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ABSTRACT 

 

The need to develop better materials for fabricating orthopedic implants is the key to 

manufacturing longer lasting implants with a reduced chance of early failure and the 

need for revision surgeries. This work aims to provide a logical and methodical 

approach in designing porous structures using tools such as Topology Optimization 

(TO), Computer Aided Design (CAD) and Finite Element Analysis (FEA) alongside 

Additive Manufacturing (AM) to fabricate orthopedic implants. 

Porous structures were designed using topology optimization to tailor mechanical 

properties that match that of the human bone. The mechanical properties of suitable 

structures were determined computationally using finite element analysis. Further, the 

structures depicting desirable properties were manufactured using Electron Beam 

Melting (EBM) to experimentally verify their mechanical properties. 

The results show that we were able to successfully design a porous structure that had a 

Young’s modulus as low as 1.7 GPa which falls well within the range of that of human 

bone making it a viable material for developing orthopedic implants. 
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CHAPTER ONE 

INTRODUCTION AND BACKGROUND 

1.1. Overview and Aims 

The need for better materials for fabricating orthopedic implants is crucial for us to be 

able to manufacture longer lasting and mechanically superior implants. Doing so 

enables us to manufacture implants that have both, low risk for premature failure and 

lesser need for revision surgery which directly proves beneficial to the general 

population that use these medical devices. The aim of this thesis is to provide a logical 

and methodical approach to designing novel materials, or biomaterials, as they are 

used for biomedical purposes that are suitable substitutes for conventionally used 

biomaterials in order to fabricate such superior implants as suggested earlier. Using 

designing tools such as Topology Optimization (TO), Computer Aided Design (CAD) 

and Finite Element Analysis (FEA) and in complement to Additive Manufacturing 

(AM) it is possible to design and manufacture novel biomaterials that show non-

conventional properties that are desired for orthopedic applications. A detailed 

approach on using these tools for the given purpose is discussed in Chapter 2. This 

chapter will provide a detailed conceptual understanding of the tools and concepts that 

are addressed in this work. 

 

1.2. Conventional Implants and Their Drawbacks 

1.2.1. Conventional Implants 

Traditionally, metal orthopedic implants are manufactured using Titanium alloys, 

Cobalt Chromium Alloys or Stainless Steel. They are classified as two types: 
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permanent joint replacements, which are expected to remain in the body throughout 

the lifespan of the patient, and temporary orthopedic implants that serve for a short 

time as a healing aid for the bone[1]. 

 

1.2.2. Drawbacks 

The human bone has a low Young’s modulus (elastic modulus) that lies approximately 

between 3GPa and 18GPa[2]. In comparison to this, the conventional implants have a 

much higher value of elastic modulus (Fig 1.1).  

This difference on elastic modulus between bone and implants may lead to the 

phenomena of stress-shielding. Stress-shielding is defined as the reduction of bone 

density caused by removal of typical stresses acting on a bone by the implant (Fig. 

1.2)[3]. This is a result of Wolff’s law which states that bone in a healthy human will 

remodel itself based on the loads it is placed under[4,5]. This phenomenon often leads 

to complications such as implant loosening, improper fixation and hindered biological 

functioning of the surrounding bone[6–8]. 
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Figure 1.1. Strength v/s Elastic Modulus of Different Materials 

Figure 1.2 Stress Shielding in a human bone 
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1.3. Topology Optimization 

Topology Optimization (TO) is a mathematical approach that optimizes material 

layout within a given design space for a set of pre-defined boundary conditions such a 

load, boundaries, and constraints[9,10]. There are multiple approaches to a single 

problem and the commonly used algorithms are: (i) Solid Isotropic Material with 

Penalization (SIMP)[11]. (ii) Bi-directional Evolutionary Structural Optimization 

(BESO)[12] and (iii) Iso-Line Algorithm[13] (Fig. 1.3). 

Using TO we can input the boundary conditions for a given application and see the 

outputs for structures that are suitable for it. Using this approach, we can compare 

multiple structures using tools like FEA (which will be explained in the next chapter) 

before 

manufacturing them to determine which is the most suitable. This saves us the cost 

and time of manufacturing multiple structures and comparing them. 

 

Figure 1.3 Different topology optimization algorithms (a) Boundary condition for a given application. 

(b) SIMP algorithm. (c) BESO algorithm (d) ISO line algorithm[14] 
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1.4. Finite Element Analysis 

Finite Element Analysis (FEA) is a simulation technique used to predict how a part 

behaves under a set of given conditions. This prediction is done using a numeric 

method called Finite Element Method (FEM). This is a general numerical approach to 

solving partial differential equations in two or three boundary variables (space 

variables)[15]. To solve such a problem, FEM divides a large system into smaller parts 

called finite elements by space discretization. This is implemented by creation of a 

mesh of the object in consideration with a finite number of points. This formulation of 

a boundary problem results in a system of algebraic equations which is used to 

compute the unknown function over the given domain. These simple equations are 

then assembled into a larger system of equations that model the entire problem[16–

18]. 

