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1. 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. 

2. 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: 
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 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. 

3. Method 

3.1 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]. In these 

studies, the mechanical properties of the porous material are derived from the unit cell 

[20][21]. 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]. The testing sample size corresponds to the strut size used 

in porous joint replacement components, Figure 3.1.  

 

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 3.1 Root of single strut application area [22] 
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The sample were fabricated from Concept laser CP-Ti Grade 2 powder consisting of particles 

with size ranging from 45 to 100 𝜇𝑚 [23]. Chemical composition of raw material and the 

mechanical properties 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 [24]. 

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

Waltham MA) was used to design computer models of the plate tensile specimens. The 

thickness of the samples was designed to be 0.5 mm while the width of the sample ranged 

from 0.15 mm to 4.2 mm. 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. 

Manufacturer’s recommendation  was applied [25]. 

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

WK49229 [26] was used denoting the building direction as Z while the ground plane is 

denoted as XY.  

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

Miniaturized specimens were tested using a test method based on ASTM E8 [27]. 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 
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RedLux (RedLux Ltd. Southampton, UK). The machine uses confocal probe to map the surface 

roughness up to ~0.5µm. 

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). 

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 [28]. 

3.2  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 

[29][30][31].  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. 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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The Samples were manufactured from Consept Laser titanium alloy grade 23 (CL 41TI ELI) 

powder [32]. 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 3.2. 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 3.2 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 [25]. Furthermore, surface etching and hot 

isostatic pressing (HIP) were applied to some groups of samples. 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.). Samples were divided into 6 groups according 

to post-treatment method and each group contains 4 samples, Table 3.1. 

Table 3.1 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 
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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.   

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. 

3.3 Dynamic response of porous structure with post treatments 

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

(SLM) [32]. 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 applied [25]. 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.).  

Table 3.2 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 
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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.  

Impact test was carried out in the air, water, and blood like material [33].  The impact tests 

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

UK) [34]. 

3.4 Numeric and analytic approach for porous structure 

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 [35]. It is considered, three dimensions cellular 

structure would be defined as a foam shape which consists of interconnected networks like 

honeycombs [36]. 

 

Figure 3.3 Unit honeycomb cell [37] 

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
) 

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 [38]; 
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  (
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 and length ratio was defined as 0.13 (𝑡 𝑙⁄ = 0.13). Relative density and elastic 

modulus were chosen 0.15 and 1 respectively. Numeric calculations were carried out with 

Abaqus (Hibbitt, Karlsson, & Sorensen, Inc., Pawtucket, RI) software. 

 

Figure 3.4 Unit honeycomb cell deflection results in Abaqus [37] 

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

2𝑏𝑙𝑐𝑜𝑠𝜃
 

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

2(𝑙 + 𝑙𝑠𝑖𝑛𝜃)
 

 

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; 
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𝐸𝑥 =
𝜎𝑥

𝜀𝑥
 

3D porous structure analytic approach was designed according to actual cubical test samples. 

Rhombic dodecahedron 2 mm unit-cell and 20% density was chosen. 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 3.5 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  

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 

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. 
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Table 3.3 Rhombic dodecahedron formulas 

Relative density formulas [39]          𝜌 =
3√3

2
𝜋 (

𝑟

𝑙
)

2

−
27√2

4
𝜋 (

𝑟

𝑙
)

3

 

Analytical elastic modulus [40]   

𝐸1

𝐸𝑠
=

𝐸2

𝐸𝑠
=

27 
𝑠𝑖𝑛𝜃

𝑠𝑖𝑛2𝜃
3𝑙4

𝜋𝑟4 +
18𝑙2

𝜋𝑟2

 

 

𝐸3

𝐸𝑠
 = 9𝜋 𝑟4   

𝑐𝑜𝑠 𝜃

2𝑙4  sin2 𝜃
      𝜃 = 54.73° 

Analytical yield stress modulus 
[39]  

𝜎𝑦1

𝜎𝑦𝑠
=

𝜎𝑦2

𝜎𝑦𝑠
=

3√6

8
 (

𝑏

𝑙
)

3

 

3D rhombic dodecahedron mechanical response were calculated according to literature 

studies. The displacement of the unit cell under an applied force is used to derive the 

analytical relationships that describe the elastic modulus [41]. 

