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ABSTRACT 
Lattice structures are widely preferred because they have good properties such as lightness, high energy 

absorption capacity, and strength. Moreover, these lattice structures can be produced by utilizing a 3D 

printer. Therefore, this study aimed to explore the effect of the mechanical behavior of the different 

printing parameters on the lattice structures. Firstly, FBCC and FBCCZ lattice structures were printed 

with various printing parameters such as nozzle diameter of 0.25 mm-0.4 mm and layer thickness of 0.1 

mm–0.15 mm. Then, quasi-static compression tests were performed to determine the mechanical 

behavior of lattice structures. Force-displacement behavior, equivalent elastic modulus, and energy 

absorption capabilities of lattice structures printed with different parameters were calculated from the 

results of the quasi-static compression test. According to the results, it was observed that the mechanical 

behavior was significantly affected when the nozzle diameter and layer thickness were changed. It was 

determined that the strength and energy absorption of the structures printed with a nozzle diameter of 

0.25 mm and a layer thickness of 0.15 mm were decreased. In addition, it was observed that the influence 

of the printing parameters on the mechanical performance can be different according to the lattice type 

and lattice rod diameter. The combination of small nozzle diameter and high layer thickness caused a 

decrease in mechanical strength in both lattice types. Moreover, the highest specific energy absorption 

value was obtained in the samples printed with a 0.4 mm nozzle diameter and a 0.15 mm layer thickness. 
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1. INTRODUCTION 

Industrial revolutions undoubtedly have a great 

impact on our lives. When these revolutions are 

examined, it is observed that knowledge is 

constantly developing and changing. With each 

development, a higher quality, faster, lower 

cost, more functional, safer, and more accurate 

industrialization is aimed. 3D printing 

technology, which comes to the fore when the 

cornerstones of the sector are examined and has 

become the focus of attention of a wide 

segment, is an important technological 

development that will shape the current and 

future manufacturing process. The additive 

manufacturing method is universally used in 

various fields from defense to the aerospace 

industry, from the automotive to the biomedical 

sector [1-4]. Thanks to the developments in the 

field of additive manufacturing, complex 

structures can be produced with different 

methods for the desired material. Some of these 

methods can produce 3D structures in layers by 

melting powder or filament materials, 

solidifying liquid materials, or injecting the 

material [5,6].  

 

Additive manufacturing employs a variety of 

techniques, and among them, Fused Deposition 

Modeling (FDM) is one of the most widely 

utilized and popular processes. With the FDM 

process, the thermoplastic filament material is 

melted and combined layer by layer with a 

moving nozzle to obtain the desired geometry 

[7,8]. In addition, different types of polymeric 

materials such as Polylactic acid (PLA), 

Polypropylene (PP), Acrylonitrile butadiene 

styrene (ABS), Polycarbonate (PC), and 

composites can be used in this method and thus 

mailto:emre.demirci@btu.edu.tr
https://orcid.org/0000-0002-1968-0291
https://orcid.org/0000-0002-2982-3209
https://orcid.org/0000-0003-1880-8596


Demirci et al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY  7:1 (2023) 105-113 

 

106 
 

structures can be produced according to 

different strength and thermal requirements [9]. 

In addition, the mechanical behavior of FDM-

printed structures is influenced by a variety of 

manufacturing factors. The literature 

predominantly focuses on investigating the 

influence of manufacturing parameters on the 

mechanical characteristics of tensile test 

specimens printed via FDM [10-12]. Many 

studies show that various parameters such as 

layer thickness [13,14], building direction 

[15,16], infill densities [17-19], nozzle diameter 

[20], and printing speed [20,21] have notable 

effects on the mechanical features of FDM 

printed structures. 

 

One of the most significant gains of additive 

manufacturing to production technologies is the 

ability to easily print structures that cannot be 

produced by traditional production methods. In 

this sense, lattice structures are prominent 

examples of situations where strength and 

lightness are desired together. Many different 

lattice structures have drawn the attention of 

researchers for various reasons. Lattice 

structures can be optimized for specific 

applications using generative design software, 

allowing for greater material efficiency and 

reduced weight without sacrificing mechanical 

performance [22, 23]. This makes them ideal for 

a range of industries, including aerospace, 

automotive, and medical, where weight 

reduction is critical for improved performance 

and efficiency. In addition, tattice structures 

provide a high level of design flexibility and 

customization, enabling the production of 

intricate geometries that would be challenging 

or unfeasible with conventional manufacturing 

techniques. Gürkan and Sağbaş [24] 

