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Topology-based optimization techniques and lattice structures are powerful ways 

to accomplish lightweight components with enhanced mechanical performance. Recent 

developments in additive manufacturing (AM) have led the way to extraordinary 

opportunities in realizing complex designs that are derived from topology and lattice-

based structural optimization. The main aim of this work is to give a contribution, in the 

integration between structural optimization techniques and AM, by proposing a setup of 

a proper methodology for rapid development of optimized medical implants addressing 

oseeointegration and minimization of stress shielding related problems. The validity of the 

proposed methodology for a proof of concept was demonstrated in two real-world case 

studies: a tibia intramedullary implant and a shoulder hemi prosthetics for two bone 

cancer patients. The optimization was achieved using topology optimization and 

replacement of solid volumes by lattice structures. Samples of three lattice unit cell 

configurations were designed, fabricated, mechanically tested, and compared to select 

the most proper configuration for the shoulder hemi prosthesis. Weight reductions of 30% 

and 15% were achieved from the optimization of the initial design of the tibia 

intramedullary implant and the shoulder hemiprosthesis respectively compared to initial 

designs. Prototypes were fabricated using selective laser melting (SLM) and direct light 

processing (DLP) technologies. Validation analysis was performed  using finite element 

analysis and compressive mechanical testing. Future work recommendations are 

provided for further development and improvement of the work presented in this thesis. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and Motivation 

Due to rapid production growth of consumer goods, companies are investing 

progressively into strategies that reduce the use of limited resources and ensure 

competitiveness and success of their products. Structures that fulfill technical design 

requirements at a lower weight compared to other alternatives are referred as lightweight 

structures [1] and they are in high demand in many sectors of the economy due to the 

numerous advantages that they offer.  

Biomedical field is a sector where weight reduction has compelling benefits. For 

example, weight reduction of orthopedic implants contributes to higher performance, 

osseointegration, and reduction of stress shielding phenomena [2] . In aerospace and 

automotive industries, weight reduction leads to significant energy savings over the 

product life cycle and leading to huge impact on reduction of pollutant emissions. 

Therefore, every weight reduction even when it seems not very significant counts toward 

the company’s profitability. For example, a slim weight reduction of 1 oz per copy of in-

flight magazine for United led to 170,000 gallons of fuel savings per year or $290,000 

annual cost savings [3]. Furthermore, light weighting is proved as an effective way for 

performance enhancement in different aerospace applications [4],  and automotive 

applications especially for high performance vehicles  [5].  

Design of lightweight components requires careful proceedings since the amount 

of material used for a product has significant impact on production parameters, 

component performance and its service life. Minimizing the weight of a component while 
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satisfying requirements such as performance, aesthetics, cost, and manufacturing is a 

challenging process involving careful consideration and integration of numerous factors 

in the product development chain. Figure 1-1 presents the fishbone diagram for weight 

reduction.  

Figure 1-1: The cause and effect diagram for weight reduction. 
 
Structural design and optimization have been broadly used to accomplish 

lightweight structures. Many researchers have developed lightweight design by simply 

incorporating various features such as holes, ribs, grooves, etc. into a certain structure.  

Structural design optimization (SDO) techniques are powerful tools for placement of 

material only in the locations where it is needed based on specific requirements, thus 

reducing the material usage. Topology optimization (TO) is the most known SDO 

technique  due to the fact that is offers a better solution for determined requirements since 

it does not only optimize boundary shapes but also change inner topology [6]. Another 

popular way of achieving lightweight components is designing cellular structured 

materials [7]. Replacing solid volumes with lattice structures offers additional benefits to 
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weight reduction for orthopedic implants such as stress shielding reduction and 

osseointegration.  

The purpose of an optimized design is not accomplished if manufacturability is not 

feasible. In many cases, lightweight structurally optimized designs are very difficult or 

impossible to be fabricated using conventional manufacturing methods.  Additive 

manufacturing (AM) technology [8], which represents a class of manufacturing processes 

for fabricating parts layer-by-layer from digital information, is within the group of 

manufacturing methods that a business can deploy in pursuit of innovation, performance 

and growth [9]. When it comes to innovation, few of the benefits that AM offers compared 

to traditional manufacturing processes are related to the ability to create almost any 

possible shape, faster product development process, less human interaction, cost 

reduction, etc. [10]. Therefore, additive manufacturing has huge potential in successfully 

realizing lightweight structures that are derived using structural design optimization 

techniques or cellular structured materials such as lattice configurations.  

1.2 Problem Statement 

Integration of structural optimization and additive manufacturing is an extremely 

gainful process, establishing a rising relationship, where new innovative concepts can be 

realized with additive manufacturing. Understanding the limitations or constraints of AM 

is as important as understanding its opportunities, and incorporating them carefully 

throughout the design process will lead toward many beneficial results. However, based 

on literature findings [11–15], there are discrepancies between structural design 

optimization techniques and additive manufacturing technologies since AM methods 

constrain applying their own dedicated design rules. Despite the exceptional evolution of 



4 

additive manufacturing over the past three decades, the development of engineering 

designs to take full advantages of the possibilities offered by AM and to manage the 

constraints associated with the technology has lagged behind [16]. Therefore, there is a 

gap in the chain of developing lightweight structures in terms of adapting the design 

optimization techniques with additive manufacturing technologies.  

1.3 Thesis Scope, Goals and Objectives 

The purpose of this thesis is to give a modest contribution in filling the huge gap 

between design optimization and additive manufacturing by setting up a methodology for 

developing lightweight improved products as an important aspect of innovation. The 

proposed methodology is applied in two real-world case studies. The case studies are 

selected from the medical field, in order to successfully demonstrate topology optimization 

and lattice structures, for weight reduction and performance improvement. Specifically, 

this work covers case studies from biomedical field for development of a tibia 

intramedullary implant and a shoulder hemi prosthesis for two patient with bone tumors. 

However, the proposed methodology can be analogically adapted and applied to case 

studies from other industries such as aerospace and automotive. The objectives of this 

thesis are to:  

• Develop a methodology for design, customization, optimization, fabrication, 
and validation of components with reduced weight and enhanced performance.  

• Demonstrate the validity of the proposed methodology by applying it in real-
world applications.  

• Design, validate, and select the proper lattice structure for hemi prosthesis case 
study.  

• Optimally fabricate testing samples and final prototypes using additive 
manufacturing technologies.  
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• Validate the generated results and to propose further improvement ideas. 

 

1.4 Organization of the Thesis 

The organization of this thesis is as follows. Chapter 1 highlights the overall 

presentation of this work by explaining the motivations, problem identification, scope, 

goals, objectives and the structure of the whole document. Chapter 2 provides a 

background and literature review of the main concepts, theories, methods, technologies, 

and processes upon which this thesis work is built. Chapter 3 is focused on the main area 

of this thesis, which are medical implants. In this chapter, a literature review on structural 

design optimization of additively manufactured medical implants is provided.  Third 

chapter also establishes the all steps that constitute the proposed methodology. 

 
Figure 1-2: Overall thesis structure. 
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Chapter 4 and chapter 5 provide the demonstration of the proposed methodology 

on two real-world case studies from medical industry. Chapter 4 exhibits all the detailed 

work for the development of a tibia intramedullary implant for a bone cancer patient. The 

second case study, which involves a shoulder hemi prosthesis for a patient with a bone 

tumor, is presented in Chapter 5. Prototypes using selective laser melting (SLM) and 

direct light printing (DLP) are provided and analyzed.  Finally, chapter 6 consists of 

conclusions of all the work presented and suggestions for further considerations and 

improvements. A schematic of thesis structure is shown in Figure 1-2. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Structural Design Optimization (SDO) Techniques Background 

Structural design optimization (SDO) methods provide the most effective design 

variables that will lead to the highest levels of system’s performance [1] under a set of 

constraints that consist of bounds on design variables or operating conditions. SDO 

techniques achieve this goal by utilizing different fields of analysis such as mechanics, 

calculus of variations, and programming. Topology optimization (TO), shape optimization 

(SHO), and size optimization (SO) are three broad categories of structural optimization 

with concentration on different aspects of the structure [1],[2]. Classification of SDO 

techniques is presented in Figure 2-1, along with an optimization example for each 

technique.  

Figure 2-1: Classification of structural design optimization techniques. 

The selection of an optimization technique or even a combination of them depends 

on the intent of a study and specific conditions that apply on the chosen system. For 

example, a size optimization technique will effectively be employed in a truss optimization 
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problem since it is concerned with parameters such as cross section or thickness of 

members of a structure. In general, TO is a process that takes place preceding to size 

and shape optimization. The reason for that is that topology optimization can attain any 

shape within the defined design space providing the fundamental structure of an object 

as light as possible while meeting all the requirements. Therefore, the model generated 

from topology optimization can be fine-tuned with shape and sizing optimization 

techniques.  

The structural design optimization of an object is achieved using either gradient-

based mathematical techniques or non-gradient-based algorithms [3]. In the cases where 

the gradient information is not accessible, the non-gradient-based algorithms [4] such as 

genetic algorithms, simulated annealing, particle swarm optimization become useful for 

providing a solution of a SDO problem. Few of the most used methods for solving SDO 

problems are evolutionary algorithms (EA), level-set methods (LSMs), solid isotropic 

microstructure with penalization (SIMP), evolutionary structural optimization (ESO) 

methods, soft-kill option (SKO), etc. Typically, it is an iterative process involving a large 

number and a mixture of variables such as discrete Boolean, continuous [2]. Therefore, 

the aid of computational tools become crucial in solving an optimization problem, and 

finite element analysis is usually required to determine the satisfaction of constraints. 

There are commercial software packages available on the market, such as 

Abaqus/Tosca, HyperWorks, etc, that are used to perform structural design optimization.  

2.1.1 Problem Formulation for SDO 

Problems of topology optimization, shape optimization, and size optimization have 

their own characteristics and challenges. Regardless of problem optimization type, a 
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structural optimization problem formulation consists of three elements [5] which are: 

objective function, design variables, and constraints. Design variables x are parameters 

that are chosen to describe the design of a system and can be changed. They can be 

parameters related to the geometry of a structure, its material properties, etc. Objective 

function f(x) represents some merit function 𝑓𝑓(𝑥𝑥) = [𝑓𝑓1(𝑥𝑥),𝑓𝑓2(𝑥𝑥), … 𝑓𝑓𝑛𝑛(𝑥𝑥)], which can be 

minimized or maximized, describing the production of an output target used as a measure 

of effectiveness of the design. Examples of objective functions for structural optimization 

problems are related to stresses, weight, displacements, buckling loads, vibration 

frequencies, cost, etc. Constraints are limits of design variables or operating conditions, 

and they can be inequality g(x) and equality h(x) constraints. Typically, a structural 

optimization problem involves several constraints that limit the objective function. A 

general formulation of a structural optimization problem [6] to find a set of design variables 

(x) that will minimize f(x) can be formulated as:   

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀  𝑓𝑓(𝒙𝒙) 

𝑠𝑠𝑠𝑠𝑠𝑠ℎ 𝑡𝑡ℎ𝑎𝑎𝑡𝑡: 𝑔𝑔(𝒙𝒙) ≥ 0  

ℎ(𝒙𝒙) = 0  

𝒙𝒙𝑙𝑙 ≤ 𝒙𝒙 ≤ 𝒙𝒙𝑢𝑢 (1) 

where, l and u represent the lower and upper limits for design variable x.  

