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ABSTRACT 
This study aims to design and manufacture different lattices and evaluate their success in terms of 

compression strength. Structures with a high surface area to volume (SA:V) ratio and macroporosity are 

designed to mimic cancellous bone tissue. The volume-centered cubic and face-centered cubic lattice 

structures are higher in terms of the SA:V ratio among the designed specimens. Tri Calcium Phosphate 

(TCP) and Hydroxyapatite (HA) powders, which are calcium phosphates used in healing, growth and 

adhesion of bone tissues, were used in the specimens. Specimens in the cylindrical form used with four 

different lattices were successfully produced by 3D (Digital Light Processing) DLP printing. A 

preliminary evaluation of the lattices was made by searching for the lowest stress and displacement 

values under compression load with finite element analysis. The lowest von-Mises stress value was 6.37 

MPa in the simple cubic lattice structure. The compression test was carried out under quasi-static 

conditions with equal preloading. The loads at onset damage were compared. The highest fracture 

average load was in face-centered cubic lattice structures with 10.14 kN. Among the specimens with 

low standard deviation in the compression test, the simple cubic and gyroid lattice structures’ fracture 

force is higher. 
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1. INTRODUCTION 

With additive manufacturing, which has emerged as a new production method in recent years, it has 

become possible to manufacture advanced designs. Parts with regular lattice structures in micro size and 

pores with gradient density can be produced. 3D printers have become a unique manufacturing method 

to produce lattice structures, thanks to complete control of production parameters, easy creation of 

complex geometries, and precision processing of small details. High porosity is required for the 

vascularization, intercellular substance exchange, and lightness in the cancellous bone tissue [1]. 

Specimens are created with computer-aided design (CAD) to provide porosity and other mechanical 

properties in a controlled manner. Additive manufacturing; creating micron-sized curves and surfaces, 

printing the part’s details without any problems has enabled the parts to be produced as regular lattice 

structures [2,3]. 

 

Complex geometric features are applied in creating bone tissue. In implants with high rigidity, stress 

shielding occurs in the contact surface with the bone. Lattices with low rigidity and high strength are 

used to reduce or eliminate this situation [4]. By combining factors such as tissue growth, 

osseointegration, material transport, biocompatibility, and biodegradability with mechanical properties, 

the structures are optimized with the free design brought by additive manufacturing. The behavior of 

the bone-implant is optimized by applying gradual regional features in the lattice structures. For 

example, lattices are more durable by designing the inner regions more rigid and the outer regions to be 

more porous to help bone growth [5]. 
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While creating the lattice structures, precise adjustments can be made in structural parameters such as 

cell topology, cell sizes, and strut thickness. Thus, the material’s physical properties can be improved. 

In forming the lattice structures, the material’s physical properties can be improved by making precise 

adjustments in structural parameters such as cell topology, cell size, and strut thickness. There is an 

improvement in acoustic, dielectric, and mechanical properties that the primary material does not have. 

Hence, the part behaves like a metamaterial [6]. In some lattice structures, unit cells created by taking 

inspiration from nature (biomimetic) are used [7]. 

 

Two different porous structures created using gyroid and lattice-based rectangular unit cells; the elastic 

modulus, compression strength, flow analysis, and wall shear stress, were investigated using the finite 

element method (FEM). The effect of changing the porosity ratio was observed, and the difference 

between the lattice structures with constant porosity was compared. It was evaluated which lattice 

structure would be more suitable for cancellous bone tissue [8]. Metal structures were produced by the 

Selective Laser Melting (SLM) technique using Regular octet and rhombicuboctahedron unit cells. 

Geometric defects were detected by X-ray scanning of the specimens. It has been studied to determine 

the differences in the specimen after design and production. The SLM technique has been brought; 

nonlinearization in dimension, elastic responses, and error mechanisms has been studied [9]. Four 

different lattice structures have been subjected to fatigue analysis using the finite element method. The 

results were compared with the information in the literature. Relative density, fatigue strength, and cell 

geometry; It has been observed that it affects the power-law function used to predict fatigue [10]. 

 

Metal lattice structures created using the gyroid cell were produced by the SLM method. Six different 

cell sizes between 2 mm and 8 mm were examined in terms of density, compression strength, young 

modulus, and manufacturability. Thanks to the selection of small cell sizes, an increase in density and 

increased compressive mechanical properties were observed. In the SEM images on the lattice strut 

surfaces, the adhesion of metal powder particles brought by the SLM technique was observed [11]. 

