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ABSTRACT 
Porous structures are of great interest in biomedical and engineering applications due to their light 
weight, high mechanical strength, and biological compatibility. In this study, based on the widespread 
use of gyroid structures in bone scaffolds and their potential to adapt to the heterogeneous mechanical 
properties of bone tissue, the effect of geometric arrangements on mechanical strength was investigated. 
Using the tri-periodic minimal surface trigonometric function, the reference model G(0) with 80% 
porosity was taken as a basis, and three different geometries were created by reducing the unit cell of 
the gyroid on the y-axis by 25% (G(-25)), keeping it constant (G(0)), and enlarging it by 25% (G(+25)). 
Using the biomaterial PLA, these non-isotropic structures were fabricated through Fused Deposition 
Modeling (FDM) and 3D printed in the longitudinal and lateral axes, then subjected to compression 
tests. The compression test results showed that the printing direction and loading direction play a 
decisive role in mechanical strength. Especially when the printing and loading directions were the same, 
an increase in strength was observed, with the G(-25) model exhibiting 37.8% higher strength than G(0) 
in the PLt-CLt (Printed Lateral – Compression Lateral) configuration. Conversely, increasing the pore 
size resulted in a 14.7% reduction in strength for G(-25) compared to G(0). Furthermore, when the 
printing and loading directions were aligned, the lateral axis exhibited 38.4% higher strength than the 
longitudinal axis in the G(-25) model. It was found that the arrangement of the pores parallel to the load 
direction minimized strength loss, and the increase in porosity did not significantly affect mechanical 
strength. In addition, the structure of the compression layers before and after the test was examined in 
detail by SEM analysis. The findings show that the geometrical arrangements of the gyroid structures 
have a significant effect on mechanical strength and that these structures can be optimized and used in 
biomedical applications. 

Keywords: FDM, PLA, Gyroid Structure, Porosity, Bone Scaffold, Anisotropic Structure. 

1. INTRODUCTION
Porous structures are of great interest in 
biomedical and engineering applications due to 
their properties such as light weight, high 
mechanical strength and biocompatibility. In 
particular, Triply Periodic Minimal Surface 
(TPMS) have become an important focus for 
scaffold design in biomedical applications. The 
unique geometric properties of TPMS structures 
allow them to mimic the mechanical behavior 
of natural bone, making them promising 
candidates for bone tissue engineering [1-2]. 
These surfaces are characterized by zero mean 
curvature, high surface-to-volume ratio, and 

interconnected porous structure, and offer a 
favorable environment for bone regeneration by 
promoting cell adhesion and proliferation [3-4]. 
Gyroid structures represent an important 
subgroup of TPMS and are widely used in tissue 
engineering, implant design and other 
biomedical applications. Their interconnected 
porous network facilitates essential biological 
processes such as cell infiltration, 
vascularization, and nutrient transport, which 
are critical for the regeneration of both bone and 
soft tissues. These properties enhance 
osteointegration by promoting osteoblast 
adhesion and proliferation, ultimately 
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improving implant stability [5-6]. Furthermore, 
studies indicate that gyroid scaffolds provide a 
more uniform stress distribution compared to 
conventional strut-based lattice structures, 
leading to enhanced mechanical performance 
and reduced stress concentrations [7-8]. Gyroid 
structures offer an ideal option for load-bearing 
implants due to their unique mechanical 
performance and biocompatibility. For 
example, Eltlhawy et al. [9] demonstrated that 
gyroid cellular titanium is compatible with the 
mechanical properties of human bone and 
exhibits a 70% stiffness reduction, increasing 
the potential for successful integration in 
orthopedic applications. Pore size and porosity 
also significantly affect the performance of 
these structures. In the same study, a pore size 
of 500 μm and a porosity of approximately 77% 
were reported to promote bone growth and 
increase bone-implant fixation stability. The 
advantages of gyroid structures in terms of 
stress distribution are noted for their lower 
stress concentrations compared to conventional 
support-based lattice structures. Hayashi et al. 
[8] showed that stress distribution in gyroid 
scaffolds is more homogeneous and that these 
structures outperform conventional scaffolds in 
terms of both strength and bone regeneration 
capabilities. In Ali's study [10], it was shown 
that the anisotropic properties of gyroid 
structures adapt to the mechanical and 
biological behavior of the bone structure. In the 
study, elastic modulus and permeability 
analyses were performed on gyroid scaffolds 
designed using different geometric variations 
and it was determined that these structures 
exhibit bone-like properties. The energy 
absorption capacity of gyroid structures is also 
superior to other porous structures. Hayashi et 
al. [8] determined that gyroid structures exhibit 
three times more specific energy absorption 
under pressure compared to other lattice 
structures.  
 
