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A B S T R A C T   A R T I C L E   I N F O 

This work presents the experimental test and Finite Element 

Analysis (FEA) of six core profiles (i.e. Square, Circle, Ellipse, 

Octagon, Pentagon, and Hexagon grids) on mechanical 

properties of 3D-printed Polylactic Acid Plus (PLA+) sandwich 

panels. Tensile and flexural tests were carried out to evaluate 

the structural performance of each core geometry; FEA in 

Abaqus was employed to study the stress distribution and 

deformation patterns. In contrast, the mechanical properties 

were the highest for the hexagonal and pentagonal cores 

with tensile strengths of 45.2 and 43.8 MPa, respectively, and 

flexural strengths of 290 and 323 MPa, respectively. ANOVA 

and Tukey's HSD tests indicated that core geometry 

significantly influences the flexural strength of sandwich 

panels of 0.94. The new hybrid hexagonal-octagonal core 

geometry was henceforth proposed to continue the quest for 

structural efficiency. The integration of the experimental and 

numerical approaches in such a way that validates the 

reliability of the FEA model itself gave less than 6% error in 

predicting flexural strength. 
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1. INTRODUCTION 

 

 

In recent years, sandwich composite structures have garnered significant attention in 

engineering due to their exceptional mechanical properties, including high strength-to-weight 

ratios, energy absorption, and load distribution capabilities [1–2]. They usually comprise two 

thin, highly-reinforced panels with a light core sandwiched between them. While the face 

panels are usually composed of composites, metals, or polymers, the core often comprises 

materials like foam, honeycomb, or balsa wood. Sandwich composites' structural efficiency 

has made them extremely valuable in sectors where weight reduction and structural 

efficiency are the most important considerations (i.e., the automotive, aerospace, and 

renewable energy systems sectors) [3,4]. Traditional core materials are, however, typically 

constrained by geometric design and manufacturing complexity constraints [5].  Additive 

manufacturing (AM) technology enables intricate, topology-optimized core geometries in 

sandwich panels that were previously impossible to manufacture [6,7]. FDM is a very accurate 

and simple AM process that is appropriate for complicated thermoplastics like PLA+ [8]. PLA+ 

stands out for being an advanced form of standard PLA with increased mechanical properties 

that make it suitable for structural applications. Recent research demonstrated that 3D-

printed PLA+ parts can be comparable to traditional materials when optimized by parameter 

tuning such as layer height, infill density, and raster angle [9–11]. A crucial knowledge gap, 

however, lies in the understanding of the effect of core geometry non-traditional polygonal 

(pentagonal, octagonal) and curvilinear (elliptical, circular) on the mechanical performance of 

PLA+ sandwich panels. Hexagonal and honeycomb cores are commonly reported for energy 

absorption and compressive strength. Still, new studies suggest that hybrid and irregular 

geometries can facilitate better performance by minimizing stress concentrations and 

optimizing load redistribution [12]. For instance, triply periodic minimal surface (TPMS) cores, 

such as gyroid structures, have exhibited superb energy absorption under dynamic loading, 

while novel lattice geometries have shown promise in balancing manufacturability with 

structural efficiency [13]. Despite these advances, comparative research on different core 

profiles remains scarce, particularly those integrating experimental validation with 

computational simulation to include material anisotropy and geometric nonlinearity [14]. The 

mechanical behavior of sandwich panels is highly dependent on core architecture, which 

governs load transfer, energy dissipation, and overall structural efficiency. Previous studies 

have highlighted the role of core geometry in optimizing mechanical properties such as 

compressive strength, bending stiffness, and energy absorption [15,16].  Honeycomb and 

hexagonal cores provide superior energy absorption and compressive strength thanks to their 

geometric stability. Traditional core geometries can compromise manufacturability for 

structural optimization and therefore might not fulfill their full potential for high-performance 

applications [17]. Hybrid core geometries, integrating the benefits of several lattice 

geometries, have exhibited potential in the improvement of structural efficiency. For 

instance, a hybrid steel-polymeric lattice core exhibited an optimized strength-to-weight ratio 

and customizable mechanical response. Aluminum honeycomb infill in square tubes also 

enhanced energy absorption under dynamic loading. Even with these developments, 

systematic analyses of hybrid core designs in 3D-printed PLA sandwich panels are scant [18]. 

FEA has emerged as a key tool in predicting mechanical behavior in sandwich panels, 

especially under complex loading conditions. However, differences between simulation 

predictions and experimental observations frequently occur on account of material 

nonlinearity, complexities in boundary conditions, and imperfections in geometry. Recent 

research has tried to address these issues with advanced techniques of modeling, such as the 
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use of the Iwan model for simulating the viscoelasticity of core materials. For example, 

Validated FEA simulations for 3D-printed PLA composites in one study were found to yield 

reasonable accuracy for tensile strength but with increased errors for flexural analysis. Also, 

it was shown through another study that the core topology plays a major role in the 

mechanical behavior of 3D-printed sandwich panels with some lattice patterns yielding 

significantly higher strength and stiffness than the conventional honeycomb patterns [19]. 

Despite these developments, the combination of numerical modeling and experimental 

verification remains a formidable challenge for the design of sandwich panels. Statistical 

testing, including analysis of variance (ANOVA) and post-hoc testing (e.g., Tukey’s HSD), must 
be used to describe the effect of core geometry upon the mechanical properties of sandwich 

composites. These allow systematic means for the optimization and verification of 

performance gains. ANOVA, for instance, was used to determine the effect of core topology 

upon flexural strength, where effect sizes (η²) described the strength of these correlations 
[20]. When analyzing the study of natural fiber-reinforced epoxy composites, ANOVA 

identified the orientation and type of fibers significantly affected tensile and impact strength, 

illustrating the requirement for the use of statistical verification within the design of 

composites [21]. Hybrid core geometries involving two or more geometric features or 

materials have emerged as a desirable approach for the improvement of structural efficiency. 

A recent article described a novel ultralight multifunctional sandwich structure with an N-H 

hybrid core combining micro-perforated face sheets with a hybrid core for enhanced sound 

absorption and load-carrying ability. The hybrid design took advantage of synergistic 

interaction between material properties and core geometries and exhibited superior dynamic 

and static loading performance [22]. In the same way, hybrid lattice cores with periodic and 

aperiodic geometries have shown potential for stiffness and energy dissipation optimization 

for aerospace. The developments validate the merit of bringing statistical rigor and novel core 

geometries into the solution of demanding engineering issues [23]. Through the exploration 

of the interaction between core topology, material properties, and mechanical behavior 

through systematic study, scientists can design optimized sandwich structures for use in 

anything from renewable energy systems to lightweight vehicle components. a single design, 

have shown potential for enhanced structural performance. For instance, a novel hexagonal-

octagonal core geometry presented here aims to capture the superior mechanical properties 

of hexagonal patterns while improving manufacturability and structural efficiency. 

The originality of the present work consists in the fact that it provides a full comprehension 

of the structural behavior of PLA+ sandwich panels by employing experimental and numerical 

techniques, gaining insights into their optimal design and further usage within various 

industrial sectors. This study adds to the field in the following manner: 

(i) Mechanical Benchmarking: A methodical comparison of six fundamental geometries 

(square, circular, elliptical, octagonal, pentagonal, and hexagonal grids) to determine 

optimum configurations for high-stress applications, filling a significant gap in the 

literature that is filled with traditional honeycomb and grid structures. 

(ii) Hybrid Core Innovation: The creation of a hexagonal-octagonal hybrid core, which seeks 

to balance structural efficiency with geometric complexity, provides an innovative 

solution for sustainable engineering. 