investigated Ti6Al4V star, octahedral, and 

dodecahedron lattice structures for biomedical 

applications. In other studies, a 25% weight 

reduction was observed in the engine hood by 

using pyramidal lattice structures and 19% in 

gears thanks to honeycomb lattice structures 

[25,26]. Nasrullah et al. [27] studied the 

crashworthiness of eleven different types of 

lattice structures. Poyraz et al. [28] numerically 

investigated the elastic and physical properties 

of simple cubic, face-centered cubic, and body-

centered lattice structures. Tang et al. [29] 

examined how the mechanical properties of 

PLA lattice structures are impacted by changes 

in both printing speed and printing temperature. 

 

In this paper, equivalent young's modulus and 

energy absorption characteristics of face-and-

body-centered cubic (FBCC) and FBCC with Z-

strut (FBCCZ) lattice structures with different 

production and structural parameters were 

investigated.  

 

2. MATERIALS AND METHODS 

2.1. Lattice Design 

For lattice structure design, cubic structure, one 

of the most widely used types in the research 

studies, was considered. FBCC and FBCCZ 

unit cells, which were determined to have 

superior mechanical properties among cubic-

based structures in the literature review, were 

selected for the lattice structure design [30, 31]. 

The authors selected two distinct cell types to 

ascertain whether the impact of diverse 

parameters on mechanical properties remains 

constant, irrespective of the unit cell type 

utilized. The computer-aided design (CAD) 

models of the unit cell and lattice structures that 

were employed in this research were presented 

in Figure 1.  

 

 
Figure 1. CAD model of the unit cell and lattice 

structures; (a) FBCC, (b) FBCCZ. 

 

The unit cells were designed as 8x8x8 mm, as 

in many studies in the literature [32,33]. As the 

number of repetitions of the unit cell increases, 

the lattice structures better satisfy the periodic 

boundary conditions. On the other hand, the 

high number of repetitions of the unit cell leads 

to long printing time. Thus, the lattice structures 

were composed of 5x5x5 cells. The rod (strut) 

diameters of unit cells were determined as 0.75 

mm and 0.1 mm as structural parameters. In this 
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way, a total of 4 different lattice structures, 2 

FBCC, and 2 FBCCZ, were designed. 
 

2.2. 3D Printing with FDM 

The designed lattice structure CAD files were 

converted to STL format for manufacturing 

with FDM. The Ultimaker 3 Extended 3D 

printer was used for the additive manufacturing 

of lattice samples as shown in Figure 2. 

Ultimaker PLA filament with a diameter of 2.85 

mm was utilized as the material. The 

mechanical properties of the PLA material for 

flat printing orientation were given in Table 1. 

 
Table 1. Properties of the PLA material. 

Property Value Unit 

Young’s modulus 3250 MPa 

Yield stress (tensile) 52.5 MPa 

Breaking stress (tensile) 45.5 MPa 

Maximum elongation 7.8 % 

Flexural modulus 3019 MPa 

 

 
Figure 2. Manufacturing of lattice specimen with 

the 3D printer. 

 

In order to print the lattice samples on the 3D 

printer, adjustment of the printing parameters 

and the G-code transformation of the STL data 

were performed with Cura software. All lattice 

samples, except for variations in nozzle 

diameter and layer thickness, were printed using 

constant printing parameters as listed in Table 

2.  
 

 

 

 

 

 

 

 

 

 

Table 2. Printing parameters. 

Parameter Value 

Nozzle diameter 0.25 mm - 0.4 mm 

Printing speed 30 mm/s 

Build plate temperature 60 °C 

Nozzle temperature 200 °C 

Infill density 100 % 

Filament diameter 2.85 mm 

Layer thickness 0.1 mm – 0.15 mm 

 

This study's goal was to find out how variations 

in nozzle diameter and layer thickness, as 

production parameters, impact the mechanical 

performance of lattice structures. Accordingly, 

two nozzle diameters, 0.4 mm, and 0.25 mm 

were selected utilizing diverse print cells that 

are compatible with the 3D printer. Also, as 

another production parameter, layer thicknesses 

were determined as 0.1 mm and 0.15 mm. Layer 

thicknesses were chosen considering the 

limitations of nozzle diameters for production. 

