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ABSTRACT

Keywords: Honeycomb structures, Honeycomb structures are extensively used in engineering applications due to their high
FDM, Taguchi optimization, PETG, strength-to-weight ratio, energy absorption capacity, and customizable mechanical behavior.
Mechanical properties However, optimizing their tensile performance remains a significant challenge. This study

systematically investigates the effects of cell size (1.75 mm, 1.5 mm, 1.25 mm) and geometric
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7 orientation (0°, 15°, 30°) on the tensile behavior of 3D-printed PETG honeycomb structures,
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Dept. of Mechanical Engineering fabricated using FDM. Nine different specimens were manufactured and tested following the
78100-Karabilk, Tiirkiye ASTM D638 standard. The optimal configuration was determined using Taguchi’s signal-to-
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 mail: ahmetfatihyilmaz@karabuk edo.tr noise (S/N) ratio analysis, while Analysis of Variance (ANOVA) was conducted for statistical

evaluation. The results indicate that a cell size of 1.25 mm and a 30° orientation provided the
highest fracture force (277.03 N), while the 1,75 mm cell size at 30° exhibited the greatest energy

Corresponding author: absorption (335.59 x 107* J). ANOVA confirmed that cell size significantly influenced tensile
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strength, whereas geometric orientation had a greater impact on energy absorption. This study
contributes to optimizing three-dimensional (3D) printing parameters for enhanced mechanical
performance and provides insights for designing lightweight, high-strength structures in

aerospace and structural applications.

Taguchi Yontemi ile 3B Baskili PETG Bal Petegi
Yapilarinda Cekme Ozelliklerinin Optimizasyonu:
Hiicre Boyutu ve Geometrik Yonelimin Etkisi

Oz

Bal petegi yapilari, yiiksek mukavemet/agirhk orani, enerji soniimleme kapasitesi ve
ozellestirilebilir mekanik davranislar1 nedeniyle miihendislik uygulamalarinda yaygin olarak
kullanilmaktadir. Ancak, ¢ekme dayaniminin optimize edilmesi halen énemli bir aragtirma
konusudur. Bu ¢aligma, hiicre boyutu (1.75 mm, 1.5 mm, 1.25 mm) ve geometrik yonelim (0°,
15°, 30°) degiskenlerinin, EYM yontemiyle iiretilen PETG bal petegi yapilarinin gekme mekanik
ozellikleri tizerindeki etkisini sistematik olarak incelemektedir. Toplamda dokuz farkli numune
tiretilmis ve ASTM D638 standardina uygun olarak test edilmistir. Taguchi sinyal-giiriltii (S/N)
orani analizi ile optimum parametreler belirlenmis, Varyans Analizi (ANOVA) ile istatistiksel
degerlendirme yapilmistir. Sonuglar, 1.25 mm hiicre boyutu ve 30° yonelime sahip yapilarin en
yiksek kirilma kuvvetine (277.03 N) ulastigini, 1.75 mm hiicre boyutu ve 30° yonelimdeki
numunelerin ise en yiiksek enerji soniimleme kapasitesine (335.59 x 107* J) sahip oldugunu
gostermektedir. ANOV A analizleri, hiicre boyutunun ¢ekme dayanimu tizerinde 6nemli bir etkiye
sahip oldugunu, geometrik yonelimin ise enerji soniimleme kapasitesini daha fazla etkiledigini
Anahtar Kelimeler: Bal petegi dogrulamustir. Bu ¢aligma, {i¢ boyutlu (3D) baski parametrelerinin mekanik performans
yapilari, EYM, Taguchi yontemi, acisindan optimize edilmesine katk: saglamakta ve havacilik ile yapisal uygulamalar icin hafif ve
PETG, Mekanik 6zellikler yiiksek dayanimli yapilarin tasarimina yonelik 6nemli bilgiler sunmaktadir.
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1. Introduction

