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Annotation 
 

Additive manufacturing can produce a regular three-dimensional mesh of tiny interconnected 

wires that form a porous structure. It is reasonable to assume that the properties of single 

wires/struts, geometry of the mesh and the post-treatment method affect the performance 

of each unit-cell and the whole porous structure. Within this study, we have evaluated the 

effect of these variables on mechanical behavior of a regular porous structure in a series of 

experiments and numerical models. We have shown that the build orientation of individual 

elements of porous structure is significant for small diameters. Static and dynamic tests of 

rhombic dodecahedron structure showed excellent repeatability and they corresponds well 

to the results of analytical and FEA models. Original post-treatment methods of porous 

structure were developed and it was shown that these methods can predictively modify 

mechanical response of the whole structure. In addition to the knowledge of mechanical 

behavior, the presented research also verifies a set of methods for testing of metal porous 

structure used in orthopedic applications. 

Keywords: Additive Manufacturing (AM); Selective Laser Melting (SLM); Titanium Alloy; 

Surface treatment; Hot Isostatic Press. 
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Anotace 

Pomocí metod aditivní výroby je možné vytvořit jemnou porézní strukturu podobnou kosti, 

která se skládá ze vzájemně propojených trámců. Můžeme předpokládat, že vlastnosti 

jednotlivých trámců, geometrie sítě nebo jejich technologická úprava ovlivní mechanické 

vlastnosti celé porézní struktury. Cílem předložené studie je systematicky studovat tyto 

jednotlivé vlivy v sérii experimentálních testů a s nimi propojených matematických modelů. V 

rámci naší studie jsmě dokázali, že směr stavby malých trámců v komoře výrazně ovlivňuje 

jejich mechanické vlastnosti. Pro celou rhombickou dodekahedronovou síť jsme ukázali 

výbornou opakovatelnosti výsledků a dobrou shodu s analytickými a MKP modely. V rámci 

práce byly studovány původní metody následného zpracování porézní struktury and bylo 

ověřeno, že pomocí těchto metod je možné dosáhnout predikovatelnou změnu mechanických 

vlastností.  Kromě získání původních znalostií o mechanickém chování porézní struktury, 

poskytuje předložená práce také soubor metod k testování porézních kovových struktur 

využívaných k ortopedickým aplikacím. 

Klíčové slovo: Aditivní technologie; Selektivní tavení laserem; Slitinami titanu; Povrchové 

úpravy kovů; Izostatické lisování za tepla (HIP) 
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 Introduction 
 

Additive manufacturing (AM) of titanium alloys is rapidly becoming a global trend for 

biomedical industry. Biocompatible titanium and its alloys are mostly used as an AM material 

for joint and bone replacement. AM from biocompatible metal alloys has the potential to 

revolutionize the design and production of joint replacements [1]. The AM process could 

create custom shapes of implants adjusted for individual patient, and/or optimize implant’ 

surface [2]. The remarkable possibility of AM is in manufacturing porous structures resembling 

the geometry of a trabecular bone. It was proposed that bone-like structure could increase 

the longevity of joint replacement by reducing the stress-shield effect and by enhancing 

osteointegration [3][4][5].  

The porous structure could be considered as the three-dimensional mesh of interconnecting 

struts [6]. The mechanical properties of the porous structure are given by the geometry of the 

mesh and by the properties of individual struts [7][8]. It can further be adjusted by tuning 

open-cell architecture, strut thickness (relative density) and choice of materials [9][10][8][11]. 

The variation in the properties of single struts is usually neglected. The unit cell intrinsically 

consists of struts built at various angles and possibility of different thickness [12][13].  It was 

shown that building orientation affects the mechanical properties of AM components. In 

addition, the small elements produced by AM might exhibit a large variation in mechanical 

properties [14]. 

 Selective laser melting (SLM) is a widely used AM method for creating arbitrarily complex and 

predictable porous 3D structures [15][16]. SLM forms an implant from titanium powder by 

melting the powder layer by layer and forming the solid structure in the melted region. The 

bulk titanium could contain internal pores as a result of SLM process. These internal defects 

influence strength considerably. It was shown that hot isostatic pressing (HIP) can be used 

effectively to reduce internal defects of AM metals. The effect of HIP is well documented for 

solid structure, its potential advantage for porous structures has not been described in the 

previous literature. 

The SLM methods produce not only internal defects but gives also a very rough surface. 

During the AM process, some powder particles are partly melted and remain loosely 

connected at the surface. It was suggested that the released particles can have adverse long-
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term metabolic, oncogenic and immunologic effects [17][18][19]. Loosely attached powder 

could be removed from the surface of solid implant by polishing or machining. Cleaning of un-

melted titanium particles from porous implant surface is not straightforward but could be 

considered as a crucial for further in-vivo application. In this study, dynamic compression and 

quasi-static mechanical tests were carried out in order to (a) identify the effect of HIP 

treatments and (b) determine the effect of chemical etching on mechanical properties in 

porous samples. 

Analytic and numerical approach help to improve understanding of the mathematical 

background of cellular structure. The previous works mainly focused on tetrakaidecahedral 

cellular structures since it is widely used in the automotive industry. In this study, rhombic 

dodecahedron structure was investigated since the same structure was used for mechanical 

tests.  2D and 3D analytic models were used to compare with numerical approach in order to 

develop a representative model for complex porous components. The present study is 

concerned with modelling and simulation of the mechanical behavior of regular open cell 

porous structures by the finite element method. Mathematical model of this study also 

illustrates that material data can play a vital role in calculating mechanical response cellular 

architecture. 
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 Review of literature 
 

 What is cellular structure? 

The word ‘cell’ is known as the Latin cella which means a small compartment, an enclosed 

space. A cellular solid is one made up of an interconnected network of solid struts or plates 

which from the edges and faces of cells [20].  The Mentioned struts can be grouped in 3; line 

connector, faces connectors or plate connectors, Figure 2.1. Foam structure is also known as 

a cellular solid and provide a wide range of benefits.  

 

a) Balsa wood b) Trabecular bone c) Polyethylene foam 

Figure 2.1 Foam and connector types[21] 

 Cellular structure in nature 

In nature, cellular structure materials can be seen everywhere. Foam like materials consists 

of pores and connector. In the application environment, the shape of the unit cell can be 

adapted according to needs in time. For example; honeycombs, cork, coral, and wood have 

natural evolution to provide certain mechanical benefit. And also it is known that bones 

have different cellular structure with variety of density range according to function area  

Figure 2.2. For instance, porous structure in skull has different shape than femoral bone cells 

because different cell structure can bear with different types of loading. Understanding the 

mechanical properties of cellular solids can lead to improved materials design and 

performance. 
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a) Bread 
 
 
 
 
 
 
b) Chocolate 

bar 
 
 
 
 
 
 
c) Malteser 

 

d) Meringue 
 
 
 
 
 
 
e) Potato  

Chip 
 
 
 
 
 
 

f) Cake 

 

Figure 2.2 Foam types in nature [22] 

 Benefit of porous structure in nature 

The porous structure is able to deliver elastic mechanical properties and surprisingly suitable 

flexible range of application area. The trees contain wood cells and pores which help to 

distribute substance for the others cells. On the other hand, they can provide strength to 

stand against strong winds and wild environmental conditions. Moreover, cellular 

architecture also provides thermal benefit for live tissues in nature. 

 Parameters affect properties of cellular structure  

The porous structure is able to provide special feature than solid materials. It is well-known 

that any material can be foamed by thermal application for instance; ceramics, glasses, metals 

composites. There are several description to understand the cellular structure, the 

honeycomb is the foundation and simplified description of porous architecture and it is widely 

used term for open and closed cells. The foams can be shaped by applying heat sintering 

technique. This technique is commonly used for the materials such as polymers and 

aluminium.  Several different methods exist for metallic foam fabrication such as, metallic 

foam can be formed in the by melting process  by adding foaming agents (gas or gas-producing 

solids) during solidification [23].  
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a) Foam shape b) Honeycombs shape 

Figure 2.3 Comparison between a cellular solid and a solid with isolated foam [24] 

Understanding the properties of honeycombs allows us to define new applications and 

improve design parameters for existing ones. Relative density is the parameters affects 

directly the mechanical performance (𝜌∗ 𝜌𝑠⁄  ), and it can be adjusted by the cell shape such 

as closed or open cell. Material type is also parameter to be considered for affecting 

mechanical response of the design. For instance, the stiffness of the metal structure can be 

adjusted by making lighter for biomedical application. On the other hand, cell geometry such 

as convex hull or rhombic dodecahedron are also vital for integration with other material such 

as epoxy or bone cells for interpenetrating phase composites behaviour. Despite the 

mechanical performance is depending on several parameters, thermal performance is 

dedicated by material types and cell geometry. 

 Cellular structure of metal material  

Any material can be foamed by heat sintering. However not all material can be additively 

manufactured.  Materials selection charts are used to aid engineers in choosing the optimal 

material for a specific task Figure 2.4. Based on a certain set of design criteria, these charts 

help to narrow down the choices of available materials for a given application. Elastic 

modulus, strength, density and cost are some of the primary properties that materials 

selection charts map out, however, many other properties are charted where a given 

application requires them, such as impact resistance  [25]. Titanium, aluminium and stainless 

steel are widely used for additive manufacturing application. 
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Figure 2.4 Typical material selection chart [26] 

 Additive manufacturing state of the art 

Additive manufacturing is the formalized term for what used to be called rapid prototyping 

and nowadays it is known as 3D Printing. The term rapid prototyping (RP) is used in a variety 

of industries to describe a process for rapidly creating a system or part representation before 

final release or commercialization [27]. Unlike conventional manufacturing subtractive 

processes, in which a tool is used to remove unwanted material from a work piece to fabricate 

a part. Additive manufacturing (AM) is ‘‘a process of joining materials to make objects from 

3D model data, usually layer upon layer [28] . In recent years, AM has received significant 

attention in both the popular press and in scientific journals; in fact, from 2011 to 2012 the 

number of publications on AM jumped by an order of magnitude, from 1600 to 16,000 [29].  

The first method to create a three-dimensional object layer by layer using computer-aided 

design (CAD) was rapid prototyping, developed in the 1980s to produce models and prototype 

parts. The main advantage of the Additive Manufacturing (AM) is its ability to create almost 

any possible shape and this capacity is run by the layer-by-layer manufacturing. AM 

technology is most commonly used for modelling, prototyping, tooling through an exclusive 

machine or 3D printer. AM is largely used for manufacturing short-term prototypes but it is 

also used for small-scale series production and tooling applications[30]. The demand of AM 
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machines is increasingly growing since the 1990s. Due to the evolution of rapid prototyping 

technologies, it has become possible to obtain parts representative of a mass production 

within a very short time. AM perfectly fits into the numerical design and manufacturing chain. 

AM is very complementary with the reverse engineering to reproduce or repair a model [31]. 

It also helps to create light weight structure with adjustable stiffness according to the 

application area. 

 Metal printers SLM and EBM 

AM is a layer manufacturing process that allows generating complex 3D parts by consolidating 

successive layers of powder material on top of each other. Selective laser melting (SLM) and 

electron beam melting (EBM) are relatively new technique. AM technologies can allow 

fabrication of complex, multi-functional metal component with powder bed melting [32].  

Electron beam melting (EBM) has become a successful approach to powder bed fusion. In 

contrast to laser-based systems, EBM uses a high-energy electron beam to induce fusion 

between metal powder particles. In the EBM process, a focused electron beam scans across 

a thin layer of pre-laid powder, causing localized melting and re-solidification per the slice 

cross section, Figure 2.5.  

 

Figure 2.5 Schematic of an EBM apparatus. [33] 
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The working atmosphere environment is a vacuum for EBM and preheating is one of the key 

feature. The scan speed is very fast and magnetically driven. It has moderate energy 

consuming despite almost poor surface finishing. Post surface finishing commonly needs to 

be done. Resolution of the features medium if we compare to other application such as 

selective laser melting. Medium powered size commonly is used and it is an advantage or a 

disadvantage regarding the industry. One of the important consideration is, it can be used 

only for the metal (conductors) materials. SLM can be defined as powder bed fusion process 

used to produce objects from powdered materials using one or more lasers to selectively fuse 

or melt the particles at the surface, layer by layer, in an enclosed chamber [34]. The powder 

bed is in inert atmosphere or partial vacuum to provide shielding of the molten metal. An 

energy source (Laser or electron beam) is used to scan each layer of the already spread 

powder to selectively melt the material according to the part cross section obtained from the 

digital part model. When one layer has been scanned, the piston of building chamber goes 

downward and the piston of the powder chamber goes upward by defined layer thickness.  

