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Abstract. Within this article, there are presented a series of researches that are related to the field of 

customized medical implants made by Additive Manufacturing techniques, such as Selective Laser 

Melting (SLM) technology. Lattice structures are required in this case for a better osteointegration 

of the medical implant in the contact area of the bone. But the consequence of using such structures 

is important also by the mechanical resistance point of view. The shape and size of the cells that are 

connected within the lattice structure to be manufactured by SLM is critical in this case. There are 

also few limitations related to the possibilities and performances of the SLM equipment, as well. 

This is the reason why, several types of lattice structures were designed as having different 

geometric features, with the aim of analyzing by using finite element method, how the admissible 

stress and strain will be varied in these cases and what would be the optimum size and shape of the 

cells that confers the optimum mechanical behavior of lattice structures used within the SLM 

process of the customized medical implant manufactured from titanium-alloyed materials. 

Introduction 

The Additive Manufacturing (AM) technologies are used in a large scale of applications within 

the bio-medical field and particularly, in the field of customized medical implants, that are made by 

using these types of technologies [1, 2]. Selective Laser Sintering, Selective Laser Melting, Electron 

Beam Machining are only few of these technologies that are used in the field of medical implants 

manufacturing [3, 4]. The Selective Laser Melting (SLM) technology differs from other mentioned 

technologies by the fact that allows the user to manufacture fully dense metallic parts.. In the case of 

medical field, the possibility to manufacture implants with a controlled porosity it is very important, 

due to the fact that this possibility will help the human tissue to be integrated into the manufactured 

structure much more easy than if the structure is a fully dense one [5]. Meantime, there are some 

regions of the implants that it requires the structure of the implant to be a solid one (e.g. the areas 

where the implant will be fixed onto the bone by fixing screws). There are several ways to control 

the porosity of the metallic parts made by SLM process: by focusing onto the material’s 

characteristics (e.g. grain size), on the type of powder material to be used (e.g. usually titanium 

material alloyed with different types of biocompatible materials, such as hydroxyapatite in different 

ratios), on the technological parameters to be used in the scanning process (e.g. laser power, 

scanning speed, hatching distance, etc.) or by focusing on the design process of the medical implant 

(e.g. designing the implant with a lattice structure) [6]. The analyze and results presented in this 

paper are related to the possibility of using different types of lattice structures to be used within the 

designing process of medical implants to be manufactured by SLM. Several models having different 

patterns, different shapes and different size of the cells were designed in order to analyze by using 

the finite element method, how the admissible stress and strain will varied in these cases and what 

would be the optimum size and shape of the cells recommended to be used in the designing process 
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of medical implants made by SLM, such as the mechanical behavior will not be critically affected at 

the end. 

Design of the Lattice Structures by Using SolidWorks CAD Program 

In Fig. 1 there are presented 6 virtual models that were realized by using SolidWorks CAD 

program. As could be observed in Fig. 1, the models are not very complex, their modeling process 

being a simple one. The 2D base sketch consisted in all 6 cases in a cube with the size of 10 x 10 

mm. The base was extruded with 1 mm on Z-axis direction. The geometrical features of lattice 

structures were different in all 6 types, having the following characteristics of cells (2D sketch): 1
st
 

type (Fig. 1.a) – rhombic shape with cell size of 1 mm; 2
nd

 type (Fig.1.b) – hexagonal shape 

(honeycomb type) with a cell diameter inscribed in a circle of Ф1.45 mm, 3
rd 

type (Fig.1.c) - square 

shape rounded at the edges with cell size of l=0.8 mm and r=0.1 mm; 4
th

 type (Fig.1.d) – rectangular 

network shape with cell size of l1=1 mm and l2 = 0.6 mm ; 5
th

 type (Fig.1.e) – conical shape, with 

base circle diameter of cells d=1 mm; 6
th

 type (Fig.1.f) – pyramidal shape, with square base size of 

the cell l=1.5 mm.  
    

 
 

 

 

 

 

 

 

 

 

All models were extruded on Z with 2 mm starting from the base. The width of the cells was 

settled to 0.2 mm. The network was obtained by multiplying the resulted shapes of unit cells in the 

X and Y-axes directions by using linear pattern option in SolidWorks. The structures having a 

uniform distribution of the cells within the resulted network were analyzed further on by the 

mechanical behavior point of view, using finite element method. 

Finite Element Analyses to Predict the Mechanical Behavior of Lattice Structures Made by 

SLM  

The analyses of mechanical behavior for the 6 cases presented in Fig. 1 were made using the 

Simulia Abaqus 6.9-3 FEA program. The models were imported as “*.step” files within Abaqus 

FEA. The elastic characteristics of the Titanium powder material (TiAl6V4) were defined as they 

were specified within the material file of the supplier company (SLM Solutions GmbH) [7]. The 

elastic modulus has been considered as having E=114 GPa, the Poisson ratio as having a value of 

=υ 0.31 and Yield strength as having a value of σc= 775 MPa. The next step consisted in the 

establishment of movement restrictions along the X, Y and Z-axes, as illustrated in Fig. 2.  
 

