, bone porosity is defined by small pores of canaliculi and 

smaller lacumae, as well as bigger pores of osteons and Volksmann's canals. The smaller 

canaliculi and vascular channels in typical cortical bone range in size from 1 to 5 µm (Ascenzi 

and Bonucci, 1976). Moreover, bone is a calcium reservoir in the body, storing 99% of the 

body's calcium. The majority of bone mineral is hydroxyapatite (Ca10(PO4)6(OH)2). 

Carbonate ions are used as replacement groups in the phosphate and hydroxyl sites of 

biological hydroxyapatite. The effective implantation of bone scaffolds requires not only 

biological criteria but also enough mechanical strength. The interaction of bone with other 

bones, joints, or muscles in the body defines its mechanical properties. Yet, the overall shape 

of the bone and tissue distribution promotes mechanical strength of the structure. Bone is 

primarily an anisotropic material, and its mechanical characteristics vary depending on 

anatomical position and loading direction. The modulus also varies greatly between the 

longitudinal and transverse orientations (Rho et al., 1995). 

 

  

Fig. 2.6: Bone Structure (Zilberman et al., 2011). 

 

  

           As a result, cancellous bone has substantially wider mechanical characteristics than 

cortical bone. The trabeculae of cancellous bone follow stress lines and may be realigned by 

variations in stress direction. The compression strength is claimed to be between 2 and 5 

MPa, while the elastic modulus is between 0.76 and 4 GPa (Veiseh and Edmondson, 2003). 
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Wang et al. (2013) measured the elastic modulus in the longitudinal and transverse directions 

of a dry cancellous bovine bone to be 20 ± 2 GPa and 14.7 ± 1.9 GPa respectively. 

 

          Fig. 2.7 illustrates this permeable network. Their relative densities, or the volume ratio 

of solids, explain the difference between these two locations. Cortical bone has a density 

more than 70%, while cancellous bone has a relative density of less than 70% (Zilberman et 

al., 2011). 

 

 

Fig. 2.7: SEM of 22-Year Old Male Human Bone (Hansma, 2004). 

 

 

2.7.1 Macro and microstructures 

 

 2.7.1.1 Trabecular bone  

 

          Long bones like the femur and tibia have trabecular bone on both ends, as well as flat 

bones like the sternum, pelvis, and vertebrae. Trabecular bone resembles cortical bone in 

appearance, but it contains less hydroxyapatite, collagen, water, and other proteins. As a 

result, trabecular bone is a complex anisotropic material with different tension, compression, 

and shear strengths than trabecular and cortical bone. Variations in this composition as a 

function of age and sickness generate differences in mechanical qualities (Keaveny et al., 

2002). 
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        Trabeculae are thin rods and plates that create highly anisotropic and heterogenic 

materials at the microscale in spongy trabecular bone. These trabeculae are arranged in 

semiregular 3D patterns with interconnected open–porous networks, and they resemble a 

cellular solid material macroscopically. The porous networks inside the trabecular bones 

improve metabolite and nutrient transport. Bone marrow and cells within pores assist bone 

formation (Keaveny et al., 2001). Trabeculae have an average thickness of 300 µm and a pore 

size of 800 µm (Hildebrand et al., 1999). 

 

         The architecture of trabecular bone varies depending on anatomical location. The 

architecture of spinal bone, for example, is created by rod-like pieces, but the femoral head, 

as shown in Fig. 2.8, has a plate-like structure. The architecture of multiple locations on the 

same bone may change in response to the magnitude and direction of mechanical stimulation. 

Low-stress zones have rod-like trabecular structures, whereas high-stress areas have plate-

like trabecular structures. This variability suggests that the design of the trabecular structure 

is compatible with its mechanical capabilities. According to Ding et al. (2002), the plate-like 

structure has higher strength than the rod-like structure. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8: Bone architecture fabricated with additive manufacturing techniques: 

(a) rod‐like specimen from lumbar spine; (b) plate‐like specimen from femur 

(Hildebrand et al., 1999). 

           

            In conclusion, the mechanical characteristics of trabecular bone are determined by its 

volume fraction, architecture, and the material qualities of local trabecular tissue. The 

 (a)  (b) 
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trabecular bone structure is now widely acknowledged as the outcome of load adaptive bone 

remodeling. Understanding features like elastic modulus and failure qualities is crucial for 

creating novel applications and assessing the impacts of pharmacological therapy, ageing, 

and illnesses at the tissue level (Bayraktar et al., 2004). 

 

2.7.1.2 Cortical bone   

 

            The cortex or shell of most bones is made up of cortical bone, which accounts for 

around 80% of the weight of the human skeleton. Cortical bone has three major functions: (a) 

supporting the entire body, (b) safeguarding the organs, and (c) storing and releasing 

chemical components like calcium. Cortical bone, like trabecular bone, has a complex and 

dynamic microstructure that adjusts over time. 

 

           The fundamental morphological and functional unit of cortical bone is the osteon. This 

primary functional unit of cortical bone has a cylindrical shape at the microscale, with a 

length of several millimeters and a diameter of around 200 m (Deuerling et al., 2009). The 

osteon is made up of concentric layers called as lamellae that surround the central canal. 

Because the modulus of elasticity and hardness of the osteon diminish from the centre to the 

boundary, it has anisotropic qualities like trabecular bones. 

 

2.7.2 Sub‐microstructure  

 

2.7.2.1 Lamella  

 

          Trabeculae and osteons are formed through the creation of lamellae, which are thin 

plate-like structures that are very near to one another and have an open space between them. 

Collagen fibrils are reinforced with apatite crystals to produce a lamella at this structural level 

(Fig. 2.9). The lamellae are aligned in different orientations at the higher structural level to 

generate either osteons in cortical bone or trabeculae in trabecular bone. 
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Fig. 2.9: The figure depicts the composite layer's trabeculae-building lamella structure 

(Hamed et al., 2012). 

 

 
2.7.3 Nanostructure  

 
2.7.3.1 Collagen fibrils and apatite crystals  

 

          Although the basic building parts of bone, mineralized collagen fibrils, are generated 

using the same ingredients, the whole hierarchical structure of bone is exceedingly 

complicated and changeable. Cross linked collagen molecules, hydroxyapatite, water, and a 

minor number of non-collagenous proteins make up the collagen fibril (Giraud et al., 2005; 

Hamed et al., 2012). Each fibril is made up of a number of micro-fibrils, which are sub-

nanoscale helical assemblages of tropo-collagen molecules. 

         Bone is a composite material made up mostly of hard hydroxyapatite-like mineral 

particles buried in a nanoscale elastic matrix made up of collagen fibres. Bones have 

anisotropic qualities because to the anisotropic shape of mineral particles. The presence of 

collagen fibres in the bone matrix gives it its viscoelasticity. The fixation of implant materials 

can be influenced by the anisotropy and viscoelasticity of cortical bone. 

        Understanding bone shapes and qualities is essential for developing bone replaced 

materials for bone replacement surgeries, as well as enhancing the design and function of bone 

implants like the total hip arthroplasty (THA) femoral prosthesis (Muderis et al., 2011). 
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2.7.4 Bone adaptive remodeling 

  

           The adaptive process of bone density in response to mechanical forces acting on the 

bone is known as bone adaptive remodeling (Rho et al., 1995). Based on the concept known 

as Wolff's law, peri-implant bone stress shielding (Figure 2.10) causes an implant to loosen 

due to bone shrinkage in the absence of an appropriate mechanical stimulation (Schmidt et 

al., 2003). 

 

           The amount of stress shielding is determined by the implant's size, design, and elastic 

modulus. Despite the fact that current cementless stems attempt to maximize proximal load 

transfer via metaphyseal fixation, both cortical and cancellous bone density might diminish in 

the metaphysis, necessitating revision surgery in the long run (Pitto et al., 2010). Cementless 

femoral stems are most typically made of cobalt–chromium–molybdenum (Co-Cr-Mo) alloys 

and titanium–aluminum–vanadium (Ti-4Al-6V) alloys. The elastic modulus of titanium 

alloys is closer to the human bones than that of cobalt–chromium alloys; Co-Cr-Mo has a 

stronger wear resistance than Ti-4Al-6V (Takaichi et al., 2013). As a result, Co-Cr-Mo is 

often utilized for bearing surfaces, while Ti-4Al-6V is preferred for the stem component, 

where osseointegration (Albrektsson and Johansson, 2001) is desired. 

  

 

Fig. 2.10: (a) Severe metaphyseal stress shielding after total hip arthroplasty, 

and  (b) Periprosthetic fracture following the implant loosening (Yamada et 

al., 2009). 

 

 

(a) (b) 



 

45 

          Ti-4Al-6V should provide less stress shielding than Co-Cr-Mo, according to a finite 

element study that demonstrates a direct relationship between stem stiffness and the amount 

of stress shielding. According to Krishna et al. (2007), the metaphyseal stress shielding still 

takes place, however the modulus value of Ti-4Al-6V is still greater than the 17 GPa in 

cortical bone or around 15 to 25 GPa depending on age, sex, and preparation methods. Since 

porous structures have a lower rigidity than solid metals, using them or functionally graded 

materials may lessen the effect of bone adaptive remodeling. Bone is a unique material 

because of the intricate hierarchical structure that governs many of its mechanical 

characteristics. The issue for engineers is to connect the multiscale structure of bone to the 

implant (Ghanbari et al., 2009). A porous implant is advantageous because the adaptive 

remodeling of the peri-implant bone is less affected by it and the pore features also encourage 

cell proliferation. Since tissues differ, it is challenging to precisely recreate the microstructure 

of bone. Theoretically, lattice structures with linked pore networks or cellular structures may 

be replicated using simple structures as opposed to constructing the microstructure of bone. 

 

 

2.7.5 Cellular structures  

 

        Cellular structures are porous materials that are made up of an interconnected network of 

solid struts or plates that are put together to form a lightweight porous structure (Gibson, 

1989). Natural materials with a cellular structure abound, including cortical and cancellous 

bones. It's challenging to perfectly duplicate bone characteristics because bone tissues and 

synthetic materials have distinct material orientations at the nano and sub-microscales 

(Podshivalov et al., 2014). Although cellular metals and bone appear to have identical 

morphological parameters, the mechanical characteristics of the porous metals and bones 

(Fig. 2.11) differ significantly due to differences in the composite materials and hierarchical 

structures of bone and engineered materials (Guillén et al., 2011). 
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Fig. 2.11: Micro‐CT images of bovine cancellous bone (a & b) and three open‐cell metallic 

foams (c) showing similar morphology (Guillén et al., 2011). 
 

 

             Because of the high computing costs, predicting the mechanical characteristics of 

bone morphology-like structures is challenging. Most studies prefer to assess bone trabecular 

structures as 3D cellular structures to address the limitations associated with large-scale finite 

element models (Oxnard, 2004). 

 

           Researchers have concentrated on the basic and regular cellular structures of polyhedra 

to duplicate the functions of the substituted bones (Leong et al., 2003; Liulan et al., 2007; 

Loh et al., 2013 and Van Cleynenbreugel et al., 2002). To optimize both biological and 

mechanical performance, these functions require appropriate porosity, pore size, and other 

characteristics. It is thus vital to characterize the biological, mechanical, and permeability 

performance of the various constituent components that make up the bone scaffolds (Bidan et 

al., 2013; Loh et al., 2013). 

 

          Using computer-aided approaches, elemental units with capabilities similar to bone 

tissue may be designed and assessed. The following part examines cellular structure 

methodologies and designs, as well as knowledge gaps in cellular structure design for bone 

implants. 
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2.7.6 Computer‐aided design-based methods. 

 

         Constructive solid geometry (CSG) and boundary representation (B-Rep) are two solid 

or surface modelling techniques used in commercial computer-aided design (CAD) software. 

CSG-based models are created using the first technique, which involves marrying the 

representation of solid primitives using Boolean operations. This method allows for the 

creation of cellular structures with no dangling edges. CSG algorithms, on the other hand, are 

frequently limited to simple geometric designs of solid primitives (Chua et al., 2011). 

 

          The second model, which is based on B-Rep, is characterized by its boundaries, which 

are made up of a collection of vertices, edges, and loops with no connections between them. 

Thus, in the B-Rep model, an object consists of an object's faces, edges, and vertices coupled 

in such a way that the model's topological consistency is maintained. Euler procedures are 

used to create this topology, while Euclidean computations are used to create the geometry. 

Euler operations, like Boolean operations in CSG models, are used to generate, alter, and edit 

the faces, edges, and vertices of a B-Rep model. Using Euler operations, a preliminary 

assessment of gaps and overlaps between the borders of B-Rep models may be validated 

(Giannitelli et al., 2014).  

 

         These two strategies have both advantages and downsides. B-Rep models take up more 

storage space than CSG models, but they take less time to compute. As a result, when using 

the B-Rep approach to simulate sophisticated small-scale internal architecture, massive 

storage data is unavoidable. Topology creation using the B-Rep model is considered 

nongraphical relational information that is maintained in solid model databases and is not 

accessible to users; as a result, seeing and manipulating the underlying architecture of the 

primitives might be difficult or impossible (Giannitelli et al., 2014). 

 

2.7.7 Unit block approach  

 

       Identification of the fundamental components is necessary for CAD modelling utilizing 

CSG approaches (primitives or unit blocks). Polyhedral objects are the chosen building 

blocks in biomedical engineering applications. The connections between planar faces, linear 

edges, and vertices make up a polyhedron (plane faced polyhedron) (Cheah et al., 2004). 
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         Unit blocks can be created in two different ways. The second technique builds a 

geometric regular polyhedron as a cellular model, while the first way creates a solid geometry 

as an inclusion of vacant spaces (Wettergreen et al., 2005). A solid that fills up space, such a 

sphere or cube, constitutes the first form of building (Fig. 2.12). 

 

 

Fig. 2.12: (a) Space-filling units in the form of spheres, (b) overlaid onto a solid structure, 

and (c) created using standard Boolean operations, resulting in a void structure with the 

appropriate geometry. 

