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Abstract

Solid metallic hip implants have much higher stiffness than the femur bone, causing stress-shielding and subsequent implant loosening. The development of low-stiff implants using metallic porous structures has been reported in the literature. Ti6Al4V alloy is a commonly used biomaterial for hip implants. In this work, Body-Center-Cubic (BCC), Cubic, and Spherical porous structures of four different porosities (82%, 76%, 70%, and 67%) were investigated to establish the range of ideal porosities of Ti6Al4V porous structures that can match the stiffness of the femur bone. The effective mechanical properties have been determined through Finite Element Analysis (FEA) under uniaxial compressive displacement of 0.32 mm. FEA predictions were validated with the analytical calculations obtained using Gibson and Ashby method. The effective mechanical properties of 82%, 76%, 70%, and 67% porous BCC and Cubic structures were found to match the mechanical properties of cortical bone closely. They were also well comparable to the Gibson-Ashby method-based calculations. BCC and Cubic porous structures with 67–82% porosity can mimic the stiffness of the femur bone and are suitable for low-stiff hip implant applications.
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1 Introduction
Ti6Al4V alloy is a commonly used biomaterial for load-bearing orthopedic implants [1]. Solid Ti6Al4V has an elastic modulus around 110 GPa, much higher than those of the natural bones [2]. The difference of elastic modulus between a solid Ti6Al4V implant and the adjacent bone causes stress-shielding, leading to implant loosening [3]. To avoid the risk of implant loosening, the implants should ideally be developed with comparable mechanical properties to those of natural bones. Metallic porous implants and porous structures have been investigated in the literature to reduce the problems associated with stiffness mismatch of the implants and optimize porous structure designs [4–11]. The mechanical properties of porous structures and their biological behavior, such as cell attachment and tissue growth, depend on the structural parameters of the porous structure, including the unit cell type, porosity, and pore size [12]. The combination of suitable material, the geometry of the porous structure, and optimum structural parameters reduces the implant stiffness and overcomes the effect of stress-shielding [13]. It is reported that the porosity of a porous implant should be more than 50% to promote bone ingrowth [14,15]. However, too large a pore size affects the load-bearing capacity.
Depending on the pore types, porous structures are classified as closed pores and open pores [16]. Based on the arrangement of the unit cell, the structures may be classified as stochastic and non-stochastic [17]. In stochastic structures, the unit cells are irregularly arranged. However, stochastic porous implants show large deformation [18]. The non-stochastic or periodic cellular structures are built-in regular form and have higher mechanical properties [19]. These are commonly designed based on three-dimensional (3D) unit cells such as diamond lattice [20], Body-centered-cubic (BCC) [5,8], face-centered-cubic (FCC) [4], Tetrahedron cell, and Octet truss cell [5]. Using Finite Element Analysis (FEA), previous studies have analyzed the mechanical behavior of different porous structures under different loading conditions, and the results were consistent when compared with the experimental results [5–9]. Cubic porous structures with different porosities were fabricated using an additive manufacturing process with biocompatible materials [6,7,9]. Under compression loading, the effective stiffness and compressive strength values were reported to decrease with increasing porosity. Consistent stress distribution was reported in each strut of the porous Cubic structure, but mechanical properties were reported to vary with variable struct thickness [6,7].
Research has been conducted on BCC porous structures aiming to develop a methodology for deriving the theoretical porosity of BCC structure by relating the structural parameters [5,8]. In the study by Wang et al. [8], BCC porous Ti6Al4V samples were manufactured via 3D printing and subsequently tested mechanically. It is reported that porous structures can lower the effective elastic modulus of implants considerably. Wang et al. [5] investigated the cell proliferation on BCC porous hip stem. Their study reported that the cell proliferation rate for a porous structure was 140% during the first 4–7 days, while it was only 90% with the uniform structures. Hassan et al. [9] investigated the orientations of the internal strut of Cubic, Diamond, and BCC porous structures. As reported in their study, the BCC structures demonstrated relatively isotropic mechanical properties under multiple loading conditions compared to the Diamond and Cubic structures.
Low porosity offers good mechanical strength but a reduced opportunity for bone ingrowth by promoting pore occlusion [14,15]. Furthermore, investigation on open-cell Spherical porous structures was scarce in the literature. In the current study, Ti6Al4V porous structures were designed and analyzed under compressive displacement by considering 2% strain to determine the mechanical behavior of the porous structures (with porosity more than 60%) for application on a low-stiff hip implant. Three different pore types, namely BCC, Cubic, and Spherical type, were considered. Each type of porous structure was modeled for four different porosities. Finite Element (FE) results were compared with the analytical calculations based on Gibson and Ashby method for validation. The specific objectives of the current study are to (i) investigate and compare the mechanical behaviors of the BCC and Cubic porous structures under compressive displacement, (ii) establish the ideal porosity range of such structures that can mimic the mechanical properties of the natural bone, and (iii) explore the feasibility of the open-cell Spherical porous structure for implant application.
2 Materials and methods
2.1 Design of porous structures
3D CAD models of three types of porous structures (BCC, Cubic, and Spherical) were designed using SolidWorks software (Dassault Systemes, MA, USA). The overall size of the porous structure was 15 mm × 15 mm ×15 mm3, chosen according to the ISO standard 13314:2011. It was reported that the porosity of the porous implants should be greater than 50% [14,15]. In the current study, the porosity was varied from 67% to 82%. For each type of porous structure, four different porosities (67%, 70%, 76%, and 82%) were modeled with variable strut sizes and pore sizes of the unit cell. The porosity of the porous structures was calculated based on the volume fraction of the porous structure [6,7] by using the following equation.[image: equation](1)

