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Abstract

In this study, sixteen models are designed with reentrant honeycomb geometry with
different angles. Using the finite element method (FEM), a displacement on the
horizontal axis is applied to the designed models and the vertical displacement values
resulting from the applied horizontal displacement are determined and compared.
Accordingly, with a horizontal displacement of 2 mm, the ratio of vertical strain to
horizontal strain is found to be 2.51%, which is the highest, and 2.01%, which is the
lowest. It is observed that the equivalent stresses increase with increasing angles in the
design.

Keywords: Metamaterials, geometrical design, auxetics, flexibility, finite element
method.

Hibrit girintili 6kzetik yapilarin en-boy orani karsilastirma analizi

Oz

Bu ¢alismada, farklh acilara sahip girintili okzetik geometrisine sahip on alti model
tasarlanmistir.  Sonlu elemanlar yontemi kullanilarak, tasarlanan modellere yatay
eksende 2 mm yer degistirme uygulanmis ve uygulanan yatay yer degistirmeden
kaynaklanan diisey yer degistirme degerleri belirlenerek karsilastirilmistir. Buna gore,
2 mm yatay yer degistirmede, diisey gerinim/yatay gerinim orani en yiiksek %2.51, en
diistik %2.01 olarak bulunmustur. Ayrica, modelde olusan karsilastirmali gerilmelerin,
tasarimdaki artan agilarla birlikte arttigi da gozlemlenmistir.

Anahtar kelimeler: Meta-malzemeler, geometrik tasarim, okzetikler, esneklik, sonlu
eleman metodu.
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1. Introduction

Auxetic structures have extremely superior engineering properties compared to structures
made of traditional materials. The most important of these superior properties is that as
the length increases, the cross-section widens, as the length decreases, the cross-section
narrows. Much research has focused on auxetic structures, i.e. cellular structures with a
negative Poisson's ratio. The ratio of longitudinal strain to transverse strain under an
applied load is called Poisson's ratio. In most cases, a structure with a positive Poisson's
ratio shrinks in the transverse loading direction and expands in the tensile loading
direction. Conversely, the structure is considered auxetic or with a negative Poisson's
ratio if it expands laterally instead of contracting. When comparing auxetic materials
with negative Poisson's ratio to conventional materials with positive Poisson's ratio, it
exhibits various mechanical properties such as: improved fracture toughness, increased
transverse shear modulus, resistance to in-plane indentation, high wear resistance,
dynamic qualities including high impact resistance and shaft damping performance [1-3].
In order to examine the shape changes and stresses in auxetic structures, compressive
forces [4] and bending moments [5] are applied numerically; upon examining the free
vibration analysis [6,7] and acoustic behavior [8], various mechanical analyzes are also
applied numerically and the results are discussed. Along with the numerical studies
applied to auxetic structures, experimental studies are also carried out and the results
obtained are presented comparatively, in a good agreement [9-13]. Sahu et al. [12]
investigated the energy absorption properties of these structures numerically and
experimentally depending on the change of cell parameters in the auxetic structure by
using honeycomb sandwich structures fabricated with two different thermoplastic
elastomers. It has been confirmed both experimentally and numerically that nylon
honeycomb cores with cell size diversity have better energy absorption properties. At the
same time, experimental results indicate that the hardness effect also gives positive
results. In another study by Valle et al. [14], the orthotropic behavior of Auxetic
structures was compared experimentally to analytical solutions using Timoshenko beam
theory.

The mechanical properties exhibited by auxetic structures; their physical behavior is also
investigated. For instance, Shan et al. [15] have developed different structures for
architectural materials that can absorb elastic energy and fully close under the influence
of compressive forces. They examined the tendency for the change in the cross-section
to be completely closed during the displacement applied in the direction of compression.
Also, it is seen that various applications and research have been carried out on the self-
folding of complex origami-inspired structures from flat shapes [16-19]. In another study,
Wang et al. [20] examined the deformations occurring in axial and rotational directions
based on the fishbone model. They explained the formation of polarity through various
numerical and experimental studies they performed on the model they created with hard
and soft surfaces.