The role of porosity and pore size in the design 
of gyroid and similar scaffolds is critical. Pore 
sizes have direct effects on cell infiltration, 
nutrient transport and mechanical strength [11-
12]. Naghavi et al. [13] showed that gyroid 
structures with porosity between 52% and 66% 
exhibited hardness (4-5.8 GPa) and yield 
strength (120-225 MPa) similar to cortical bone. 
This was confirmed by Musthafa's study[14], 
which showed that structures with pore sizes 
smaller than 800 μ can offer mechanical 

properties in the range of cortical bone. When 
the effect of pore size on mechanical strength 
was examined, Wu et al. [15] reported that 
smaller pore sizes increase compressive 
strength and there is an inverse relationship 
between pore size and mechanical strength. 
Caiazzo et al. [16] showed that the mechanical 
properties of Gyroid structures can be tuned by 
varying unit cell sizes and porosity ratios, thus 
optimizing the elastic modulus and compressive 
strength.  
 
The mechanical properties of additively 
manufactured lattice structures show significant 
changes depending on parameters such as unit 
cell size and loading direction. For example, 
when the unit cell size is increased from 2 mm 
to 8 mm in 316L stainless steel gyroid lattice 
structures, the yield strength and elastic 
modulus decrease by 63.43% and 63.74%, 
respectively [17]. Similarly, the compressive 
modulus and compressive strength decrease by 
10.33% and 29.45%, respectively [18]. 
Significant differences were also observed 
depending on the loading direction, and the 
elastic modulus of gyroid trusses produced in 
perpendicular direction was found to be 22.95% 
higher than those produced in parallel direction 
[17]. These data show that unit cell size and 
loading direction play a critical role in the 
design process of lattice structures and the 
mechanical properties should be optimized 
according to the targeted application. 
 
Cellular structures are essential in engineering 
and biomedical applications due to their high 
specific strength, energy absorption capacity, 
and material efficiency [19]. TPMS structures 
ensure homogeneous stress distribution and 
superior mechanical performance, offering 
advantages over traditional lattices [18-19]. 
Conventional manufacturing methods are 
inadequate for producing such complex 
geometries, whereas additive manufacturing 
(AM) optimizes material usage, reduces 
production time, and minimizes waste. Among 
AM techniques, Selective Laser Melting (SLM) 
and Fused Deposition Modeling (FDM) excel in 
fabricating intricate cellular architectures with 
precise control over porosity and mechanical 
properties [18]. These advancements expand 
applications in aerospace, biomedical, and 
automotive industries. 
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In this study, the reference model G(0) was 
designed with a constant porosity of 80%, and 
three different geometries were obtained by 
reducing the unit cell of the gyroid structure on 
one axis by 25% (G(-25)), keeping it constant 
(G(0)) and enlarging it by 25% (G(+25)). The 
structures were 3D printed in two different 
directions in the longitudinal and lateral axes 
using the biomaterial Polylactic acid (PLA) and 
subjected to compression tests. The effect of 
printing direction, loading direction and 
porosity orientation on the mechanical 
properties of the obtained models were 
investigated. In addition, Scanning Electron 
Microscopy (SEM) images of the samples were 
taken after the mechanical tests and the 
adhesion and delamination between the printing 
layers were examined. 
 