 

 

           Standard Boolean operations result in a hollow or shelled structure with the desired 

shape when a void structure is superimposed upon a solid structure (Sudarmadji et al., 2012). 

The proportion of the solid volume to the envelope volume provides information on the 

porosity of these solid designs. As a result, by altering the volume of the void pieces, space-

filling solid designs may have their porosity set to the desired value. 

  

          The second technique uses the Archimedean and Platonic solids as a collection of 

geometric polyhedral in a wire-frame or lattice construction (Cromwell, 1997). These 

polyhedral are advantageous because they may exhibit the appropriate symmetry since they 

are regular (i.e., both equiangular and equilateral). In contrast to space-filling solids, which 

represent solid volumes, this model is originally utilized as a volumetric representation to 

describe the porosity. 

 

          Each edge of a polyhedron is transformed to a beam of the equivalent length to 

generate the open-porous unit components. The thickness of each equilateral beam is the 

same. The ratio of the total of the beam volumes to the envelope volume of a bounding box 
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yields information on the porosity of these structures. By changing the unit dimension and/or 

beam thickness until the desired value is reached, the porosity may be changed. 

 

2.7.8 Computer‐ aided system for porous scaffolds 

 

         The drawback of manually developing and putting together unit cells is that it takes 

time. Chua et al. (2003) and Cheah et al. (2004) created an algorithm to automatically build 

the necessary shape. The user may enter design parameters into this method, also known as 

the computer-aided system for porous scaffolds (CASPS), and a function will automatically 

determine the fundamental characteristics, such as void sizes, porosities, and surface area to 

volume ratio. As only a few structural factors need to be changed, it is simple to create or 

alter polymeric models. The computer will then modify its internal structures to conform to 

the required geometry. 

 

          But computer-aided systems for porous scaffolds do a terrible job of reproducing 

intricate porous things, especially bone structures. Computer-aided systems are unable to 

manage the structures that exhibit graded microstructural morphology as a consequence of 

automatically processing operations of specialized subroutines. 

 

2.7.9 Influence of unit architecture  

 

         Bone scaffold micro-architectures may be created using CAD-based unit cells, which 

are often derived from simple geometries like polyhedral unit cells. In essence, polyhedral 

structures are convex, and because of this, CAD modelling can be done with relative ease. 

The unit cells are duplicated, and their faces are merged with those of the neighboring unit 

cells to complete the assembly process. Fig. 2.13 displays some instances of polyhedral unit 

cells that can be utilized to build scaffolds. 
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Fig. 2.13: scaffold blocks created by merging polyhedral unit cells (Sudarmadji et al., 2012). 

 

            

          Building blocks made of polyhedral material were put through mechanical testing to 

demonstrate how varied material arrangements or structures may provide variable mechanical 

properties in architectures that shared the same volume of material (Tarawneh et al., 2012). 

Because of this, the wireframe structure of the unit cells affects how the mechanical 

performance of such cellular structures with diverse topologies behaves. 

 

2.7.10 Porous biomimetic scaffolds for bone tissue engineering  

 

          For bone tissue implants, the material must not only have the right composition but 

also have a solid structure that closely resembles the structure and mechanical characteristics 

of bone. There are significant issues with the use of bulk (dense) metallic implants in the 

human body, despite significant advancements in their manufacture for orthopedic purposes. 

The biomechanical stiffness mismatch between the implant and bone and the micro-motion of 

the implants as a result of insufficient initial fixation with host tissue are two important issues 

(Robertson et al., 1976 and Ryan et al., 2006). Because of this, there is no mechanical stress 

on the bone around the implant, which might cause harmful bone resorption (Turner et al., 

1986; Breme and Helsen, 1998a; Thieme et al., 2001). For this case, the implant becomes 

loose because the bone that is keeping it in place weakens. In developing the material and 

structure of orthopedic implants, any strategy to address the issues posed in providing a 

suitable load transfer and bone anchoring is crucial. 
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          A new class of materials called as porous materials has recently received a lot of 

interest. Porous materials can be used to substitute bone since bone is a porous tissue 

substance, which makes physiological sense. When pores are added to a material's structure, 

the stiffness values are reduced to levels that are comparable to those of natural bone, which 

can help with load transmission and encourage the growth of new bones (Griss and Heimke, 

1976). Moreover, the porosity enables for the growth of new bone tissue into the porous 

structure, offering a sufficient biological fixation. Fig. 2.14 shows how bone may grow into 

an implant's open holes to form a complex interface. 

 

 

 

           Porous materials are also thought of as a desirable substitute for bone cement fixing 

because of their ability to anchor in bone (Oliveira et al., 2002). For example, porous 

ceramic, polymeric, and metallic materials have all been created over the previous three 

decades. Ceramic materials have great biocompatibility and corrosion resistance, yet they are 

intrinsically fragile and rapidly break (Breme and Helsen, 1998b; Rush, 2005). Similar to 

how porous polymeric materials can't withstand the mechanical pressures used in joint 

replacement surgery. In order to find porous metal scaffolds with the right mechanical 

characteristics for load-bearing applications, researchers are motivated by this (Breme and 

Helsen, 1998b). Strength, stiffness, durability, and biocompatibility are just a few of the 

qualities that porous Ti scaffolds have, which are also necessary for orthopedic and dental 

applications. 

 

 

 

Fig. 2.14:  An orthopedic porous scaffold's bone ingrowth into the 

pores serving as a stable fixing (Nouri, 2010). 
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2.7.10.1 Effects of bone formation on bone tissue scaffolds   

            It has been suggested that porous cellular architectures can provide adequate 

microenvironments for mechanical support, physical stimulation, and biochemical inputs for 

optimal cell development and function while also reducing stiffness (Hollister, 2005; Inglam 

et al., 2013 and Tarala et al., 2011). The mechanical and biological functions of biomedical 

applications are significantly influenced by the porosity and pore size of cellular materials. 

Cell nourishment, growth, and movement that lead to tissue blood vessel formation and bone 

cell production rely on interconnected and porous networks, according to Hollister (2005). 

Additionally, a porous surface aids in the mechanical interlocking of the implant's supporting 

components with the surrounding bone (Karageorgiou et al., 2005). The capacity to 

effectively transport and exchange bio-factors like proteins, genes, cells, or excellent 

substrates across this network is another advantage of the linked porosity network, which 

allows for the guidance and promotion of the development of new tissues.  

     The essential conditions for bone ingrowth are well known. On biomaterial implants, 

both in vitro and in vivo, porosity and pore size are crucial for bone development 

(Karageorgiou et al., 2005). Open cellular structures could be the best type of structure for 

promoting cell activity and reducing the stiffness of metal implants with internal voids. The 

intricate porous structural model might be produced utilising CAD and AM technology. 

 

2.8 DENSITY AND POROSITY 

       For the purpose of estimating permeability and mechanical characteristics, a porous 

metal's density is a crucial factor. The extent to which bone may penetrate and grow into a 

porous material is known as its permeability (Despois and Mortensen, 2005). The mechanical 

strength is decreased, and the permeability is raised by increasing the porosity (Eisenmann, 

1983). Yet, a compromise between these two factors needs to be reached to produce an 

implant that is appropriate for orthopaedic purposes. 

         The term "relative density" is frequently used in the field of porous metals to define 

porous materials. It is the proportion of porous metal's density to that of its parent metal. The 

volume percentage of metal and pores affects the relative density of porous metals. Most 

porous metal scaffolds have relative densities of less than 0.3 (Gibson and Ashby, 1982; Kriszt 

et al., 2002). 
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        The material must be at least 60% porous to promote the formation of new bone tissue 

within the pores (Bram et al., 2006). Similarly, a minimum porosity of 55% was observed for 

direct connection of macropores in research by Esen and Bor (2007). These levels of porosity 

would result in a networked porous structure that encourages vascularization, metabolic 

product movement, and cell ingrowth into the porous area. Porosity is another factor that is 

thought to be important for biocompatibility. In an experiment conducted by Tuchinskiy and 

Loutfy (2003), mice were implanted with two materials that had identical chemical 

compositions but varying porosities for up to four weeks. The less porous material was 

enclosed in a dense, heavily collagenous sack with few blood arteries flowing through it, 

which elicited a more pronounced foreign body reaction. As a result, the more porous 

substance had a thinner sac with significantly higher vascularity. 

 

2.9 SHAPE AND SIZE OF PORES 

         The right pore size must be offered to promote bone growth into porous material. For 

bone ingrowth to occur, the pore size must be at least on par with bone trabeculae and osteons, 

which are tens of micrometres thick (Jasty et al., 1995). 

         The ideal pore size for human usage hasn't yet been precisely determined.  Elema et al.  

(1990) suggested that the pore size should be at least 200 - 300 µm for bone tissue in growth 

in the porous materials, but Pilliar (1987) claimed that the pore size suited for bone ingrowth 

is in the range of 75-250 µm. Implants with pore diameters between 100 and 500 µm are 

appropriate for bone ingrowth (Engh, 1992; Hungerford and Kenna, 1983 and Laptev et al., 

2004). Pore sizes between 500 µm and a millimetre would more closely resemble a macro-

structured surface than a 3D interconnected porous surface, which might hypothetically result 

in a reduction in interface shear strength (Jasty et al., 1995). There have also been theories 

that new bone production depends more on the degree of interconnectivity than on the actual 

pore size (Kuhne et al., 1994; Lu et al., 1999). 

          For the implant to be properly fixed and remodelled with the surrounding tissue, the 

porous structure of the alloys is essential (Zhang et al., 2007). This is because it promotes 

bone tissue formation. Ayers et al. (1999) addressed the issue that there does not appear to be 

a relationship between pore size and bone ingrowth during the cartilaginous phase of bone 

growth in the NiTi implant. This phenomenon is explained by the utilisation of thin implants 

that are arranged in thickness order according to pore size. 
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         The degree of cell ingrowth appears to be influenced by the form of the pores in addition 

to their size. According to Goodman et al. (1993), square-shaped pores promote more bone 

ingrowth than circular ones. Moreover, bigger surface areas for bone ingrowth are provided by 

pores with more ragged and rough surfaces (Li et al., 2015). Yet, the same pore shape may not 

be optimal for all conceivable purposes due to the diverse functions and locations of the bones 

in the human body (Oh et al., 2003). According to reports, additional variables may also affect 

how quickly bones grow into the pores. The bone ingrowth rate is greater in portions put in 

cancellous bone than in cortical bone, according to research by Bobyn et al. (1980). Clemow et 

al. (2004) found that the square root of pore size was inversely linked to the percentage of 

bone developing into the surface. 

 

2.10 PROPERTIES OF HUMAN BONES 

  

        As shown in Fig. 2.15, human bone has an intricate hierarchical structure composed of 

multiple strata: macro level (overall shape of bone includes cortical and cancellous bone), 

micro level (e.g., haversian systems, osteons, single trabecular), fine micro level (e.g., 

lamellae), sub-micro level (e.g., fibrillar collagen and embedded mineral), sub-micro level 

(e.g., fibrillar collagen and embedded mineral), micro level (Wang et al., 2016). 

        As a result, human bone is prone to shattering under high loading conditions, which may 

arise because of an unintentional injury or because of density loss over time. The cortical 

bone's UTS and E are much greater than the cancellous bone's (Singh et al., 2017). Bending 

or torsion causes tensile and compressive stresses on the cortical bone (Nishiyama et al., 

2018). Because the tensile strength of the bone is lower than its compressive strength, failure 

occurs in the area under severe tensile stress (Johannesdottir et al., 2018). The mechanical 

characteristics of various human bones of various age groups are summarised in Table 2.1. 

Porous structured implants are designed to mimic a variety of qualities. The mechanical 

characteristics of trabecular bone are influenced by the architectural arrangement of 

individual trabeculae as well as its porosity (Ralston, 2013 and 2017). 
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Fig. 2.15: Hierarchical structure of human bone (Li et al., 2013). 

 

          The mechanical characteristics of bone change with age, as seen in Table 2.3. The most 

essential properties for biomedical implants are UCS and E. 

 

Table 2.3 - Mechanical properties of different human bones. 

Sl. 
No. 

Bone 

Type 

Age 

(Range) 

TYS 

(MPa) 

UTS 

(MPa) 

UCS 

(MPa) 

E 

(GPa) 

G 

(MPa) 

e  

(%) Reference 

1 Femur 20-29 120 140 209 
18.1±

2 
3.58 3.40 (Bank, 1960) 

2 Femur 30-39 120 136 209 18.6 3.58 3.40 (Bank, 1960) 

3 Femur 40-49 121 - 200 18.7 3.70 - (Bank, 1960) 

4 Femur 41.5 - 102 - 14.9 - 1.32 (Evans, 1976) 

5 Femur 50-59 111 131 192 18.2 3.23 2.80 (Bank, 1960) 

6 Femur 60-69 112 129 179 15.9 3.10 2.25 (Bank, 1960) 

7 Femur 70-79 111 129 190 18.0 3.17 2.25 (Bank, 1960) 

8 Femur 80-89 104 120 180 15.4 3.17 2.24 (Bank, 1960) 

9 Fibula 33 - 100 - 19.2 - 2.10 (Evans, 1976) 

10 Fibula 59 - 80 - 15.2 - 1.19 (Evans, 1976) 

11 Tibia 20-29 - - - - 3.58 - (Bank, 1960) 
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12 Tibia 30-39 - - 213 35.3 3.58 - (Bank, 1960) 

13 Tibia 40-49 - - 204 30.6 3.70 - (Bank, 1960) 

14 Tibia 41.5 - 106 - 18.9 - 1.76 (Evans, 1976) 

15 Tibia 50-59 - - 192 24.5 3.23 - (Bank, 1960) 

16 Tibia 60-69 - - 183 25.1 3.10 - (Bank, 1960) 

17 Tibia 72 - 84 - 16.2 - 1.56 (Evans, 1976) 

18 Tibia 70-79 - - 183 26.7 3.17 - (Bank, 1960) 

19 Tibia 80-89 - - 197 25.9 3.17 - (Bank, 1960) 

 

          The tensile properties of cortical fibular and femoral bone deteriorate with age, whereas 

the tibia's tensile properties remain same, except for changes in ultimate strain. 