Table 3 lists the notation describing the 

combination of production and design 

parameters used in this research. A and B 

indicate the rod diameter as 0.75 mm and 1 mm, 

X and Y indicate the nozzle diameter as 0.4 mm 

and 0.25 mm, and 1 and 2 indicate layer 

thickness as 0.1 mm and 0.15 mm.  

 
Table 3. Specimen combinations notation. 

Specimen 

ID 

Rod 

dia. 

(mm) 

Nozzle 

dia. 

(mm) 

Layer 

thickness 

(mm) 

FBCC_AX1 0.75 0.4 0.1 

FBCC_BX1 1.0 0.4 0.1 

FBCC_AY1 0.75 0.25 0.1 

FBCC_BY1 1.0 0.25 0.1 

FBCC_AX2 0.75 0.4 0.15 

FBCC_BX2 1.0 0.4 0.15 

FBCC_AY2 0.75 0.25 0.15 

FBCC_BY2 1.0 0.25 0.15 

FBCCZ_AX1 0.75 0.4 0.1 

FBCCZ_BX1 1.0 0.4 0.1 

FBCCZ_AY1 0.75 0.25 0.1 

FBCCZ_BY1 1.0 0.25 0.1 

FBCCZ_AX2 0.75 0.4 0.15 

FBCCZ_BX2 1.0 0.4 0.15 

FBCCZ_AY2 0.75 0.25 0.15 

FBCCZ_BY2 1.0 0.25 0.15 
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Variable parameters, such as nozzle diameter 

and layer thickness, were observed to affect the 

appearance of printed samples in a non-

macroscopic manner. Hence, the pictures of 

FBCC_BX1 and FBCCZ_BX1 were given in 

Figure 3 as examples of printed samples. 
 

 
Figure 3. Example pictures of printed lattice 

structures: a) FBCC_BX1, b) FBCCZ_BX1. 

 

2.3. Experimental Setup 

The Shimadzu AG-X universal testing machine 

with a 250 kN load cell was used for the 

compression test of the lattice specimens. 

Experimental tests were carried out at room 

temperature. Compression speed was applied as 

1 mm/min to provide quasi-static condition. As 

seen in Figure 4, the lattice specimen was 

placed on the fixed base table and subjected to 

compression load with the movable fixture. 

During the test, data were collected with 

TRAPEZİUM X software, and force-stroke 

values were obtained. 
 

 
Figure 4. Compression test setup. 

 

3. RESULTS AND DISCUSSION 

3.1. Force-Displacement Behavior 

In order to observe how production and 

structural parameters affect the crushing 

behavior of lattice structures, force-

displacement curves of all samples were plotted 

in the same graph. As a result of the material's 

accumulation due to deformation during the 

test, the reaction forces increased significantly 

towards the end of the test, but this increase was 

not caused by the characteristics of the lattice 

structure. Therefore, all the graphs were plotted 

for 20 mm deformation. Figure 5 illustrates the 

force-displacement behavior of all FBCC 

samples.  

 

 
Figure 5. Force-displacement curves of FBCC 

samples. 

 

It was seen that all FBCC samples show a linear 

behavior in reaction force increase to the first 

peak. It was observed that the first peak forces 

of the samples with a rod diameter of 1 mm 

were higher as expected. Samples FBCC_BX1 

and FBCC_BX2 with layer thickness of 0.1 and 

0.15 mm printed with a 0.4 mm nozzle exhibited 

similar behavior. However, it was observed that 

the curve characteristics of the FBCC_BY1 and 

FBCC_BY2 samples printed with a 0.25 nozzle 

were very different. The compressive strength 

of the 1 mm rod diameter FBCC_BY2 sample, 

which includes the combination of small nozzle 

diameter and high layer thickness, was 

considerably lower than the other 1 mm rod 

diameter samples. On the other hand, examining 

the results of the samples with a rod diameter of 

0.75 mm, it was found that the compressive 

strength of the samples printed with a 0.4 mm 

nozzle was higher than that of those printed with 

a 0.25 mm nozzle. In addition, it was observed 

that the effect of the layer thickness was not 

much for the 0.4 mm nozzle, whereas the low 
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layer thickness value increased the strength in 

the samples printed with the 0.25 mm nozzle.  

 

It was investigated whether parameter changes 

in the FBCCZ lattice structure gave similar 

results. Figure 6 illustrates the force-

displacement behavior of all FBCCZ samples. 

 
Figure 6. Force-displacement curves of FBCCZ 

samples. 