Numerical validation of the analytical model was generated with same geometrical features. 

The static test of finite element model is developed in order to create representative model 

for further calculation. Cubical porous samples were designed with 27 rhombic dodecahedron 

unit-cell. 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. 

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 3.6 Load and boundary condition of the FEA model 
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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 accordingly. Material data were chosen from previous single strut 

study. 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). 

4. Result 

4.1 Porous connectors mechanical response 

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 4.1). 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. 

 

Figure 4.1 Statistical of comparison the geometrical accuracy [22] 
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Table 4.1 Mechanical result of tensile test [22] 

 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 

4.1). 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. 

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. 
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Figure 4.2 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 [22] 

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. Samples with higher 

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

ZXY built samples, Figure 4.2. 

 

Figure 4.3 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 [22] 
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The ZXY samples have higher strength than YZX samples in small samples (group I), (Wilcox 

test p<0.01, Figure 4.2) that is in agreement with results presented in Table 4.1. 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 4.3), 

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 4.4. 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. 

 

Figure 4.4 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 [22] 

4.2 HIP and surface treatment effect on porous structure 

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

design of the connector strut thickness was 0.3mm however, AM samples without any 

treatment had slightly bigger strut diameters due to the accuracy of the SLM.  Surface etching 

time would change the diameter of the connectors in the porous structure up to 14%.  
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Figure 4.5 SEM result of post-treatment effect on surface [22] 

Figure 4.5 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.  

Table 4.2 Compression test mechanical result [22] 

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 4.2 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 

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

since it tends to decrease strut thickness.  
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Elastic gradients were calculated by elastic loading and unloading according to ISO 13314 

guidelines [43]. Samples with HIP treatment (SWHIT) achieved the better elastic modulus 

value and it has 5.88% higher performance than as-built samples (SNHHTNS). Sample with HIP 

and 6 minutes surface treatment (SHITS6T) reached the lowest level of compressive proof 

stress with 28.49 ± 1.24 MPa.  Surface treatment time did not effect on compressive proof 

stress significantly. SHITS6T and SHITS3T samples had only 9.5% difference on the average. As-

built (SNHHTNS) achieved the highest first maximum compressive strength (56.87± 0.98 MPa). 

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%. 

 

Figure 4.6 Comparison of yield strength of porous samples with post-treatment and 
theoretical calculation [22] 

 

Figure 4.7Comparison of elastic modulus of porous samples with post-treatment and 
theoretical calculation [22] 
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Figure 4.6 and Figure 4.7 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. Porous 

structure dynamic behavior 

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

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

Figure 4.8 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 4.8 Dynamic compression deformation of cubical rhombic dodecahedron samples 

Table 4.3 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 4.4. 
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Table 4.4 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 

4.3 Analytic and numerical approach for porous structure development 

Analytic calculation and mechanical    

properties of unit-cell 

FEA approach  mechanical properties of 

unit- cell 

𝐸𝑥

𝐸𝑠
=

𝐸𝑦

𝐸𝑠
=

𝐸∗

𝐸𝑆
= 4.61𝑥10−3 𝐸𝑥

∗

𝐸𝑠
= 4.64𝑥10−3 

𝜎𝑥
∗

𝜎𝑦𝑠
=

𝜎𝑦
∗

𝜎𝑦𝑠
=

𝜎𝑝𝑙
∗

𝜎𝑦𝑠
= 1.13𝑥10−2 𝐸𝑦

∗

𝐸𝑠
= 4.59𝑥10−3 

 𝜎𝑥
∗

𝜎𝑦𝑠
= 1.21𝑥10−2 

 
𝜎𝑦

∗

𝜎𝑦𝑠
= 1.10𝑥10−2 

2D unit-cell analytic and finite element results were compared and the %6.5 difference was 

found on elastic modulus in x-direction. Comparison of 2D unit-cell calculation shows that 

beam approach is suitable for complex calculation. Material definition plays critical role in 

analytic calculation of 3D porous approach. Single strut calculation provide different 

elongation and stiffness than bulk material properties. Following result of analytic calculation 

shows that bulk material and our previous experimental pure titanium properties effect on 

mechanical response.  