          UCS and E of human bone are averaged to be 190 MPa and 18.5 GPa respectively, 

according to Table 2.3. To minimize the stress shielding effect and extend the life of an 

implant without requiring revision surgery, the mechanical and biological characteristics of 

the implant should be comparable to those of the bone. 

 

2.11 BIO-RELATED PROPERTIES 

 

         Materials for medical purposes must fulfil several requirements, and implants should be 

morphologically similar to bone structure and facilitate the creation of new bone tissue 

(osteogenesis). The essential components that must be considered are biocompatibility and 

biodegradability. 

 

2.11.1 Non-toxicity and biocompatibility 

 

          A clinical-grade orthopedic implant must be extremely biocompatible and toxic-free in 

order to guarantee that cell activities are secure and beneficial. Metals substances used for 

implantation should not be harmful. A hazardous chemical compound or chemical 

combination can have negative effects on living cells and organisms. The presence of a toxin 

in a material is referred to as its toxicity (Li YU). Metals may be cytotoxic or hazardous, as 

can their derivatives. Most heavy metals pose a serious hazard to human life by harming 

organs and cells, including mercury (Hg), lead (Pb), and cadmium (Cd) (Jaishankar et al, 
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2014). The human body requires certain metals, including barium (Ba), chromium (Cr), iron 

(Fe), selenium (Se), beryllium (Be), cobalt (Co), lithium (Li), strontium (Sr), boron (B), 

copper (Cu), molybdenum (Mo), tungsten (W), cerium (Ce), iodine (I), nickel (Ni), and zinc 

(Zn) (Chen et al, 2015). Some necessary minerals can be hazardous in large doses, but (Plum 

et al, 2010). 

 

         Additionally, because metal complexes are susceptible to chemical breakdown in 

aquatic conditions, they may also pose health hazards (hydrolysis). Such chemicals may 

produce hazardous byproducts or leave behind intractable residues after a chemical reaction 

(Egorova et al, 2017). Instead of describing a straightforward attribute of a material, 

biocompatibility defines a complicated characteristic of a system between the substance and 

the biological host. A biocompatible substance should interact positively with live cells or 

tissues, promoting tissue integration, wound healing, and rebuilding. 

 

        Because of this, the meaning of the term "biocompatibility" has evolved from just 

meaning "non-toxic" to include "having a favourable impact on interacting with live cells and 

actively expressing new tissue" (Williams, 2014). Metal implants must be biocompatible to 

support the activities of cells and tissues. For instance, scaffolds in tissue engineering serve as 

a template for osteogenesis and their materials should be compatible with the main bone cells 

(osteoblasts, osteocytes, and osteoclasts) to promote the production, remodelling, and repair 

of new bone (O'Brien, 2011; Little et al, 2011 and Terrier et al, 2017). 

 

2.11.2 Biodegradability for temporary implant materials 

 

         Most recently, the parameters for low elastic modulus, new bone tissue ingrowth, and 

vascularization capacity for implantation have been substantially satisfied by the manufacture 

of metal implants with an open-cellular structure utilizing modern additive manufacturing 

technology. Yet, there are still issues with implants' long-term instability. Particularly, 

metallic biomaterials like titanium and its alloys do not deteriorate over time, making them a 

permanent foreign object in the human body. As a result, bacterial infections, chronic 

endothelial dysfunction, ongoing physical irritability, and localized chronic inflammatory 

responses might impact a patient's quality of life (Moravej et al, 2011). 

  



 

58 

            Medical implants composed of non-biodegradable substances, such as titanium alloys 

and stainless steels, can occasionally halt the normal development of bones, necessitating 

further surgery to assist future bone ingrowth. Hence, creating biodegradable (Alishiri et al, 

2016) metals for use in implants may be a preferable answer to these issues. Eventually, the 

biodegradable implants will vanish and be replaced by freshly created tissues. For temporary 

medical implant applications such as bone fixation and vascular stents, biodegradability, also 

known as bio-absorbability, is taken into consideration. These implants often use alloys based 

on magnesium (Mg), iron (Fe), and zinc (Zn). With biodegradable implants, the rate of 

breakdown is crucial (Wen P et al, 2018). According to reports, among biodegradable metal 

compounds, the degradation of Zn-based alloys occurs at a rate of 20 to 300 µm/year in vitro 

(Wen et al, 2001 and Katarivas et al, 2017). In vitro, the deterioration rates of Mg-based 

alloys and Fe-based alloys, respectively, are typically higher than 300 µm/year and lower 

than 50 µm/year. 

 

           Over six months, Bowen et al. (2013) observed the corrosion behaviour of pure Zn 

wire used as cardiac stents in rats. According to their research, the stents' cross-sectional area 

decreased by an average of 20 µm/year during the first three months before more than 

doubling by the sixth. The biodegradable metallic materials created using additive 

manufacturing techniques also exhibit mechanical qualities suitable for implant applications 

during immersion testing. Li et al. (2018) created a Fe-based diamond lattice scaffold using 

selective laser melting (SLM). They discovered that the scaffold's mechanical characteristics 

were remained adequate for implant applications after a four-week immersion test, even 

though the samples' elastic modulus and yield strength had reduced by 7% and 5%, 

respectively. 

  

 

2.12 CHARACTERISTICS OF A SUCCESSFUL Ti-6Al-4V IMPLANT 

 

        A successful porous metallic implant aids the healing of bone tissue at the wounded site 

(Chen et al., 2017). The characteristics of an excellent scaffold include biocompatibility (Lin 

et al., 2018), a good surface for cell attachment (Pyka et al., 2012), proliferation (Douglas et 

al., 2018), differentiation, and a highly porous pore network for cell ingrowth and to 

minimize mechanical failure, less or no stress shielding is also required (Fig. 2.16) 

(Kadkhodapour et al., 2015), which may be achieved by mechanical characteristics of 
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implants and surrounding tissues being comparable (Krijger et al., 2017). Furthermore, to 

avoid mechanical failure, anatomic loading criteria must be satisfied. Frame et al., 2018 

studied mechanical driven homeostasis, and mechanostat modeling demonstrated that bone 

adaptation stable structure is affected by loading magnitudes and directions. Pore size 

increases bone development, with a pore size of 600 micron showing to be the best rated 

value for SLM formulation of joint prosthesis surface structure (Taniguchi et al., 2016). 

          However, when porosity raises, static mechanical properties decrease, resulting in 

shorter fatigue lifetimes (Yavari et al., 2014a and 2014b). The relationship between 

compressive strength and porosities follows a linear pattern, apart from the impact of pore 

size distributions. Douglas et al. (2018) modified the surface of human bone marrow stem 

cells (HBMSCs) with A-ALP (apple derived alkaline phosphatase) and found that adhesion 

and proliferation of HBMSCs increased after 7 days, indicating that surface modification 

aided adhesion and proliferation (Liu et al., 2004). Bobbert et al. (2017) tested primitive, 

Gyroid, and diamond Ti-6Al-4V porous structures with pore sizes of 500, 600, 700, and 800 

microns and found that SLM manufactured porous biomaterials have a balance between static 

and fatigue testing and resemble trabecular bone. To obtain great clinical outcomes, careful 

selection of porosity, pore size, and pore interconnectivity are thus key considerations for 

developing porous metallic implants (Cools et al., 2018). 

 
 

Fig. 2.16: Failure possibilities of bio-implant. 
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2.13 ADDITIVE MANUFACTURING (AM) TECHNIQUES   

 

          The production of intricate structures with accurate geometry by merging data supplied 

from CAD has substantially improved since the advent of additive manufacturing (AM) 

technology in the late 1980s. In the past, AM methods were applied to the manufacture of 

prototypes for creating new products. For the preparation of a final product, AM techniques 

have been developed to replace the time-consuming processing procedures of conventional 

prototype techniques, which require mould-making and casting phases. AM techniques may 

drastically reduce the amount of time needed to fabricate items, down to hours. The 

advancement of AM technology lowers the cost of production and enhances the 

characteristics of the parts produced. These additive manufacturing (AM) techniques may be 

used to produce finished products in small batches as well as prototypes quickly. 

 

           AM techniques refer to a range of solid freeform manufacturing methods that may 

create prototypes or finished goods with almost perfect shapes based on CAD models by 

employing a layer-by-layer build process. Because AM technologies can produce lightweight 

complex structures that are suited for bone tissue-engineered materials, they are currently 

utilized in the biomedical industry (Melchels et al., 2010). 

 

Fig. 2.17: SLM Manufacturing Process. 

 

          In general, CAD data are transformed into a sequence of two-dimensional cross-

sectional layers and sent to process in all AM processes using a standard tessellation language 

type (STL) file format. The solid model is then treated, working its way up from the base 
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layer. According to the CAD model, each layer is adhered or bonded to the layer before it to 

create a solid object (Fig. 2.17). 

 

           In the recent decades, more than 20 AM systems have been created and put on the 

market. According to the processing ingredients, these stacking techniques may be divided 

into three groups: liquid-based, solid-based, and powder-based AM systems (Peltola et al., 

2008). 

 

Table 2.4 - Overview of AM processes employed in orthopedic applications. 

 

AM Processes 

 SLA FDM 3DP        SLS/SLM 

 

  Principle 

 

  Photopolymerisation 

Melt 

extrusion 

 

     Powder  

   + binder 

deposition 

Powder 

sintering/melting 

 

Polymers      

Ceramics    

Metals    

Hydrogels    

Cells    

 

           Stereolithography (SLA) is a solid-based technique, whereas fused deposition 

modeling (FDM) is a liquid-based technology. As powder-based technologies, selective laser 

sintering (SLS), selective laser melting (SLM), and 3D printing (3DP) provide a range of 

material options, including metals, ceramics, and polymers. An Overview of additive 

manufacturing (AM) technologies used for biomedical applications is shown in Table 2.4. 

 

2.13.1 Stereolithography (SLA)   

          The regulated photopolymerization of a liquid resin serves as the foundation to produce 

SLA techniques (Fig. 2.18). A computer-driven construction stage manages a laser beam or a 
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digital light projector. It creates a layer pattern on the resin's surface by shining an ultraviolet 

(UV) light there. This pattern's resin is hardened to a specific depth, which makes it stick to a 

layer or platform below it. The platform is lowered from the liquid surface after the first layer 

has been photopolymerized to allow the liquid resin to fill the subsequent created layer. The 

second layer is then used to cure the design.    

 

                     Fig. 2.18: Scheme of the SLA process. 

            In general, photopolymerization of printing techniques typically yields insufficient 

results, necessitating further post-curing with UV radiation to enhance the mechanical 

qualities of the structures (Hutmacher et al., 2004). The layer movement resolution of 1.3 

mm and the laser spot size of 80 - 250 mm affect the quality of the SLA products (Harris et 

al., 2004). 

            It is necessary to manage the accuracy of each layer's thickness through complete 

curing of the material since the solidification of the liquid resin in proportion to the layer 

resolution is vital for bonding these patterns between connecting layers. The energy of the 

light that the resin is exposed to determines the cure depth for a certain resin. By choosing the 

right light source's power, scanning speed, and exposure duration, this energy may be 

managed. The actual polymerization process contains multifunctional monomers and is 

difficult to confirm, even though the kinetics of the curing processes (initiation, propagation, 

and termination) can be predicted analytically. 



 

63 

           The difficulty in producing anatomical models for surgical planning due to shrinking 

of the treated products is a restriction of SLA fabrication in biomedical applications. Due to 

the laser beam's absorption and dispersion, this might result in noticeable distortion when 

producing tiny and complex shapes. 

 

 

2.13.2 Selective laser sintering (SLS) 

 

           SLS processes employ a CO2 laser beam to layer-by-layer sinter ceramic and 

polymeric powders to create solid three-dimensional objects (Fig. 2.19). A material powder is 

heated by the laser beam to a temperature that is slightly over the glass transition point, which 

causes the powder's particles to sinter and solidify into a mass. Then, a fresh layer of powder 

is applied by a roller, right on top of the top surface of the previously sintered layers, to create 

the following layers (Paul et al., 1996). 

 

 

                Fig. 2.19: Scheme of the SLS process. 

 

            SLS procedures are ideal for designing bone tissue structures manufactured with 

polymers, bio-ceramics, or composites since they are better able to create a precise geometry 

than SLA. Practically, SLS manufacturing requires powdered biomaterials that can fuse but 

do not disintegrate when exposed to a laser beam. Furthermore, unlike 3DP procedures, SLS 

does not call for the use of any organic solvent. This economical and successful technology is 
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therefore used for building scaffolds that include the intricate anatomical geometry of bone 

structures. 

 

2.13.3 Fused deposition modeling (FDM) 

 

          A team of engineers and medical professionals from the National University of 

Singapore and National University Hospital used FDM to construct polycaprolactone (PCL) 

scaffolds. A hole in the skull has been patched using PCL scaffolds that have undergone 

FDM processing. In a way similar to that employed in other AM processes, the FDM 

operation is controlled by an extrusion head movement in a horizontal axis while the platform 

descends in a vertical plane at every new layer to construct scaffolds. The thermoplastic 

polymer, such as PCL, in a semi-liquid condition, is precisely extruded into position by the 

head. The substance that was extruded later solidifies and clings to the layer below. Because 

FDM requires connection during filament extrusion to build the item in each layer, it is 

limited to constructing solid pieces rather than extremely complicated bone structures (Fig. 

2.20).        