By differentiating the volume-centered cubic cells, three different metal lattices were produced by 

additive manufacturing. The parts with these lattices; Their behaviors against compression, tension, 

shear, and combined loads were studied. Cell topology and relative density affected the behavior of the 

parts the most [12]. 

 

With Electron Beam Melting (EBM) 3D printing, lattice structures with titanium alloy gyroid and 

diamond cubic unit cells were produced. It has been observed that reducing the angle between the 

lattice’s support connection struts in the range of 19-68.5° increases the compressive strength and Young 

modulus [13]. 

 

Metal sandwich panels with body-centered cubic unit cell and octet truss structures are produced with 

additive manufacturing. Topology optimization processes were performed on the specimens depending 

on the three-point bending test. Density distribution optimized panels increased stiffness by 46% 

compared to uniform panels, and changes in failure modes were observed [14]. With the Direct Laser 

Writing method, crystal cubic strut lattice and plate lattice structures were produced. Plate lattice 

structures were three times more rigid under identical mass conditions than strut lattice structures. Some 

structural features were confirmed by computational analysis as well as empirical analysis [15]. 

 

Titanium alloy (Ti-6Al-4V) lattice structures were produced by SLM 3D printing using Schoen Gyroid 

and Triple Periodic Minimal Surface (TPMS) unit cell. Five different volume ratios between 5% - 15%; 

its effect on elastic modulus and compression strength has been studied both experimentally and by the 

finite element method. It has been observed that increasing the volume ratio increases the mechanical 

properties [16]. Triple Periodic Minimal Surface (TPMS) unit cells formed in three groups as skeletal, 

plate, and strut were examined for their mechanical properties. Plate-based lattice structures showed 

higher mechanical properties than all other lattice structures. Also, plate-based diamond TPMS 

displayed a behavior independent of relative density in the view of mechanical performance [17]. 

 

The changes of the properties of the specimen 3D printed at different temperatures by using PLA 

(polylactic acid) material, depending on the printing speed were investigated. The mechanical properties 
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in the specimens were found by tensile test and hardness measurement. Different samples were produced 

in additive manufacturing. Obtaining the tensile strain graph based on the tensile test and comparing the 

strength values were made [18]. In this study, the production of TCP and HA-doped macroporous 

structures with various lattices and their mechanical properties were compared. 

 

2. MATERIAL AND METHOD 

Cylindrical specimens with geometry dimensions of 20 mm diameter and 10 mm height were designed. 

Geometry with a lattice in the inner structure of the parts and a wall of 2 mm thickness on the lateral 

outer part is designed. In the finite element analysis, the outer wall was removed to focus only on the 

lattices, and only the lattice geometries were used. Specialized for forming the lattice structure, adjusting 

its dimensions, volume; SpaceClaim computer-aided design (CAD) program was used. MeshLab 

program was used to fix mesh errors and adjust mesh numbers and details. The specimens in Figure 1 

were created by using four different unit cells as a gyroid, simple cubic, body-centered cubic, and face-

centered cubic as the lattice structure. In all lattice structures, the volume has been chosen to be the same 

or close to each other. Since the volume is tried to be kept constant, the thickness of the struts is variable. 

The volume of the lattice structures formed varies between 1625 and 1848 mm3, the porosity rate 

changes between 41 and 48% accordingly. The surface area/volume (SA:V) ratio varies between 2.1 

and 4.2, as seen in the column chart in Figure 2. 

 

 
Figure 1. Image of Specimens Designed with Various Lattices: 1) Gyroid, 2) Simple cubic, 3) Volume centered 

cubic, 4) Face centered cubic. 
 

 
Figure 2. Surface Area to Volume Ratio of Lattice Structures: 1) Gyroid, 2) Simple cubic, 3) Volume centered 

cubic, 4) Face centered cubic. 

The specimens were produced layer by layer with two different additive types using a 3D DLP printer 

(Novafab Vega). The production steps of the specimens are shown schematically in Figure 3. 
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Commercial acrylic-based urethane methacrylate photopolymer resin (Novafab Powerdent Temp) was 

chosen. As an additive that helps the growth and repair of bones, HA and TCP calcium phosphate 

powders, which are frequently used in bone tissue engineering, were preferred. The mass ratio of 

additives added as the powder is 8%. The average diameter of HA powder and TCP powder particles 

were 15 µm and 5 µm in size, respectively. The resins were mixed in a mechanical stirrer at 1000 rpm 

for 15 minutes. Then the resin mixture was poured onto the vat of the 3D DLP printer. After printing, 

specimens were washed with ethanol several times and dried. The specimens were ultraviolet cured and 

not sintered. 

