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ABSTRACT 
This study investigates the mechanical behavior of Voronoi-core sandwich structures fabricated from 
Tough PLA using FDM. The Voronoi texture generated stochastic, organic-like pores resembling 
natural open-cell materials. Five core configurations (V0.2–V1.0) were designed with varying pore 
density while maintaining approximately 33-35 wt% material usage relative to the fully solid reference 
(V0). Low pore-density specimens with thicker and larger surface-area bridges between pores (e.g., 
V0.2) outperformed high pore-density specimens with thinner, narrower, lower surface-area walls (e.g., 
V1.0). In compression, V0.2 achieved the highest modulus (62.94 MPa) and stresses of 2.05 MPa (σ10) 
and 5.71 MPa (σ50), nearly doubling V1.0. Flexural strength decreased with density (14.7 MPa in V0.2 
vs. 5.4 MPa in V1.0), while flexural modulus showed an opposite trend, peaking at 141.2 MPa for V0.8. 
Impact tests confirmed that V0.2 resisted crack initiation up to 9 inches (2036 mJ), initially as surface 
indentation, whereas V1.0 failed at 6 inches (1357 mJ). At 25 inches, all porous specimens experienced 
severe damage, though coarser designs showed more progressive failure. Although weaker than solid 
V0, Voronoi-core sandwiches demonstrated promising mechanical efficiency at ~33-35 wt% material 
usage, highlighting their potential as bio-inspired cores for lightweight structural applications.  

 
Keywords: Voronoi-core, Sandwich Structures, PLA-based Materials, Additive Manufacturing, 
Mechanical Properties. 

 
 

1. INTRODUCTION 
Additive manufacturing (AM), often known as 
3D printing, refers to a family of processes in 
which parts are created directly from digital 
models by depositing material sequentially in 
thin layers [1-2]. In contrast to traditional 
formative or subtractive techniques, AM 
enables the production of complex geometries 
without relying on molds or extensive 
machining [3]. Typically, the workflow begins 
with the design of a component in computer-
aided design (CAD) software, which is then 
converted into a stereolithography (STL) file. 
This file is further processed by slicing software 
that divides the model into layers, each 
containing the path information required for 
printing. As a result, AM provides a versatile 
route for producing lightweight structures with 
intricate internal features [4-5]. 
 

Sandwich structures, consisting of thin outer 
face sheets and lightweight porous or cellular 
cores, have long been employed in engineering 
applications where low weight must be 
combined with mechanical efficiency [5-7]. 
Their excellent strength-to-weight ratio, 
flexural stiffness, and energy absorption 
capacity have led to extensive use in aerospace, 
marine, automotive, civil, and renewable 
energy sectors [8-10]. Conventional core 
designs such as honeycomb, rhombus, and 
periodic triangular, square, or hexagonal lattices 
remain widely used because of their predictable 
and stable geometry [5,11-13]. However, their 
intrinsic geometric regularity restricts design 
flexibility and fails to capture the complexity 
and irregularity of naturally occurring cellular 
systems.  
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The literature survey reflects significant 
progress being reported on the development of 
advanced core materials for sandwich 
structures. In this framework, Vigliotti et al. 
[14] proposed two-dimensional modern 
hierarchical honeycomb architectures and 
demonstrated that several hybrid hierarchical 
configurations can ensure significant 
enhancement in stiffness and strength. 
Similarly, Côté et al. [15] designed corrugated 
core geometries and demonstrated that their 
shear strength performance was significantly 
better than state-of-the-art foam cores and 
diamond lattices, while being comparable to or 
higher than the square honeycomb cores. 
Among other relevant contributions, Santos et 
al. [16] presented egg-box core sandwich panels 
manufactured using sisal fibers and castor-oil-
based polymer matrices, ensuring around a 45% 
increase in Charpy impact resistance against 
conventional composite counterparts, with a 
strong impact energy absorption capability of 
the egg-shaped sandwich architectures.  
 
