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ABSTRACT

Auxetic structures are characterized by their unique mechanical property of exhibiting a
negative Poisson's ratio, which means they expand laterally when stretched and contract
laterally when compressed, contrary to conventional materials. This distinctive behavior
enables auxetic materials to possess enhanced mechanical properties such as improved
energy absorption, shear resistance, and indentation resistance. This study is of special
novelty as it is one of the few investigations examining the effect and optimization of
shape orientation and cell size on tensile mechanical properties. For this reason, a total of
nine different specimens were produced using three different cell sizes (3 mm, 2 mm, 1.5
mm) and three different shape orientations (0°, 45°, 90°) using a masked stereolithography
(MSLA) printer, and their tension mechanical properties were investigated. The best cell
size and shape orientation were determined by Taguchi's maximum signal-to-noise ratio
(S/N) analysis, and the data was analyzed with the Analysis of Variance (ANOVA) test.
Specifically, a cell size of 1.5 mm and a shape orientation of 90° delivered the best
performance, with a maximum fracture force of 348.44 N and energy absorption of 224.91
J. This research contributes to optimizing 3D printing for improved mechanical
performance and to the field of additive manufacturing.

Cekme Performansi icin 3B Baskili Auxetic Yapilarin Optimizasyonu: Hiicre
Boyutu ve Sekil Yonelimi Uzerine Taguchi Yonteminin Uygulamasi
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OZET

Auxetic yapilar, negatif Poisson orani sergileyen benzersiz mekanik oOzellikleriyle
karakterize edilir; bu, geleneksel malzemelerin aksine, gerildiklerinde yanal olarak
genisledikleri ve sikigtirildiklarinda yanal olarak biiziildiikleri anlamina gelir. Bu ayirt
edici davranig, auxetic malzemelerin gelismis enerji emilimi, kayma direnci ve ¢entik
direnci gibi gelismis mekanik Ozelliklere sahip olmasini saglar. Bu c¢aligma, sekil
yoneliminin ve hiicre boyutunun g¢ekme mekanik o&zellikleri {izerindeki etkisini ve
optimizasyonunu inceleyen az sayidaki aragtirmadan biri olmasi nedeniyle 6zel bir yenilik
tagimaktadir. Bu nedenle, maskeli stereolitografi (MSLA) yazicist kullanilarak ti¢ farkl
hiicre boyutu (3 mm, 2 mm, 1.5 mm) ve ii¢ farkli sekil oryantasyonu (0°, 45°, 90°)
kullanilarak toplam dokuz farkli numune iiretilmis ve bunlarin gerilme mekanik 6zellikleri
incelenmigtir. En iyi hiicre boyutu ve sekil yonelimi Taguchi'nin maksimum sinyal -giiriiltii
orani (S/N) analizi ile belirlenmis ve veriler Varyans Analizi (ANOVA) testi ile analiz
edilmistir. Ozellikle, 1.5 mm'lik bir hiicre boyutu ve 90°lik bir sekil yoneliminin, 348.44
N'lik maksimum kirilma kuvveti ve 224.91 J'lik enerji emilimi ile en iyi performansi
sagladigr bulunmustur. Bu arastirma, gelismis mekanik performans i¢in 3B baskinin
optimizasyonuna ve eklemeli imalat alanina katkida bulunmaktadir.

1. INTRODUCTION (GIRiS)

Auxetic structures constitute an attractive category of materials defined by their outstanding
mechanical properties, especially the negative Poisson's ratio, providing lateral expansion upon
tensile deformation. This unusual behavior significantly contrasts with ordinary materials, which
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contract laterally under tensile stress. The investigation of auxetic structures has attracted
considerable attention in recent years, propelled by their potential uses in diverse domains, such as
biomedical engineering, aircraft, lightweight structural elements, and protective equipment. The
capacity of these materials to efficiently absorb energy and their superior mechanical properties,
including increased shear and indentation resistance, make them especially attractive for new design
solutions in engineering and materials science [1,2]. Due to their potential applications in medicinal
devices, protective gear, and aerospace components that require energy absorption and impact
resistance, auxetic materials have gained popularity [3]. Auxetic materials are ideal for sporting
equipment because they can dissipate energy and adapt to body movements, thus improving
comfort and safety [4]. Auxetic structures also have the potential to enhance the design of implants
and prostheses in biomedical applications by mimicking the mechanical behavior of biological
tissues [5]. In addition, their distinctive deformation mechanisms contributed to research into their
potential applications in crashworthiness and protective gear, where energy absorption is essential
[6,7].