The growing need for lightweight to high strength materials in aerospace, automotive, biomedical, and
structural applications has driven significant interest in honeycomb structures. These structures provide
exceptional mechanical properties such as a high strength to weight ratio, superior energy absorption, and
customizable deformation behavior [1]. Advances in additive manufacturing (AM), especially Fused
Deposition Modeling (FDM), have enabled the precise fabrication of intricate honeycomb geometries using
various thermoplastic materials [2]. Among these, polyethylene terephthalate glycol-modified (PETG) is a
popular choice due to its excellent balance of mechanical performance, durability, and printability [3].
However, the performance of 3D-printed honeycomb structures is highly dependent on cell size, geometric
orientation, and printing parameters, which remain an open field of optimization. Optimizing these
parameters is crucial for ensuring reliable mechanical performance while minimizing material waste and
production time. By employing the Taguchi optimization method, this research seeks to systematically
explore the influence of cell size and geometric orientation on the tensile behavior of PETG honeycomb
structures, thereby providing valuable insights for performance-driven design improvements [4].

A honeycomb structure consists of a periodic arrangement of hollow cells, typically hexagonal, rectangular,
or auxetic in shape, designed to optimize mechanical properties while minimizing material usage [5]. Fused
Deposition Modeling (FDM) is an additive manufacturing technique that extrudes thermoplastic filaments
layer-by-layer to create 3D-printed objects. PETG is a widely used polymer in FDM printing due to its high
impact resistance, ductility, and chemical resistance compared to other common materials such as PLA and
ABS [6]. The Taguchi optimization method is a statistical approach used to determine the most influential
parameters affecting product performance while reducing experimental iterations [7].

Numerous studies have investigated the mechanical behavior of honeycomb structures manufactured using
3D printing. Recent advancements focus on understanding how geometric variations, printing orientation,
and cell design affect mechanical properties, since gaps remain in systematically optimizing these parameters
for tensile performance [8]. Several research efforts have explored the effects of honeycomb geometry and
printing parameters. Studies have found that hexagonal honeycombs offer superior mechanical properties
compared to square or triangular designs due to their higher in-plane stiffness and energy absorption capacity
[9]. Other studies indicate that the orientation of printed layers significantly impacts mechanical strength,
with vertical and diagonal orientations often displaying lower strength due to weak interlayer adhesion [10].
PETG has gained attention as a favorable material due to its higher ductility and impact resistance compared
to PLA and ABS, making it appropriate for high performance applications [11]. The use of optimization
methodologies, including statistical and computational approaches, has shown potential in improving
honeycomb structure performance [12]. Taguchi and response surface methodologies have been applied in
optimizing 3D-printing parameters, particularly for impact and compressive strength [13]. Moreover, several
computational and experimental studies have examined the mechanical performance of honeycomb
structures. Finite Element Analysis (FEA) models have been developed to predict compressive and bending
behavior of different honeycomb cell configurations [14]. Experimental studies have explored the anisotropic
mechanical properties of FDM-printed structures with varying infill densities and orientations [15]. FFT-
based modeling techniques have also been proposed to enhance the predictive accuracy of in plane elastic
properties of honeycomb structures beneath large elastic deformations [16]. Recent advancements in
integrating machine learning and Al-based models have enhanced mechanical prediction accuracy of
honeycomb structures [12]. However, while these studies provide valuable insights, the impact of cell size and
geometric orientation on tensile properties remains underexplored. Moreover, a few studies have employed
robust optimization techniques such as Taguchi methods to fine-tune design parameters for optimal tensile
strength [17]. Despite the extensive research on honeycomb structures and their mechanical properties,
several gaps and limitations persist. Most studies focus on compressive or bending performance, neglecting
tensile properties, which are critical in structural applications [18]. There has been limited investigation on
the combined effects of cell size and geometric orientation in PETG honeycombs [19]. Few studies have
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employed systematic optimization using the Taguchi method for enhancing tensile performance. Challenges
remain in accurately modeling the anisotropic behavior of FDM-printed structures due to interlayer adhesion
issues and print-induced defects [20]. In addition, the thermo-mechanical interactions in honeycomb
materials require further modeling efforts [21]. Recent studies have explored bioinspired functionally graded
honeycomb structures, revealing promising impact resistance properties [22]. Moreover, efforts to enhance
energy absorption capabilities in honeycomb structures are ongoing, especially for corrugated honeycomb
aluminum designs [23]. These limitations highlight the need for an optimized approach to improve the tensile
behavior of PETG honeycomb structures, guiding the development of lightweight to high-strength materials.

