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Using finite element analysis, the Poisson's ratio of newly created auxetic lattice structures with
2x4 and 4x4 matrices and 12 various geometric internal thicknesses was examined. / Bu ¢alismada,
12 farkl geometri i¢ kalinligina sahip 2x4 ve 4 x4 matrisli olarak yeni tasarlanmis Auxetic latis
yapilarin Poisson orani sonlu elemanlar analizi kullanilarak incelenmistir.
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Figure A: The geometric internal thickness and Poisson's ratio of specified lattice systems are
related. / Sekil A: Tasarlanan latis yapilarin geometrik i¢ kalinlik ile Poisson oranu iligkisi

Highlights (Onemli noktalar)

»  Anovel auxetic lattice structure geometry, not previously seen in the literature, has been
created and modeled. / Literatiirde bulunmayan ozgiin bir auxetic latis yap: geometrisi
tasarlanmis ve modellenmistir.

> All of the designs examined have a negative Poisson's ratio. / Incelenen tasarimlarin
hepsi negatif Poisson oranina sahiptir.

» In the auxetic designs under consideration, the Poisson's ratio values got closer to -0.5
as the geometric inner thickness rose. / Incelenen auxetic tasarumlarda geometrik ic
kalinhig1 arttik¢a, Poisson oranmi degerleri -0,5 e yaklasmistir.

Aim (Amag): The purpose of this work is to design, examine, and establish the existence of a novel
auxetic structure with a negative poisson’s ratio. / Bu ¢alismamin amaci, literature ozgiin bir
Auxetic yapi tasarlayip analizlerini gerceklestirerek negative poisson oranina sahip oldugunu
belirlemektir.

Originality (Ozgiinliik): A novel auxetic lattice structure, not previously seen in the literature, was
constructed and introduced in this study. / Bu ¢alismada literatiirde olmayan ézgiin bir auxetic latis
yap: tasarlanarak literatiire kazandwrilmigtir.

Results (Bulgular): The greatest result in the design with sample number 12 was -0.2567 with a
Poisson's ratio of 3.00 mm geometric inner thickness in a 4x4 matrix structure. / 12 numune nolu
olan tasarimda 4 x4 matrisli yapida 3,00 mm geometrik i¢ kalmlhilikta, poisson orani -0,2567 olarak
en yiiksek sonu¢ bulunmustur.

Conclusion (Sonucg): In this study, a unique unit cell, which is not available in the literature, was
designed by using the drawing techniques of Islamic geometric patterns. According to the results
of the analysis, the auxetic property of the designs increased as the geometric inner thickness
increased. The analysis results of the designed lattice structures are compared with other structures
in the literature. / Bu c¢alismada islami geometric desenlerin ¢izim tekniklerini kullanarak
literatiirde bulunmayan ézgiin bir birim hiicre tasarlannugtir. Analiz sonuglarina gére geometric
i¢ kalinhik arttikca tasarimlarin auxetilik ozelligi artmistir. Tasaralanan latis yapuin analiz
sonuglart literatiirdeki diger yapilarla kiyaslanmustir.
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Auxetic structures are special structures with negative Poisson's ratio due to their geometric
shapes. In these structures, transverse and longitudinal expansions are observed when tensile
force is applied, while transverse and longitudinal contractions are observed when compressive
force is applied. There are many different unit cell designs such as chiral, arrowhead, and re-
entrant in auxetic structures. In this study, a new unique structure was designed, its structural and
mechanical properties were investigated and it was aimed to contribute a new unique structure to
the literature. A unique cell design is designed as a lattice structure and the behavior of the
structure is investigated. All of the lattice structures were loaded at the same value, and the
geometric internal thickness of the lattice structures was varied and the relationship between
thickness and negative Poisson's ratio was investigated. Lattice structures designed with 12
different geometric inner thicknesses starting from 0,80 mm up to 3 mm with 0,20 mm increments
and with 2x4 and 4x4 matrices were analyzed with a finite element analysis program and it was
determined that all designs had negative Poisson's ratio. It was found that the structure with a 4x4
matrix and 3 mm geometric thickness exhibited the best auxetic behavior in the designed lattice
structures.

