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Abstract: The objective of this research is to optimize additive manufacturing processes, specifically
Fused Filament Fabrication (FFF) techniques, to produce sandwich structures. Mono-material speci-
mens made of polylactic acid (PLA) were produced, where both the skin and core were fabricated in
a single print. To optimize the process, variations were made in both the base cell geometry of the
core (Tri-Hexagon and Gyroid) and the core infill (5%, 25%, 50%, and 75%), evaluating their effects on
static three-point bending behavior. Optical microscopy was employed to assess both the structure
generated by additive manufacturing and the fracture modes. The findings reveal that increasing
the infill, and thus the core density, enhances the mechanical properties of the structure, although
the improvement is such that samples with 50% infill already demonstrate excellent performance.
The difference between hexagonal and Gyroid structures is not significant. Based on microscopic
analyses, it is believed that the evolution of 3D printers, from open to closed chamber designs, could
significantly improve the deposition of the various layers.

Keywords: additive manufacturing; fused filament fabrication; sandwich

1. Introduction

Additive Manufacturing (AM) [1] plays a crucial role in industrial production [2].
Commonly known as 3D printing, AM enables the creation of complex and innovative
structures using innovative materials, depositing layer by layer, and eliminating many of
the restrictions associated with traditional manufacturing methods [3]. This manufacturing
paradigm represents a significant turning point in design and manufacturing processes [4].

A sandwich panel, also known as a sandwich structure, consists of two strong layers
called skins or faces, separated and solidly connected by a central element known as a
core. This configuration gives the panel considerable structural stability compared to the
individual components. The core, which is usually made of a lightweight, low-strength
material, is designed to keep the skins, which are made of high-quality, thin-gauge materials,
separate [5,6]. While the skins distribute the loads in the plane, the presence of the core
significantly increases the flexural stiffness of the panel, influencing the distance of the
faces from the midplane [7]. This concept can be compared to the structure of an I-section
beam, where the web contributes to increasing the bending stiffness in the same direction.
Increasing the distance between the skins leads to a significant improvement in stiffness
without a significant increase in weight. For these reasons, the use of sandwich panels
has become increasingly common in the aerospace industry over the past forty years. A
common example of a sandwich panel is made of a cardboard material, where the outer
layers are flat and separated by a layer of corrugated cardboard. Skins are commonly made
from high mechanical strength materials such as fiberglass, carbon or Kevlar composites,
or from thin sheets of aluminum or steel. As for the core, structures with honeycomb
cells (honeycomb) [8], foams or other materials are used. Honeycomb cells [9] can be

J. Compos. Sci. 2024, 8, 360. https:/ /doi.org/10.3390/jcs8090360

https://www.mdpi.com/journal/jcs


https://doi.org/10.3390/jcs8090360
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0009-0000-2279-8429
https://orcid.org/0000-0002-9474-6633
https://orcid.org/0000-0002-3663-9303
https://doi.org/10.3390/jcs8090360
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs8090360?type=check_update&version=1

J. Compos. Sci. 2024, 8, 360

20f21

made in several ways, for example by processing thin sheets of aluminum or by forming
cells of aramid fibers in a thermosetting resin matrix. However, sandwich panels with
honeycomb cores may have some buckling issues. To solve these problems, it is essential
to correctly size the cell thickness and cell area. Foams, on the other hand, are cellular
materials obtained by dispersing a gas in a solid plastic material. They can be open or closed
cell, flexible, semi-rigid or rigid, and made of thermoplastic or thermosetting materials.
While foams offer excellent thermal and acoustic insulation, vibration damping, and impact
resistance properties, it is important to note that their mechanical properties are inferior to
honeycomb cores.

This research aims to explore in depth the advanced potential of additive manufactur-
ing (AM) techniques in the production of sandwich structures, with a particular focus on
the creation of complex geometries obtainable exclusively using additive manufacturing.
The main objective is to significantly modulate the physical properties of the resulting
sandwich structure by intervening on the core geometry, such as the kind of cell, and a
process parameter, such as the infill, and keeping the type of material used constant. The
material used in this study is polylactic acid (PLA) [10,11].

The intricate structures under study are triply periodic minimal surfaces (TPMS) [12-14],
known for their ability to provide lightness and strength. In particular, the investigation
focuses on the lightening of the panels through the adoption of these complex geome-
tries [15,16], and on the detailed analysis of their failure behavior. The TPMS surfaces [17],
characterized by a continuous configuration without intersections, enable the creation of
structures with high mechanical resistance and low mass, ideal for advanced applications.