 

When the graph is examined, it was seen that all 

FBCCZ samples have higher compressive 

strength compared to FBCC samples printed 

with the same parameters, thanks to the Z strut 

structures. Among the FBCCZ samples with a 

rod diameter of 1 mm, the strength of the sample 

printed with a nozzle with a diameter of 0.25 

mm and a layer thickness of 0.15 mm is 

significantly lower than the others. Similar to 

the findings for the FBCC structures, it was 

observed that the structures printed with a 0.4 

mm nozzle exhibited greater strength, 

particularly for the 0.75 mm rod diameter 

samples. 

 

3.2. Equivalent Elastic Modulus 

Elastic modulus is defined as resistance against 

deformation in the linear-elastic region and is 

one of the essential material properties. The 

equivalent elastic modulus approach is 

widespread to characterize the mechanical 

behavior of lattice structures. The lattice 

structure is considered as a continuous medium 

when calculating the equivalent elastic 

modulus. The equivalent elastic modulus was 

determined by using linear regions of force-

displacement curves in Figures 5 and 6. Results 

of equivalent elastic modulus were given in 

Figure 7. 

 

Figure 7 shows that FBCCZ lattice structures 

have higher equivalent elastic modulus than 

FBCC lattice structures since FBCCZ lattice 

structures contain additional vertical struts in 

the compression test direction. As the bar 

diameter changes from 0.75 mm to 1.00 mm, 

the porosity ratio decreases, and the equivalent 

elastic modulus increases for both FBCC and 

FBCCZ structures. Therefore, lattice structures 

with a rod diameter of 1.0 mm exhibit more 

robust mechanical behavior. In lattice structures 

with a rod diameter of 0.75 mm, as the nozzle 

diameter decreases, the equivalent elastic 

modulus decreases for each lattice structure and 

layer thickness. 

 

 
Figure 7. Equivalent elastic modulus of FBCC and 

FBCCZ samples. 

 

It was determined that the model with the 

highest equivalent elastic modulus among all 

samples was the FBCCZ_BY1 model with a 

value of 383.79 MPa. Furthermore, among the 

FBCC lattice samples, the BY1 model reached 

the highest equivalent elastic modulus value. 

The lowest equivalent elastic modulus was 

obtained as 50.57 MPa for the FBCC_AY2 

model. On the other hand, for the FBCCZ lattice 

type, the lowest value was obtained in the AY1 

model. In the circumstances, lattice samples 

printed with 0.75 mm rod diameter and 0.25 mm 

nozzle diameter appear to be the worst 

combination for the equivalent elastic modulus. 

In combinations where the rod and nozzle 

diameters were kept constant and the layer 

thickness changed, no significant changes were 

observed between the results of the AX1-AX2, 

BX1-BX2, and AY1-AY2 models. On the 

contrary, increasing the layer thickness to 0.15 

mm at 0.1 mm in the samples in which the 

lattice structures with a rod diameter of 1 mm 

were printed with a 0.25 mm nozzle resulted in 

a decrease of more than 50% in the equivalent 

elastic modulus. 
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3.3. Energy Absorption Characteristics 

Determining a lattice structure's capacity to 

absorb energy is one of the important indicators 

used throughout the mechanical evaluation of 

that structure. The total energy absorption (𝐸𝑇) 

is defined as the area under the force-

displacement graph and is expressed as shown 

in Equation (1). 

 

𝐸𝑇 = ∫ 𝐹(𝑥)d𝑥
𝛿

0
           (1) 

 

where 𝛿 is the total displacement during the 

compression test and 𝐹 is the crushing force. In 

cases where the weight of a structure is also 

important, the total energy absorption index 

may not be an adequate comparison or 

evaluation parameter [34-35]. The specific 

energy absorption (SEA) value, which 

additionally considers the structure's mass, can 

be applied in this circumstance. SEA can be 

calculated by the formulation in Equation (2). 

 

𝑆𝐸𝐴 = 𝐸𝑇/𝑚              (2) 

 

In this formula, the mass of the structure is 

denoted by 𝑚. The total energy absorption and 

SEA values obtained as a result of the test 

applied to all samples were given in Figure 8.

   
(a)                                                                                   (b) 

Figure 8. Comparison of lattice samples: a) total energy absorption values, b) specific energy absorption values. 