P is the porosity and ∅v is the volume fraction. ‘V’ is the volume of the Ti6Al4V porous structure, and Vs is the volume of the Ti6Al4V solid structure.
The BCC(82), BCC(76), BCC(70), and BCC(67) models were designed with a unit cell size ‘a’ equal to 2.1428 mm (constant), inner strut diameter ‘Di’, outer strut diameter ‘Do’ and variable pore size ‘b’, as listed in Table 1. The inner and outer struts are oriented in [0° ± 45° ± 90°] with each other, as shown in Figure 1a. The CAD models of the Cube(82), Cube(76), Cube(70), and Cube(67) were designed by varying strut size from 0.5 mm to 0.7 mm and pore size from 1.5714 mm to 1.3314 mm within a unit cell, as listed in Table 1. For the Cubic models, the struts were arranged in [0° ± 90°] to each other, as shown in Figure 1b. The CAD models of Spherical(82), Spherical(76), Spherical(70), and Spherical(67) were designed, as shown in Figure 1c, by varying pore diameter from 1.80 mm to 1.514 mm (Tab. 1). The distance between the adjacent pores was maintained as 0.3 mm for 82% porosity, 0.4 mm for 76% porosity, 0.5 mm for 70%, and 0.55 mm for 67% within a unit cell. The 3D CAD models of the BCC(82), Cubic(82), and Spherical(82) porous structures are shown in Figure 2a–c. All the CAD models of the various porous structures were exported to ANSYS for further development and analysis of the models.
Table 1 
The dimensions of individual components of the BCC, Cubic, and Spherical porous structures.

	[image: thumbnail]	Fig. 1 The geometry of the unit cell of the porous structures; (a) BCC unit cell, (b) Cubic unit cell, (c) Spherical unit cell.



	[image: thumbnail]	Fig. 2 3D CAD models of the 82% porous structures; (a) BCC porous structure, (b) Cubic porous structure, (c) Spherical porous structure.



2.2 FE modeling porous structures
The 3D CAD models of Cubic, Spherical, and BCC porous designs were imported to ANSYS Workbench 16.0 (Ansys, PA, USA). The models were meshed using 10-noded tetrahedral elements with 0.1 mm of the mesh size. Mesh sensitivity analysis was performed on each model. The models were initially discretized with 0.1 mm and 0.2 mm mesh sizes. It was observed that the difference in stresses and strain values between these models is less than 2%. The models with 0.1 mm mesh size were selected for subsequent analysis. As an example, the FE model of the Cubic(76) porous structure is shown in Figure 3. The elastic-plastic (bilinear) material properties of Ti6Al4V alloy were attributed to the model, with an elastic modulus of 110 GPa, Poisson ratio of 0.3, yield strength of 930 MPa, and tangent modulus of 1.25 GPa [2]. Compressive displacement of 0.32 mm was applied (axial y-direction) on the top face of each model by considering 2% of strain [9], whereas the bottom face was constrained for all degrees of freedom (Fig. 4).
Similar to Hassan et al. [9], the effective elastic modulus (Eeff) was calculated from Hooke's law as expressed by equation (2).[image: equation](2)