 

Figure 2.6 Schematic of SLM apparatus[35] 

This cycle is repeated layer by layer, until the complete part is formed [36]. The special feature 

of laser cusing machine is the stochastic exposure strategy based on the island principle. Each 

layer of the required cross section is divided into number of segments called “islands”, which 

are selected stochastically during scanning, Figure 2.7. This strategy ensures thermal 

equilibrium on the surface and reduces the component stresses [37].   
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Figure 2.7 Island hatching principle of printing[38] 

Most of these systems use one fibre laser of 200W to 1 KW capacity to selectively fuse the 

powder bed layer. The build chamber is provided with inert atmosphere of argon gas for 

reactive materials and nitrogen gas for non-reactive materials. Power of laser source, scan 

speed, hatch distance between laser tracks and the thickness of powdered layer are the main 

processing parameters of these application [39]. Layer thickness can be adjusted according to 

material being used. There is another issue would affect the mechanical performance is melt 

pool formation. Melt pool size and melt pool depth are a function of absorbed energy density. 

A simplified energy density equation has been used by numerous investigators as a simple 

method for correlating input process parameters to the density and strength of produced 

parts [40]. 

 

Figure 2.8 Technology comparison – EBM –SLM [41] 
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Figure 2.8 and Figure 2.9 represent difference between EBM and SLM, as it can be seen that 

both machines have pros and cons and they could be suitable for the industry they will be 

used. The major benefit of EBM is, it can create less residual stress due to pre-heating of 

powder ability which is able to create less thermal gradient. On the other hand, this feature 

compromises to create small samples or parts since powders are relatively already merged.  

𝐸𝐴 = 𝑃 (𝑈𝑥𝑆𝑃)⁄  

P Laser power 
U Scan velocity 
SP Scan spacing between parallel scan 

lines 
𝐸𝐴 Applied energy density  

 
`` Electron beam melting Metal laser melting 

Thermal source Electron beam Laser 

Atmosphere Vacuum Inert gas 

Scanning Deflection coils Galvanometers 

Energy absorption Conductivity-limited Absorptivity-limited 

Powder preheating Use electron beam Use infrared or resistive heaters 

Scan speeds Very fast, magnetically 

driven 

Limited by galvanometer inertia 

Energy costs Moderate High 

Surface finish Moderate to poor Excellent to moderate 

Feature resolution Moderate Excellent  

Materials Metals (conductors) Polymers, metals and ceramics 

Powder particle size Medium Fine 

Figure 2.9 Differences between EBM and SLM [27] 

 Application area of AM 

 
Aerospace industry Automotive industry Defense Industry Medical Industry 

 

Figure 2.10 AM part in different industries [42] 
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Since there is a several way to create porous structure, application area would be decisive for 

the method. For instance EBM is able to create the part with less residual stress, however it 

is struggle to manufacture small component. Lightweight structure could be beneficial for 

industries such as automotive, aerospace, defence and medical. One of the key benefits of 

early-stage vehicle design with the assistance of a 3D printer is the ability to start small and 

scale up rapidly, well before assessment or the part reaches the assembly line [43].Moreover,  

increases in strength without a corresponding increase in weight could potentially lead to AM 

even being used to make the body in a while for automobiles in the future. Another advanced 

material of note is carbon-fibres. Carbon fibres is used to make lightweight auto components 

such as fenders, car roofs, and windshield frames through conventional techniques. In 

addition, AM can also provide high strength and lightweight parts.  Low density-high strength 

ratio is not only parameters defence and aerospace industry are seeking, ability of impact 

performance also is vital. As it is known that porous structure has great energy absorption 

performance which is suitable for the defence industry. On the other AM has wide range of 

medical device applications and benefits. 

 Additive manufacturing in medical application 

Medical device industry consist of several classification depending on the time of the medical 

device being inside the human body and they call; class I, class II and class III medical devices. 

This consideration may affect the material choose and method because of the living tissue 

interaction. Since computational tomography technology evolving to get better resolution, 

AM has taken advantage to create custom made medical device. Commercially available 

software can provide a solution from CT files to create 3D model nowadays, AM is able to 

deliver a surface freedom of the design such as suitable body shape or complex bone form.  

There is also material flexibility for the surgical tool, depending on the application area, parts 

can be manufactured by metal or plastic. There is a limitation for AM in medical application, 

it is often necessary to apply post treatment for the parts being developed. Medical device 

industry is highly regulated environment and limitation comes from the regulation aspects, 

since AM is still relatively new application. For instance, Custom cranio-maxillofacial implant 

contains example of generating 3D model from CT documents and AM parts to replace 

damaged bone section, Figure 2.11. It is quite good example of, how it would be difficult to 

manufacture lightweight implant such as cranio-maxillofacial with conventional way. It would 

be time consuming moreover, it would not completely mimic the actual skull shape. 
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Figure 2.11 Custom Cranio-Maxillofacial implant [44] 

 

As an example, during fracture surgical operation, the medical plate implant or rods get 

manipulated by the surgeons in order to make their shape more anatomical. AM naturally can 

deliver the anatomical product which save operational time. 3D printer is also able to provide 

patient-specific surgical instrument such as femoral cutting block that can save several 

operation steps and time during the surgical operation of total knee replacement, Figure 2.12. 

 

Figure 2.12 Customised femoral cutting block [45] 

 Porous structure in implant application 

Figure 2.13 shows that mathematical relationship with stress distribution. Regardless of the 

reputation of the model accuracy, Wollff’s methods of analysis express that bone does adapt 

itself in response to regular loading. Bone response regarding regular load is crucial for bone 

remodelling and health of the bone.  Stress distribution become very vital for trabecular bone 

and the most commonly excepted criteria for strength of bone. Porous structure tends to 

provide increased subtract surface that bone cells can grow inside to porous. It increase the 
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bone anchoring. AM also provides low density implant which is suitable for orthopaedic 

application. 

 

Figure 2.13 Culmann crane diagrams[46] 

 Porous structure stress shielding effects on orthopaedic implant 

Medical implants are able to deliver property of mimicking to damage bone part.  Stress 

shielding or stress protection occurs when the metal implants inserted in-vivo system. 

Although rigid metal plates stabilize the fracture site, help maintain contact between bone 

fragments, and allow early weight bearing and patient mobility, the higher stiffness of the 

implant results in bone loss as a result of decreased physiologic loading of the bone [47]. 

Stress shielding also reduces the quality of the remaining bone stock leading to a significantly 

increased risk of fracture and aseptic loosening with revision surgery. This is particularly 

concerning for the future, as the number of revision implant is projected to rise [48]. 

Approaches to reduce stress shielding are mainly based on reducing the implant stiffness. 

Methods to achieve this aim include: modification of the geometric profile of the implant, 

modification of its material properties, or a combination of both material and geometrical 

modifications. Geometric modifications include geometric variation of the implant cross 

section, density [49].  AM can tailor the material stiffness and geometric shape for decreasing 

stress shielding. 
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 Aim of the work 
 

Trabecular or porous structures are widely used in the biomedical industry in order to achieve 

ideal bone integration.  The current porous structures are stochastic in principle and used as 

a surface coating that is based on their manufacturing using plasma spray. Additive 

manufacturing (AM) is capable to deliver bulk porous structure with controlled geometry. The 

porous structure consists of elements at the limit of AM accuracy that has not been studied 

extensively so far. The purpose of this study is to evaluate mechanical properties of trabecular 

metal structure created by using additive manufacturing technique for orthopedic 

application. The aim of this study is to test the hypothesis that the AM cellular structure 

mechanical properties are influenced by open-cell architecture, strut thickness, relative 

density, and choice of materials.   

Specific aims of the study is: 

 To determine the size effect of AM small samples on their mechanical properties 

 To quantify and explain the effect of post-treatment methods on mechanical 

properties of AM porous structure 

 To assess the role of environmental conditions in the human body on the mechanical 

behavior of the cellular structure. 

 

To address problems above, hierarchical experimental and theoretical approaches reflecting 

the porous material structure are introduced within this study. 
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 Method 
 

 Mechanical characterization of porous connectors 

The porous structure could be considered as the three-dimensional mesh of interconnecting 

struts [6]. The mechanical property of the porous construct is given by the geometry of the 

mesh and by the properties of individual struts and connecting elements [7][8]. There are 

multiple studies dealing with the effect of mesh geometry on mechanical properties of the 

porous structure. In these studies, the mechanical properties of the porous material are 

derived from the unit cell [50][51]. The unit cell intrinsically consists of struts build at various 

angles and could have also different thickness [12][13]. It was shown that building orientation 

affects the mechanical properties of AM components [14]. In addition, the small elements 

produced by AM might exhibit large variation in mechanical properties. 

The testing sample size corresponds to the strut size used in porous joint replacement 

components, Figure 4.1.  

 

a.  Acetabulum 
metal 
augments surface 
with  rhombic 
dodecahedron 
porous structure  

b. Complex 
rhombic 
dodecahedron 
structure 

c. rhombic 
dodecahedron 
unit cell 

d. Single strut 
connector of 
the rhombic 
dodecahedron 

e. Single strut 
connector test 
sample  

Figure 4.1 Root of single strut application area [52] 

The sample were fabricated from Concept laser CP-Ti Grade 2 powder consisting of particles 

with size ranging from 45 to 100 𝜇𝑚 [53]. Chemical composition of raw material is defined in 

Table 4.1 while the mechanical properties are listed in 
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Table 4.2. The data are valid for unalloyed CP-Ti according to ASTM F67, while it can been 

expected that additively manufactured material might have higher yield strength than 

reference material [54]. 

Table 4.1 Chemical composition of titanium grade 2 [54] 

 C Fe O N H Ti 

Concept Laser Grade 2 

CP-Ti 
0,008% 0,03% 0,25% 0,003% 0,00015% Balance 

CP-Ti Grade2, Required 

 
<0,08% <0,3% <0,25% <0,03% <0,015% Balance 

 

Table 4.2 Mechanical properties of titanium grade 2 [54] 

 Yield Strength 
(YS) 

Ultimate Tensile 
Strength (UTS) Elongation 

Reduction of 
Area 

Concept Laser 

Grade 2 CP-Ti 
530-570 MPa 600-620 MPa 15-20% >20% 

CP-Ti Grade2, 

Required 
275 MPa 345 MPa 55% >30% 

 

  
Figure 4.2 Technical drawing of small tensile 

specimens (mm) [52] 

Figure 4.3 Concept Laser M2 SLM machine 

[55]  

The computer-aided design package SolidWorks (Dassault Systemes SolidWorks Corp., 

Waltham MA) was used to design computer models of the plate tensile specimens (Figure 

4.2). The thickness of the samples (b) was designed to be 0.5 mm while the width of the 
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sample (a) ranged from 0.15 mm to 4.2 mm (Figure 4.4). The designed cross-sectional area 

has a shape of a rectangle with area ranging from 0.07 mm2 to 2.10 mm2. 

Additive manufacturing was performed by the Concept Laser the M2 cusing machine 

(Concept Laser GmbH, Lichtenfels, Germany) that adopts selective laser sintering method. 

Following parameters were in accordance with manufacturer’s recommendation: building 

chamber is not pre-heated, the laser beam power was 200W, the scan speed was 7 m/s, the 

layer thickness was 20μm, and the offset distance was 75μm. Concept Laser’s patented 

‘island’ scan strategy was applied [56]. 

Table 4.3 Specimen numbers and orientations 

     Building orientation Number of Sample 

ZXY 46 

YZX 27 

 

Figure 4.4 Sample printing and deposition direction on the platform [52] 

Two orientations of samples with respect to the building direction were chosen. Figure 4.4 

describes the orientation of samples. ASTM WK49229 [57] was used denoting the building 

direction as Z (Figure 4.5a) while the ground plane is denoted as XY (Figure 4.4). The first 

group contains samples built in a vertical orientation, where the tensile direction (Figure 4.5b) 

coincides with the building direction (orientation ZXY, Figure 4.4). On the other hand, the 

tensile direction is perpendicular to building direction in the second group of samples 
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(orientation YZX, Figure 4.4). The number of samples is shown in Table 4.3. There was not 

applied post-treatment after the deposition process. 

 

A) Printing direction and building layers B) Tensile direction and 

building layers 

Figure 4.5 printing and tensile directions [52] 

Tensile tests at room temperature were carried out under quasi-static loading conditions. 

Miniaturized specimens according to Figure 4.2 were tested using a test method based on 

ASTM E8 [58]. Fixed cross- head velocity was set at 0.2 mm/min. The test specimens’ cross-

sectional area (So) was measured prior and after the test using stereomicroscope in order to 

allow subsequent evaluation of tensile test parameters such as yield stress (YS), ultimate 

tensile strength (UTS), elastic modulus (E) and elongation after fracture (A). Tests were carried 

out by the small size testing system with the load-cell capacity of 5kN. Longitudinal strain was 

measured by the digital image correlation (DIC) system Sorbriety (Sobriety, Czech Republic) 

that was used in 2D set up as the virtual extensometer. The system was calibrated prior each 

batch. Stochastic speckle pattern was applied to all tensile specimens by airbrush. 

