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PARAMETRIC INVESTIGATION OF MECHANICAL
PROPERTIES OF AUXHEX
UNIT CELL SANDWICH STRUCTURES

SUMMARY

In this study, the mechanical properties of the AuxHex structure, which consists of
hybrid unit cells obtained by combining the classical hexagonal honeycomb unit cell
structure with the auxetic unit cell structure, are investigated under axial compressive
loads by changing the geometric parameters. In the studies carried out, it has
been observed that the AuxHex structure, which is obtained by hybridizing two
different cell structures, has a better strength value against in-plane compressive
loads. Before investigating the effect of geometric parameters on the mechanical
properties of the AuxHex structure, a validation study was performed by analyzing
the AuxHex structure using the ABAQUS 2020 commercial finite element program
with an appropriate study in the literature and based on the results of this validation
study, the boundary and loading conditions, material properties to be defined, and
other variables for finite element models and analyses of other AuxHex structures
have been determined. Subsequently, the mechanical properties, including Young’s
modulus, yield strength, energy absorption capacity under different strain values, and
toughness were investigated for nine (9) different geometries of AuxHex sandwich
structures by varying geometric parameters such as inclined and non-inclined wall
cell lengths, angles, and wall thicknesses that characterize the AuxHex unit cell
structure. To analyze the Young’s modulus and yield strength among these mechanical
properties, both theoretical formulas used in the literature and finite element analysis
results were utilized. The results obtained from the finite element analyses were
employed to determine and compare the absorbed energy under certain strains and
toughness values of nine (9) different AuxHex structures. The force-displacement
graphs obtained from the finite element analyses were converted into stress-strain
graphs. The resulting stress-strain graphs were integrated by using a curve fitting
function in the MATLAB program to obtain the absorbed energies and toughness
values at different strains values. These graphs were also useful for determining the
Young’s modulus and strengths. As a result of all these studies, it was observed that
the elastic modulus, yield strength, energy absorption capacity, and toughness of the
sandwich structure decreased with increasing inclined and non-inclined wall lengths
of AuxHex unit cells. However, it was concluded that all these mechanical properties
increased significantly and had a positive effect on the structure with increasing
AuxHex unit cell wall thicknesses. Finally, it was concluded that the elastic modulus,
yield strength, energy absorption capacity, and toughness of the AuxHex sandwich
structure decreased with increasing angle values used to design the AuxHex unit cells,
and lastly, the combination of all AuxHex structures’ stress-strain graphs in one shows
that the collapse behaviour of structure appears to be largely related to the change in
the length of non-inclined wall.
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AUXHEX BiRiIM HUCRELI SANDVIC YAPILARIN
MEKANIK OZELLIKLERININ
PARAMETRIK OLARAK INCELENMESI

OZET

Ge¢misten giiniimiize, miihendisler ve bilim insanlari, istenilen performansi
saglayacak malzemeler ve yapilar gelistirmek icin durmaksizin ¢aba gostermiglerdir.
Daha yiiksek mukavemet, darbe soniimleme yetenegi, ve hafiflik gibi iistiin 6zelliklere
sahip yepyeni malzemeler gelistirilmistir. Bu sayede, daha 6nce imkansiz oldugu
diisiiniilen tiriinler ve yapilar miimkiin hale gelmistir. Sandvi¢ panellerde dolgu goérevi
goren hiicresel petekli yapilar, sagladiklar1 yiiksek mekanik 6zelliklerle bu ¢abalarin
sonucunda elde edilen yapilara bir 6rnek olusturur.

Teknolojinin ilerlemesiyle miihendislik, bir¢ok alanda ¢igir agmaktadir. Gelisen
teknolojiyle beraber bilgisayar destekli miihendislik ¢aligmalar1 artmig, artan bu
caligmalarla beraber yeni iiretim yontemleri ortaya konmus ve bu sayede farkl: tipte
malzemeler ve yapilar ortaya ¢ikmistir. Miithendislik anlaminda biitiin bu gelismelerin
1s1g¢1nda ortaya ¢ikan teknolojiler ve yenilikler, farkli teknik alanlarda biiyiik ol¢iide
ilerlemeler kaydedilmesine neden olmustur.