2. MATERIALS AND METHODS 
 
2.1. Modeling and Geometric Structure 
The basic surfaces of the skeletons were 
designed using the program K3Dsurf 
(k3dsurf.sourceforge.net). This design is based 
on the trigonometric function cos(x) sin(αy) + 

cos(αy)sin(z) + cos(z)sin(x) = 0. For each 
model, the unit cells were repeated four times 
on three axes (x, y and z) to obtain a cube 
structure with a total of 64-unit cells. 
Information about the model unit cells and 
geometric parameters are given in Figure 1 and 
Table 1. The unit cell length was obtained in 𝑥𝑥, 
𝑦𝑦, 𝑧𝑧 on the boundary [-𝜋𝜋, 𝜋𝜋]. For the models 
with scaling coefficients defined as -25%, 0% 
and 25%, 𝛼𝛼 values were set as 0.75, 1 and 1.25, 
respectively. These models are named G(-25), 
G(0) and G(+25) according to the scaling 
percentage. SolidWorks software was used to 
thicken the surfaces and create solid models. 
The thickness of the scaffold walls was 
determined as 400 µm, and these structures 
were fabricated using Fused Deposition 
Modeling (FDM), a widely used additive 
manufacturing technique. FDM was chosen due 
to its capability to produce complex porous 
structures with high accuracy using PLA 
material. These structures can be easily 
manufactured with additive manufacturing 
technologies [20]. 
 

 

 
Figure 1. Unit cells of the designed gyroid structures: (a) G(-25), (b) G(0), (c) G(+25); full models: (d) G(-25), 

(e) G(0), (f) G(+25). 
 

Table 1. Dimensions of the unit cell and the 
corresponding scaffold model (mm).  

Model 
Dimensions G(-25) G(0) G(+25) 
dx and dz 6,20 6,20 6,20 

dy 4,58 6,20 7,72 
Lx and Lz 25,54 25,55 25,33 

Ly 19,09 25,32 31,54 

2.2. Production of Samples 
In this study, PLA filament was chosen for 
sample production due to its biocompatibility, 
biodegradability, and non-toxic degradation 
products. Widely used in scaffolds, drug 
delivery, and tissue engineering, PLA supports 
cell adhesion and reduces inflammation, as 
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shown in both in vitro and in vivo studies [21-
23]. The properties of the Flashforge PLA Pro 
filament are listed in Table 2. 
 

Table 2. Mechanical and physical properties of 
PLA Pro filament used [24]. 

Property Test 
Method Units Typical 

Value 

Density ISO 
1183 g/cm³ 1.25~1.26 

Tensile 
Strength  

ISO 
527 MPa 45.5~49 

Elongation at 
Break  

ISO 
527 % 14.5~16.5 

Modulus of 
Elasticity  

ISO 
527 MPa 950~1050 

Izod Impact 
Strength  

ISO 
180 KJ/m² 9.5~10.5 

 
The samples were produced using the Flash 
Forge Creator 3 Pro printer in accordance with 
the parameters specified in Table 3.  
 
 
 
 

Table 3. Printing Parameters.  

Parameters Flash Forge - Creator 3 
Pro 

Material PLA 

Nozzle Diameter 0,4 mm 

Printing Precision 0,1 mm 
Extruder 

Temperature 210 °C 

Bed Temperature 60 °C 

Infill Density % 100 

Layer Thickness 0,18 mm 

Print Speed 60 mm/s 

Infill Pattern Lines 
Number of Wall 

Lines 3 

 
In order to evaluate the effect of printing 
direction on mechanical properties, the 
specimens were printed in two different axes. 
As shown in Figure 2, the designed specimens 
were first printed in the longitudinal axis, then 
rotated 90° around the y-axis and printed in the 
lateral axis. 

