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ABSTRACT

Charpy test, Simultaneously optimizing impact strength while reducing material weight is a fundamental
Finite element analysis, challenge across various industries. This study presents a novel approach to maximizing energy
3D Printing, absorption in 3D-printed materials while minimizing mass and material consumption. To this end,
Cellular shapes, in this study, the effects of three cellular geometries, i.e., circular, decagonal, and hexagonal, and
PLA filament. two arrangements, i.e., linear and diagonal, were investigated on the 3D-printed samples made

from PLA filament. It should be noted that both the experimental Charpy test and related finite
element analysis (FEA) were employed to evaluate the mechanical performance of the samples in
terms of energy absorption. The results revealed that the samples with hexagonal cells exhibited
the best performance due to their superior stress distribution. These samples demonstrated up to a
62% increase in impact strength while achieving a 36% reduction in mass. Furthermore, analysis
of the fracture behavior showed that samples with diagonally arranged cells extended the time
until the final fracture by up to 575%. This improvement is attributed to the formation of additional
plastic hinges during impact, along with the development of an inclined fracture path. Overall,
these findings suggest that optimizing internal cellular design can significantly enhance impact
resistance without increasing material usage. This advancement is crucial for developing
lightweight, high-strength structures suitable for industrial and aerospace applications.

Extended Abstract

1. Introduction

nergy consumption is a crucial concern across various industries, making the weight of structural

components a significant challenge for engineers and designers [1]. However, the goal of creating

lightweight components should not compromise mechanical strength. Many industrial applications
demand materials that are not only lightweight but also possess high mechanical robustness and exceptional
resistance to impact and sudden stresses [2—4]. For instance, extensive studies have shown that reducing an
aircraft's weight by just one kilogram can lead to significant fuel and energy savings. Yet, it is essential to carefully
consider the mechanical strength and impact resistance of both structural and interior components to avoid
catastrophic failures [5]. In many cases, weight reduction can compromise the mechanical properties of materials,
which undermines the benefits of lightweight designs and can lead to considerable additional costs [1, 6].
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extensive research has been undertaken in recent years to improve the mechanical and impact resistance
properties of materials while also focusing on weight reduction. Different approaches have been explored to
achieve this goal, providing solutions that not only maintain or reduce the original weight of materials but also
enhance their mechanical properties. One of the most widely adopted strategies involves incorporating reinforcing
nanoparticles and microparticles into material matrices [7—11]. For instance, in the study conducted by Kazemi et
al. [8], investigated the effects of composite nanoparticles, which consist of a silica core and a magnesium
hydroxide shell, on the mechanical properties of polyester. Their findings showed that adding these nanoparticles
at an optimal weight fraction led to significant improvements in the mechanical properties of the polyester:
specifically, a 43% increase in flexural strength, a 47% increase in flexural modulus, and a 32% increase in Mode
I fracture toughness.

Another promising approach that has garnered increasing attention is the use of sandwich structures [12-15].
Extensive studies have shown that sandwich structures, while reducing material use and overall weight, can
achieve exceptional impact resistance and mechanical strength [16]. Keshfi et al. [15] investigated the energy
absorption of 3D-printed sandwich specimens featuring honeycomb cores made from polylactic acid (PLA)
filaments.

Additionally, various geometric and structural designs have been investigated to optimize the mechanical
performance of materials. For instance, a study conducted by Abueidda et al. [17] explored the fabrication of
polyamide-based structures with gyroid geometries using 3D printing technology to enhance their mechanical
properties. The results indicated that employing these geometric configurations significantly improved the
compressive strength of the material.