Bu calismada, klasik altigen balpetegi birim hiicre yapisinin 6kzetik birim hiicre
yapisit ile bir araya getirilmesi sonucu ortaya cikan hibrit birim hiicrelerden
olusan AuxHex yapisinin, geometrik parametreleri degistirilerek eksenel basma
yiikii altinda sergiledigi mekanik oOzellikleri incelenecektir. ~ Hiicresel petekli
yapilar cogunlukla sandvi¢ panellerde dolgu malzemesi olarak kullanilmaktadir.
Miihendislik uygulamalar i¢in tasarlanan bu diisiik yogunluklu ve hafif yapilarin temel
amaci, yiiksek rijitlik-agirlik orani elde etmektir. Diisiik yogunluklu hafif yapilar,
ozellikle sandvi¢ paneller ve dolgu malzemeleri, havacilik, otomotiv, denizcilik gibi
endiistrilerde ve askeri miihendislik uygulamalarinda darbe ve patlamaya kars1 ezilme
direncleri acisindan kritik 6nem tasir. Sandvi¢ panellerin iist ve alt yiizeyleri, genellikle
fiber takviyeli kompozitler veya aliiminyum alasimlar gibi hafif malzemelerden
yapilir. Miikemmel mekanik performansi, yiiksek mukavemeti ve enerji absorbe
etme yetenegi nedeniyle sandvi¢ panellerde kullanilan hiicresel yapilar, havacilik
ve uzay endiistrilerinde siklikla tercih edilir. Hiicresel petekli yapilari olusturan
birim hiicrelerin tasarim ve optimizasyonu, hiicresel yapilarin mekanik 6zelliklerinin
gelistirilmesine olanak sagladigindan giderek daha popiiler bir arastirma konusu haline
gelmektedir.

Farkli birim hiicre sekillerinin yiik altinda nasil deforme olduklarma ve tepki
gosterdiklerine bakilarak, bu hiicresel yapilar ii¢ kategoriye ayrilabilir: pozitif Poisson
oranina sahip olanlar, sifir Poisson oranina sahip olanlar ve negatif Poisson oranina
sahip olanlar. Arnlar tarafindan ortaya cikarilan dogal balpetekleri gibi, klasik
altigen seklindeki balpeteginden birim hiicrelere sahip yapilar pozitif Poisson oranina
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sahip malzemelerin baglica 6rneklerindendir. Lakin, bu geleneksel altigen balpetegi
yapilarini iyilestirmenin sinirli oldugu zamanla goriilmiistiir. Bunun nedeni, optimal
mekanik 6zellikler igin tasarimlar fazlaca esnetebilme imkani olmamasidir. Okzetik
malzemeler ise pozitif Poisson oranina sahip klasik malzemelere kiyasla sira disi
bir mekanik davranis sergiledikleri i¢cin bu sorunun iistesinden gelmede 6nemli bir
rol oynarlar. Bu tip malzemeler, ¢ekme yiikleri altinda yanal genisleme ve basma
yiikleri altinda yanal daralma ozelligi gosterdiklerinden negatif Poisson oranina sahip
malzemeler olarak da bilinir. Bu 0zellik, c¢ekirdek ve dolgu malzemesi olarak
kullanildiklarinda bir¢ok avantaja sahip olmalarini saglar. Negatif Poisson oranina
sahip ilk sentetik malzeme 1987 yilinda Lake tarafindan tamtilmistir. Bu malzemeleri
tamimlamak icinse 1991 yilinda Evans tarafindan "Okzetik" kelimesi ortaya atildi.
Negatif Poisson oranina sahip 0kzetik yapilar, geleneksel pozitif Poisson oranina sahip
olanlarin 6tesinde benzersiz Ozelliklere sahip olduklar1 i¢in metamalzemeler olarak
da adlandirlir. Literatiirdeki pozitif veya negatif Poisson oranina sahip yapilarla
ilgili caligmalara ragmen, zaman igerisinde hem pozitif Poisson oran1 hem de negatif
Poisson oran1 6zelliklerini gosteren hiicresel yapilara ihtiya¢ duyulmustur.