 

1.5. Additive Manufacturing 

Additive Manufacturing (AM) or 3D printing involves the fabrication of three-

dimensional objects directly from a CAD model. It involves a layer-by-layer process 

of fusing a feedstock (often powder or wire) together using a high energy source, in 

order to build the object from ground up, i.e., in an additive manner[19–21]. 

1.5.1. Processes and Types 

There are multiple types of AM techniques such as Electron beam Melting, Selective 

Laser Melting, Selective Laser Sintering, Fuse Deposition Modelling, Direct Energy 

Deposition, to name a few. The most common methods of manufacturing parts for 
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biomedical applications however are Electron Beam Melting and Selective Laser 

Melting. 

A) Electron Beam Melting 

Electron Beam Melting (EBM) or Electron Beam Additive Manufacturing (EBAM) is 

a type of AM that utilizes a high energy electron beam as a moving heat source, to 

fuse metal powder to fabricate parts in a layer-by-layer fashion[22,23] (Fig. 1.4). 

 

B) Selective Laser Melting 

Figure 1.4 Schematic of an EBM Machine 
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Selective Laser Melting (SLM) or Direct Metal Laser Melting (DMLM) is 3D printing 

technique that uses a high-power density laser to fuse metallic powders together, once 

again in layer-by-layer fashion, to fabricate a part dictated by a CAD model[24–26] 

(Fig. 1.5). 

1.5.2. Advantages 

The layer-by-layer process of AM allows us to fabricate structures with complex 

geometries that cannot be manufactures using conventional manufacturing techniques. 

These complex structures can be tailored to show unnatural mechanical properties 

which can prove advantageous in various applications in aerospace, biomedical and 

thermal industries. 

Figure 1.5 A schematic for an SLM Machine. 
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Moreover, the rapid prototyping ability of AM further allows for a faster path to 

fabricate complex parts for experimental testing as opposed taking the tedious route of 

conventional manufacturing techniques[27–30]. 

1.6. Biomedical Applications of Additive Manufacturing 

The versatility and high resolution achieved by various AM techniques provides 

opportunities to engineer implants with hierarchical microstructures and tailored 

mechanical properties [31]. Furthermore, the implants can be made patient-specific 

and designed to achieve desired biomechanical responses to aid in the restoration of 

physiological functions, such as controlled displacements for respiratory expansion 

and contraction [32]. The current-state-of-the-art advances in biomedical applications 

are listed below [33]. 

1.6.1. Meta-Materials 

The mechanical properties of conventional materials are primarily dictated by their 

chemical composition and their microstructure. Mechanical metamaterials challenge 

these conventional material definitions by engineering structures that exhibit counter-

intuitive mechanical properties (e.g., materials that display remarkably low stiffness or 

a zero or negative Poisson’s ratio). Metamaterials are often characterized by having 

ordered cellular lattices, such that their mechanical response and functionality relate to 

their density and can thus be controlled. In the fabrication of orthopaedic implants, 

metamaterials can provide structures with gradient porosities and stiffness similar to 

the intricate structure of bone in which cortical bone with high modulus (13.6GPa - 

28GPa) morphs regionally into low modulus cancellous bone (0.02GPa - 0.64GPa) 

[32]. Complex metamaterial structures could serve to improve the interactions at the 
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bone-implant interface and also exhibit osteoconductive properties providing an 

optimized environment for tissue integration [27,34]. Meta-implants manufactured 

using tetrahedral unit cells and customized gradient densities have shown potential in 

reducing bone-loss resulting from stress shielding by ~75% [35]. 

Orthopaedic implants often incorporate intramedullary stems for fixation to the 

endosteal surfaces of long bones like the femur and humerus. The resulting implant 

bone composite is constantly subjected to bending and torsional loads, often leading to 

failure of the bone-implant interface. Moreover, debris (caused by fretting wear) can 

get trapped causing osteolysis [36]. The design of implants combining auxetic and 

non-auxetic metamaterials on the interfaces subject to tensile and compressive loading 

respectively, have shown the ability to eliminate the retraction of the implant from the 

bone by inducing expansion at both interfaces, even as the material undergoes tensile 

loading [37]. This can result in increased implant longevity and reduced need for 

revision surgery.  