The TPMS [18-20] geometry under investigation will be compared to a two-dimensional
(2D) filling pattern. To achieve these objectives, the research examines in detail the different
types of geometries, varying the infill and, consequently, the density of the core. This
approach allows us to better understand how these variables influence the mechanical and
physical properties of the sandwich panel by optimizing the process of additive manufac-
turing. Three-point bending tests are carried out to evaluate the performance of the panels
with different geometric configurations and filling densities. Three-point bending tests are
crucial for determining the mechanical behavior of the panel, offering important data on
the failure behavior of the panels.

The ultimate goal is to develop sandwich panels with optimal physical properties
for specific applications [21], using additive manufacturing to overcome the limitations
of traditional production techniques [22]. These panels could find application in sectors
such as aerospace, automotive and biomedical [23], where the combination of lightness
and resistance is particularly advantageous [24].

This study aims to analyze complex geometries for the creation of the core of sandwich
structures [25], focusing on geometries not yet used in the production of such panels [26,27].
In particular, we chose to examine a 2D structure, derived from the honeycomb struc-
ture [28], known as “Tri-Hexagonal”, and a 3D structure, i.e., formed by an elementary
cell that repeats itself unchanged in the three directions of space [29], in order to evaluate
the impact of the third dimension on the repeatability of the elementary cells [30]. In this
specific case, a structure known as a triply periodic minimal surface (TPMS), or a “Gyroid”,
selected for its intrinsic physical properties, will be analyzed. The 2D structure, character-
ized by hexagons connected by triangles, offers high stability in the X and Y directions and
moderate stability in the Z direction.

This study introduces an innovative approach to optimizing the mechanical proper-
ties of 3D-printed PLA sandwich structures by exploring both traditional (Tri-Hexagon)
and novel (Gyroid) cell geometries. By systematically varying the infill density, the re-
search offers new insights into how these geometric configurations can be fine-tuned to
achieve specific performance goals. The ability to manipulate these parameters through
additive manufacturing represents a significant advancement over conventional manufac-
turing methods, which are often limited in their capacity to produce complex, customized
structures with such precision.
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Among the main developments that this research activity can have, there are both
design and production evolutions. It is plausible to hypothesize that the use and testing
of other types of filling, be they two-dimensional or three-dimensional geometries, could
enrich the literature with significant examples of the application of additive manufacturing
in the field of sandwich structures. The testing of lattice geometries, known as “lattice
structures” [31], which are easily achievable using AM, is also envisaged. Furthermore, the
possible change in technology must be considered, moving from the current FDM used in
this work, to other types of additive manufacturing [32], which could broaden the horizons
of this research. Finally, the production of specimens via multi-material FDM printing
is planned, with the aim of creating composite sandwich structures in which it will be
possible to use different materials [33], both for the skins and for the core of the panel,
including composite materials containing polymers [34] and fibers [35-37], short or long,
made of materials such as carbon [38,39], Kevlar or vegetable fibers [40-42].

2. Materials and Methods

In the present work, innovative sandwich panel specimens were generated and pro-
duced using additive manufacturing techniques with consequent mechanical character-
ization through three-point bending tests. The core of these sandwich structures was
modeled with the help of two different types of geometries: Tri-Hexagonal (2D) and Gyroid
(3D). These geometries, or patterns, were generated with four different filling percentages:
5%, 25%, 50%, and 75%. The filling percentage, in the merit of additive manufacturing
technologies [43], is also defined through the term “infill”. This parameter indicates the
percentage of fullness present inside the component in relation to the void, meaning that an
infill equal to 0% indicates an empty component while 100% filling indicates a completely
full component.

The research methodology follows established standards to ensure consistency and
reliability. Specifically, the flexural tests were conducted in accordance with the ASTM D790
standard, which outlines the procedures for testing the flexural properties of plastics. The
optimization process was structured around this standard, with the objective function being
the maximization of flexural strength relative to the material used. Constraints included
the selected infill densities and cell geometries, which were chosen based on their relevance
to real-world applications. This adherence to standard testing protocols ensures that the
findings can be compared with other studies and applied in practical scenarios.

In the next sections, the design and manufacturing process will be discussed, with
particular attention to the geometries used and the related geometric parameters, such as
their filling density.