where σ is stress, ϵ is strain, F is the reaction force, A is the area, ΔL is the change in length, and L is the original length of the porous structure. Original length is the length of the cube is L = 15 mm. Change in length is equal to deformation in the model under compressive loading conditions.
	[image: thumbnail]	Fig. 3 FE model of the Cubic (76) porous structure.



	[image: thumbnail]	Fig. 4 Loading and boundary conditions applied on the Cubic (76) porous structure (similar loading and boundary conditions were applied to the BCC and Spherical porous structure models).



2.3 Gibson and Ashby method-based calculations for validation
The analytical method developed by Gibson and Ashby [16] has been used in the literature to evaluate the material properties of porous structures, including Ti-alloys for orthopedic applications [5–8]. A good agreement was reported between analytical and experimental results as well as simulated FEA results. To validate the current FE models, the simulation results were compared with the values obtained from the model proposed by Gibson and Ashby [16]. The Gibson and Ashby model used a power function to evaluate the effective elastic modulus and yield strengths of the porous structures, as shown by equations (3) and (4).[image: equation](3)
[image: equation](4)

Eeff and Sy are the effective elastic moduli and yield strengths of the porous structures, respectively. Es and Ss are the elastic modulus and yield strength of bulk Ti6Al4V alloy, respectively. V is the volume of the porous structure and Vs is the volume of the solid Ti6Al4V. CE and nE are the coefficients to determine the effective elastic moduli, and Cy and ny are the coefficients to determine the effective yield strengths of porous structures [9]. FEA results of the effective elastic modulus and effective yield strength were plotted for all the volume fractions, and the best-fit curves were established in the form of the Gibson-Ashby power function using the regression tool. The coefficients and the equations relating the effective mechanical properties and the volume fractions were thus obtained. The Gibson-Ashby effective elastic modulus and the effective yield strength were then calculated using the coefficients obtained through regression.
3 Results
Reaction force and directional maximum deformation data (in the direction of applied displacement) were obtained from the FE simulations and used for calculating the stress and strain. The reaction force versus directional deformation diagrams was plotted for all the porous models. As an example, the reaction force versus deformation diagram is presented in Figure 5 for the Cubic porous structures. The stress–strain diagrams (Fig. 6a–c) were then plotted for all the models. An elastic-plastic behavior was found for all the porous structures. The effective elastic modulus and yield strength under compression were calculated from these stress-strain diagrams for all the porous models. The effective elastic modulus was obtained by calculating the slope of the linear part of the stress-strain diagrams. The effective yield strength was calculated using 0.2% offset method. As an example, Figure 7 shows the measurement of the effective elastic modulus and compressive yield strength. The calculated results for all the models are summarized in Table 2. Results show that the effective elastic modulus and yield strength of BCC, Cubic, and Spherical porous structures decrease with increasing pore size and porosity and decreasing strut size (Fig. 8a,b). The effective elastic moduli of the Cubic and Spherical porous structures were found to range from 18.52 GPa to 29.03 GPa and from 13.94 GPa to 27.66 GPa, respectively, when the porosity was varied from 82% to 67% (Tab. 2). The effective yield strengths were found to range from 142.3 MPa to 219.01 MPa and from 59.99 MPa to 158.51 MPa, respectively, when the porosity was varied from 82% to 67% (Tab. 3). The Spherical porous structures of 70% and 67% porosities seemed to deform much at small loads, as shown in Figure 9. Similar to the Cubic and Spherical porous structures, the effective elastic modulus and yield strength of the BCC porous structures were found to increase with decreasing porosity and strut size (outer and inner strut) as well as increasing pore size (Fig. 8, Tabs. 2 and 3). The effective elastic modulus of BCC porous structures ranged from 16.757 GPa to 24.529 GPa (Tab. 2) when the porosity was varied from 82% to 67%. Similarly, the yield strength was found to vary between 133.25 MPa to 196.25 MPa (Tab. 3) when the porosity was varied from 82% to 67%. Results show that the effective elastic modulus and yield strength values of Cubic porous structures were higher than those of the Spherical and BCC porous structures.
	[image: thumbnail]	Fig. 5 Reaction force − directional deformation curves of the Cubic porous structures with four different porosities.