ZXY and YZX building orientation surfaces have been investigated with scanning electron 

microscope (SEM) Tescan VEGA-3 LMU (Tescan, Czech Republic). Geometrical accuracy of 

additive manufacturing was evaluated using optical 3D coordinate measuring machine 

RedLux (RedLux Ltd. Southampton, UK). The machine uses confocal probe to map the surface 

roughness up to ~0.5µm. 
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Figure 4.6 Micro-tensile Tests Machine [59] 

 

 

 

Figure 4.7 the surface scan of the sample fragments obtained after tensile testing, the 

sample was manufactured in ZXY orientation  [52] 

Scans were performed in the sample tensile direction with helix track of the confocal probe. 

The helix pitch was 0.05 mm. The data were projected onto the XY plane, and the cross-

section area was estimated by the convex hull using Matlab (Mathworks, Matick, MA, USA), 
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Figure 4.7 represent the cross-sectional areas of the sample after the tensile testing along the 

testing direction. The discontinuity in the cross-sectional area corresponds to the fracture. 

 

a) RedLux Ltd. 
Southampton, UK) 

b) Point cloud of 
RedLux scan 

c) Cross-section area of 
single strut   

Figure 4.8 RedLux method of geometrical investigation 

After the tensile test, the samples were sent to the RedLux measurement. RedLux is non-

contact coordinate measuring machine (CMM) which provides 3D capture. It is mounted on 

an anti-vibration platform, the machine is unaffected by environment and gives on-screen 

results for analysis as soon as the measurement is completed. The machine has a white light 

confocal sensor, which allows for analysis relevant surfaces without touching them and 

therefore potentially affecting the extent of the damage of the small fragile sample [60]. 

 2D Porous analytic-numeric approach 

One of the well-known examples of honeycombs is hexagonal cell. The honeycombs 

foundation is the idea of porosity structure in two dimension geometry. Therefore, it helps to 

understand the simplified porosity structure [61]. 

 

Figure 4.9 Regular Honeycombs [62] 
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It is considered, three dimensions cellular structure would be defined as a foam shape which 

consists of interconnected networks like honeycombs [63]. Two typical types of cellular 

structures can be seen as widely closed and open cell structure. Lightweight structures and 

compliant mechanisms have been investigated up to now. Cellular mechanisms are designed 

to transform motions and forces. 

 

Figure 4.10 Unit honeycomb cell [64] 

Unit cell approach one of the technique gives a chance to compare analytic calculation and 

finite element method. This technique evaluates the computer base calculation because since 

computational calculation will be used for complex architecture. As it was mentioned that 

mathematical models of foam have simplified as honeycombs. Therefore, unit-cell is chosen 

as a hexagonal geometry, Figure 4.10. The elastic modulus for a unit hexagonal cell was 

calculated with displacement and momentum in order to gain delivered an analytical phrase. 

For a regular hexagonal honeycomb (Figure 4.10) with linear elastic walls of uniform thickness 

is t, side length is 1, and elastic modulus is E. 

Theoretical calculation of elastic modulus in the plane; 

𝐸𝑥

𝐸𝑠
=

𝐸𝑦

𝐸𝑠
=

4

√3
(

𝑡

𝑙
)

3

 

Ex* and EY* are elastic modulus in the x- and y-directions, respectively. The thickness to 

length ratio, 𝑡/𝑙 is given as a function of the relative density 
ρ∗

ρ𝑠
 by; 

  (
𝑡

𝑙
) =

√3

2
(

𝜌∗

𝜌𝑠
) 
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This equation is used by condition under 𝑡 𝑙⁄ < 0.2.  Calculation can be only use small 𝑡 𝑙⁄  

values. It was also calculated an analytical expression for the yield strength of a hexagonal 

unit cell with elastic-perfectly plastic cell walls [65]; 

  (
𝑡

𝑙
) < 3 (

𝜎𝑦𝑠

𝐸𝑠
) 

Plastic collapse occurs when the bending moment in the cell walls reaches the fully plastic 

moment. Two moments are balanced, the plastic yield stress of the regular hexagon reduces 

to; 

𝜎𝑥

𝜎𝑠
=

𝜎𝑦

𝜎𝑠
=

2

3
(

𝑡

𝑙
)

2

 

In order to reach analytic calculation results, wall thickness, relative density, wall length 

elastic modulus are defined as; 

𝐸_𝑥/𝐸_𝑠 = 𝐸_𝑦/𝐸_𝑠 = 4/√3 (𝑡/𝑙)^3   

𝜎_𝑥/𝜎_𝑠 = 𝜎_𝑦/𝜎_𝑠 = 2/3 (𝑡/𝑙)^2  

In order to find elastic modulus 
components, x and y directions. 

 

 

 

Wall thickness (t) 

Wall length (l) 

 

Relative density,                ρ^ ∗/ρ_𝑠 =0.15 

Elastic modulus (E)            E=1 

Unit hexagonal honeycomb finite element calculation is carried out with Abaqus (Hibbitt, 

Karlsson, & Sorensen, Inc., Pawtucket, RI) software. Each network wall defines as a beam 

(According to Timoshenko Beam Theory). Therefore, Beam was decided as B22 mesh 

element. Abaqus input file (Inp.) was prepared by  AutoCAD software (Autodesk, San Rafael, 

CA) and design as a regular hexagon and exported to dxf. file format for ''gCAD3D'' software 

that would help to transform dxf. file to Inp. file. 

𝑡
𝑙⁄ = 0.13 
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Figure 4.11 Unit honeycomb cell deflection results in Abaqus [64] 

In order to reach x-direction of elastic modulus, the force was applied in x-direction, Figure 

4.11, and boundary condition was applied at the end of the regular hexagonal honeycomb.  

 

Figure 4.12 Regular hexagonal honeycombs general dimensions [64] 

Stress [x-direction]-------------------------------------- 𝜎𝑥 =
𝐹𝑥

2𝑏𝑙𝑐𝑜𝑠𝜃
 

Strain [x-direction]-------------------------------------- 𝜀𝑥 =
𝑈𝑥

2(𝑙 + 𝑙𝑠𝑖𝑛𝜃)
 

 

AutoCAD1 gCAD3D2 Abaqus3
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Stress, strain, and x-direction of elastic modulus components were calculated by using 

reaction force and displacement. The first equation gives us a stress contribution of x-

direction and the second equation explain strain in the x-direction. Therefore, x-direction of 

Young modulus can be calculated by using the conventional following equation; 

𝐸𝑥 =
𝜎𝑥

𝜀𝑥
 

 2D Complex honeycombs approach 

Printed material is considered as a perfect condition however, some of the network 

components might not be welded or laser beam may miss the powder target. Moreover, the 

path of the software sometimes can fail to complete the hatching target. Following calculation 

shows that the concept of regularity and network reduction results. Developing new approach 

under different circumstances in order to understand simple 2D porosity structure may help 

to carry out complex 3D models by reducing the computational cost. 

It was defined previously, regular honeycombs determined according; t/l=0.13, E=1 and γ=0.3 

condition. Moreover, all structures have 5 hexagonal cells of rows and 11 hexagonal cells of 

columns. Figure 4.13 illustrates general features. 

 

Figure 4.13 Regular hexagonal honeycombs [64] 
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a) b) c) 

Figure 4.14 a) Regular b) Irregular c) Highly Irregular hexagonal honeycombs  [62] 

Figure 4.14 shows that three types of structure were investigated in order to understand 

different mesh architecture results. Bold network lines represent modifications, struts 

thickness-length ratio was changed. Therefore, the highest Von Misses stress distribution 

location were changed and adjusted due to the stress flow diagram. 

 

Figure 4.15 Force and boundary condition definition [64] 

Figure 4.15 illustrates the boundary condition which was defined as no displacement and 

torsion, the applied force was decided in the static test condition. During the investigation, 

B22 beam structure was used for FEM calculation.  
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Figure 4.16 a) ''Highly Irregular'' and b) ''Highly Irregular network reduction'' hexagonal 

honeycombs with network reduction [64] 

Figure 4.16 illustrates irregular 2D and connector reduced 2D structure. 3D printer is not 

always able to create perfect geometry and there will be some of the missing network 

components or the connectors may be failed in time under the repetitive load. Therefore, 

those missing network components may lead to high-stress concentration on different 

location. Moreover, this simplified concept gives us a chance to understand the behaviour of 

cellular structure. 

 Mechanical response of CP-Ti porous structure under compressive loading 

Commercial implants with porous architecture are supposed to deal with compression load 

commonly in vivo environment.  

 

 

 

(A) Acetabulum metal augments implant 
surface with rhombic dodecahedron porous 
structure 

(B) Complex rhombic dodecahedron 
structure 

Figure 4.17 Origin of the application area of cubical porous structure [66] 
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The samples were fabricated from Concept Laser CP-Ti Grade 2 powder consisting of particles 

with size ranging from 45 to 100 μm [53]. The data are valid for unalloyed CP-Ti according to 

ASTM F67, while it can be expected that additively manufactured material might have slightly 

higher yield strength than the reference material [54] 

The computer-aided design package SolidWorks (Dassault Systemes SolidWorks Corp., 

Waltham MA) was used to design computer models of the cubical specimens. Connector 

struts thickness were set with 0.3 mm. Unit-cell was set as 2 mm. Relative density is 20%. 

 

Figure 4.18 SLM chamber of cubical sample manufacturing  

Additive manufacturing was performed by the M2 cusing machine (Concept Laser GmbH, 

Lichtenfels, Germany) that adopts selective laser melting method. The process parameters 

were in accordance with manufacturer’s recommendation: building chamber was not pre-

heated, the laser beam power was 200 W, the scan speed was 7 m/s, the layer thickness was 

20 μm, and the offset distance was 75 μm. Concept Laser’s ‘island’ scan strategy was applied 

[56]. No post-treatment was applied after the deposition process. 

The experiment has been carried out in Czech Technical University laboratory. Materials-

testing machine MTS 858 Mini Bionix (MTS, Eden Prairie, USA) was used. 2500N load cell has 

been used, 15 samples were used for test. Although samples were designed as 6x6x6 mm in 

CAD environment, manufactured samples dimensions were slightly different than CAD. We 

set the experiment in loading direction parallel to building direction. Cross-section area was 

predefined parallel to building platform.  
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Figure 4.19 Building and compression force direction  

Cross section area was design as 36 mm2 however, manufactured part contains 40.4165 mm2 

mean value and the standard deviation is 0.3502 mm2. All the pre-test measurements were 

done with digital micrometer. The mean height of the cubical samples is 6.0697 mm and the 

standard deviation is 0.01 mm.  

  

Figure 4.20 additively manufactured cross-sectional area and height result for 15 samples 

There is 12.2% mean error on the cross-section manufacturing. Nevertheless, there is only 

1.16% mean error occurred in terms of the height of manufactured parts. The cross-sectional 

error is vital for stress calculation since mechanical compression test was carried out 

according to ISO 13314 (Mechanical testing of metals-ductility testing-compression test for 

porous and cellular metals)[67]. Static test was run in 80 seconds for each sample and it was 
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aimed at 50% compression deformation. 20%-70% loading-unloading slope was applied in 

order to identify elastic gradient. 

 

Figure 4.21 Compression testing set-up 

Figure 4.21 shows the illustration of sample placing into the testing machine. After running 

test, the sample platform was cleaned and maintained smooth surface for next sample. Each 

samples has an identical bag and initial for traceability for further investigation. 

 

Figure 4.22 Traceability and storing samples after and before compression test 

Compression test of the porous structure is vital for the validation of the application area such 

as acetabulum cup, Figure 4.17. It is known that orthopaedic implant such acetabulum cup is 

supposed to deal with compression stress often. Although it has to bear with the static and 

dynamic load. It was tested in the experiment only static approach. But it should be 

considered that the same structure also face with dynamic load during its application.  
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 Surface treatment effect on mechanical response of TILOP porous structure 

manufactured by SLM 

Our previous study shows that surface may affect the performance of individual mechanical 

response. Moreover, the surface of the individual connectors contains un-melted powder 

particles which will contact with living tissue [68]. The increasing use of orthopaedic implants 

and, in particular, of hip and knee joint replacements for young and active patients, has 

stimulated interest and concern regarding the chronic, long-term effects of the materials 

used.   