As evidenced by the aforementioned studies, the simultaneous optimization of impact strength and weight
reduction remains a critical challenge across multiple industries, attracting significant research interest. However,
despite advancements in this area, thorough investigations into how cellular structures can reduce weight and their
effect on impact resistance are still limited. Therefore, this study aims to fill this gap by utilizing the advanced
capabilities of 3D printing technology—an innovative and cost-effective manufacturing method that has become
increasingly popular for producing industrial components [19]. In this study, 3D-printed specimens with cellular
structures were designed to achieve a 36% reduction in weight. Specifically, three distinct cellular geometries—
circular, decagonal, and hexagonal—along with two different arrangements (linear and diagonal) were employed
to investigate their impact resistance. Notably, PLA is an environmentally friendly and biodegradable filament
known for its excellent biocompatibility [20]. However, despite these promising qualities, PLA is inherently brittle
and has limited impact strength [21]. This makes it an ideal candidate for exploring potential improvements in its
impact resistance. To thoroughly evaluate the impact properties of the proposed cellular structures, we utilized a
combination of experimental methods and finite element analysis (FEA), specifically based on the Charpy impact
test. In addition, we conducted tensile tests on PLA specimens following relevant standards to obtain accurate
mechanical property data, which ensured the precision of the FEA simulations.

2. Materials and design

This research examines the impact of cellular shapes and their arrangements on the impact strength of 3D
printed samples. In addition to conducting experimental Charpy impact tests, finite element modeling was also
used for this analysis. To obtain more accurate results from the finite element analyses, we aimed to determine the
mechanical properties of the polylactic acid filament sourced from eSun Company. For this purpose, samples were
prepared according to 1ISO 527 standards [22] using an FDM 3D printer. It is important to note that, considering
the anisotropic properties of the filament and to enhance the accuracy of the experimental test simulation, the
samples were printed at two raster angles (0_R) of 0 and 90 degrees. Furthermore, to improve the reliability of the
results, five samples from each group were tested (Figure 1).

After preparing the samples, we extracted the mechanical properties relevant to this test based on the tensile
tests and engineering stress-strain curve (Figure 2). It is important to note that in this test, the load cell capacity
was 100 kN, and the loading rate was set at 1 mm/min.

The goal of this research is to present an innovative approach to enhance the energy absorption of 3D printed
samples made from polylactic acid polymer filament while also reducing their weight. This is achieved by creating
cavities and various cellular shapes. Specifically, three cellular geometries—circular, decagonal, and hexagonal—
have been chosen to facilitate the desired weight reduction. Additionally, this research investigates the effects of
these cellular shapes' arrangement using linear and diagonal configurations (see Figure 3). It is important to note
that the geometric dimensions of the cellular shapes in each arrangement are designed to achieve a weight reduction
of 36 percent.
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Figure 1. 3D-printed samples corresponding to the tensile test with raster angle: (a) 0, (b) 0, (c) 90, and (d) 90 degree
50 1 1 L 1 1

[y
=}
1

T

Engineering stress (MPa)
=

—o—PLA, 6,=0° |
o —o—PLA, 0,=90°
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Engineering strain
Figure 2. Stress-strain curves corresponding to the 3D-printed samples at raster angle of 0 and 90 degrees
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Figure 3. A schematic representation of the cellular arrangement in Charpy impact test specimens: (a) linear arrangement and (b)
diagonal arrangement
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To prepare the samples for the Charpy impact test, we designed three-dimensional models in accordance with
ASTM E23 standards [23] using ANSY'S DesignModeler software. Also, Ultimaker Cura software converted these
models into geometric models (G-Code). It's important to note that during the 3D printing process, a layer thickness
of 0.2 mm was set. Additional parameters for the 3D printing process are detailed in Table 1.

Table 1. Parameters utilized in 3D printing

3D Printing Parameter Amount 3D Printing Parameter Amount
Nozzle Diameter (mm) 0.4 Nozzle Temperature (°C) 205
Cooling Fan, (%) 100 Bed Temperature (°C) 40

In this section, as detailed in Table 2, we have assigned a specific identifier code to each examined sample.
This approach is designed to maintain the integrity of the data and facilitate the identification of results associated
with each sample. Each identifier code comprises three distinct components that sequentially represent the
following:

e The type of cellular shapes present in the structure of the impact samples:
o Circular cellular shape is denoted as “Ci”,
o Decagonal cellular shape is indicated as “De”,
o Hexagonal cellular shape is represented as “H”.
e The percentage of mass reduction is 36%.
e The arrangement and positioning of the cellular shapes within the sample structure:
o Linear arrangement is denoted as “L”,
o Diagonal arrangement is indicated as “D”.