(iii) Methodological Integration: A rigorous validation framework spanning experimental 

testing, FEA, and sophisticated statistical analysis that furnishes a reproducible roadmap 

for future research in additive-manufactured composites. 
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By revealing the contribution of core topology to mechanical performance, this work 

propels the development of high-strength, lightweight sandwich panels, meeting global 

sustainability objectives via less material waste and energy use.  

This paper is important, as shown by excellent trends in publication (see Figure 1). Detailed 

information on how to get bibliometric analysis data using Scopus is explained elsewhere [24-

26].  Figure 1 shows the number of research articles per annum between 2017 and 2025 on 

3D-printed PLA+ sandwich structures, based on Scopus data. The research grew consistently, 

hitting the peak number of 20 articles in 2023, perhaps due to advances in 3D printing and 

the demand for lightweight materials. The dip in 2024 and 2025 is slight and suggests a 

possible shift in focus or saturation of the market. This trend suggests the ongoing importance 

of optimizing core geometries to attain better structure performance in the aerospace and 

car sectors. 

 

Figure 1. Research trend using keywords “3d-printed, PLA+, Sandwich and Structure” taken 
on 2025. 

2. METHODS 

2.1. Material Selection 

      PLA+ was used in this study due to its enhanced mechanical properties, biodegradability, 

and suitability for 3D printing applications. PLA+ is a high-performance version of the standard 

Polylactic Acid (PLA) featuring a higher tensile strength, rigidity, and resistance to impact. 

PLA+ is derived from renewable resources such as corn starch or sugarcane and is hence an 

environmentally friendly thermoplastic, meeting the growing demand for sustainable 

manufacturing solutions [27]. Material properties of PLA+ make it especially fit for structural 

applications, including the making of sandwich panels. The PLA+ in this study has very high 

tensile strength compared to a standard PLA sample.  These properties outperform the 

corresponding properties of regular PLA, whose tensile strength generally is, and Young's 

modulus of [28]. Besides, PLA+ can be combined with Fused Deposition Modeling (FDM) 3D 

printing, which gives the possibility for complex geometries in high precision with minimal 

material waste. 

In the present study, 1.75 mm diameter filaments of consistent quality were used and 

obtained from a well-established manufacturer. Concerning the thermal properties, the 

material has to be considered for the optimization of parameters for 3D printing: its glass 

transition temperature of 60–65°C and the melting temperature of 150–160°C. The selection 

of PLA+ as the main material was further justified because it is easy to process, has a low 

warping tendency and produces parts with smooth surface finishes. 
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2.2. Core Profile Design Methodology 

The core profile design is treated as one of the major parts of this research since the 

geometrical arrangement of the core structure plays a crucial role in the mechanical behavior 

of the sandwich panel in total. This study investigates six core profiles with different 

geometrical features, hence giving some potential structural benefits. Several shapes under 

study are Square, Circles, Ellipse, Octagon, Pentagon, and Hexagon patterns, as shown in 

Figure 2. The most basic configuration concerns the Lines, where parallel and vertically 

oriented supports are set indeed a benchmark for each geometry that goes a little fancier. 

This pattern results in direct methods of verticals that provide very supportive resistive 

performances, especially because the nature of the line structure is subjected to compression 

within a more massive rigid body. Consequently, work on the pattern of Circles introduces 

structural features with curved materials that can distribute in situ stress favorably between 

more uniform dispersions throughout that structure. Second to the circled pattern is an 

extension of applying such curved geometric features to ellipse-like shapes, giving way to 

elongations that indeed would increase this bending resistance oriented toward particular 

symmetrical axes across space. 

 

Figure 2. Sample different core profile. 

The polygonal patterns for the Octagon, Pentagon, and Hexagon investigate various 

angular geometries and the resultant effect such geometry has on structure performance. 

Because the shape is eight-sided in the Octagon pattern, one could expect enhanced 

performance due to the greater range of load pathways, hence the superior capacity for 

resisting multi-directional forces. From another perspective, an interesting balance between 

angular and more rounded load transmission creates a fascinating Pentagon pattern, while 

from nature, efficiency in material consumption and flow of load under a hexagonal pattern 

is advantageous. All the components were designed using SOLIDWORKS 2023 computer-

aided design software to ensure that all the test specimens had precisely controlled 

dimensions and geometric accuracy.  

Table 1 presents the standardized dimensions of the PLA+ sandwich panel components 

that were used in this study. These are the length (150 mm), width (50 mm), thickness of the 

top skin (2 mm), thickness of the core (6 mm), thickness of the bottom skin (2 mm), and total 

thickness (10 mm). These were selected with careful consideration to be uniform in all the 

test specimens. Hence, there is a fair comparison of the mechanical properties with various 

core geometries. The length was selected as 150 mm to be in the direction of loading, and the 

width was selected as 50 mm to ensure uniform stress during testing. The sandwich penal 
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samples from top and bottom skin thicknesses were suggested as 2 mm for the required 

rigidity. In comparison, the core thickness was selected as 6 mm to ensure a compromise 

between structural integrity and weight. The 10-mm thickness ensures that the sandwich 

panels are rigid enough. Hence, they can be endured during mechanical testing without 

excessive deformation. These standard dimensions play a crucial role in ensuring that the 

experimental results are reproducible and can be compared with various core geometries. 

The uniformity in the dimensions also ensures that the (FEA) simulations can be properly 

done, as the models can be directly compared with the actual test specimens. This table is a 

reference point for the experimental setup and ensures that all the test specimens are 

prepared in the same conditions, reducing the variability in the results. 

Table 1. Standardized dimensions of PLA+ sandwich panel components. 

Parameter Dimension (mm) Description 

Length 150 Parallel to the loading direction 

Width 50 Perpendicular to the loading direction 

Upper Skin Thickness 2 Outer surface layer 

Core Thickness 6 Internal structural component 

Lower Skin Thickness 2 Base surface layer 

Total Thickness 10 Complete sandwich assembly 

 

The design process involved several key steps to ensure manufacturability and consistency: 

(i) Geometrical modeling in SOLIDWORKS should be done with much care at the beginning 

to hold the wall thickness uniform without any sharp corners that may cause a stress 

concentration. 

(ii) Export the designs as STL (Standard Tessellation Language) files, preserving the 

geometric accuracy of the models. 

(iii) Processing with Ulti maker Cura slicing software to produce manufacturable G-code. 

(iv) Implementation of consistent printing parameters, such as a 20% infill density across all 

core profiles, ensures valid comparisons. 

In all designs, the wall thicknesses and void ratios were kept constant to maintain the 

integrity of observed performance due to changes in geometric configuration rather than by 

material distribution. The 20% infill density was chosen as an optimum value for balancing 

material usage with structural integrity, providing enough support and maintaining typical 

characteristics for each core profile. This parameter has been kept constant for all designs to 

insulate the effect of geometric patterns on mechanical performance. These designs 

represent a systematic study of the core geometry-sandwich panel performance relationship, 

and indeed, each pattern shows promise for performance advantages under different loading 

conditions or in particular applications. Further sections discuss in detail how these 

geometrical variations influence mechanical performance differences when flexural loading 

conditions are applied. 

2.3. Core Profile Design Challenges 

All the core profiles were designed with proper consideration of both manufacturing 

constraints and principles of design. This section describes the methodological procedure for 

each profile arrangement with specific problems faced during the manufacturing and 

designing process. Figure 2 shows the cross-sectional profiles for the six core profiles that 

were studied in this work: square, circular, ellipsoidal, octagon, pentagon, and Hexagonal 

grids. Each core profile is designed with special geometric properties to investigate the impact 

on the mechanical performance of the PLA+ sandwich panels. 
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(i) Square Grid: A square grid consists of parallel vertical supports in the shape of a grid 

pattern. This structure provides an easy way for the distribution of the load but is 

subject to stress concentrations at the grid line intersections. 