In this study, samples were fabricated with TILOP pure titanium (OSAKA Titanium 

Technologies Co., Ltd., Japan) which is titanium with low oxygen powder. Oxygen level effects 

on the metallurgical properties of the powder and eventually its mechanical performance 

[69]. Since TILOP powder has homogenous spherical particles, it was expected a good 

mechanical response. The computer-aided design package SolidWorks (Dassault Systemes 

SolidWorks Corp., Waltham MA) was used to design computer models of the cubical 

specimens. Connector struts thickness were set with 0.3 mm. Unit-cell diameter was set as 2 

mm. Relative density is 20%. Porous samples were designed with 6x6x6 mm cubical structure. 

Additive manufacturing was performed by the M2 cusing machine (Concept Laser GmbH, 

Lichtenfels, Germany) that adopts selective laser melting method. The process parameters 

were in accordance with manufacturer’s recommendation: building chamber was not pre-

heated, the laser beam power was 200 W, the scan speed was 7 m/s, the layer thickness was 

20 μm, and the offset distance was 75 μm. Concept Laser’s ‘island’ scan strategy was applied 

[41]. 

 

Figure 4.23 TILOP (Gas-atomized titanium powder) [70] 

Surface treatment was carried out at the Department of Metal and Corrosion Engineering UTC 

Prague. The samples diameters were decreased in ethanol in ultrasonic bath for 5 minutes 
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prior etching. After surface eroding, samples were etched for a selected time (3 min or 6 min) 

in mixture of 20 ml HF, 200 ml HNO3 and 780 ml demineralised water. Specimens were after 

that washed by demineralised water and dried in air steam. The thickness of the beam was 

evaluated from SEM images in image software. 45 struts were measured for each group for 

statistical distributions. 

Cross section area of porous samples was design as 36 mm2 however, SLM accuracy may 

manufacture components slightly different than design parts.  Strut thickness can also effect 

on the diameter of cross-sectional area of the sample. 

Table 4.4  Strut thickness regarding post treatment 

 As-built With 3-minute 
surface treatment 

With 6-minute surface 
treatment 

Single strut 

thickness 

380 ± 20 

mm(*0.001) 

323 ± 18 

mm(*0.001) 

297 ± 16 

mm(*0.001) 
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Figure 4.24 Rhombic dodecahedron connectors surface quality after acid treatment  

Figure 4.24 shows the surfaces after etching treatment. Surface treatment can clear the spikes 

on the surface which may reduce a notch effect. Connector struts mechanical performance 

will be decreased since the diameter change. The diameter of struts can affect density and 

diameter of cross-sectional area.  

Samples area divided within to the groups according to the post-treatment process.  Table 

4.5 represents the sample description and codes. 
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Table 4.5 Sample groups and description 

Group No Sample description Sample Code Sample No 

Group 1 3 min surface treatment 

PT3S_1 1 

PT3S_2 2 

PT3S_3 3 

Group 2 6 min surface treatment 

PT6S_1 4 

PT6S_2 5 

PT6S_3 6 

Group 3 As-built 

PTWT_1 7 

PTWT_2 8 

PTWT_3 9 

PTWT_4 10 

PTWT_5 11 

 

Table 4.6 Cross-sectional area results of rhombic dodecahedron samples 

 3 min surface 

treatment 

PT3S 

6 min surface 

treatment 

PT6S 

AS built 

 

PTWT 

Cross-sectional area 

of rhombic 

dodecahedron 

36.32± 0.12 mm2 35.83± 0.09 mm2 36.76± 0.15 mm2 

 

Figure 4.25 Porous sample Cross-sectional area measurement 
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Table 4.6 shows that cross-sectional area can be depended on the treatment method.  

Measurement of cross-sectional area was done with digital micrometre. Surface treatment 

can decrease the cross-sectional area up to 2.5% which may affect mechanical response. 

The experiment has been carried out in Czech Technical University laboratory. Materials-

testing machine MTS 858 Mini Bionix (MTS, Eden Prairie, US) was used. 500N load cell has 

been used and each static test took approximately 80 seconds. Mechanical response 

parameters were calculated according to ISO 13314 (Mechanical testing of metals-ductility 

testing-compression test for porous and cellular metals)[67]. Elastic modulus was calculated 

from 30% and 70% loading and unloading slope from the stress-strain diagram. 

 Mechanical response of Titanium alloy porous samples with HIP and surface 

treatment 

The longevity of joint replacements can be increased with improving bone anchoring [3]. Solid 

titanium alloys genially are stiffer than bones and this mechanical mismatch could lead to 

bone ingrowth, lack of bone resorption and eventually loosening of the orthopedic implant 

[71][72][73].  Regardless of titanium’ good mechanical response, it also has outstanding 

resistance to corrosion [11]. Cleaning of un-melted titanium particles from porous implant 

surface is considered as a crucial. Titanium porous structure failure in the human tends to 

realize particles which can create concern regarding long term metabolic, oncogenic and 

immunologic effects[17][18][19].  

In this study, titanium alloy powder (CL 41TI ELI) has been used during selective laser melting 

(SLM) operation which is widely used AM methods for creating arbitrarily complex and 

predictable porous 3D structures [15][16]. Cubical testing samples design was selected from 

commercially available acetabulum augments implant, and unit cell architecture was chosen 

rhombic dodecahedron, Figure 4.26. During the investigation, samples have grouped 

according to their post-treatment method. In order to achieve a better mechanical response, 

hot isostatic pressing (HIP) operation was applied to a group of samples. Identify to cleaning 

effect on mechanical properties and geometry, surface etching method was carried out for 

as-built and HIP treated samples.  
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Figure 4.26 (A) Acetabulum metal augments implant with rhombic dodecahedron porous 

structure surface and (B) Rhombic dodecahedron cubical element [66] 

The Samples were manufactured from Consept Laser titanium alloy grade 23 (CL 41TI ELI) 

powder [74]. The computer-aided design package SolidWorks (Dassault Systemes SolidWorks 

Corp., Waltham MA) and Materialise/Magics (Magics - Leuven, Belgium) software were used 

to design computer models of cubical samples. Dimensions of cubical sample were set 6 mm, 

and 2 mm rhombic dodecahedron open unit-cell was used, Figure 4.27. Relative density was 

defined 20% due to strut thickness which was 0.3 mm. The rhombic dodecahedron unit cell 

consists of 12 identical rhombic faces with 24 edges and 14 vertices [11].  

 

Figure 4.27 Compression samples dimension [66] 

M2 cusing machine (Concept Laser GmbH, Lichtenfels, Germany) that adopts selective laser 

melting (SLM) method was used for additive manufacturing performing. SLM process was 

carried out with manufacturer’s recommendation; building chamber was not pre-heated, the 

laser beam power was 200 W, the scan speed was 7 m/s, the layer thickness was 20 μm, and 

the offset distance was 75 μm. Concept Laser’s ‘island’ scan strategy was applied [56]. 

Furthermore, surface etching and hot isostatic pressing (HIP) were applied to some groups of 
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samples. The surface etching was aiming the decreasing surface roughness and reducing 

partly melted powders. Surface treatment start with 5 minutes prior etching in ethanol in 

ultrasonic bath. After removing certain level of particles on the surface, samples were etched 

for a selected time (3 minutes or 6 minutes) in mixture of 20 ml HF, 200 ml HNO3 and 780 ml 

demineralised water. Specimens were washed with demineralised water (in US bath) and 

dried in air steam. The thickness of the connector struts was evaluated from scanning electron 

microscope (SEM) Tescan VEGA-3 LMU (Tescan, Czech Republic) with ImageJ software.  Hot 

isostatic pressing (HIP) was carried out at Bodycote Bourgogne (Bodycote HIP Ltd.). HIP was 

followed through with high-pressure argon gas (1020 bars) and steady high temperature (900 

°C). The applied pressure was isostatic due to argon gas which helps to develop a decreasing 

internal defect.  First of all, samples were heated up to 900 °C in 5 hours then they spent 4 

more hours at the set temperature with steady isostatic pressure. Afterward, specimens were 

cooled down slowly to room temperature, the cooling process also took 5 hours. Samples 

were divided into 6 groups according to post-treatment method and each group contains 4 

samples, Table 4.7. 

Table 4.7 Sample description and group definition 

Group code Name of the group 

SNHHTNS Sample  No Heat, HIP and surface treatment 

SWHIT Sample with HIP treatment 

SWS3T Sample with Surface treatment 3 min 

SWS6T Sample with Surface treatment 6 min 

SHITS3T Sample with  HIP treatment  with surface treatment 3 min 

SHITS6T Sample with  HIP treatment  with surface treatment 6 min 

 

Two types of geometrical measurement was done in order to identify geometrical accuracy 

and effect of post-treatment. Connector strut thickness measurement was done in order to 

identify the surface treatment effect on the connector diameters.  The strut thickness 

measurement was realized on two samples with at least 45 measurements on each. This 

approximately corresponds to two measurements on every strut. The results are presented 

as mean ± standard deviation. 
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Mechanical compression test was carried out with MTS 858 Mini Bionix testing machine (MTS, 

Eden Prairie, USA) with 5 KN load cell. The loading speed was set at a constant of 0.1 mm/ 

min, it aims to maintain a constant strain rate according to ASTM E9. The deformation was 

measured with the linear variable differential transformer (LVDT) and elastic gradient was 

calculated as the slope of the stress-strain curves between 30% and 70% of the plateau 

strength according to ISO 13314). 0.2% offset method was used for determining the 

compressive proof stress and maximum first strength was obtained from the diagram. 

 

Figure 4.28 Compression test stress-strain diagram according to ISO 13314. Elastic gradient 

tangent of ‘’Ɵ’’, ‘’B’’ is 0.2% offset compressive proof stress and ‘’’A’’ is maximum first 

strength [66] 

Implants with porous structure such as acetabulum cups are supposed to handle compression 

strength often.  Deformation of the open-cell structure may affect bone attachment in the 

long term [75]. Porous structure mechanical performance can be improved by post-treatment 

and it may also help in-vivo response.  
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 3D porous structure analytic approach 

Open cell rhombic dodecahedron has orthotropic behaviour and material properties are 

affected by the bending of the edges. The material definition could play a vital role for 

determining mechanical response assumption. 

Mechanical tests were carried out with rhombic dodecahedron 2 mm unit-cell and 20% 

density. Strut connectors were adjusted 0.3 mm thickness by defining according to density. 

The analytic calculation is also calculated with the same condition with mechanical test in 

order to compare mechanical test results.  

 

Figure 4.29 Schematic of a regular rhombic dodecahedron structure. (A) Rhombic 

dodecahedron unit cell comprises 12 identical rhombuses, (B) tessellated rhombic 

dodecahedron cellular structure with 27unit cells, (C) unit cell 12 identical rhombuses, with 

edge length [76] 

The unit cell of the rhombic dodecahedron consists of 12 identical rhombic faces with 24 

edges and 14 vertices. Each face of a rhombic dodecahedron is a rhombus, with 2α= 70.53o 
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and 2ɵ= 109.47o. Strut shape is circular and thickness is 0.3 mm. For a 3-D rhombic 

dodecahedron cellular structure of infinite size, each cell edge is shared by three adjacent unit 

cells, so the effective relative density of a 3-D tessellated cellular structure denoted 𝜌 =

(3√3 2⁄ )𝜋(𝑟 𝑙⁄ )2. The cell edge material behaviour was taken as plastic, and comprised the 

elastic modulus, 𝐸𝑠. 

Table 4.8 Rhombic dodecahedron formulas 

Relative density formulas [77]          𝜌 =
3√3

2
𝜋 (

𝑟

𝑙
)

2

−
27√2

4
𝜋 (

𝑟

𝑙
)

3

 

Analytical elastic modulus [78]   
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=
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27 
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𝐸3

𝐸𝑠
 = 9𝜋 𝑟4   

𝑐𝑜𝑠 𝜃

2𝑙4  sin2 𝜃
      𝜃 = 54.73° 

Analytical yield stress modulus 
[77]  

𝜎𝑦1

𝜎𝑦𝑠
=

𝜎𝑦2

𝜎𝑦𝑠
=

3√6

8
 (

𝑏

𝑙
)

3

 

 

Relative density could be depending on the unit-cell type open or close. Moreover, in this 

research open cell structure have been investigated. Connectors thickness or size of the unit 

cell affect directly to relative density. The volume of structure is occupied by the connectors 

and corners. Therefore, the relative density function of total struts per volume. 

NOMENCLATURE 

𝑟 Radius of the struts m 

𝑙 Length of the struts m 

𝐴 Cross-sectional area of the struts m2 

𝜃 the main angles of rhombus faces in a rhombic dodecahedron unit cell degree 

𝜌 Relative density, dimensionless  

𝑏 Side dimension of the strut m 

𝐸𝑠 Elastic modulus of the bulk material Pa 

𝐸 Elastic modulus of the unit cell Pa 

𝜎𝑌 Yield stress of the porous structure Pa 

𝜎𝑌𝑠 Yield stress of the bulk material Pa 
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It can be assumed that 3D rhombic dodecahedron mechanical response could be calculated 

by 2D honeycombs approach.  Connector can be calculated as a beam. This approach will be 

used for FEA verification. 