2.1.2 Topology Optimization 

Topology optimization [1] is a mathematical method that specifies the locations 

where the material is needed to be placed in order to achieve the best performance in a 

certain domain for a defined set of loads and constraints [7]. It is related to the internal 

member configuration of a structure [2] determining the location, number, and shape of 
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members required and the way they are connected [1].  The derived designs from TO are 

not very limited by the nature of the starting design [8]. The optimization method has the 

most responsibility for the accomplishment of the final design, which is about 70% [9]. It 

involves repetition of analysis and constant design update [10]. The beginning of TO date 

back in 1988, when Bendsøe and Kikuchi [11] introduced it in a seminal paper, and since 

then it has immensely developed in different directions [12]. Gradient or non-gradient 

algorithms are utilized for optimization problems. According to Van Dijk et al. [13] the most 

common TO approaches are density based and level-set based methods [14]. Figure 2-2 

presents overall flow of computations for a topology optimization problem. 

 
Figure 2-2: Flow of computations for topology optimization. Adapted from [5]. 
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The process starts with initialization of the domain, which is the maximum allowable 

design space. Also, loadings and boundary conditions are defined. Finite element 

analysis (FEA) is performed on the specified domain for the set of loads, boundary 

conditions, and constraints. The main steps are illustrated by a truss structure problem. 

Sensitivity analysis is performed following by a filtering technique. The update of the 

design variables takes place in the optimization step. The convergence is checked after 

the update of the design variables, and the process is repeated until the convergence is 

reached. The process ends when the final topology of the structure is generated after the 

post processing of the model.  

2.1.2.1 TO Using Solid Isotropic Material with Penalization (SIMP) Method 

In methods that are density-based, the geometry of the structure is described by 

material distribution. A widely used density-based TO approach is solid isotropic material 

with penalization (SIMP) [15], [16], [17], in which the element material density is directly 

used as the design variable and is normalized to have a value between zero (void) and 

one (solid). If the problem is convex, SIMP generates a solution that is very close to the 

right global optimum, and it is appropriate for optimization problems with wide range of 

design variables, large (usually 3D) systems, and numerous loading conditions [17]. The 

converged algorithm of SIMP [1] is controlled by a penalization parameter (P), which is 

increased gradually from unity. The relation between the design function ρ(x) and 

properties of an isotropic material Eijkl0 is given by power law [18] as shown in equation 

2. The interpolation of density is ranged between  𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙(𝜌𝜌 = 0) = 0 and 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙(𝜌𝜌 = 1) =

𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙0 .  

𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙(𝑥𝑥) =  𝜌𝜌(𝑥𝑥)𝑃𝑃 × 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙0  ,          𝑃𝑃 > 1  (2) 
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The volume of the structure is estimated by integration of design function 𝜌𝜌(𝑥𝑥) over 

the reference domain (𝜓𝜓) as shown in the following equation.  

∫𝜌𝜌(𝑥𝑥)𝑑𝑑Ψ ≤ 𝑉𝑉  ;     0 ≤  𝜌𝜌(𝑥𝑥) ≤ 1 ,   𝑥𝑥 ∈  𝜓𝜓  (3) 

General form of a TO problem to find the material distribution that minimizes an objective 

function F, subject to a volume constraint 𝑔𝑔0,  and perhaps other constraints  𝑔𝑔𝑖𝑖 , can be 

written as:  

𝑀𝑀𝑀𝑀𝑀𝑀: 𝑭𝑭 = 𝐹𝐹(𝒖𝒖(𝜌𝜌),𝜌𝜌) =  ∫ 𝑓𝑓(𝒖𝒖(𝜌𝜌),𝜌𝜌)𝑑𝑑𝑉𝑉𝜓𝜓
0  (4) 

s.t. : �𝑔𝑔0
(𝜌𝜌) =  ∫ 𝜌𝜌𝜌𝜌𝑉𝑉 − 𝑉𝑉0 ≤ 0𝜓𝜓

0                 
𝑔𝑔𝑖𝑖(𝒖𝒖(𝜌𝜌),𝜌𝜌) ≤ 0     𝑤𝑤𝑀𝑀𝑡𝑡ℎ 𝑗𝑗 = 1, … ,𝑀𝑀

 

where, vector u contains design variables, and Xlower and Xupper are the lower and upper 

limits respectively. 

Sigmund and Maute [12] have prepared a comparative and critical review of 

different TO approaches by discussing their strengths, weaknesses, similarities, and 

dissimilarities. They concluded that despite small differences in various TO approaches, 

TO community seems to develop individual research paths. Therefore, after defining all 

TO challenges, they emphasized the need of collective work in fining the “optimal 

optimization approach” [12].  

2.1.3 Shape Optimization 

Shape optimization applies to the geometric layout [2], based on modification of 

boundaries regarding CAD surfaces and curves [19]. Therefore, in the shape optimization 

problem, the domain itself becomes the design variable, since the aim of the shape 

optimization is to find the optimum shape of that domain [1]. Under certain constraints, 

the shape optimization can accomplish mass minimization of a structure [20].  Many 
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researches [19,21,22] have been focused on developing methodologies by combining 

topology optimization and shape optimization to realize structural modifications that lead 

to reduced local stress concentrations. In general, shape optimization is used after 

topology optimization to refine and further improve the structure of an object. Therefore, 

the adjusted new shape of a component derived from shape optimization, promotes an 

increase in reliability and life of the component [23].  

2.1.4 Size Optimization 

Size optimization is an SDO technique that does not change the overall shape and 

geometry of a certain structure, but instead it is concerned with the size of the components 

within a structure [2]. Therefore, it defines the best component parameters for an optimal 

relationship between specified functionalities. A typical sizing optimization problem has a 

goal of finding the optimal member areas in a structure, or a thickness distribution in the 

case of plate [1], and there is a fixed known domain of design model and state variables 

during the whole optimization process.  In case of optimizing a plate, the design variable 

would be thickness and state variable may be its deflection. Few heuristic algorithms that 

are worth mentioning for size optimization problems [25] are: Genetic Algorithm (GA), 

Simulated Annealing (SA), Big-Bang-Big Crunch Algorithm, Artificial Bee Colony (ABC), 

Particle Swarm Optimization (PWO), Harmony Search Algorithm (HAS) etc. 

Tang et al. [26] proposed a Bi-directional Evolutionary Structural Optimization 

(BESO) based optimization method to optimize the thickness distribution of lattice structs 

for structure performance improvement. The validation of the proposed method was done 

through a case study and nearly 75% weight reduction was achieved with the optimized 

lattice structure compared to the original design made from solid material. Sizing 
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optimization can be very useful for optimization of lattice structures for improving the 

internal structure of implantable medical devices, such as bone replacement implants.  

2.2 Lattice Structures Background  

Cellular materials [27] have found their use in a wide range of applications due to 

their unique combination of properties based on the configuration of the unit cells [28]. 

One of the essential advantages of cellular materials is the high strength to weight ratio. 

Furthermore, they can provide good energy absorption, thermal, acoustic, and insulation 

properties [29]. Low relative density of cellular material configurations allows extensive 

strains to take place before the compression [28]. The geometry of the unit cell is modified 

in order to be tailored to the mechanical properties of a component [30]. Examples of 

cellular materials include foams, sponges, folded materials, honeycomb, and lattice 

structures. The classification of the cellular material can be based on the order of the unit 

cell building (stochastic or non-stochastic arrangement) and their porosity type (open or 

closed) [30].  

Lattice structure is one type of cellular material [30], [31] whose structure geometry 

can be modified to achieve required levels of component performance. Lattice structures 

on meso-level can be divided into three main types based on the degree of order [26]: 

disordered, periodic, and pseudo-periodic lattice structures. The classification is shown 

in Figure 2-3. Disordered cellular structure consists of unit cells with various shapes and 

sizes that are spread randomly throughout the structure. Periodic lattice structure consists 

of same unit cell that is repeated throughout the structure, and it can be further classified 

into homogenous (same strut thickness) or heterogeneous (changing strut thickness). In 

the third type, which is pseudo-periodic lattice structure, the size and shape of each lattice 
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unit cell can be changed due to specific design requirements, while they all share the 

same general topology.  

Optimization methods used for predictable internal topology, such as lattice 

structure, requires more human interference and knowledge in order to interpret the 

objectives [32]. The optimized results depend much on the chosen patterns, and for that 

reason numerous researches are focused on finding better lattice patterns by optimizing 

design variables of lattice structures including strut thickness, cell topology, orientation, 

material, lattice skins, etc. 

 
Figure 2-3: Types of lattice structures on meso-level. Adapted from [26]. 

 

2.2.1 The Design of Lattice Structures 

Based on the unit cell design, the lattice structures are classified into [30], [33], 

[34]: CAD-based design [35], [36], image-based design [37], [38], topology optimized unit 

cells [39], [40], or implicit surface modeling [41]. The CAD-based design group consists 

of [34] library of Platonic and Archimedean polyhedral solid [33], [42], bio-inspired designs 

[36], and other designs generated using CAD software packages [43]. Bucklen et al. [44] 

proposed a library based on the assembly of regularly oriented unit primitives. Image-
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based design is generated by intersection between 3-D binary images and the piling of a 

binary unit cell [33]. Scaffold architectures via implicit surface modeling, are defined 

simply by using a single mathematical equation with freedom to introduce various 

configuration characteristics and pore shapes [33]. Topology optimization have been 

used by many researchers as an effective method in designing optimized unit cells that 

lead to several structural and functional improvements of a component. The classification 

of the lattice structures based on the unit cell design is given in Table 2-1 showing few 

examples of unit cell architecture for each group.  

Table 2-1: Classification of lattice structures based on unit cell design. 

Classification   Examples of Unit Cell Architecture  Ref.  

CAD-based design   

   

[42] 
 
 

[35] 

Image-based design    

   

[44] 

Topology optimized unit cell design  

 

[40] 

Implicit surface modeling  

 

[41] 
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2.3 Additive Manufacturing Background 

Additive manufacturing (AM) is defined as “a process of joining materials to make 

objects from 3D model data, usually layer upon layer, as opposed to subtractive 

manufacturing methodologies” according to ISO 10303 -1 [45]. The foundations of AM 

recover from about 150 years ago with its origin in photo sculpture and topography, while 

modern AM has started to develop only 40 years ago [46]. In 1972, Ciraud presented the 

first successful additive manufacturing process, which consisted of a powder bed-based 

system using an energy beam [46].  The most distinguished period of growth for AM are 

the 1990s and 2000s [7], and since then tremendous evolutions have been reported. Over 

the past three decades, AM experienced double-digit growth and the AM market is 

expected to grow to more than $21 billion by 2020 [47]. By utilizing the possibilities that 

AM offers, in terms of geometric and material freedom, an expansive range of 

opportunities is created [48–50]. The impact of AM has continuously grown in many 

sectors of the economy, and by analyzing the development course it can be stated with 

no doubt that, the product development will enter a new phase of evolution very soon.  

