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Abstract. This paper investigates the mechanical behaviour of biomimetic structures produced 
using L-PBF technology. Specifically, the triply periodic minimal surface (TPMS) gyroid structure 
was analysed. The TPMS are receiving significant attention in biomedical applications to produce 
structures with high strength-to-weight ratio, better control over the transition in properties 
between the prosthesis and the bone tissue, such as stiffness and density, and improved interface 
adhesion. The mechanical characterisation of these structures is the current challenge for 
researchers. We propose a preliminary modelling strategy for a homogenisation procedure based 
on the Representative Volume Element (RVE) theory and traditional mesoscale and macroscale 
finite element (FE) analysis integrated with evaluating the anisotropy induced by the printing 
process. The results indicate that the L-PBF produces an orthotropic base material, the unit cell 
exhibits an anisotropic behaviour, and the macroscopic modelling reduces the computational cost. 
However, a mesoscopic approach is necessary to define the anisotropic elastic matrix of the cell. 
Introduction 
In millions of years of evolution, nature has created countless complex structures, endowing 
organisms with unique and superior characteristics [1].  

As a source of conceptual design inspiration, nature develops structural systems with optimum 
morphology, the least energy consumption, and well-adaptation of the surroundings. One of the 
main examples of the natural optimum design are cellular structures, such as bone, butterfly wings 
and beehive [2]. Among these, bone is particularly interesting for its lightness and high specific 
strength, thanks to the coexistence of a cortical structure and a trabecular one. 

Researchers are focused on designing and manufacturing structures that mimic nature, known 
as biomimetic structures. In orthopaedic industry, the ability to replace natural structures can offer 
specific properties: high strength-to-weight ratio, decreased stress-shielding, better control over 
the transition in properties between the prosthesis and the bone tissue, such as stiffness and density, 
and improvement interface adhesion [3, 4]  

Biomimetic structures can be produced through Additive Manufacturing technologies, which 
have enabled the production of complex structures with high-performance base materials [5]. 
Nevertheless, the use of biomimetic structures is limited due to a lack of knowledge of their 
mechanical behaviour. The mechanical properties of biomimetic structures can be studied 
numerically by analysing the unit cell (mesoscale modelling) or using a homogeneous material 
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model (macroscale modelling) [6]. The adoption of mesoscopic modelling usually determines a 
high computational cost, so the ability to use a homogeneous material model that can reproduce 
biomimetic behaviour may overcome this limitation [7, 8]. For this reason, meso- and macroscale 
modelling strategies for biomimetic structures produced by L-PBF are proposed. The primary 
objectives are to assess the mechanical behaviour of biomimetic structures, streamline the design 
and analysis of components using these structures, and lower computational costs.  

Considering that L-PBF technology induces an orthotropic behaviour [9], assessing the degree 
of anisotropy is necessary. Seeing as the bulk material properties influence the mechanical 
response of biomimetic structures, if the base material exhibits anisotropic behaviour induced by 
the printing process, this, in turn, leads to anisotropic biomimetic structure.  

This study focuses on the gyroid structure in Fe-3171. The gyroid structure typically exhibits 
isotropic behaviour within a relative density range of 0.2 to 0.6 [5]. Therefore, it is important to 
investigate how the base material's anisotropy influences the structure's overall behaviour. 
Consequently, a double anisotropy effect has been examined and integrated into the modelling 
strategy. The experimental-numerical procedure addresses the study.  
Material and method 
Material. The material tested is a hardening steel (Fe-3171) whose typical characteristics of tensile 
test, for relative density > 99.9%, are reported in Table 1 [8]. 

Table 1 – Tensile test material characteristics [8] 

 Tensile strength Rm 
[N/𝐦𝐦𝐦𝐦𝟐𝟐] 

Yield strength Re 
[𝐍𝐍/𝐦𝐦𝐦𝐦𝟐𝟐] 

Elongation at break 
A 

[%] 
As built 1095 1040 10 

All specimens, as shown in Fig. 1, have been produced considering two different orientations 
to the Z-building direction: printing direction 0° also indicated with Z, and normal direction 90° 
marked with X. A SISMA MySint100 PM/RM machine equipped with a single InfraRed (IR) laser 
was used.  