 

Figure 4.30 Schematic of a rhombic dodecahedron unit cell under uniaxial compression. The 

deformed and un-deformed shapes are shown by dashed and solid lines. Uniaxial 

compression in direction [76] 

The strut length (𝑙) is 0.87mm. The thickness of strut is 2𝑟=0.3 mm. The values are enough to 

define relative density by using equation in Table 4.8. The displacement of the unit cell under 

an applied force is used to derive the analytical relationships that describe the elastic modulus 

[79].   

 Numerical approach of 2D porous structure 

Porous structure mechanical response can be changed with number of cells, cell topology, 

strut diameter, and cell size.  Boundary condition and loading condition may affect the 

mechanical response of the mathematical model [78][80]. 

In this study, the static test of finite element model is developed in order to create 

representative model for further calculation. Commercial product such as acetabulum cup 

augmentation consist of porous surface and calculation and predicting mechanical behaviour. 

It may help to improve implant corresponding response. 

Cubical rhombic dodecahedron porous structure is developed with 6x6x6 mm dimensions by 

using SolidWorks (Dassault Systemes SolidWorks Corp., Waltham MA). Porous structure unit 



METHOD                                                                                                                                                     44 
 

cell was chosen as 2 mm rhombic dodecahedron. Connector diameters is designed for 0.3 mm 

and circular.  

 

Figure 4.31 Cubical porous FEA model 

It is assumed that struts behave like a beam and smooth surface. In a real application, struts 

contain partly melted powder. In this study, cubical porous samples were designed with 27 

rhombic dodecahedron unit-cell, Figure 4.31. The parametric model was created with Body-

Centred Cubic (BCC) seed points. BCC help to improve cell generation and it can help to make 

regular or irregular structure. In this study regular open cell architecture was used. 

 

Figure 4.32 Body-Centred Cubic (BCC) seed point cloud [80] 
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Figure 4.33 Thickening process for generation of 3D wet foams: (A) dry foam (B) 

“thickening” wet connectors 

 

Figure 4.34 Dry cell and unit cell diameter 

Abaqus (SIMULIA, Providence, RI) software was used for the finite element modelling. As it 

was discussed previously, the beam approach of numerical model can be reliable for complex 

3D cellular calculation.  Dry cell was used for decreasing computational cost. 

 

Figure 4.35 Material data modification for Abaqus input [81] 

Concept Laser pure titanium tensile test data were used for material definition. Figure 4.35 

shows that modification were done for importing pure titanium raw material parameters. 
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2 parallel rigid blocks were designed to mimic compression test. Calculated and used material 

properties for pure titanium; elastic modulus is 50 GPa, Poisson's Ratio is 0.3 and material 

plastic region adjusted according to Figure 4.35. Material data were chosen from previous 

single strut study. 

 

Figure 4.36 Load and boundary condition of the FEA model 

Figure 4.36 illustrates that boundary conditions and applied displacement. Since it is a static 

analysis total displacement was set 2 mm in the z-direction. Boundary conditions was applied 

as encastre (U1=U2=U3). 

 Dynamic response of porous structure with post treatments 

Concept laser titanium grade 23 (CL 41TI ELI) has been used during selective laser melting 

(SLM) [74]. The computer-aided design package SolidWorks (Dassault Systemes SolidWorks 

Corp., Waltham MA) and Materialise/Magics (Magics - Leuven, Belgium) software were used 

to design computer models of cubical samples. Cubical porous samples dimension was 

adjusted 6 mm and 2 mm rhombic dodecahedron open regular unit cell was used.  

Selective laser melting (SLM)M2 cusing machine (Concept Laser GmbH, Lichtenfels, Germany) 

was used for AM process.  SLM manufacturer’s recommendation was set during the 

manufacturing process; building chamber was not pre-heated, the laser beam power was 200 

W, the scan speed was 7 m/s, the layer thickness was 20 μm, and the offset distance was 75 

μm. Concept Laser’s ‘island’ scan strategy was applied [56]. Surface treatment was carried 

out with 2 steps, 5 minutes initially etching in ethanol in ultrasonic bath was done then, 

samples were etched for selected time 6 minutes or 3 minutes in the mixture of 20 ml HF, 200 

ml HNO3 and 780 ml demineralised water. Porous samples were washed with demineralised 

water and dried in air steam. The thickness of the connector struts was evaluated from 
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scanning electron microscope (SEM) Tescan VEGA-3 LMU (Tescan, Czech Republic) with 

ImageJ software. The strut thickness measurement was realised on two samples with at least 

45 measurements on each. This approximately corresponds to two measurements on every 

strut. The results are presented as mean ± standard deviation. Hot isostatic pressing (HIP) was 

carried out at Bodycote Bourgogne (Bodycote HIP Ltd.). HIP process contains high-pressure 

argon gas (1020 bars) under high temperature (900°C).  HIP process tends to decrease internal 

defect by using argon gas pressure at high temperature. 

Table 4.9 Sample description and group definition 

Group code Name of the group 

B As-built 

H HIP treatment 

B3 Surface treatment 3 min 

H3 HIP treatment  with surface treatment 3 min 

B6 Surface treatment 6 min 

H6 HIP treatment  with surface treatment 6 min 

 

 

Figure 4.37 IMATEK-IM10 resting machine [82] 
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Samples were grouped in 6 groups according to post-treatment method. 54 samples were 

manufactured for the impact test. 3 different environmental conditions were formed in order 

to simulate in-vivo conditions.  

 

 

Figure 4.38 Dynamic test set-up 

Impact test was carried out in the air, water, and blood like material [83].  The impact tests 

were performed in a drop test impact machine IMATEK-IM10 (Imatek Ltd., Old Knebworth, 

UK) with piezoelectric load cell positioned at the impactor root, Figure 4.37. The impact 

energy is completely supplied by gravity and controlled by the adjustment of the drop height. 

The IMATEK-IM10 is equipped with three hemispherical impactor devices and with ImpAqt 

software. The total mass of the impactor goes up to 16 kg, which allows energy peak at a 

velocity of 2 m/s. In the impact tests the total mass of the impactor was 1 kg [82]. 

 

 

` 

 

``

Striker mass is 
1 Kg 

Total mass is 
16 Kg 
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 Result 

 

 Single strut manufactured with SLM mechanical response 

Figure 5.1 presents microphotographs of sample surfaces showing the various orientation of 

the powder grains for samples build in ZXY (Vertical) and YZX (Horizontal) orientation. It is 

shown that the columnar powder grains growth always in the building direction regardless of 

specimen orientation, i.e. the samples build in ZXY directions has columnar grains oriented 

perpendicular to the testing direction while the YZX oriented samples have surface powder 

grains clustered parallel to the testing direction. 

 

A) Surface of Sample a,  printed with  

ZXY (Vertical) orientation 

B) Surface of Sample b  with, printed 

with YZX (Horizontal) orientation 

Figure 5.1 Surfaces comparison of sample with ZXY (Vertical) and YZX (Horizontal) building 
orientation [52] 
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Figure 5.2 Cross-section area measurement comparison  

The cross-sectional area of the samples estimated by optical surface scanning is approximately 

9% lower than the cross-section area measured by laser scan micrometer or defined in CAD 

model (mean 9.3%, stdev 14.5% and mean 8.6%, stdev 14.6%, respectively, Wilcoxon paired 

test p<0.01 for both datasets, Figure 5.3). The CAD design and laser scan micrometers give 

comparable values of cross-sectional area (mean difference 0.6%, stdev 0.7%, Wilcoxon paired 

test p=0.16). The absolute relative differences between designed cross-section and optical 

surface scanning were measured based on the cross-section range from 0% to 40% and the 

higher values were found in smaller samples. The absolute values of difference in the cross-

sectional area between the designed and measured values range from -0.19 to 0.22 mm2 

across all sizes of studied samples cross-sections. The observed discrepancies are caused by 

the shape of the samples where the design and DIC measurements assume rectangular cross-

section. The real manufactured cross-section of small sample resembles ellipse. 
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Figure 5.3 Statistical of comparison the geometrical accuracy [52] 

Table 5.1 Mechanical result of tensile test [52] 

 Elastic 
Gradient 

Yield Strength 
Ultimate Tensile 
Strength 

Elongation 
After Fracture 

 E (MPa) YS (MPa) UTS (MPa) A (%) 

ZXY built orientation 0.70±0.27 613.94±139.29 676.46±145.89 10.59±10.17 

YZX built orientation 0.68±0.24 405.29±142.84 469.88±144.63 9.84±5.42 

     

The internal structure affects also material properties determined by the tensile test (Table 

5.1). The ZXY build sample exhibits significantly higher yield strength and ultimate strength 

than YZX samples. There is no significant difference in the elastic modulus and the elongation 

among tested samples. However, the measured data indicate that mechanical properties 

could depend also on the sample size. Therefore, a two-way analysis of covariance ANCOVA 

was conducted to compare the main effects of the sample orientations and cross-sectional 

areas and the interaction between the sample orientations and size of the cross-sectional 

area on the yields strength. The main effect for sample orientation in the building chamber 

yielded an F-ratio of F(1,62)=48.64, p<0.001 indicating the significant difference between ZXY 

(mean 613 MPa and stdev 139 MPa) and YZX (mean 405 MPa and 143 MPa) oriented samples. 

The main effect for the cross-sectional area yielded an F-ratio of F(1, 62) = 2.45, p=0.12, 

indicating that the effect for the cross-sectional area was not significant. However, the 

interaction effect was significant, F(1, 62)=22.96, p<0.001. 
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To further study this interaction, samples were divided into two groups according to their 

cross-sectional area (So): (I) with a cross-section smaller than 1.5 mm2 and (II) represents 

samples with a cross-sectional area larger than 1.5 mm2. 

Table 5.2 Number of samples and their orientation in two groups divided according to the 

cross-sectional area [52] 

Group So ZXY YXZ 

I <1.5mm2 30 18 

II >1.5mm2 9 8 

 

 

Figure 5.4 Metallographic result of samples with a different orientation (YZX (horizontal) and 
ZXY (vertical) building orientation) [52] 

The building direction influence not only the surface structure, but it has a considerable effect 

on the internal structure.  As an example, we show the internal microstructure of two samples 

with ZXY and YZX built orientation (Figure 5.4). Both samples have a cross-section area lower 

than 1.5mm2. The sample with ZXY building orientation has a finer microstructure but contains 

a considerably higher number of pores.  
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Figure 5.5 Stress-strain result of sample a and b with building orientation ZXY and YZX 

respectively. The red lines represent specimens built with ZXY orientation and green line 

represent YZX orientation respectively 

 

Figure 5.6 Samples in section I and II (So<1.5mm2) stress-strain results. The red lines 

represent specimens built with ZXY orientation and green line represent YZX orientation 

respectively [52] 
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The sample microstructure determines its mechanical behaviour. The sample build in ZXY 

orientation has considerable higher yields strength than sample build in YZX orientation. 

However, the internal defects conditions low elongation in sample build in ZXY orientation. 

This behaviour was observed in samples with small cross-sectional area, Figure 5.5. Samples 

with higher cross-sectional area, the yield strength is almost the same, while the elongation is 

higher in ZXY built samples, Figure 5.6. 

 

Figure 5.7 Section II (So>1.5mm2) samples stress-strain results. The red lines represent 

specimens built in ZXY orientation and green lines represent YZX built orientation 

respectively [52] 

The ZXY samples have higher strength than YZX samples in small samples (group I), (Wilcox 

test p<0.01, Figure 5.6) that is in agreement with results presented in Table 5.1. However, 

these two groups also differ in elongation. The ZYX samples have almost brittle behaviour 

with limited elongation. The behaviour changed for larger samples (group II, Figure 5.7), 

where the yield strength is almost the same in the both ZXY and YZX group while the 

elongation in ZYX samples is larger than in XYZ oriented samples.  

The results for the yield strength are summarized in Figure 5.8. Our results indicate that the 

orientation effect is crucial for small samplers (So<1.5 mm2) while it is less important if the 

cross-sectional area is larger than 1.5 mm2. 
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Figure 5.8 Yield strength (YS) for small struts-like specimens with different cross-section and 

building orientation. The group I and II are defined on the base of the cross-sectional area 

(group I: So<1.5 mm2 and group II: 1.5 mm2<So). Red symbol and dash line show the result 

of the sample with ZXY building orientation. Green square symbol and dotted line illustrate 

the result of specimen build in YZX orientation [52] 

 

a) Statistical result of group I (So<1,5 
mm2) 

b) Statistical result of group II (1,5 
mm2<So) 

Figure 5.9 Yield strength statistical result of group I and II (So<1.5 mm2 and 1.5mm2<So, 

respectively) [84] 
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 Unit-Cell approach and 2D Analytic-numeric comparison 

Analytic results and finite element results were compared and the %6.5 difference was found 

on elastic modulus in x-direction. Analytic calculation based on the unit cell beam approach. 