Beyond these deterministic and periodically 
designed core concepts, Voronoi-based 
architectures represent a fundamentally 
different approach by providing a stochastic, 
bio-inspired morphology, strongly resembling 
cancellous bone and coral skeletons, among 
other naturally occurring porous networks, 
which offers increased design freedom, 
potentially combined with enhanced damage 
tolerance and energy dissipation. Their irregular 
yet space-filling geometry introduces 
variability in pore density, cell wall thickness, 
and the surface width of the walls between 
pores. These characteristics may improve load 
distribution under stress and create 
opportunities for enhanced compressive, 
flexural, and impact performance compared to 
traditional periodic lattices. Nevertheless, 
despite the increasing integration of additive 
manufacturing into structural design, Voronoi 
geometries remain largely underexplored as 
functional core materials for sandwich panels 
[17-19]. 
 
A crucial factor in such studies is the choice of 
material. Polylactic acid (PLA) has become one 
of the most widely used thermoplastics in fused 
deposition modeling (FDM) owing to its 
favorable balance of printability, mechanical 
strength, and sustainability. Unlike acrylonitrile 
butadiene styrene (ABS), PLA is derived from 

renewable resources, biodegradable under 
industrial composting conditions, and does not 
release harmful emissions during processing. At 
the same time, it provides sufficient tensile 
strength, flexural stiffness, and dimensional 
accuracy to fabricate structural sandwich 
components with reliable performance. These 
attributes have positioned PLA not only as a 
common material in rapid prototyping but also 
as a promising candidate for sustainable 
engineering applications ranging from 
biomedical implants to lightweight load-
bearing components [20-23]. 
 
In this study, Voronoi-core sandwich specimens 
were designed in Blender using a Voronoi 
texture algorithm [17-19] and subsequently 
fabricated from PLA via FDM 3D printing to 
evaluate the influence of internal geometry on 
mechanical response. Five distinct Voronoi 
configurations (V0.2 to V1.0) were generated, 
each constrained to approximately 33-35% of 
the weight of a fully solid control specimen 
(V0), while systematically varying cell size and 
geometric cell density. The V0.2 configuration 
contained large, sparsely distributed pores with 
thick walls, whereas V1.0 featured a dense 
network of small pores with thin, closely packed 
walls. The mechanical performance of these 
specimens was assessed through compression, 
three-point flexural, and drop-weight impact 
testing. This systematic approach enabled the 
investigation of how pore density, cell wall 
thickness, and wall surface width influence 
structural properties. The results consistently 
demonstrated that lower pore-density structures 
exhibited higher compressive and flexural 
strength, greater modulus values, and superior 
impact absorption capacity compared to denser 
porous configurations. 
 
When comparing our findings with the existing 
literature, Faidallah et al. [1] investigated the 
mechanical behavior of FDM-fabricated PLA 
sandwich structures with honeycomb and 
rhombus cores. Their results showed that 
rhombus cores exhibited superior performance, 
achieving a flexural strength of ~12 MPa and 
compressive strength of ~7 MPa, compared to 
~7 MPa and ~4 MPa, respectively, for 
honeycomb cores. In contrast, the Voronoi-core 
specimens developed in this study reached a 
flexural strength of 14.7 MPa, surpassing both 
honeycomb and rhombus configurations, while 
their compressive strength of 5.7 MPa was 
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higher than that of honeycomb cores but slightly 
lower than that of rhombus structures. An 
additional consideration is relative density: 
Faidallah et al. [1] reported solid fractions of 
~31% for rhombus and ~27% for honeycomb, 
whereas the Voronoi-core specimens in this 
work exhibited ~33–35%. This comparison 
underscores that, even at slightly higher relative 
densities, Voronoi architectures provide 
competitive mechanical performance and 
highlight their potential as tunable alternatives 
to conventional lattice-based sandwich cores. 
 
The main motivation of this work is therefore 
twofold: (i) to establish the structure–property 
relationships in Voronoi-based sandwich 
structures with ~33–35 wt% solid content, and 
(ii) to position Voronoi architectures as 
sustainable and mechanically viable 
alternatives to conventional porous cores when 
manufactured with PLA via FDM technology. 
 