 
Figure 1 – Produced tensile (a) prismatic, (b) dog-bone and (c) torsion specimens: 0° (Z), 

90°(X) orientation respect to z-direction 
The labels of the samples tested in quasi-static (QS) conditions are reported in Table 2. 
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Table 2 – Labels' specimens for tests 

Test type Specimen label Printing direction Loading direction 
QS tensile test CVi Z Z 
QS tensile test COi Z X 
QS tensile test PVi Z Z 
QS tensile test POi Z X 
QS torsion test TV Z Z 
QS torsion test TO Z X 

Hydrostatic balance was used to measure the relative density of the samples. The measurement 
results are shown in Fig. 2.  

 
Figure 2 – Relative density measurements as a function of printed direction 

Equipment. Quasi-static tensile tests were performed by a universal servo-hydraulic MTS with 
a maximum axial load of 250kN available at “Sapienza” University of Rome (Fig. 3a) and by a 
traditional universal tensile machine available at the University Study of L’Aquila (Fig. 3b). A 
custom biaxial tension-torsion equipment available at “Sapienza” University of Rome was used 
for the torsion quasi-static tests (Fig. 3c). FLIR cameras were also used to acquire and analyse 
images during the tensile tests.  

 

Figure 3 – Equipment for (a, b) tensile and (c) torsion tests 
Method. Initial experimental tests were conducted to evaluate the mechanical properties 

induced by L-PBF on the base material, determining the elastic matrix of the base material (𝑬𝑬𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃, 
Fig. 4).  
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Figure 4 – Elastic matrix 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

Subsequently, a numerical homogenisation procedure based on the Representative Volume 
Element (RVE) theory was performed. As RVE, an 8x8x8 mm gyroid unit cell with a thickness of 
1 mm and 𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟~0.365 was analysed, as shown in Fig. 5.  

 
Figure 5 – RVE Gyroid with a thickness of 1mm 

A mesoscopic numerical model was prepared on the unit cell to identify the elastic matrix of 
the unit cell (𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄). The material properties assigned to the unit cell correspond to the elastic 
matrix of the base material 𝑬𝑬𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 obtained experimentally. The periodic boundary conditions were 
applied to the unit cell model according to [10], avoiding the over-constraining of the RVE. Six 
displacement cases, shown in Fig. 6, were applied individually on the cell surfaces.  

 
Figure 6 – Six loading conditions [11] 

The values of the stress tensor 𝛔𝛔 were calculated from the reaction force. According to Hooke’s 
law (Eq. 1), the elastic matrix of the unit cell 𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 (Fig. 7) was obtained. 

{𝜎𝜎} = [𝐸𝐸] {𝜀𝜀}.                   (1) 
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Figure 7 – Elastic matrix of the unit cell 𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 

Components 𝐸𝐸11, 𝐸𝐸12 and 𝐸𝐸44 can be used to evaluate the anisotropy of the unit cell through 
Zener ratio Z [12], expressed by Eq. 2. 

𝑍𝑍 = 2𝐸𝐸44
𝐸𝐸11−𝐸𝐸12

.                   (2) 

If Z is close to one, the structure can be considered as isotropic.  
To verify the numerical homogenisation, mesoscale and macroscale FE analyses were 

conducted on 8x8x8 mm gyroid and cubic cells. The elastic matrix 𝑬𝑬𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 was assigned as material 
property for the mesoscale, while the elastic matrix 𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 was used for the macroscale. In both 
analyses, displacement case and compression-only support were applied, as shown in Fig. 8, to 
determine the stiffness of the cells.  

 
Figure 8 – Boundary condition on mesoscale and macroscale simulations 

The RVE model was discretized using 4-node linear tetrahedral elements with an average 
element size of 0.1 mm (Fig. 9). The mesh size was selected following a sensitivity analysis on the 
mesh size conducted in [5]. The cubic cell was discretized using linear tetrahedral elements with 
an average size of 0.6 mm.  