Table 2. Presentation of the codes corresponding to the Charpy impact test specimens

Code of Pure

; Ci-36%-L De-36%-L H-36%-L Ci-36%-D De-36%-D H-36%-D
Specimen PLA
Mass . .
Reduction 0 36% 36%
Cellular . I - _
Arrangement - Linearly (Figure 3a) Diagonally (Figure 3b)

Cellular )
Structure

It is essential to highlight that this study validated the assumptions and results related to the simulation of the
Charpy test for samples with a linear cellular arrangement based on experimental data. Following this, the
numerical results for the absorbed energy of samples with a diagonal cellular arrangement were evaluated through
finite element analyses. As illustrated in Figure 4, the modeling was divided into four distinct components across
all samples: an impactor, a specimen, and two supports, with dimensions conforming to experimental
specifications. In this simulation, the constraints and boundary conditions were set up so that both supports were
fixed in all degrees of freedom while the impactor could move only in the Y direction. To achieve energy levels
consistent with the experimental Charpy impact test, the density of the impactor was increased, and its speed was
set to 5.43 m/s. Notably, the mechanical properties of both the impactor and supports were modeled using a linear
elastic approach, whereas the sample was represented as orthotropic. Additionally, to analyze the failure of the
samples, the maximum stress criterion was employed for all, based on the failure properties of polylactic acid
filaments.

Y
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Figure 4. Three-dimensional models simulated corresponding to the specimens: (a) Pure PLA (Continued)
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3. Result and discussion

As previously mentioned, this study evaluates the energy absorption of 3D-printed PLA filament samples
through experimental methods and finite element analysis. To validate the FEA results, we first compared
experimental impact test data from samples with linear cellular geometries to the corresponding FEA results. As
depicted in Figure 5a, the assumptions and methodology employed in the FEA simulation demonstrate a strong
correlation between the absorbed energy results, which are based on the specific density of the samples (E*). It is
worth mentioning that the average error between the experimental results and the FEA results for the linear cellular
samples was approximately 11%. Furthermore, as illustrated in Figure 5b, both the experimental and FEA results
demonstrate not only a strong alignment in energy absorption but also excellent convergence in predicting the
direction and propagation of structural damage. In fact, both methods indicated that cracks and damage propagated

Mechanics of Advanced and Smart Materials Journal 4(4) (2025) 563 -578
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linearly from the sample's lower to upper section. This validation confirms the reliability of the finite element
model utilized in this study, supporting its applicability for analyzing other configurations.
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Figure 5. Validation of the finite element analysis corresponding to (a) results of specific absorbed energy and (b) failure mode
identification

After validating the experimental and FEA results, a detailed analysis was conducted to explore how cellular
geometry and arrangement influence the impact behavior of 3D-printed PLA samples. As illustrated in Figure 6,
significant differences in impact strength were observed among the tested samples, along with notable variations
in failure behavior during the impact process. To gain a better understanding of this phenomenon, the effects of
cellular geometry and arrangement were examined separately on impact performance. The results depicted in
Figure 6 reveal that hexagonal cellular structures exhibited the highest energy absorption efficiency during Charpy
impact tests, followed by decagonal and circular structures. This behavior can be attributed to the structural
characteristics of each geometry. Despite having sharp corners, hexagonal cells effectively distributed stress
uniformly, which enhanced their energy absorption capacity. In contrast, circular cells showed lower energy
absorption due to sudden stress concentrations on the lateral surfaces of the holes, which accelerated crack
propagation.
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Figure 4. Diagram of impact strength variations up to the moment of fracture