	[image: thumbnail]	Fig. 6 Stress–strain curves obtained using the FE analysis of porous structures with different porosities; (a) BCC, (b) Cubic, and (c) Spherical.



	[image: thumbnail]	Fig. 7 Yield strength by 0.2% offset method and effective elastic modulus of Cubic (82) model (similar method applied to all porous structures).



	[image: thumbnail]	Fig. 8 (a) Effective elastic modulus-porosity curves of BCC, Cubic, and Spherical porous structures of four different porosities, (b) effective yield strength − porosity curves of BCC, Cubic, and Spherical porous structures of four different porosities.



	[image: thumbnail]	Fig. 9 Deformed Spherical porous structure of 70% porosity (similar behavior also observed for 67% porosity).



3.1 Validation of FE models
The results were compared with the numerical values predicted by Gibson and Ashby method. The best-fit power function that describes the relationship between the relative elastic modulus and volume fraction and the relative yield strength and volume fraction were obtained by regression technique (Fig. 10a, b). The different values of the coefficients obtained for all the porous designs are reported in Tables 2 and 3. For the Cubic porous structures, the values are CE = 0.6159, nE = 0.7458 and Cy = 0.522, ny = 0.7011. For the BCC porous structure, CE = 0.5037, nE = 0.7271 and Cy = 0.4782, ny = 0.7306 and for the Spherical porous structure CE = 0.911, nE = 1.133 and Cy = 1.0605, ny = 1.6068. Using these coefficients, the effective elastic modulus and yield strength values were calculated using the Gibson-Ashby model (Eqs. (3) and (4)) for all porosities (67–82%) of the Ti6Al4V porous structures (Tabs. 2 and 3). The effective elastic modulus of the BCC porous structures varied between 16.57 and 24.37 GPa, and the yield strength varied between 132.18 and 194.85 MPa. Whereas the effective elastic modulus of the Cubic porous structures varied between 18.55 and 28.96 GPa, and the yield strength varied between 143.71 and 218.42 MPa. For the Spherical porous structures, the effective elastic modulus varied between 13.94 and 27.74 GPa, and the yield strength varied between 60.15 and 159.5 MPa. The effective mechanical properties obtained by the Gibson and Ashby model closely matched the FEA results, as shown in Tables 2 and 3.
	[image: thumbnail]	Fig. 10 Best-fit power functions (a) relative effective elastic modulus-volume fractions curves of BCC, Cubic, and Spherical porous structures, (b) relative effective yield strength-volume fractions curves of BCC, Cubic, and Spherical porous structures.