(ii) Circles Grid: Circles grid comprises concentric circular elements with more even sharing 

of stress than linear structures. However, stress concentrations can be identified at the 

circle intersections. 

(iii) Ellipse Grid: The ellipse grid is an extension of the circle's grid, with elongated elliptical 

elements providing directionality to the optimization of the strength. This structure is 

particularly effective at resisting bending along specific axes. 

(iv) Octagon Grid: The Octagon grid uses an eight-sided geometric pattern to provide 

resistance in many different orientations. The complexity of this structure requires 

precise manufacturing to provide structural stability. 

(v) Pentagon Grid: Pentagon elements with five sides are employed in the Pentagon grid to 

achieve angular and rounded loading transmission. It is efficient in reducing stress 

concentrations at the vertex. 

(vi) Hexagonal Grid: A hexagonal grid utilizes elements with six sides to achieve the most 

efficient loading distribution. It is renowned for its even loading distribution and is 

widely used in structural engineering. 

 All base profiles were developed using SOLIDWORKS 2023 and produced using FDM 3D 

printing techniques. The proposed geometric complexity of each profile was taken into 

careful account to attain manufacturability and structural function. It distinguishes the unique 

geometric patterns and their spatial arrangement, developing a visual representation of the 

core profiles used in this study.  

2.4. Specimen Fabrication 

 The sandwich panels were printed using a Creality Ender 3D printer, which allowed for 

precise layering and material control. Not only did this allow for reduced waste, but it also 

enabled the creation of complex geometries that traditional manufacturing methods were 

unable to produce. 3 Pro 3D printer, which is an FDM technology printer. FDM is the most 

common additive manufacturing method and uses the extrusion of thermoplastic filaments 

through a hot nozzle. It layers the material and constructs a three-dimensional object. 

 Table 2 shows the printing parameters utilized in the printing of the PLA+ sandwich panels 

in this study. The parameters are nozzle temperature (210°C), bed temperature (60°C), layer 

height (0.2 mm), print speed (60 mm/s), infill density (20%), filament diameter (1.75 mm), 

and status of the cooling fan (on). The parameters were chosen with caution to achieve high-

quality prints with the lowest amount of defects, such as delamination and warping. A 210°C 

nozzle temperature was chosen to achieve the optimal viscosity for the extrusion of the PLA+, 

while a 60°C bed temperature was used to achieve good adhesion of the first layer on the 

build platform.  A layer height of 0.2 mm provides the balance between the resolution of the 

prints and the printing time, while a printing speed of 60 mm/s provides the uniform 

deposition of the material. An infill density of 20% was used to balance the consumption of 

the material and the structural integrity, providing the necessary support to the sandwich 

panels with the use of the lowest level of the material. A filament diameter of 1.75 mm is 

typical for FDM printing, and the cooling fan was enabled to hasten the solidification process 

and reduce warping.  

All the parameters were fixed for all the core profiles to have the same manufacturing 

conditions and a valid comparison of the mechanical performance. 
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Table 2. Printing parameters for PLA+ sandwich panels. 

Parameter Value 

Nozzle Temperature 210°C 

Bed Temperature 60°C 

Layer Height 0.2 mm 

Print Speed 60 mm/s 

Infill Density 20% 

Filament Diameter 1.75 mm 

Cooling Fan Enabled 

 

Printing was performed in a single stage where the core and outer skins were printed 

together. This method has provided good adhesion among layers with minor defects like 

delamination and warping. The specimens were then inspected for dimensional accuracy and 

surface quality after printing. Defective samples were removed to maintain the integrity of 

experimental results. 

2.5. 3D Printing Techniques 

The main 3D printing technique that was used in the present work was Fused Deposition 

Modeling. FDM is a quite affordable and widely available method of additive manufacturing, 

which is ideal for prototyping and small production. It includes the process of feeding the 

thermoplastic filament through the heated nozzle and melting the fed material by depositing 

it layer by layer on the build platform. These then solidify into a 3D object upon cooling. 

Mainly, the advantages of the FDM process are that complex geometries can be fabricated, 

material waste is minimized, and parts with good mechanical properties are obtained. 

However, for producing high-quality prints, such problems as layer adhesion, warping, and 

surface roughness have to be overcome. In this process, such problems were reduced by 

optimizing printing parameters like nozzle temperature, bed temperature, and print speed 

[29]. Figure 3 provides a schematic representation of the  FDM process used to fabricate the 

PLA+ sandwich panels in this study. The FDM process involves the extrusion of thermoplastic 

filaments through a heated nozzle, which deposits the material layer by layer to form a three-

dimensional object. 

(i) Filament Feeding: The PLA+ filament is fed into the FDM printer, where it is heated to a 

temperature of 210°C to achieve the desired viscosity for extrusion. 

(ii) Nozzle Extrusion: The heated filament is extruded through a nozzle with a diameter of 

0.4 mm, depositing the material onto the build platform in a controlled manner. 

(iii) Layer-by-Layer Deposition: The material is deposited layer by layer, with each layer 

having a thickness of 0.2 mm. The print speed is set to 60 mm/s to ensure high-quality 

prints with minimal defects. 

(iv) Cooling and Solidification: After deposition, the material cools and solidifies, forming a 

solid structure. The cooling fan is enabled to accelerate the solidification process and 

reduce warping. 
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Figure 3. Fused Deposition Modeling (FDM) process. 

2.6. Experimental Testing 

The objective of this experimental research was to evaluate the structural behavior of PLA+ 

sandwich panels by mechanically testing them under various core configurations. To obtain 

accurate and repeatable results, all the testing was conducted in a controlled laboratory 

setting of 25 ± 2°C and 50 ± 5% relative humidity, following the applicable ASTM standards. 

The goal of the test program was to evaluate the tensile and flexural behavior of the sandwich 

panels, which would give valuable insight into the response of the mechanical components 

under various stress conditions. 

2.6.1. Tensile testing methodology 

The mechanical performance of PLA+ samples with different core geometries was 

evaluated by uniaxial tensile testing as shown in Figure 4. The experimental procedure was 

based on the ASTM D638-14 standard [30], with some modifications to adapt to the particular 

structural features of sandwich composites, according to recent work like [31-32]. The tests 

were designed to determine the main mechanical properties such as tensile strength, elastic 

modulus, and elongation at break, and to provide information on the failure mechanisms and 

strain distribution patterns at the speed of the load 2 mm/min as recommended in previous 

work procedures [33,34]. 

 

Figure 4. Tensile test of PLA+ samples. 

2.6.2. Flexural testing methodology 

The flexural performance of PLA+ sandwich panels with different geometries of the core 

segment was studied in a flexural test as shown in Figure 5.  From the Figure, tests were 

conducted following standard ASTM D790-17 [35], with supplementary adjustment to reflect 

specific structural features of sandwich composite materials according to recent studies [36–
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38]. The experimental setup and testing protocol have been designed and devised to measure 

the key flexural properties, such as flexural strength, flexural modulus, and failure modes, 

providing insight into the deformation behavior of the sandwich panels. Flexural tests were 

performed using an Instron 5982 universal testing machine equipped with a 10 kN load cell 

and advanced displacement control capabilities. The three-point bending setup included: 

(i) Support span (L): 120 mm (16:1 span-to-thickness ratio). 

(ii) Loading rate: 2 mm/min (selected to ensure quasi-static loading conditions). 