1.6.2. Patient-Specific Implants 

Despite the widespread availability of implant systems with a number of sizes to fit a 

broad spectrum of anatomy, cases nonetheless arise in which a standard commercial 

device will not suffice. Examples include cases of dysplasia where the anatomy is 

grossly distorted or cases of revision surgery in which the failure of the original 

implant has led to significant bone loss. Developing solutions for such cases can be 

reached by the direct coupling of advanced imaging techniques, usually computed 

tomography (CT) and magnetic resonance imaging (MRI), and AM processes to 

engineer patient-specific implants. CT data has the added benefit of providing direct 
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high-resolution measurement of the density of the remaining bone. This information 

can be used to help design not just the shape of the implant, but it’s local structural 

and mechanical properties. In this way load transfer between the implant and the 

surrounding remaining bone can be optimized to assure both short-term fixation and 

longevity [2,38]. The direct reconstruction of anatomical regions via CT images has 

been effectively implemented for the accurate design of orbital socket [39], hip [40] 

and sternal implants manufactured via AM techniques. The surgical procedures with 

sternal implants demonstrated immediate structural support and significant 

improvement in patients’ respiratory symptoms postoperatively [41]. 

1.6.3. Absorbable Implants 

Titanium alloys [6], cobalt-chromium alloys [42], tantalum, and stainless steel [43,44] 

are metallic materials commonly used in permanent orthopaedic implants due to their 

high structural integrity, corrosion resistance, and biocompatibility. However, 

numerous applications exist in which a lack of permanence is desired. For example, 

metallic plates and screws are often used to ‘rigidly fix’ fractured bones to facilitate 

healing. Once the fracture is healed, plates and screws can become a liability as a 

source of infection and stress shielding and at times can be a cause of discomfort for 

the patient. Moreover, in pediatric patients, metal implants must often be removed to 

allow bone growth as the child gets older. The process of removing the implant 

requires another surgery, which comes with an additional risk of surgical 

complications, pain and rehabilitation, and, of course, additional financial burden. 

Although, polymers have long been used to make resorbable implants, they do not 

meet the structural requirements needed in plates, screws, or most orthopaedic load 
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bearing implants. In addition, degradation of synthetic polymer-based resorbable 

structures can result in inflammation and the formation of ‘sterile’ abscesses [45]. 

Magnesium, iron and zinc are metals with bioresorbable properties and are essential 

trace metals in the human body [46]. Using alloys of these metals, implants can be 

manufactured with AM to have tuneable degradation rates that match the rate of bone 

formation for the given application reducing the risk of infection and cytotoxicity 

[47,48]. These implants could release metal ions that may be beneficial to the healing 

process [49]. 

 

The rapid growth of AM has equipped us with the capability to manufacture long-

lasting implants with greater structural compatibility with the bone. AM processed 

implants have been effectively incorporated into surgical practice in recent years. The 

development of engineered metallic metamaterials with functional mechanical 

responses is a highly promising route to address some of the limitations of 

conventionally manufactured implants in terms of their geometry, density, strength, 

and stiffness. The application of CT imaging to reconstruct the affected region and 

fabricate patient-specific implants has resulted in unprecedented progress for 

reconstructive implants. Another benefit is the use of absorbable implants to provide 

temporary scaffolds to support bone healing without permanently remaining in the 

body. 

Despite great progress in adopting AM for biomedical applications, certain areas 

require further improvement to develop the full potential of this disruptive 

manufacturing technology. Although the use of topology optimization is growing, we 
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are still far from mainstream adoption of this computational tool. In addition, 

improving metal AM resolution from microscale to nanoscale is required to advance 

the capability of printing complex structures. Improving geometrical fidelity could 

also result in greater implementation of topology optimization methods as we start to 

print smaller features with higher precision. However, an unsurmountable trade-off 

exists between deposition rate and accuracy that will remain a guiding limitation in the 

design of new processes with enhanced resolution. Similarly, the optimization of 

stiffness to enhance load sharing and load transfer between implant and bone cannot 

be done without consideration of fatigue, as orthopaedic implants are subjected to 

continual cyclic loading. This becomes a more complicated problem as we print 

materials with ever more complex geometries. Understanding the deformation 

mechanisms and the effects of feature size/length scale and interconnectivity on 

mechanical (and degradation) properties of implants is important to ensure proper 

implant design. 

Scientific knowledge and engineering limitations are not the only factors currently 

hampering the widespread use of AM in orthopaedic devices. Necessary regulation by 

the FDA to ensure the safety and efficacy of orthopaedic implants is an important 

factor when adopting AM into manufacturing of both standard and patient-specific 

implants. Areas that must be considered as part of the regulation of AM manufactured 

implants include: the starting materials; design, printing, and post-printing validation 

of the AM process; printing characteristics and parameters; physical and mechanical 

assessment of the final implants; and biological considerations of these implants, 

including cleaning, sterility, and biocompatibility. The FDA has been working with 
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the commercial, clinical, and scientific communities to provide guidance on AM in 

medical devices [50]. 