There are seven groups of additive manufacturing process categories [45]: (1) 

powder bed fusion (PBF), (2) material extrusion, (3) material jetting, (4) sheet lamination, 

(5) direct energy deposition, (6) binder jetting, and (7) vat photopolymerization. AM 

techniques can be classified based on the state of raw material used (Figure 2-4) and 

according to Groover [51] they are divided into three categories, which are powder-based 

techniques, liquid-based techniques, and solid-based techniques. Each technique has its 

own advantages and disadvantages. Therefore, a detailed study is needed on selection 

of the proper process for a certain application. In the beginning, the focus of AM was on 
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3D printing of plastic models and prototypes. Nowadays, the interest of AM if expanded 

to production of various end products in different fields such as architecture, 

transportation, military, medical, art, education, etc. The number of material alternatives 

that can be used in AM processes has also increased significantly. From only plastic 

material, during the earliest stage of AM development, to a wide materials list composed 

by polymers, metals, ceramics and composites.   

Figure 2-4: Classification of AM processes based on the state of raw material used. 
Adapted from [51]. 

 

2.3.1 Powder Bed Fusion (PBF) 

Powder bed fusion (PBF) [51,52] are AM techniques employing a high-powered 

laser or electron beam to selectively melt or sinter regions of a powder bed. Fine powder 

of material is evenly spread onto the build plate using rolling or raking mechanics. The 

powder layer is scanned in specific locations determined based on a prepared CAD file 

and fused by partial melting (SLS) or complete melting (SLM) [52]. The powder bed is 

lowered by a set layer thickness and the process is repeated until the part is finalized.  In 

order to avoid oxidation, the building process takes place in vacuum or inert atmosphere.  
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The beginning of powder bed fusion development belongs to the mid-1980s, when 

Deckard and Beaman developed polymer powder fusion, which typically processes 

polyamides and polymer composites [49]. Currently PBF in addition to polymer powders 

is used for metals and ceramics. According to ASTM International [45] powder-bed fusion 

technologies are selective laser melting (SLM), selective laser sintering (SLS), direct 

metal laser sintering (DMLS), and electron beam melting (EBM). SLM, SLS, and DSMLS 

use a focused high-powered laser beam, while EBM uses a scanned electron beam. A 

schematic presentation of SLM is shown in Figure 2-5. DMLS and EBM parts are fully 

dense suitable for applications that required high specific strength and stiffness [50].  

 
Figure 2-5: Powder Bed Fusion process diagram. 

 
The processing parameters according to Sun et al. [52] are classified based on 

powder, laser, scan, and temperature. The processing parameters are very critical for 
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mechanical properties and surface characterization of the final parts fabricated via PBF 

technology.  Many researchers have worked on finding the optimal parameters for 

improving surface roughness and mechanical properties. Ramirez-Cedillo et al. [53] 

presented guidelines for process parameters setup in order to improve the surface quality 

of components and tensile mechanical behavior. 

2.3.2 Material Extrusion 

Material extrusion [45] in an AM process that creates an object by extruding 

material through a nozzle, which moves in a preselected path, guided from a CAD file. 

Layers are placed upon each other in material extrusion based on the required geometry 

of the object, and the fusion is realized upon deposition since the material is in the melted 

state. Fused deposition modeling (FDM) and contour crafting are technologies of material 

extrusion process. The materials used for this AM process are thermoplastics, metal 

pastes, and ceramic slurries. Material extrusion machines are not expensive and can be 

used for multi-material printing, but the part resolution is limited creating products with 

poor surface finish [49].  

Fused deposition modeling (FDM) [51] is a liquid-based additive manufacturing 

technique that uses extrusion technology, established by S.Scott Crump in the late 1980s 

and commercialized in 1990s by Stratasys Inc. A schematic presentation of the process 

is shown in Figure 2-6. The process begins with processing of a Stereolithography (STL) 

file in a software for slicing and determining model orientation for fabrication and support 

structures are generated where needed. The material is supplied to extruder from a coil 

or filament in an accurate and controlled way. Heating elements are incorporated in the 

extruder in order to provide heating and melting of material. The movement of the extruder 
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can be directed and controlled in both horizontal and vertical direction from a computer-

aided manufacturing software package. The platform can be moved only in Z direction. 

The solidification of material is done by exposure to air. The most commonly used 

materials in FDM are thermoplastics such as Acrylonitrile Butadiene Styrene (ABS), 

Polylactic acid (PLA), Polycarbonate (PL) Polystyrene (PS), etc. and each of them offers 

different trade-offs between strength and temperature properties. Recently new blends of 

materials containing wood and stone as well as filaments with rubbery characteristics are 

being developed [49]. The support material is different from the build material, and at the 

end of the process, it is removed from the fabricated part. 

 
Figure 2-6:  Fused Deposition Modeling process diagram. 
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2.3.3 Vat Photopolymerization (VP) 

Vat photopolymerization [45] is defined as an AM process that uses an ultraviolet 

(UV) light to selectively cure or harden a liquid photopolymer in a vat, while the platform 

moves downwards by the layer thickness. Technologies that utilize this phenomenon are 

stereolithography (SLA), direct light processing (DLP), and continuous direct light 

processing (CDLP). Stereolithography (SLA) [50] is a liquid-based additive manufacturing 

technique that works by precisely directing an ultra violet (UV) laser to a container of 

photopolymer resin with the aid of CAM/CAD software. Structural support is needed to be 

added by the user of the software. Photopolymers and ceramics can be employed in vat 

photopolymerization. Advantages of this AM process include good resolution for the 

printed parts and high building speed [49]. Disadvantages of vat photopolymerization are 

related to overcurving and high cost. A schematic presentation of a DLP is shown in 

Figure 2-7.  

 
Figure 2-7: Schematic of direct light processing (DLP). 
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2.3.4 Material Jetting  

Material jetting [45] is an AM process that jets selectively drops of liquid material 

on the build plate layer upon layer. Polyjet/ Inkjet printing belongs to material jetting 

category. After the layer is solidified, next layers are built repetitively in the same manner. 

UV light can be also used for curing of the layers in addition to hardening. Suitable 

materials used for this technology are photopolymers and waxes due to their viscosity 

[49]. Material jetting offers advantages of multi-material printing and high surface finish. 

One disadvantage is that the parts printed by this process have low strength.  

2.3.5 Sheet Lamination 

Sheet lamination [45] is an AM process in which part is built by sheets of material 

bonded together. Ultrasonic additive manufacturing (UAM) and Laminated Object 

Manufacturing (LOM) are related to sheet lamination. The bounding of metal sheets is 

accomplished by ultrasonic welding in UAM, and excessive unbounded material is 

removed using different postprocessing techniques. LOM is like UAM but uses adhesive 

instead of welding. The materials that can be used in sheet lamination are plastic films, 

metallic sheets, and ceramic tapes. Sheet lamination provides high surface finish, low 

cost, and it is associated with de-cubing issues [49].  

2.3.6 Direct Energy Deposition  

Direct energy deposition (DED) [45] is defined as an additive manufacturing 

process that builds parts by melting wire or powder material using an energy source and 

depositing on the desired locations where it solidifies. Technologies that are part of DED 

AM process are laser engineered net shaping (LENS), and electronic beam welding 

(EBW). One of the main advantages of this process is that it can be used to repair 
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damaged parts or add material to worn components. It can be employed for printing of 

functionally graded materials [49]. A disadvantage is that DED require machine for post 

processing [49].  

2.3.7 Binder Jetting  

Binder jetting [45] is an AM process that creates parts by joining powdered 

materials using a binder, which is usually a liquid. The nozzle moves horizontally in 2D 

plane, and the printing platform moves vertically in a lower position after a layer is 

completed. Binder jetting is often mentioned as 3DP due to indirect inkjet printing (Binder 

3DP) technology. The materials that this process uses are powders of polymers, 

ceramics, and metals. Material jetting offers full color printing of parts and it has a broad 

material selection [49]. One of its disadvantages is that finished components have high 

porosities.  
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CHAPTER 3 

METHODOLOGY FOR STRUCTURAL OPTIMIZATION OF ADDITIVELY 

MANUFACTURED MEDICAL IMPLANTS 

3.1 Medical Implants Background 

Medical implants [1] are manmade devices that are either inserted or placed on 

the surface of the body to deliver medications; monitor body functions; replace, support, 

or enhance a biological structure, and they can be used temporary or permanently. 

Prosthetics are medical implants that replace a missing body part. Medical implants are 

categorized from U.S. Food and Drug Administration (FDA) based on the level of risk 

associated with the use of the device. There are three regulatory classes (Class I, Class 

II, and Class III), that are established by the Medical Device Amendments of 1976 to the 

Federal Food, Drug and Cosmetic Act [2]. Class I medical devices are categorized to 

have the lowest risk posed to the user of the device, while Class III have the highest risk 

posed to the user.  

Three main groups of implantable medical devices [3] are: (1) orthopedic implants, 

(2) cardiovascular implants, and (3) other medical implants. A classification of the main 

types of implantable medical devices is presented in Figure 3-1.  Orthopedic implants are 

used for addressing problems that are related to the bones and joints in the human body, 

such as different traumas, osteoarthritis, spinal stenosis, chronical pain, etc. 

Cardiovascular implants are medical devices that are used for disorders related to heart 

and its circulatory system. The third group presented in classification of implantable 

medical devices consists of other implants used for different reasons.  
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Figure 3-1: Classification of implantable medical devices. Adapted from [3]. 

 

3.2 Materials Used for Surgical Implants  

The materials that are used for medical implants must fulfill certain requirements 

for achieving an adequate performance and be safe at the same time when entering a 

human body. An implantable device must [4]:   

• be biocompatible, which means that the implant when introduced into the 
human body environment to be able to be compatible with living tissues without 
being toxic or causing any harmful reaction.  

• have the proper combination of mechanical and physical properties for 
achieving the desired performance. Examples of properties that need to be 
considered based on the specific needs of an implant are: yield stress, ultimate 
strength, fatigue strength, modulus of elasticity, ductility, hardness, and wear 
resistance.  

• be fabricated easily, consistently, accurately according to technical and 
biological requirements.  

Thus, in order to improve the quality and longevity of surgical implants, metallurgists and 

material scientist have continuously developed new biomaterials. Three main categories 

of materials are used for medical implants: metallic, ceramic, and polymeric. The most 

commonly used metallic biomaterials for bone fixation implants are [5,6]: stainless steel 
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(ISO 5832-1), pure titanium (ISO 5832-2) and its alloys, and cobalt-chromium based 

alloys (e.g. CoCrMo). These materials have demonstrated an adequate combination of 

biocompatibility and bio-functionality. Table 3-1 [4] presents a comparison of the 

mechanical properties of metallic materials that are more widely used for fabrication of 

orthopedic implants. 

Table 3-1: Mechanical properties of most commonly used metals for orthopedic implants. 
Extracted from [4]. 

Alloy 
Modulus of 
elasticity 

GPa 
Yield strength 

MPa 
Ultimate tensile strength 

MPa 
Stainless Steel 200 170-750 465-950 

Comercially pure Ti 105 692 785 
Ti-6Al-4V 110 850-900 960-970 
Co-Cr-Mo 200-230 275-1585 600-1795 

 
Polymers are widely used in biomedical applications such as in tissue engineering, 

vascular grafts, dental applications, drug delivery, reconstruction implants, etc. The 

mechanical and thermal properties of polymers depend on several parameters related to 

backbone and side groups composition, chains structures, and molecular weight [7]. 