4 Discussion
Using FE analysis, this study aimed at establishing the ideal porosity range of Ti6Al4V porous structures for applications on hip implants. Mechanical behavior of the BCC and Cubic porous structures were investigated and compared to those reported in the literature. Investigation on open-cell Spherical porous structures was scarce. The study additionally explored the feasibility of the Spherical porous structure for hip implant application. BCC, Cubic, and Spherical porous structures of Ti6Al4V alloy with four different porosities (ranging from 67% to 82%) were designed by varying the pore size and strut size. The effective mechanical properties of the porous structures under compressive displacement (0.32 mm) were evaluated. The results show that the effective mechanical properties of the BCC and Cubic porous structures modeled in this study are in the range of the properties of cortical bone and suitable for porous hip implant application. The open-cell Spherical porous structure was found not suitable.
The compressive stress-strain curves of the BCC, Cubic, and Spherical porous structures of Ti6Al4V alloy of all four porosities were shown in Figure 6. For all the models, the transition of the stress-strain curves from linear to the non-linear region was observed at a load higher than the maximum load on the hip joint (11000 N) during stumbling [21] (Fig. 5). The elastic modulus was calculated from the slope of the linear part of the stress–strain curve. By using 0.2% offset method, the compressive yield strength was measured from the stress–strain curves of Ti6Al4V porous structures (Fig. 7). It was observed that the effective elastic modulus and yield strength of BCC, Cubic, and Spherical porous structures decrease with increasing pore size and porosity (Fig. 8). This trend was similar to that reported in the literature [6–9]. Such changes in mechanical properties are justified as the mechanical properties of porous structures depend on the geometry of the structure, including the shape and size of the cells, distribution of material between the cell edges and faces, and the relative density or porosity [16]. For each specific type of porous structure, the reduction in porosity led to the reduction of the effective mechanical properties of the structures. As reported in Tables 2 and 3, the effective elastic moduli of the Cubic porous structures of 82%, 76%, 70%, and 67% porosities are 18.52 GPa, 23.41GPa, 26.87 GPa, and 29.03 GPa and the yield strengths are 142.3 MPa, 177.6 MPa, 205.4 MPa, and 219 MPa, respectively. These values are in the range of elastic modulus (7 to 30 GPa) and yield strength (100 to 230 MPa) properties of the cortical bone [22]. The effective elastic moduli of the BCC porous structure of 82%, 76%, 70%, and 67% porosities are 16.757 GPa, 19.59 GPa, 22.98 GPa, and 24.52 GPa and yield strengths are 133.25 MPa, 158 MPa, 182.5 MPa, and 196.2MPa, respectively (Tabs. 2 and 3). These values are also in the range of the elastic modulus (7 to 30 GPa) and yield strength (100 to 230 MPa) properties of the cortical bone [22]. It may be commented that the Cubic and BCC porous structures of all the porosities modeled in this study are suitable for low-stiff hip implant application.
The effective elastic moduli of the Spherical porous structure of 82%, 76%, 70%, and 67% porosities are 13.94 GPa, 18.95 GPa, 24.81 GPa, and 27.66 GPa and the yield strengths are 59.99 MPa, 95.01 MPa, 135 MPa, and 158.51 MPa, respectively. While the effective elastic moduli of the Spherical porous structure of 82% and 76% porosities are within the range of the cortical bone, yield strengths are not in the range of the cortical bone. Again, the effective elastic moduli and yield strengths of 70% and 67% porosities of Spherical porous structures are within the range of the cortical bone properties, but the struts of porous structures seemed to deform considerably at small loads (Fig. 9). Those loads were found to be smaller than the maximum load on the hip joint 11000 N during stumbling [21]. Therefore, based on the results of the current study, the Spherical porous structures seem to be unsuitable for porous implant design applications.
The Cubic porous structures yielded the highest effective elastic modulus and yield strengths compared with the Spherical and BCC structures for all four porosities modeled in this study (Tabs. 2 and 3). The Spherical porous structures provided the least effective elastic moduli and yield strength for the same porosities. Similar to the study by Mehboob et al. [9], the effective elastic moduli and yield strengths values of the BCC porous structures are nearer to those of the Cubic porous structures. Therefore, it can be said that the mechanical properties of porous structures depend on porosity, the geometry of porous structures, and structural parameters.
The results obtained using the Gibson-Ashby method were used for validating the FE results. The Gibson-Ashby coefficients were obtained through regression of the effective mechanical properties (FEA) and the volume fractions (Fig. 10a, b). The effective elastic modulus versus volume fraction values of the BCC, Cubic, and Spherical porous structures were found to correlate well. The coefficients of determination (R
2) values were observed as 0.9894, 0.9993, and 0.9999, respectively, for the BCC, Cubic, and Spherical porous structures (Fig. 10a). Similar to the effective elastic modulus, the effective yield strength versus volume fraction values of the BCC, Cubic, and Spherical porous structures were also well fitted to the power function. The coefficients of determination (R
2) values were observed as 0.9955, 0.9988, and 0.999, respectively, for BCC, Cubic, and Spherical porous structures (Fig. 10b). Therefore, it can be commented that the mechanical properties of the Ti6Al4V porous structures (all types) correlate well with the volume fractions. Using the values of the Gibson-Ashby coefficients, theoretical values of the effective elastic modulus and yield strength were calculated (Tabs. 2 and 3). It is observed that the results of the Gibson and Ashby model closely matched the FEA results, indicating the validity of the FE models. Only negligible differences in results were observed for BCC, Cubic, and Spherical porous structures for the different porosities modeled in this study. Such a small discrepancy may be justified because of the ability of the Gibson-Ashby model to predict the effective elastic moduli of porous structures with porosities of 60% and above [5–9, 12–16].
For the BCC and Cubic porous structures, the results obtained from FEA and the Gibson-Ashby method and their variation with the changing porosity were found to be consistent with published studies [6,8–9]. Effective yield strength of Cubic porous structures with 67% to 82% porosity was approximately in the range of those reported by Parthasarathy et al. [6] and Mehboob et al. [9]. Also, the effective mechanical properties of BCC(82) porous structures were close to 80% porosity of the BCC porous model of Wang et al. [8]. The small differences observed in the values for the effective elastic modulus, however, may be because of different overall dimensions of the porous structures in their studies. An attempt was made to compare the results to those reported by Abdualaziz et al. [23], who investigated the mechanical properties of Ti6Al4V Spherical porous structures but with lower porosities (0–55%). The results are not meaningfully comparable as the modeled porosities are different. However, the observed discrepancy in the results of the current study was less than that reported in [23].
This study has described the design and analysis of different geometries of porous structures to evaluate their mechanical properties for the application of low-stiff hip implants. However, the study has some limitations. The models have been investigated only under compressive displacement. Future work will be needed to investigate the mechanical properties under other types of loading conditions to understand the behavior of the porous structures fully. Porous structures of other pore types should also be investigated. The fatigue strength of porous structures was not evaluated in the current study. Moreover, further investigations will be required to quantify the mechanical properties of the 3D printed porous structures.
Table 2 
FEA and Gibson-Ashby effective elastic moduli of all porous structures with different porosities.