 

1.7. Thesis Objectives 

 The aim of this thesis is to provide a methodical approach to designing porous 

structures for orthopedic applications. These structures are tailored to show a elastic 

modulus that matches or is close to that of bone in order to avoid complications that 

arise such as stress shielding. We used TO to design unit cells that could be used to 

fabricate porous lattice structures. These unit cells were then converted to CAD model 

and their mechanical properties were predicted using FEA. Following this, suitable 

structures were selected and printed using EBM for experimental verification of their 

mechanical properties. A structural analysis was also conducted keeping in mind the 

defects that arise from AM in order to justify any deviations in experimental results 

from computational predictions. Chapter 2 talks about the procedure followed in this 

work in detail. 
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CHAPTER TWO 

DESIGN AND EVALUATION OF POROUS MATERIALS FOR 

ORTHOPEDIC APPLICATIONS 

2.1. Introduction 

The last decade has seen leaps in the advancement of metal Additive Manufacturing 

(AM) technologies which has enabled it to be a promising asset in terms of innovative 

design and manufacturing of structures for a multitude of applications [1–3]. Metal 

AM typically involves a high energy source (electron beam, plasma, laser) that is used 

to cause fusion of a metallic feedstock (powder, wire, sheets) in a layer-by-layer 

fashion to generate structures that are defined by computer aided designs (CAD) [1,4]. 

This intrinsic layer-by-layer process of AM enables the fabrication of structures with 

complex geometries that conventional manufacturing methods cannot produce easily, 

if at all [3]. This added dimension of customization and higher levels of structural 

complexity of AM presents new solutions to multiple challenges in mechanical and 

material engineering. 

AM can be used to manufacture complex lattice structures that have mechanical 

properties that are not found naturally, i.e., they have properties that are unachievable 

by the parent material (e.g. low Young’s modulus, negative Poisson ratio) [5–8]. A 

lattice structure is ideally defined as topologically ordered, open-celled, three-

dimensional structure, consisting of one or more repeating unit cells [9]. These 

structures can be tuned by the designer by altering various parameters such as their 

cell topology, strut diameter and cell size to exhibit desirable properties. As a result, 

these porous structures have received plenty of attention in the past few years. They 
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find application in a wide range of fields such as aerospace, acoustics, and more 

prominently biomedical engineering [10–16]. 

The predominant challenge in biomedical engineering is the inability of conventional 

orthopedic implants to mimic the mechanical properties of bone. The Young’s 

modulus of prominent materials is a lot higher that of bone (1-18 GPa) [17]. For 

example, Ti-6Al-4V, the most popular parent material in orthopedics, has a Young’s 

modulus of about 114 GPA which is a lot higher than that of bone. Other popular 

alloys such as Cobalt-Chromium alloys (210-250 GPa) and Stainless Steel (190 GPa) 

show significantly higher moduli as well. This leads to various complications such as 

improper fixation, loosening of the implant and hindered biological functions of the 

surrounding bone [18,19]. Often, these shortcomings are caused by stress shielding 

[20]. Stress-shielding is defined as the reduction in bone density caused by removal of 

typical stresses by an implant; the underlying principle of which is Wolff’s law which 

states that bone in a healthy living being (animal or human) will remodel depending 

on the loads acting on it [20]. The high resolution and versatility achieved by AM 

provide opportunities to engineer orthopedic implants using lattice structures that have 

tailored mechanical properties based on the anatomical region of application 

[14,15,21,22]. In addition to this, since AM structures are dependent on a CAD model, 

patient-specific implants can be engineered using magnetic resonance imaging (MRI) 

and computed tomography (CT) [23–26]. This serves extremely useful in cases with 

dysplasia or cases where implant failure has caused significant bone loss and revision 

surgery is required. In the past, Electron Beam Melting (EBM) [27] and Selective 

Laser Melting (SLM) [28] have been used to fabricate cranio-facial [29], dental, finger 



  33 

[30], hip [13,31], knee [32], and thoracic implants [33] with several devices having 

received United States Food and Drug Administration (FDA) clearance [33]. 

The study presented in this paper aims to provide a logical and methodical approach to 

designing porous structures for biomedical applications using tools such as Topology 

Optimization [34,35], CAD, Finite Element Analysis (FEA) that complement AM 

well. Using topology optimization, unit cells were designed that would be best suited 

for applications where uniaxial loading was predominant followed by conversion to 

lattice structures by repeating these unit cells in a 3-dimensional array [36,37]. FEA 

was then used to computationally calculate the mechanical properties of these 

structures to determine if they lie in the target design space (viz. similarities to 

properties of bone). Properties under static and cyclic loading were calculated. 