 

                                

 

 

 

 

 

 

 

 

 

 

 

 

 

   Fig. 2.20: Scheme of  the FDM process. 
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2.13.4 Three‐ dimensional printing (3DP) 

          The method uses standard inkjet printing technology. The initial layer of new powder is 

applied to a constructing tank to create a 3D model. An inkjet print head deposits an adhesive 

binder solution onto the powder layer. A new layer of powder is applied once the 2D layer 

pattern has printed entirely. Up to the finished product, the printing is repeated in cycles to 

use a binder to combine nearby layers (Fig. 2.21).  

 

 

Fig. 2.21: Scheme of the 3DP process. 

         

         To get the completed component, the binder and unbound powder are taken out. The 

size of the nozzle limits the printing resolution, while the layer thickness (80 - 250 µm) is 

determined by the particle size (Hutmacher et al., 2004). The difficulty in removing the 

interior unbound powder and binders, which can be poisonous to cells, is a disadvantage of 

employing the binder for the porous sections. Therefore, using biocompatible powder-binder 

systems is a crucial necessity for 3DP of tissue-engineering materials. Calcium phosphates, 

which resemble bone, are an example of a very biocompatible material that has been adapted 

to 3DP procedures since it is possible to process it without the use of hazardous chemical 

solvents. 
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2.13.5 Selective laser melting (SLM) 

          Based on better lasers, SLM was created from SLS (Gorny et al., 2011). SLM 

technique uses a laser beam to locally melt metal powder layer by layer as instructed by CAD 

data, Fig. 2.22, to produce 3D metal components.  

 

Fig. 2.22: Scheme of  the SLM process. 

 

           SLM has recently been employed in the production of medical implants, including as 

knee and hip replacements, as well as dental implants. The enhanced mechanical, chemical, 

and biological compatibility of the finished products have been the subject of several 

researches (Brenne et al., 2013; Girardin et al., 2016 and Mengucci et al., 2016). Powder-

based manufacturing technologies, which may manufacture with a variety of metal alloys 

such as titanium, stainless steel, and cobalt-chrome alloys, are the materials utilized in SLM 

processes. 

           Due to the numerous variables involved in the processing, there is no agreement on the 

mechanical behaviours and structural integrity of metallic components made using SLM 

methods compared to conventional manufacturing procedures. However, the most significant 

limiting issues that may impact SLM products are often the level of surface polish, 

unsupported facing surfaces, and thermal residual stresses (Mengucci et al., 2016). 
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2.14 SUMMARY  

           To repair broken bones and joints, hip implants are employed. Metal implants cannot 

produce an original organ as bone scaffolds can, which is how original orthopedic bone 

implants differ from bone-substituting scaffolds. Metallic implants can, however, operate in a 

way that is more in line with the functional requirements of the targeted bone when the 

multiscale structure of bone tissue and functionally graded notions are considered. 

           The ability to fabricate cellular structures in free form has improved because to AM 

methods. Different materials, including polymers, ceramics, and metals, are produced using 

different AM techniques. The precision of AM fabrications is processing dependent, but layer 

printing ideas remain the same. These cellular structures demonstrate the advantages of 

lightweight construction and support a setting for maintaining bone functions. Metallic bone 

implants can more nearly resemble bone tissues by grading the porosity inside the cellular 

structures in accordance with mechanical and biological needs. The effects of graded 

materials used in orthopedic biomedical devices have not been extensively studied (Chua et 

al., 2011; Khanoki et al., 2012; Kuiper et al., 1997; Leong et al., 2008 and Oshkour et al., 

2013a). 

            Hip implants are a good example of a bone implant that has a more natural load 

transfer to the bone and lessens the stress shielding effect and peri-implant bone resorption. 

The mechanical features of grading direction along implants, however, are not fully 

understood. Most of the research has used computer simulation to study this (Gong et al., 

2012; Hazlehurst et al., 2014; Kuiper et al., 1997; Oshkour et al., 2013b). 

            The manufacturing of cellular materials and the application of mechanical forces that 

are resistible on a large scale are both dependent on the microstructural architecture. This 

study concentrated on how an implant's architecture may support the environment and enable 

cells, collagen fibres, apatite crystals, and other materials to adapt to its framework and help 

the implant mechanically and physiologically resemble bone at a larger scale. Uncertainty 

exists over the ideal configuration of the internal architecture of the graded cellular structures 

that will be combined with bone implants. To find the best structures in terms of 

physiological, mechanical, and biological performance, it is crucial to investigate the impact 

of graded cellular structures on load-transferring capabilities. 
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CHAPTER      PROBLEM FORMULATION, OBJECTIVES   

                                AND METHODOLOGY 

 

 
3.1 INTRODUCTION 

 

        The reduction of bone stress shielding may be facilitated by a cellular structure or 

porous substance. In addition to being lighter and more energy-absorbing, these structures 

have pores that help lessen the relative stiffness and density mismatch between the materials. 

Although the bone cells can connect to, move through, multiply, and perform other tasks in 

the porous networks (Gibson, 2005; Wu et al., 2014), the mechanical characteristics of 

porous structures are solely dependent on internal pore architecture (Gümrük et al., 2013). 

        The biological processes of bone tissue and the mechanical characteristics of cellular 

structures are both governed by the internal architecture. Because of the reduced pore 

diameters, which restrict cell penetration within the structures, an insufficient internal design 

might result in occlusion. The internal architecture of pore size, pore geometry, and pore 

interconnectivity of porous materials created using conventional techniques, such as solvent 

casting, salt leaching, and gas foaming techniques, cannot be precisely controlled, leading to 

poor biomechanical properties (Naing et al., 2005; Peltola et al., 2008). Contrarily, layer 

fabrication-based additive manufacturing (AM) methods may accurately create intricate 3D 

internal architecture (Tarawneh et al., 2012; Williams et al., 2005). 

        The porosity and pore size of the cellular structures are also determined by the 

polyhedron-shaped unit cell. The space-filling unit cells of polyhedral forms used by 

Sudarmadji et al. (2012), Tarawneh et al. (2012) and Wettergreen et al. (2005) were used to 

produce the cellular structures, and the unit dimensions made it simple to manage the 

mechanical performance. According to studies by Hazlehurst et al. (2013), Mullen et al. 

(2009 and 2010), Wieding et al. (2013) and Williams et al. (2005), cellular structures with 

cubic form units have equivalent stiffness and strength (E = 1.06 - 17.98 GPa and = 0.5 - 350 

MPa) to cortical and cancellous bones. On the other hand, octahedral form units might also 

be used to create cellular structures with bone-equivalent rigidity (Ahmadi et al., 2014 and 

2017; Gorny et al., 2011; Smith et al., 2013). It is unclear what internal structures for bone 

implants should be used. 

3 
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          Although the mechanical behaviour of polyhedral form units under uniaxial 

compression has been studied, the effect of the loading mode remains unclear. There haven't 

been many researches done to far looking at how 3D interior designs affect both mechanical 

and biological behaviour. 

          The poor mechanical strength of PCL restricts their usage for bone implants even 

though it has been widely employed for bone scaffolds. One of the robust, biocompatible 

polymers is Visi Jet material (3D System, USA), which may be processed using 3D printing 

(3DP) methods. It can be produced using AM methods and has three times the strength and 

elastic modulus of PCL. 

         Pore size, strut thickness, surface roughness, actual porosity, compression testing, and 

FE simulation of porous structures with various 3D internal architectures were investigated in 

this chapter. The results showed that these porous structures had a promising future in the 

biomedical field as bone implants. 

 

3.2 PROBLEM FORMULATION   

The following conclusions may be drawn from the literature review: 

 

 Due to the excellent mechanical properties (low Young's modulus, high fatigue 

performance, high corrosion resistance, and low density) and compatibility compared 

to human biological system, titanium and its alloys, particularly Ti-6Al-4V alloy, 

have recently attracted more attention as metallic biomaterials.  

 Metal additive manufacturing is a relatively recent manufacturing method that may be 

used commercially in the biomedical industry to produce implants that are patient-

focused. The qualities of the printed item are influenced by the interaction of several 

process factors and printing techniques in additive manufacturing. 

 To make implants more functional and bone-integrated, several lattice architectures 

have been employed to create porosity in the implants. According to the literature 

study, the mechanical properties of cubic lattice structures with varied pore sizes have 

not yet been studied and demand attention under diverse loading circumstances. 
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3.3 OBJECTIVES 

 

The proposed research project has several goals, including the following: 

 

 To examine the relationship between pore morphology and the mechanical behaviour 

of cubic lattice systems. 

 To examine the failure criterion under loading circumstances. 

 To use experimental data to confirm the results of the finite element analysis. 

 To achieve the optimum strut dimension and pore size that imitates human bone to 

improve osseointegration. 

 

3.4 EXPERIMENTAL TECHNIQUES AND PROCEDURES 

 

 3.4.1 Selection of the material 

 

          As shown in Figs. 3.1 (a) & (b), porous scaffolds were manufactured using Ti-6Al-4V 

powders (supplied by EOS GmbH, Germany) that were nearly spherical in shape, smooth on 

the surface, and had particle diameters under 90 µm. Fig. 3.1(a) also depicts the distribution 

of particle size determined by the method of laser diffraction in accordance with the Coulter 

principle. A powder monolayer and mounted, polished samples are examined visually using 

an optical microscope, such as the Olympus BX41 or GX51 (EOS, Finland). Tables 3.1 and 

3.2 illustrate, respectively, the examination of the particle size distribution and powder 

characteristics in this work. 

 

Table 3.1 - Particle size distribution analysis. 

 

Size Characteristics   Test Method Result(µm) 

 d10 
Laser 

Diffraction 

29.48 

d50 47.05 

d90 71.92 
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                                  Table 3.2 - Powder property analysis. 

 

 

 

 

             The scaffolds were manufactured based on the chemical composition (shown in 

Table 3.3), and it was discovered that Ti64 powder had very low percentages of iron, carbon, 

hydrogen, oxygen, and nitrogen. The physical properties of Ti64 alloy in this work are shown 

in Table 3.4. 

Table 3.3 - Chemical composition of Ti-6Al-4V powder used in this work. 

 

Element 
Ti  

(wt %) 
Al  

(wt %) 
V  

(wt %) 
Fe 

(ppm) 
C 

(ppm) 
H 

(ppm) 
O 

(ppm) 
N 

(ppm) 

Mass Balance 5.5 -

6.75 
3.5 - 4.5 <3000 <800 <150 <2000 <500 

 

Table 3.4 - Physical properties of Ti-6Al-4V alloy in this work. 

Parameter Value 

Melting Temperature 1604 - 1670
0
C 

Transus Temperature 995
0
C 

Density  4.41 g/cm
3 

Water Content 25.6 ppm 

Electrical Resistivity 1.67 µΩ-m 

Specific Heat Capacity 530 J/kg/K 

Thermal Conductivity 7 W/m/K 

Linear Thermal Expansion Coefficient 9x10
-6

 /K 

Property Test Method Result 

Apparent density ASTMB212 2.42 gm/cm
3
 

Tap density ASTMB527 2.9 gm/cm
3
 

Density ISO3369 4.41 gm/cm
3
 

Water content Karl Fischer 

titration 
     25.6 ppm 
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Fig. 3.1: (a) Morphological micrograph of Ti-6Al-4V raw powder for SLM Manufacturing; (b) 

Particle size distribution of Ti-6Al-4V powder. 

 

           The SLM process is dependent on variables including the kind of material, 

scanning, laser source, and environmental factors. Because the porosity has a significant 

impact on the mechanical properties of the components, a parametric analysis was carried 

out for the chosen materials to optimise the entire process, including the density of parts. 

Specifically, four parameters- laser power, layer thickness, scanning speed, and hatch 

distancing have been chosen during the procedure for testing. The energy that the laser 

beam provides is governed by (Vandenbroucke, 2007): 

( )

l
d

s

P
E

v ht
  (3.1) 

                 Where Ed = energy density, Pl = laser power, vs = scan speed, h = hatch distancing 

and t = layer thickness. 

 

           The quantity of energy used per unit volume of the powder substance is described 

by its energy density. The density and quality of the fabricated components are also 

impacted by variations in the input process parameters along with changes to the volume 

energy density. According to the equation above, melting increases with higher energy and 

decreases as layer thickness, scanning speed, and hatch distance rise. To thoroughly melt 

the particles and produce significant densification, a high energy density is necessary. The 

process parameters have an impact on the energy input for the SLM process as well, as is 

illustrated by (Liu, 2015): 

100 µm 
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2

4

( )

l
i

l s

P
E

d v
  (3.2) 

            Where Ei = energy input, Pl = laser power, dl = diameter of laser beam and  vs = scan 

speed. 

            Another is linear energy density (LED), which is similarly useful for calculating the 

energy input of powdered materials as follows [Attar, 2019]: 

l

s

P
LED

v
  (3.3) 

             Where  Pl = laser power and  vs = scan speed. 

            The relationship between the process variables, energy density (Ed), scanning speed   

(vs), laser power (Pl), and hatch distancing (h), and the porosity percentage (P), may be 

written as follows: 

2

( )d s

l

E v h
P f

p
  (3.4) 

         The scanning speed (vs), hatch distancing (h), and layer thickness (t) are all directly 

proportional to the building rate. The layer thickness and scanning speed are constrained 

by the available laser power. The product of scanning speed, hatch distancing, and layer 

thickness, which represents the construction rate of the SLM process, is represented as 

follows: 

b sV v ht  (3.5) 

                Where Vb is the building rate in mm³/s.  

 

3.4.2 Designing of porous Ti-6Al-4V lattices 
 

         Seven distinct types (Diamond, Cross, Grid, Vinties, Tesseract, Star, and Octet) of 

porous scaffolds were  modeled using Rhino 6 software as shown in Fig. 3.2, each having 

dimensions of 15mm x 15mm x 15mm and a porosity of 65%. The EOS Direct Metal Laser 
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Sintering Machine (Model-EOSINT M-280) was used to print all the seven separate 3D 

models (2 of each, n = 14 Nos.) then they are converted to 2D standard STL files. For Ti64, a 

specific density of 4.41 g/cm
3
 and a relative density of around 100 g/cm

3
 were used. 