 
Figure 9 – Mesh RVE  

Results and discussion  
Experimental results. The engineering stress-strain curves for quasi-static tensile tests are 
illustrated in Fig.10.  
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Figure 10 – Engineering stress-strain for quasi-static tensile tests: (a) loading direction Z (b) 

loading direction X 

The differential ∆𝑄𝑄𝑄𝑄(𝐸𝐸𝑧𝑧𝐸𝐸𝑥𝑥) ≈ 15𝐺𝐺𝐺𝐺𝐺𝐺 demonstrates the anisotropy induced by printing 
direction, according to [5]. The dispersion between the behaviour of prismatic and dog-bone 
samples produced normal to the building direction (Fig. 10b) can be attributed to manufacturing 
defects. These results require further investigation. The torque-angle rotation curves for quasi-
static torsion tests are shown in Fig. 11. 

 
Figure 11 – Experimental results for torsion tests: (a) loading direction Z (b)loading direction X 

These curves permit the shear modulus G calculation. To determine the Poisson's ratio, the 
transverse strain was measured by analysing the recorded images, while the longitudinal strain was 
obtained using an extensometer.  

The experimental results are summarised in Table 3, where 1 ≡ 𝑋𝑋, 2 ≡ 𝑌𝑌, 3 ≡ 𝑍𝑍. The 
mechanical behaviour on plane XY is consistent. The material exhibits a transverse isotropy 
mechanical behaviour.  
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Table 3 – Experimental quasi-static results 

𝐸𝐸1 = 𝐸𝐸2 = 𝐸𝐸 180000 MPa 
𝐸𝐸3   195000 MPa 
𝜈𝜈31 0.279 

𝜈𝜈23 = 𝜈𝜈13 0.285 
𝜈𝜈12 0.319 
𝐺𝐺12 42700 

𝐺𝐺23 = 𝐺𝐺13 = G 44600 

Numerical results. The numerical homogenisation results are expressed in terms of the elastic 
matrix 𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 (Fig. 12), which is needed for the macroscale modelling.  

 
Figure 12 – Numerical homogenisation results in terms of 𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 

The Zener ratio was found to be 0.88. Contrary to what concerns the literature [13], the gyroid 
structure exhibited anisotropic behaviour due to the anisotropy of the base material induced by L-
PBF.  

The numerical homogenisation was verified by comparing additional meso- and macroscale 
simulations described in the material and method section.  

 
Figure 13 – Numerical (a) meso- and (b) macroscale modelling results 

The stiffness of the gyroid cell (Fig. 13a) is 143 kN/mm. Instead, the cube’s stiffness (Fig. 13b) 
is 148 kN/mm. The results are consistent, but the macroscale approach, using a homogeneous 
material model, reproduces the behaviour of the gyroid with a lower computational cost. 
Conclusions 
A preliminary meso- and macroscale modelling strategy for the gyroid structure was made, 
integrating the evaluation of the anisotropy induced by the printing process in Fe-3171 steel. The 
L-PBF technology produces an orthotropic base material. The calculation of the elastic matrix 
𝑬𝑬𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 is achieved by printing samples along the orthotropy directions. The base material's 
anisotropy influences the gyroid cell's mechanical behaviour, as confirms the Zener ratio.  

The meso- and macroscale results highlighted the ability of the homogeneous material model 
to study biomimetic structures, drastically reducing the computational cost. However, mesoscopic 
modelling is necessary to define the anisotropic elastic matrix of the unit cell.  



Material Forming - ESAFORM 2025  Materials Research Forum LLC 
Materials Research Proceedings 54 (2025) 313-321   https://doi.org/10.21741/9781644903599-34 
 

 
320 

To conclude, this study requires further investigations. Future research will focus on analysing 
the dispersion of the specimens loaded in the X direction, studying the mechanical behaviour under 
compression, and performing dynamic tests. These efforts aim to make the procedure more 
comprehensive and robust, including a detailed evaluation of how the base material's anisotropy 
influences the gyroids' behaviour. 
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