Polymers can be made of natural materials (e.g. collagen, cellulose, natural rubber, etc) 

or synthetic products (e.g. polyvinyl chloride (PVC), polymethyl methacrylate (PMMA), 

polyethylene (PE), nylon, etc). Biopolymers [8] have huge shown increasing potentials in 

implantable medical devices due to their suitable properties such as biocompatibility, 

biodegradability, mechanical properties, thermal properties, and non-toxity. Biopolymers 

are classified into [8] polysaccharides, proteins, polyesters, and specialty polymers. 

Ceramics that are biocompatible (bioceramics and bioglasses) have found their 

use in various medical applications such as dental, orthopedic implants, etc due to their 

physico-chemical properties. Calcium phosphates is the most used group of bioceramics 

[4]. Aluminium oxide is another ceramic category that is used widely for orthopedic 
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implants. Ceramic materials are brittle, weak to shear and tension, but they exhibit very 

strong resistance to compression. 

3.3 Implementation of Additive Manufacturing in Medical Areas 

Additive manufacturing processes are implemented in various medical 

applications such as scaffoldings and tissue engineering, prosthetics, customized 

medical implants, surgical planning, medical education and training, and design and 

development of medical devices. Based on the application each additive manufacturing 

technique [9] has its own advantages and disadvantages. The most used additive 

manufacturing processes for printing of biomaterials [10] without any live cells are powder 

bed fusion (PBF), direct energy deposition (DED), materials extrusion and jetting, binder 

jetting, and vat polymerization. Table 3-2 provides examples of research papers of 

implementing additive manufacturing in medical areas along with their achievements or 

findings in each area. 

Table 3-2: Examples of additive manufacturing implementation in medical areas. 
Application 

area Achievements/Findings AM 
Process Ref. 

Bone Tissue 
Scaffoldings    

Achievement of anatomic complexity fabrication with 
relative ease 
Demonstrated enhancement of tissue in-growth from 
in vivo tests 
Proper mechanical properties that fall in the range of 
trabecular bone 

 SLS [11] 

Prosthetics Good aesthetics results, faster fabrication, and high 
accuracy in terms of geometry, size, and position 

FDM 
3D 

Printing 

[12] 
[13] 

Customized 
medical 
implants 
design 

High accuracy in achieving anatomical details  
Demonstrated applicability for development and 
fabrication of customized implants 
Successful performance of the implant after the 
operation  

SLA 
FDM 

[14] 
[15] 

Design and 
development 

of medical 
devices  

Ability to achieve complex shapes with reduced waste 
at an easier, cheaper, faster way 

SLA, 
FDM, 
SEBM  

[16] 
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Application 
area Achievements/Findings AM 

Process Ref. 

Surgical 
planning, 
medical 

training and 
education  

Reduced operation time while increasing quality and 
safety of the procedure 
Faster patient recovery 
Efficient complimentary method in diagnosis, 
treatment planning, communication with patient and 
surgeon for different cases 

Material 
Jetting 
SLA 
FDM 

 [17] 
 [18] 
 [19] 
 [20]  
 [21] 

 

3.4 Structural Optimization of Additively Manufactural Implants Background 

3.4.1 Stress Shielding  

Metallic orthopedic implants that are available in the market are 5-6 times stiffer 

than bone [22], and according to Wolff’s law “the bone will adapt correspondingly to 

mechanical stress acting upon it”.  If the loading on the bone increases, the bone will 

restore itself with time increasing its mass to become stronger, and vice versa [23]. 

Therefore, when an implant is placed to the bone, reduced stresses will be present on the 

bone resulting in significant problems associated with stress shielding [24] such as less 

dense and weaker bone. In addition to that, high stiffness of metallic implants may lead 

to cracking issues, loosening or failure of the implant [24], and discomfort on performing 

daily activities associated with implant’s heavy weight. Many researchers [24–26] have 

worked on proposing methodologies based on topology optimization techniques to 

increase implant’s reliability by reducing stress shielding phenomena. 

3.4.2 Osseointegration  

Osseointegration, which is related to structural and functional connection between 

the surface of the implant and the bone, is another very important aspect that is 

considered when optimizing an orthopedic implant. Topology optimization has an effect 

on assisting bone ingrowth due to the increased concavity within the implant. 
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Researchers have worked on proposing topology optimization methodologies to achieve 

scaffold designs that have proper mechanical requirements while accomplishing mass 

transport requirements for diffusion of oxygen, nutrients, and cells [27–29]. Lattice 

structures are also used for design of scaffolds used in tissue engineering for 

substitutional or regeneration reasons [30]. Lattice structures used for orthopedic implants 

[31] stimulate bone ingrowth (osseointegration), and reduce stress-shielding phenomena, 

while functionally graded materials address issues such as stress shielding, aspetic 

loosening and implant stability. 

3.5 Research Trends for Structural Optimization of Additively Manufactured Medical 
Implants 
 
In order to analyze the trend of research for topology-based and lattice-based 

structural design optimization of additively manufactured implants, the data are collected 

from Scopus, analyzed and plotted.  The application of additive manufacturing in medical 

implants have grown significantly (Figure 3-2) from 2 documents in 2003 to 669 

documents in 2018.  

Therefore, the research in TO and lattice structures has grown in order to fully 

exploit the capabilities that AM offers. From 2006 to 2018, 142 papers have been 

published in TO of AM medical implants. In the year of 2006, there was only one article 

published in this area, while in 2018 there are 47 articles published. Researches using 

lattice structures in AM medical implants have gone through significant changes as well, 

from 3 papers in 2010 to 132 papers in 2018. In addition to that, many researches, are 

using a combination of TO and lattice structures for optimization and development of AM 

implants. A total number of 69 papers are published using this combination of 

optimization, starting from one paper in 2011 to 23 papers in 2018. TO and lattice 



36 

structures for AM medical implants, are recent and ongoing research areas, and as it can 

be seen from Figure 3-3 and there is a continuous increasing trend in last 10 years, with 

a significant growth in the last 5 years. Table 3-3 few examples of researches that have 

utilized TO and lattice structures for improvements of medical implants. 

 
Figure 3-2: Wear wise publications based on Scopus database for documents of 

additively manufactured medical implants. 
 

 
Figure 3-3: Wear wise publications based on Scopus database for optimization of AM 
medical implants using (a) topology optimization, and (b) lattice structures. 
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Table 3-3: Research work using topology optimization for improving medical implants. 
Ref. Application Purpose Opt Method AM / Material 
[32] Cranofacial 

Implants 
To provide stable and aesthetic 
craniofacial implants. 

TO using 
SIMP 

FDM / ABSplus 
TM-P430  

[24] Locking plate  To create lightweight metallic 
implants.  

To using 
SIMP 

AM in general / 
Ti-6Al-4V 

[33] Tracheal 
implant 

To create customized implant 
tailored to patient requirements.  

Multi objective 
GA  AM in general /  

[25] Hip 
prosthesis  

To design a hip prosthesis with 
maximized reliability. 

TO using 
SIMP 

Not mentioned / 
Ti alloy, CrCo 

[34] Aneurysm 
Implant 

To create innovative aneurysm 
design. 

TO using 
SIMP FDM / ABS 

[35] Dental 
implants 

To design new implant with 
reduced material. 

TO variable 
density 

AM not 
mentioned/ Ti 

[27] Bone 
Scaffolds 

To design scaffolds that meet 
functional requirements.  

TO using 
SIMP 

SLS / PCL 4% 
HA  

[28] 
Scaffolds for 

tissue 
engineering 

To obtain scaffolds with 
maximized porosity and 
mechanical behavior.  

TO Bisection 
Method 

Biomanufacturin
g / PCL 

[26] Hip 
prosthesis  

To reduces stress shielding and 
meet fatigue requirements. TO and lattice  SLM / Ti-6Al-4V 

[36] Non-uniform 
lattices 

Improved non-uniform lattice 
structure fabricated via SLS. 

TO of lattice 
structures 

SIMP 

SLS / FS3200PA 
nylon 

[37] Orthopedic 
hip implant 

To propose a novel design of an 
implant consisting of lattice 
structures. 

Asymptotic 
homogenizati

on TO 

Material jetting / 
Polypropylene 

prototype 
 

3.6 The IDEF0 Diagram for SDO of Orthopedic Implants  

Prior to setting up the detailed methodology for optimization of AM components, an 

overall IDEF0 diagram is constructed as shown in Figure 3-4.  On the left side are shown 

the inputs, which consist of characteristics of the case study in terms of preliminary design 

and initial specifications. On the top are listed the constraints that should be taken into 

consideration involving the performance parameters, design constraints, and fabrication 

constraint. Each process of AM has its own constraints, in terms of overhang angle, 

support structures, materials used, etc. Important inputs that are utilized for achieving the 

optimization are shown on the bottom consisting of: human resources, literature review, 

hardware and software packages, machines and materials. The outputs that are listed on 
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the left side of the diagram include proposed methodology, topology and lattice-based 

optimized components, further improvement suggestions.   

 
Figure 3-4: IDEF0 diagram for topology and lattice-based SDO of AM components. 

 

3.7 The Proposed Methodology  

The workflow of the proposed methodology for development of improved additively 

manufactured orthopedic implants is presented in Figure 3-5. It consists of 12 main 

modules which are: (1) needs identification; (2) data collection; (3) data conversion; (4) 

3D model design; (5) structural optimization; (6) virtual validation; (7) preprocessing of 

files for AM; (8) fabrication using AM; (9) prototype testing; (10) analysis of results; (11) 

post processing; and (12) use of medical device. The proposed methodology serves as 

an overall general guide that can be tailored and adapted to specific applications. Each 

main module consists of submodules, which depending on the case study can be 

adapted.  

The process is initiated with identified needs based on the patient case. Medical 
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team and engineering team meet and after describing the problem they set goals and 

objectives. All the necessary data are collected from patients’ files, communication with 

medical team, and literature review. The conversion of data is performed with the aid of 

various software packages. In addition to that, customer requirements are translated into 

engineering specifications. The implant is 3D modeled with identified specifications in 

terms of geometry, size, and shape to fit into the patient’s bone or mimic the original part. 

In order to improve the performance of the implant a structural optimization is performed 

using different strategies. Main strategies that are applied in this work are topology 

optimization and lattice structures. The original model and the optimized implant are 

virtually validated using finite element analysis. After the optimization, the files 

preprocessed for additive manufacturing. The samples or prototypes are fabricated using 

AM technology, and various mechanical testing are performed. All the generated results 

are analyzed and discussed with medical team. If the implant is approved for medical use 

post processing will take place to assure proper surface characteristics and cleanness, 

and sterilization. The final step is the use of the medical implant.  