2. MATERIAL and METHOD 
Tough PLA (Polylactic Acid), are widely used 
in 3D printing due to their reliable performance 
across a range of applications, with each 
offering distinct advantages [24-25]. while PLA 
was chosen for its environmentally friendly, 
biodegradable nature and its ability to print at 
low temperatures, making it ideal for 
prototyping. Tough PLA was purchased from 
by the manufacturer, Porima 3D and their 
properties are detailed in Table 1 [23]. The 3D 
models for Voronoi-core sandwich specimens 
were designed using Blender 3.4 and converted 
into STL format to ensure compatibility with 
the 3D printing process. Experimental test 
specimens were fabricated using an Elegoo 
Neptune 4 Pro 3D printer with 100% infill 
density, a layer height of 0.05 mm and a nozzle 
diameter of 0.4 mm. Printer-specific settings 
defined in the Orca Slicer software were applied 
during manufacturing. For filament settings, the 
generic presets provided by the software for 
each material type were used. Nozzle 
temperatures were set based on the average of 
the minimum and maximum extrusion 
temperatures recommended by the 
manufacturer, while the bed temperature was 
set to the maximum advised value. All 
specimens were printed with linear infill 
patterns on a heated bed without any support 
structures. Table 2 summarizes the printing 
process parameters used in this study. 
Following the printing process, support 

structures were removed and surface finishing 
was applied. The parts were then inspected for 
dimensional accuracy and surface quality. In 
Blender, the Voronoi texture function, which 
closely resembles an organic porous structure, 
was employed to design sandwich models with 
cores of varying pore characteristics. These 
models maintained approximately the same 
overall weight ratios but differed in porosity 
density, incorporating variations in pore size, 
distribution, and wall thickness. The 
compression models designed in Blender are 
presented in Figure 1. The designs were 
prepared for both compression and flexural 
testing. When 3D printed, all porous models 
exhibited approximately 33-35 wt% of the mass 
of the fully solid reference cube, with detailed 
weight ratios provided in Table 3. Based on 
their porosity density, the porous cores were 
designated as V1, V0.8, V0.6, V0.4, and V0.2, 
as listed in Table 3, while the fully solid 
specimen was coded as V0. The finalized 
models were processed using Orca Slicer 
software with a 100% infill density and a layer 
height of 0.05 mm. Printing was performed on 
an Elegoo Neptune 4 Pro 3D printer equipped 
with a 0.4 mm nozzle, under the processing 
parameters summarized in Table 2. 
 

Table 1. The properties of Tough PLA filaments 

Physical 
Properties 

Density 
(g/cm3) 1.22 

Melted Flow 
Index 

(g/10min) 
17.3 

Mechanical 
Properties 

Tensile 
Strength 
(MPa) 

50 

Elastic 
Modulus 

(GPa) 
2.4 

Elongation at 
Break (%) 50 

Impact 
Strenght 
(kJ/m2) 

36 

Thermal 
Properties 

Heat 
Deflection 

Temperature 
(°C) 

58 

Transition 
Temperature 

(°C) 
55-65 
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Table 2. The printing process parameters for Tough 
PLA filament 

Nozzle Temperature 
(°C) 265 

Bed Temperature (°C) 60 
Print 
Speed (mm/s) 200 

Cooling Fan Settings 100% after first layer 
 

Table 3. Weight fraction of solid content of 
Voronoi-core sandwich specimens 

Samples Weight Fraction of Solid 
Content (%) 

V0.2 34 
V0.4 33 
V0.6 35 
V0.8  34 
V1 34 

 
Flexural tests of the Voronoi-core sandwich 
specimens were performed on a Zwick Z010 
universal testing machine at a crosshead speed 
of 5 mm/min under ambient temperature 
conditions, in accordance with ISO 178. The 
analysis focused on ultimate flexural strength, 
flexural modulus, and elongation at break. 
Compressive tests of the Voronoi-core 
sandwich specimens were conducted in 
accordance with the ISO 844 method, also using 
a Zwick Z010 testing machine at a crosshead 
speed of 3 mm/min under ambient conditions. 
Prior to and following compression testing, the 
pore morphology, distribution, and wall 
characteristics of the cores were examined using 
a Carl Zeiss Ultra Plus scanning electron 
microscope (SEM) operated at an acceleration 
voltage of 20 kV. For SEM analysis, the 
specimens were sputter-coated with a 2–4 nm 
layer of Au/Pd using a Quorum Q150R ion 
beam sputtering system. 
 