Table 4.5 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 
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On the other hand numerical calculation with material data we reached with our previous 

experiments showed that plastic collapse can be occurred in the middle section of samples. 

 

Figure 4.9 Stress-Strain diagram of FEA calculation 

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) [43]. Elastic modulus was calculated 

as 0.55 GPa with the offset method from the stress-strain diagram, Figure 4.9. Stress-Strain 

diagram divided into 3 sections. 

 

Figure 4.10 Von Mises stress and deformation result of cellular model 
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5. Discussion 

The porous structure is becoming trendy application in orthopedic implants [44]. Adjustable 

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

replacing damaged or unhealthy body parts [45]. Un-cemented joint implant surface 

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

complex and predictable porous 3D structures[46][47]. 

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

stress shielding and increase osteointegration [48][49][50]. Therefore, porous structure 

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

connector strut thickness and relative density [51].  Optimizing mechanical response of 

porous structure could be adjusted by strut thickness which changes relative density [52]. In 

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

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

significantly [3]. 

5.1 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 and higher yield strength in ZXY (Vertical) 

than in YZX (Horizontal) built specimens (Figure 4.2, Figure 4.3 and Figure 4.4). 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 4.4). It has been also observed 

a considerable amount of pores for ZXY (Vertical) specimens that conditioned low elongation, 

regardless of the specimen cross-section size (Figure 4.2, Figure 4.3).  The higher porosity in 

ZXY (Vertical) samples was reported also in the previous 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 
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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 [54]. 

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 4.3). Similar results were observed by Caulfield et al. 2006, 

Wegner et al. 2012 and Witt, Negi et al. 2015 [55] [56][57]. The new finding in the present 

study is, that elongation trend is reversed in small samples (Figure 4.2). 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 [58]. 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 [59]. 

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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5.2 Post treatment effect on porous structure 

Open-cell porous structure mechanical properties would affect bone interaction for 

orthopedic applications [60]. 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 [61]. 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 [62][63][64]. 

Strut thickness and cross-sectional area can influence the mechanical performance of open-

cell porous structure[65]. 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, they provide low 

variation between the samples. The surface etching smooths surfaces but adds imperfections 

in struts diameters that increase variations between the samples.  

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 [66]. 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.  Compressive proof stress can be decreased by surface 

etching. 6-minute surface treatment can reduce compressive proof stress by 25%. 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 

[67]. Surface etching also provides the excellent clean product which is crucial for biomedical 
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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 [68]. Woodman et al., 1984 research also shows ion release 

from titanium-based implants effect and damage to human vital organs, namely liver, and 

kidney [69]. It was suggested that separation of any un-melted powder from the porous 

structure would lead to critical liver failure  [70] 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 [71]. The in-

vivo environment could increase the porous structure density and strength with 

interpenetrating phase composites effect. 

5.3 Mechanical response of 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 [72]. 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].  

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 [75]. 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. 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 
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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. Current research shows that 

mechanical tests can be carried out in the air for porous structures. 

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.  

5.4 Analytic and numerical approach for porous 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 [76] research. Elastic modulus 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.  

Babaee et. al., 2012 [77] 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. 

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. 
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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. 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 [78]. Single strut 

mechanical properties have been used for analytic and numerical calculation since previous 
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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 [79].  

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.  

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 [79]. In this 

study, we have also shown that HIP treatment is not significantly effective for porous 

structure mechanical properties. 
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