Suitable structures were selected for printing and experimental verification of 

computationally calculated mechanical properties. 

2.2. MATERIALS AND METHODS 

2.2.1. Materials 

Titanium alloy, Ti6Al4V (Ti64) was selected as the parent material for the structures 

discussed in this paper. This is because of its high strength, high corrosion resistance 

and great biocompatibility, which makes it the supreme choice for manufacturing 

orthopedic implants [38]. In addition to having a Young’s modulus lower than other 

conventionally used parent materials in orthopedics, AM Ti64 structures have been 

reported to outperform their conventionally manufactured counterparts [39].  

However, mechanical properties of Ti64 scaffolds, as with most scaffolds, are usually 

lower than in theory due to certain manufacturing constraints which cause deviations 
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from ideal structures [40,41]. Thus, it is important to account for this during the design 

phase by considering higher loads and incorporating a factor of safety.  

2.2.2. Post Retrieval Analysis 

To better understand the interactions between the implant and bone, an analysis of a 

failed tibial base plate retrieved from a patient (Fig. 2.1. A). was conducted. It can be 

clearly seen that some areas have bone still stuck to the surface while other regions do 

not. On viewing under a Scanning Electron Microscope (SEM) it can be observed that 

bone in fact has grown into the irregularities in certain regions (Fig. 2.1 B) whereas it 

is absent from other regions (Fig. 2.1 C). This could be because the bone failed to 

grow into the pores in the first place or that the bone resorbed in those regions. 

This further adds to the advantage of having porous structures for fabricating implants 

as bone growing into the pores will not only provide better interlocking but also 

provide structural integrity to the implant structure by acting as a reinforcement [41]. 
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Figure 2.1 (A) Retrieved Tibial Base Plate showing regions with and without bone. (B) Bone ingrowth 

is seen in the irregularities. (C) Bone is absent in irregularities in other regions. 

2.2.3. Design of Topologically Optimized Structures 

The unit cell for the lattice structure was obtained using a topology optimization code 

that is based on the SIMP algorithm [37,42]. A uniaxial loading condition was used, 

and appropriate unit cells were chosen, i.e., ones that were porous and repeatable in a 

three-dimensional array. To save computational cost, semi-unit cells were designed 

and mirrored about the mid-plane to create the entire unit cell and converted to a 

corresponding CAD model using Solidworks (Fig. 2.2). The 2 suitable unit cells were 

designed for 3 levels of porosity – 30%, 50% and 70%. The lattice structure comprised 

of a 10x10x10 array of these unit cells. 
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Figure 2.2 Shows the unit cells designed using topology optimization. (A) The topology optimized 

structure for Design 1 and it's corresponding CAD counterpart. (B) The topology optimized structure 

for Design 2 and it's corresponding CAD counterpart. 

In addition to these topologically optimized structures, we designed a third structure 

by fortifying Design 1 with horizontal struts. This was done due to the suggestion that 

bone inspired lateral members could help improve the strength of such lattice 

structures [43]. Fig. 2.3 shows the unit cell for Design 3 with such horizontal struts.  
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Figure 2.3 CAD model for the unit cell for Design 3 

 

2.2.4. Computational Analysis 

FEA software ANSYS was used to perform simulations on the 2 lattice structures and 

results were compared to standard unit cells – cube (high stiffness) and octahedron 

(relatively low stiffness) [44]. The unit cell geometry used in simulations was a 5x5x5 

array of the unit cells, which is one-eight of the actual structure, with symmetric 

boundary conditions in order to save computational time [45]. Tests were performed 

under both static and cyclic loading with the goal of determining if the newly designed 

lattice structures showed suitable properties. This type of verification saves the cost of 

printing structures that do not show suitable properties in addition to providing an 

avenue to study expected behaviour. The material data used for the simulations was 

equivalent to Ti64 alloy and had the following properties – Young’s modulus (E) = 

114 GPa, Poisson ratio (ν) = 0.3 and density (ρ) = 4500 kg/𝑚3. 
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Static Loading Simulations 

The loading force was determined using Bergmann’s data and was calculated to be a 

maximum of 5kN [46,47]. The goal of these simulations was to calculate the apparent 

Young’s modulus (E∗) of the structures to compare with that of bone and determine if 

they were suitable biomaterials. This modulus can be calculated using Eq. 1. 