 
Figure 1. 3D-rendered Voronoi-core sandwich 

structures with graded cell size and density 

The impact resistance of the Voronoi-core 
sandwich structures was evaluated using a 
Sheen tubular impact (drop) tester equipped 
with a 908 g steel ball of 16.3 mm diameter and 
a 25-inch drop tube with a weight-locking 
collar, in accordance with ASTM D7136. The 
potential energy of the impact was correlated 
with the damage mechanisms observed on the 
porous plates, including crack initiation, crack 
propagation, surface indentation, dome-shaped 
deformation, fragmentation, delamination, 
back-face damage, and core compression. Drop 
heights up to 25 inches were applied during 
testing. The experimental setup of the Sheen 
impact drop test is shown in Figure 2, while 
Figure 3 presents the 3D-printed specimens 
prepared for both compression and Sheen 
impact tests. For the Sheen impact test, the 
sandwich plates were fabricated with 
dimensions of 50 × 50 × 10 mm. 
 
For each sample type (code), five specimens 
were prepared, and the reported values 
correspond to the average of these five results. 
The coefficient of variation (CoV) was also 
calculated and presented in the tables and 
figures. CoV is defined as the ratio of the 
standard deviation to the mean, multiplied by 
100, as expressed in Equation (1) 
 
CoV = s

µ
𝑥𝑥100                                                     (1)                   

 
where s is the standard deviation and µ is the 
mean value. 

 
CoV represents a measure of relative variability 
and is commonly used to compare the degree of 
dispersion across different datasets. In addition 
to assessing relative risk, it can also serve to 
indicate the likelihood or probability 
distribution of the results. While the standard 
deviation describes the absolute spread of 
values around the mean, CoV normalizes this 
spread by the mean, thus providing a 
dimensionless indicator of variability. 
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Figure 2. Experimental setup of the Sheen impact 
drop test used for evaluating impact resistance of 

Voronoi-core sandwich specimens 
 

 
Figure 3. Voronoi-core sandwich specimens 
prepared for mechanical testing: a) specimens 

before impact test, b) specimens before 
compression test 

 
3. RESULTS and DISCUSSION 
The compressive properties of the Voronoi-core 
sandwich specimens revealed an inverse 
relationship between geometric cell density and 
mechanical performance. As the cell size 
decreased and the number of cells per unit area 
increased, both compressive stiffness and 
strength were observed to decline. The V0.2 
specimen, which possessed the largest cell size 
and lowest cell density, exhibited the highest 
compressive modulus at 62.94 MPa. By 
contrast, the V1 configuration, which contained 
the smallest and most densely arranged cells, 
yielded a compressive modulus of just 33.4 
MPa. This trend was also evident in the 
compressive stress values: at 10% strain, stress 
decreased from 2.05 MPa in V0.2 to 1.23 MPa 
in V1.0, and at 50% strain, from 5.71 MPa to 
4.42 MPa, respectively. 

 
Figure 4. Voronoi-core sandwich specimens 

prepared for compression testing: a) specimens 
before compression test, b) specimens after 

compression test 
 

 
Figure 5. Compressive stress–strain curves of 

Voronoi-core sandwich specimens (V0.2–V1.0) 
with indication of stress values at 10% and 50% 

strain 
 
Table 4. Compression test values of Voronoi-core 

sandwich specimens 

Sam
ples 

σ10 

(MPa
) 
 

C 
o 
V 

σ50 

(M
Pa) 

 

C 
o
V 

Modul
us 

(MPa) 

C 
o
V 

V0 
Test not able to be performed due to 

exceeding the 1-ton load capacity of the 
machine 

V0.2 2.05± 
0.06 

3.
16 

5.7± 
0.12 

2.
19 

63.02±
1.69 

2.
68 

V0.4 1.80± 
0.03 

1.
82 

5.2± 
0.07 

1.
47 

49.75±
1.76 

3.
54 

V0.6 1.64± 
0.03 

2.
08 

4.7± 
0.05 

1.
07 

41.34±
1.55 

3.
77 

V0.8 1.53± 
0.02 

1.
69 

4.3± 
0.04 

1.
02 

39.57±
1.18 3 

V1 1.24±
0.02 

2.
09 

4.4± 
0.03 

0.
86 

33.44±
1.16 

3.
49 
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Figure 6. Compressive properties of Voronoi-core 
sandwich specimens 

 

 
Figure 7. Impact damage morphology of foam 

specimens at varying drop heights, where subscripts 
1 and 2 indicate the last no-crack deformation and 

the first crack-initiation height, respectively: a) 
V0.2, b) V0.4, and c) V0.8. 