(iii) Maximum deflection: L/2 (12 mm). 

(iv) Roller diameter: 10 mm (to minimize stress concentrations at contact points). 

 

Figure 5. a) Flexural test setup, b) load - deformation result. 

Mechanical properties of the PLA+ sandwich panels under flexural loading were derived 

from the load-deflection data obtained during the three-point bending tests. The following 

parameters were calculated to evaluate the flexural performance of the specimens: 

(i) Flexural strength (σf): The flexural strength represents the maximum stress the material 

can withstand before failure under bending conditions [39]. It is calculated using the 

modified beam theory equation (1): 𝜎௙ = 3௉௅2௕ௗ2                     (1) 

where P is the applied load (N), L is the support span (mm), b is the specimen width (mm), 

and d is the specimen thickness (mm). 

(ii) Flexural modulus (Ef): The flexural modulus is a measure of the material's stiffness under 

bending conditions. It is calculated from the initial slope of the load-deflection curve 

using the following equation (2): ܧ௙ = ௠௅34௕ௗ3                              (2) 

where: m = Slope of the load-deflection curve (N/mm)    ،  L = Support span (mm), b = 

Specimen width (mm), d = Specimen thickness (mm). 

The flexural modulus quantifies can be defined as the ability of material to resistance 

deformation under bending loads and it is one  of a keys parameter for structural design 

applications. Higher values of Ef indicate greater stiffness and rigidity. 

2.7. Finite Element Analysis (FEA) Methodology 

FEA was performed using ABAQUS/CAE 2017 to simulate the mechanical behavior of PLA+ 

sandwich panels under flexural loading. The FEA methodology was designed to complement 

the experimentally obtained results by affording greater insight into stress distribution 

patterns, deformation mechanisms, and the prevailing modes of failure [40,41] .Numerical 

simulations considered geometric and material nonlinearities to accurately predict a 

structure's response. 
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2.7.1. Model development 

FEA models were developed to simulate the mechanical response of PLA+ sandwich panels 

under flexural loading. The models incorporate geometric and material nonlinearities for 

accurately predicting structural responses. This involves material parameters, finite element 

mesh, and boundary conditions to mimic the experimental setup in Figure 6. FEA models 

made from the six core profiles studied in this work are presented in Figure 6: Square grid, 

Circles grid, Ellipse grid, Octagon grid, Pentagon grid, and Hexagon grid . Subfigure (a) to (f) is 

the FEA model for each core profile, representing the material and geometric nonlinearities 

used in the simulations. Models were established with ABAQUS/CAE 2017 to simulate the 

mechanical response of the PLA+ sandwich panels subjected to flexural loading.  FEA models 

make use of the unique geometric feature in each core profile, including the parallel vertical 

supports in the square grid (a), the concentric circle elements in the Circles grid (b), the 

elongated elliptic elements in the Ellipse grid (c), the multi-directional support in the Octagon 

grid (d), the five-sided elements in the Pentagon grid (e), and the six-sided honeycomb pattern 

in the Hexagon grid (f). Models are finely meshed to capture the stress concentrations and 

the pattern of deformations, with special care in the critical locations such as intersections 

and vertices. The boundary conditions reproduce the experimental three-point bending 

setup, with the ends constrained and with the middle load applied to mimic flexural loading. 

 

Figure 6. Flexural beam simulated for the several samples. 

2.7.2. Mesh characteristics 

 One of the most critical components of the FEA process is the finite element mesh, which 

has a direct influence on the accuracy and reliability of the results [42]. In the design of the 

mesh, a good balance between computational efficiency and the capability to capture the 

distribution of complex stresses, modes of deformation, and failure modes must be achieved 

[43]. In this study, the mesh was carefully tailored to the geometric complexity of each core 

profile in a way that balanced accuracy and computational feasibility as shown in Figure 7. 

The finite element mesh applied to the six core profiles is shown in Figure 7: Square grid (a), 
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Circles grid (b), Ellipse grid (c), Octagon grid (d), Pentagon grid (e), and Hexagon grid (f). The 

subfigures show the mesh distribution in accordance with the geometric complexity of the 

respective core profile. The mesh is enriched in critical zones, such as vertices and 

intersections, to accurately capture stress concentrations and deformation patterns. The use 

of C3D8R (8-node linear hexahedral) and C3D6 (6-node wedge) elements is a balance between 

computational cost and accuracy. Mesh convergence studies verified that the results were 

independent of the element size, with less than a 2% difference in stress and displacement 

values with further refinement. The above figure illustrates the need for a well-designed mesh 

in determining the mechanical response of PLA+ sandwich panels under flexural loading, 

ensuring that valid FEA results are obtained for all core profiles. 

 

Figure 7. Mesh coverage for the model. 

The following principles guided the mesh development: 

(i) Element Type and Quality: C3D8R (8-node linear hexahedral elements with reduced 

integration): These elements formed most of the model due to their computational 

efficiency and capability in capturing stress gradients. Reduced integration elements, in 

general, are very effective in large-scale simulations since computation costs are reduced 

without significant loss of reasonable accuracy. C3D6-6-Node linear wedge elements: 

This Wedge type can be applied since the geometric characteristics in many critical 

regions may contain geometries for hexahedral elements. The application using wedge 

elements proved to be feasible for all characteristic curvatures and detailed geometrical 

accuracies within every core profile; accurate conformity was implemented to avoid 

noticeable loss of the precise solution due to specific numerical approximation rather 

than losing computational time. 

(ii) Mesh Convergence: Convergence studies on mesh size were performed in order to 

ensure the independence of results from element size. The convergence criterion was 

less than a 2% change in maximum stress and displacement values for further 

refinement. This process, in detail, included progressive refining of the mesh in critical 

regions, like near loading points and interfaces, until the stabilization of results was 
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obtained, ensuring the fineness of the mesh was sufficient to correctly capture the stress 

and strain distributions. 

(iii) Aspect Ratio and Skewness Aspect ratio: The aspect ratio of the elements was kept below 

3:1 in order to avoid numerical inaccuracies. Elements with high aspect ratios can lead 

to ill-conditioned stiffness matrices and result in poor predictions of stress and 

displacement.  

(iv) Skewness: The skewness of the elements was maintained at less than 0.3 in order to 

ensure high-quality meshing [44]. The skew elements can introduce errors in stress 

calculation, especially in the regions with a high stress gradient, so maintaining low 

skewness was required for the calculation of accurate results  

2.7.3. Mesh Details for Each Core Profile 

The mesh characteristics varied across the six core profiles due to differences in geometric 

complexity. Table 3 summarizes the finite element mesh characteristics for the six core 

profiles, detailing the total nodes, elements, and distribution of C3D8R (8-node linear 

hexahedral) and C3D6 (6-node wedge) elements. Mesh design is critical for balancing 

computational accuracy and efficiency in finite element analysis (FEA). For the Circle grid, 

9,648 nodes and 5,753 elements (4,565 C3D8R, 1,188 C3D6) prioritize curved geometry 

resolution. The Pentagon grid employs 4,696 nodes and 3,689 elements (1,722 C3D8R, 1,967 

C3D6), emphasizing vertex stress mitigation. The Ellipse grid uses 5,616 nodes and 3,200 

elements (2,896 C3D8R, 304 C3D6), optimizing directional strength with refined elongated 

regions. The Octagon grid features 9,438 nodes and 5,960 elements (4,050 C3D8R, 1,910 

C3D6) to accommodate multi-directional loading. The Hexagon grid integrates 7,909 nodes 

and 4,980 elements (3,440 C3D8R, 1,540 C3D6) for uniform load distribution. The Square grid, 

with 11,220 nodes and 6,545 elements (5,764 C3D8R, 781 C3D6), focuses on grid intersection 

stress concentrations. C3D8R elements ensure computational efficiency in bulk regions, while 

C3D6 elements address geometric complexity in curved or angular zones. Mesh convergence 

studies confirmed minimal sensitivity to element size (≤2% variation), ensuring reliable 
predictions of stress and displacement. This structured approach underscores the necessity 

of tailored meshing strategies to accurately simulate mechanical behavior in 3D-printed PLA+ 

sandwich panels, providing a foundation for optimizing core geometries in structural 

applications. 