Keywords
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Lattice Structures

Ozgiin Bir Latis Yap1 Tasariminin Auxetic Davramsimn Incelenmesi

Makale Bilgisi Oz

Arastirma makalesi
Bagsvuru: 27/09/2023
Diizeltme: 13/10/2023
Kabul: 14/10/2023

Auxetic yapilar, i¢yapilarinda ki geometrik sekillerinden dolay1 negatif Poisson oranima sahip
0zel yapilardir. Bu yapilar da ¢ekme kuvveti uygulandiginda enine ve boyuna genislemeler
izlenirken, basma kuvveti uygulandiginda ise enine ve boyuna daralmalar gézlenmektedir.
Auxetic yapilarda kiral, ok ucu, re-entrant gibi bircok farkli birim hiicre tasarimlari mevcuttur.
Bu calisma ile yeni bir 6zgiin yapi tasarlanmig, bu yapmin yapisal ve mekanik &zellikleri
irdelenmis ve literatiire yeni 6zgiin bir yap1 kazandirmak amaglannmstir. Ozgiin bir hiicre
tasarimi, latis yapi olarak tasarlanmis ve yapinin davranisi incelenmistir. Latis yapilarin hepsine
ayni degerde yiik uygulanmis olup, latis yapilarin geometrik i¢ kalinliklar1 degistirilerek kalinlik
ile negatif Poisson orani arasindaki iliski incelenmistir. 0,80 mm’den baslayarak 0,20 mm’lik
artiglarla 3 mm’ye kadar 12 farkli geometrik i¢ kalinlikta ve 2x4 ile 4x4 matrisli olarak tasarlanan
latis yapilarin analizleri sonlu elemanlar analiz programi ile gerceklestirilmis ve biitiin
tasarimlarin negatif Poisson oranina sahip oldugu tespit edilmistir. Tasarlanan latis yapilarda 4x4
matrisli, 3 mm geometrik kalinliktaki yapinin en iyi auxetic’lik davranisi sergiledigi bulunmustur.

Anahtar Kelimeler

Negatif Poisson oran:
Auxetic yapilar
Kafes yapi

1. INTRODUCTION (Giris) these structures also possess superior properties.
Because of these characteristics, they have been
popular in industries such as automotive, aerospace,

defense, and medicine [6].

The behavior of auxetic structures is the opposite of
that of conventional materials. When tensile force
is given to these structures, they expand
transversely, but contract transversely when
compressive force is applied [1]. Due to their better

In all auxetic structures, unit cell design is crucial
[7]. The improvements made to the unit cell have

energy absorption capacity [2], tensile strength [3],
acoustic behavior [4], and fracture resistance [5]

improved the attributes of the constructions.
Numerous 2D and 3D auxetic structures have been
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created since the research of auxetic structures first
began [8]. The most thoroughly researched auxetic
structures have been honeycomb and re-entrant
structures. Numerous improvements have been
attempted to address the shortcomings of
honeycomb and re-entrant structures, such as low
stiffness and low strength [9,10]. The cell walls of
the re-entrant structure were connected horizontally
and vertically by Fu et al. [11], strengthening the
structure. To increase the deformation points and
crush strength of a single re-entrant unit cell, hybrid
cell designs comprised of multiple cells have also
been researched [9,12,13]. It has been successful in
creating auxetic structures with hierarchical
designs. The used cell structures' edges and walls
are replaced with smaller ones in some places.
Energy absorption and crush strength have greatly
improved by optimizing the deformation points
with these tiny substructures [14,15]. The
equivalent elastic parameters of hierarchical tubes
with negative Poisson's ratio under minor
deformations were determined by Su et al. [16]
using the Euler beam theory, and they created a new
hierarchical tube with auxetic properties. Tan et al.
[14] discovered that re-entrant cell structure
improves the crushing force by creating cell walls
with two different hierarchical patterns. Zhang et al
[17], designed a new auxetic structure by combining
the re-entrant cell structure with a new vertical strut
investigated its mechanical behaviour, and found
that the flexibility is better than the conventional re-
entrant structure. Khan et al [18], similarly found
that the modified form of the re-entrant structure
and the negative Poisson's ratio increased compared
to the conventional re-entrant structure.

Although elastic properties are usually evaluated in
a linear range, plastic deformation, and cell
extrusion in auxetic structures involve nonlinear
behaviour [19-22]. While the majority of research
is carried out statistically, the advent of additive
manufacturing technologies has allowed for the
efficient investigation of analytical models through
experimental analysis [12,23].