                                                𝑬∗ =  
𝑭

𝑨
×

𝒍

∆𝒍
 MPa                                                  

(1) 

Where, F = compressive force (N), A = Area of cross-section including pores (𝑚𝑚2), l 

= length of the structure in the direction of loading (mm) and Δl = change in the length 

of specimen in the direction of loading (mm). 

Cyclic Loading Simulations 

Compression-compression fatigue simulations were carried out on the 4 lattice 

structures considered in this paper. The goal was to determine the fatigue limit of these 

structures and more specifically to determine if the unit cells could last a million 

cycles. This number of cycles is accepted as the benchmark in design of tibial implants 

as it corresponds to the number of steps a patient would take during the healing period 

[48]. Loads of 15 MPa (the operating load) and above were applied for the 

simulations. 

2.2.5. Equipment and Manufacturing 

Lattice structures which showed suitable properties in the computational simulations 

were chosen for printing and experimental verification. Structures were manufactured 

using the Arcam Q10 EBM machine often used for rapid prototyping. The machine 
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has a maximum beam power of 3000 W and a minimum beam diameter of 100 µm. 

The input to the printer is via an STL format of the CAD files. The maximum build 

size is 200x200x180mm and Ti64 powder was used as the material input. The 

structures were printed at a 45⁰ angle to minimize supports. The as-printed structures 

are shown in Fig. 2.4. 

 

Figure 2.4 The as-printed structures. Design 1 is on the left and Octahedron is on the right. 

2.2.6. Structural Characterization 

External characterization of the printed structures was conducted under an SEM to 

study the surface characteristics and pore morphology [49]. Due to the nature of these 

lattices, printed structures often deviate from the ideal structure resulting in lower 

mechanical properties when compared to computational results.  

2.2.7. Mechanical Testing 

The mechanical behaviour of porous titanium is dependent on the porosity of the part. 

The effective stiffness and mechanical strength will reduce as the porosity increases 
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[50,51]. A simple axial compression test was performed on the printed samples to 

evaluate the Young’s modulus. The maximum load of the machine was 100 kN and 

tests were performed at a crosshead speed of 1.8 mm/min [44]. Stress-strain curves 

were generated for each sample set. 

2.3. Results 

2.3.1. Computational Analysis 

A) Static Properties  

The Young’s modulus was calculated for the 4 lattice structures. It is observed that as 

the porosity increases, the stiffness decreases. As the amount of material reduces with 

an increasing porosity, this directly corresponds to a weaker structure because the 

metal material is the only support material. Fig. 2.5. Shows the relation between the 

compressive Young’s modulus and porosity. It can be clearly seen that Design 1 has 

the lowest modulus out of all the structures which is also within the range of that of 

bone. On the other hand, Design 2 showed the highest modulus, even higher than cube 

which is considered the stiffest conventional unit cell. 
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Figure 2.5 Graph depicting the Young's modulus V. Porosity for the 4 structures. 

Fig 2.6 shows how the 4 lattice structures bear stress. Compression was simulated at 

35 MPa which is higher than the application load for the given purpose. As seen, 

Design 1 and Octahedron develop similar maximum stress whereas Design 2 and 

Cube develop similar max stresses. As expected, the stress concentrations are present 

at joints Design 1 and the octahedron due to angular struts. Cube and Design 3 bear 

most of the stresses in the vertical members and hence have a higher stiffness than 

their counterparts. It is important to note that the maximum stress developed in the 

high stiffness structures is significantly higher than the low stiffness structures as seen 

in the figure below. 
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B) Fatigue Properties 

Fig. 2.7. shows the relation between the fatigue strength and porosity. As with the 

static properties, an inverse relation is observed between the fatigue strength and the 

porosity. Here the lattice structures clearly for two groups – the structures with higher 

Figure 2.6. Stress concentrations developed on all 4 lattice structures. A. Design 1. B. Octahedron. C. Design 

2. D. Cube. 
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stiffness (design 2 and cube) show high fatigue strengths whereas the low stiffness 

structures (design 1 and octahedron) have lower fatigue strengths.  

 

Figure 2.7. Graph of the Fatigue Strength corresponding to 10^10 cycles v. Porosity. 

 

As observed from these simulations, one can see that a conventional trade-off exists 

between the elastic modulus and fatigue life. This often poses a problem when 

designing biomaterials because the goal is to get a very low modulus of elasticity and 

a sufficiently high fatigue life (Fig. 2.8.). illustrates this trade-off and highlights the 

region on the graph that is suitable for biomaterials. On plotting the Fatigue life v/s the 

Young’s modulus for the 4 structures in the paper, only Design 1 falls in the suitable 

design space (Fig. 2.9.). The mechanical properties are summarized in Table 2.1. 
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Figure 2.8. Showing the optimal design space for biomaterials used for orthopedic implants. 