This research aims to examine the effect of honeycomb cell size and geometric orientation on the tensile
properties of 3D-printed PETG structures. The research employs the Taguchi optimization method to
determine the most influential parameters for maximizing tensile strength. Furthermore, the study provides
experimental validation and statistical analysis to guide optimal design configurations for PETG honeycomb-
based applications. This investigation is particularly significant for its originality, as it is among few to
investigate the impact and optimization of geometric orientation and cell size on the tensile mechanical
properties of FDM-printed PETG honeycomb structures. Consequently, 9 distinct specimens were fabricated
utilizing 3 different cell sizes (1,25 mm, 1,5 mm, 1.75 mm) and 3 different geometric orientations (0°, 15°, and
30°) through the FDM technique using the same PETG material. The Taguchi method was utilized to optimize
the maximum fracture force and energy absorption by determining the optimum combination of cell size and
geometric orientation. The results were additionally examined utilizing analysis of variance (ANOVA). This
study aimed to address a gap in literature by investigating the tensile properties of honeycomb structures
printed using FDM-printed PETG.

2. Material And Method

2.1. Design of honeycomb structure

The ASTM D638-14 standards employed a dog-bone-shaped specimen with appropriately placed honeycomb
structures within the testing section for the tension test [24]. Specimen dimensions were obtained from a Type
IV model, as shown in Figure 1, and SolidWorks software was chosen to create the computer-aided design

(CAD) shape.
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Figure 1. The geometry of the experimental specimen, based on ASTM D638-14 standards.

The tensile test specimens had a thickness of 0.6 mm (2h and were designed to accommodate 2, 3, and 4
honeycomb unit cells, as illustrated in Figure 2, within the 6 mm width of the test zone in the 0° geometric
orientation. Consequently, cell sizes (c) of 1.75 mm, 1.5 mm, and 1.25 mm were selected based on minimum
and maximum value constraints, considering both design objectives and manufacturability. Additionally,
geometric orientation values of 0°, 15°, and 30° were chosen within the specified range of minimum,
maximum, and average values.
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Figure 1. The unit cell of the honeycomb structure.

These cells were then rotated by 15° and 30° and placed in the test area and then the geometric orientations
of the honeycomb structures were designed using SolidWorks software as shown in Figure 3, resulting in
three distinct plans (0°, 15°, 30°).

Cell Size
g 1.25 mm 1.50 mm 1.75 mm
()

Figure 2. Designs of the test areas of the tensile specimens.

2.2. Manufacturing test specimens

The honeycomb structures were first saved as STL files and then imported into the Ultimaker Cura slicing
software to define the print settings and optimize the arranging of the specimens on the build plate. The
specimens were fabricated using polyethylene terephthalate glycol (PETG) filament with a Creality Ender 3
Pro 3D printer. The study followed the recommended print settings for PETG, specifically a layer height of
0.2 mm, a speed of print is 50 mm/s, a lines infill pattern, and an infill density of 25%. Figure 4 presents images
of the fabricated specimens in the test area.

Cell Size

1.25 mm 1.50 mm 1.75 mm

Geometric Orientation

Figure 3. Images of the test areas of the manufactured tensile specimens.

In accordance with the principles of Design of Experiments (DOE) methodology, a total of nine distinct
specimens were manufactured, as shown in Figure 5. To minimize the influence of random error sources and
variability, three specimens were produced for each sample.
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1.25 mm 1.25 mm 1.50 mm 1.50 mm 1.50 mm 1.75 mm 1.75 mm 1.75 mm
0° |52 0 0° 152 30° 0° 152 30°

Figure 4. 3d printed tensile specimens.