Table 3 
FEA and Gibson-Ashby yield strengths of all porous structures with different porosities.

5 Conclusions
BCC, Cubic, and Spherical porous structures with four different porosities were designed and analyzed using FEA under compressive displacement. The effective elastic modulus and yield strength were found to decrease with an increase in porosity and pore size of the porous structures. The effective elastic modulus and yield strength of 82%, 76%, 70%, and 67% porous BCC and Cubic porous structures are in the range of elastic modulus and yield strength properties of the cortical bone. These values also compared well with Gibson and Ashby method-based calculations. Therefore, the modeled porosities of the BCC and Cubic are suitable for hip implant application. Spherical porous structures may not be suitable for implant application because the struts deformed at a compressive load smaller than the maximum loads on the hip joint. None of the porous designs was found ideal for trabecular bone applications.
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      Table 1 

      The dimensions of individual components of the BCC, Cubic, and Spherical porous structures.

      
        


	Porous structures
	Inner strut Di (mm)
	Outer strut Do
	Pore size b (mm)
	Pore volume (mm3)
	Porous structures
	Strut size (mm)
	Pore size (mm)
	Pore Volume (mm3)
	Porous structures
	Pore size (mm)
	Pore Volume (mm3)





	BCC(82)
	0.20
	0.301
	1.54
	641.30
	Cube(82)
	0.50
	1.5714
	594.64
	Spherical(82)
	1.800
	592.10



	BCC(76)
	0.30
	0.321
	1.50
	837.35
	Cube(76)
	0.60
	1.4571
	815.70
	Spherical(76)
	1.685
	777.41



	BCC(70)
	0.30
	0.371
	1.40
	995.48
	Cube(70)
	0.67
	1.3771
	984.94
	Spherical(70)
	1.571
	980.80



	BCC(67)
	0.35
	0.371
	1.40
	1091.0
	Cube(67)
	0.70
	1.3314
	1080.3
	Spherical(67)
	1.514
	1086.5





      

    

  
    
      Fig. 1 
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        The geometry of the unit cell of the porous structures; (a) BCC unit cell, (b) Cubic unit cell, (c) Spherical unit cell.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        3D CAD models of the 82% porous structures; (a) BCC porous structure, (b) Cubic porous structure, (c) Spherical porous structure.