In this study, a new original auxetic structure was
designed and its structural and mechanical

properties were studied in order to introduce a new
auxetic structure to the literature. An original lattice
structure was constructed inspired by a pattern in an
architectural work. Starting with the geometric
inner thickness of 0,8 mm and 4x4 and 2x4
matrices, designs were realized up to 3 mm by
increasing +0,2 mm, and finite element analyses
were performed. AISilOMg material was preferred
as the material in the analysis. The reason for
choosing this material is that auxetic structures have
become important in defence, aviation, and space
studies in recent years. In these sectors, weight is a
very important criterion, and lightness and strength
properties direct researchers to aluminium alloys.
According to the results of the analysis, the negative
Poisson's ratio increased as the geometric inner
thickness of the lattice structure increased.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

2.1. A Unit Geometry Design And Modelling

(Birim Geometri Tasarimi ve Modellenmesi)

The geometry of the unit cell was inspired by an
architectural work and drawn with the grid method
[24]. The aim of the design is to provide a unique
auxetic structure in addition to the existing
structures in the literature. Unit cell designs were
realized in 2D with AutoCAD software (Figure 1).
The designs drawn in 2D were converted into 3D
solid models by assigning them to SOLIDWORKS
drawing program. The mathematical model of the
unit cell is shown in Figure 2. In the structure, K and
B angle are fixed and a, b, ¢ values are written in K.
The value of x for the geometric internal thickness
(t)is 0,2.

The designed unit cell was multiplied by mirroring
method and 4x4 and 2X4 matrix structures were
created. The unit cell was first mirrored by selecting
the line in the vertical direction to mirror towards
the right side. Then the mirrored parts were selected
again and this time the line in the horizontal
direction was selected to create a 1x1 matrix
structure. In this way, necessary duplications were
made with this method and matrices were obtained
in desired quantities (Figure 3).
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Unit cell Lattice structure with 4x4 and 2x4 matrices 3D Unit Cell Design
55 20 12,5 2 X A

38

19

Figure 1. Formation of lattice structures using unit cells (Birim hiicre ile latis yap: olusumu)

a

K= atb+c

a=K(0.329)

b=K(0.526)

=K(0,145)

t= [(a+b+c)0,0158] + X

The value of K and the angle 3
are constant.

Figure 2. Mathematical model of the unit cell (Birim hiicrenin matematiksel modeli)
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Figure 3. Modeling process of matrix structure (Matrisli yapmin modellenme siireci)
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Lattice structure with 2x4 matrix

.attice structure with 4x4 matrix

Figure 4. Lattice structures in matrix form (Latis yapilarin matris sekilleri)

The purpose of replication with the mirroring
method is to create successive unit cells. The fact
that the matrices are different is another parameter
to examine the relationship with Poisson's ratio in
addition to the geometric internal thickness
parameter (Figure 4).

2.2. Poisson's Ratio Calculation (Possion Oram
Hesaplamasi)

Poisson's ratio is the ratio of transverse stress to
axial strain and its sign is negative. However, this
negativity comes from the formula and in
conventional materials, there is a vertical increase in
the direction of the tensile force, while a contraction
occurs in the horizontal direction [25]. The positive
Poisson's ratio is obtained because &x has a (-) sign
due to the contraction here and two negative signs
come together and become positive. Negative
Poisson's ratio is the opposite of this situation.
When an auxetic structure is subjected to a tensile
force, there is an increase in the vertical direction
and an expansion in the horizontal direction. In this
case, the Poisson's ratio is negative with &x (+) sign.
Poisson's ratio was calculated by using equations 1,
2, 3, 4 in the designs. Using equations 1, 2, 3, 4 in
the designs.

= %
V= Sy’ (1)
g, = Alx _ Lua~Ixo 2)

Ly1 =LxotLx+Lxr 3
= Ay _ Lyi7lyo
& = Lyo - Lyo (4)

Here, v: Poison ratio, &: expansion in X
direction, €, elongation in Y direction, ALx:
total shape change in X direction, ALy: total
shape change in Y direction, Ly: initial length,
L,: final length. Figure 5 details the method of
obtaining L.

2.3. Finite Element Analysis (Sonlu Elemanlar Analizi)

Finite element analysis was used to determine
whether the new lattice structure has a negative
Poisson's ratio. ANSYS 17.0 analysis program was
used to analyze the designs saved in "x.t" format
from SOLIDWORKS design program. AlSil0Mg
aluminum alloy was assigned as the material in all
designs (Table 1). In total, 24 different analyses
were performed. A mesh with an element size of
0,75 mm was applied to the lattice structures created
using the body sizing module for finite element
analysis.
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100,00 (mm)
]

Figure 5. Schematic illustration of the ALx formula (ALx formiiliiniin sematik gosterimi)

Table 1. Mechanical properties of AlSi10Mg aluminum alloy (A1Si10Mg aliiminyum alasgimiin mekanik

ozellikleri)
. . . | Tensile Strength Yield Strength Young's
3 s
Density (g/cm?) Poisson’s ratio (Mpa) (Mpa) Modulus (Gpa)
AlSi10Mg 2,67 glcm® 0,33 440 240 70
2.3.1. Boundary Conditions in Finite Element weight. The shape changes in the “X” direction and

Analysis (Sonlu Elemanlar Analizinde Sinir
Kosullar1)

The boundary conditions of the design were created
in order to do the analysis of the lattice structures
(Figure 6). A pressure of -0,5 MPa was applied in
the direction of the “Y” axis while the design was
fastened at the bottom. Analysis was conducted
without taking into account the lattice structure's

the shape changes in the “Y” direction were studied
to ascertain the Poisson's ratio of the designs (Figure
7). The link between the von Mises stress and total
displacements with Poisson's ratio for the designed
structures was also examined (Figure 8), in addition
to the form changes of the designs.