Our previous study of geometrical and mechanical aspect was applied numerical approach as 

well. The result was satisfied to move further for complex calculation. Developed FEM 

approach of unit hexagonal cell can be used for complex and irregular 2D and 3D structure. 

 

Analytic calculation and mechanical    

properties of unit-cell 

FEA approach  mechanical properties of 

unit- cell 
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 Developing complex 2D honeycombs with beam approach 

 

 
a) b) c) 

Figure 5.10 Regular b) Irregular c) Highly Irregular hexagonal honeycombs Abaqus Von 

Misses stress distribution [62] 

Figure 5.10 shows that maximum Von misses stress location affected by irregular honeycombs 

architecture. Maximum stress location gives an idea to redesign the structure and avoiding 

high stress on the critical section. On the other hand, the changing orientation of struts 



RESULT                                                                                                                                                     57 
 

(angels or thickness-length ratio) effects on stress flow or distribution. As a result of that, it 

may provide a positive approach during the designing cellular structure on the contrary it may 

fail to the whole system if they are not considered. 

Those missing network components may lead to high-stress concentration on different 

location which can be seen in Figure 5.11. Moreover, this simplified concept gives us a chance 

to understand behaviour of cellular structure. 

 

Figure 5.11 a) ''Highly Irregular'' and b) ''Highly Irregular network reduction'' hexagonal 

honeycombs with network reduction 

It can be clearly seen that failing or removed struts affect the system mechanical response. 

Therefore, it was expected that since porous structure density was decreased and struts have 

to deal with the same applied load in the irregular geometry [62].  
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 Pure titanium as-built porous structure compressive mechanical response  

Compression test was carried out according to ISO 13314 (Mechanical testing of metals-

ductility testing-compression test for porous and cellular metals). Loading-unloading slope 

was used to analysed elastic gradient.  

 

Figure 5.12 Compression test stress-strain diagram for all samples 

Figure 5.12 represents the general stress-strain trend of samples. Elastic modulus, plateau 

stress and maximum the first strength calculated from the stress-strain diagram, Figure 5.12.  
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Figure 5.13 Young’s modulus results of compression test of CP-Ti 

Figure 5.13 illustrates the elastic modulus distribution versus sample number and statistical 

result. Mean value of elastic modulus is 2.17 GPa for all samples. The lowest and highest 

values area 2.01 and 2.35 GPa respectively. Standard deviation is 0.09 GPa.   

 

Figure 5.14 Maximum first strength of sample distribution and statistical result 

The mean value of maximum strength is 74.39 MPa and the standard deviation is 1.04 MPa. 

Minimum and maximum value of maximum strengths is 73.38 and 76.03 respectively.  This is 

slightly higher than yield strength value. Solid samples generally tend to have small gap 

between plateau stress and maximum strength. Therefore, it is important to determine 
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maximum strength.  On the other hand, elongation during the maximum strength is supposed 

to be considered regarding porous structure design. 

 

Figure 5.15 Plateau stress of samples distribution and statistical result 

The mean of plateau stress of the samples is 31.44 MPa and the standard deviation is 4.46 

MPa.  The lower and higher values are 27.10 MPa and 40.62 MPa respectively. 
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 Pure titanium with surface treatment porous structure compressive mechanical 

response 

Stress-strain result of the cubical sample with surface treatment and samples without any 

post-treatment, Figure 5.16. Surface treatment can decrease the highest strength values. 

 

Figure 5.16 Compression stress-strain result of the TILOP pure titanium cubical samples. 

Compression strain applied until 3mm deformation. Elastic modulus was calculated by load-

unloading slope and it is the recommended the method for calculating porous structure 

parameters by ISO 13314. 

Table 5.3 Mechanical result of compression test of surface treatment samples 

 Elastic Gradient 
(E-GPa) 

Yield Strength 
(YS-MPa) 

First Maximum 
Strength MPa 

PT3S 2.45 ± 0.27 38.88 ± 10.12 62.44 ± 2.33 

PT6S 2.09 ± 0.11 36.62 ± 0.43 48.85 ± 2.95 

PTWT 2.82 ± 0.11 49.63 ± 5.25 70.39 ± 1.94 
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Figure 5.17 Compression test of TILOP pure titanium elastic modulus results 

Figure 5.17 illustrates elastic modulus of compression test of TILOP cubical samples. Surface 

treatment can change mechanical properties and elastic gradient can be depended on the 

effectiveness of surface treatment which means 6-minute surface treatment can influence 

porous structure more than 3-minute surface etching. Moreover, surface treatment can 

decrease elastic modulus by 26%. The difference between the elastic modulus of 3 minute 

and 6-minute surface treatment is 14.7%. In addition, samples without any surface treatment 

can reach 2.9 GPa. 

 

Figure 5.18 compressive proof stress results of the compression test of TILOP pure titanium  

Compressive proof stress was calculated with 0.2% offset method. Figure 5.18 shows 

compressive proof stress result of cubical samples. Sample without any surface treatment has 

TILOP Pure Titanium 

Compression Test Young's Modulus

1,8

2,0

2,2

2,4

2,6

2,8

3,0

G
P

a

G
R

1
_
E

G
R

2
_
E

G
R

3
_
E

TILOP Pure Titanium 

Compression Test Yield Strength MPa

20

25

30

35

40

45

50

55

M
P

a

G
R

1
_
R

p

G
R

2
_
R

p

G
R

3
_
R

p

G
P

a 
M

P
a 



RESULT                                                                                                                                                          63 
 

the highest values with 49.63 ± 5.25 MPa. However, the samples with 6-minute surface 

treatment can achieve 21.67% lower values than as-built samples. There is also compressive 

proof stress difference between 3 and 6 minutes of surface treatment by 5.8%. 

 

Figure 5.19 The first maximum strength results of compression test of TILOP pure titanium  

Figure 5.19 shows the maximum first strength which is quite vital for handling the first phase 

of the plastic stage. Samples without surface treatment have the highest value with 70 MPa, 

and it is 11.3% higher than samples with 3 minutes of surface treatment.  

 

Figure 5.20 Cubical samples deformation after compression test 
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All metallic surfaces have electrochemical corrosion that reduces the structural integrity of 

the implant and releases particles that are potentially toxic. The mechanism of corrosion is 

essentially the galvanic effect [85], based on the thermodynamic driving forces which cause 

an oxidation/reduction reaction. Every metal has its own reactivity to oxidation and the 

exposure of metal to synovial or organic fluids produces a gradient-based exchange of 

electrons and ions from the metal to the solution [86]. Figure 5.20 shows that surface 

treatment provide releasing un-melted titanium particles under compressive deformation. 

 HIP and surface treatment effect on porous structure 

Table 5.4 Connector strut thinness measurement result 

Group no Group code Single strut thickness  (*0.001)mm 

1 SNHHTNS 322 ± 21 

2 SWHIT 310 ± 23 

3 SWS3T 277 ± 21 

4 SWS6T 243 ± 21 

5 SHITS3T 287 ± 21 

6 SHITS6T 234 ± 18 

Single strut measurement was done and compare after the surface and HIP treatments. Cad 

design of the connector strut thickness was 300 mm (*0.001) however, AM samples without 

any treatment had slightly bigger strut diameters due to the accuracy of the SLM.  The 

thickness can be decreased with surface post-treatment. Table 5.4 shows that surface etching 

time would change the diameter of the connectors in the porous structure up to 14%. In 

addition, surface etching is more effective if samples have HIP treatment. 
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Figure 5.21 SEM result of post-treatment effect on surface [52] 

Figure 5.21 shows the surface etching effect on samples without any treatment and samples 

with HIP treatment. It can be observed that surface etching can remove partly melted powder 

on the struts and create a smoother surface. However, the process can make struts quite 

thinner. Furthermore, struts can achieve clear beam form and homogenous shape after 

etching. This achievement can provide consistent behaviour under compressive loading. 

Removed particles area not only important for biomedical   approach it may also affect 

compression stress-strain diagram. 
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Figure 5.22 Cross-sectional area measurement compression [52] 

The cross-sectional area of samples measurements was done with a digital micrometer 

(Mitutoyo, Mitutoyo Corporation, Tokyo, Japan) for each sample. Figure 5.22 illustrates 

surface treatment can affect cross-sectional area dramatically. Surface etching can decrease 

the cross-sectional area up to 3%. 

Table 5.5 Compression test mechanical result [52] 

No Group name Elastic gradient 
(GPa) 

Compressive proof 
Stress (MPa) 

First maximum 
compressive strength 
(MPa) 

1 SNHHTNS 1.76 ± 0.05 38.70± 0.63 56.87± 0.98 

2 SWHIT 1.87 ± 0.05 38.13 ± 0.55 52.67 ± 2.92 

3 SWS3T 1.31 ± 0.13 31.66 ± 1.66 44.84 ± 3.63 

4 SWS6T 1.23 ± 0.08 30.11 ± 0.43 39.84 ± 2.16 

5 SHITS3T 1.48 ± 0.11 31.50 ± 0.94 43.02 ± 4.19 

6 SHITS6T 1.34 ± 0.06 28.49 ± 1.24 38.41 ± 1.86 

Table 5.5 shows the mechanical result of compression test according to groups. It can be seen 

that HIP process can deliver an enhanced elastic gradient due to decreasing internal defect 

[87]. On the other hand, surface treatment can influence almost all mechanical parameters 

since it tends to decrease strut thickness.  
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Figure 5.23 Compression test elastic modulus of porous samples comparison according to 

post-treatment [52] 

Elastic gradients were calculated by elastic loading and unloading according to ISO 13314 

guidelines [67]. Samples with HIP treatment (SWHIT) achieved the better elastic modulus 

value and it has 5.88% higher performance than as-built samples (SNHHTNS).  It can be seen 

in Figure 5.23, the lowest elastic gradient was reached with samples with 6 minutes of surface 

treatment (1.23 ± 0.08 GPa).  

 

Figure 5.24 Compression test compressive proof stress comparison [52] 

Figure 5.24 shows a significant difference between compressive proof stress of samples with 

surface and without surface treatment.  As it can be seen that sample with HIP and 6 minutes 

surface treatment (SHITS6T) reached the lowest level with 28.49 ± 1.24 MPa.  Surface 
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treatment time did not effect on compressive proof stress significantly. SHITS6T and SHITS3T 

samples had only 9.5% difference on the average.    

 

Figure 5.25 Compression test first maximum compressive strength comparison 

 

Figure 5.26 Stress-Strain diagram of compression test Ti alloy 23 

As-built (SNHHTNS) achieved the highest first maximum compressive strength (56.87± 0.98 

MPa), Figure 5.25. HIP treatment can decrease the strength by 7.4%. First maximum 

compressive strength comparison of samples with surface treatment (SWS3T) and samples 

with HIP plus surface treatment (SHITS3T) are quite close with the result of 3.5%. 
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Figure 5.27 Comparison of yield strength of porous samples with post-treatment and 
theoretical calculation [52] 

 

Figure 5.28Comparison of elastic modulus of porous samples with post-treatment and 
theoretical calculation [52] 

Figure 5.27 and Figure 5.28 show that surface etching decrease the strut thickness which 

effect on cross-sectional area and mechanical response. Yield strength trend follows the 

theoretical calculation which means surface treatment does not affect the porous behaviour. 

It can be also observed in Figure 5.26. 
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Table 5.6 Deformation of Ti alloy 23 compression test 

 

Surface treatment effect on deformation can be seen in Table 5.6 Group 6 achieved less 

titanium particles release after compressive deformation. 

 Analytic calculation of 3D cellular structure 

Bulk material mechanical properties were used for elastic modulus calculation. However, 

applied bulk material parameters are not reflecting the real problem since connectors have 

different mechanical properties than bulk titanium. Our previous study also shows that thin 

struts mechanical properties can be influenced by the size and building orientation. 

 



RESULT                                                                                                                                                          71 
 

Table 5.7 Analytic calculation of rhombic dodecahedron result 

 Relative  
density (𝜌) 

Elastic Modulus (E) Yield Strength (YS) 

Bulk CP-Ti material data 0.24 
E1= E2,=2.02 GPa, 

E3=1.19 GPa 

𝜎𝑦1=𝜎𝑦1 =45.19 

Mpa  

Single strut CP-Ti 

material data 
0.24 

E1= E2,=1.28 GPa,, 

E3=0.76 GPa 

𝜎𝑦1=𝜎𝑦1 =45.19 

Mpa 

 

Bulk material and single strut material properties response of numerical calculation results 

can be seen in Table 5.7. Analytic density calculation is only 4% difference from the cad design. 