When Figure 8a is examined, it is seen that the 

Z-supported structures absorb more energy. The 

structures that absorb the most and the least 

energy were FBCCZ_BX2 and FBCC_AY2 

with the values of 380.18 J and 23.97 J, 

respectively. It is also an expected result that 

structures with a 1 mm rod diameter absorb 

more energy than structures with a 0.75 mm rod 

diameter. Among the structures with a rod 

diameter of 1 mm, the combination that 

absorbed the most energy was the BX2 samples 

produced with a layer thickness of 0.15 mm and 

a nozzle diameter of 0.4 mm for both lattice 

types. When the results of 0.75 mm rod 

diameter structures are examined, the layer 

thickness did not have a significant effect on 

energy absorption in the samples printed with 

0.4 mm nozzle diameter, while the lower layer 

thickness gave better results in the samples 

printed with 0.25 mm nozzle diameter. 

Considering the nozzle diameter as the only 

variable, samples printed with a 0.4 mm nozzle 

absorbed more energy than samples printed 

with a 0.25 mm nozzle for both FBCC and 

FBCCZ lattice structures. 

 

In the production of thermoplastic materials 

with additive manufacturing, the mass of the 

lattice structure is affected by the production 

parameters [36]. It was necessary to take into 

account the change in the mass of the structures 

caused by the layer thickness and nozzle 

diameter variables. Therefore, in addition to 

total energy absorption, SEA values were 

calculated and shown in Figure 8b. Similar to 

the total energy absorption graph, the highest 

SEA value was obtained in the FBCCZ_BX2 as 

10.85 J/g. Although it was observed that the 

FBCCZ structures absorb more energy in 

general, it was determined that the FBCC 

structure reaches a higher SEA value in the AY1 

and AY2 models with the combination of 0.75 

mm rod diameter and 0.25 mm nozzle diameter. 

This was due to the lighter mass of the samples 

printed with the 0.25 mm nozzle compared to 

the 0.4 mm nozzle. On the other side, it was 

found that increasing the layer thickness led to 
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the creation of lighter PLA structures, resulting 

in higher SEA values. While the structure with 

the worst performance in total energy 

absorption was FBCC_AY2, when the SEA 

values were considered, the lowest value 

belongs to the FBCCZ_AY2 structure with 1.85 

J/g. 

 

4. CONCLUSIONS 

In this research, the mechanical performances 

of FBCC and FBCCZ lattice structures printed 

with different parameters using FDM under the 

quasi-static compression test were investigated. 

Two different layer thicknesses and two 

different nozzles were considered as printing 

parameters, and the effects of these parameters 

on structures with 0.75 mm and 1 mm rod 

diameters were evaluated. The experimental 

study's results were condensed and presented in 

the following manner: 

 

• The Z structure added to the FBCC structure 

increased the initial reaction force under 

loading by an average of 48% in samples 

with a 0.75 mm rod diameter and by an 

average of 44% in samples with a bar 

diameter of 1 mm. 

• Among the lattice structures with a rod 

diameter of 1 mm, the structures with the 

lowest strength were the samples printed 

with a nozzle diameter of 0.25 mm and a 

layer thickness of 0.15 mm. The initial 

reaction force of the samples printed with 

this combination decreased by about 83% 

and 62% for FBCC and FBCCZ, 

respectively, compared to the other samples. 

• When the effect of production parameters on 

the equivalent elastic modulus was 

examined, it was observed that the effects 

changed according to the rod diameter of the 

lattice structures. 

• Regardless of the lattice type and rod 

diameter, the best results in total energy 

absorption were obtained with the 

combination of 0.4 mm nozzle diameter and 

0.15 mm layer thickness. When only the 

nozzle diameters were compared, the 

structures printed with 0.4 mm nozzle in all 

sample types absorbed more energy. 

• It was determined that the combinations of 

0.15 mm layer thickness - 0.4 mm nozzle 

diameter and 0.1 mm layer thickness - 0.25 

mm nozzle diameter were more effective in 

terms of energy absorption. 

• The effect of printing parameters was more 

notable on SEA. While the total energy 

absorbed by FBCC and FBCCZ structures 

with 1 mm rod diameter was approximately 

4.1 times higher than for 0.75 mm diameter 

structures, this rate decreased to 2.6 for 

FBCC structures and 3.4 for FBCCZ 

structures in SEA. 

• The combination of small nozzle diameter 

and high layer thickness caused a decrease in 

mechanical strength in both lattice types. 

• It was determined that the effect of the 

nozzle diameter on the mechanical 

properties is more significant compared to 

the other parameters. 

• Although there are different research studies 

examining the printing parameters, this 

study showed that the effect of the 

parameters may have different results 

depending on the lattice type and porosity 

ratio.  
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