 

Figure 2.9. The Fatigue Life v. Young's Modulus for the 4 lattice structures. 
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Table 2.1: Shows the 4 lattice structures and their corresponding computational 

mechanical properties. 

Unit Cell Type Porosity E (GPa) Applied Stress 

(MPa) 

Fatigue Life 

Design 1 0.7 7.5 <15 >106 

0.5 18.7 <25 

0.3 36 <30 

Design 2 0.7 29.1 <65 >106 

0.5 46 <70 

0.3 60 <85 

Cube 0.7 23 <70 >106 

0.5 38.4 <85 

0.3 50 <160 

Octahedron 0.7 18 <20 >106 

0.5 25 <25 

0.3 41 <30 

 

Design 3, as introduced in 2.2.3, was tested computationally to compare its behaviour 

with Design 1, which is the most suitable structure for our application (as seen in 
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Table 2.1 and Fig. 2.9). The mechanical properties of Design 3 in comparison to 

design 1 are highlighted in table 2.2. 

 

Table 2.2: Shows the comparison between Design 1 and Design 3. 

Unit Cell Type Porosity (%) Young’s 

Modulus 

Applied Stress Fatigue Life 

 

Design 1 

70 7.5 <15  

>106 50 18.7 <25 

30 36 <30 

 

Design 3 

70 8.1 <10  

>106 50 19.5 <15 

30 37.5 <20 

 

As seen, the addition of horizontal struts does not improve the behaviour of the lattice 

structure. In fact, in our case, design 1 performed better than design 3 in all aspects by 

showing a lower Young’s modulus at all porosities and having a better fatigue 

strength. 

For sake of comparison - A 30% porous structure of Design 3 showed similar induced 

yield stress to a 50% Design 1 structure (Fig. 2.10). This potentially could be a result 

of the added regions of stress concentrations arising from the joints of the horizontal 

struts and the vertical members as seen in Fig. 2.11. 
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Figure 2.10 Comparison of Stress distribution for 50% porous Design 1 and 30% porous Design 3 

structures 

 

Figure 2.11. Showing Stress concentration regions at intersection of horizontal and vertical members 

 

2.3.2. Structural Characterization 

Based on the computational evaluation Design 1 was selected as a suitable material to 

be printed and tested experimentally (as seen from Table 2.1.). The octahedron 
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structure was also printed as a validation sample set as it showed similar behaviour to 

the design 1 structure.  

The structures as viewed under an SEM can be seen in Fig. 2.12 and Fig. 2.13. 

Although the surface is rough and irregular, the structs are continuous and well-

formed for the most part. However, some defects that are inherent for structures like 

these are observed (Fig. 2.15). Missing struts, over melting and broken struts were 

observed in most structures which contribute to a less than ideal structure. It is crucial 

to note that the values obtained by experimental testing are conservative values 

because they do not account for bone growing into implant structure and further 

reinforcing the structure. 

 

Figure 2.12. Design 1 structure as seen under DIC camera and SEM. 
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Figure 2.13. Octahedron structure as seen under DIC camera and SEM. 

 

Figure 2.14. The two structures seen at a high magnification. Design 1 is shown on the left and 

Octahedron is shown on the right. 
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Figure 2.15. Defects as observed under the SEM. (A) Broken Struts. (B) Missing Struts. (C) Over-

melting. 

2.3.3. Mechanical Behaviour 

Fig. 2.16 shows the stress-strain curves for the printed structures. Clear linear regions 

are observed for both the structures, following which a plastic collapse is observed as 

depicted by the long plateau region. When struts are pressed together, a sharp rise in 

the stress-strain curve is seen again. Fig. 2.17. shows the samples before and after 
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compression. The test was stopped for the octahedron structures when the load limit 

was reached, at which point the sample was completely compacted with the pores 

shut. Design 1 structures one the other hand failed with an approximately 45⁰ inclined 

fracture. Although the Young’s modulus was a lot lower than the computational 

values, they were as close to bone as possible which makes these structures suitable to 

be used as biomaterials. The elastic modulus of the structures is given in Table 2.3. 

 

Figure 2.16. a. Stress-Strain Curve for Design 1 (50% Porosity). 

 

Figure 2.16. b. Stress-Strain Curve for Octahedron (50% Porosity). 
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Figure 2.17. a. Design 1 structure before and after compression. (A) Shows the structure before 

compression. (B) The failed structure after failure. 

 

Figure 2.17. b. Octahedron structure before and after compression. (A) Shows the structure before 

compression. (B) Shows the structure at the end of compression. 
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Table 2.3: Experimental results for Static Testing of the lattice structures. 