Mechanical compression mean elastic modulus was 2.17 GPa. If experimental value and 

analytic result compare, there is a 7% error occurs due to bulk material definition. In the 

literature, there are few studies have investigated the analytic calculation based on bulk 

material properties. In reality, struts mechanical properties is quite different than bulk 

materials. Analytical approach was designed for bulk titanium material. As it can be seen that 

single strut material data can deliver result with 41% error if the same analytic approach is 

used. 

 Numerical approach of 3D structure 

 

Figure 5.29 Stress-Strain diagram of FEA calculation 
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Numerical calculation was developed on beam based calculation which was decribed in the 

previous sections. Deformation was applied as displacement in order to mimic the 

compressive mechanical test. 

Reaction force was calculated from the reference point which was pre-defined. Stress 

calculated from reaction force and cross-sectional area. The strain was calculated from 

displacement, this method is similar to ISO 13314 (Mechanical testing of metals-ductility 

testing-compression test for porous and cellular metals) [67]. Elastic modulus was calculated 

as 0.55 GPa with the offset method from the stress-strain diagram, Figure 5.29. Stress-Strain 

diagram divided into 3 sections.  

 

Figure 5.30 Von Mises stress and deformation result of cellular model 
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The first group contains data until elastic behavior ends. The second group (II) contains the 

result of plateau stress beginning, where struts get started to collapse. Group 3 illustrates the 

data where compression test ends and it reached to 2 mm deformation.  

Figure 5.30 shows Von Mises stress result and deformation according to compression level. It 

can be seen that plastic collapse occurs in the second stage. The last stage (III), plastic 

deformation can be seen clearly.  

 

 Dynamic behavior of titanium alloy porous structure 

Rhombic dodecahedron lattice structure was manufactured by SLM samples were used for 

dynamic compression test. The rhombic dodecahedron has a bending dominant structure. 

Figure 5.31 illustrates deformation of the dynamic test of cubical porous titanium samples. 

Previously, a cubical porous numerical model was defined as linear elastic and dynamic test 

deformation showed that they have a common shape of collapse.  

 

Figure 5.31 Dynamic compression deformation of cubical rhombic dodecahedron samples 

Table 5.8 Impact force result of dynamic compression test in a variety of environments 

Testing 
environment 

B  
(kN) 

H  
(kN) 

B3  
(kN) 

H3  
(kN) 

B6  
(kN) 

H6  
(kN) 

AIR 3.03±1.04 3.93±1.72 2.43±0.18 4.3±0.8 2.45±0.46 1.68±0.35 

WATER 2.69±0.10 2.38±0.15 1.7±0.13 2.07±0.02 1.66±0.09 2.05±0.23 

BLM 2.69±0.34 2.36±0.15 2.19±0.16 1.47±0.53 1.71±0.20 1.42 

       

HIP treatment increased the impact force for the dynamic test in the air by 22% since HIP 

tends to decrease internal defect. It was also observed that HIP decreased the impact strength 

by 8%.  This effect on the dynamic test can be changed according to the testing environment. 

Impact force result was decreased in the liquid testing environment, on the other hand, the 

absorb energy was increased, Table 5.9. 
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Table 5.9 Impact strength result of dynamic compression test in variety of environments 

Testing 
environment 

B 
(J) 

H 
(J) 

B3 
(J) 

H3 
(J) 

B6 
(J) 

H6 
(J) 

AIR 0.6±0.17 0.55±0.21 0.49±0.08 0.71±0.20 0.44±0.09 0.42±0.31 

WATER 0.99±0.06 0.76±0.08 0.36±0.07 0.44±0.13 0.44±0.10 0.30±0.05 

BLM 0.84±0.26 0.67±0.27 0.79±0.06 0.32±0.21 0.45±0.11 0.39 

 

 

Figure 5.32 Impact force of dynamic compression test result 

Impact force was not significantly changed with the testing environment, Figure 5.32. HIP 

treatment can decrease impact force slightly due to the fact that strut thickness tends to 

shrink after HIP treatment so the cross-section area gets reduced after the operation. 
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Figure 5.33 Impact strength of dynamic compression test result 
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 Discussion 
 

The porous structure is becoming trendy application in orthopedic implants [88]. Adjustable 

geometrical freedom and low-density component can be provided with AM technology for 

replacing damaged or unhealthy body parts [89]. Un-cemented joint implant surface 

modification can help to increase bone anchoring therefore, AM can create arbitrarily 

complex and predictable porous 3D structures[90][91]. 

Porous structure mechanical properties are important for medical application. It can decrease 

stress shielding and increase osteointegration [92][93][94]. Therefore, porous structure 

mechanical properties can be depended on unit-cell architecture, the material used, 

connector strut thickness and relative density [95].  Optimizing mechanical response of 

porous structure could be adjusted by strut thickness which changes relative density [96]. In 

this research pores size adjusted to 0.6 mm which is an optimum value for bone ingrowth 

[97]. Study of Mullen et al., 2008 shows that the size of the pores can affect bone anchoring 

significantly [3].  

Selective laser melting (SLM) accuracy can be tuned with parameters such as applied energy 

or beam diameters [98]. In this study, the manufacturer recommended setup was used.  

6.1 Single strut size and building orientation effect on mechanical properties 

The properties of individual segments of the truss-like porous structure affect its global 

performance. In this study, it was shown that the building orientation of the struts and its size 

influence its mechanical properties. 

Building direction influences the surface geometry and the microstructure that has in turn 

effect on mechanical properties. The AM process is primarily tuned to building in the Z-

direction, that was observed by finer microstructure (Figure 5.4) and higher yield strength in 

ZXY (Vertical) than in YZX (Horizontal) built specimens (Figure 5.6, Figure 5.7 and Figure 5.8). 

However, the larger the cross-sectional area is, the smaller difference in yield strength is 

between the YZX (Horizontal) and ZXY (Vertical) specimens, respectively (Figure 5.8). It has 

been also observed a considerable amount of pores for ZXY (Vertical) specimens (Figure 5.4A) 

that conditioned low elongation, regardless of the specimen cross-section size (Figure 5.6, 

Figure 5.7).  The higher porosity in ZXY (Vertical) samples was reported also in the previous 
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studies, for review see Frasier et al., 2014. The relatively higher porosity could be specific to 

used SLM setup, including powder, scanning strategy and laser beam power. Slotwinski et al., 

2014 showed that by changing the manufacturing parameters, the porosity could be 

considerably influenced. However, the study of Slotwinski et al., 2014 is based on large 

samples (a cross-sectional area more than 5000 mm2) and application of small samples used 

in this study (the cross-sectional area around 1 mm2) may not be straightforward [99]. 

Above mentioned results showing the effect of the orientation are in agreement with the 

previous studies. Aref Yadollahi et al., 2016 reports the 10% higher yield strength for samples 

manufactured in the building (Vertical) direction than manufactured in the plane of 

deposition (Horizontal) based on large samples (the cross-sectional area around 12.56 

mm2)[100]. 

The previous studies investigated samples with large cross-section areas. The results 

presented in this study show that the building direction has a much larger effect when the 

size of the structure is small (cross-sectional area less than 1.5 mm2). The difference in the 

yield strength between samples build at different orientation is 79% average (Figure 5.8). If 

the cross-sectional area is larger than 1.5 mm2, the difference in yield strength between 

samples build in different orientation is 6% on average that is comparable to the previous 

studies. We may conclude, that the orientation effect could be more crucial for fine porous 

structure than for massive solid AM produced parts. 

In addition to the yield strength, the size of the sample and its orientation have an impact on 

material brittleness. For larger samples, the elongation for ZXY (Vertical) oriented samples is 

higher than for YZX samples (Figure 5.7). Similar results were observed by Caulfield et al. 2006, 

Wegner et al. 2012 and Witt, Negi et al. 2015 [101] [102][103]. The new finding in the present 

study is, that elongation trend is reversed in small samples (Figure 5.6). We may hypothesize, 

that this effect is process specific. If the sample is built in ZYX direction and the cross-sectional 

area is small, the building area that laser spot melts is small.  The amount of energy applied 

during the SLM process is a function of laser spot size, scan radius, laser power, scan spacing, 

and the laser scanner parameters [104]. The smaller the building area, the less optimal 

hatching distance is achieved and the higher energy is accumulated in the overlapping laser 

spots. The high melting energy could cause the brittleness of materials [105]. 
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This study was designed to test the structures at the limit of the accuracy of the AM process 

used. The reaching of the limits for the AM process could be observed in decreased shape and 

size accuracy for specimens with the small cross-sectional area. It is common engineering 

practice to measure two perpendicular dimensions and calculate the cross-sectional area as 

an area of a rectangle. We have observed that the edges designed rectangular cross-section 

were rounded during the AM process that results in a discrepancy between the designed and 

actual cross-sectional area. 3D surface measurements using optical methods (confocal probe 

and digital image correlation) is more appropriate for tiny strut structures. 

Current results are based on the static test. Any porous structure in the human body will be 

loaded dynamically and the fatigue strength should be considered, especially as the 

properties of AM parts measured in static tests do not guarantee their fatigue performance 

[106]. When using an implant surface, the porous structure is in contact with body fluids and 

tissues. The fluids and cells penetrate the structure [107]. Their presence could increase the 

porous structure density and strength.  On the other hand, the interaction of the highly 

corrosive environment of the human body in combination with the large surface area could 

result in the failure of the structure[108]. 

Within this study printed specimen that matched the size and shape of connectors of the 

porous structure were investigated. However, the struts in the porous structure are always 

printed in a pack with the whole structure. The presence of surrounding elements may 

influence thermal gradients and mechanical properties. The most accurate testing will be to 

isolate the individual element from the whole structure and measure its mechanical 

properties. Considering the small size of individual elements, this would be technically 

demanding. Based on the considerable difference between small sample build in a different 

direction, we believe that the demonstrated method provides results that are applicable also 

for complex mesh structures.     

The advantage of truss structure based on simple shape interconnecting elements is, that the 

properties of the whole construct could be derived from the unit cell. We have shown, that 

in designing the optimal unit cell, the directions of individual elements should be taken into 

account. 
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6.2 Compressive behavior of pure titanium porous structures 

In this study, cubical samples compressive static behavior is quite similar to L.J. Gibson et al., 

1997  research [23]. It was observed that plastic deformation collapse on the plateau level 

and then at the end of the plateau level stress increases rapidly. The mechanical performance 

of cellular structures is dependent on factors such as cell topology; the number of cells; 

geometric parameters, including strut diameter and cell size; material and manufacturing 

process characteristics; as well as structural boundary and loading conditions [109]. Figure 

5.12 illustrates that there is a distribution on the plateau stress level due to stuck powder 

effect.  It affects the deformation of unit cell since there is not any cleaning operation was 

carried out, Figure 6.1. On the other hand, previously it was explained that the building 

direction of the struts effects its mechanical performance. 

 

 

Figure 6.1 Connector strut review and schema of stocked powders 

The pure titanium is widely used in biomedical engineering, especially implant industry due 

to outstanding biocompatible performance. X.Y. Cheng et al., 2012 [110] studied the elastic 

modulus of pure titanium can be closer to bone properties. In our research, we also confirmed 

that porous pure titanium means the elastic module is 1.54 GPa which could be well matched 

for bone replacement for damaged part since bone elastic modulus is in the range of 0.5-15 

GPa. It is quite vital that porous replacement parts density and elastic modulus could decrease 

stress shielding and extend the life of implants. 

Surface treatment affects mechanical properties dramatically and, It is quite necessary for 

toxicology aspects. It can clean un-melted powders and decrease titanium powder release.  

Connector 

Strut 
Powder 

Stocked 
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Figure 4.24 shows the effect of surface treatment on the connector struts. Surface roughness 

can be decreased dramatically by the time of the etching process. It decreases the deformed 

particles releasing into the body under the compression load. Elastic gradient decrease 

affectedly with surface treatment. The roughness of the struts gets the beam shape after 

etching process. Time of the etching process can lower thickness value 1.36% on the average. 

This thinning operation would affect slightly better for cross-sectional area, Figure 4.25. The 

highest elastic modulus and yield strength can be achieved with as-built samples. However, 

as-built samples contain un-melted titanium particles which might be released into the body 

during the compressive deformation. Titanium accumulation is quite dangerous for the liver 

and kidney [111]. Even if a small amount of titanium ion accumulation could harm to vital 

organs such as the liver. Releasing titanium particles can lead to critical conditions. Although, 

surface etching lower porous structure mechanical performance, it can still be a great match 

for bone mechanical properties and decrease the stress shielding if it is compared to the solid 

titanium implant.  