 

Fig. 3.2: Designing of the scaffolds in Rhino 6 software. 

 

3.4.3 Fabrication of porous Ti-6Al-4V alloy structures by SLM 
 

        By importing data from 3D software such as CAD, Rhino 6, and others, additive 

manufacturing (AM) technologies, in particular selective laser melting (SLM), are utilised to 

considerably enhance the production process of complicated structures with small 

geometries. When compared to the conventional manufacturing of samples, it uses less time 

and less labour-intensive procedures since the casting and mould-making processes are not 

necessary. As a result, AM techniques may dramatically reduce the time needed to fabricate 

parts within an hour while also lowering production costs, material waste, improving 

characteristics, and consuming less energy. A layer upon layer of items are built using the 

AM process to create samples that are close to net form and based on 3D models. The 

computer modelled 3D standard tessellation language (STL) file contains number of 2D 

slices. The process of creating a solid model is then started using a typical SLM machine by 

adding materials, as shown in Figs. 3.3 & 3.4. The SLM technique uses metal powders as the 
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raw material, a laser, beam focusing apparatus, feeder mechanism, and build plate (shown in 

Fig. 3.5). The initial layer of Ti64 powder was applied to the metallic build plate at 35°C 

using a roller-based recoater mechanism in order to print the 3D scaffolds. The powder layer 

was maintained at a thickness of 60 µm. A concentrated laser beam scans across the surface 

of the prescribed model while melting the specific powder layer parts. A 1kW Ytterbium 

fibre laser of wavelength ranging from 1.06 - 1.08 µm with an 80 µm diameter circular spot 

was employed. The F-theta (Model No.: FTH100-1064) lens controls the beam travel while 

the galvanometer regulates the beam focus. To prevent oxidation during the melting, the 

entire procedure was carried out in an atmosphere of inert gas (argon). The EOS Direct Metal 

Laser Sintering Machine (EOSINT M280), as seen in Fig. 3.4, was used to create all Ti-6Al-

4V lattices of various types. SLM laser is rotated 67
0
 between two neighbouring layers during 

manufacturing. Due to its capacity to create intricate porous structures, the SLM technology 

was employed in this work to construct various Ti lattices. The STL files of scaffolds with 

names and fabricated scaffolds on the printing board for SLM are depicted in Fig. 3.6(a-b) 

and Fig. 3.7(a-d). The fabricated 3D porous Ti64 scaffolds (Diamond, Cross, Grid, Vinties, 

Tesseract, Star, and Octet) by SLM are shown in Fig. 3.8(a-g). 

 

 

Fig. 3.3: An overview of additive manufacturing processes used in present work. 
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Fig. 3.5: Schematic of fabrication process of Ti64 PLS using SLM system EOSINT 

M280. 
 

 

Fig. 3.4: EOS Direct Metal Laser Sintering Machine (Model: EOSINT-M280) at Central Tool 

Room & Training Centre (CTTC), MSME Tool Room (Govt. of India), Bhabaneshwar. 
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Fig. 3.6: (a) Parts arrangement with names, (b) STL files on printing board of the 

laser sintering machine. 

                                        (a)                                     (b) 

(a)

) 

(b) 

(b) 
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                     (a)                       (b)                       (c) 

                             (d)                         (e)                     (f) 

(c) (d) 

Fig. 3.7 (a-d):  Porous lattice scaffold samples obtained after fabrication. 
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                     (g) 

 

Fig. 3.8: Computer Model of Ti-6Al-4V Porous Scaffolds: (a) Diamond (b) Cross   (c) 

Grid   (d) Vinties (e) Tesseract (f) Star and (g) Octet. 
 

 

 
3.4.4 Morphology characteristics 

 

          The cubic PLS samples that were successfully constructed using the SLM approach is 

depicted in Fig. 3.8 with various unit cell dimensions. The produced PLS parts showed that 

they perfectly imitated the intended structures. All of the porous scaffolds' strut thickness and 

pore size were assessed using an optical/stereo microscope, as illustrated in Fig. 3.9. The 

general specifications of the stereo microscope are listed in Table 3.5. Additionally, by 

comparing the dimensions with those specified in the Rhino 6 model, optical microscopic 

pictures (shown in Fig. 3.10) proved the successful approximation of the constructed 

structures. The strut thickness and pore size of the manufactured PLS samples varied 

dimensionally by 2 to 6%. The main cause of this variance is the shrinkage that happened in 

the solidified section. The minimum laser beam spot size (Metel, 2018) and powder 

properties (Farzadi, 2015) are two examples of system capabilities that might cause variance. 

In contrast to the intended structures, it was discovered that the actual pore size was raised 

and the strut size was lowered. It was discovered during the examination of PLS samples that 

the struts primarily contained micro-pores at the bottom portions of the PLS components. 

This may be because there are unsintered particles, which would cause inappropriate melting 

(Sola, 2019). 

          The increased porosity at the lower parts may also be caused by the base plate's 

temperature. The PLS samples' relative density (RD) was calculated and found to be between 
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27 and 56%. It is crucial to note that the actual value of RD deviates from the intended PLS 

by an average of 7 - 8%. The larger pores and smaller struts are the causes of this variance. 

This is mostly caused by system capabilities and shrinking. 

 

Fig. 3.9: Stereo microscope (Model-Stemi 508) for measuring pore size and strut 

thickness. 

 

Table 3.5 - General specifications of the microscope. 

 

Type of Microscope Stereo microscope, Greenough design 

Design Principle Two zoom systems, tilted by the stereo angle 

Stereoscopic View Three dimensional observation through eyepieces 

Apochromatic Corrected Zoom and 

Front Optics 
Image free of color fringes in complete magnification 
range 

Manual Zoom, Zoom Range 8:1 (0.63×...5.0×) 

Quality of Zoom Optics 
Distortion free, excellent contrast, apochromatic 
corrected 

Ergonomic Viewing Angle 35
0
 

Adjustment of Interocular 

Distance 
55 – 75 mm 

Eyepieces d = 30 mm 

Stemi Mounts d = 76 mm 

Illuminators 
d = 53 mm; Illuminators d = 66 mm via clamp ring 
d53/66 
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Working Surface W255 × D215 mm 

Height / Lifting range 360 mm / 190 mm 

Load capacity of Stemi mount 5 kg 

 

 

  

  

  

(a) (b) 

(d) 

(e) 

(c) 

(f) 
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Fig. 3.10: Measurement of pore area and strut thickness using stereo microscope (Stemi 508) 

of fabricated porous scaffolds: (a) Diamond, (b) Cross, (c) Grid, (d) Vinties, (e) Tesseract, (f) 

Star & (g) Octet. 

 

        The pore area and strut thickness of scaffolds (shown in Fig. 3.10) are measured by 

stereo microscope (Model - Stemi 508) as shown in Fig. 3.9 and it is observed that the pore 

area and strut thickness of the diamond, grid, cross, vinties, tesseract, star, and octet scaffolds 

are 586787.302 µm
2
, 4253703.533 µm

2
, 2417618.517 µm

2
, 1290453.750 µm

2
, 4783524.14 

µm
2
, 2484045.93 µm

2
 & 1175303.449 µm

2
 and 496.929 µm, 601.184 µm, 740.249 µm, 

485.438 µm, 451.570 µm, 407.651 µm & 467.599 µm respectively. 

 

3.4.5 Heat treatment process 

 

        The specimens with the construction plate underwent heat treatment after 

manufacturing. As-built SLM with no heat treatment and annealed SLM with heat treatment 

at 900
0
C for 120 minutes are the two heat treatment modalities. In an argon atmosphere, the 

entire heat-treating procedure was carried out at a rate of 5
0
C/minute, followed by cooling in 

the furnace. Table 3.6 provides a list of the heat treatment steps that SLM applied to porous 

scaffolds as-built. 

 

                          Table 3.6 - Heat treatment process of as-built scaffolds by SLM. 

Sample 
Temperature 

(
0
C) 

Time 

(minutes) 
Cooling 

Diamond 900 120 Furnace cooling (annealing) 

Cross 900 120 Furnace cooling (annealing) 

   (g) 
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Grid 900 120 Furnace cooling (annealing) 

Vinties 900 120 Furnace cooling (annealing) 

Tesseract 900 120 Furnace cooling (annealing) 

Star 900 120 Furnace cooling (annealing) 

Octet 900 120 Furnace cooling (annealing) 

 

 

3.4.6 Surface roughness test 

 

         The implant and bone tissue may be affected by surface roughness and energy, which 

can also inhibit osteoblastic cell adhesion, growth, proliferation, and differentiation 

(Guehennec, 2008). The implant surface can be enhanced by acid etching, sandblasting, and 

plasma spraying to achieve the desired roughness (Guehennec, 2007). The procedures based 

on metal powder can provide implants with the necessary level of surface roughness for 

osteointegration. Numerous Ti particles with spherical shapes are partly bound to the porous 

walls during the SLM process. The specimens are then heated to 900
0
C in an argon 

environment, where microcavities are created on the walls and further encouraged to 

interlock with neighbouring tissues when transplanted into people. Biemond et al. (2013) 

published a comparison of the surface quality of trabecular implants produced by SLM and 

EBM. The specimens, which were created using SLM and EBM procedures, show various 

morphological traits and surface roughness: Individual granules were easily visible in the 

specimens made using the EBM process, but the surface roughness was flattened in the 

specimens made using the SLM technique. The discrepancy in porosity and post-treatment 

surfaces is caused by the disparity in accuracy between these two methods. 

          The Ti-6Al-4V powder is observed to have a smooth surface and a nearly spherical 

form in the SEM picture displayed in Fig. 3.1. According to the literature (Ponader, 2008), 

surface roughness has a positive effect if Ra is less than 25 µm and a negative effect if Ra is 

larger than 57 µm. Porous implants do not require surface treatment up to a roughness value 

of 25 µm; however, if the roughness value is greater than 25 µm, surface treatment is 

required. The roughness value (Ra) of the produced samples is determined using a Talysurf 

surface roughness tester (MITUTOYO SJ-210) and shown in Fig. 3.11. 
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            Various researches have shown that the information on how to create the following 

surface treatments (Bordjih et al., 1996) is largely conflicting. The findings on osteoblasts 

made by Ponder et al. (2008) in relation to the surface roughness of implants by EBM 

indicated that the arithmetic average value of the absolute roughness values (Ra) plays a 

crucial role in the differentiation and as well as proliferation of human osteoblasts. 

 

3.4.7 Porosity measurement of manufactured scaffolds  

         Titanium alloys are extensively employed in orthopedic applications due to its superior 

Young's modulus and corrosion resistance, high specific strength and stiffness, and great 

biocompatibility (Challis et al., 2014). However, dense Ti alloys have a higher elastic 

modulus of around 110 GPa, compared to 3 to 30 GPa in native bones. In the SLM method, 

Ti64 materials have stronger strength and stiffness, but poorer ductility (E = 110 GPa, yield 

strength = 945 MPa, UTS = 1050 MPa, and = 14%) (Yu et al., 2020 and Trevisan, et al., 

2018). To minimize stress shielding, the implants should have mechanical, biological, and 

chemical properties similar to human bones (E = 3 - 30 GPa). As a result, a porous network 

has been introduced into dense materials to get desired mechanical properties by varying 

porosity.  

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11: Talysurf surface roughness tester (Mitutoyo SJ-210). 
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       The density principle is used to determine how porous the prepared samples are. Each 

sample was submerged in water in a measuring cylinder with minute graduations, and the 

amount of the water displaced provided the theoretical volume of the scaffold with porosity 

as seen in Fig. 3.12.  

    The porosity of Ti-6Al-4V scaffolds can be determined as: 

                                       (1 ) 100%
p

d

W
P x

W
   (3.6) 

        Where  P = Porosity, Wp = Weight of  the porous sample and Wd = Weight of the dense   

samples. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12: Porosity measurement of fabricated porous scaffolds by measuring cylinders. 

 
3.4.8 Mechanical properties 

 

        The materials' microstructure enhances their mechanical qualities, which are profoundly 

influenced by the additive manufacturing process. In this method, materials are produced 

layer by layer while being repeatedly heated and cooled to produce scaffolds. In particular, 

the first particles pass through by rapidly heating to the point of melting while absorbing 

energy from a laser or electron beam source. After being scanned by the energy source, the 

material's melting part soon hardens to form coarse-grained microstructures. The remaining 

portion of the material is repeatedly heated in order to process the subsequent layers. The 

metastable microstructures and structural phases produced by this compound heat cycle can 

Diamond       Cross       Grid 
   Vinties 

 Tesseract   Star    Octet 
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modify the component volume. Different AM techniques might vary the depth of the melt 

region depending on the heat transfer. Typically, the heat transmission in laser metal 

deposition (LMD) comprises convection to the shield gas, conduction to the substrate, and 

built material. However, in SLM procedures, a powder bed covers the whole component, 

which limits heat conduction, lowers gas flow rates, and diminishes convectional 

contribution. In general, at low cooling rates, EBM produces Ti-6Al-4V components with a 

coarser microstructure than those made by SLM or LMD. On the other hand, in SLM and 

LMD processes, a very high degree of undercooling is only caused by a higher cooling rate 

greater than 104 K/s and a very high thermal gradient.  

        In an ISO17025 recognised laboratory, the mechanical characteristics of Ti-6Al-4V 

alloys made using the SLM technique will be evaluated in accordance with ISO 6892-1 or 

ASTM E8. Due to the rapid solidification and heating cycles used in the AM method, 

metastable microstructures and phases may quickly be changed to have improved mechanical 

characteristics. In general, the choice of treatment choices can also have a great influence on 

stress reduction, precipitation, densification, phase evolutions, and grain size and orientation. 