In examining the impact of cellular arrangement, the results presented in Figure 6 show that samples with
diagonal cellular arrangements demonstrated a significant increase in impact strength. Additionally, an analysis of
energy absorption trends in both linear and diagonal cellular samples revealed that non-cellular samples, as well
as those with linear arrangements, absorbed less total energy overall, despite exhibiting higher instantaneous
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energy levels. This suggests that cracks in these samples propagated abruptly and instantaneously. In contrast,
samples with diagonal cellular arrangements, while showing lower instantaneous energy levels, absorbed
substantially more total energy. Notably, the De-36%-D sample showed the most significant improvement,
underscoring the advantageous role of diagonal cellular arrangements in enhancing the impact resistance of 3D-
printed PLA samples. It should be noted that, based on this observation, as shown in Table 3, diagonal samples
exhibited final fracture times that were up to 575% longer, further emphasizing the significant effect of cellular
arrangement on energy absorption.

Table 2. Comparison of fracture times corresponding to the Charpy impact test specimens
Code of Specimen Pure PLA Ci-36%-L Ci-36%-D De-36%-L De-36%-D H-36%-L H-36%-D
Fracture Time (ms) 0.2 0.26 1.09 0.28 1.07 0.33 1.35

To provide a clear understanding of how cellular geometry and arrangement affect impact strength, Figure 7
illustrates the percentage variation in impact resistance across all tested samples. The results confirm that
hexagonal cells and diagonal arrangements deliver the best mechanical performance. Notably, the H-36%-D
sample showed a 62% increase in impact strength while having a 36% reduction in mass. This demonstrates the
effectiveness of this configuration in optimizing structures that are both lightweight and durable. These findings
highlight the potential of such cellular architectures to advance future research and improve design strategies in
industries where the strength-to-weight ratio is critical.

5 .
o -40 20 0 20 40 60 80
Gain in Impact Strength (%)

Figure 5. Variation of impact strength of samples with cellular structures compared to the Pure PLA (reference) sample

4. Conclusion

This study presents a novel approach to maximizing energy absorption in 3D-printed samples while minimizing
mass and material use. To this end, the effects of three different cellular geometries—circular, decagonal, and
hexagonal—along with two arrangements (linear and diagonal) were investigated on the impact strength of PLA
3D-printed samples. In other words, a significant aspect of this research is examining how cellular arrangement
affects impact strength, providing valuable insights for optimizing lightweight, high-strength structures in
engineering applications, such as the aerospace, automotive, and biomedical industries, where the strength-to-
weight ratio is crucial. A dual-method analytical approach that combined experimental testing with finite element
analysis was employed to achieve these objectives. Also, it should be mentioned that the tensile tests, following
standardized procedures, were conducted to determine the mechanical properties of the PLA filament. Based on
Charpy impact testing and the corresponding finite element simulations, the key findings of this study were
summarized as follows:

e The strong correlation between the results of experimental Charpy impact tests and finite element
simulations confirms the accuracy of the proposed analytical framework. This validation supports
reliable design optimization for future structures.

e Hexagonal cellular structures demonstrated the highest energy absorption due to their superior stress
distribution. In contrast, circular cells exhibited the lowest performance because of sudden stress
concentrations at their edges.

Mechanics of Advanced and Smart Materials Journal 4(4) (2025) 563 -578
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e The introduction of plastic hinges in diagonally arranged structures changed the failure mechanism,
reducing local stress concentrations and transforming brittle failure into a more gradual process.

e Final fracture time in diagonal samples increased by 575% due to the optimized crack propagation
mechanism and enhanced energy absorption capacity.

e In diagonally arranged samples, cracks propagated at an inclined angle rather than vertically, which
improved the structural resistance against sudden failure.

e The H-36%-D sample was identified as the optimal structure, featuring hexagonal cells arranged
diagonally. This configuration achieved a 62% increase in impact strength while reducing the mass by
36%.

These findings show that optimizing the internal design and arrangement of cells can improve impact resistance
while minimizing material usage and weight. It should be noted that future research could investigate the effects
of alternative geometries, such as triangular and square cells, explore different mass reduction strategies, and
examine the use of advanced and hybridized filaments. In fact, these approaches could lead to even more efficient
structural designs for industrial applications

Mechanics of Advanced and Smart Materials Journal 4(4) (2025) 623 — 644
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