6.3 Post-treatment effect on titanium alloy porous structure 

Open-cell porous structure mechanical properties would affect bone interaction for 

orthopedic applications [112]. SLM manufactured components universal performance can be 

modified with post-treatment technique. HIP treatment was used for reducing internal 

defects and stress realising which help to improve mechanical response. Surface treatment 

was used for cleaning partly melted powder and preventing any toxicology outcomes in 

orthopaedic use [113]. In this study, it is shown that regular porous structure mechanical 

response was affected by surface and HIP treatment. The surface treatment by chemical 

etching was used for cleaning partly melted powder, while the HIP treatment reduced internal 

porosity [114][115][116]. 

Strut thickness and cross-sectional area can influence the mechanical performance of open-

cell porous structure[110]. During the compression loading, the consistent structure provides 

uniform deformation which means that equivalent connector struts deal with a similar 

loading. The perfect porous structure should provide stable mechanical properties with small 

scattering between samples. Despite rough structure in as-build samples (Figure 4.28), they 

provide low variation between the samples. The surface etching smooths surfaces but adds 

imperfections in struts diameters that increase variations between the samples.  
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The effectiveness of surface etching degree can be influenced by post-processing. Surface 

treatment can erode for 3.7% more in the samples with HIP treatment (SHITS6T) than in the 

samples without HIP treatment (SWS6T), Table 5.4. A similar trend can be observed in overall 

porous samples dimensions, Figure 5.22. 

It was shown by Song et al., 1999 [117] and Oh et al., 2003 [118], that internal defects has a 

negative impact on the elastic modulus of solid structure. We have observed similar behavior 

also for porous structure. The highest elastic gradient was observed in the group had the HIP 

treatment and it is 5% higher than as-built porous samples. 

The HIP process is further able to eliminate the internal defect and decrease the residual 

stress which can improve ductility behavior [119]. Also, this effect could be observed in the 

porous samples within this study.  The effect of HIP treatment is not due to the reduction of 

internal defects only but it also delivers more uniform microstructure for solid component 

[115]. 

As-built samples (SNHHTNS) have the highest compressive proof stress with 38.70 MPa 

respectively on the average. HIP treatment Samples (SWHET) have a slightly lower value than 

the as-built group (SWHET) with 0.3%. HIP process tends to have a negative effect on 

compressive proof stress and the similar result was found in the Hrabe et al., 2016 study [120]. 

First maximum stress result of porous samples follow the same trend as compressive proof 

stress, Figure 5.24 and Figure 5.25. The highest first maximum stress values were found in the 

as-built samples groups (SNHHTNS).  HIP treatment lowered porous structure first maximum 

stress by 7%.  HIP process decreases the internal defects and provide higher elongation 

however, it reduces first maximum and compressive proof stress due to microstructure 

coarsening [121]. 

Level of surface treatment affects mechanical performance due to the fact that strut thickness 

diameter is decreased by surface etching and this technique can be also used to create hybrid 

porous component with different relative density [131]. As-built samples with 6-minute 

surface treatment (SWS6T) has the lowest elastic modulus with 1.23 GPa respectively on the 

average. Sample with both HIP and surface treatment has still higher elastic modules than as-

built samples with surface treatment, Figure 4.26.  Compressive proof stress can be decreased 

by surface etching. 6-minute surface treatment can reduce compressive proof stress by 25%. 
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Sample with HIP and 6-minute etching (SHITS6T) has the lowest value 28.49 MPa respectively 

on the average. 

Mechanical properties of porous samples with surface treatment and HIP can be a good 

match with bone mechanical properties. Close mechanical properties of bone and porous 

structure would decrease the stress shielding which can extend the lifetime of the implant 

[122]. Surface etching also provides the excellent clean product which is crucial for biomedical 

applications. Preventing the release of titanium particles from the implant is crucial for any 

biomedical application, Heringa et al., 2018 study shows that titanium accumulation in the 

human body can damage liver [111]. Woodman et al., 1984 research also shows ion release 

from titanium-based implants effect and damage to human vital organs, namely liver, and 

kidney [123]. It was suggested that separation of any un-melted powder from the porous 

structure would lead to critical liver failure  [124] and therefore surface treatment is highly 

recommended for the commercial orthopedic product.  

The results of the study indicate the effect of HIP and surface etching on mechanical 

properties of porous samples. However, there are also other factors that should be 

considered in a biomedical application. In this study, the investigation was carried out with 

static compression test in the air however, porous structure in the human body is supposed 

to deal with dynamic loading in blood-like material and body fluids environment. The fluids 

and cells penetrate the structure and it may affect the corrosions of the implant [107]. The 

in-vivo environment could increase the porous structure density and strength with 

interpenetrating phase composites effect. 
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Figure 6.2 Post-treatment effect on titanium alloy porous structure 

Figure 6.2 illustrates the work flow of the post-treatment, the HIP process can reduce internal 

defect and surface treatment can deduct external defects. 

6.4 Analytic and numerical approach of porous 2D structure 

Metallic open cell foam can be simplified as honeycombs for the 2D approach.  Man-made 

honeycombs can be seen in different industries. It can be found in nature where structures 

have to deal with a different type of loading. Understanding the mechanical properties of 

cellular solids can lead to improved materials design and performance. Open cell 2D 

geometrical model was developed for analytic and numerical approach according to Gibson 

and Ashby et. Al., 1997 [125] research. 

In this study, unit cell mechanical analytic and numerical behavior were compared. The 

computational investigation was carefully carried out for complex 2D structure. Models were 

developed for without units for understanding to the comparison.  

Elastic modulu and yield strength compared for unit cell development for both analytic and 

numerical approach. Finite element analysis result for elastic gradient was calculated in x- and 

y-direction. It was expected that Ex and Ey have to be equal. In our calculation, there was 

0.4% difference occurred.  This is still satisfied result to carry out 2D complex numerical 

calculation.  
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2D complex geometrical model consists of dry connectors during the numerical calculation, 

Figure 4.9. Honeycombs or trabecular shape do not always have regular order, in nature there 

plenty of example of irregular honeycombs. It is shown that Von-Mises stress concentration 

can be adjusted by the order of open-cell organization. It may also help to improve the 

fundamental idea of changing the highest stress location.   

SLM laser beam follows the hatching path to melt the metal powder. It creates the component 

layer by layer, in some cases, laser can miss the pattern and create a missing connector. The 

similar scenario can be faced with software collapse. Each case, the highest stress 

concentration can change the location, Figure 6.3.  

 

Figure 6.3 Irregular 2D honeycombs stress distribution a) irregular honeycombs and b) 

irregular missing strut honeycombs [62] 

6.5 Analytic and numerical approach of porous 3D structure 

The analytical solution for the elastic properties of a rhombic dodecahedron was calculated 

with unit-cell approach. We derive analytical relationships for the effective mechanical 

properties of an open rhombic dodecahedron unit cell and tessellated cellular structure with 

periodic boundary conditions using fundamental concepts of mechanics of materials (small 

enough deformations).  We present analytical models to calculate the effective elastic-plastic 

properties of a rhombic dodecahedron unit cell and periodic tessellated cellular structure. 

The cell edge material behavior was taken as elastic and comprised the elastic modulus and 

yield strength [126]. 

Babaee et. al., 2012 [76] shows that bulk material definition was used widely for the analytic 

approach of struts mechanical properties. Our previous studies show that AM strut size and 

orientation has an influence on mechanical properties significantly.   
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Analytic investigation and mechanical test of elastic modulus difference is 28%. Babaee et. 

al., 2012 used bulk material properties in his calculation. However, powder type also can 

change the elastic module. Another effect is that SLM machine accuracy, the analytic 

calculation was planned for designed diameters with smooth connectors however, in printed 

samples connectors slightly bigger and contains surface roughness. It may also change the 

cross-sectional area and load bearing diameter. 

Finite element models of both unit cell and tessellated cellular structures was developed and 

used them to establish the validity of the analytical models. The elastic properties and yield 

strength of the cellular structure were calculated from the force-displacement response of 

the structure in each basic loading direction. The effective elastic modulus is the initial slope 

of the response.  

Elastic modulus of analytic calculation 57% difference than numerical calculation. Elasticity 

and plasticity data were used from our previous study during the calculation. This difference 

can be caused by the mathematical model contact accuracy which can be improved. 

Deformation behaviour and collapse area are quite similar to mechanical testing, there is still 

75% elastic modules difference remaining. 

The mathematical model is developed and executed according to the same procedure of 

mechanical test and analytic calculation. However, material data input plays a crucial role 

during the calculation. Single strut mechanical properties were used for finite element 

approach, result present that single porous structure mechanical behaviour quite 

homogenous even though single struts mechanical properties are depending on building 

orientation and their size. 

6.6 Mechanical response of titanium alloy porous structure under dynamic loading 

Orthopaedic metal implant is surrounded by tissue fluid during the stay in the human body. 

The in-vivo system contains water, complex organic compounds, dissolved oxygen, sodium, 

chloride, bicarbonate, potassium, calcium, magnesium, phosphate, amino acids, proteins, 

plasma, lymph, saliva [127]. Although porous samples were tested in the air in the literature, 

commercial porous implants seldom bear with compressive load in the human body condition 

and it can be either dynamic or quasi-static [116][117].  
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Previous studies focus dynamic test on aluminum foam and its energy absorption capability 

since the automotive industry widely use foams for good impact force performance [130]. In 

this experiment high speed (2m/s) impact test was carried out for impact force and energy 

absorption performance of porous titanium alloy and applied post-treatment methods. The 

same testing method was applied in blood like material (BLM) and water as well in order to 

mimic human body condition. Dynamic impact force results were very similar for porous 

sample in air, water, and blood like material, Figure 6.5. It is shown that an experiment can 

be carried out in the air since impact force results in liquid environments can be tolerated. On 

the other hand, the dynamic test stress-strain diagram shows that stress trend of porous 

structure in the air very similar to test in water and blood like material, Figure 6.4. Current 

research shows that mechanical tests can be carried out in the air for porous structures. 

 

Figure 6.4 Stress-Strain diagram of dynamic compression test for as-built sample 

In addition, post-treatment method also has an effect on the mechanical performance of 

the dynamic test. As it was mentioned in previous sections, surface etching tends to 

decrease strut diameter and density as a result of that load bearing area is decreased. On 

the other hand, behaviour of the porous structure with surface etching very similar to as-

built samples. Eroding sample can increase the pore size however, it still acts as an open-

cell regular structure.  
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Figure 6.5 Impact force result of dynamic compression test for as-built sample 
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 Conclusion 

 

Additive manufacturing (AM) does not only provide design freedoms or low-density 

components, but it also helps to develop regular porous surface.  AM porous structure 

mechanical properties are influenced by manufacturing set-up, material, mesh architecture 

and post treatments. Improving mechanical properties of AM porous surface of orthopedic 

implant can increase bone integration and decrease implant loosening. In this study, the 

mechanical response of porous structure was investigated intensively with the approach of 

mesh architecture, post-treatment methods, and material consideration.  

Connectors or struts are core elements of the open cell porous structure and they have a 

different orientation in the cellular architecture. It has been experimentally shown in this 

study, single strut properties were affected by the size and building orientation. The building 

orientation direction effect is much less pronounced in larger samples [84]. Single strut 

mechanical properties have been used for analytic and numerical calculation since previous 

studies were designed by using bulk material data. We can conclude that material properties 

definition plays a vital role in analytical and numerical calculation approach.  Predicting the 

mechanical properties of porous structure has been challenging since strut material definition 

can be decisive. Quasi-static tests showed that mechanical responses of porous samples 

manufactured from two different suppliers had different results even though the same pure 

titanium powder were used.  

In this research, conventional and new post-treatment methods have been used for 

improving porous structure functional properties for biomedical application. Surface etching 

decreases the strut diameter dramatically. On the other hand, it helps to prevent porous 

structure struts together under the compressive deformation. This feature can be enchanted 

with HIP treatment as well. Although compromising the strength of porous structure is 

inevitable but it is still suitable for orthopedic biomedical applications [66].  

Porous structure dynamic test was carried out in air, water, and blood like material since 

titanium cellular structure frequently interacts with body fluid. We show that dynamic test 

result of porous structure in the air was very similar to water and blood like material 

environment.  It shows that future mechanical test can be carried out in air conditions.  
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To conclude, the building orientation and geometrical accuracy of AM are one of the 

parameters that should be considered the design of the complex truss porous structures. The 

surface etching is a suitable method for post-processing of the porous structure [66]. In this 

study, we have also shown that HIP treatment is not significantly effective for porous 

structure mechanical properties. 
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