Structure Porosity Young’s Modulus Yield Stress 

Design 1 57% 1.7 ± 0.4 GPa 69.13 ± 13.05 GPa 

Octahedron 55% 8.1 ± 0.52 GPa 98.5 ± 4.94 GPa 

 

2.4. Discussion 

We systematically designed and studied Ti64 lattice structures manufactured using 

EBM that showed bone-mimicking properties. Topology optimization was used to 

design novel structures with the goal of having low elastic modulus yet sufficiently 

high fatigue life. With the approach demonstrated in this paper computational tools 

can be used to design and shortlist design structures depending on the field of 

application. Moreover, the versatility of this method allows the designer to 

manufacture structures tailor-made for different applications. As shown in this work, 

we were able to use the same approach to create structures with an elastic modulus as 

low as 7.5 GPa and structures with a modulus as high as 60 GPa (Table 2.1).  

The advantage of this approach to designing materials is that it saves the cost to 

manufacture and test various structures when one could rather just computationally 

test a vast number of structures and use rapid prototyping to validate suitable 

structures. However, it is important to consider that this method incurs a significantly 

higher computational cost. Furthermore, an increase in research on deep learning [52–

54] and neural networks [55,56] promises to improve the efficiency of design tools for 

creating novel structures using tools like topology optimization. 
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Using this method, we were able to design porous structures with mechanical 

properties suitable for fabricating implants. Computationally, we determined which 

structures were suitable for fabrication. Theoretical Young’s modulus as low as 7.5 

GPa was achieved which matches that of bone. At the same time these structures 

showed theoretical fatigue behaviour higher than the benchmark as well. The 

structures that showed properties suitable to be used as biomaterials were printed sing 

EBM to evaluate the mechanical properties of the printed structures as it is known that 

the properties will tend to be lower than the computational counterparts. However, as 

bone grows into the pores, the overall structure of the implant is strengthened and add 

to the mechanical integrity of these structures. The fatigue properties of these 

structures as printed and the change in mechanical behaviour after post processing 

treatments like hot-isostatic pressing will be the focus of the future work of this study.  

CONCLUSION 

Topology Optimization and AM was used to design titanium lattice structures with 

bone-mimicking properties. A systematic approach to this design was shown in this 

paper. The parameters of these structures such as pore size, porosity and surface 

treatment have important effect on the growth of bone. If designed correctly these 

structures can be tuned to behave like superior biomaterials in order to manufacture 

implants with higher longevity. 
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CHAPTER THREE 

CONCLUSIONS AND FUTURE WORK 

 

This thesis aimed at providing a logical and methodical approach to designing porous 

structures for orthopedic applications. The goal in mind was to design a structure with 

a Young’s modulus close to that of bone to avoid stress-shielding. However, it is 

essential to keep in mind the trade-off between elastic modulus and fatigue life. This 

trade-off is one of the biggest barriers when it comes to designing porous structures. 

As implants are constantly placed under cyclic loading one must be careful to design 

for both static and cyclic loading conditions. 

We used topology optimization to design unit cells that were ideal for a uniaxial 

loading condition. Then, the suitable unit cells were converted to CAD models and 

translated into a structure by repeating this unit cell in a 3-dimensional design space. 

The next step was to determine which structure was ideal for our application. To do 

this, we used FEA to predict the mechanical properties of the designed structures 

computationally. As the results in chapter 2 showed, we were able to successfully 

design structures that showed favorable properties after computational simulations. 

We then additively manufactured these structures and experimentally tested the static 

mechanical properties. These results of these tests were in compliant with the 

computational results, and we indeed were able to design structures that were suitable 

biomaterials. 

A systematic approach to this design was shown through this method. The parameters 

of these structures such as pore size, porosity and surface treatment have important 
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effect on the growth of bone. If designed correctly these structures can be tuned to 

behave like superior biomaterials to manufacture implants with higher longevity. 

Using tools like FEA saves us the time of manufacturing every sample and testing 

experimentally. Instead, we computationally predict the values and eliminate those 

samples that do not lie in the sample space. Although this saves time and 

manufacturing cost, there is a small price of computational cost and a good 

understanding of FEM methods that come along with this approach. 

Future goals of this work include performing fatigue experiments to verify the 

computational fatigue life of the printed structures. The loss of a few months early in 

the year of 2020 due to the COVID – 19 pandemic delayed my schedule and hindered 

me from achieving this goal. The next step after this should be to perform post-

processing on the printed structures such as Hot Isostatic Pressing that is a method of 

surface treatment. The goal being to see if such post processing techniques alter the 

performance of these structures and if these alterations are beneficial or not. 

 

 

 