This behavior suggests that the thinner and 
narrower cell walls at the interconnections of 
highly dense Voronoi structures are more 
susceptible to local instability, leading to 
premature failure through buckling or stress 
concentration. In contrast, architectures 
characterized by larger pores and thicker cell 
walls provide more robust structural bridges, 
thereby enhancing stiffness and promoting 
more uniform stress distribution during loading. 
Consequently, these coarser architectures act as 
stronger foam-like frameworks capable of 
sustaining higher loads without localized 
collapse. Figure 4 illustrates the Voronoi-core 
sandwich specimens in their initial state prior to 

compression testing and the deformation modes 
observed after testing, while the compressive 
stress–strain curves and values presented in 
Figure 5 and 6 further substantiate this 
hypothesis. Moreover, Table 4 shows all 
compressive values. Taken together, Figures 4 
and 5 provide consistent evidence that pore 
density, cell wall thickness, and the surface 
width of the walls between pores are critical 
determinants of the deformation behavior of 
Voronoi-core structures under compressive 
loading. V0.2 exhibited a more stable and 
nearly linear deformation profile, whereas 
denser configurations such as V0.8 and V1 
displayed early softening and nonlinear 
responses, symptomatic of localized 
deformation and progressive wall collapse. 
Moreover, it is notable that all porous 
specimens exhibited negligible elastic recovery 
after unloading, indicating an absence of 
resilience and confirming the predominantly 
plastic nature of the deformation. Analysis of 
the quantitative results presented in Figures 7 
and 8, clearly demonstrates the advantages of 
low-density Voronoi structures. At 10% strain 
(σ10), V0.2 achieved 2.05 MPa, which is 
approximately 67% higher than V1 (1.23 MPa). 
At 50% strain (σ50), the difference remained 
pronounced, with V0.2 reaching 5.71 MPa, 
which was approximately 29% greater than V1 
(4.42 MPa). Similarly, the compressive 
modulus of V0.2 (62.94 MPa) exceeded that of 
V1 (33.4 MPa) by nearly 89%, underscoring the 
decisive role of wall thickness and load-bearing 
bridges in coarse Voronoi architectures. It is 
also important to emphasize that while all 
Voronoi-core configurations exhibited 
compressive strengths markedly lower than the 
fully solid reference specimen (V0), the test 
could not be completed for V0 due to the 1-ton 
load limitation of the testing apparatus. 
Nonetheless, within the porous group, the 
superior compressive and impact performance 
of low-density Voronoi designs demonstrates 
that optimizing pore size, wall thickness and 
surface width is more effective than maximizing 
cell density alone. 
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Figure 8. Impact damage morphology of Voronoi-
core sandwich specimens after high-energy drop 
tests:  a) V0.8 at 15 inches, b1) V0.4 front face at 

25 inches, and b2) V0.4 back face at 25 inches 

Impact resistance followed a similar trend to the 
compressive results. The drop-weight impact 
tests revealed that crack initiation occurred at 
higher energy levels in specimens with lower 
cell density. Specifically, V0.2 withstood an 
impact energy of 2036 mJ at a 9-inch drop 
height before the onset of cracking, whereas 
V1.0 failed at only 6 inches and 1357 mJ. 
Intermediate configurations (V0.4–V0.8) 
demonstrated a progressive decline in 
performance, with crack initiation occurring at 
8.5 inches for V0.4, 7 inches for V0.6, and 6.5 
inches for V0.8, confirming a gradual decrease 
in resistance as cell density increased. The 
visual examinations in Figures 5 and 7 further 
substantiate this trend. Coarser structures such 
as V0.2 exhibited only very slight indentation 
and dome-shaped deformation at lower drop 
heights (<9 inches), with significant damage 
only developing at higher energy levels (15–25 
inches). By contrast, denser structures (V0.8 
and V1.0) displayed earlier crack initiation, less 
stable deformation modes, and widespread 
damage propagation even at moderate drop 
heights (6–7 inches). These results clearly 
indicate that larger cells, thicker walls, and 
wider surface widths of the walls between pores 
promote more effective load distribution, 
greater deformation capability, and enhanced 
energy dissipation under high strain-rate impact 
loading. Despite the differences in impact 
performance, all specimens consistently 
exhibited no signs of delamination between the 
core and the face sheets, underscoring the 
structural reliability of the monolithically 
printed sandwich design. 