2.1. Design of Specimens

We proceeded by examining the process of producing the specimens; specifically,
it is noted that additive manufacturing technologies are based on a process known as
“design-driven manufacturing”. The procedure begins with the three-dimensional de-
sign of the component using three-dimensional design software, such as CAD version
24.2 (Computer Aided Design). In the context of this study, parametric modeling was
performed using Autodesk Inventor software 2022. For the creation of the specimens,
reference was made to the D790 standard, through which the appropriate dimensions with
which to create the specimens were chosen; finally, the specimens were weighed, and the
relative weights were reported in Table 1. The dimensions of the bending test specimens
are 1229 mm x 25.5 mm X 6.4 mm. It is evident that the difference in weight between the
two cells is low.
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Table 1. Mean weight of each kind of sample.
5% 25% 50% 75%
Trihexagonal 832¢g 1187 g 1593 ¢ 1991¢g
Gyroid 847 g 1196 g 16.06 g 2021g
+1.80% +0.75% +0.82% +1.51%

Once the CAD modeling was complete, the file was exported in a format called STL
(Stereo Lithography Interface Format). This format represents a solid whose surface is
discretized into triangles. Essentially, the STL file contains the X, Y, and Z coordinates for
each of the three vertices of each triangle, along with a vector describing the orientation of
the surface normal of the triangle in question. The STL file was imported into the slicing
software. A slicing software is an application used mainly in the field of 3D printing. This
type of software is designed to convert digital 3D models into specific instructions, called
“slices”, that a 3D printer can understand and use to create a physical object layer by layer.
The slicing process involves dividing the 3D model into a series of thin horizontal layers,
determining the paths that the printer will take to deposit the material and create each layer.
This software allows the customization of various printing parameters, such as infill density,
print speed, and other settings, to achieve optimal results based on your specific project
needs. Some examples of slicing software include Cura, Simplify3D 3.1.0, Slic3r 1.3.0, and
PrusaSlicer 2.8.0. UltiMaker Cura software version 5.7.2 was used in this study. Within this
software it was possible to modify the cell configuration and the infill. For the purposes of
this study, two different types of filling configuration were taken into consideration:

e  The Tri-Hexagon pattern (Figure 1a) is a distinctive geometric pattern used in 3D
printing and various engineering applications due to its excellent mechanical char-
acteristics. Geometrically, this pattern combines regular hexagons with equilateral
triangles that fill the spaces between the hexagons. Regular hexagons are six-sided
polygons with internal angles of 120 degrees, and in a two-dimensional grid, each
hexagon is surrounded by other hexagons, creating a tessellated arrangement with no
gaps. Between each pair of adjacent hexagons, there are equilateral triangles, all of
which have three equal sides and internal angles of 60 degrees. Each equilateral trian-
gle fits perfectly into the spaces between three adjacent hexagons. The combination of
hexagons and triangles creates a periodic structure that repeats itself infinitely in all
directions of the plane, giving the pattern a high degree of geometric symmetry. The
Tri-Hexagon pattern can be visualized as a mesh whose nodes are the vertices of the
hexagons and triangles, contributing to the uniform distribution of the applied forces
across the structure. The combination of hexagons and triangles creates a network
that evenly distributes the mechanical forces. The hexagons provide stability and com-
pressive strength, while the triangles reinforce the structure and prevent deformation.
Hexagons, known to be one of the most efficient shapes for stress distribution, together
with triangles, contribute to high stiffness, which is essential to resist deformation
under load. The Tri-Hexagon pattern enables efficient use of material and reduces
the overall mass of the structure without compromising strength. This is particularly
useful in 3D printing where the aim is to reduce weight while maintaining mechanical
properties. The geometric configuration of the Tri-Hexagon pattern takes advantage of
the optimal arrangement of hexagons and triangles to maximize mechanical properties,
giving a unique combination of lightness, strength and stiffness, ideal for advanced
applications in 3D printing and engineering. Its excellent mechanical characteristics
arise from the ability to evenly distribute forces and use the material efficiently, making
it a preferred choice for structures requiring a balance between strength and lightness.