Bahsi gecen klasik altigen seklindeki birim hiicrelerle okzetik altigen birim hiicrelerle
hibritleyerek ortaya ¢ikan AuxHex hiicre yapist hem pozitif Poisson oranina sahip
hem de negatif Poisson oranina sahip yapilarin farkli avantajlarindan yararlanmak ic¢in
tasarlanmistir. Yapilan ¢alismalarda iki farkli hiicre yapisinin bir araya getirilmesiyle
ortaya ¢cikan AuxHex yapisinin diizlem i¢i basma yiiklerine karst daha iyi bir dayanim
degeri verdigi gozlemlenmistir. Bu baglamda AuxHex hiicrelerinden olusan yapilarin
tasarim parametrelerinin farkli degerler alarak bu degisikliklerin yapinin mekanik
ozelliklerine etkisi gozlemlenmistir. Bilindigi kadariyla AuxHex birim hiicresinin
farkli degerlerdeki tasarim parametrelerinin ve bunlarin mekanik ozelliklere etkisi
detayli olarak incelenmemistir. AuxHex yapisinin hem klasik altigen seklindeki
balpetegi hiicrelerin hem de Okzetik altigen hiicrelerin avantajlarindan yararlanmak
lizere tasarlanmig olmasi nedeniyle bu c¢alisma, tasarim parametrelerinin etkilerini
ve birim hiicrenin mekanik 06zelliklerinin nasil iyilestirilebilecegini incelemeyi
amaclamaktadir.  Sonuglar, birim hiicreyi tanimlayan tasarim parametrelerinin
degistirilmesiyle mekanik Ozelliklerin ne kadar gelistirilebilecegini gostermektedir.
Bu sayede AuxHex yapilar icin optimum tasarim c¢Oziimleri gelistirilebilmesi
amaclanmaktadir.

Cesitli tasarim parametrelerin  AuxHex yapisinin mekanik ozelliklerine etkisini
incelemeden Once literatiirdeki uygun bir calisma ile AuxHex yapisi, ticari sonlu
elemanlar analiz programi ABAQUS 2020 yardimu ile simiile edilerek bir dogrulama
calismas1 gerceklestirilmistir ve bu dogrulama c¢alismasiyla elde edilecek sonuclar
sayesinde diger AuxHex yapilarinin sonlu elemanlar modelleri ve analizleri i¢in sinir
ve yiikleme kosullari, tanimlanacak malzeme 6zellikleri vb. degiskenler belirlenmistir.
Ardindan AuxHex birim hiicre yapisini ortaya c¢ikaran e8ik duvar hiicre uzunluklari,
diiz duvar hiicre uzunluklari, acilar1 ve duvar kalinliklar: gibi geometrik parametreleri
degistirilerek dokuz (9) farkli geometrideki AuxHex sandvi¢ yapilarindaki elastisite
modulii, basma yiikii altindaki dayanimi, farkli birim sekil degistirme degerlerindeki
enerji emme kapasitesi ve toklugu gibi mekanik oOzellikleri incelenmistir. Bu
mekanik 6zelliklerden elastisite moduliinii ve basma yiikii altindaki dayanimini analiz
edebilmek i¢in hem literatiirde kullanilan teorik formiillerden hem de sonlu elemanlar
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analiz sonuglarindan faydalanilmisti. ~ Dokuz (9) farkli geometrideki AuxHex
yapisinin farkli birim sekil degistirme degerlerindeki absorbe edilen enerji ve tokluk
degerini bulmak ve kiyas yapabilmek i¢inse sonlu elemanlar programindan elde edilen
sonuclar kullanilmigtir. Sonlu elemanlar analizleri sonucu elde edilen kuvvet-yer
degistirme grafikleri gerilme-birim sekil degistirme grafiklerine doniistiiriilmiistiir.
Ortaya cikan farkli gerilme-birim sekil degistirme grafikleri MATLAB programinda
egri uydurma fonksiyonuyla beraber integre edilerek farkli birim sekil degistirme
degerlerindeki absorbe edilen enerjiler ve tokluk degerleri elde edilmistir. Bu grafikler
ayn1 zamanda dokuz farkli AuxHex modelinin elastisite modullerini ve basma kuvveti
altindaki dayanimlarini bulmak i¢in de faydali olmustur.