The height measured for each sample was 
subsequently transformed into potential energy 
utilizing Equation 1. 
 
𝐸𝐸 = 𝑚𝑚 × 𝑔𝑔 × ℎ                                                 (1) 
 
In this equation, E represents potential energy, 
m denotes the mass of the steel ball (in 
kilograms), g signifies gravitational 
acceleration (about 9.81 m/s²), and h indicates 
the height from which the weight is released (in 
meters). Table 5 shows the potential energy 
corresponding to the height. 

 
 

 
Figure 9. Flexural stress–strain curves of Voronoi-

core sandwich specimens 

 
Figure 10. Flexural properties of Voronoi-core 

sandwich specimens 
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Taken together, the results confirm that 
Voronoi-core sandwiches with coarser 
architectures (e.g., V0.2) deliver superior 
impact resistance compared with denser designs 
(e.g., V1.0), and that this advantage arises from 
the thicker walls and wider structural bridges 
inherent to low-density Voronoi networks. All 
impact-related characteristics of the samples are 
summarized in Table 5. 
 

 
Figure 11. Voronoi-core sandwich specimens 

prepared for flexural testing: a) specimens before 
flexural test, b) core shear specimens after flexural 

test 
 
The flexural behavior of the Voronoi-core 
sandwich specimens exhibited both parallels 
and contrasts with the compressive results. As 
shown in Figure 9 and 10, flexural strength 
followed the same trend as compression, 
decreasing consistently with increasing 
geometric density. Moreover, all flexural values 
are shown in Table 6. V0.2 displayed the 
highest flexural strength (14.7 MPa), which was 
37% greater than V0.4 (10.7 MPa) and nearly 
172% higher than V1.0 (5.4 MPa). This 
confirms that specimens with larger cells, 
thicker walls, and wider surface connections 
between pores can withstand higher bending 
stresses before failure. However, the variation 
in flexural modulus diverged from the 
compressive modulus trend. While V0.2 and 
V0.4 exhibited relatively low moduli (120.8 
MPa and 59.9 MPa, respectively), the values 
increased from V0.6 (93.4 MPa) onward, 
reaching a peak of 141.2 MPa in V0.8 before 
decreasing slightly in V1.0 (110.2 MPa). This 
indicates that the structural bridges formed by 
thinner but more numerous cell walls in denser 
designs contribute differently under bending, 
providing increased stiffness despite their lower 
flexural strength. Deformation modes observed 
in Figure 11 corroborate these findings. In the 
denser specimens (V0.6, V0.8, and V1.0), core 
shear deformation was the predominant failure 
mechanism, reflecting the relative contribution 

of the interconnected thin walls to resisting 
bending-induced shear stresses. By contrast, in 
the coarser structures (V0.2 and V0.4), face 
sheet buckling and localized crushing 
dominated, highlighting that the thicker cell 
walls and the wider surface width of the walls 
between pores resisted shear but transferred 
stresses to the face sheets, leading to instability 
under flexural loading.  
 
Similar deformation modes, particularly core 
shear and local indentation, are commonly 
observed in sandwich panels subjected to three-
point bending tests. These mechanisms were 
likewise reported by Mamalis et al. [27]. These 
results suggest that while the superior wall 
thickness of coarse Voronoi designs enhances 
flexural strength, the higher wall connectivity in 
denser designs can locally increase flexural 
modulus by redistributing shear stresses across 
a larger number of thinner bridges. The 
combination of these competing effects 
underscores that pore size, wall thickness, and 
bridge density do not affect compressive and 
flexural properties identically, but instead 
interact differently depending on the mode of 
loading. 
 