The development of additive manufacturing has transformed the fabrication of auxetic structures.
This novel method facilitates the production of intricate geometry that conventional manufacturing
techniques find challenging to accomplish. Additive manufacturing methods, especially 3D
printing, facilitate precise regulation of material characteristics and geometric configurations, thus
improving the functionality of auxetic structures [8-10]. Research has shown the effective 3D
printing of polymer-based auxetic structures by methods like Masked Stereolithography Apparatus
(MSLA), enabling significant design flexibility and facilitating mass production [11,12]. The
integration of new materials, including carbon fiber-reinforced polymers, into the additive printing
process has significantly boosted the mechanical properties of auxetic structures, leading to
improved strength and durability [13]. Furthermore, the incorporation of soft materials in 3D
printing has facilitated the development of auxetic structures with enhanced energy absorption
properties, rendering them suitable for impact protection applications [14].

The cell size and shape orientation of auxetic structures play a crucial role in influencing their
mechanical characteristics. Auxetic materials demonstrate distinctive deformation characteristics
significantly affected by the geometric design of their unit cells. The configuration of these cells,
related to their dimensions and alignment, may greatly impact the structural integrity, energy
absorption capability, and rigidity of the auxetic structures [15,16]. Smaller unit cells can improve
the mechanical performance of auxetic materials by increasing the surface area and facilitating
more complex designs that maximize load distribution during deformation [15,16]. The orientation
of cells in an auxetic structure also influences its mechanical properties. Various orientations can
result in differences in stiffness and energy absorption properties, as the load-bearing capacities of
the cells change according to their alignment [17]. Studies demonstrate that the configuration of
cells can affect the material's overall response to stress, with specific arrangements yielding
enhanced performance in applications like impact resistance and cushioning [14,18].

The enhancement of tensile mechanical properties in 3D printing has emerged as a key area of
research, especially with the rising need for high-performance materials in many industries. The
Taguchi technique is a popular statistical tool used for experimental design and optimization. This
method is an effective tool for examining the effect of multiple factors and evaluates the level of
improvement of target performance through S/N ratio analysis. It enables researchers to
systematically assess the impact of various process factors on the mechanical properties of 3D
printed components, which enables the identification of optimal conditions that improve tensile
strength and elongation [19,20]. The Taguchi approach employs orthogonal arrays to reduce the
number of experiments necessary while enhancing the information obtained, rendering it both
economical and efficient [21]. This method is particularly beneficial in additive manufacturing,
where parameters such as layer thickness, infill density, and printing speed significantly affect the
tensile strength and overall performance of printed components [22,23]. By employing the Taguchi
method, researchers can identify optimal combinations of these parameters, leading to enhanced
mechanical properties while minimizing the number of experimental trials required [24,25]. In
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addition to process parameters, the geometric characteristics of the printed structures, specifically
cell size and shape orientation, play a pivotal role in determining the mechanical behavior of auxetic
materials. Auxetic structures are notably flexible to the configuration and dimensions of their unit
cells. Research indicates that variations in cell size might result in substantial variances in tensile
strength and energy absorption capability [16].

This investigation is particularly significant for its originality, as it is one of the few to
investigate the impact and optimization of shape orientation and cell size on the tensile mechanical
properties of re-entrant auxetic structures, which are often the subject of research [26,27] due to
their simplicity, mechanical performance and versatility. Consequently, 9 distinct specimens were
fabricated utilizing 3 different cell sizes (3 mm, 2 mm, 1.5 mm) and 3 different shape orientations
(0°, 45°, and 90°) through the MSLA technique using the same ABS material. The Taguchi method
was utilized to optimize the maximum fracture force and energy absorption by determining the
optimum combination of cell size and shape orientation. The results were additionally examined
utilizing analysis of variance (ANOVA). This study aimed to address a gap in the literature by
investigating the tensile properties of re-entrant auxetic structures printed using MSLA 3D printing.