e  The TPMS (Triply Periodic Minimal Surface) [44—46] Gyroid structure (Figure 1b) is
an advanced geometric model used in 3D printing and various fields of engineering
due to its extraordinary mechanical and physical properties. Geometrically, a Gyroid
surface is one of the minimal triply periodic surfaces, characterized by a continuous
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and intersection-free configuration that repeats three-dimensionally in space [47]. This
surface is mathematically defined and has a constant mean curvature of zero, meaning
that every point on the surface is subjected to uniformly distributed tensile forces.
The Gyroid is composed of a network of sinusoidal channels [48] that intertwine in
three spatial directions and form a highly symmetric and periodic structure. The
complexity of the Gyroid lies in its ability to divide space into two interconnected
but non-overlapping regions [49,50], creating a three-dimensional lattice [51,52] that
offers high mechanical resistance and great lightness. This configuration allows a
uniform distribution of forces across the entire structure and makes it particularly
resistant to both compression and tension. The Gyroid configuration maximizes the
strength-to-weight ratio through efficient material distribution. This geometric model
allows you to create components with an optimized internal structure, reducing the
amount of material needed without compromising overall strength [53]. The Gyroid
surface is particularly effective at absorbing and dispersing energy [54,55], making
it ideal for applications requiring high shock absorption and superior mechanical
strength. In 3D printing, the Gyroid structure is used as an infill to improve the
mechanical properties [56,57] of the printed objects. Thanks to its unique geometric
configuration, the Gyroid offers an optimal balance between rigidity and flexibility,
making it suitable for a wide range of applications, from aerospace to biomedical. 3D
printing allows the fabrication of Gyroid structures with a high degree of precision,
fully exploiting the potential of this minimal surface to create advanced components
with superior mechanical and physical properties. Like some other triply periodic
minimal surfaces, the Gyroid surface can be approximated trigonometrically by a
short equation (Equation (1)):

sinx-cosy + siny-cosz + sinz-cosx = 0, 1)

S

Figure 1. Filling configurations (examples with 5% infill): (a) Tri-Hexagon pattern; (b) TPMS (Triply
Periodic Minimal Surface) Gyroid structure.

After slicing the model in the appropriate software, the file is transferred to the
3D printer, which then creates the component using the various additive manufacturing
technologies available. The test specimen is positioned on the printing surface so that the
smallest dimension, i.e., the thickness, aligned along the Z-axis of the machine, and the
horizontal layers at a 90° to the testing machine [58,59]. After production, the manufactured
component can be subjected to post-production treatments, if necessary, which may include
chemical and thermal treatments as well as finishing processes using machine tools. In the
subject of this study, no post-production treatments were implemented.

2.2. Production of Specimens Using Additive Manufacturing Techniques

In this study, the additive manufacturing technology called “Fused Deposition Model-
ing” (FDM) [60] was used, with an “Artillery Sidewinder X2” 3D printer. Table 2 shows
the data relating to the printing parameters of the specimens [61] and the photo of the
3D printer.



J. Compos. Sci. 2024, 8, 360 6 of 21

Table 2. Process parameters.

Process Parameter Value
Printing temperature 190 °C
Bed temperature 60 °C
Filling percentage 5%/25%/50% /75%
Layer height 0.2 mm
Material Polylactic acid (PLA)

Below are the main features of the Sidewinder X2:

Model: Artillery Sidewinder X2

Build Volume: 300 x 300 x 400 mm
Extruder Type: Direct Drive

Auto-bed Leveling: Yes

Heat Bed Type: AC heat bed

Nozzle Type: Volcano

Build Speed: 60 mm/s-150 mm/s

Z-axis Design: Synchronized Dual Z System

This machine is equipped with a “Titan” extruder equipped with a “Volcano” nozzle
that can reach a maximum extrusion temperature of 240 °C. A temperature of 190 °C isused
to produce the specimens. The bed is heated with alternative current and can reach a
temperature of 130 °C. In this study, a temperature of 60 °C was set to prevent the printed
material from detaching from the printing bed.

Particularly, Figure 2a shows a Tri-Hexagon sample with an infill of 50% after produc-
tion. The combination of triangles and hexagons can be seen. Figure 2b, on the other hand,
shows the additive manufacturing process of the Gyroid sample with 50% infill. In this
case, the core appears more complex, and the tridimensional structure can be seen.

Figure 2. (a) Core of a Tri-Hexagon 50% sample after manufacturing process; (b) Additive manufac-
turing of a Gyroid 50% sample.
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2.3. Flexural Tests

To carry out the mechanical characterization of the specimens, a “ZwichRoell” testing
machine equipped with a 2.5 kN load cell was used, in accordance with ASTM D790 [62].

To carry out the bending tests, forty specimens were produced using AM, twenty of
which had a Tri-Hexagon filling pattern and twenty with Gyroid geometry, i.e., five for
each type. Each class of specimens, representing one of the two geometric patterns, was
divided and then produced with four different filling densities, as previously mentioned.
Five specimens were therefore produced for each filling density.

The tests were performed with a strain rate of 0.1 mm/min.

To analyze the samples and mainly to evaluate the failure modes, a Hirox Digital
Microscope KH 8700 (Hirox, Tokyo, Japan) was used.