The proposed methodology is applied and described in detail for two case studies 

in chapter 4 and chapter 5.  
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Figure 3-5: The workflow of the proposed methodology for structural optimization of AM 
medical implants. 
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CHAPTER 4 

CASE STUDY 1: DEVELOPMENT OF A TIBIA INTRAMEDULLARY IMPLANT 

4.1 Knee Joint Anatomy  

Knee joint is the largest joint in the human body, the most stressed, and one of the 

most complex joints [1]. The knee joint anatomy [2] consists of bones, muscles, ligaments, 

tendons, knee bursae, joint capsule, meniscus and cartilage. The main bones that 

construct the knee joint are the tibia, femur, patella, and fibula. The femur, which is also 

known as the thighbone, is the longest and strongest bone in the human body. The distal 

part of the femur articulates with tibia in the knee joint, and it consists of two convex 

structures named condyles. The condyles are referred as medial and lateral, for the inner 

and outer side respectively. Tibia is known as the shinbone and it is the second largest 

bone in the human body after the femur. It supports a significant amount of the body 

weight, which is transmitted on its condyles by femur condyles. Fibula is another 

component of the shinbone, which connects the lateral side of the tibia at the upper and 

lower locations. Patella, which is usually referred as the kneecap, is a small bone at the 

front of the knee joint located between the femur and the tibia. Primary, patella provides 

the extension of the knee. Fibrous connective soft tissues named tendons realize the 

connection of the bones to the leg muscles. Ligaments, which like tendons are made of 

collagen, are tough tissues connecting bones and functioning as stabilizing knee 

structures. The main muscles, which control the movement of the knee joint, are the 

quadriceps and the hamstrings. Meniscus and cartilage are important components of 

knee joint that function as shock absorbers. Knee bursae are small pads containing 
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synovial fluid that facilitate movement of knee joint components by reducing friction 

between them. A schematic of the knee anatomy is provided in Figure 4-1. 

 
Figure 4-1: Knee joint anatomy. Image source [3]. 

 

4.2 Knee Joint Arthroplasty  

Knee joint arthroplasty [3] is a surgical procedure that is performed partially or 

completely on patients with certain heath conditions, in order to lessen pain or attain 

structural functions. There are different reasons for conducting a knee arthroplasty related 

to factors such as bone defects, trauma, osteoarthritis, arthritis, tumors, etc. The history 

of knee implants involves a period of about 60 years. McKeever [4] developed the initial 

knee implant, which involved a single component made of metal, in 1960s. Since then, 

the knee arthroplasty was developed in two directions: the constrained prosthesis, and 

the condylar replacement [3]. Important milestones in the history of knee implants 

developments [5] involve the introduction of high-density polyethylene as a bearing in 
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1963, and the approval from FDA of the use of methyl methacrylate as a fixation grout in 

1971. Continuous design evolution has happened since 1960 to satisfy various 

requirements [6] related to anatomical conformity, effective attachment, reduced wear, 

less cost, and improved mechanical performance.  

Today, there are several manufacturers of knee implants in the market, counting 

more than 150 designs [7]. Despite of the design characteristics and materials used, the 

maximum number of bone surfaces that can be replaced is three: surface of distal femur, 

top surface of the tibia, and the back surface of the patella. The categorization of designs 

for the knee replacement implants [7] consists of posterior-stabilized, cruciate-retaining, 

bicruciate-retaining, and unicompartmental type. The tibial component can be fixed-

bearing or mobile bearing. The mobile-bearing tibial component can rotate to certain 

ranges of degrees as opposed to fixed-bearing type, which does not move. Even though 

the discussion of fixed-bearing versus mobile bearing in knee arthroplasty has been 

controversial, usually the fixed-bearing is suggested for less active elder people, while 

mobile bearing younger is suggested for younger patients [8]. Due to recent technological 

developments the challenges of designing and fabricating implants for patients with 

special requirements has decreased significantly. Nowadays, knee implants have many 

attributes [9] such as multiple components, high adaptability, different materials and 

coatings with reduced wear, well matched geometry, etc. 

4.3 Biomechanics of Knee Joint  

The knee biomechanics [9] have a high degree of complexity due to many factors 

that are related to the knee joint structure, material properties, kinematics, various forces 

experienced, three rotations and three translations degrees of freedom. Mathematical 
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modelling such as forward or inverse modelling, and direct measurements using 

instrumented tools incorporated in implants are among the most used modelling 

approaches for calculation of knee forces [10–13].  The knee joint can be modelled as a 

hinge joint with gliding function with six degrees of freedom. The peak forces acting on 

tibial plateau vary significantly due to the physical activity performed. Kutzner et al. [14] 

used in vivo measurements to determine the loading of the knee joint during different daily 

activities. The average peak knee resultant forces were calculated and reported in terms 

of body weight (BW) and the reported values are summarized on Table 4-1. Many studies 

that have used measuring of forces on femur and transforming to the knee joint have 

concluded that the resultant force on tibia plateau is approximately 3 x BW [11,15,16]. 

Table 4-1: The average peak resultant force on tibia plateau for different activities [12]. 

Physical activity Average peak resultant force 
(coefficient x body weight) 

Descending stairs 3.46 x BW 
Ascending stairs 3.16 x BW 

Level walking 2.61 x BW 
One legged stance 2.59 x BW 
Two-legged stance 1.07 x BW 

Sitting down 2.25 x BW 
Knee bending 2.53 x BW 
Standing up 2.46 x BW 

 

4.4 Tibia Intramedullary Case Study Description 

The objective of this case study is to develop a customized and optimized tibia 

intramedullary implant for an 8-year old osteosarcoma (bone cancerous tumor) patient. 

The patient had the tumor removed from the right knee by surgical procedure, and initially 

a plate was used for fixation as shown in Figure 4-2 (c) and (d). The images for the 

diseased right knee and the healthy left knee are shown in Figure 4-2 (a) and (b) 
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respectively. The plate will be removed from the patient and it is required to develop a 

customized implant that will be inserted into bone using press fit method.  

a. b. c. d.  

Figure 4-2: STL images of (a) diseased right knee; (b) healthy left knee; (c) fixation plate; 
(d) original fixation assembly. 

 

4.5 Overall Methodology  

A schematic of the overall process followed for development of the tibia 

intramedullary implant is presented in Figure 4-3. The whole process involves nine main 

steps which are: (1) Clinical evaluation; (2) Data collection; (3) Data transformation; (4) 

Biomodel design and customization; (5) Virtual validation (FEA); (6) Structural design 

optimization; (7) Implant prototyping; (8) Prototype analysis; and (9) Future 

improvements. Each step is explained in detail in the following sections.  
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Figure 4-3: Overall process for development of a tibia intramedullary implant. 

 

4.5.1 Clinical Evaluation 

The initial step consisted of information gathering from meetings with medical team 

regarding description of the case study, identification of the needs, design requirements 

and the objectives. The patient, which is an 8-year old girl, needs a replacement for a 

temporary fixation plate that is nailed on her right tibia bone as it was shown in Figure 

4-2. The design requirements are identified based on implant geometry, fixation mode, 

and mechanical loading. The top of the tibia implant is required to be larger than the 

original, since the patient is a child and she will grow. It is also required that the implant 
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to be intramedullary type as it will be placed into the bone using press fit method. The 

stem of the implant will be inserted into the remaining bone, and cement will be used for 

fixing it on the bottom and upper portions of the implant. The patient weighs 40 kg.  

4.5.2 Data Collection  

The second step of the process consisted on collection of all the files from a CT 

scan that was performed on the patient (Figure 4-4). The files were processes as DICOM 

files (GE LightSpeed VCT 64 Slice CT). The quality of the CT scan is important for 

achieving geometrical specifications as close to original tibia as possible. Therefore, in 

order to achieve high accuracy on the STL files, cuts of 1 mm were performed. 

a. b. c.  

Figure 4-4: CT scan images of patient’s knee joint on (a) axial plane; (b) sagittal plane; and 
(c) coronal plane. 

 

4.5.3 Data Transformation  

After the data collection, the region of interest is identified and selected for further 

analysis. The bones in the region of interest are the tibia and the femur. The DICOM files 

are converted into STL files by the means of a segmentation process (Figure 4-5). The 

software package that is used for this process is 3D Slicer 4.8 (Surgical Planning Lab, 

Harvard Medical School, Harvard University, Boston, USA).   
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Figure 4-5: 3D reconstructed knee joint. 

 

4.5.4 Design and Customization 

The design phase is strongly focused on fulfilling the identified design 

requirements from the medical team on the initial step of the process chain.  Since the 

topography of the tibia implant is required to be as close as possible to the original tibia 

plateau, patient’s healthy left knee files were used to construct the geometry of the implant 

in terms of mimicking the shape. Regarding the dimensions of the implant modifications 

were made accordingly in terms of designing a larger implant as required, and an 

intramedullary stem that would have the capability to fin into the patient’s bone. Geomagic 

Freeform [17] was used for sculpting and generating the initial biomodel design (Figure 

4-6). The dimensions for height, width, and length of the implant are 152 mm, 62 mm and 

43 mm, respectively. 
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a. b.  

Figure 4-6: (a) Isometric view of the customized design for tibia intramedullary implant (152 
mm high, 62 mm wide, and 43 mm long). (b) Assembly of the tibia intramedullary implant 
into the knee joint. 

 

4.5.4.1 Material Selection 

The material that is used for the finite element analysis and the fabrication of the 

prototype is austenitic AISI stainless steel 316 L [18]. The chemical composition of SS 

316L that is used for fabrication of the implant is Fe(balance), Cr(17.5-18%), Ni(12.5-

13%), Mo(2.25-2.5%), Mn(<2%), Si(<0.75%), Cu(<0.5%), N(<0.1%), O(<0.1%), 

P(0.025%), C(0.03%), S(0.01%) with an average particle size of 45 ± 15 µm [18]. Table 

4-2 and Table 4-3 give the generic data for SS316 L and mechanical properties of 

additively manufactured components. 

Table 4-2: Generic data – Stainless steel 316 L powder [18].  
Property SS 316L-0407 

Density [g/cm3] 7.99 
Thermal conductivity [W/mK] 15.6 
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Melting range [oC] 1,371-1,399 
Coefficient of thermal expansion [K-1] 16x10-6 

Poisson’s Ratio 0.265 
 
 

Table 4-3: Mechanical properties of additively manufactured components [18]. 
 As-built direction 
 Horizontal (XY) Vertical (Z) 

Tensile strength 590 - 690 MPa 485 - 595 MPa 
Yield strength 470 - 590 MPa 380 - 560 MPa 

Elongation at break 25 - 55% 30 - 70% 
Modulus of elasticity 197 GPa ± 4 GPa 190 GPa ± 10 GPa 
Hardness (Vickers) 210 - 214 HV0.5 114 - 226 HV0.5 

 

4.5.5 Virtual Validation Using Finite Element Analysis (FEA) 

Normal walking activity consists of two main phases: stance phase and swing 

phase, comprehending 60% and 40% of the time respectively. Morrison [19] has shown 

that the maximum loading on the knee joint happens during the stance phase only, which 

consists of six sub-phases: heel strike, foot flat, mid-stance, heel off, and toe off. The 

loading used in finite element analysis (FEA) is based on the work of Morrison [19] who 

used analytical musculo-skeletal models and gait data for calculation of the maximum 

mean compressive force on the contact surface between distal femoral and tibia. It was 

found that the maximum mean compressive force, which is three times the body weight, 

occurred at the stance phase during level walking. In this FEA, the heel-strike stance 

phase during normal gate is simulated, where no ligament loading is applied to the 

system. A static analysis with a dynamic load magnification factor is adopted from the 

work of Bautista [16]. In addition to that, pressure is applied instead of concentrated loads 

guided by the work of Müller-Karger et al. [20]. 
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4.5.5.1 Meshing, Loading and Boundary Conditions 

The correction of the geometry for the STL files and the conversion from STL files 

into IGES is achieved in SolidWorks 2017 (Dassault Systèmes Simulia Corp, Johnston, 

RI, USA). The IGES files were imported to Abaqus/CAE 2018 (Dassault Systèmes 

Simulia Corp, Johnston, RI, USA) for finite element analysis. A mesh with total 80979 

nodes and 55009 total number of quadratic tetrahedral elements type C3D10 was used. 

