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Abstract: Voronoi-based cellular structures have attracted growing interest due to their ability to 

combine low weight with complex geometry and tunable mechanical performance. In this study, we 

investigate the compressive behavior of 3D-printed Voronoi structures fabricated with different 

densities. Using stereolithography (SLA) 3D printing and a viscoelastic photopolymer, a set of 

samples with varying internal configurations was produced and subjected to quasi-static uniaxial 

compression tests. The energy absorption was evaluated with respect to density. The results show a 

clear correlation between increased relative density and improved load-bearing capacity and energy 

absorption. Despite their randomness, Voronoi structures exhibit consistent deformation modes 

influenced by local cell morphology. Our findings highlight the potential of Voronoi lattices for load 

bearing and energy absorption.  
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1 Introduction 

Architected cellular materials have attracted increasing attention in recent years due to their ability to 

provide optimized combinations of stiffness, strength, energy absorption, and lightweight performance. 

Among these, Voronoi-based lattice structures represent a class of stochastic geometries inspired by natural 

cellular forms such as bone, wood, and coral. Unlike periodic lattices, Voronoi structures offer irregular 

topologies that can reduce stress concentrations and enable better mechanical performance under complex 

loading conditions [1]. Their design flexibility allows the control of local density and deformation modes, 

which is especially useful in impact mitigation and energy-absorbing applications. With the development of 

advanced Additive Manufacturing (AM) techniques, particularly stereolithography (SLA), it is now possible 

to fabricate these complex structures with high precision using photopolymeric materials that exhibit 

viscoelastic behavior [2, 3]. Several studies have shown that the mechanical performance of such lattices can 

be tuned by adjusting design parameters like strut diameter, cell size, and relative density [3]. However, 

understanding the influence of these parameters, especially under compressive loading, remains an active area 

of research. This study aims to investigate the compressive behavior and energy absorption capacity of SLA-

fabricated Voronoi structures with different relative densities. 

2 Methodology 

2.1 Generate the structure 

The Voronoi algorithm was used to generate 3D lattice structures by partitioning a predefined volume based 

on the proximity of randomly distributed seed points. Each seed defines a cell, and the interfaces between cells 

form the struts of the lattice. The structures examined in this article was created with 80 cells and variable strut 

diameters (0.7 mm, 1 mm, and 1.3 mm). Initial tessellation was performed in MATLAB, and short struts (<2 

mm), which negatively affect mechanical behavior, were removed by merging their endpoints at the midpoint. 

The resulting geometry was then converted into solid 3D structures, with strut data exported via Python for 

analysis. The discontinuities at vertices were resolved using the “Unite Solids” tool in MARC Mentat Software, 

and connecting spheres was added at junctions to ensure smooth transitions between struts. The finalized 
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structure was exported as an STL file and fabricated using vat photopolymerization, enabling experimental 

validation of the computational model. 

 

 

Fig. 1: 3D Voronoi structure generated model.  

2.2 Fabrication of 3D printing samples and experiments  

2.2.1 Printing samples  

The dog-bone samples was fabricated via vat photopolymerization to investigate the effect of print 

orientation on mechanical properties. Samples was printed in three orientations (X, Y, and Z) as shown in 

Figure 2 using masked stereolithography (MSLA) on a Prusa SL1S printer. Key printing parameters included 

a 0.05 mm layer height, a 100-second initial exposure, and a 20-second layer exposure. After printing, parts 

was cleaned in isopropyl alcohol (IPA) to remove uncured resin and post-cured for 15 minutes to ensure 

complete polymerization. The same printing setup was used to fabricate three Voronoi structures, each 

consisting of 80 cells but differing in strut diameter: 0.7 mm, 1 mm, and 1.3 mm, allowing for evaluation of 

structural behavior under consistent manufacturing conditions. 

  

a) The three tensile test samples are presented in 

three directions, X, Y, and Z. 

b) The three 3D Voronoi structures with three 

different strut diameters. 

Fig. 2: 3D printing Samples of tensile test and Voronoi structure. 

 

 



2.2.2 Experimental Procedure for Tensile and Compression Tests 

Tensile tests were conducted on samples designed according to the standard ASTM D412 [4], see Figure 

2(a). To evaluate the influence of printing orientation on the mechanical properties, samples was printed in 

three different directions (X, Y, and Z) and tested accordingly. For each orientation, three virgin samples were 

tested, and the average results was reported. 

Compression tests was performed to investigate the mechanical performance of 3D-printed Voronoi 

structures, see Figure. 2(b). Each virgin specimen was subjected to a single cycle of loading and unloading up 

to a maximum strain of 0.6. The tests was carried out on structures with three different unit cell densities: 0.7 

mm, 1 mm, and 1.3 mm. A constant deformation rate of 50 mm/min was applied. Each configuration was 

tested three times, and the average values were calculated. 