3. Results and Discussion

Figure 3 reports the typical load-displacement curves by varying the infill and the cell
configuration (i.e., Tri-Hexagon and Gyroid). It is possible to observe that:

e  For both the cell configurations, an infill equal to 5% leads to poor structural properties.
In this case, the cell walls were unable to sustain the applied loads during flexural
testing due to significant structural instability (Figure 4). In both types of structures,
the thin-walled architecture lacks the necessary stiffness and strength at low density,
making it highly susceptible to buckling under compressive stresses [63]. As the load
increases, these thin walls initially deform elastically. However, due to their slender-
ness and geometric complexity, they rapidly reach a critical buckling threshold. Once
this threshold is surpassed, the cell walls undergo localized collapse or crumpling,
resulting in a significant reduction in load-bearing capacity and ultimately leading
to structural failure. The unique geometries of both Tri-Hexagonal and Gyroid cells,
while advantageous for weight reduction, limit their ability to evenly distribute and
manage stresses, especially under bending loads. This makes them particularly prone
to instability-related failures at low density. This phenomenon is illustrated in Figure 3,
where the failure mode of a Tri-Hexagon 5% sample is reported.

e  On increasing the infill, the load-displacement curve exhibits a characteristic response
typical of higher-density sandwich structures under flexural testing [64]. At the begin-
ning of the test, the load increases linearly with the displacement. This linear region
indicates that the structure deforms elastically, which means that the material is returning
to its original shape when the load is removed. The slope of this region reflects the
stiffness of the structure, which is higher in this case due to the increased density of the
material. As the load continues to increase, the curve reaches a peak value indicating
the maximum load the structure can withstand before significant plastic deformation
occurs. At this point, the cell walls of the structure begin to yield, and permanent de-
formation occurs. Following the peak load, cracks begin to form in the lower skin of
the sandwich structure, particularly towards the point of contact with the punch, where
the tensile stresses are highest (Figure 5). These tensile stresses cause micro-cracks to
initiate, which subsequently propagate through the material. As these cracks grow, they
lead to a reduction in the load-bearing capacity of the structure, which is reflected in
the downward slope of the curve. The propagation of these cracks leads to a change in
the slope of the load-displacement curve, indicating a loss of stiffness and the onset of
material failure. As the cracks continue to grow and coalesce, the structure can no longer
support the applied load, eventually leading to the failure of the sandwich panel. This
phase is characterized by a gradual decrease in load, even if the displacement continues
to increase. For higher-density Tri-Hexagon and Gyroid structures, the increased material
density enhances the stiffness and strength, allowing the structure to withstand greater
loads and exhibit more ductile behavior before failure. However, with continued loading,
the tensile stresses in the lower skin lead to the formation and propagation of cracks,
which ultimately govern the failure process. These cracks are a critical factor in the
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observed change in slope and subsequent reduction in load-bearing capacity, leading to
the eventual rupture of the structure.

As the density of the Tri-Hexagon and Gyroid structures increases, the initial slope of the
load-displacement curve becomes steeper, indicating an increase in stiffness. This is due to
the reduction of voids within the structure as the density increases. With fewer voids, the
material has a more continuous and solid network, allowing it to resist deformation more
effectively under applied loads. This enhanced structural integrity requires a greater force
to achieve the same displacement, reflecting the increased stiffness.

The maximum load that the structures can withstand before they fail also increases
with density, as indicated by the higher peak values in the load-displacement curves.
The reduction in voids means that more material is available to distribute and bear
the applied loads, leading to an enhanced load-bearing capacity. Denser structures
are therefore able to sustain higher loads before significant plastic deformation and
eventual failure occurs.

Load [N] —Tri-Hexagon 5%
—Tri-Hexagon 25%

. ——Tri-Hexagon 50%

—Tri-Hexagon 75%

Displacement [mm]

0 5 10 15
(@)

Load [N] —Gyroid 5%
—Gyroid 25%

- ——Gyroid 50%

—Gyroid 75%

Displacement [mm]

0 5 10 15
(b)

Figure 3. Typical load-displacement curves by varying the infill: (a) Tri-Hexagon; (b) Gyroid.
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Figure 4. Failure mode of a Tri-Hexagon 5% structure.

The failure modes observed during flexural testing, as shown in Figures 4 and 5,
reveal the structural response of the 3D-printed sandwich panels under load. In particular,
the Tri-Hexagon structure (Figure 4) demonstrates buckling as the primary failure mode
at low infill densities. This buckling occurs due to the collapse of the thin cell walls
under compressive stress, highlighting the structural limitations when material distribution
is insufficient. As the load increases, the lack of sufficient stiffness leads to significant
deformation and eventual failure.