The meshed tibia intramedullary implant is shown in shown in Figure 4-7 (a).  

a. b.  

Figure 4-7: (a) Meshed model of the initial customized tibia intramedullary implant using 
C3D10 element type in Abaqus/CAE. (b) Loadings and boundary conditions applies on the 
implant and topology optimization workspace. 

 
A loading with a magnitude of 1,177.2 N (three times the patient’s body weight) is 

distributed between the medial and lateral condyles, as constant distributed force, 

approximately covering contact areas of 178.6 mm2 and 159.5 mm2 as shown in Figure 

4-7 (b). The encastre function is used for the boundary condition in Abaqus/CAE, 

TO applied only in 
this region 
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simulating the situation where an assumed fully fixed condition exists [16]. This boundary 

condition restricts the bottom faces and all the connecting nodes in three directions, 

preventing the displacement and rotation. 

4.5.6 Structural Design Optimization of Tibia Intramedullary Implant 

The structural design optimization technique used, for reducing the weight of the 

SS 316L tibia intramedullary implant, is topology optimization in Abaqus/Tosca Structure 

2018 (Dassault Systèmes Simulia Corp, Johnston, RI, USA). The objective function used 

was to minimize the design response values of strain energy. The density update strategy 

used in Abaqus is normal, and the initial density used the optimization product default. 

The values of minimum density, maximum density, and maximum change per design 

cycle used were 0.001, 1, and 0.25 respectively. The convergence criteria to be fulfilled 

is 0.001 for the objective function delta criterion and 0.005 for element density delta 

criterion. A penalty factor of 3 is used for material interpolation technique. The constraint 

in the TO is related to weight using a fraction of the initial value less or equal to 0.7. This 

value was decided based on the specified design requirements and topology optimization 

attempts performed.  

The stem of the implant is required to be solid and in order to keep the same 

geometry of the biomodel, only the middle portion of the top part of the tibia is optimized 

as shown in Figure 4-7 (b), which is 145 grams comprehending 45% of the entire weight 

of the implant which is 321.6 grams. Several topology optimization attempts were 

performed starting with values of weight constraint for a fraction of the initial value greater 

than 0.56, until it was found that the value of 0.7 was optimal for achieving weight 

reduction and allowing for further improvements such as incorporating lattice structures 
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in the next phase. Load regions and boundary condition regions were kept frozen in the 

topology optimization task. The computational workflow for the topology optimization 

performed in Abaqus/Tosca is presented in Figure 4-8.  

 
Figure 4-8: Computational design optimization workflow using Abaqus/Tosca. 
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4.5.6.1 Results of Topology Optimization  

The results of topology optimization are presented in Figure 4-9. The weight of the 

implant was reduced by almost 30%, measuring a value of 225.38 grams compared to 

initial weight of 321.58 grams. This optimization sets the stage for further refinements and 

improvements of the implant.   

 
Figure 4-9: Topology optimized tibia intramedullary implant. 

 

4.5.7 Implant Prototyping  

The optimized model of the tibia intramedullary implant was exported as an 

stereolithography (STL) file into Netfabb Premium 2019 (Autodesk, California, USA). 

Common layer interface (CLI) files were generated using a layer thickness of 50 µm. The 

laser scanning strategy used was quad islands, also known as chessboard, strategy with 

a quad height and width of 10mm X 10 mm, a hatch distance of 0.12 mm, an initial and 

rotation angle per layer of 00 and 670 respectively, and a translation layer of 0.001 mm.  

The support material was design with solid lines with small unions to the platform for easy 

removal. Each CLI files was compressed as an ILT file and introduced into Aconity Studio 
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(Aconity 3D, Herzogenrath, Germany) for fabrication using selective laser melting (SLM). 

Figure 4-10 shows images of the Aconity Studio machine in the process of fabricating the 

implant. 

a. b.   

 
Figure 4-10: (a) The SLM prototyping process using Aconity Studio machine. (b) The 
chamber during SLM process using stainless steel 316L powder bed. 

 
The laser beam source for this system is a CW fiber laser with λ = 1070 nm with a 

maximum power of 1000 W and a diameter spot ranging from 80 µm to 500 µm. It has a 

working volume of a cylinder of 170 mm and height of 150 mm. Argon is the inert gas 

used as oxidant of the powder with a flow of 7 L/min. The laser process parameters are 

shown in Table 4-4.  

Table 4-4: Selective laser melting process parameters.  
Laser parameter Value 
Laser Power [W] 170 

Laser modulation frequency [MHz] 1 
Laser modulation width [μs] 10,000 

Laser off delay [μs] 5 
Laser on delay [μs] 20 

Beam spot [mm] 0.08 
Scanning laser speed [mm/s] 500 
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The orientation of the model on the plate was decided based on achieving good 

surface topography for the integration with the femur. Therefore, the model was oriented 

lying on the platform as shown in Figure 4-11. To start the process the argon flow was 

adjusted, and the chamber was pressurized with a total time of 45 minutes. The powder 

was distributed over the platform with a platform offset of 0.05 mm and supply factor of 3 

powder (three times the layer thickness) without signs of warping on the edges of the 

implant, or over melted layers. The machine took 6 hours to produce the implant and 1 

hour for the post-processing and cleaning. There is no detected defect on the surface of 

the implant or balling effect, no warping or any deformation between the implant and the 

building platform.   

Figure 4-11: Stainless steel 316 L optimized tibia intramedullary implant fabricated via 
SLM. 

 

4.5.8 Prototype Analysis  

4.5.8.1 Discussion of Finite Element Analysis (FEA) Results  

The results of FEA of the original biomodel and the optimized implant are given 

respectively in Figure 4-12 and Figure 4-13. For each implant, the displacement contour 
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plot and the von Mises contour plot are shown in the following figures. The maximum 

magnitude of displacement and von Mises stress are 1.643𝑥𝑥10−4 mm and 7.32 MPa 

respectively for the original biomodel. The maximum magnitude of displacement is 

1.879𝑥𝑥10−4 mm and von Mises stress is 7.448 MPa for the optimized implant. From the 

comparison of contour plots before and after optimization, can be said that the TO is 

beneficial for improvement of the implant by achieving a weight reduction of 30% while 

the magnitude of displacement and maximum von Mises stress increase only by 14.4% 

and 1.7% respectively.  

a. b. 

Figure 4-12: Finite element analysis (FEA) results for original biomodel. 
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a. b. 

Figure 4-13: Finite element analysis (FEA) of optimized tibia intramedullary implant. 
 

4.5.8.2 Surface Roughness Measurement   

Surface roughness is an important parameter for implant incorporation in bone 

[21]. This parameter changes significantly based on the fabrication method used or 

different post processing techniques.  Therefore, a surface characterization analysis was 

performed in order to measure the surface roughness of the implant fabricated using the 

SLM technology with defined processing parameters. This analysis was achieved with 

the aid of CHR 150, chromatic confocal sensor as shown in Figure 4-14. 

The chromatic confocal sensors [22] provide 2D and 3D profilometry of the distance 

thickness along Z axis without contact with the object. They are used for all types of 

samples and materials measuring a range of 100 microns to 42mm, up to ±42 deg slope, 

10kHz repetition rate, and down to 2nm in distance along Z axis. After turning on the 

device and all the working parameters are set property, the sample is placed on the tray 
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for analysis. The working principle of the chromatic confocal sensor consist imaging of an 

incident white light pinhole into a continuum of monochromatic images through Z axis 

through a chromatic objective [22]. Based on the presence of the object, a unique 

wavelength that is focused at its surface will be reflected into the optical system. The 

position of the sample in the measuring range is determined by the analysis of the 

wavelength.   The schematic of chromatic confocal imaging is shown in Figure 4-15. 

 
Figure 4-14: Surface roughness measurements using CHR 150 chromatic confocal sensor. 

 

 
Figure 4-15: The setup diagram for the principle of chromatic confocal imaging. Adapted 
from [22]. 



63 

From the performed topographical characterization the value of arithmetic mean 

of the departures of the roughness profile from the mean line (Ra), and the maximal peak 

to valley profile height values are 9.63 µm and 131 µm respectively. Table 4-5 

summarizes the generated results from the analysis.  

Table 4-5: Results of topographical characterization using CHR 150 chromatic confocal 
sensor. 

ISO 4287 
Amplitude parameters – Ro 

Rp 25.1 µm 
Rv 74.1 µm 
Rz 99.1 µm 
Rc 39.2 µm 
Rt 131 µm 
Ra 9.63 µm 
Rq 13.7 µm 
Rsk -2.66  
Rku 19.2  

Material Ratio parameters 
Rmr 0.126 % 
Rdc 18.2 µm 

 

4.6 Conclusions and Further Design Improvements 

This study has adapted the proposed methodology in chapter 3 for improvement 

of customized medical implants in general.  A knee prosthesis case study is presented in 

this chapter where the proposed procedure is applied to provide a proof of concept for a 

tibia intramedullary implant for an 8-year old osteosarcoma patient. Customization was 

focused on matching the geometry of the implant as close as possible to the original 

anatomy of the patient’s tibia. In order to further improve the designed implant, structural 

design optimization was considered. Through performing a computational topology 

optimization, it was achieved 30% weight reduction compared to the original design. The 

process chain was validated virtually using Abaqus/Tosca, and a stainless steel 316L 

prototype was via selective laser melting (SLM) process.   
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The results of topology optimization are valuable in identifying regions where the 

material is not critical and can be removed from the model. In terms of future work, it is 

recommended to perform dynamic analysis for various physical activities. Furthermore, it 

is suggested that lattice structures to be considered in the future work for addressing 

stress shielding problems and osseointegration. Shape optimization is recommended for 

smoothing the model and achieving evenly stress distribution. The optimized model will 

be used as a guide in taking the decision of replacing solid volumes with lattice structures 

in order to generate lighter design, while offering bone ingrowth stimulation with suitable 

level of stiffness and energy absorption under static and dynamic loading. In addition, 

since the patient is a child, structural design modification can be considered in future work 

allowing for adjustments of the implant as the patient grows.  
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CHAPTER 5 

CASE STUDY 2: DEVELOPMENT OF A SHOULDER HEMI PROSTHESIS 

5.1 Shoulder Joint Anatomy  

Bones, muscles, ligaments, and tendons compose the shoulder joint complex [1] 

in the human body. The four bones located in the shoulder griddle are the scapula, the 

humerus, the clavicle, and the thorax, which are also known as the shoulder blade, the 

upper arm bone, the collarbone, and the chest respectively. Even though the shoulder is 

commonly thought as a single joint, it is made up of three joints and a scapulothoracic 

articulation. The scapulothoracic articulation sometimes is referred as a joint, but actually, 

it is not a real joint. It is formed in the location where the scapula and thorax articulate, 

without having ligamentous attachments or a capsule. 