In addition to the different geometries used to create auxetic structures, such structures
have been created using sinusoidal curves and various studies have been carried out on
these structures numerically [21-23]. Liuetal. [22] investigated the relationship between
the change in Poisson's ratio and stiffness ratio of auxetic structures created using
sinusoidal curves. They emphasized that for such two-dimensional auxetic structures,
Poisson's ratio can be designed with an adjustable feature.
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Studies are also being carried out to use auxetic structures in a certain area. Lietal. [24]
have conducted research on the creation of force sensors using re-entrant auxetic
structure. They emphasized that the structure they created could be a force sensor by
using re-entrant auxetic structure as a spring.

When all the studies on auxetic structures are examined, it is noticeable that various
studies have been carried out to determine the different physical and mechanical
properties of the elements with this structure, since their perpendicular directions show
increasing or decreasing behavior in the same direction. Gibson et al [25] carried out
analytical research on the mechanical characteristics of a reentrant structure and validated
their findings through experiments. The authors created models to depict the bending,
elastic buckling, and plastic collapse mechanical characteristics of the structure, through
the reentrant model they designed, shown in Figure 1, they obtained an equation regarding
Poisson's ratio.

- II >

Figure 1. Re-entrant model dimensions.

In this model, h represents the horizontal length, b represents the height, and | represents
the oblique length, and 0 represents the angle value of the auxetic structure with the
horizontal. Poisson's ratio was calculated with the equation below, and it was stated that
it depends on the 0, b and | measurements in the model.

(M

In this study, it is aimed to examine only the effect of angular change on Poisson's ratio,
regardless of the lengths b and I: For this reason, the lengths in the structure are designed
to be equal. Within the scope of this study, 8 re-entrant auxetic geometries are combined
with each other to create an auxetic structure with an axis of symmetry. The internal
angles of this structure, which is created from beam elements of the same length, are
defined as 70°, 75°, 80° and 85° degrees and accordingly, it is aimed to find the maximum
vertical displacement value that could occur as a result of the horizontal displacement
applied to such structures. Within the results obtained; the ideally determined structure
can be used as the tension mechanism of a machine part or in the design of a trampoline
mechanism that will provide maximum surface area with tensile force and in such
application areas.
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2. Geometrical design

In the geometric design, a re-entrant auxetic honeycomb model with the same side lengths
is created to compare the extent of deformation at different angles. SolidWorks (MA,
USA) software is used in design. The length of each beam element used in the re-entrant
honeycomb geometry is 500 mm, and the angles forming the geometry vary as 70, 75, 80
and 85 degrees. The sketch of re-entrant geometry, with the horizontal (x) and vertical
(y) directions, where the angle is defined as a is shown in Figure 2.

Y

L

Figure 2. The sketch of re-entrant auxetic geometry.

Once the two dimensional (2D) model sketch has been designed in Solidworks, the final
profile is drawn. When creating the reentrant honeycomb model in which the
displacements are to be investigated, 8 auxetic honeycomb geometries are arranged
symmetrically. The internal angles used in the creation of the re-entrant auxetic models
are shown as o and P in Figure 3. The cross-sectional length of the re-entrant honeycomb
model is 40x40 mm?. Since o and B angles are positioned as 90°-0 in the hybrid model
shown in Figure 3, Equation 1 has been revised as follows.

cos (a)
cos(a)+1

19xy == (2)

Symmetry axis

(b)

Figure 3. Re-entrant auxetic model: a) 8§ set auxetic geometries,
b) varying angles as a and .
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Totally 8 set auxetic geometries numbered from 1 to 8 can be seen in Figure 3(a). The a
and P interior angles are seen in Figure 3(b). Geometry 4 and 5 are positioned with o and
B interior angles at the middle of the model, while geometry 1, 3, 6, 8 are positioned with
a interior angles at the corners of the model, and geometry 2 and 7 are positioned with
interior angles.