      

    

  
    
      Fig. 3 
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        FE model of the Cubic (76) porous structure.

      

    

  
    
      Fig. 4 
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        Loading and boundary conditions applied on the Cubic (76) porous structure (similar loading and boundary conditions were applied to the BCC and Spherical porous structure models).

      

    

  
    
      Fig. 5 
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        Reaction force − directional deformation curves of the Cubic porous structures with four different porosities.

      

    

  
    
      Fig. 6 
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        Stress–strain curves obtained using the FE analysis of porous structures with different porosities; (a) BCC, (b) Cubic, and (c) Spherical.

      

    

  
    
      Fig. 7 
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        Yield strength by 0.2% offset method and effective elastic modulus of Cubic (82) model (similar method applied to all porous structures).

      

    

  
    
      Fig. 8 
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        (a) Effective elastic modulus-porosity curves of BCC, Cubic, and Spherical porous structures of four different porosities, (b) effective yield strength − porosity curves of BCC, Cubic, and Spherical porous structures of four different porosities.

      

    

  
    
      Fig. 9 
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        Deformed Spherical porous structure of 70% porosity (similar behavior also observed for 67% porosity).

      

    

  
    
      Fig. 10 
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        Best-fit power functions (a) relative effective elastic modulus-volume fractions curves of BCC, Cubic, and Spherical porous structures, (b) relative effective yield strength-volume fractions curves of BCC, Cubic, and Spherical porous structures.

      

    

  
    
      Table 2 

      FEA and Gibson-Ashby effective elastic moduli of all porous structures with different porosities.

      
        


	Porous structures
	CE = 0.5037, nE = 0.7271
	Porous structures
	CE = 0.6159, nE = 0.7458
	Porous structures
	CE = 0.911, nE = 1.133



	

	



	

	



	

	






	 
	FEA
	Gibson
	 
	FEA
	Gibson
	 
	FEA
	Gibson



	 
	Eeff (GPa)
	Eeff (GPa)
	 
	Eeff (GPa)
	Eeff (GPa)
	 
	Eeff (GPa)
	Eeff (GPa)





	BCC (82)
	16.75
	16.56
	Cube (82)
	18.52
	18.55
	Spherical (82)
	13.94
	13.94



	BCC (76)
	19.59
	20.11
	Cube (76)
	23.41
	23.49
	Spherical (76)
	18.95
	18.98



	BCC (70)
	22.98
	22.80
	Cube (70)
	26.87
	27.03
	Spherical (70)
	24.81
	24.70



	BCC (67)
	24.52
	24.37
	Cube (67)
	29.03
	28.96
	Spherical (67)
	27.66
	27.74





      

    

  
    
      Table 3 

      FEA and Gibson-Ashby yield strengths of all porous structures with different porosities.

      
        


	Porous structures
	Cy = 0.4782, ny = 0.7306
	Porous structures
	Cy = 0.522, ny = 0.7011
	Porous structures
	Cy = 1.0605, ny = 1.6068



	

	



	

	



	

	






	 
	FEA
	Gibson
	 
	FEA
	Gibson
	 
	FEA
	Gibson



	 
	Sy (MPa)
	Sy (MPa)
	 
	Sy (MPa)
	Sy (MPa)
	 
	Sy (MPa)
	Sy (MPa)





	BCC (82)
	133.2
	132.18
	Cube (82)
	142.3
	143.71
	Spherical (82)
	59.99
	60.15



	BCC (76)
	158.0
	160.65
	Cube (76)
	177.6
	179.36
	Spherical (76)
	95.01
	93.18



	BCC (70)
	182.5
	182.23
	Cube (70)
	205.4
	204.71
	Spherical (70)
	135.0
	135.3



	BCC (67)
	196.2
	194.85
	Cube (67)
	219.0
	218.42
	Spherical (67)
	158.5
	159.5
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