Overall, the superior compressive, flexural, and 
impact absorption properties observed in low 
pore-density Voronoi-core sandwich specimens 
can be attributed to the thicker cell walls and the 
wider surface width of the walls between pores. 
As clearly visible in Figure 1, these geometric 
features are more pronounced in the coarser 
Voronoi architectures designed in Blender, 
forming more stable load-bearing bridges 
across the structure. This configuration 
facilitates improved stress distribution; delays 
crack initiation, and enhance resistance to 
progressive wall collapse. These findings 
confirm that the geometry of the pore walls, 
rather than pore density alone, plays a decisive 
role in governing the mechanical efficiency of 
Voronoi-core sandwich structures. In the 
literature, relatively few studies have examined 
the application of Voronoi lattices as core 
materials in sandwich structures.
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Table 5. Impact properties of Voronoi-core sandwich specimens 

Samples 
Drop 
height 
(inch) 

Corresponding 
potential 
energy  
(E, mj) 

Crack 
initiation 
Observed 

Cracking level Surface 
indentation 

Dome-
shaped 

deformation 
Fragmentation Delamination 

Back 
face 

damage 

Core 
compression 

V0 25 5659 no - no no no no no no 

V0.2 <5  <1130 no - no no no no no no 

V0.2 5  1130 no - very slight very slight no no no no 

V0.2 8.5  1921 no - very slight very slight no no no no 

V0.2 9 2034 yes very slight very slight very slight no no no no 

V0.2 15 3393 yes major major major no no major major 

V0.2 25 5659 yes major major major no no major major 

V0.4 <5  1130 no - no no no no no no 

V0.4 5  <1130 no - very slight very slight no no no no 

V0.4 8.0 1809 no -  slight slight no no no no 

V0.4 8.5 1921 yes slight slight slight no no no no 

V0.4 15 3393 yes major major major no no major major 

V0.4 25 5659 yes major major major no no major major 

V0.6 <5  <1130 no - no no no no no no 
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V0.6 5  1130 no - very slight very slight no no no no 

V0.6 6.5 1471 no -  slight slight no no no no 

V0.6 7 1583 yes slight slight slight no no no no 

V0.6 15 3393 yes major major major no no major major 

V0.6 25 5659 yes major major major no no major major 

V0.8 <5  <1130 no - no no no no no no 

V0.8 5  1130 no - very slight very slight no no no no 

V0.8 6.0 1360 no -  slight slight no no no no 

V0.8 6.5 1471 yes slight slight slight no no no no 

V0.8 15 3393 yes major major major no no major major 

V0.8 25 5659 yes major major major no no major major 

V1 <5  <1130 no - no no no no no no 

V1 5  1130 no - very slight very slight no no no no 

V1 5.5  1246 no - very slight very slight no no no no 

V1 6 1360 yes very slight very slight very slight no no no no 

V1 15 3393 yes major major major no no major major 

V1 25 5659 yes major major major no no major major 
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Table 6. Flexural test values of Voronoi-core 
sandwich specimens 

Sam
ples 

σf 
(MPa

) 

C 
o 
V 

Ef    
(MPa) 

 

C
o 
V 

εm 
(%) 

C 
o 
V 

V0 
66.1
±1.6

7 

2.
5
2 

594.4±
5.23 

0.
8
8 

8.76±      
0.21 

2.
37 

V0.2 
14.7
±0.2

8 

1.
9
2 

120.6±
11.27 

9.
3
4 

11.14± 
0.53 

4.
78 

V0.4 
10.6
±0.4

1 

3.
8
8 

59.78±
6.29 

1
0.
5
3 

11.96± 
0.62 

5.
17 

V0.6 7.0± 
0.10 

1.
4
1 

93.64±
8.91 

9.
5
1 

14.10±  
1.26 

8.
94 

V0.8 
6.89
±0.1

6 

2.
3
5 

141.3±
10.27 

7.
2
7 

14.44± 
1.09 

7.
53 

V1 
5.41
±0.1

1 

2.
0
1 

110.3±
9.74 

8.
8
3 

19.28± 
1.03 

5.
33 

* σf :  flexural strength 
* Ef:  flexural modulus 
* εm : elongation at break 
 
Gür et al. [28] fabricated 3D-printed Voronoi 
lattice core sandwich composites with woven 
glass fiber–epoxy face sheets and compared 
them with counterparts incorporating 
rectangular prism cores. Their results 
demonstrated that the three-point bending 
properties of the Voronoi-core sandwich 
structures were superior to those of the 
rectangular prism designs. Similarly, Faidallah 
et al. [1] investigated PLA-based sandwich 
structures produced via FDM using rhombus 
and honeycomb cores. When benchmarked 
against their reported performance, the PLA-
based Voronoi-core sandwich specimens 
developed in the present study exhibited 
markedly enhanced strength characteristics. 
Moreover, beyond their advantages in strength, 
toughness, and impact resistance, the adoption 
of PLA, owing to its biodegradability and 
sustainability, further underscores the novelty 
and broader relevance of the present work [29]. 
 