In Figure 5, which shows a Tri-Hexagon structure with higher infill, a different failure
mechanism is observed. Here, the structure shows more ductile behavior, with cracks
initiating in the lower skin and propagating through the core. This shift from buckling to
crack propagation reflects the increased material density, which enhances the structure’s
ability to distribute loads more evenly. However, even with this improvement, the failure
still originates at stress concentration points, such as the area near the punch in the three-
point bending test. This analysis of failure modes during testing underscores the importance
of balancing infill density and geometry to optimize structural performance under load.
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(b)

Figure 5. Failure mode of a Tri-Hexagon 50% structure: (a) cracks on the bottom skin; (b) propagation
on the thickness.

Figure 6 compares the maximum loads by varying the infill and the cell configuration.

The graph shows the following;:

At 5% density, the Tri-Hexagon structure exhibits a significantly higher maximum load
compared to the Gyroid structure. This suggests that the Tri-Hexagon configuration
has a better load-bearing capacity at lower densities, i.e., the 2D architecture allows for
better resistance to the load. The standard deviation is also higher for the Tri-Hexagon
structure, indicating greater variability in its performance. The Gyroid structure,
while having a lower maximum load, shows less variability, which might imply more
consistent performance but at a lower strength.

At 25% density, the Gyroid structure surpasses the Tri-Hexagon in terms of maximum
load capacity. This indicates that the Gyroid structure may have better strength or
load distribution at this density. The standard deviation for the Gyroid is considerably
lower, suggesting more uniform performance across all samples compared to the
Tri-Hexagon. This could mean that the Gyroid structure is more reliable and consistent
at this density, while the Tri-Hexagon has more variability in its load-bearing capacity.
At 50% density, both structures show similar maximum load-bearing capacities, with
the Tri-Hexagon slightly outperforming the Gyroid. The standard deviations at this
density are relatively low for both, but the Tri-Hexagon has a slightly lower devia-
tion, suggesting a slightly more consistent performance at this density. The similar
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load capacities indicate that at mid-range density, both structures have comparable
performance, but the Tri-Hexagon may offer a slight edge in terms of consistency.

e At 75% density, the Gyroid structure clearly outperforms the Tri-Hexagon in terms
of maximum load capacity. This suggests that the Gyroid structure’s design becomes
more advantageous at higher densities, due to more effective load distribution and
structural efficiency. The Gyroid also shows a much lower standard deviation, indicat-
ing a very consistent performance across all samples at this density. In contrast, the
Tri-Hexagon structure, while still strong, shows slightly more variability in its perfor-
mance.

500

Load [N]
400 B Tri-Hexagon

300 W Gyroid
200
100

0

(7 250() 50 %7 750()
Infill [%]

Figure 6. Comparison in maximum load between Tri-Hexagon and Gyroid structures.

To verify if the cell configuration is a significant parameter and, consequently, that
it influences the flexural performance of the sample, a variance analysis was performed
using MINITAB software 22.1.0, by considering the following factors:

o  Cell configuration with 2 levels (i.e., Tri-Hexagon and Gyroid);
e Infill with 4 levels (i.e., 5%, 25%, 50%, and 75%).

In applying ANOVA, several assumptions were made, including the normality of
residuals, homoscedasticity (equal variance), and independence of observations. These
assumptions are fundamental to ensure that the ANOVA results are valid:

e  Normality of residuals refers to the assumption that the differences between the
observed and predicted values (i.e., residuals) follow a normal distribution. This
ensures that the statistical tests used in ANOVA are appropriate for the data.

e  Homoscedasticity (or equal variance) means that the variability in the response vari-
able is consistent across all levels of the independent variables. This is important
because unequal variances can lead to inaccurate estimates of the factor effects.

e Independence of observations implies that the data points are not related to each other.
For example, the outcome of one observation should not influence another. Violations
of this assumption can result in misleading conclusions.

To validate these assumptions, a detailed residual analysis was performed. As shown
in Figure 7, the residuals are symmetrically distributed around zero, indicating normality.
The assumption of homoscedasticity is confirmed by the consistent spread of residuals
across the predicted values. No significant autocorrelation patterns were observed, affirm-
ing the independence of the data. These verifications indicate that the ANOVA results are
reliable and that the significant effects observed are valid under the conditions of the study.

Table 3 summarizes the main results of the analysis of variance (ANOVA). The main
objective was to determine whether the effects of the investigated factors on load were
significant. DF are the degrees of freedom, used to calculate the mean square (MS).