 

 
Figure 2. Gyroid structures produced in the longitudinal compression direction: (a) G(-25), (b) G(0) and (c) 
G(+25). Gyroid structures produced in the lateral compression direction: (d) G(-25), (e) G(0) and (f) G(+25). 
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2.3. Experimental Studies 
Compression tests were performed on the 
successfully manufactured specimens. The 
sample specimens produced in the lateral 
direction are shown in Figure 3(a). The 
compression tests were conducted using a 
Zwick Z600 (Figure 3(b)) testing machine, with 
the test speed set to 2 mm/min in accordance 
with the ISO 604 standard. During the test, a 
deformation of 5 mm was applied to the 
specimens. Before and after the compression 
test, the structure of the specimens was 
examined by SEM. During the examinations, 
low levels of filamentation and porosity 
formation were observed in some areas, but it 
was observed that these formations were not 
significant and were not at a density that would 
adversely affect the mechanical performance. In 
addition, there was no visible delamination 
between the printing layers as a result of 
printing or detectable by SEM (Figure 3(c) and 
Figure 3(d)).  
 
Analysis of the post-compression images 
revealed that the observed fracture behavior was 

predominantly planar, with failure occurring 
along planes parallel to the compression 
direction. The narrowing effect observed under 
loading, as indicated in Figure 3(b), suggests 
localized stress concentrations that led to 
structural failure along these planes. The 
schematic representation within the figure 
further illustrates the deformation mechanism, 
showing that structural collapse primarily 
followed the interconnected porous architecture 
of the gyroid structure. No significant 
orthogonal fractures were detected, as no cracks 
propagating perpendicularly to the compression 
axis were observed. 
 
The stringing behavior can be affected by 
printing parameters such as nozzle temperature, 
print speed and retraction settings. To solve this 
problem, strategies such as decreasing the 
nozzle temperature, increasing the printing 
speed and optimizing the retraction settings 
have been proposed [25-27].  
 
 

 

 
Figure 3. (a) 3D printed G(-25), G(0) and G(+25) samples, (b) Compression test of the gyroid scaffold samples 

before and after loading, (c) 200 µm scale SEM image, (d) 1 mm scale SEM image. 
 
The compression test result graphs are given in 
Figure 4. The graphs compare the engineering 
stress-strain behavior (Figures 4a-4d), ultimate 

compressive strength (Figure 4e) and 
deformation at maximum force (Figure 4f) of 
gyroid specimens of three different structures 
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(G(-25), G(0), G(+25)) under compression 
(PLo: Printed Longitudinal, PLt: Printed 
Lateral) and loading (CLo: Compression 
Longitudinal, CLt: Compression Lateral) 
conditions in different directions.  
In Figures 4a and 4c, G(+25) specimens 
exhibited higher yield strength and ultimate 
compressive strength under PLo-CLo and PLa-
CLt conditions, followed by G(0) and G(-25), 
respectively. Figure 4b and Figure 4d show that 
G(-25) specimens exhibited higher yield 
strength and ultimate compressive strength, 
followed by G(0) and G(+25), respectively.  
According to Figure 4e, the highest ultimate 
compressive strength was observed in the PLt-

CLt G(-25) sample. This result was followed by 
PLo-CLo G(+25) and PLo-CLo G(0) samples, 
respectively. These findings reveal that when 
the printing direction and the test direction are 
the same, the material shows higher strength 
compared to other conditions. Similar results 
have been reported in the literature. Studies 
show that mechanical properties such as tensile, 
compressive and flexural strength increase 
significantly when the loading occurs in the 
same direction as the compression direction[28-
31]. 