Figure 5-1: Anatomy of shoulder joint. Adapted from [2]. 
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The three joints of the shoulder, that are formed from the articulations between the 

bones, are: (1) the glenohumeral joint, (2) the acromioclavicular (AC) joint, and (3) 

sternoclavicular joint. The glenohumeral joint, which is the major join the shoulder griddle, 

is a ball and socket joint that forms where the head of humerus articulates inside the 

glenoid cavity of the scapula. The AC joint refers to the location where portion of the 

scapula (acromion process) and the lateral end of the clavice meet. The sternoclavicular 

joint consists of connection of sternum and clavicle. Muscles, tendons, and cartilage 

achieve the connection between the bones, structural strength, flexibility, and the 

stabilization of the bones during certain physical activities. Rotator cuff muscles is the 

main group for movement of the shoulder.  Figure 5-1 presents the anatomy of the 

shoulder joint. 

5.2 Shoulder Joint Arthroplasty 

Shoulder joint arthroplasty is a surgical procedure performed on patients with 

certain heath conditions or fractures, in order to relieve pain or restore function by 

providing structural bone fixtures. The first pioneer of shoulder arthroplasty was a French 

surgeon named Jules Emile Pèan, who performed the first shoulder replacement in 1893 

[3]. He used a shoulder prosthesis made of platinum and rubber to treat a 37-year-old 

patient with tuberculous arthritis.  Due to few unsuccessful attempts after 1893, the 

procedure was not performed again for many years until the 1950s when Neer [4] 

introduced designs that mimicked the shoulder anatomy. Since then the shoulder 

arthroplasty has undergone significant changes.  

Today, there are three main types of shoulder replacements [3]: (1) total shoulder 

replacement (TSR), hemiarthoplasty (HAS), and reverse shoulder replacement (RSR). 
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Total shoulder replacement (TSR) involves repairing or replacing of the ball (humeral 

head) and the socket (glenoid) in the glenohumeral joint. During a hemiarthroplasty (HAS) 

only the humeral head is replaced, and the articulation is formed with the original (native) 

glenoid. The reverse shoulder replacement was designed in late 1980 [3], and it consists 

of ball and a cup placed in the reverse order in the glenohumeral joint. This design aims 

to improve the biomechanics of the shoulder, with the ball fitted into the glenoid and the 

cup is inserted into the humerus. The selection of the type of the implant depends on 

factors related to the patient and his or her health conditions. 

5.3 Loading of Shoulder Joint  

The shoulder complex is the most flexible joint in the human body [5,6] with all its’ 

joints having 6 degrees of freedom, but it is usually modelled as a ball and socket 

mechanism for practical reasons since most of the overall shoulder complex motion 

happens in the glenohumeral joint. The elevation and axial rotation for the glenohumeral 

joint are up to 1200 and 1350 respectively [5]. The motions of the shoulder joint are 

categorized into [7] extension, flexion, abduction, adduction, internal rotation and external 

rotation.   Therefore, the forces and stresses acting on the shoulder joints will vary based 

on the type of motion performed. The methods that are used for defining the loads acting 

in the glenohumeral joint are based on in vitro measurements and musculoskeletal 

models.  

Westerhoff et al. [8] measured contact forces and moments in four patients in vivo 

for eight daily living activities involving lifting, holding and setting down of objects with 

various weights and different speeds. From the generated reports it was found out that 

the highest joint contact forces were computed in the straight arm position abducted or 
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elevated by 900 or more while holding an object [9,10]. Table 5-1 summarizes few of their 

measurements. The forces acting on the glehohumeral joint at 900 abduction without 

carrying any object are  [130] the external gravitational force (W), deltoid pull (6W), 

supraspinatus pull (2.5W), short rotators total force (5W), and the joint reaction force 

(7W).  

Table 5-1: Contact loads acting in the glenohumeral joint during few daily living activities 
measured in vivo. 

Activity Average contact force (% of Body 
Weight) 

Lifting 1.5 kg weight with straight arm 105.0% BW 
Setting down the 1.5 kg weight 0.5.3 – 153.4% BW 

Lifting 2 kg weight from board up to head height 93 – 103.6% BW 
Setting down a 2 kg weight on the board 118.8 – 144.1% BW 

Passive holding of 10 kg object 9.2 – 17.9% BW 
Lifting up to belt height 10 kg weight 87 – 95% BW 

 

5.4 Overall Methodology 

The overall methodology followed for development of a shoulder hemi prosthesis 

is similar to the methodology of the tibia intramedullary case study presented in chapter 

4. However, different optimization approach is used for this case study. The optimization 

strategy consists of incorporation of lattice structures in the model. Three different lattice 

structures were designed, fabricated, and tested. The selection of the final lattice structure 

configuration that was used in the hemi prosthesis was based on the analysis of the 

mechanical testing results and contributions to weight reduction. All the steps are 

explained in detail in the following sections. 

5.5 Case Study Introduction: Shoulder Hemi Prosthesis 

This case study is regarding designing and optimizing a customized shoulder hemi 

prosthesis for a patient that has a tumor on the upper part of his humerus (upper arm 
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bone). The tumor will be surgically removed, and a hemi prosthesis is required to be 

designed and will be implanted in the humerus. The implant will be designed, customized, 

optimized, and fabricated accordingly to the defined requirements from the medical team. 

5.5.1 Clinical Evaluation  

The process started with a meeting with medical team, in which the case study 

was presented, and the requirements for the hemi prosthesis were identified. The patient 

in this case study is a 46 old male who has a tumor on the upper part of his humerus 

(upper arm bone). The diseased portion of the humerus, which is 10 cm portion of the 

arm upper bone, will be removed through surgical procedure performing a cut 

perpendicular to the bone axis. The surface of the head of humerus that is in contact with 

glenoid cavity is required to be smooth. The implant will be cemented in the remaining 

bone. 

5.5.2 Data Collection  

The second step of the process chain consisted in data collection of the patient 

from CT scan and processed as DICOM files (GE LightSpeed VCT 64 Slice CT).  

5.5.3 Data Transformation  

The DICOM files of humerus, scapula, and clavicle are converted into STL files 

using 3DSlicer 4.8 (Surgical Planning Lab, Harvard Medical School, Harvard University, 

Boston, USA).  Figure 5-2 shows an image of the assembly of the patient’s shoulder joint 

bones.  
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Figure 5-2: Assembly of the STL file bones of the patient. 

 

5.5.4 Design and Customization  

The initial design of the biomodel is based on requirements from the medical team. 

The diseased portion of the humerus shown in Figure 5-3 will be surgically removed. 

Therefore, the design is required to have the specified dimensions and match as close as 

possible the patient’s bone anatomically.  

Figure 5-3: The portion of the humerus that will be surgically removed. 

Portion of the humerus 
that will be surgically 
removed 
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The initial design of the customized hemiprosthesis was achieved using Geomagic 

Freeform [13]. The generated initial biomodel of the hemi prosthesis is shown in Figure 

5-4 which has a total height of 10 cm as required from the medical team.   

 
Figure 5-4: The generated biomodel for the designed hemi prosthesis. 

 

5.5.5 Lattice-Based Structural Optimization  

In order to address issues of osseointegration, stress shielding, and weight 

reduction, lattice structures will replace portions of solid volume of the implant. The STL 

file of the biomodel is converted into IGES format and imported into Abaqus for virtual 

validation. The model is divided into three parts and the region of interest (the middle 

region) of the implant that will be replaced by lattice structures is selected. The upper 

portion is required to be solid, along with the portion of the implant that will be cemented. 

The lattice-based structural optimization process for the shoulder hemi prosthesis 

consists of five main steps: (1) lattice structure unit cell design; (2) file preparation for AM; 

(3) fabrication of samples; (4) selection of best unit cell configuration; and (5) implant 
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optimization. The following diagram shown in Figure 5-5 presents in more detail the 

lattice-based optimization process.   

 
Figure 5-5: Lattice-based structural optimization process. 

 

5.5.5.1 Lattice Unit Cell Design  

The lattice unit cell configurations were generated using nTopology Element 

software [14]. The dimensions for the unit cell used are 2mm x 2mm x 2mm. The selection 

of 2mm unit cell size was based upon the findings of Yan et al. [15] stating that the yield 

strength and the Young’s modulus decrease with the increasing of the size of unit cell 
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configuration used. Cuboid sample of 25 x 25 x 15 mm3  was designed in Netfabb [16] 

and exported in nTopology Element. Three-unit cell configurations were generated using 

nTopology software: Tetrahedral Vertex Centroid (TVC), Hexagonal Prism Vertex 

Centroid (HPVC), and Cubic Diamond (CD). The lattice unit cell configurations are shown 

in Figure 5-6. A uniform thickness of 0.5 mm was used for the model after configuration 

of the lattice unit cell. The meshing was performed using parameters of 0.8, 0.1, and 0 

for mesh resolution, node smoothing and adoptively factor respectively. The final step 

involved the export of mesh into a STL file.  

a. b. c. 

Figure 5-6: Lattice unit cell configurations. (a) Tetrahedral vertex centroid (TVC), (b) 
Hexagonal prism centroid (HPC), and (c) Cubic diamond (CD). 

 

5.5.5.2 File Preparation for Additive Manufacturing  

The file preparation for additive manufacturing was achieved using Perfactory 

(3.2.3508) software. The job is created using E-Silicone material, which has a density of 

1.05-1.15 g/cm3, that is used for the fabrication of the samples. After the STL file is loaded 

on the job page that was created and in order to optimize the space on the build plate, 

three samples are placed using 3mm spacing between them.   

5.5.5.3 Fabrication of Samples 

The fabrication of the samples was achieved by direct light processing (DLP) 
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technology using Vida 3D printer from envisionTEC [1]. The decision of selecting this 

technology was made upon the high accuracy required for lattice structures. This printer 

uses a high-resolution projector performing at 1920 x 1080 pixel resolution using a custom 

UV LED as a light source. It has a build envelope of 140 x 79 x 100 mm. Figure 5-7 shows 

an image of the machine, and the samples fabricated. Samples shown in Figure 5-8 were 

cured two times by three minutes each in the curing oven.  

 
Figure 5-7: The Vida 3D printer from envisionTEC (on the left), and the curing oven (on the 
right). 
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a. b. c. 

 

Figure 5-8: Lattice structures fabrication. (a) Tetrahedral Vertex Centroid (TVC); (b) 
Hexagonal Prism Vertex Centroid (HPVC); (c) Cubic Diamond (CD); (d) Total of 18 
fabricated E-Silicone samples using DLP. 

 

5.5.5.4 Selection of Unit Cell based on Mechanical Testing  

The selection of the most proper lattice structure that will be incorporated in the 

designed hemi prosthesis is based on the weight and mechanical testing results. The 

weight of the samples was measured using an Ohaus Scout Pro SP-401 scale. Table 5-2 

gives the average mass for each configuration, standard deviation and sample deviation. 

The weight of a solid sample is 10.8 grams.   
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Table 5-2: Average mass for each lattice unit cell configuration.  