2.3. Tensile Test

The tensile test was accomplished utilizing a Shimadzu Autograph universal testing machine in compliance
with the ASTM D638 standard. The displacement rate was adjusted at 5 mm/min, and the specimens were
subjected to a gradually increasing load until failure. Load and displacement data were systematically recorded
during the experiment and subsequently analyzed to determine the mechanical properties. A representative
tensile test specimen is shown in Figure 6.

Figure 6. A specimen of the tensile test.
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2.3. Optimization

The Taguchi method offers a statistically robust approach that facilitates the identification of optimal
operating conditions while reducing the number of required experiments, thus reducing both the time and
cost associated with experimental investigations [25]. A major advantage of this method is its use of
orthogonal arrays for experimental design, which not only simplifies the planning process but also accounts
for uncontrolled variables commonly referred to as noise factors that contribute to variability.

In this study, a full factorial design was employed, incorporating two factors at three levels each, to
systematically explore their interactions and effects on a specified response variable [26]. The primary factors
influencing force at break and energy absorption were identified as the dimensions and orientations of the
honeycomb structures. Table 1 presents these factors alongside their respective levels.

Table 1. Taguchi L9 orthogonal array.

Factors Levels
Cell size 1.75mm 15mm 1.25mm
Geometric orientation 0° 15¢ 30°

To optimize the experimental design, Taguchi’s L9 orthogonal array was chosen. The experimental setup was
designed using Minitab’s L9 Taguchi orthogonal array, facilitating the generation of main effects plots for the
signal-to-noise (S/N) ratio related to mechanical properties. Given that the primary objective of this study
was to enhance tensile strength specifically, force at break and energy absorption the "larger-is-better"
criterion was applied in accordance with Equation (1).

1 1
S/N = =10logyo [+ 1L, =] (1

3. Results and Discussion

This section analyzes the mechanical performance of three individual honeycomb structures with varying
geometric orientations, as determined through tensile testing. The tensile tests were conducted to evaluate the
force at break and absorbed energy, with each measurement averaged across multiple specimens. The mean
values, along with their standard deviations, are presented in Table 2. The results indicate that the highest
force at break was recorded at 277.03 N in run 9, whereas the lowest value was observed in run 1 at 128.43 N.
Similarly, absorbed energy varied across the samples, with run 3 exhibiting the highest value of 335.59 x 10~*
J and run 5 the lowest at 151.95 x 107° J. Based on these findings, the optimal combination of cell size and
geometric orientation for maximizing both force at break and absorbed energy is 1.25 mm and 30°,
respectively, yielding values of 277.03 x 107> J and 288.47 x 107* . In order to further improve the clarity and
interpretability of the results, descriptive statistical data are presented in Table 2. These data include the
minimum and maximum values, mean values, and standard deviations for each test run.
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Table 2. Results of the tensile test.

Run Cellsize Geometric orientation Force (N) Energy (x10-3J)

1 1.75 mm 0° 128.43 165.64
2 1.75 mm 15° 137.10 200.69
3 1.75 mm 300 164.06 335.59
4 1.50 mm 0° 143.75 272.74
5 1.50 mm 15° 141.66 151.95
6 1.50 mm 30° 146.87 130.26
7 1.25 mm 0° 253.62 220.26
8 1.25 mm 15° 169.732 152.74
9 1.25 mm 30° 277.03 288.47