Accordingly, open-cell Voronoi structures of 
various cell densities were designed using 
Blender by changing the number of nuclei, but 
keeping the overall weight of the specimens 
nearly constant. The structure with the highest 
cell density was denoted V1, and that with the 

lowest cell density was denoted V0.2. In this 
approach, the number of nuclei of V1 was 
defined as 100%, while that for V0.2 
corresponded to 20% of this maximum value. 
It should be pointed out that with the increase in 
Voronoi cell density, a reduction in strut 
thickness and strut surface area is evidenced 
quite clearly. This was realized both in the 
printed specimens and in the morphological 
features of the Voronoi models created in 
Blender. In flexural and compressive testing of 
PLA-based foam structures, their deformation 
took place primarily through strut collapse and 
interfacial failure between adjacent layers. 
 
Wang et al. [30] also report similar behavior for 
PLA-based open-cell Voronoi structures. 
Increasing the strut thickness in their study 
increased the relative density and significantly 
improved both compressive stress and elastic 
modulus. The strut diameter was varied from 
0.7 mm up to 1.2 mm and significantly 
improved the compressive properties of the 
structures. PLA Voronoi specimens were 
further compared with PA-based Voronoi 
structures fabricated from PA6 and PA12. PLA 
specimens exhibited negligible or no recovery 
after compression, while the PA6 and PA12 
specimens showed a quite distinct recovery 
from their compacted states. This PLA behavior 
is shown in Fig. 4(b) of the present study. Such 
behavior was linked to the governing modes of 
deformation dominated by strut collapse and 
debonding at the relatively weak interlayer 
interfaces in PLA structures. 
 
These results indicate that even when the 
Voronoi architecture is similar, different 
polymer materials may exhibit different 
deformation mechanisms under mechanical 
loading. Another work focusing on metallic 
Voronoi-cell structures reported that cell 
regularity exerted a stronger effect on 
mechanical behavior than cell size or cell 
density did [31]. Overall, the Voronoi-based 
cellular structures represent a relatively new 
research area in additive manufacturing. The 
results show that there is still great potential for 
further studies, especially regarding how 
material type, cell density, and deformation 
mechanisms may influence mechanical 
properties. 
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4. CONCLUSION 
This study demonstrated that Voronoi-textured 
sandwich structures with 33-35% solid content 
exhibit mechanical trends strongly governed by 
pore density, cell wall thickness, and the surface 
width of the walls between pores. Low pore-
density specimens with thicker walls and 
broader surface widths between pores (e.g., 
V0.2) consistently outperformed high pore-
density designs with thinner walls and narrower 
surface widths (e.g., V1.0) in terms of 
compressive stiffness, strength, and impact 
resistance. Specifically, V0.2 achieved a 
compressive modulus of 62.94 MPa and 
stresses of 2.05 MPa (σ10) and 5.71 MPa (σ50), 
nearly doubling the performance of V1.0. In 
flexural loading, strength declined with 
increasing pore density (14.7 MPa in V0.2 vs. 
5.4 MPa in V1.0), whereas the flexural modulus 
rose with denser configurations (from 93.4 MPa 
at V0.6 to 141.2 MPa at V0.8), reflecting the 
distinct contribution of thinner but more 
numerous walls under bending. Impact tests 
further highlighted these contrasts: in V0.2, 
crack initiation was delayed to 9 inches (2036 
mJ) and appeared initially only as superficial 
indentation, while V1.0 failed at 6 inches (1357 
mJ). At the highest potential energy level (25 
inches), all specimens experienced severe 
damage including core compression, though the 
failure progression was more stable in coarse 
designs. While the Voronoi-core panels 
exhibited lower mechanical properties than the 
fully solid reference (V0), their efficiency at 33-
35% material usage demonstrates the viability 
of Voronoi architectures for lightweight 
sandwich applications. Future research should 
focus on optimizing hybrid or graded Voronoi 
structures, exploring higher-performance 
polymers, and refining wall connectivity to 
balance compressive, flexural, and impact 
properties for demanding structural 
applications. 
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