3 Results 

Tensile tests conducted on samples printed in the X, Y, and Z directions using the SLS process with 

Ultrasint® BASF EL 60 material showed minimal variation in mechanical performance as presented in the 

Figure 3. The force-displacement responses across orientations were highly consistent, indicating that the 

printing direction had a negligible effect. This isotropic behavior is largely attributed to the characteristics of 

the MSLA process, where each layer is cured simultaneously using a uniform light mask, ensuring consistent 

polymerization across the build plane. Additionally, Ultrasint® BASF EL 60 is formulated to offer high 

elasticity and uniform cross-linking, contributing to reliable interlayer adhesion and mechanical homogeneity 

throughout the printed part [6]. These properties help minimize anisotropy, making the mechanical response 

of printed parts largely independent of orientation. 

 

 
 

Fig. 3: Tensile test results of three directions X, Y, and Z. 

 

The compression behavior of 3D Voronoi lattice structures with varying strut diameters (0.7 mm, 1.0 mm, 

and 1.3 mm) was experimentally investigated. The force–displacement curves and the corresponding absorbed 

energy responses are presented in Figure 4. From the force–displacement plots, it is evident that the mechanical 

response of the structures is significantly influenced by strut diameter. All structures exhibit an initial buckling 

elastic region followed by a plateau, which is characteristic of cellular materials undergoing progressive 

collapse. Beyond the plateau, a densification phase occurs where the force increases sharply. 

 

The structure with the smallest strut diameter (0.7 mm), Figure 4 (a), showed the lowest peak and plateau 

forces, indicating reduced load-bearing capacity. This behavior is expected, as the reduced cross-sectional area 

directly decreases the load-bearing capacity of the structure. The 1.0 mm strut diameter structure, Figure 4 (b),   

showed an intermediate behavior, while the structure with the largest strut diameter (1.3 mm), Figure 4 (c),    

demonstrated a substantial increase in both peak force and overall stiffness. The densification onset for all 

samples occurred at approximately the same displacement (12 mm), suggesting that the global deformation 

characteristics remain similar despite changes in strut diameter. However, the magnitude of the force in this 

region varies significantly, again highlighting the role of strut thickness in structural rigidity. 



 

The absorbed energy during the loading phase, shown in Figure 4(d), was calculated using the energy 

absorption formula as presented in Eq. (1): 

 

𝐸𝐴 = ∫ 𝐹(𝛿)
𝛿𝑚𝑎𝑥

𝛿𝑚𝑖𝑛
𝑑𝛿           (1) 

 

Where 𝐸𝐴 is the absorbed energy in (mJ), 𝐹(𝛿) is the applied load as a function of displacement. 𝛿𝑚𝑎𝑥, 

𝛿𝑚𝑖𝑛 are the maximum and minimum of the displacement, respectively. This integral represents the area under 

the load displacement curve during the loading phase, corresponding to the energy absorbed by the structure 

before unloading. 

As shown in Figure 4(d), the absorbed energy increases nonlinearly with displacement for all strut 

diameters. The structure with a 1.3 mm strut diameter absorbed the highest energy, reaching over 600 mJ at 

the maximum displacement. The specimen with a 1.0 mm strut diameter exhibited intermediate energy 

absorption, while the 0.7 mm structure absorbed less than 100 mJ. These results confirm that increasing strut 

diameter enhances the energy absorption capability of the structure, indicating that thicker struts provide 

greater stiffness and resistance to deformation. Consequently, structures with larger strut diameters are more 

suitable for applications requiring improved impact resistance. 

  

a) Strut diameter of 0.7 mm. b) Strut diameter of 1 mm. 

 
 

c) Strut diameter of 1.3 mm. d) Absorbed energy of loading phase. 

Fig. 4: Force-Displacement curves of compression test at 50 mm/min with various 3D Voronoi strut 

diameters. 

These results demonstrate a strong positive correlation between strut diameter and both load-bearing and 

energy absorption capacity. The findings highlight a trade-off in structural design: while thinner struts may 

offer weight savings and increased porosity for applications such as tissue engineering scaffolds, thicker 

struts provide superior mechanical strength and energy absorption, which are beneficial for structural and 

protective applications. 



4 Conclusion 

Tensile testing across X, Y, and Z orientations showed negligible differences in mechanical response, 

indicating near-isotropic behavior. This consistency is attributed to the characteristics of the MSLA printing 

process and the material’s formulation, which promotes uniform cross-linking and interlayer adhesion. 

This study also explored the compressive performance of 3D-printed Voronoi cellular structures with 

varying strut diameters, highlighting how geometric tuning influences mechanical behavior. The experimental 

results demonstrated that increasing the strut diameter significantly enhances both the load-bearing capacity 

and energy absorption, despite all samples exhibiting similar overall deformation patterns. Structures with 

thicker struts (1.3 mm) showed higher stiffness, greater peak force, and substantially improved energy 

absorption compared to those with thinner struts 1 and 0.7 mm. 

 

The observed trends confirm the potential of Voronoi-based designs for applications where mechanical 

strength and energy absorption are critical, such as protective components or load-bearing lightweight 

structures. At the same time, the ability to control porosity and density through strut thickness makes these 

architectures attractive for biomedical applications, where a balance between mechanical integrity and 

permeability is essential. 
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