 
Fig. 2. Movement restriction applied on the Z-axis direction 

 
              a)     b)                              c)                                   d)                                   e)                               f) 

Fig. 1. Lattice structures designed by using SolidWorks CAD program 
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As it is possible to observe in Fig. 2, at the beginning it was selected the type of the restriction, 

which was “Displacement” type in this case. The next step consisted in the selection of model facet 

where the restriction will be applied. Finally the liberty grade that is correspondent to the respective 

axis has to be cancelled. In the case of Z-axis as presented in Fig. 2, U3 has been set to zero. Similar 

restrictions as the one presented in Fig. 2 for Z-axis were applied for the other 2 axes – X and Y 

following the same procedure.  

With all these issues defined, further on it has been applied a loading force onto the model 

surface (in an uniaxial direction) correspondent to a value of 4 times bigger than the force exerted 

by a person with 80 kg in weight. The pressure has been calculated by using Eq. 1:  

  

pA

F
p = [

2mm

N
]             (1) 

where: F – is the applied force (a value of 3200 N has been considered); A p - is the  contact area in 

mm 2 (a value of 38,39 mm 2  was determined in the case presented in Fig. 2). By performing the 

exact calculus using Eq. 1 it has been concluded that a value of 83,35 N/mm
2
 has to be taken into 

account in this analyzed case (see Fig. 3). For all the analyzed samples presented in Fig. 1, different 

values of pressure were determined using Eq. 1 (while F had a constant value, Ap was different from 

one case to another). 

 

 
Fig. 3. Selecting the stress-type and specifying the applied load for the case analyzed 

 

With all these restrictions being applied, the next step of the made analyses consisted in the mesh 

generation, using tetrahedral elements as could be observed presented in Fig. 4. The global size of 

the elements has been selected as having 0.25 mm, with a maximum deviation factor of 0.1 mm for 

curvature control. 

 

 
Fig. 4. The mesh generated using tetrahedral elements 
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Running the FEA Analyses and Obtained Results 

The final element analyses were run for all the 6 cases presented in Fig. 6 with the aim of 

determine the equivalent von Mises strengths, the displacements and equivalent deformations in 

order to determine in which analyzed case the obtained values will be optimum and in the limits that 

are specified by standards that exists in this domain. 

In order to determine the equivalent von Mises strength, for the calculus made within Abaqus 

FEA program, it has been considered the 5
th

 theory of resistance for multiaxial stresses: 

  

cechzxyzxyxzzyyxech σστττσσσσσσσ ≤≥+++−+−+−= ;0)](3)()()[(
2

1 222222
              (2) 

 

If we consider in Eq. 2 that the tangential stresses are equal: 
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a particular state of uniaxial stress is obtained. The simplified formula was used within Abaqus FEA 

program in order to perform the finite element analyses.  

The stress energy was calculated according to Eq. 4: 
 

echechdefE εσ ×=

2

1
                                               (4) 

where: defE  - represents the stress energy; echσ  - equivalent stress von Mises ; echε   - equivalent 

deformation. 

 

                  
 

                      
Fig. 5. The distribution of equivalent stress von Mises as simulated with Abaqus FEA program 
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As it is possible to observe in Fig. 5, the obtained results for the equivalent stress von Mises 

respected the condition stated in formula 1. The values of σech were lower than the value σc= 775 

MPa specified by the material producer in all 6 analyzed cases. The minimum value of equivalent 

stress von Mises (102.50 MPa) was obtained in the case of sample that has been designed as having 

the rhombic shape of the cells, as the maximum value (278.56 MPa) has been obtained in the case 

of the sample designed with a conical shape of the cells. The mechanical resistance of the trabecular 

porous bone is 212 MPa as specified in the literature, so we could state that in the case of sample 

made with rhombic shape of the cells the condition is respected, while in the case of sample with 

conical shape it is not respected [8]. As regarding the obtained results regarding the displacements 

and equivalent deformations of the samples, the results were insignificant in all analyzed cases. The 

values were comprehended between 5 µm and 8 µm, values that are considered to be too low for 

fracturing the human bone or medical implants made by titanium material [8]. 
 

Conclusions 

The finite element analyses that were performed using ABAQUS FEA has proved that the 

sample having a rhombic structure of the cells has the optimum mechanical behavior, the equivalent 

stress von Mises, the equivalent deformation and the resulted displacement being minimum in this 

case as compared to the other 5 cases that were analyzed. Further investigations there are still 

needed to be done in the future in order to analyze the influence of cell sizes on the mechanical 

behavior of the analyzed samples (especially those having a rhombic structure of the cells) in 

concordance with the possibilities of the SLM machines. It is important to analyze if the SLM 

machine is able to manufacture samples with width of the cells lower than 0.2 mm, but also having 

a good mechanical resistance. Meantime, further investigations are needed also to be done in the 

future in order to analyze how the human bone cells will proliferate into the porous structures made 

by SLM. Not only the rhombic structures, but also the samples made with hexagonal, square and 

rectangular shape of the cells could be considered for this type of experimental analysis, as well.  
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