 

 
Figure 3. Flow Chart Showing the Production Processes of Specimens. 

 

Specimens are named with a 4-digit coding, as shown in the example in Figure 4. It belongs to first digit 

compression test, second digit lattice structure type (1: gyroid, 2: simple cubic, 3: volume centered cubic, 

4: face-centered cubic), third digit resin type (a: undoped resin, b: HA doped resin, c: TCP doped resin), 

the 4th digit indicates the number of repetitions of the same specimen. 

 

 
Figure 4. Explanation of Specimen Coding. 

 

The lattice structures were preliminarily evaluated in terms of structural strength using the finite element 

method. Fixed support to the lower surface of the geometry and 500 N force perpendicular to the upper 

surface from top to bottom; boundary conditions are given. The resin epoxy material has been assigned 

to the part, which has mechanical properties close to photopolymer resin and has predefined mechanical 

properties (young modulus 3.78 GPa, bulk modulus 4.2 GPa, shear modulus 1.4 kPa, Poisson's ratio 

0.35). Different mesh creation methods have been tried according to the geometry of the lattice 

structures. The distance between the nodes is inputted as 0.3 mm for all types of the lattice structure. 

The directional deformation results, total deformation, compressive stress, and von-Mises stress are 

defined as calculation output. Before the specimens were taken to the compression test, they were sanded 
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from the lower and upper surfaces to remove the roughness. All the specimens were preloaded with 250 

N prior to the test. The speed of the crosshead was 1 mm/s. 

 

TCP and HA substances were added to the specimens in order to bring the bioactivity feature. The 

bioactivity test was carried out in another study to measure the success of the specimens produced with 

different lattice in activities such as adhesion, growth and heal in bone tissue. According to the results 

of this study, it has been shown that the specimens show bioactive reactions and can be used in bone 

tissue applications [19]. 

 

3. EXPERIMENTAL RESULTS 

3.1. Finite Element Method Structural Analysis Results 

It is seen in Figure 5 and Figure 6 that the highest deformation and stress regions are in the edge regions 

and the incomplete regions of the struts for each type of lattice structure. In a structure that is integrated 

with an outer wall, it is assumed that these regions will not take maximum values. For this reason, the 

maximum values outside of these regions were scanned with the probe. The graphics in Figures 7 and 8 

were created according to the probe’s highest values. 

 

While the total deformation in the lattice structures is highest in the upper parts, the total deformation is 

the lowest in the lower parts with fixed support, as in Figure 5. It can be seen that the von-Mises stress 

is concentrated along the vertical supporting struts in the simple cubic structure. However, in Figure 6, 

the von-Mises stress is more dispersed on the gyroid structure’s surface. In the body-centered cubic and 

face-centered cubic structure, regular stress regions are observed in the areas where vertical struts bear 

loads. 

 

 
Figure 5. Total Deformation Values of Lattice Structures: 1) Gyroid, 2) Simple cubic, 3) Volume centered 

cubic, 4) Face centered cubic. 
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Figure 6. Von-Mises Stress Values of Lattice Structures: 1) Gyroid, 2) Simple cubic, 3) Volume centered cubic, 

4) Face centered cubic. 
 

Among the lattice structures, the slightest deformation is in the simple cubic structure, and its value is 

0.013 mm. Then gyroid, face-centered cubic, and body-centered cubic lattice structure follow, 

respectively. Deformation values are shown in Figure 7. The minimal difference between axial and total 

deformation values is since the load is only in the y-direction. 

 

 
Figure 7. Deformation Values of Lattice Structures: 1) Gyroid, 2) Simple cubic, 3) Volume centered cubic, 4) 

Face centered cubic. 
 

Among the lattice structures, the minimum von mises stress value is in the simple cubic lattice structure, 

and its value is 5.861 MPa. The von-Mises stress value, then the face-centered cubic, gyroid, and the 

most body-centered cubic lattice, respectively, can be seen in Figure 8. It has been observed that the 

stress zones are at the joints of the struts and in sharp regions. 
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Figure 8. Stress Values of Lattice Structures: 1) Gyroid, 2) Simple cubic, 3) Volume centered cubic, 4) Face 

centered cubic. 

 

3.2. Compression Test Results 

Among the specimens, the highest pre-fracture force occurs in the surface-centered cubic lattice 

structure made of undoped resin, and its value is 12.36 kN. The lowest force occurs in the face-centered 

cubic lattice structure with HA doped. HA doped, volume-centered, and face-centered cubic structures 

were below the average, as seen in Figure 9. While each of the undoped resin specimens is above 7 kN, 

there are specimens below 7 kN in surface and volume centered cubic lattice structures in HA and TCP 

doped specimens. 