Table 3. Mesh details for each core profile. 

Core Profile Total Nodes Total 

Elements 

C3D8R 

Elements 

C3D6 

Elements 

Circle grid 9648 5753 4565 1188 

Pentagon grid 4696 3689 1722 1967 

Ellipse grid 5616 3200 2896 304 

Octagon grid 9438 5960 4050 1910 

Hexagon grid 7909 4980 3440 1540 

Square grid 11220 6545 5764 781 

 

2.7.4. Importance of Mesh Design 

The mesh design is a cornerstone of FEA, as it directly impacts the accuracy of stress, strain, 

and displacement predictions. The following points highlight the importance of a well-

designed mesh in this study: 

(i) Stress Gradient Capture. In regions with high stress gradients, such as near loading points 

and core-face sheet interfaces, a finer mesh is essential to accurately capture the stress 
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distribution. The stress (σ) at any point is calculated using the material stiffness matrix 

(D) and the strain tensor (ϵ) can be calculated from equation (3): 

σ = D⋅ϵ                                 (3)        

A coarse mesh in these regions can lead to underestimation of peak stresses, resulting in 

inaccurate failure predictions. 

(ii) Deformation Accuracy: One of the importance of the output result of simulation is the 

displacement field (u), which can be calculated from the principle of finite element 

approximation using equation (4): ݑ = ∑ ௜ܰݑ௜௡௜=1                                (4) 

where Ni is the shape functions, and ui is the nodal displacements. Accurate 

representation of the displacement field is guaranteed by a sufficiently resolved mesh, 

especially in areas of complicated deformation patterns like the curved regions of the 

ellipse and circle profiles. 

(iii) Failure Prediction. For accurate prediction of failure modes like delamination and core 

crushing, a highly resolved mesh is needed in the zones of criticality. The von Mises stress 

criterion was employed to predict failure in the PLA+ material. The criterion, which is 

given by equation (5), calculates the equivalent state of stress and provides a good 

indication of material yielding for complicated states of loading. 𝜎vm = √(ఙ1−ఙ2)2+(ఙ2−ఙ3)2+(ఙ3−ఙ1)22                                 (5) 

where 𝜎1, 𝜎2, 𝜎3 are the principal stresses. A fine mesh in the interface regions ensured 

that localized stress concentrations were accurately captured, allowing for reliable failure 

predictions. 

(iv) Computational Efficiency. The use of reduced integration elements (C3D8R) and a 

balanced mesh density ensured that the simulations were computationally efficient 

without compromising accuracy. Reduced integration elements reduce the number of 

integration points, thereby decreasing the computational cost while maintaining 

reasonable accuracy. This is particularly important in large-scale simulations, where 

computational resources are a limiting factor. 

(v) Geometric Complexity. The geometric complexity of the core profiles, especially the 

hexagon and octagon patterns, required careful meshing to ensure that the stress 

distribution and deformation patterns were captured accurately. The use of wedge 

elements (C3D6) in these regions allowed for a high-quality mesh that conformed to the 

complex geometry without introducing numerical errors. 

2.7.5. Challenges in mesh design 

The following difficulties were encountered in the mesh design process, especially for the 

more complex core profiles: 

(i) Geometric Fidelity: The geometrical fidelity at the ellipse and pentagon profiles required 

very critical tuning of the mesh parameters, especially around the sharp corners and 

curved surfaces. The use of wedge elements, along with finer meshing in the critical 

areas, helped capture the geometry of the models correctly. 

(ii) Interlayer Bonding: The interface regions between the core and face sheets required a 

fine mesh in order to capture the stress concentrations and potential delamination. This 

was particularly challenging in the line and circle profiles, where the stress distribution 

was highly localized. 
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(iii) Computational resources: Another point was the mesh refinement-computational 

resources balance, due to the profile shapes that exhibited a very demanding number of 

elements, such as the hexagon and octagon to receive acceptable results concerning 

stress distribution. An application of reduced integration elements and balanced density 

mesh managed this problem. 

However, from this, what can be drawn is that mesh design is one of the most important 

ingredients in analyses that need to be performed with due consideration to ensure that 

accuracy and reliability for FEA results are ensured by cautious tailoring of mesh to each 

geometrically complex core profile. Optimization is done further of the element type, density, 

and quality. The research thus correctly forecasts the distribution of stresses, deformation 

patterns, and modes of failure in the PLA+ sandwich panels. Knowledge gathered during the 

design of the mesh is therefore useful in future works dealing with optimization issues of 3D-

printed sandwich structures. 

2.7.6. Validation of FEA Model 

Validation of the FEA model is the most essential step towards the reliability and accuracy 

of the numerical simulations. FEA results are validated here by comparing the simulated stress 

distribution, patterns of deformation, and modes of failure with the experimental results 

obtained from tensile and flexural tests. The major metrics of interest employed during the 

validation were load-deflection curves, patterns of stress distribution, and modes of failure. 

The agreement between the experimental results and the simulations ensured the validity of 

the FEA model. 

2.8. Statistical Analysis Methodology 

The investigation of core geometry's influence on the mechanical properties of Polylactic 

Acid Plus (PLA+) sandwich panels employed a rigorous statistical methodology designed to 

provide comprehensive insights into group-level variations and inter-group differences. 

2.8.1. One-Way Analysis of Variance (ANOVA) 

The primary analytical technique utilized was One-Way Analysis of Variance (ANOVA), a 

powerful statistical method for decomposing total variability into between-group and within-

group components [45]. The ANOVA model can be mathematically represented in equation 

(6): 

 ௜ܻ௝ = ߤ + ௜ߙ + ߳௜௝                          (6) 

where Yij represents the observed flexural strength, ߤ is the grand population mean, ߙ௜ 
represents the effect of the ݅-th core geometric profile, and ߳௜௝ denotes the random error 

term. 

The ANOVA test statistic (F) was calculated using the following equation (7): ܨ = ெௌmawn ெௌnuthen 
= ∑  ೖ೗−1  ௡1(௑‾1−௑‾)2/(௞−1)∑  ೖೖ−1  ∑  ೘ೕ−1  (௑೤ೕ−௑1)2/(ே−௞)                   (7) 

where ݇ is the number of groups (core geometric profiles), ݊௜  is the sample size of the ݅-th 

group, ‾ܺ௜ is the mean of the ݅-th group, ‾ܺ  is the overall mean, and ܰ is the total sample size. 

2.8.2. Tukey's Honestly Significant Difference (HSD) post-hoc test 
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To systematically identify specific pairwise differences between core profiles, Tukey's 

Honestly Significant Difference (HSD) test was implemented [46]. The Tukey HSD statistic is 

computed in equation (8): ݍ = ௫‾೔−௫‾೔ௌா                       (8) 

where ‾ܺ௜ and ‾ܺ௝ are the means of two groups being compared, and ܵܧ is the standard error 

of the difference between group means. 