In these models, auxetic geometries with a (alpha) interior angles are called geometry A;
and auxetic geometries with B (beta) interior angles are called geometry B. Auxetic
geometries with both angles (4™ and 5" geometries in Figure 3a) are defined as hybrid
geometry. Geometry A, geometry B and hybrid geometry of the auxetic model is shown
in Figure 4 with yellow (A) and blue (B) colors.

Figure 4. Auxetic model consisting of A, B and hybrid geometries.

As seen in Figure 4, the length of the gray beam elements remains constant (500 mm),
the length of the red beam element located in the geometric center of the model varies as
the angles change. The red beam element is defined as center beam element.

Parametrically; 16 different models have been designed in which the interior angles vary
between 70, 75, 80, 85 degrees, respectively. The 16 parameters are shown in Table 1,
with their named form.

Table 1. Model names with geometric angles.

M(esp) | 1. p=70° | 2. B=75° | 3. B=80° | 4. p=85°
1. 0=70° MI1 MI12 M13 M14
2. 0=75° M21 M22 M23 M24
3. a=80° M31 M32 M33 M34
4. a=85° M41 M42 M43 M44

As can be seen from Table 1; M11, M22, M33 and M44 models are homogeneous auxetic
models created with angles of 70, 75, 80 and 85 degrees, respectively.

A constant value of displacement on the horizontal axis (x) was applied to 16 auxetic
models created with different interior angles using the finite element method (FEM), and
the displacement values of these models on the vertical axis (y) were compared from
largest to smallest.
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3. FEM Analysis of auxetic models

Static structural analysis is applied to the auxetic models via ANSYS software (PA,
USA). The auxetic model is fixed on one side along its vertical axis, and 2 mm
displacement is applied in the horizontal direction on the other side. Thereby, boundary
conditions are determined as shown in Figure 5. The material type used in the analyzes
is defined as structural steel.

T Ymax

Ymax

L

Figure 5. Boundary conditions of structural analysis.

The meshes needed for separation into finite elements are generated as 0.5 mm element
size. As a result of the analyses, the maximum values of vertical displacements on y
direction of each model are calculated. Along with the analyses, the length of center
beam element is also determined, and comparisons are made between maximum vertical
displacement values due to the center beam length change. The length values of the center
beam element measured from all models are given in Table 2.

Table 2. Length of center beam elements (mm).

M(o;B) | B=70° | p=75° | p=80° | B=85°
0=70° | 500 417 332 245
0=75° | 583 500 415 328
0=80° | 668 585 500 414
0=85° | 755 672 587 500

The M41 model has a maximum length of 755 mm, while the M 14 model has a minimum
length of 245 mm. The difference between these two models is; While the alpha angle of
the M41 model is the maximum value of 85°, the beta angle is the minimum value of 70°.
For the M14 model, the alpha and beta angles are vice versa. Angle values between 70°
and 85°, from minimum to maximum, are determined in the designed models, considering
the preservation of the auxetic form.

4. Results and discussions
The vertical deformations and equivalent stress values of the auxetic models because of

2 mm displacement applied in the horizontal direction are examined using the finite
element method. Therewithal, the horizontal and vertical lengths of the auxetic models
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before deformation, given in Table 3, are measured, and the relationships between these
lengths and the vertical displacement after deformation were also investigated.

Table 3. Width and height of auxetic models.