Figure 6. Boundary conditions of the lattice structure (Latis yapmn sinir sartlarr)
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0,00 50,00 100,00 (mm)
b 25,00 75,00

Figure 7.Shape change in X direction (a) and shape change in Y direction (b) (X yoniindeki sekil degisimi (a)
ve Y yoniindeki sekil degisimi (b))

0,00 50,00 100,00 (mrm)
25,00 75,00

Figure 8. Total deformation (a), von Mises stress (b) ((Toplam deformasyon (a), von mises gerilimi (b))
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3. RESULTS and DISCUSSION (Sonuglar ve
Tartigma)

The relationship between the geometric internal
thickness and Poisson’s ratio of the designed lattice
structure is analyzed. A total of 24 different
structures of 2x4 matrix and 4x4 matrix structures
with 12 different geometric internal thickness
variables were analyzed. The same value of
shrinkage was applied to each of the designs. The
shape changes, total deformation and von Mises
stresses of the lattice structures in the x and y-axis
directions were analyzed. Poisson's ratio was
calculated with equations (1), (2) and (3).

_ ALX _ Li—Lg _ 00976 _
=T =T T T 0,00064 (2)

0,3800

_ ALy _ Li—Lo _ _
g = =10 =200 = 000250 (3)
y = _ Ex_0,00064 (1)
gy 0,00250
v : Poisson’s ratio = —0,2567

The Poisson's ratio of design number 12 with 3 mm
geometric internal thickness was found to be
-0,2567. Similar Poisson's ratio was calculated for

the other lattice structures. Poisson's ratio, total
deformation and von Mises stress of 4x4 and 2x4
matrix  structures with  geometric internal
thicknesses are given in Table 2.

The relationship between the geometric internal
thickness and the poison ratio for 2x4 and 4x4
matrix structures is shown in Figure 9. As can be
seen from the graph with the tensile force applied to
the structures, it is observed that the poison ratio of
the lattice structure approaches -0,5 as the geometric
inner thickness increases in the 4x4 matrix
structure. As in the study by Erdogan and Toktas,
the poison ratio increased as the thickness increased
[27]. In addition, auxetic structures exhibit different
behavior due to their geometry. In the study of
Zhang et al [28], according to the analysis and
experimental results of the re-entrant chiral
structure, it was found that the Poison ratio value
changed during deformation in the direction of the
unidirectional applied force and showed auxetic
properties in the negative direction almost up to -4.

Relationship between Geometric Inner Thickness and Poisson’s Ratio

3,50 0,0000
E 300
E 3 - -0,0500
e -

2,50 9
2 /-/ 01000 2
c ® ©
S 200 - o
£ o« 01500 S
g 150 /-/ ’ g
£ g~ 0.2000 o
(&) ~ -
£ 1w /_/ :
IS @ Q) "y @
8091 OYSO [ J v—-—-—-—'—'_'_-_' _0’2500

0,00 -0,3000

Sample no

e=em= Geometric inner thickness (t) (mm)

e omm P0jSSON'S ratio 4x4 matrix

Poisson's ratio 2x4 matrix

Figure 9. Relationship between geometric inner thickness and poisson's ratio (Geometrik i¢ kalinlik ile Poisson
orani iligkisi)
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Table 2. Von Mises stress and total deformation results with Poisson’s ratio variation (Poisson oran: degisimi

ile Von Mises gerilme ve toplam deformasyon sonuglar1)