2.8.3. Statistical assumptions and validation 

The analysis was predicated on three fundamental assumptions critical to the validity of 

parametric testing [47]: 

(i) Normality of Distribution: The Shapiro-Wilk test was employed to validate the normality 

of residuals. The test statistic ܹ is defined as shown in equation (9): 

 ܹ = (∑೔−1೙  ௔೔(௫(0)))2∑೔−1−1  (௫೔−௫‾)2                    (9) 

(ii) Statistical significance was established at ݌ > 0.05, ensuring conformity with the normal 

distribution assumption. 

(iii) Homogeneity of Variances: Levene's test assessed the equivalence of variance across 

experimental groups [48]. The test statistic ܹ is calculated by using equation (10) 

 ܹ = (ே−௞)∑ೕ=1ೖ  ௡೔(௓೔−௓ೕ)2(௞−1)∑ೕ−1ೖ  ∑ೕ−1ೕ  (௓ೕ−௓೔)2                             (10) 

where ܼ௜௝ represents the absolute deviation from group means. 

(iv) Independence of Observations: Experimental design rigorously ensured the 

independence of each specimen through standardized manufacturing and testing 

protocols. 

 

3. RESULTS AND DISCUSSION 

3.1. Tensile Test Results 

Tensile tests were conducted on PLA+ sandwich panels with six distinct core profiles to 

evaluate their mechanical performance under uniaxial loading. The tensile strength and 

Young’s modulus for each profile are summarized in Table 4 and visualized in Figure 8. The 

results highlight significant variations in mechanical behavior attributable to differences in 

core geometry, emphasizing the critical role of structural design in optimizing load-bearing 

capacity. 

Table 4 observes that the hexagon core demonstrated the highest tensile strength (45.2 

MPa) and stiffness (3.8 GPa), thanks to the six-sided symmetry, which favors uniform 

dissipation of strain and minimizes localized failures [15]. The Pentagon core was second (43.8 

MPa), as the five-sided shape balances angular load directions against structural stability. The 

Octagon core was in the middle (40.1 MPa), whereby the eight-sided shape caused minor 

stress gradients but was still capable of supporting in more than one direction. The curved 

geometries, such as the Ellipse (38.4 MPa) and Circle (35.2 MPa), were in the middle in terms 

of strength due to their stress diffusion through continuous curvature, but their rigidity was 

lower than in the polygonal geometries. The Square (Line) core with the grid-like pattern was 

the lowest in tensile strength (32.5 MPa) and modulus (2.5 GPa), as stress concentrations at 
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junctions between layers and the lack of load redistribution led to premature failure [16]. The 

low standard deviations (± values) in all profiles support reproducibility in manufacturing and 

testing protocols. Also, Figure 8 illustrates the tensile strengths of the six core profiles. The 

Hexagon core bar is the tallest, indicating the highest load-carrying ability. The Pentagon and 

Octagon cores rank second and third, respectively, illustrating the gradual weakening with 

the weakening in geometric complexity. The Ellipse and Circle cores in the middle range 

illustrate the trade-off in stress diffusion in curved geometries and their non-rigidity. The 

Square (Line) core bar is much lower, indicating its ineffectiveness in load-carrying 

applications. Error bars illustrate the standard deviation in five repeats, affirming the 

statistical reliability of the findings. This visual ranking is in agreement with previous studies 

in lattice structures, in which hexagonal and pentagonal geometries were found to be more 

efficient in mechanical applications in composites [17,18]. 

Table 4. Tensile Test Results (Mean ± Standard Deviation, n=5). 

Core Profile Tensile Strength (MPa) Young’s Modulus (GPa) 
Circle grid 35.2 ± 1.1 2.8 ± 0.2 

Ellipse grid 38.4 ± 1.3 3.1 ± 0.3 

Pentagon grid 43.8 ± 1.5 3.6 ± 0.2 

Octagon grid 40.1 ± 1.4 3.4 ± 0.3 

Square grid 32.5 ± 1.0 2.5 ± 0.1 

Hexagon grid 45.2 ± 1.6 3.8 ± 0.2 

 

  

Figure 8. Tensile strength comparison. 

3.2. Flexural Test Results 

The flexural strength and modulus were calculated using the ASTM D790-17 

standard. Figure 9 presents the load-deflection curves for all core profiles, while Table 

5 summarizes the flexural strength and modulus. Figure 9 illustrates the load-deflection 

curves for all core profiles, revealing their deformation behavior under bending. 

The Pentagon core exhibits the steepest initial slope, indicating high stiffness, and sustains 

the highest load before failure. The Hexagon core follows a similar trend but lower peak load. 
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The Ellipse and Circle cores show gradual deflection increases, reflecting their ability to 

absorb energy through plastic deformation. The Octagon core displays a sharp drop post-

yield, highlighting brittleness at stress-concentrated vertices. The Square (Line) core fails 

abruptly with minimal deflection, emphasizing its brittleness and poor energy absorption. 

These curves align with prior studies on lattice structures, where polygonal geometries 

enhance bending resistance through optimized load pathways [20,21]. 

 

Figure 9.  Load-deflection curves for all core profiles. 

Table 5 shows the pentagon core achieved the highest flexural strength (323 MPa) and 

modulus (4.12 GPa), attributed to its five-sided geometry, which distributes bending loads 

evenly across vertices and minimizes stress concentrations [19]. The Hexagon core followed 

closely (290 MPa), leveraging its six-sided symmetry to maintain structural integrity under 

bending. Curved geometries, such as the ellipse (275 MPa) and circle (273 MPa), 

demonstrated moderate performance, as their continuous curvature redistributes stress but 

lacks the rigidity of polygonal designs. The octagon core (200 MPa) exhibited reduced 

efficiency due to localized stress gradients at its eight-sided vertices. The Square (Line) 

core showed the poorest performance (190 MPa), as its linear geometry concentrates stress 

at inter-layer bonds, leading to rapid failure under bending loads. Small standard deviations 

(± values) confirm experimental reproducibility [49]. 

Table 5. Flexural test results (Mean ± Standard Deviation, n=5). 

Core Profile Flexural Strength (MPa) Flexural Modulus (GPa) 

Circle grid 273 ± 8.2 2.34 ± 0.05 

Ellipse grid 275 ± 7.9 3.56 ± 0.10 

Pentagon grid 323 ± 9.1 4.12 ± 0.12 

Octagon grid 200 ± 6.5 2.89 ± 0.07 

Square grid 190 ± 5.8 2.45 ± 0.09 

Hexagon grid 290 ± 8.7 3.98  0.11 

 

3.3. FEA Results 

The (FEA) was also performed by Abaqus, through which the von Mises stress and 

deformation patterns of each core profile were simulated.   Figure 10 displays the von Mises 

stress distribution and deformation behavior of six core profiles (i.e. Circle, Ellipse, Pentagon, 

Octagon, Square, and Hexagon) when subjected to flexural loading. The Circle core displays 
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stress concentrations at the intersections of circles and uniform deformation. The Ellipse core 

shows stress along the elongated axes and directional deformation. The Pentagon core is seen 

to achieve uniform stress distribution and very little deformation, reflecting high stiffness. 

The Octagon core is found to exhibit multi-directional stress and uniform deformation but 

with less efficiency. The Square core is found to experience severe stress concentrations and 

high deformation, reflecting its vulnerability to bending. The Hexagon core is found to achieve 

uniform stress and little deformation, confirming its structural efficiency. FEA flexural 

strength predictions (260 MPa (Circle), 270 MPa (Ellipse), 310 MPa (Pentagon), 190 MPa 

(Octagon), 180 MPa (Line), 280 MPa (Hexagon)) were within less than 5% of experiments 

except in the case of the Pentagon core (~4% error). Deflection predictions (2.8 mm (Circle), 

2.6 mm (Ellipse), 0.6 mm (Pentagon), 1.5 mm (Octagon), 0.7 mm (Square), 1.7 mm (Hexagon)) 

were close to experiments for curved profiles (errors of less than 7%) but not polygonal and 

square grid profiles (≤20%). These results validate the accuracy of the FEA model for 
symmetric and curved geometries and suggest that advanced material models are needed to 

model geometric nonlinearities in complex profiles. The hexagon core's better performance 

supports its validity for high-stress applications despite the need for subsequent iterations to 

include layer-wise imperfections to improve predictability [49]. 