M(a:p) Width (mm) Height (mm)
p=70° | B=75° | p=80° | P=85° |For all B angles
a=70° | 2839 2885 2904 2916 1215
a=75° | 2912 2937 2957 2968 1293
o=80° | 2949 2976 2994 3006 1374
o=85° | 2972 2998 3017 3029 1457

While the beta angle is constant, horizontal, and vertical lengths increase as the alpha
angle increases, as seen in Table 3. It is seen that width of the auxetic model also increases
as the alpha and beta angles increase as seen in Figure 6(a). Although the heights of all
beta angle models with the same alpha angle are the same, the height of the auxetic model
increases as the value of the alpha angle increases as seen in Figure 6(b).
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Figure 6. Auxetic model lengths: a) Length of width, b) Length of height.

According to the block diagrams shown in Figure 5, increasing the alpha and beta angles
causes the volume of the model to increase.

Vertical displacement (Y max) values resulting from 2 mm horizontal displacement applied
to all models and maximum equivalent stress (ceq) values occurring on the model are
given in Table 4.

Table 4. Vertical displacement and maximum equivalent stress values of auxetic
models.

Y max (mm) Geq (MPa)

M(a;p) p=70° | Bp=75° | p=80° | p=85° | p=70° | p=75° | p=80° | p=85°

a=70° 22116 | 2.1249 | 2.0239 | 2.2147 | 231 262 291 320

0=75° 2.8234 | 2.8146 | 2.5143 | 2.6326 | 287 271 323 373

0=80° 3.5862 | 3.7761 | 3.5611 | 3.0376 | 367 347 384 461

0=85° 4.1726 | 4.8338 | 5.0220 | 3.7898 | 405 458 407 569
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When the vertical displacements are examined according to Table 5, it is seen that the
M13 model has the minimum displacement, while the M43 model has the maximum
displacement. The minimum and maximum vertical displacement images obtained from
the 2 mm horizontal displacement applied to the models are shown in Figure 7.

g%%%ﬁﬁi%%g;
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(a) (b)
Figure 7. FEM images of vertical displacements; a) Minimum displacement of model
M13, b) Maximum displacement of model M43.

It is seen that the displacement has minimum and maximum values when the beta angle
is 80°. Furthermore, while the beta angle is constant for all models, the vertical
displacement values increase as the alpha angle increases.

When the equivalent stresses occurring because of horizontal displacement applied to the
models are examined, it is seen that as the alpha and beta angles increase from 70° to 85°,
respectively; the maximum equivalent stress in the models also increases. Images of the
M11 and M44 models, from which the minimum and maximum equivalent stresses are
obtained from Ansys, are given in Figure 8.

am 000 058 ()
— —
) £

(b)

Figure 8. FEM images of maximum equivalent stress; a) M11 model, b) M44 model.

It is seen that stress and displacement values are obtained regardless of the width and
height of the auxetic models. In addition, the minimum or maximum length of the center
beam element cannot be associated with the stress and displacement values. It can be
mentioned that maximum and minimum stress and displacement values are obtained
depending on the changing angle.

5. Conclusion

A model is created using auxetic geometries created at different angles from square-
section profiles of the same length. The vertical displacement values resulting from the
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2 mm horizontal displacement applied to these models with different angles and the
maximum equivalent stresses occurring in the models are obtained and examined by the
FEM. Afterwards the design and analysis, the following results were obtained:

The total width of the models created by combining 8 auxetic geometries at different
angles varies. This width value increases as the alpha angle increases while the beta angle
is constant. As well as the Beta angle increases, the total width also increases. The total
height of the auxetic model increases only with increasing alpha angle. Beta angle has
no effect on the total height.

Vertical displacements resulting from the 2 mm horizontal displacement applied to
auxetic models produce different results depending on different angles: The maximum
vertical displacement against horizontal displacement is 5.022 mm in the M43 model (a
85°; B 80°), which is 151% more than the horizontal displacement value. The minimum
vertical displacement is 2.0239 mm in the M13 model (o 70°; B 80°) and this value is
almost close to the horizontal displacement value. As the alpha and beta angles increase,
the stress values on the model also increase.

Consequently, for this model consisting of 8 auxetic geometries, the beta angle of 80°
causes maximum and minimum displacements.
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