J. Compos. Sci. 2024, 8, 360 12 of 21
Normal Probability Plot Versus Fits
99 < 20 o
® ° o
90 °
- N st e 3
e ) d [ ‘ { [
g 50 3 N ¢
o] a ° °
R & 20 °
10 ®
°
1 L] -40 °
-40 -20 0 20 0 100 200 300 400
Residual Fitted Value
Histogram Versus Order
10 — 20
5 7.5 | _
g g ¢
v el
& 5 'z
[ U
= & 20
25
o N 40
30 20 -10 0 10 20 1 5 10 15 20 25 30 35 40
Residual Observation Order
Figure 7. Residual plots for maximum load.
Table 3. ANOVA: Analysis of Variance for maximum load.
Source DF Adj SS Adj MS F-Value p-Value
Model 11 599,647 54,513 367.46 0.000
Blocks 4 217 54 0.37 0.831
Linear 4 591,334 147,833 996.51 0.000
Cell 1 1418 1418 9.56 0.004
Infill 3 589,916 196,639 1325.50 0.000
2-Way Interactions 3 8097 2699 18,19 0.000
Cell*Infill 3 8097 2699 18,19 0.000
Error 28 4154 148
Total 39 603,801

S =12.1799 | R-sq = 99.31% | R-sq(adj) = 99.04% | R-sq(pred) = 98.60%

In general, they measure how much “independent” information is available to cal-
culate each sum of squares (SS). This latter, also called the sum of the squared deviations,
measures the total variability in the data, which is made up of: (i) the sum of squares for
each of the two factors, which measures how much the means of the levels differ within
each factor; (ii) the sum of squares for the interaction, which measures how much the effects
of one factor depend on the level of the other factor; and (iii) the sum of squares for the
error, which measures the variability that remains after the factors and the interaction have
been taken into account. MS is simply the sum of squares (SS) divided by the degrees of
freedom. The mean squared error is an estimate of the variance in the data that remains
after accounting for the mean differences. F is used to determine the p-value (p), which
defines whether the effect for a term is significant: i.e., if p is less than or equal to a selected
level (e.g., 0.05), the effect for the term is significant.

From the table it is possible draw the following considerations:

e the individual effect of all the factors on the load is significant. The different infills
induce a change in the level of maximum load that the sandwich can withstand,
whereas the different cell structures induce different types of crack propagation, and
consequently different behaviors depending on the kind infill by creating competition
between the two cells.

e theinteraction between the factors is also significant. This is evident in Figure 8, where
the lines or intersects between them or are not parallel.
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Figure 9 summarizes the results for all the combinations investigated.
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Figure 9. Interaction plot for maximum load.

While the statistical significance of factors such as core geometry and infill density is
evident from the ANOVA, translating these findings into practical applications is crucial for
advancing the field of additive manufacturing. In real-world applications, such as aerospace
or automotive components, the trade-offs between mechanical performance and material
efficiency become particularly important. The observed differences between geometries,
where the Tri-Hexagon structure shows superior performance at lower densities, and the
Gyroid structure, which excels at higher densities, suggest that the choice of structure
should be application-specific. In situations where weight reduction is a priority, but
mechanical integrity cannot be compromised, the Tri-Hexagon structure may be preferable
at lower infills. Conversely, for applications requiring high structural efficiency, the Gyroid
structure becomes more advantageous at higher infills. These trade-offs can guide the
selection of the most appropriate configuration for specific needs, balancing factors such as
material cost, production time, and mechanical performance.
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Finally, optical microscope analysis shows the typical failure modes that occur in the
two structures by varying the infill.

Figure 10 presents the analysis of a sample characterized by a Gyroid cell and an
infill of 5%. For this structure, it is evident that the buckling phenomenon typical of the
Try-Hexagon structure is coupled with an interlayer crack that affects the whole sample by
causing its premature fracture. This phenomenon is due to the presence of several defects
generated by the manufacturing process, the presence of which are promoted by the low
infill. This explains the poorer behavior than with the Tri-Hexagon structure, where the 2D
basis architecture involves only a fracture for buckling, as previously observed.

X:-2384.38 jam ¥:17333.40 prm D:17496.63 pm |8

Figure 10. Optical analysis of a Gyroid 5% sample.

For higher infills, the structures of the samples are more compact and, consequently,
these defects are not obvious. The crack starts in the lower skin near the pin, then it
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propagates in the core and reaches the upper skin, leading to the failure of the sample, as
can be observed in Figure 11 for a Gyroid 25% sample.

Figure 11. Optical analysis of a Gyroid 25% sample.

It is evident that:

in the lower skin, the cracks mainly follow the direction of filament deposition;
after the crack opens, this propagates into the core until it reaches the upper skin.