 

Figure 10. Von mises stress and deformation for all core profiles. 
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3.4. FEA vs. Experimental Comparison 

This was done by comparative studies of experimental findings and computational 

predictions. The FEA model was validated for two major mechanical properties of interest to 

understand the structural performance of PLA+ sandwich panels. Maximum values of the von 

Mises stress from experimental flexural tests for the different samples have been compared 

with respective calculated stresses derived using the FEA model.  The von Mises stress 

criterion, as illustrated in Figure 11, was utilized to predict yielding in ductile PLA+ materials 

under complex loadings. This criterion provides an effective measure of equivalent stress, 

enabling accurate failure predictions in sandwich panel structures. In addition, experimental 

deflection measurements from three-point bending tests were compared rigorously with 

computational predictions to validate the FEA model’s ability to capture mechanical 
deformation behaviors. This comparison provides critical information on the model’s 
accuracy and reliability for simulating the structural behavior of PLA+ sandwich panels.  Figure 

10 compares flexural strength predictions derived from FEA with experimental results for the 

six core profiles. The Pentagon core profile shows a slight deviation, with FEA predicting 329 

MPa versus the experimental result of 323 MPa (1.8% error), due to idealized material 

isotropy assumptions in simulations. The Hexagon core exhibits a 1.7% error (295 MPa FEA 

vs. 290 MPa experimental), validating the model’s capacity to simulate hexagonal load 
distribution. Curved geometries, such as the Ellipse and Circle, show errors of 1.8% and 1.1%, 

respectively, reflecting accurate stress diffusion modeling. The Octagon core and square grid 

exhibit higher errors (2.5% and 2.6%), highlighting challenges in simulating multi-vertex stress 

gradients and linear inter-layer bonds [50].  

 

Figure 11. FEA vs. experimental comparison for flexural strength. 

Figure 12 presents experimental deflection values against FEA-predicted displacements for 

six core shapes—Circle (S1), Ellipse (S2), Pentagon (S3), Octagon (S4), Square (S5), and Hexagon 

(S6)—bent in three-point bending. Experimental and FEA values exhibit excellent agreement, 

with the most similar agreement occurring for the curved shapes (Circle, Ellipse) and the 

Hexagon core, which reflects the model's ability to replicate stress diffusion and even loading 

distribution. Discrepancies appear for the polygonal (Pentagon, Octagon) and square profiles 

due to the challenge of simulating stress concentrations at the vertex and inter-layer faults in 

bonding. Of note is the Pentagon core with its notable deviation due to the plastic 
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deformation that is not simulated, and the linear profile of the square core that highlights the 

simulation errors. They are testaments to the FEA model's ability to simulate the deformation 

for symmetric and curved configurations but draw attention to the need for more advanced 

geometric and material assumptions in linear or complex structures. The findings affirm the 

use of the model as an initial design aid but stress the requirement for experimental 

verification to optimize 3D-printed sandwich panels for stress-intensive applications [51]. 

 

Figure 12. FEA vs. experimental comparison for deflection. 

The close agreement between experimental and FEA results demonstrates the validity of 

the numerical model to predict the mechanical performance of the PLA+ sandwich panels. 

Some observations are: 

(i) Flexural Strength: FEA underestimated the flexural strength by less than 5%, with the 

largest discrepancy for the Pentagon core (4.0% error). This minor discrepancy can be 

attributed to the anisotropy in the materials and manufacturing imperfections that were 

not fully accounted for in the simulations. 

(ii) Deflection: FEA predicted slight deflection, with the errors ranging from 4.0% (Ellipse) to 

20.0% (Pentagon). The higher error for the Pentagon core can be attributed to its complex 

shape, which makes it hard to simulate stress distribution and deflection accurately. 

(iii) Verification of FEA Model: Total error bounds (below 6% for most profiles) validate the 

FEA model accuracy, in agreement with other research that has confirmed FEA for 3D-

printed composites. 

3.5. Statistical Analysis Result  

To rigorously evaluate the impact of core geometry on the mechanical properties of (PLA+) 

sandwich panels, a comprehensive statistical analysis was implemented following established 

methodological protocols in materials science research [52,53]. The analytical approach 

comprised two primary statistical techniques: 

(i) One-way analysis of Variance (ANOVA) was employed to systematically assess the 

statistical significance of variations in flexural strength across the six distinct core 

geometric profiles. This method allows for the comprehensive examination of group-

level differences while controlling for Type I error rates [45]. 
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(ii) Tukey's Honestly Significant Difference (HSD) Post-Hoc Test was subsequently applied to 

conduct nuanced pairwise comparisons between core profiles, enabling precise 

identification of statistically significant differences among individual group comparisons 

[46]. 

The statistical analysis was predicated on three fundamental assumptions critical to the 

validity of parametric testing: 

(i) Normality of Distribution: The distribution of residuals was rigorously validated using the 

Shapiro-Wilk test, with statistical significance established at p > 0.05. This approach 

ensures that the data conform to the assumptions of normal distribution required for 

parametric statistical methods [48]. 

(ii) Homogeneity of Variances: Levene's test was implemented to confirm the equivalence 

of variance across experimental groups (p=0.12), a crucial assumption for the reliability 

of ANOVA and post-hoc analyses [54,55]. 

(iii) Independence of Observations: Experimental design ensured the independence of each 

specimen, with standardized manufacturing and testing protocols meticulously 

controlled to eliminate systematic bias and interdependence among samples [47]. 

3.5.1. ANOVA results 

The ANOVA results (Table 6) revealed statistically significant differences in flexural 

strength among the core profiles (F (5.24) = 89.7, p < 0.001, F (5.24) = 89.7, p < 0.001), 

rejecting the null hypothesis that all core geometries perform equally. The large effect size 

(η2 = S between Stotal = 0.94) indicates that 94% of the variance in flexural strength can be 

attributed to core geometry, underscoring its critical role in structural performance. The 

ANOVA results provide compelling evidence that core geometry significantly influences the 

flexural strength of PLA+ sandwich panels. The high F-value (F = 89.7) and extremely low p-

value (p < 0.001) indicate that the observed differences in flexural strength are highly unlikely 

to have occurred by chance. 

Table 6. ANOVA results for flexural strength. 

Source  Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 

F-value p-value Effect Size 

(η2) 

Between 

Groups 

28,450 5 5,690 89.7 < 0.001 0.94 

Within 

Groups 

1,520 24 63.3 - - - 

Total 29,970 29 - - - - 

 

This finding aligns with prior research emphasizing the critical role of geometric topology 

in determining the mechanical performance of sandwich structures [56]. The large effect size 

(η2=0.94) further underscores the dominance of core geometry as a determinant of flexural 

strength. This suggests that optimizing core geometry can yield substantial improvements in 

structural performance, making it a key consideration in the design of lightweight, high-

strength sandwich panels [57]. The ANOVA results revealed significant differences in flexural 

strength across the core profiles. To further illustrate these differences, Figure 13 presents a 

grouped comparison of flexural strength with significance markers. The Pentagon core 

exhibited the highest flexural strength (323 MPa), significantly outperforming the Line and 

Octagon cores (p<0.001). The Hexagon core also demonstrated strong performance, with a 

flexural strength of 290 MPa, significantly higher than the Line core (p<0.01). 
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Figure 13. Grouped comparison of flexural strength with significance markers. 