 

         By using the simplified formula, it is possible to approximately calculate the 

connection between the modulus of elasticity and porosity %. (Su, 2012):  

2(1 )p sE E P   (3.7) 

         Where Ep = effective Young’s modulus of porous material, Es = Young’s modulus of 

dense or solid material and P = porosity.  

 

         The computer-modelled scaffold has a theoretical porosity of 65%. However, 

maintaining the actual porosity during fabrication is challenging, and the scaffold porosity 

may differ from the planned porosity. A correlation analysis was also carried out to exploit 

the tiny deviated porosity. The elastic modulus and strength of porous materials are affected 

by porosity or relative density, and it is necessary to understand how elastic properties vary 

with prepared samples. As a result, the Gibson-Ashby Correlation model is used to 

investigate the relationship between porosity and elastic characteristics in this study (Silva 

and Gibson, 1997). The relationship between elastic modulus, strength and porosity can be 

written as:  



 

87 

Ep/Es = C1(Wp/Ws)a (3.8) 

σp/ σs =C2(Wp/Ws)b (3.9) 

         Where Ep, Wp, and σp represent the elastic modulus, weight and strength of porous 

scaffolds and Es, Ws and σs represent the elastic modulus, weight, and strength of Ti alloy and 

a, b, C1 and C2 are the constants. Consider Es is equal to 112 GPa and σs is equal to 1050 

MPa. Using equation (3.1), equations (3.2) and (3.3) can be re-written as: 

Ep/Es = C1(1 - P)a (3.10) 

σp/ σs = C2(1 - P)b (3.11) 

         Where, a = 2, b = 1.5, C1 = 1 and C2 = 0.3 is used as per in Gibson-Ashby model. 

 

3.4.9  Experimental setup and compression test 

 

          To determine the mechanical properties of each sample, a compression test was 

conducted in an INSTRON machine with maximum load cell capacity of ± 25 kN.  An 

additional attachment made of two HSS compression plates with a thickness of 5 mm is 

created in order to correctly fit the samples in the INSTRON testing machine during the 

compression test and also to prevent the slipping of small samples in size (15 mm cube) 

shown in Fig. 3.13. The top plate is depicted in Fig. 3.13(a), and the bottom plate is 

displayed in Fig. 3.13(b). The plate’s main job is to hold the sample in place and lessen the 

impact of sample compression. The scaffold is then positioned between the plates as seen in 

Fig. 3.14 & Fig. 3.15 and the attachment is then set up to the INSTRON machine. The 

machine’s initial settings and control functions are configured on a TAB that is linked to it. 

Throughout the testing, a computer connected to the INSTRON machine records the 

variations in applied loads and deformation behaviours for each sample. Atmospheric 

conditions are normal, and all of the scaffolds are squeezed at a crosshead movement rate of 

0.02 mm/s (27
0
C and 65% RH).  
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Fig. 3.13: HSS plates to be fitted with INSTRON machine: (a) Upper plate and (b) 

Lower plate. 

 

 

 

Fig. 3.14: Compression test set up for INSTRON. 
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Fig. 3.15: Sample held in INSTRON testing machine with two additional 

attachments. 

  

3.5 FINITE ELEMENT ANALYSIS  

        Finite Element Analysis (FEA) is a simulation method for predicting how a part will 

react under a particular set of circumstances. A mathematical technique known as the Finite 

Element Method (FEM) is used to make this prediction. FEM breaks down a big system into 

smaller pieces called finite elements through spatial discretization to solve an issue. This is 

accomplished by building a mesh out of the item under examination that has a limited 

number of points. This method of expressing a boundary issue yields a set of algebraic 

equations that may be used to calculate the unknown function over the specified domain. 

These straightforward equations are then combined to form a more complex system of 

equations that models the overall issue. 

 

3.6 SUMMARY 

 
         This research examined the design and production of a porous structure using SLM 

techniques for Ti64 material. These methods may be used to create the Ti64 porous structures 

of several architectural types, including the Diamond, Cross, Grid, Vinties, Tesseract, Star, 

and Octet. By optical/stereo microscopy (Stemi-508), the Ti64 porous structures 

manufactured by the SLM technique in this work showed actual pore size in the range of 

Tested scaffold 

Lower attachment 

Upper attachment 

Instron Machine 
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407.651 µm to 740.249 µm and porosity varying from 62.55% to 64.4%. These structure’s 

pore size and porosity values fall within the permissible range of morphological 

specifications for bone osseointegration. 

         The Ti-6Al-4V porous structures manufactured in this thesis were biocompatible and 

low in cell toxicity. The reduced bioactivity of this material allows it to be manufactured as 

orthopaedic implants when osseointegration is not necessary. However, the bioactive layer of 

hydroxyapatite (HA) coated on the surface of the laser-melted Ti-6Al-4V material greatly 

improved cell osseointegration, proliferation, and differentiation as well as biocompatibility. 

To increase osseointegration between Ti-6Al-4V porous implants and bone, HA coating is 

applied to the surface of laser-melted Ti-6Al-4V porous structures. To use these designs to 

create orthopaedic bone implants that behave more like human bone, the mechanical 

properties, and stress-transferring features of laser-melted Ti-6Al-4V porous structures were 

further studied. 
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CHAPTER                                                     RESULTS AND DISCUSSION 

 

 

4.1 INTRODUCTION 

       Ti-6Al-4V powders with particle diameters below 90 µm are used as raw material to 

fabricate the porous scaffolds. Then based on the internal procedures, the visual observation 

of powder is done using optical microscope Olympus BX41 or GX51 (EOS, Finland) to 

investigate powder monolayer. Ti-6Al-4V powder is almost spherical in shape with smooth 

surface and contains very less amount of iron, carbon, hydrogen, oxygen and nitrogen. Seven 

numbers of porous 3D scaffolds (Diamond, Grid, Cross, Vinties, Tesseract, Star and Octet) of 

15 mm cube were designed by Rhino 6 software using Ti-6Al-4V powders with 65% porosity 

and a specific density of 4.41 gm/cm
3
. All the samples have been manufactured by selective 

laser melting (SLM) machine EOSINT M280-400W, optimized by 60 μm thickness of layer, 

a laser power of 340 W and the diameter of laser beam of the laser source is 100 μm. During 

SLM manufacturing, the laser is rotated through 67
0
 between the two adjacent layers. Porous 

scaffolds were heat treated at 900
0
C for 2 hours in an inert atmosphere, and at last cooled at 

room temperature in a furnace to improve the mechanical properties. 

 

4.2 SURFACE ROUGHNESS 

       The roughness value (Ra) of the produced samples was determined using a Talysurf 

surface roughness tester (MITUTOYO SJ-210) shown in Fig. 3.11 and is reported in Table 

4.1. The grid kind of sample has a lower level of surface roughness. The grid type sample has 

the least amount of surface roughness, whereas the diamond type sample has a higher level of 

surface roughness. 

 

 

 

 

4 
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Table 4.1 - Roughness value (Ra) of prepared samples. 

 

 

 

 

 

 

 

 

 

4.3 POROSITY VARIATION OF FABRICATED SCAFFOLDS  

         The porosity % of the fabricated scaffolds is slightly lesser than the scaffolds designed 

in Rhino 6 software because of the powder materials attached to the scaffold walls during 

fabrication by SLM. It is important to mention that the actual porosity % of fabricated 

scaffolds showed a decrease of averagely 1 - 4% as compared to the designed scaffolds in 

Rhino 6 software as shown in Table 4.2.  

                      

Table 4.2 - Measured porosity of the prepared samples. 

 

 

 

 

Sample 

Type 

Roughness value (Ra) (μm) 

Sample1 Sample2 

Diamond 46.2 49.6 

Cross 43.7 41.8 

Grid 23.2 21.6 

Vinties 27.7 29.8 

Tesseract 31.3 30.6 

Star 33.8 35.1 

Octet 29.3 31.6 

Sample Type 
Theoretical 

porosity 

Measured porosity 

Sample 1 Sample 2 

Diamond 65% 62.7% 62.4% 

Cross 65% 63.4% 63.8% 

Grid 65% 64.3% 64.5% 

Vinties 65% 64.1% 64.2% 

Tesseract 65% 63.2% 63.9% 

Star 65% 64.5% 64.0% 

Octet 65% 62.7% 62.7% 
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           Fig. 4.1 shows that the porosity error % for the grid type of sample is the lowest, 

while the porosity error percentage for the diamond type is the highest, according to the 

porosity measurements of the produced samples. The porosity variation in the grid type 

sample is the smallest. 

 

4.4 OPTIMISATION OF PROCESS PARAMETERS 

          The Minitab software is used in the Design of Experiments (DOE). The porosity of 

the various samples is determined using Archimedes principle, and the findings are then 

evaluated for optimization using the Minitab software. An optimization analysis of the 

percentage of porosity vs scan speed (mm/s), hatch distance (mm), and laser power (W) is 

carried out. Mean and Signal to Noise ratio responses and graphs were produced. Every 

sample is studied at two levels, and the results are documented. 

           Minitab generates a table of estimated regression coefficients for each response 

feature. The signal-to-noise ratio (S/N) and the means are chosen as response 

characteristics in this investigation. The absolute value of the coefficient represents the 

relative importance of each element. The component with the highest coefficient has the 

most significant impact on that response characteristic. The amount of the factor coefficient 

in Minitab generally corresponds to the factor rankings in the response tables. 

          The response tables display the mean of each response characteristic for each factor 

level. The ranks in the tables are based on Delta statistics, which measure the relative size 

 

Fig. 4.1: Percentage of error in porosity of different prepared samples. 
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of impacts. The delta statistic is calculated by subtracting the highest from the lowest mean 

for each component. The Delta statistic is calculated by taking the highest minus the lowest 

average for each element. Based on Delta values, Minitab gives ranks, with rank 1 being 

the highest, followed by rank 2 and so on. We always strive to optimize the S/N ratio in 

Taguchi trials. 

          The main effects graphs demonstrate how each component influences the response 

characteristic (S/N ratio, means). A major impact arises when various amounts of a 

component have varied effects on the characteristic. For a factor with two levels, we can 

see that one level raises the mean more than the other. This distinction is a significant 

consequence. 

 

         The main effects plot is produced by Minitab by plotting the typical average for each 

factor level. These averages correspond to those shown in the answer table. 

a) When the line is horizontal, there is no primary impact. Each level of the factor 

has an equal effect on the characteristic, and the average characteristic remains 

constant across all factor levels. 

b) The line's non-horizontal position has a primary effect. The feature is impacted 

differently by the component at various levels. As the vertical positions of the 

displayed points diverge, the magnitude of the major influence grows (the more 

the line is not parallel to the X-axis). 

 

4.4.1 Diamond 
 

        The main effects plots display the effect of different parameters and its extent in 

relation with porosity. In the scaffold of diamond, scan speed (mm/s) shows huge variation 

in comparison to hatch distance (µm) and laser power (W). The porosity is greatly affected 

by the scan speed and thereby it is ranked 1 in the response tables for signal to ratio and 

means. The slope of scan speed        is more inclined towards the vertical axis i.e. showing 

major deviation from horizontal axis therefore establishing higher impact upon porosity. 

Table 4.3 & 4.4 shows the response table for signal to noise ratio and Fig. 4.2 represents 

the main effect plots for signal to noise ratio and means. In the diamond scaffold, laser 

power is ranked second, and lastly the hatch distance. These parameters are ranked on the 
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basis of their effect on the porosity of the scaffold. 

 

Table 4.3 - Response Table for Signal to Noise Ratio. 
 

 
Level 

Scan Speed  (mm/s) Hatch Distance 

(µm) 
Laser Power (W) 

        1 35.92 36.1 36.14 

        2 36.29 36.11 36.08 

Delta 0.37 0.01 0.05 

Rank               1                3                2 

 

 

Table 4.4 - Response Table for Means. 

 

Level Scan Speed             (mm/s) 
Hatch Distance 

(µm) 
Laser Power (W) 

        1 62.55 63.85 64.1 

        2 65.25 63.95 63.7 

Delta 2.7 0.1 0.4 

Rank               1                 3                 2 

 

 

 

 

 

Fig. 4.2: Main Effects Plots for Means and SN Ratios for Diamond. 
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4.4.2 Cross 

 
         The main effects plots display the effect of different parameters and its extent in 

relation with porosity. In the cross scaffold, scan speed (mm/s) shows huge variation in 

comparison to hatch distance (µm) and laser power (W). The porosity is greatly affected by 

the scan speed and thereby it is ranked 1 in the response tables for signal to ratio and 

means. The slope of scan speed is more inclined towards the vertical axis i.e. showing 

major deviation from horizontal axis, therefore, establishing a higher impact upon porosity. 

Table 4.5 & 4.6 shows the response table for signal-to-noise ratio and Fig. 4.3 represents 

the main effect plots for means and signal-to-noise ratio. In this scaffold, hatch distance is 

ranked second, and lastly the laser power. 

 

Table 4.5 - Response Table for Signal to Noise Ratios. 

Level Scan Speed              (mm/s) 
Hatch Distance  

(µm) 
Laser Power (W) 

       1 36.07 36.15 36.18 

       2 36.29 36.21 36.18 

Delta 0.22 0.06 0.01 

Rank              1                2                 3 

 

 

 
Table 4.6 - Response Table for Means. 

 

 
Level 

Scan Speed            (mm/s) Hatch Distance 

(µm) 
Laser Power (W) 

       1 63.6 64.2 64.45 

       2 65.25 64.65 64.4 

Delta 1.65 0.45 0.05 

Rank              1                2                 3 
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Fig. 4.3: Main Effects Plots for Means and SN Ratios for Cross. 

 

4.4.3 Grid 
 

        The main effects plots display the effect of different parameters and its extent in 

relation with porosity. In the grid scaffold, scan speed (mm/s) shows huge variation in 

comparison to hatch distance (µm) and laser power (W). The porosity is greatly affected by 

the scan speed and thereby it is ranked 1 in the response tables for signal to ratio and 

means. The slope of scan speed is more inclined towards the vertical axis i.e. showing 

major deviation from horizontal axis therefore establishing higher impact upon porosity. 