Figure 7 illustrates the force-displacement curves obtained from tensile tests conducted on specimens with
honeycomb cell orientations of 0°, 15°, and 30°, across three different cell sizes within the test area: 1.75 mm,
1.5 mm, and 1.25 mm. For the 1.75 mm cell size configuration, the 30° orientation exhibited the highest force
resistance, whereas the 0° and 15° orientations demonstrated lower force responses. Notably, the 15°
orientation experienced structural failure at an elongation of approximately 1.68 mm. In the 1.50 mm cell size
configuration, the 30° orientation continued to show the highest force at break. The 0° and 15° orientations
followed trends similar to those observed in the 1.75 mm configuration, displaying a gradual increase in force
until failure; however, in this case, their force values were closer to the 30° orientation. The overall force
capacity in this configuration exceeded that of the 1.75 mm cell size, indicating that increasing the number of
cells enhances the structural strength of the specimen. The 1.25 mm cell size configuration maintained this
trend, with the 30° orientation again exhibiting the highest force resistance, reaching a peak force of
approximately 290 N. This suggests that reducing the cell size results in a structure with greater strength and
stiffness. The 0° and 15° orientations demonstrated comparable behavior, though they exhibited slightly
higher force values prior to yielding compared to the larger cell size configurations.

Figure 8 illustrates the force-displacement curves obtained from tensile tests performed on specimens with
varying geometric orientations of 0°, 15° and 30°. Each graph presents a comparative analysis of three
different cell size configurations: 1.75 mm, 1.50 mm, and 1.25 mm. In the 0° geometric orientation, the
specimen with a 1.25 mm cell size exhibits the highest force capacity, followed by the 1.50 mm and 1.75 mm
configurations, which display similar values. This observation aligns with findings in the existing literature,
which suggest that specimens with smaller cell sizes can endure greater forces before structural failure [23].
The force-displacement curve for the 1.25 mm configuration shows a significant increase in force, indicative
of a stronger material response, whereas the 1.75 mm configuration exhibits a comparatively lower force
resistance. For the 15° geometric orientation, the force capacities of all three cell sizes are closely aligned, in
contrast to the more pronounced differences observed in the 0° and 30° orientations. This behavior is unique
and noteworthy from a structural perspective. Nonetheless, the 1.25 mm cell size configuration continues to
demonstrate the highest force resistance. While the displacement at failure remains consistent across
configurations, it is slightly lower than that observed in the 0° orientation. In the 30° geometric orientation,
the specimen with a 1.25 mm cell size once again exhibits the highest force capacity, followed closely by the
1.75 mm configuration. In contrast, the 1.50 mm cell size displays the lowest force resistance, showing a
significant difference compared to the other configurations. The displacement patterns in this orientation
resemble those observed in the 0° configuration. This suggests that the material maintains its structural
integrity in the 30° orientation almost as effectively as in the 0° orientation.
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Figure 5. Force-displacement curves of tensile specimens containing different cell sizes in the test area (a)
1.75 mm, (b) 1.50 mm and (c) 1.25 mm.
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Figure 6. Force-displacement curves of tensile specimens containing different geometric orientations in the
test area (a) 0°, (b) 15° and (c) 30°.

Table 3 shows that the influence of cell size and geometric orientation of the honeycomb structure on force
at break and absorbed energy. As seen in the table, while cell size is 69.53% on force at break, it’s only 9.38%
on absorbed energy. And also, for geometric orientation, there is reverse contribution on force at break and
absorbed energy. Geometric orientation effect is 14.03% whereas it is significantly higher than in absorbed
energy as 25.68%. Most models with P-values above 0.05 are worthless, but a component with a P-value below
0.05 definitely influenced the final model [27,28]. The P-values are below 0.05 only on the effect of cell size
on force at break within four values as indicated in Table 3. The cell size of the honeycomb structure has a P
value higher than 0.05 for absorbed energy. However geometric orientation of the honeycomb structure has
a P-value higher than 0.05 both on force at break and absorbed energy. As with different porous structures
[29], for honeycomb structure, cell size is an important determinant for the force at break. Additionally, a
computational technique for model validation has made use of the coefficient of determination R2. A strong
correlation between experimental results and model predictions is indicated by R2 values near to 1 [30]. The
fact that the P values for both cell size and geometric orientation exceed 0.05, combined with the R* value
remaining at approximately 35%, indicates a weak predictive relationship. Since this R? value is significantly
lower than the generally accepted threshold of 85%, it suggests that these parameters do not provide a reliable
basis for accurately estimating the absorbed energy of honeycomb cells printed using the FDM method with
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PETG. Table 3 shows that the model's accuracy is indicated by the R2 values for force at break (83.56%) and
absorbed energy (35.06%).