2. MATERIAL AND METHOD (MATERYAL VE YONTEM)
2.1. Design of Re-Entrant Auxetic Structure

The ASTM D638-14 standards employed a dog-bone-shaped specimen with appropriately placed
re-entrant auxetic structures within the testing section for the tension test. Specimen dimensions
were obtained from a Type IV model, as illustrated in Figure 1, and Solidworks software was
employed to generate the computer-aided design (CAD) shape.

19 mm

6 mm

33 mm 3.2 mm

115 mm

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

The tensile test specimens were 0.6 mm thick (t) and were designed to fit 2, 3 and 4 of the re-
entrant auxetic unit cells shown in Figure 2 in the 0° shape orientation within the 6 mm width of the
test zone. Therefore, cell sizes (hy) of 3 mm, 2 mm, 1.5 mm were determined within minimum and
maximum value constraints, taking into account design objectives and manufacturability. Shape
orientation values (0°, 45°, 90°) were also chosen within the maximum, minimum and average
values.

/2

| .

Figure 2. The unit cell of the auxetic structure (Auxetic yapinin birim hiicresi)
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These cells were then rotated by 45° and 90° and placed in the test area and then the shape
orientations of the re-entrant auxetic structures were designed using SolidWorks software as shown
in Figure 3, resulting in three distinct plans (0°, 45°, 90°).

Cell Size
3mm 2mm 1.5mm
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Figure 3. Designs of the test areas of the tensile specimens.
2.2. Printing of The Test Specimens (Test Numunelerinin Basilmasi)

Following the re-entrant auxetic structures were saved as STL files, they were imported into the
Photon Workshop slicing software developed by Anycubic to establish the print settings and the
position of the specimens on the build plate. The re-entrant auxetic specimens were fabricated
utilizing acrylonitrile butadiene styrene (ABS)-like resin and the Anycubic Photon Mono M3
MSLA 3D printer. The study employed the suggested print settings for ABS resin specially 0.05
mm layer thickness and 4 s exposure time. Figure 4 displays the images of the fabricated specimens
in the test area.
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Figure 4. Images of the test areas of the manufactured tensile specimens (Uretilen gekme numunelerinin test alanlarinin
gorintiileri)

Employing criteria from the design of experiment (DOE) method, 9 distinct specimens, as shown
in Figure 5, were produced, with 3 specimens provided for each sample to reduce the impact of
random error sources and variability. The Anycubic wash & cure 2.0 equipment was employed to
conduct a final curing procedure that lasted 40 minutes in order to improve the mechanical
properties of the produced samples.
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3 mm-0° 3 mm-45° 3 mm-90° 2 mm-0° 2 mm-45° 2 mm-90° 1.5mm-0° 1.5mm-45° 1.5 mm-90°
Figure 5. A manufactured sample of tensile specimens (Cekme numunelerinin iiretilmis bir 6rnegi)

2.3. Tension Test (Cekme Testi)

The tensile test was conducted using a Shimadzu Autograph universal testing machine, following
the guidelines outlined in ASTM standards D638. The displacement rate was recorded at 5 mm/min
and the specimens were subjected to a progressively increasing load until failure occurred. The load
and displacement data were recorded in the experimental setup and later used to determine the
mechanical properties. A specimen of the tensile test is shown in Figure 6.

Figure 6. A specimen of the tensile test (Cekme deneyinden bir numune)
2.4. Optimization (Optimizasyon)

The Taguchi method provides a statistically robust approach, enabling researchers to identify
optimal operating conditions while minimizing the number of experiments, thereby reducing both
the time and costs associated with experimental processes. An advantage of the Taguchi method is
its use of orthogonal arrays for experimental design, which simplifies the planning process while
also acknowledging the limitations in controlling all variables that contribute to variability, often
referred to as noise factors. This research employed a full factorial design with two factors, each at
three levels, to systematically and comprehensively examine the potential interactions and effects of
these factors on a specified response or output utilizing the Taguchi method. Factors believed to
influence force at break and energy absorption include the dimensions and orientations of the re-
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entrant auxetic structures. Table 1 illustrates the factors considered along with their respective
levels.