S}enmetnc Poisson’s Poisson’s von Mises won Mises Total Total
SampleNo 0100 ratiodx4  ratio2x4  stress4x4  stress2x4  deformation 4x4  deformation 2%4

i) matrix matrix matrix matrix matrix matrix
1 0.80 -0,2378 -0,1907 1004 4 88034 19,6040 21,3910
2 1.00 -0,2377 -0,1897 680,85 744 34 10,1480 11,3300
3 1.20 -0,2420 -0,1921 443,51 512,37 5.8825 6,5707
4 1.40 -0,2432 -0,1964 345,09 372.26 3,6982 41175
5 1.60 -0,2446 -0,1963 260,47 280,52 2.4754 2.,7479
6 1.80 -0,2466 -0,1972 25237 270,98 1,7520 1,9379
7 2.00 -0,2487 -0,2001 203,77 21934 1.2769 1.4079
8 2.20 -0,2511 -0,2011 16332 179.65 0,9609 1.0532
9 240 -0,2524 -0,2038 154,88 164,02 0,7412 0,8088
10 2.60 -0,2540 -0,2042 13795 11914 0.5861 0,6365
11 2.80 -0,2552 -0,2049 112,19 120,07 0.4701 0,5076
12 3.00 -0,2567 -0,2057 95,715 10235 0,3827 0,4110

The relationship between von Mises stress and
Poisson's ratio is given in Figure 10. Since lattice
structures can undergo plastic deformation, von
Mises stress values are very important for these
structures. The aim here is to ensure that the
structure is not subjected to stress above its capacity
and fulfills its function. In this case, the relationship
between the highest von mises stress and Poisson's
ratio of the lattice structure sample no 1 with a
Poisson's ratio of -0,23 is given in Figure 11.

As seen in the graph, it was observed that the
maximum von mises stress of the structures
decreased as the Poisson's ratio increased inversely.

In the study of Potheir et al. the von mises stress
increased as the thickness of the unit cell increased
[29]. The main reason for the two different results is
due to the different geometrical structures of the unit
cells. For example, it has been found that such
structures have higher tensile strength and tensile
strength due to the more uniform von mises stress
distribution under tensile load in re-enrtant
structures [30].

Relationship between Geometric Inner Thickness and Von Mises Stress

1100
1000
900
800
700
600
500
400

Von Mises stress (MPa)

300
200
100

0

0,00 0,20 040 060 080 100 1,20 1,40 160 180 200 220 240 260 280 3,00 3,20

Geometric inner thickness (t) (mm)

e=tme \/0N Mises stress 4x4 matrix

e=@==\/0N Mises stress 2x4 matrix

Figure 10. Relationship between geometric inner thickness and von mises stress (Geometrik i¢ kalmlik ile Von
mises gerilimi iligkisi)
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Relationship between Geometric Inner Thickness and Total Deformation

3,20 24,00
£ 300 22,00
g 2% 20,00
e 2,60 ! TE‘
s 240 1800 £
g 3(2)8 1600 <
- 1400 &
< 180 ' IS
S 160 1200 €
£ 1L40 1000 %
e Lo 8,00 %
é égg 600 £
& 0,60 \ 4,00
O 040 ~ — ,

0,20 —— 2,00

0,00 0.00

7 8 9 10 11 12 13

Sample No

—o— Total deformation 4x4 matrix

—o=— Total deformation 2x4 matrix

Figure 11. Relationship between geometric inner thickness and total deformation (Geometrik i¢ kalinlik ile
toplam deformasyon iligkisi)

It is observed that the total displacement decreases
as the Poisson's ratio increases (Figure 11). As in the
unit cell design by Zhang et al., high displacement
was observed at low Poisson's ratio since transverse
longitudinal elongations were higher at low
thicknesses due to the flexibility of the structure. As
the thickness of the structure increases, the total
amount of displacement decreases due to the
decrease in flexibility [17].

4, CONCLUSIONS (SONUCLAR)

The Poisson's ratio of the lattice structure, which
was designed inspired by the architectural pattern,
was investigated by the finite element analysis
method. The effects on Poisson's ratio of lattice
structures by changing the number of matrices and
geometric internal thickness dimensions were
analyzed. In auxetic structure designs, special
attention should be paid to issues such as geometric
inner thickness and force direction of unit cell
structures. The results found in the study are given
below;

e All of the 24 lattice structures designed
have negative Poisson's ratio.

e Asthe geometric inner thickness increased,
the Poisson's ratio increased due to the
geometry of the designed lattice structure.

e The lattice structure with 4x4 matrix shows
more auxetic properties than the structure
with 2x4 matrix

e In the 4x4 matrix structure, the highest
Poisson's ratio was found in the sample with
a geometric inner thickness of 3 mm

e In 2x4 and 4x4 matrix lattice structures, as
the geometric inner thickness increased, the
von Mises stress decreased due to the
special geometric structure of the unit cell.

e In 2x4 and 4x4 matrix structures, as the
geometric inner thickness increased, the
total displacement decreased accordingly

due to the decrease in elasticity.
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NOMENCLATURE (KISALTMA)

2D Two dimensional

3D Three dimensional

& Strain

t Geometry inner thickness
\Y% Poisson’s ratio
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