 

 
Figure 9. Pre-Fracture Force Values in Compression Test of Specimens. 
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The average and standard deviations of the specimens with the same resin type and the same lattice 

structure are shown with error bars in the graphic in Figure 10. It was observed that the highest force 

was in the undoped resin surface-centered lattice structure, and at the same time, this value had the 

highest standard deviation. Since the magnitude of the standard deviation decreases the reliability of the 

data, alternative values were examined. The second highest force value was observed in the simple cubic 

lattice structure. Besides, this value’s low standard deviation showed a more reliable result than the first 

one. 

 

 
Figure 10. Average Values of Pre-Fracture Loads in the Compression Test of Specimens. 

 

In order to compare the compressive strength in lattice structures, specimens made of undoped resin 

were evaluated. The face-centered cubic lattice structure has been ignored due to its low reliability. 

Accordingly, it has been seen that the simple cubic lattice structure gives a higher result than the others. 

When the lattice structures were examined according to resin types, it was seen that the specimens with 

undoped resin were generally higher than the specimens with doped resin. 

 

The specimens with identical lattices with undoped resin are brought together in the force-displacement 

graph in Figure 11. It is observed that the most suitable lattice structure for gradual fracture is in 

specimens with simple cubic lattice with slight decreases in the curve. It is seen that the difference 

between the pre-fracture load values of the face-centered lattice structures is high. The second and fifth 

specimens with simple cubic lattice have an average of 10 to 15% higher pre-fracture load and 25% 

more displacement than the other specimens. Apart from this, the specimens’ fracture mechanism in the 

same lattice structures was generally similar to each other. In all lattice structures, fracture occurred 

when the displacement was between 1 and 1.5 mm. Surface-centered cubic lattice specimens continue 

to compress without a sudden drop on the curve; It is thought to be since it is produced by curing too 

much, including pores. 
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Figure 11. Permanent Deformation Image of Simple Cubic Lattice Structure After Compression Test. 

 

In the entire compression test specimens, the first moment of breaking started with breaking the outer 

wall, as shown in Figure 11. In some specimens, breaking the outer wall caused either a sudden or a 

gradual decrease due to lattice structures. The simple cubic lattice specimen with damaged outer wall is 

shown in Figure 12. The mechanical properties of the t4a2 specimen, which has the highest compression 

strength, were found according to the cross-sectional area calculated approximately. Accordingly, the 

compressive strength of the specimen was calculated as 80.3 MPa, elasticity module as 1.99 MPa, and 

resilience as 493.8 MJ/m3. 

 

 
Figure 12. Permanent Deformation Image of Undoped Simple Cubic Lattice Structure (t2a) After Compression 

Test [20]. 
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4. CONLUSION 

A quasi-static compression test was applied to the specimens successfully produced from powder-doped 

resin with the 3D DLP method. The highest force value was the face-centered cubic lattice structure 

produced from undoped resin with 12.4 kN among the specimens. Force values were averaged according 

to the repeated compression test applied to specimens of the same type. The specimen with a low 

standard deviation and the highest force value is an undoped resin simple cubic lattice specimen. When 

the specimens with low standard deviation were evaluated, it was seen that simple cubic and gyroid 

lattice structures generally showed higher forces. When lattice structures designed with the same or 

close volume values are evaluated in terms of SA:V ratio, volume-centered cubic and face-centered 

cubic lattice structures were superior. 

 

It has been observed that the doping of powder additives to the resin primarily reduces the pre-fracture 

force. A sintering process is required to increase the compression strength in specimens with high 

ceramic additives. It can also be argued that the high standard deviation in some samples is caused by 

excessive solidification in the lattice structures or incomplete solidification in the struts. The high 

standard deviation in some specimens indicates over-solidification between the pores in the lattice 

structures or under-solidification of the struts. 

 

For the test results in the lattice structures to be reliable and significant, the geometry size should be 

increased. With the growth of dimensions, the residual resin removal would be proper, and the pore 

geometries would be better produced. Thus, specimens will be printed with a minor error. The results 

will be more reliable with similar values in repetitive specimens of the same type. Besides, increasing 

the specimen’s repetition in the compression test will increase the test result’s reliability. 

 

It is thought that testing different types of additives, designing different lattice structures, applying 

different tests to the lattice structures, and applying different processes before or after printing will be a 

suitable subject for future studies. 
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