Table 1. Taguchi L9 orthogonal array (Taguchi L9 ortogonal dizi)

Factors Levels
Cell size 3mm 2mm 15mm
Shape orientation 0° 45° 90°

The study employed Taguchi's L9 orthogonal array for experimental design optimization.
Minitab's L9 Taguchi orthogonal array was employed to create main effects plots for the signal-to-
noise (S/N) ratio related to mechanical properties. Given that the objective of this study was to
enhance tensile strength, specifically the force at break and energy absorption, the "larger is better"
criterion was selected using Equation (1).

1 1
S/N = ~101ogo [ X1, o] (1)

3. RESULTS AND DISCUSSION (SONUCLAR VE TARTISMA)

This section presents and evaluates the mechanical response derived from tensile tests of three
cell sized re-entrant auxetic structures with different shape orientations. Tensile tests were used to
determine the force at break and absorbed energy. Each measurement was averaged over the
repeated specimens, and the mean findings with standard deviations are shown in Table 2. Force at
break peaks at 348.44 N for run 9 and drop to 57.81 N for run 2. Similarly, run 9 and run 2 had the
highest (224.91x107 J) and lowest absorbed energy (17.06x107 J), respectively. According to these
findings, the optimal cell size and shape orientation for both force at break and absorbed energy are
1.5 mm and 90°, respectively. In order to enhance the clarity of these findings, descriptive statistics
are presented in Table 2. This table presents the minimum and maximum values as well as the mean
values and standard deviations for each run.

Table 2. Results of the tensile test (Cekme testi sonuglar)

Run Cellsize Shape orientation Force £ SD (N) Energy + SD (x107°J)

1 3mm 0° 96.87+5.62 53.01+3.21
2 3 mm 45° 57.81+3.88 17.06=1.54
3 3 mm 90° 176.56+16.05 73.84+4.27
4 2 mm 0° 142.19+14.31 57.7243.98
5 2 mm 45° 103.12+8.09 48.62+3.60
6 2 mm 90° 325.00+27.54 181.92+19.97
7  15mm 0° 170.31+14.33 71.26+4.62
8 1.5mm 45° 137.50+8.46 59.70+3.74
9 1.5 mm 90° 348.44+31.18 224.91+10.98

Figure 7 shows the force-displacement curves for tensile tests on specimens containing re-entrant
auxetic cells oriented at 0°, 45°, and 90°, with different cell sizes in the test area: 3 mm, 2 mm, and
1.5 mm. In the 3 mm cell size configuration, the 90° orientation shows the highest force resistance.
The 0° and 45° orientations show lower force responses, while the 45° orientation shows a failure
of about 0.6 mm elongation. In the 2 mm cell size configuration, the 90° orientation continues to
demonstrate the highest force at break. The 0° and 45° orientations follow similar trends as
observed in the 3 mm cell size case, with gradual force increases up to the failure point. The overall
force capacity is higher than that of the 3 mm cell size configuration, suggesting that increasing the
number of cells enhances the specimen's structural strength. The 1.5 mm cell size configuration
maintains this pattern, with the 90° orientation again showing the greatest force resistance and
achieving a peak force of around 350 N. This indicates that decreasing the cell size results in a
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stronger and stiffer structure. The 0° and 45° orientations exhibit similar behavior, with slightly
higher force values prior to yielding compared to previous configurations.

180 3 mm cell size 2 mm cell size

Force (N)

0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 1.2
Displacement (mm) Displacement (mm)

@ (b)

1.5 mm cell size

0 05 1 15
Displacement (mm)

(©

Figure 7. Force-displacement curves of tensile specimens containing different cell sizes in the test area (a) 3 mm, (b) 2
mm and (c) 1.5 mm.

Figure 8 presents the force-displacement curves from tensile tests conducted on specimens with
different shape orientations: 0°, 45°, and 90°. Each graph compares three configurations with cel
sizes 3 mm, 2 mm and 1.5 mm, respectively. In the 0° shape orientation, the specimen with a 1.5
mm cell size exhibits the highest force value, followed by the 2 mm and 3 mm cell size
configurations. This observation is supported by the literature, which suggests that specimens with
smaller cell sizes are able to withstand larger forces before failure [28]. The 1.5 mm cell size
configuration shows a steep increase in force, indicating stronger material response, while the 3 mm
cell size configuration demonstrates a comparatively lower force capacity. For the 45° shape
orientation, the force capacity decreases across all configurations compared to the 0° shape
orientation. However, the 1.5 mm cell size configuration still withstands the highest force. The
displacement at failure is similar among configurations but slightly reduced relative to the 0° shape
orientation. In the 90° shape orientation, the specimen with a 1.5 mm cell size once again
demonstrates the highest force, while the 3 mm cell size specimen shows the lowest. The
displacement patterns resemble those in the 0° shape orientation, suggesting that the material
maintains its strength in the 90° shape orientation nearly as effectively as in the 0° orientation.
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Figure 8. Force-displacement curves of tensile specimens containing different shape orientations in the test area (a) 0°,
(b) 45° and (c) 90°.