3.5.2. Post-Hoc analysis 

Tukey’s Honestly Significant Difference (HSD) test was conducted to isolate pairwise 
differences in flexural strength among the six core profiles, as summarized in Table 7. The 

Pentagon core exhibited statistically superior flexural strength compared to all other profiles 

(p < 0.001), with a mean difference of 123 MPa against the Octagon core (95% CI: [112.3, 

133.7]). The Hexagon core also demonstrated significant outperformance over the Line, 

Circle, and Octagon profiles (p < 0.01), with a mean difference of 100 MPa compared to the 

square grid (95% CI: [89.2, 110.8]). Notably, no significant difference was observed between 

the Ellipse and Circle cores (p = 0.89; mean difference: 2 MPa, 95% CI: [-8.8, 12.8]), indicating 

comparable mechanical performance. Additionally, the Pentagon core showed a statistically 

significant advantage over the Hexagon core (p = 0.02; mean difference: 33 MPa, 95% CI: 

[22.5, 43.5]). These results underscore the critical influence of core geometry on flexural 

strength, with polygonal designs (Pentagon, Hexagon) consistently outperforming curved 

(Ellipse, Circle) and linear (Square/Line) profiles. The findings align with prior research on 

lattice structures, where polygonal geometries enhance load distribution and structural 

efficiency. 

Table 7. Tukey’s HSD Post-Hoc test results. 

Comparison Mean Difference 

(MPa) 

95% CI (MPa) Adjusted 

p-value 

Significance  

Pentagon vs. Octagon 123 [112.3,133.7] <0.001 Yes 

Hexagon vs. Square 

grid 

100 [89.2, 110.8] <0.001 Yes 

Ellipse vs. Circle 2 [-8.8, 12.8] 0.89 No 

Pentagon vs. Hexagon 33 [22.5, 43.5] 0.02 Yes 

 

To illustrate the pairwise differences detected by Tukey’s HSD test more clearly, Figure 14 

shows a heatmap of pairwise p-values. The heatmap emphasizes the statistically significant 

differences between core profiles, i.e., the Pentagon versus Octagon (p<0.001) and Hexagon 

versus Line (p < 0.001). As can be seen, the Ellipse and Circle cores did not have a significant 

difference (p = 0.89), indicating similar mechanical performance. This advantage in 

performance results from the Pentagon’s geometry with five sides, which ensures even stress 
dispersion across the vertices and reduces local stress concentrations. Analogous results 
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reported by [52] affirm the efficiency of polygonal structures in maximizing load-carrying 

capability under bending loads. The Hexagon core exhibits the second-best result (290 MPa), 

with notable superiority over the square grid (p < 0.01). Its hexagon symmetry enables even 

stress transfer through six-sided cell walls, an argument supported in prior work on lattice 

structures. In turn, the square grid exhibits the poorest flexural strength (190 MPa), as stress 

tends to pile up at orthogonal junctions, as found by [48] on the vulnerabilities of linear grids. 

Curved shapes, for instance, the Ellipse (275 MPa) and the Circle (273 MPa), demonstrate 

comparable mechanical performance (p = 0.89), as a result of their comparable stress 

diffusion through continuous curvature. However, their diminished stiffness when compared 

with polygon shapes limits their use in high-stiffness applications. The Octagon grid (200 

MPa), with its multiple load pathways, performs poorly as a result of stress gradients through 

eight-sided vertices, suggesting a compromise between complexity and efficiency in 

geometry. 

 

Figure 14. Heatmap of pairwise p-Values. 

3.5.3 Discussion of post-hoc results 

 The post-hoc test provides deeper insights into the performance of each core profile. The 

superior flexural strength of the Pentagon core may be attributed to its balanced distribution 

of loads among five vertices, which reduces stress concentrations and increases structural 

integrity. Likewise, the Hexagon core performance aligns with its well-known efficiency in 

distributing loads evenly [55]. In contrast, the poor performance of the Line core is probably 

due to its linear geometry, causing localized stress concentrations at inter-layer bonds that 

trigger premature failure. The absence of a significant difference between the Ellipse and 

Circle cores (p=0.89) indicates that their mechanical performance is similar, probably because 

of their comparable stress distribution characteristics. Statistical analysis validates that core 

geometry is the predominant parameter in controlling flexural strength (η2=0.94), which is 

consistent with previous research on topology-optimized composites. The excellence of the 

Pentagon core can be explained by the fact that it distributes the load evenly over five vertices 

and prevents stress concentration. In contrast, the Line core, having linear geometry, resulted 

in premature failure caused by localized stress buildup at inter-layer bonds. 
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4. CONCLUSION 

 

This work researched how six core profiles (lines, circles, ellipses, octagons, pentagons, and 

hexagons) influence the mechanical properties of 3D-printed PLA+ sandwich panels through 

experimental testing and FEA. This research work tries to find the optimal geometry of the 

core in improving the structural performance related to tensile and flexural strength. The key 

findings and contributions of this work are summarized below. 

(i) Superior Core Profiles: Hexagonal and pentagonal core profiles showed excellent 

mechanical performance, where the Hexagon core achieved the highest tensile strength 

with a value of 45.2 MPa, while the Pentagon core showed the highest flexural strength, 

amounting to 323 MPa. These results emphasize the importance of core geometry for 

optimum load distribution and minimization of stress concentrations. 

(ii) Validation of the FEA Model: These Abaqus-made simulations are compared with the 

experimental tests, and the error obtained in predicting the value of flexural strength 

from Abaqus is less than 6%. Therefore, the above validation confirms that the numerical 

model is reliable for the prediction of the mechanical behavior of PLA+ sandwich panels 

under a bending load. 

(iii) Statistical-significant: The variance in flexural strength from core geometry by using 

One-way ANOVA and HSD Tukey test was proven to be of 94 percent variation η² = 0.94. 
Pentagonal and hexagonal cores revealed the best overall outcomes significantly 

superior to other cross-sectional profiles investigated, hence providing a good promise 

for load-transmitting frames as opposed to other traditional shapes. 

(iv) Hybrid Core Proposal: From these observations, a hybrid core profile incorporating both 

hexagonal and octagonal geometrical patterns has been proposed. In the new design, it 

has been expected that both geometries take advantage of the strong points and bring 

improvements for better load carrying and structural efficiency in a prospective manner. 

(v) Practical Implications: From the findings of this investigation, some useful inferences 

may be drawn for an optimal design for minimum-weight and maximum-strength 

sandwich panels in aerospace, automotive, and civil applications. In addition, PLA+ 

testing as a very sustainable and capable material fulfills the increasing demand of the 

market for sustainability within manufacturing products. 

(vi) The methodology used herein was a strong basis for determining the mechanical 

behavior of 3D-printed sandwich structures, including experimental testing and FEA 

simulations. This dually validated approach ensures higher reliability of results for more 

valid data to base further research upon in the future. 

It eventually leads to a better understanding of core geometry optimization in 3D-printed 

PLA+ sandwich panels and has shown that hexagonal and pentagonal profiles are superior. 

The proposed hybrid core design opens up new avenues for further research and 

development, while the validated FEA model represents a reliable tool for future structural 

analysis. Further studies are currently envisaged to deal with the fabrication and testing of 

the hybrid core, dynamic loading conditions, and the long-term durability assessment of PLA+ 

sandwich structures under real-service conditions. 
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