The detailed microscopy analysis presented in Figures 10 and 11 provides further
insights into the failure mechanisms observed in the Gyroid structures at different infill
densities. Figure 10 shows a Gyroid structure with 5% infill, where both buckling and
interlayer cracking are evident. The presence of interlayer cracks suggests that the 3D
printing process may have introduced defects, such as poor layer adhesion and voids,
particularly at low infill levels. These defects, combined with the complex geometry of
the Gyroid structure, lead to premature failure. The microscopy images highlight the
limitations of current printing technology, and the challenges associated with achieving
uniform material deposition, especially at low densities.

In contrast, Figure 11 illustrates the failure mode of a Gyroid structure with 25% infill.
At this higher density, the structure exhibits a more compact and robust form, resulting in a
different failure behavior. Here, the primary mode of failure is crack propagation, which
begins in the lower skin and progresses through the core until it reaches the upper skin. This
behavior is consistent with the findings from the flexural tests, where the increased material
density leads to improved load distribution and a more ductile response. The direction of
crack propagation aligns with the filament deposition pattern, indicating that even at higher
densities, the printing process plays a crucial role in determining the failure characteristics
of the structure. These observations emphasize the need for further optimization of both
the printing process and the design of infill patterns to minimize defects and enhance the
overall mechanical performance of 3D-printed sandwich structures.

The preferred direction of crack propagation that characterizes the Gyroid samples
is not evident in the Tri-Hexagon sandwiches. Here, the crack follows a different trend
corresponding to the cell walls and also after it has propagated into the core, as observed in
Figure 12. This consideration explains the significance of the cell configuration.
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6106.45 prm D6274.

Figure 12. Optical analysis of a Tri-Hexagon 50% sample.

This optical analysis highlights the limitations of the technology used in this study. In
fact, in addition to the defects generated by the low infill, the 3D printer caused both poor
deposition of the filament, because the different layers are not perfectly distributed along
the z-axis, and burning with a consequent deformation of the first layer, as can be seen in
Figure 13 [65]. This can be overcome by using next-generation 3D printers, characterized
by a closed chamber and a more rigid structure, as evidenced in Figure 14, where a sample

of PLA, the subject of a future study, is realized by a Bambu Lab X1 Carbon.
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Figure 13. Cont.
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Burning

Figure 13. Defects induced by technology.

Figure 14. Example of sample in PLA generated on a next-generation 3D printer.

4. Conclusions

In this study, the additive manufacturing of PLA sandwich structures was optimized
by varying the type of cell (i.e., the typical Tri-Hexagon and the new TPMS Gyroid) and
infill (i.e., 5%, 25%, 50%, and 75%). The effects on flexural tests were investigated. It can be
concluded that:

e  For low infill (i.e., 5%), the architecture of the core for both cells does not resist, leading
to premature failure. In the Tri-Hexagon samples, this occurs due to buckling, while
in the Gyroid samples, buckling is coupled with interlayer fractures. This highlights
the structural limitations of low-density infills, where the material distribution is
insufficient to provide the necessary stiffness and load-bearing capacity.
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e  For high infill, the architectures are more resistant, and both cells exhibit good re-
sponses to bending loads. At these higher densities, cracks initiate at the lower skin
and propagate through the core until reaching the upper skin. The difference between
the two cells lies in the crack propagation direction: in Gyroid samples, the crack
follows the direction of the filament deposition, while in the Tri-Hexagon samples, it
follows the cell walls. This behavior underscores the importance of infill density in
enhancing structural integrity, with both geometries showing improved performance
as material density increases.

This behavior is confirmed by the analysis of variance (ANOVA), which demonstrates
that both factors (i.e., cell geometry and infill) have a statistically significant impact on
flexural behavior. For example, the Gyroid structure at 75% infill exhibited a maximum
load-bearing capacity, outperforming the Tri-Hexagon structure. These findings suggest
that, depending on the application, specific combinations of geometry and infill density
can be tailored to optimize performance.

Moreover, the optical analysis reveals not only the differences in failure modes but
also the defects introduced by the manufacturing process, such as unaligned layers, voids,
and burns. These defects, particularly in low-density structures, further compromise
mechanical performance.

Looking forward, future research should explore advanced printing technologies,
such as multi-material printing or closed-chamber systems, to further minimize defects
and improve the structural performance of 3D-printed sandwich structures. Additionally,
expanding this research to other materials, including composites or polymers reinforced
with fibers, could open new possibilities for developing high-performance structures with
even greater versatility. By connecting these findings to the broader literature, ongoing
advancements in additive manufacturing will continue to offer innovative solutions for
complex engineering challenges.
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