Table 3 shows that the influence of shape orientation of the re-entrant auxetic structure on force
at break and absorbed energy is 70.88% and 64.66%, respectively which was significantly higher
than cell size on force at break (23.62%) and absorbed energy (20.80%). 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 [29,30]. The P-values for the linear coefficients of shape orientation of the re-entrant auxetic
structures for force at break and absorbed energy are less than 0.05, as shown in Table 3. However,
the cell size of the re-entrant auxetic structure has a P-value lower than 0.05 for force at break and a
higher P-value for absorbed energy. As with different porous structures [31], for the re-entrant
auxetic structure, shape orientation is an important determinant for both the force at break and
energy absorption. Conversely, it may be inferred that the cell size of the re-entrant auxetic
structure is more significant for the force at break than for the absorbed energy. This result is
consistent with the findings in Figure 7 and Figure 8. Additionally, a numerical technique for model
validation has made use of the coefficient of determination R A high level of agreement between
experimental and model findings is indicated by R? values near to 1 [32]. Table 3 shows that the
model's accuracy is indicated by the R? values for force at break (94.49%) and absorbed energy
(85.47%).

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 23.62% 0.036 2 20.80% 0.169
Shape orientation 2 70.88% 0.005 2 64.66% 0.034
Error 4 5.51% 4 14.53%
Total 8 100% 8 100%
R? 94.49% 85.47%

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 levels for running parameters. In subplot (a), the plot shows
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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 shape orientation, a significant
variation is observed. An orientation of 45° results in a reduction in the S/N ratio, while orientations
of 0° and 90° yield higher ratios, with 90° achieving the highest value. This trend implies that
aligning shape orientation to 90° could help optimize force at break. Subplot (b) displays the mean
values for absorbed energy across the same factor levels. For cell size, the mean absorbed energy
increases with smaller cell sizes, mirroring the trend seen for force at break. For shape orientation,
the relationship is non-linear. An orientation of 45° leads to notably lower mean absorbed energy,
whereas an orientation of 90° yields the highest mean value. This observation is consistent with the
literature, demonstrating that shape orientation significantly influences energy absorption capacity
[33].

Main Effects Plot for SN ratios Main Effects Plot for SN ratios
Data Means Data Means

Cell size Shape orientation Cellsize Shape orientation

48

46 .

ean of SN ratios
ean of SN ratios
&
]

M.
M.

.
42 34

40 - .

@ - )

Figure 9. S/N ratios of factor levels for (a) force at break and (b) absorbed energy.
4. CONCLUSIONS (SONUCLAR)

In this study, tensile mechanical properties of re-entrant auxetic structures produced using
different cell sizes and shape orientations were compared with specimens produced in MSLA using
commercially available ABS resin. The aim of the research was to determine the cell sizes and
shape orientations of re-entrant auxetic structures that provide the highest fracture force and energy
absorption. During the production process, configurations with 3 mm, 2 mm and 1.5 mm cell sizes
and 0°, 45° and 90° shape orientations were evaluated. The results are summarized in the following:

e 1.5 mm cell size and 90° shape orientation provided the highest fracture force (348.44 N)
and energy absorption (224.91 J).

e The lowest fracture force (57.81 N) and energy absorption (17.06 J) were observed in 3
mm cell size and 45° shape orientation.

e Shape orientation had 70.88% and 64.66% effect on fracture force and energy,
respectively.

e The effect of cell size on force and energy was lower than shape orientation.

By systematically assessing these features, the development and refinement of engineering
systems utilizing auxetic materials for improved performance can be accomplished. Findings in this
field can offer significant advantages in the production of aerospace components, medical devices,
protective equipment and other devices, especially high energy absorption, adaptability and
mechanical robustness.
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