 
Tetrahedral Vertex 

Centroid 
Hexagonal Prism 
Vertex Centroid 

Cubic 
Diamond 

Average mass (g) 1.322 3.438 3.878 
Standard deviation 0.031145 0.155467 0.104499 
Sample variance 0.00097 0.02417 0.01092 

 
The mechanical behavior of the three different lattice configurations were 

characterized by performing quasi-static compressive mechanical testing. The testing 

machine that was used was Instron (Figure 5-9) with a cell load of 100 kN. The rate of 

compressive extension for all the testings was kept the same: 3 mm/min. Rectangular 

was the closest geometry used for the testing, by defining the thickness and width of 25 

mm for both.  The specimens were all loaded in the same direction.  

 
Figure 5-9: Mechanical testing set up using an Instron test system. 

 
The stress vs. strain curves for each lattice configuration are shown in the following 

graphs, and it is obvious that the lattice structure configuration has a significant impact 

on the mechanical behavior exhibited.   
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Figure 5-10: Stress vs. Strain curve for 3 tetrahedral vertex centroid (TVC) samples. 

Figure 5-11: Stress vs. strain for 3 hexagonal prism vertex centroid (HPVC) samples. 

Figure 5-12: Stress vs. strain for 3 cubic diamond samples. 
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The comparison between the three lattice configurations is based on load vs. 

displacement graph (Figure 5-13) and mechanical testing results summarized on Table 

5-3. Based on the work of Syam et. al [17], the lattice structures undergo three processes 

when  loaded under compression. The first process is the elastic deformation, and as it 

can be seen from the Figure 5-13, in the beginning there is a linear relationship between 

load and displacement for all lattice configurations, showing that the cells are compressed 

elastically.  In this region, the struts of the lattice structures start to bend. The second 

process is the energy absorption, which starts after the curve reaches a peak and start 

decreasing. In this region after reaching a critical load, the plateau of the plastic behavior 

takes place and the lattice structure starts to collapse. During this phase in the performend 

compressive testing, the cracking sounds could be heard. The third process is the 

densification, where any further load will further cause the compression of the cells within 

each other until the structure is totally collapsed. From observation of Figure 5-13, it can 

be seen that the hexagonal prism vertex centroid (HPVC) provides the highest load at 

yield compared to tetrahedral vertex centroid (TVC) and cubic diamond (CD) 

configurations. In addition to graphical presentation, the summarized mechanical testing 

results shown in Table 5-3 are analyzed, and it can be concluded that the HPVC 

configuration has the best mechanical behavior compared to TVC and CD. Therefore, the 

hexagonal prism vertex centroid (HPVC) unit cell lattice configuration is selected to be 

incorporated in the hemi prosthesis. The weight is reduced from 9.07 grams to 3.9 grams 

(57% decrease), from a solid sample to HPVC sample with dimensions of 25mm x 25mm 

x 15mm.  
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Figure 5-13: Load vs. displacement for tetrahedral vertex centroid (TVC), hexagonal prism 
vertex centroid (HPVC), and cubic diamond (CD) configurations. 

 
 

Table 5-3 Average testing results for each configuration (3 trials each).   

Sample 
Modulus 

[Mpa] 

Copmpressive 
stress at Yield 
(Zero Slope) 

[MPa] 

Compressive 
extension at 
Yield (Zero 
slope) [mm] 

Compressive 
strain 

(Extension) at 
Yield (Zero 
slope) [mm] 

Load at 
Yield (Zero 
slope) [N] 

TVC 2.2117 0.1466 3.0838 0.1186 91.6253 
HPVC 369.8833 26.0771 8.5808 0.3300 16298.2070 

CD 13.7685 3.7023 2.8033 0.1078 2313.9153 
 

5.5.5.5 Implant Structural Design Optimization  

Based on the requirements from medical team, it was decided that the model to 

be divided into three sections named top, middle, and bottom, and the optimization will 

be applied only on the middle portion of the implant. The division of the model was 

perfomed using Solidworks and the file of the middle  portion is exported as STL. The 

next step involved the import of the STL file into nTopology Element software where the 
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replacement of its solid volume with HPVC lattice structures was achieved. The STL file 

of the optimized portion is imported Solidworks, where it is converted into a part file, and 

assembled with the top and bottom portions of the implant. Figure 5-14 shows the 3D 

model of the optimized shoulder hemi prosthesis. Vida 3D printer from envisionTEC using 

direct light processing (DLP) technology was used for fabricating both implants (Figure 

5-15), as a proof of concept.  The final implant prototype will be fabricated using stainless 

steel 316L material and selective laser melting process. 

 
Figure 5-14: Shoulder hemi prosthesis model with HPVC lattice structures. 
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a. b. 
  

Figure 5-15: Proof of concept using Vida 3D printer from envisionTEC (DLP). (a) Initial 
designed hemi prosthesis. (b) Optimized hemi prosthesis. 

 

5.5.6 Conclusions and Further Design Improvements  

This proposed methodology was adapted to develop a shoulder hemi prosthesis 

for a 46 old male patient who has a tumor on the upper part of his humerus. The diseased 

portion of the humerus will be removed through surgical procedure and the designed hemi 

prosthesis will be inserted and cemented in the remaining bone. An original biomodel was 

designed based on the requirements defined from the medical team. In order to further 

improve the implant in terms of weight reduction, osseointegration and minimizing stress 

shieling related problems, the optimization is performed based on lattice structures. Three 

different lattice unit cell configurations were designed, fabricated and tested. Based on 

compression mechanical testing results the unit cell configuration with the best 
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mechanical behavior was identified, and selected to replace the solid middle portion of 

the implant. Hexagonal prism vertex centroid (HPVC) configuration was incorporated in 

the middle portion of the designed implant. The weight is reduced from 9.07 grams to 3.9 

grams from a solid sample to HPVC sample with dimensions of 25mm x 25mm x 15mm. 

The weight of the entire implant was reduced by 15%. It was shown that lattice structures 

are fabricated easily using additive manufacturing.  

In order to further improve the optimization results it is suggested that a topology 

optimization to be performed on the selected unit cell lattice configuration. Furthermore, 

in order to refine the results and smooth stress distribution, a shape optimization is 

suggested to be performed after the topology optimization. Another suggestion is to study 

the effects of surface roughness and to design different surface roughness for different 

portions of the implant, exempting the portion of the humeral head surface that is in 

contact with glenoid surface.  

5.6 References 

[1] K. Tecante, F. Seehaus, B. Welke, G. Olender, M. Schwarze, S. Lynch, C. 
Hurschler, Clinical gait analysis and musculoskeletal modeling, 2014. 

[2] T. Taylor, Shoulder Joint, (1999). www.innerbody. com (accessed January 12, 
2019). 

[3] R.J. Wand, K.E. Dear, E. Bigsby, J.S. Wand, A review of shoulder replacement 
surgery., J. Perioper. Pract. 22 (2012) 354–359. 

[4] C.S. Neer, Articular Replacement for the Humeral Head, J. Bone Jt. Surg. 37 
(1955) 215–228. 

[5] K. Tecante, F. Seehaus, B. Welke, G. Olender, M. Schwarze, S. Lynch, C. 
Hurschler, Clinical gait analysis and musculoskeletal modeling, in: 3D Multiscale 
Physiol. Hum., 2014. 

[6] T. Taylor, Shoulder Joint, (1999). 



85 

[7] O. Jones, The Shoulder Joint, (2018). https://teachmeanatomy.info (accessed 
January 10, 2019). 

[8] P. Westerhoff, F. Graichen, A. Bender, A. Halder, A. Beier, A. Rohlmann, G. 
Bergmann, In vivo measurement of shoulder joint loads during activities of daily 
living, J. Biomech. 42 (2009) 1840–1849. 

[9] F.F. Buechel, M.J. Pappas, Principals of Human Joint Replacement, Springer, 
Berlin, Germany, 2015. 

[10] P. Westerhoff, F. Graichen, A. Bender, A. Halder, A. Beier, A. Rohlmann, G. 
Bergmann, In vivo measurement of shoulder joint loads during activities of daily 
living, J. Biomech. 42 (2009) 1840–1849. 

[11] M. Zheng, Z. Zou, P. jorge D. silva Bartolo, C. Peach, L. Ren, Finite element 
models of the human shoulder complex: a review of their clinical implications and 
modelling techniques, Int. j. Numer. Method. Biomed. Eng. 33 (2017). 

[12] 3D SYSTEMS, Geomagic Freeform. 
https://www.3dsystems.com/software/geomagic-freeform (accessed September 
21, 2018). 

[13] NTopology, nTop Element. https://www.ntopology.com/ (accessed November 16, 
2018). 

[14] C. Yan, L. Hao, A. Hussein, D. Raymont, Evaluations of cellular lattice structures 
manufactured using selective laser melting, Int. J. Mach. Tools Manuf. 62 (2012) 
32–38. 

[15] Autodesk, Netfabb. https://www.autodesk.com/products/netfabb/overview 
(accessed November 16, 2018). 

[16] EnvisionTEC, Vida. https://envisiontec.com/3d-printers/desktop-3d-printers/vida/ 
(accessed January 14, 2019). 

[17]     W.P. Syam, W. Jianwei, B. Zhao, I. Maskery, W. Elmadih, R. Leach, Design and 
analysis of strut-based lattice structures for vibration isolation, Precis. Eng. 52 
(2018) 494–506. 

 

  



86 

CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Concluding Remarks 

The work presented in this thesis demonstrated successfully the potential of 

integration between structural optimization techniques and additive manufacturing to 

accomplish novel lightweight designs with improved performance. Even though the main 

scope of this thesis was focused on structural optimization of medical implants, the 

proposed methodology can be adapted in other industries such as automotive and 

aerospace where the weight reduction is extremely beneficial and have huge impact in 

different directions such as cost, performance, fuel emissions, competitiveness, etc.  The 

major highlights from this work are:  

i. Contribution on the gap between design optimization techniques and additive
manufacturing in developing improved robust designs that contribute to better
life quality for patients that seek medical implants.

ii. Setting up and proposing a methodology that can be adapted for development
of improved medical implants using topology optimization and lattice structures
as optimization strategies.

iii. Demonstration of validity for the proposed methodology into two real-world
medical case studies.

iv. Study of lattice structures as a powerful strategy in reducing stress shielding,
promoting osseointegration and weight reduction of medical implants.

v. Design, customization, optimization, fabrication, and validation of two medical
implants: a tibia intramedullary implant and a shoulder hemi prosthesis.

vi. Achievement of weight reduction from 10.8 grams to 3.9 grams replacing a
solid cuboid volume of 25mm x 25mm x 15mm by hexagonal prism vertex
centroid (HPVC) lattice structures.

vii. Weight reduction by 30% and 15% for the tibia intramedullary implant and the
shoulder hemiprosthesis respectively, following topology and lattice-based
optimization.
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6.2 Recommendations of Future Work  

The following recommendations when implemented will further improve the work 

presented in this thesis: 

(i) Design for AM by considering the rules and constraints of AM throughout 
the design process.  

(ii) Performance of dynamic finite element analysis for various physical 
activities.  

(iii) Consider the application of topology optimization on the selected lattice 
structures for further mechanical behavior improvements.  

(iv) Perform shape optimization and size optimization techniques on the 
optimized model for further refinements.  

(v) Study the effect of topography characterization and surface roughness on 
osseointegration and optimization of additive manufacturing parameters in 
achieving appropriate results.  

(vi) Conduct of fatigue and impact analysis.  
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