Table 4.7 & 4.8 shows the response table for signal to noise ratio and Fig. 4.4 represents 

the main effect plots for signal-to-noise ratio and means. In this grid scaffold, hatch 

distance is ranked second and lastly the laser power. Hatch distance also shows greater 

impact on porosity as compared to the Diamond and Cross structures. The laser power 

used is same as before for other scaffolds. 

 

Table 4.7 - Response Table for Signal to Noise Ratios. 

Level Scan Speed  (mm/s) Hatch Distance 

(µm) Laser Power (W) 

        1 36.17 36.2 36.24 

        2 36.29 36.26 36.22 

Delta 0.12 0.05 0.01 

Rank              1              2                3 
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Table 4.8 - Response Table for Means. 
 

Level 
Scan Speed 

(mm/s) 

Hatch Distance  

(µm) 
Laser Power  (W) 

         1 64.35 64.6 64.85 

         2 65.25 65 64.75 

Delta 0.9 0.4 0.1 

Rank             1               2                 3 

 

 

 

 

Fig. 4.4: Main Effects Plots for Means and SN Ratios for Grid. 
 

 

 

4.4.4 Vinties 

        The main effects plots display the effect of different parameters and its extent in 

relation with porosity. In the vinties scaffold, scan speed (mm/s) shows huge variation in 

comparison to hatch distance (µm) and laser power (W). The porosity is greatly affected by 

the scan speed and thereby it is ranked 1 in the response tables for signal to ratio and 

means. The slope of scan speed is more inclined towards the vertical axis i.e. showing 

major deviation from horizontal axis therefore establishing higher impact upon porosity. 

Table 4.9 & 4.10 shows the response table for signal to noise ratio and Fig. 4.5 represents 

the main effect plots for signal to noise ratio and means. In this vinties scaffold, hatch 

distance is ranked second and lastly the laser power. Hatch distance also shows greater 

impact on porosity as compared to the Diamond and Cross structures. In this case laser 

power is also having significantly much impact in comparison to Diamond, Cross and 
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Vinties scaffold. 

Table 4.9 - Response Table for Signal to Noise Ratio. 
 

Level 
Scan Speed 

(mm/s) 

Hatch Distance 

(µm) 
Laser Power (W) 

          1 36.19 36.22 36.25 

          2 36.29 36.26 36.23 

Delta 0.1 0.05 0.02 

Rank            1               2                3 

 

 

Table 4.10 - Response Table for Means. 
 

Level 
Scan Speed 

(mm/s) 

Hatch Distance 

(µm) 
Laser Power (W) 

          1 64.5 64.7 64.95 

          2 65.25 65.05 64.8 

Delta 0.75 0.35 0.15 

Rank            1               2                 3 

 

 

 

Fig. 4.5: Main Effects Plots for Means and SN Ratios for Vinties. 
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4.4.5 Tesseract 

 

          The main effects plots display the effect of different parameters and its extent in 

relation with porosity. In the scaffold of tesseract, scan speed which is in mm/s shows huge 

variation in comparison to hatch distance (µm) and laser power (W). The porosity is greatly 

affected by the scan speed and thereby it is ranked 1 in the response tables for signal to ratio 

and means. The slope of scan speed is more inclined towards the vertical axis i.e. showing 

major deviation from horizontal axis therefore establishing higher impact upon porosity. 

Table 4.11 & 4.12 shows the response table for signal to noise ratio and means and Fig. 4.6 

represents the main effect plots for signal to noise ratio and means. In the tesseract scaffold, 

hatch distance is ranked second and lastly the laser power as can be seen in the tables of 

signal to noise ratio and means. These parameters are ranked on the basis of their effect on 

the porosity of scaffold. 

 

Table 4.11- Response Table for Signal to Noise Ratios. 

Level 
Scan Speed 

(mm/s) 

Hatch Distance 

(µm) 
Laser Power (W) 

1 36.06 36.14 36.17 

2 36.29 36.22 36.18 

Delta 0.23 0.08 0.01 

Rank 1 2 3 

 

              

Table 4.12 - Response Table for Means. 

Level 
Scan Speed 

(mm/s) 

Hatch Distance 

(µm) 
Laser Power (W) 

1 63.55 64.10 64.35 

2 65.25 64.70 64.45 

Delta 1.70 0.60 0.10 

Rank 1 2 3 
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Fig. 4.6: Main Effects Plots for Means and SN Ratios for Tesseract. 
 

4.4.6 Star 

 

           In star specimen, scan speed (mm/s) demonstrates enormous disparity in contrast to 

hatch distance (µm) and laser power (W). In the optimization of parameters larger is better is 

opted for obtaining the response tables and graphs. The porosity is significantly affected by 

the scan speed and thus it is ranked 1 in the response tables for signal to ratio and means. The 

inclination of scan speed is more in the direction of the vertical axis i.e. displaying 

nonconformity from horizontal axis therefore establishing greater impact upon porosity. 

Table 4.13 & 4.14 displays the response table for signal to noise ratio and means whereas 

Fig. 4.7 denotes the main effect plots for signal to noise ratio and means. In this star scaffold, 

hatch distance is ranked third as it has almost lesser impact when compared with scan speed 

and laser power. 

 

Table 4.13 - Response Table for Signal to Noise Ratios. 

Level 
Scan Speed 

(mm/s) 

Hatch Distance 

(mm) 
Laser Power (W) 

1 36.16 36.22 36.26 

2 36.29 36.22 36.19 

Delta 0.13 0.00 0.07 

Rank 1 3 2 
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Table 4.14 - Response Table for Means. 

Level 
Scan Speed 

(mm/s) 

Hatch Distance 

(mm) 
Laser Power (W) 

1 64.25 64.75 65.00 

2 65.25 64.75 64.50 

Delta 1.00 0.00 0.50 

Rank 1 3 2 

 

 

  
Fig. 4.7: Main Effects Plots for Means and SN Ratios for Star. 

 

 

4.4.7 Octet 

 

          In the octet scaffold, scan speed (mm/s) demonstrates enormous disparity in contrast to 

hatch distance (µm) and laser power (W). The porosity is significantly affected by the scan 

speed and thus it is ranked 1 in the response tables for signal to ratio and means. The 

inclination of scan speed is more in the direction of the vertical axis i.e. displaying 

nonconformity from horizontal axis therefore establishing greater impact upon porosity. 

Table 4.15 & 4.16 display the response table for signal to noise ratio and means whereas Fig. 

4.8 denotes the main effect plots for signal to noise ratio and means. In this octet scaffold, 

hatch distance and laser power are ranked similar. 
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Table 4.15 - Response Table for Signal to Noise Ratios. 

Level 
Scan Speed 

(mm/s) 

Hatch Distance 

(µm) 
Laser Power (W) 

1 35.95 36.10 36.14 

2 36.29 36.14 36.10 

Delta 0.35 0.03 0.03 

Rank 1 2.5 2.5 

 

 

Table 4.16 - Response Table for Means. 

Level 
Scan Speed 

(mm/s) 

Hatch Distance 

(µm) 
Laser Power (W) 

1 62.70 63.85 64.10 

2 65.25 64.10 63.85 

Delta 2.55 0.25 0.25 

Rank 1 2.5 2.5 

 

 

 

  

Fig. 4.8: Main Effects Plots for Means and SN Ratios for Octet. 
 

 

4.5 EFFECT AND OPTIMISATION OF PROCESS PARAMETERS DURING SLM 

          The characteristics of AM porous scaffolds are influenced by various input process 

parameters during the SLM process. The improvement of density is the main concern for 

the porous scaffolds manufactured by SLM. Fully dense struts are also desirable in 
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porous scaffolds. Furthermore, because of the severe non-equilibrium conditions during 

SLM, a unique microstructure has been observed. This is due to the rapid cooling of the 

melt pool during the process, which causes the variation of mechanical properties.  

         All the seven samples are fabricated by a SLM machine (Model: EOSINT M280-

400W) with the following input process parameters for Ti-6Al-4V materials as shown in 

Table 4.17. 

 

Table 4.17 - Input process parameters generally used for porous Ti-6Al-4V scaffolds during 

SLM process. 

Parameters Value 

Type of Laser Ytterbium Fibre Laser 

Shape of Spot Spherical 

Scan Speed (SS) 800-1500 mm/s 

Diameter of Particle (PD) 80 μm 

Hatch Distance (HD) 0.1- 0.14 mm 

Power of Laser (LP) 

Diameter of Laser (LD) 

217- 400 W 

80 micron 

Density (ρ) 4.41 g/cm
3
 

Thickness of Layer (LT) 60 μm 

Initial Temp. of Bed (Ti) 35
0
C 

Scan Angle of Rotation 67
0
 

Building Space 200 mm x 200 mm x 200 mm 

Environment Maintained Inert 

Scan Path "X" & Rotational 
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    Fig. 4.9: Variation of relative density (%) with volume   

    energy density (J/mm
3
). 

 

           It has been observed from Fig. 4.9  that  the effects of process parameters (such as 

laser power, scan speed, and hatch distance) on relative density of Ti-6Al-4V samples 

made using SLM and the scanning speed has also a significant effect on relative density. 

Now an optimization study is required to determine the ideal processing parameters for 

achieving the desired density during fabrication by SLM (Junfeng and Zhengying, 2017). 

The goal is to achieve maximum density with no restrictions on process parameters. To 

determine the suitable process parameters, an optimization study is required for 

achieving the desired density during fabrication by SLM, are optimized using Minitab 

software as shown in Table 4.18. 

 

Table 4.18 - Optimized process parameters and build system of Ti-6Al-4V during 

SLM. 

Parameters Result 

Scan Speed (SS) 1250 mm/s 

Laser Power (LP) 340 W 

Hatch Distance (HD) 0.12 mm 

Layer Thickness (LT) 60 μm 

Particle Diameter (PD) 80 μm 
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Fig. 4.10: Effect of input process parameters during fabrication by SLM. 
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          The density of the scaffolds play a key role to optimize the process parameters since it 

has a direct impact on the mechanical, physical and also biological properties of the part. The 

relationship between relative density and the product of three factors is characterized as 

volume energy density (VED) and expressed as Equation No. (3.1). Fig. 4.9 shows the 

relationship between relative density and VED. The relative density first increased, and then 

decreased as VED increased. The relative density reaches its highest value, which is close to 

100%, when the VED is around 40 J/mm
3
. From Fig. 4.10, it is observed that with increase 

in scanning speed, hatch distancing and layer thickness, the porosity percentage increases 

except laser power obtained from Equation No. (3.4). When the ratio of laser power and scan 

speed is too low,  the melting channel depth is reduced and spheroidization occurs, resulting 

in poor bonding between the layers and un-melted powder particles, resulting in a low 

relative density. And when the ratio of laser power and scan speed is too high, the melting 

track depth is increased, the height is small, making it difficult to form, and the phenomena 

of element evaporation and ablation is easy to occur during the forming process, resulting in 

density reduction. Increase in hatch distance resulting partial melting of the powder and 

inclusion. As a result, only the appropriate ratio of laser power to scan speed and hatch 

distance may achieve higher relative density and are optimized at 0.272 J-mm and 0.12 mm 

respectively. 

 

           Using simulations (combination of selective process parameters like energy density, 

relative density, laser power, scan speed, layer thickness and hatch distancing), similar 

studies might be done to investigate how hatch spacing affects densification. In Fig. 4.10, 

densifications observed by changing hatch spacing from 10 μm to 140 μm for various laser 

power and scanning speed combinations. And it is found that the increasing hatch distancing 

results in inadequate melt pool overlap, which leads to poor compaction between 

neighbouring scan tracks, leading in lower densifications. From result, it can also be seen 

that higher hatch spacing up to 120 μm can be used to achieve high densification upto 99.5% 

but at a significantly lower combination of laser power (220 W) and scanning speed (1150 

mm/s), the lower speed allowing enough time for heat build up results in proper melting and 

compacting of material. To get a higher densification, a higher building rate is desired then a 

higher value power (340 W) and speed (1250 mm/s) with a hatch spacing of 120 μm can be 

employed.  As a result, the simulation model allows us to make an accurate choice regarding 

the optimum range of process parameters to utilize ahead of time and reduce the need for 
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prolonged testing. 

 

        Aside from the machining input process parameters, there are a number of scaffold 

design factors that have a significant effect on mechanical and biological properties. Pore 

morphology, unit cell shape, and strut thickness are factors to consider. From Fig. 10, it 

is observed that the process parameters are the most important factors which affect the 

porosity of SLM-fabricated samples.  

 

4.6 COMPRESSION TEST 

 

      The stress-strain curve is plotted from the received data shown in Fig. 4.11.  The effective 

elastic moduli of scaffolds are measured by the slope of the graph obtained from compression 

test on an INSTRON machine and listed in Table 4.19. 

 

 

Fig. 4.11: Compressive stress-strain curve of porous Ti-6Al-4V scaffolds obtained from 

INSTRON. 
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Table 4.19 - Mechanical properties of manufactured porous Ti-6Al-4V scaffolds and natural 

cortical bones. 

Scaffolds 

Type 

Actual 

Porosity % 

Pore Size 

(µm
2
) 

Strut 

Thickness 

(µm) 

UCS (MPa) E (GPa) 

Diamond 62.55 586787.302 496.929 96.41 6.5 

Cross 63.6 4253703.533 601.184 98.42 11.15 

Grid 64.4 2417618.517 740.249 101.39 10.33 

Vinties 64.14 1290453.750 485.438 95.63 7.16 

Tesseract 63.55 4783524.141 451.570 94.92 5.87 

Star 62.45 2484045.93 407.651 92.71 7.9 

Octet 62.7 1175303.449 467.599 96.49 11.16 

Natural 

bones 
- - - 0.45 - 25.8 3 - 30 

 

            Elastic modulus and compressive strength values for the diamond, grid, cross, vinties, 

tesseract, star, and octet scaffolds are 6.5 GPa, 11.15 GPa, 10.33 GPa, 7.16 GPa, 5.87 GPa, 

7.9 GPa & 11.16 GPa and 96.41 MPa, 98.42 MPa, 101.39 MPa, 95.63 MPa, 94.92 MPa, 

92.71 MPa & 96.49 MPa. Pore area and strut thickness of the tested scaffolds using the same 

stereo microscope are shown in Fig. 4.12.  
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Fig. 4.12: Measurement of pore area and strut thickness using stereo microscope (Stemi 508) 

of the tested scaffolds: (a) Diamond, (b) Cross, (c) Grid, (d) Vinties, (e) Tesseract, (f) Star & 

(g) Octet. 