  

 

 
Figure 4. Engineering stress-strain curves and mechanical properties of compression tests at different 

compression and loading directions: (a) PLo-CLo, (b) PLo-CLa, (c) PLa-CLo, (d) stress-strain curves for PLa-
CLa cases, (e) Ultimate compressive strength and (f) Deformation values at maximum force. 
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When PLt-CLt and PLo-CLt specimens are 
examined in Figures 4(b) and 4(d), the highest 
strength was observed at G(-25), followed by 
G(0) and G(+25), respectively. This is in line 
with the literature and can be explained by the 
effect of porosity on mechanical strength. The 
decrease in porosity improved the mechanical 
properties [32-33]. However, this result was 
reversed in PLo-CLo and PLt-CLo specimens. 
The probable reason for this is that the parallel 
arrangement of the pores to the load direction 
minimizes the strength loss and the increase in 
pores does not significantly affect the 
mechanical strength since the load carrying 
paths are not completely broken. Figure 5 shows 
the porosity distribution and dimensions of the 
specimens in the longitudinal and lateral 
directions. In the longitudinal direction, the 
width of the pores remained constant while the 
size of the pores changed. In the lateral 
direction, the heights of the pores are constant 
and the widths change. When these changes 
were analyzed, it was observed that the porosity 
widths in the longitudinal direction remained 
constant and were 1.16 mm. However, there 
were differences in the height values; the height 

was measured as 0.78 mm for the G(-25) model, 
1.16 mm for the G(0) model and 1.56 mm for 
the G(+25) model. In the lateral direction, the 
height values remained constant and were 
determined as 1.16 units. On the other hand, the 
width values changed and were measured as 
0.78 mm for the G(-25) model, 1.16 mm for the 
G(0) model and 1.56 mm for the G(+25) model. 
Similar studies have shown that the mechanical 
strength of the material is higher when the pores 
are arranged parallel to the load direction. This 
is because the pores do not completely break the 
load carrying paths and minimize the strength 
loss[34-36]. In this case, the increase in porosity 
does not significantly affect the mechanical 
strength. On the other hand, in alignments 
perpendicular to the load direction, the pores 
interfere with load transfer and cause a decrease 
in strength. These findings indicate that pore 
orientation and loading direction play an 
important role in the mechanical properties of 
the material. In general, structure orientation 
and compression direction in scaffolds lead to 
significant differences in mechanical strength 
and deformation behavior. 

  
 

 
Figure 5. Pore shape and size of the specimens (mm): Longitudinal direction (a) G(-25), (b) G(0) and (c) 

G(+25); Lateral direction (d) G(-25), (e) G(0) and (f) G(+25). 
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3. CONCLUSIONS 
In this study, the effect of geometric variations 
and compression-loading directions on the 
mechanical strength of gyroid structures is 
investigated in detail. Taking the G(0) model 
with constant 80% porosity as a reference, three 
different geometries with 25% reduction (G(-
25)) and 25% enlargement (G(+25)) of the unit 
cell on the y-axis were evaluated. The findings 
are summarized as follows: 
 

• Strength increased when the 
compression direction and loading 
direction were the same: Overlapping 
the loading direction with the 
compression direction improved the 
load carrying capacity by increasing the 
interlayer integrity. The G(-25) 
geometry showed the highest strength 
in the longitudinal direction. 
 

• The strength differed in the longitudinal 
and lateral axes: Specimens produced 
in the longitudinal direction exhibited 
higher strength than those produced in 
the lateral direction due to the 
alignment of the filaments in the load 
direction. 

 
• The reduction in pore size increased the 

mechanical strength: Smaller pore sizes 
improved the strength by making 
deformation of the scaffold structure 
more difficult. The G(-25) geometry 
therefore provided the best 
performance. 
 

• The alignment of the pores parallel to 
the load direction improved the 
strength: Alignment of the pores 
parallel to the load direction minimized 
the strength loss, while alignment 
perpendicular to the load direction 
resulted in a decrease in mechanical 
strength. 

 
In conclusion, this study revealed that 
geometrical optimization of gyroid structures, 
compression-loading directions and pore 
distribution significantly affect the mechanical 
strength. The usability of these structures in 
biomedical applications such as bone tissue 
engineering can be enhanced by accurately 
optimizing the geometric parameters. The 
results of this study further emphasize that 

gyroid and similar architectural scaffolds are 
good alternatives for non-isometric bone.   
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