Table 3. ANOVA for force at break and absorbed energy.

Source Force at break Absorbed energy

DF Contribution P-value DF Contribution P-value
Cell size 2 69.53% 0.037 2 9.38% 0.763
Geometric orientation 2 14.03% 0.291 2 25.68% 0.514
Error 4 16.44% 4 64.94%
Total 8 100% 8 100%
R2 83.56% 35.06%

Figure 9 presents two main effects plots illustrating the impact of cell size and shape orientation on signal-to-
noise (S/N) ratios for specific performance metrics. In S/N ratio figures, the highest S/N ratio results in the
most optimal settings for operational parameters. In subplot (a), the plot shows S/N ratios for force at break,
with distinct trends for each factor. For cell size, the S/N ratio increases as cell size decreases, suggesting that
a smaller cell size positively influences the force at break, enhancing the system's robustness to noise.
Regarding geometric orientation, a significant variation is observed. An orientation of 15° results in a
reduction in the S/N ratio, while orientations of 0° and 30° yield higher ratios, with 30° achieving the highest
value. This trend implies that aligning shape orientation to 30° could help optimize force at break. Subplot (b)
displays the mean values for absorbed energy across the same factor levels. For cell size, a significant variation
is observed again. An orientation of 1.50 mm results in a reduction in the S/N ratio, while orientations of 1.75
and 1.25 mm yield higher ratios, with 1.75 mm achieving the highest value. For geometric orientation, the
relationship is again non-linear like cell size. An orientation of 15° leads to notably lower means absorbed
energy, whereas an orientation of 30° yields the highest mean value. This observation is consistent with the
literature, demonstrating that geometric orientation significantly influences energy absorption capacity
[31,32].

Main Effects Plot for SN ratios Main Effects Plot for SN ratios
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Figure 7. S/N ratios of factor levels for (a) force at break and (b) absorbed energy.

4. Conclusions

This study examines the tensile mechanical characteristics of honeycomb structures manufactured with
varying cell sizes and geometric orientations, comparing them to specimens fabricated through FDM method
using PETG material. The objective of the research was to identify the cell sizes and geometric orientations
that yield the highest fracture force and energy absorption. During the production process, configurations
with cell sizes of 1.75 mm, 1.5 mm, and 1.25 mm, as well as geometric orientations of 0°, 15°, and 30°, were
evaluated. The findings are summarized as follows:
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e  The highest fracture force (277.03 N) was achieved with a 1.25 mm cell size and a 30° geometric
orientation, while the highest energy absorption (335.59 J) was observed in 1.75 mm cell size and a
30° orientation.

e The lowest fracture force (128.43 N) was recorded for the 1.75 mm cell size at a 0° orientation,
whereas the lowest energy absorption (151.95 J) was measured in the 1.50 mm cell size at a 15°
orientation.

o  Cell size accounted for 69.53% of the variation in fracture force, while geometric orientation
contributed 25.68% to energy absorption.

e The influence of cell size on both fracture force and energy absorption was greater than geometric
orientation.

A systematic evaluation of these parameters enables the advancement and optimization of engineering
systems that incorporate honeycomb-structured materials for enhanced performance. The findings from this
study hold significant potential for applications in aerospace manufacturing, medical device development,
protective equipment, and various other industries where high force resistance, energy absorption,
adaptability, and mechanical durability are critical.

This study provides valuable insights; however, it is limited by the specific material, manufacturing
parameters, and testing conditions. Future research could expand on these findings by exploring additional
variables and employing computational methods to enhance applicability and robustness.
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