 

Crack after compression 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 
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           For grid type sample, the greatest value of compressive strength (101.39 MPa) and 

average elastic modulus (10.33 GPa) was observed.  The results show that the grid samples 

are slightly hard at first due to their form, but when additional load is applied, they become 

soft and strain increases. The octet type sample has the greatest elastic modulus value (11.16 

GPa). But tesseract, star and octet scaffolds don’t meet the biomedical needs as metallic 

implants in case of compressive load of 25 kN and above as they are fractured. On the other 

hand, diamond, cross, grid and vinties scaffolds were remain unchanged even after 

compressive loading of 25 kN due to their higher strut thickness as compared with tesseract, 

star and octet types and to reach the fracture point for these scaffolds additional load is 

required. The microstructure of all seven scaffolds at same compressive load is shown in Fig. 

4.11. The manufactured scaffolds have a promising elastic modulus that is similar to natural 

cortical bones (E = 3 - 30 GPa [Frosch et al., 2002]) which will reduce the effect of stress-

shielding. Table 6 reveals that porous Ti64 scaffolds have higher compressive strength than 

bone (UCS = 0.45 - 25.8 MPa [Ponader et al., 2008]). The greater compressive strength 

lengthens the implant's life. 

 

4.7  MECHANICAL PROPERTIES  

        Fig. 4.13 shows that when the porosity is around 60-70%, the Ti porous scaffolds have a 

value that is comparable to human bones. Mechanical property is inversely proportional to 

the porosity. With increase in porosity %, effective elastic modulus decreases. The 

theoretical effective elastic modulus may be determined using equation (7) and is equal to 

13.475 GPa (assuming a Young's modulus of 110 GPa and a porosity of 65%), which is 

comparable to human bones (E = 3 – 30 GPa). 

  

Fig. 4.13: The effect of porosity on elastic modulus. 
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           The relative elastic modulus (modulus ratio of porous portion to solid part) and 

relative compressive strength (stress ratio of porous part to solid part) of the scaffolds with 

changing porosity are depicted in Figs. 4.14 & 4.15. As the percentage of porosity increases, 

the relative compressive strength and relative elastic modulus decreases. This relative 

compressive strength and relative elastic modulus can be used as a fast reference for the user-

specific demand based on the needed strength of bone implant for the individual application. 

 

  

Fig. 4.14: Relative elastic modulus, E1/E2 vs 

Porosity %. 

Fig. 4.15: Relative compressive strength, σ1/σ2 

vs Porosity %. 

 

 

4.8 FINITE ELEMENT SIMULATION  

 

          The STL files from Rhino 6 modeled scaffolds are imported into ANSYS (2019 R3 & 

2020 R2) finite element software, and mesh refinements were created to produce accurate 

results. The meshed model was used to apply input parameters, with the lower surface of the 

porous scaffolds fixed and a 25 kN compressive force evenly distributed on the top surface. A 

SOLID187 3-D element of higher order is considered due to its efficiency in handling 

complex geometries. It exhibits quadratic displacement characteristics and is particularly 

effective for simulating irregular meshes, often generated by different CAD/CAM systems. 

Each of its nodes is defined by three degrees of freedom: translation along the x, y, and z 

axes. 
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   4.8.1 Mesh convergence study   

            Mesh convergence studies are performed for each seven types of scaffolds separately. 

The converged mesh sizes are considered for the further analysis. The porous Ti-6Al-4V 

scaffolds  meshed and analysed with different mesh sizes to get the optimal mesh size. 

Starting with a coarse mesh, the analysis calculates key mechanical parameters such as von 

Mises stresses, strain distribution, and displacements. A too-coarse mesh may yield 

inaccurate results, while an overly fine mesh escalates computational demands without 

significantly improving accuracy. The results from the convergerd mesh sizes are then 

compared to experimental data or established analytical solutions to validate the model. 

Mesh convergence studies for the numerical simulation are shown in Table 4.20. 

 

Table 4.20 - Mesh convergence study for the numerical simulation. 

Sl 

No 

Scaffold 

Type 

Element 

Type 

Total Element 

Count ( Nos) 

Maximum Von 

Mises Stress (MPa) 
Comments 

1 

Diamond 

SOLID187 187025 97.350  

2 SOLID187 235487 96.050  

3 SOLID187 299365 95.835  

4 SOLID187 326599 95.077 Considered for further analysis 

5 SOLID187 353256 95.076  

1 

Cross 

SOLID187 186025 99.219  

2 SOLID187 236487 97.894  

3 SOLID187 289365 97.675  

4 SOLID187 322725 96.902 Considered for further analysis 

5 SOLID187 353256 96.901  

1 

Grid 

SOLID187 187021 102.606  

2 SOLID187 236485 101.236  

3 SOLID187 297457 101.009  

4 SOLID187 328157 100.210 Considered for further analysis 

5 SOLID187 350256 100.209  

1 

Vinties 

SOLID187 187025 95.215  

2 SOLID187 235487 93.944  

3 SOLID187 298543 93.733  

4 SOLID187 326935 92.992 Considered for further analysis 

5 SOLID187 353256 93.191  

1 

Tesseract 

SOLID187 187025 90.993  

2 SOLID187 235487 89.777  

3 SOLID187 299365 89.576  

4 SOLID187 328157 88.868 Considered for further analysis 

5 SOLID187 359215 88.967  

1 Star SOLID187 187025 85.821  
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2 SOLID187 235487 84.675  

3 SOLID187 297315 84.485  

4 SOLID187 336595 83.817 Considered for further analysis 

5 SOLID187 353256 83.816  

1 

Octet 

SOLID187 187025 86.365  

2 SOLID187 235487 85.014  

3 SOLID187 295313 84.824  

4 SOLID187 322513 84.153 Considered for further analysis 

5 SOLID187 363252 84.152  

 

         The convereged mesh size as shown in the Table 4.20 provides guidance for future 

FEA simulations on similar porous scaffolds under compressive loads. the mesh size that are 

considered for the further analysis are also shown in the table. It ensures reliable results are 

obtained without excessive computational resources, optimizing the analysis process for 

engineering applications.  

 

4.8.2 Result analysis   

      The experimental results validated the FE analysis, as shown in Fig. 4.16. For the 

diamond, cross, grid, vinties, tesseract, star, and octet, the Ansys simulation of maximum 

Von-Mises stresses and strain percent of modelled scaffolds yielded 95.07 MPa, 96.90 MPa, 

100.21 MPa, 92.99 MPa, 88.86 MPa, 83.38 MPa & 84.15 MPa, and 12.07%, 13.00%, 8.28%, 

9.15%, 8.8%, 9.19% and 10.35% respectively. The findings from both the compressive test 

and the finite element analysis software are identical for each kind of scaffold. 

 

  
(a) 
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(b) 

(c) 

 (e) 

(d) 
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Fig. 4.16: Finite element simulations of designed porous scaffolds by Ansys 2020 R2: (a) 

Diamond, (b) Cross, (c) Grid, (d) Vinties, (e) Tesseract, (f) Star & (g) Octet. 

 

          The significant differences of the results obtained from compressive test and finite 

element analysis software are due to slightly changes in dimensions and porosity  of the 

fabricated sacffolds than the designed models because of the metal powders are attached to 

the wire surface. 

 

4.9 SUMMARY 

 

        As we illustrated, titanium cellular structures with the stiffness values suggested in this 

work could be successfully produced by additive manufacturing methods. The optimal strut 

thicknesses and pore sizes of the interior architecture that produce the desired stiffness will be 

found by examining the titanium porous structures with different unit cells. 

        The application of FEA for forecasting the mechanical characteristics of Ti-6Al-4V 

porous structures was constrained by unexpected surface imperfections brought on by SLM 

manufacturing procedures. Since there is no established standard procedure, substantial 

 (f) 

(g) 
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variances are anticipated from the various melting settings and machine effectiveness. As a 

result, physical testing seems to be the primary way for validating the mechanical properties 

of the laser-melted porous structures during an early stage of SLM production procedures. 

FEA findings typically overestimate the stiffness of porous structures. 

        The probability of structural failure will rise since the compressive characteristics of Ti-

6Al-4V porous structures showed similar stiffness (6.5 - 11.16 GPa) but higher compressive 

strength (92.71 - 101.39 MPa) than those of bone. As a result, Ti-6Al-4V porous scaffolds 

would be perfect for replacing bone components that require strength, such as inter-spinal 

cages and long-bone defects. 
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CHAPTER                                                           CONCLUSIONS 

 

 

5.1 CONCLUSION AND REMARKS 

 

      It is usually preferable to create bone implants that can replicate both the macro and 

microstructures of real bones. It is possible to create porous structures with suitable unit cells, 

pore size, surface area, and porosity that have balanced mechanical and biological properties 

from multi-scale structures. In addition, porous bone implants are anticipated to retain the 

necessary mechanical strength while reducing stress shielding on the bone tissue around the 

implant. 

      The selective laser melting (SLM) technology is used to create porous Ti-6Al-4V 

scaffolds for biological purposes. For the acceptability of a biomedical implant, porosity, 

surface roughness, and mechanical compression tests are done. To employ the porosity 

deviated scaffold, the relative elastic modulus is also investigated. Optimization and 

microscopic studies of the fabricated scaffolds were also performed. The following findings 

may be drawn from the current work: 

i. Rhino 6 software is used to design seven distinct porous Ti64 scaffolds (each of two, 

n = 14 scaffolds) with 65% porosity, which are then manufactured using AM, 

specifically SLM. 

ii. The porous scaffolds were heat treated at 900
0
C for 2 hours in an inert environment, 

then cooled at ambient temperature in a furnace to enhance mechanical properties. 

iii. The grid type sample has the least amount of surface roughness, but the diamond type 

sample has a greater value of surface roughness. 

iv. The grid type sample has the lowest error % of porosity difference, whereas the 

diamond type has the highest, and the grid type sample may produce better likeness 

with the lowest deviation. 

v. The elastic modulus of Ti alloy scaffolds with 60–70% porosity is comparable to that 

of human bones resulting reduces the effect of stress-shielding. 

5 
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vi. When volume energy density (VED) is 40 J/mm
3
, the relative density reaches its 

highest value, which is close to 100%. 

vii. The porosity % increases with an increase in scanning speed, hatch distancing, layer 

thickness and decreases with laser power. 

viii. The mechanical properties are influenced by the porosity % of scaffolds. The effective 

elastic modulus and relative compressive strength decrease as the porosity percentage 

increases. 

ix. The process parameters have a significant impact on the relative density of Ti64 

scaffolds manufactured by SLM. By optimising the process parameters, the 

microstructure of porous Ti64 alloy scaffolds may be controlled by SLM, which are: 

340 W laser power, 1250 mm/s scanning speed, 0.12 mm powder layer thickness, and 

0.06 mm hatch spacing. 

x. For grid type scaffolds with a height strut thickness of 740.249 µm, the greatest 

ultimate compressive strength was determined to be 101.39 MPa, which is much more 

than human bones resulting in improved implant. 

xi. Titanium alloys have been successfully linked in biomedical sectors due to additive            

manufacturing technologies, which have the capacity to construct any complicated 

porous scaffold for biomedical applications, and so serve to give further support for 

material engineers and prospective designers. 

 

3D printed implants have significant benefits as patient specific customized implants can be 

printed based on need and urgency in situation. Unique mechanical and biological properties 

of Ti-6Al-4V porous scaffolds structures can successfully replace the solid implants 

including hip replacement or bone replacement. The rapid development of AM technology 

will enhance the lead time of implant. 
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5.2 SCOPE OF FUTURE WORK 

 

       Future study in the following areas is advised to advance the development of bone-

biomimetic implants with porous interior architecture: 

 

i. Recent statistical modeling of lattice structure manufacturing utilizing SLM has 

revealed the essential processing factors influencing lattice structure attributes. To 

validate the effects, the work might be expanded to include thermal modeling of 

thin struts or the entire three- dimensional (3D) lattice systems. The experimental 

data acquired in this study may then be used to validate the thermal models. 

ii. Apatite forming ability, live/dead viability cytotoxicity, and alkaline phosphatase 

activity can be used to gain further biological responses. The dynamic habitat 

could also be employed since the behaviour of planted cells on scaffolds differs in 

static and dynamic environments. 

iii. Histological tests may be performed to determine the path travelled by cells in vitro 

to penetrate the scaffolds. 

iv. More testing about the physical and biocompatible qualities is necessary to have a 

better understanding of the possibilities for this innovative method in producing 

porous Ti scaffolds for hard tissue engineering. 

v. Enhance the accuracy of findings by adhering to orthopedic implant testing 

standards to guarantee accurate and consistent testing. Examine the scaffolds' 

additional mechanical qualities and their potential for hard tissue engineering. 

vi. To assure their strength after implantation, it is important to look at the fatigue 

behaviours of porous structures and their internal design, which achieved strength 

and load-sharing capability under static loading condition. 

vii. For this study, internal unit architectures and porous structures were designed and 

characterized. In diverse designs of laser-melted graded cellular structures, the 

parameter requirements for the characteristics of bone osseointegration and 

functions remain unknown. In vivo bone osseointegration of these porous 

structures requires more research to be fully understood.   
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