Yapilan biitiin bu ¢calismalar neticesinde artan diiz ve egik duvar uzunluklariyla beraber
sandvi¢ yapisinin elastiste moduliiniin, basma kuvvetleri altindaki dayaniminin, enerji
absorbe edebilme yeteneginin ve toklugunun diistiigii gbozlemlenmistir. Lakin, artan
birim hiicre duvar kalinliklariyla beraber biitiin bu mekanik 6zelliklerin ciddi derece
artis gosterdigi ve yapiya pozitif etki ettigi sonucuna varilmistir. Ek olarak birim
hiicreleri tasarlayabilmek icin kullanilan ag¢i degerinin artmasiyla AuxHex sandvic
yapisinin elastiste moduliiniin, basma kuvvetleri altindaki dayaniminin, enerji absorbe
edebilme yeteneginin ve toklugunun diistiigii sonucuna varilmistir. Son olarak,
dokuz farkli AuxHex sandvi¢ yapisinin gerilme-birim sekil degistirme grafiklerinin
bir arada gosterilmesiyle, yapidaki ¢cokme davraniginin biiytik 6lciide diiz duvarlarin
uzunlugundaki degisime bagli oldugu goriilmektedir.
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1. INTRODUCTION

Lattice structures also known as cellular solids are widely used as core material in
sandwich panels. The primary goal of low-density lightweight structures designed for
engineering applications is to achieve high stiffness-to-weight ratios. Upper and lower
face-sheets of sandwich structures are typically made of lightweight materials such as
fiber-reinforced composites or aluminum alloys. The core structure, commonly used
in sandwich panels, is widely favored in the aerospace and space industries due to
its excellent mechanical performance, including high strength and energy absorption
capability. Design and optimization of unit cells which create core becomes more
popular research subject because it allows to have tunable mechanical properties of

core structures.

1.1 Literature Review

Nowadays, design and optimization of an unit cell of sandwich core structure is a
hot topic with a lot of new developments happening. This topic catchs researchers’
attention since its usage become popular in engineering divisions such as aerospace,
automotive, marine, and military applications and one of the examples for aerospace

applications is shown in Figure 1.1.

Materials used in 787 body

Fiberglass M Carbon laminate composite i Total materials used
M Aluminum Carbon sandwich composite i Byweight Other
Aluminum/steel/titanium i g
Steel 5%  Composites
0% 50%
é ‘
ftanium

15%
[ Aluminum
T ‘20%

Ll
- \ )
h i By comparison, the 777 uses 12 percent
i composites and 50 percent aluminum.

Figure 1.1 : Sandwich structure of Boeing 787 aircraft [1].




Researchers have investigated many designs for unit cells using different shapes. Unit
cell design is crucial since it is constituent part of sandwich structure (see Figure 1.2).
By looking at how the different unit cell shapes deform and react under loads, these
lattice structures can be classified into three categories: those with positive Poisson’s
ratio (PPR), those with zero Poisson’s ratio (ZPR), and those with negative Poisson’s
ratio (NPR) [14]. These three different classifications are visually explained in Figure

1.3.

core
; sandwich

adhesive

Figure 1.2 : Constituent parts of sandwich structure [2].
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Figure 1.3 : Deformation response of PPR, NPR and ZPR in 2D [3].

Just like natural honeycombs built by bees, hexagonal structures are a prime example of
materials with PPR. These materials are popular in research because they’re very stiff
and strong when pushed in from the side. Researchers have done many studies, both
in theory and with experiments, to understand the mechanical properties and failure
mechanisms of hexagonal honeycomb cores and sandwich panels made from different
raw materials under stress. Zhang et al. have searched for conventional hexagonal

honeycomb core’s collapse mechanism under load in compression and shear [15].



The study has shown collapse behaviour with various engineering phenomenas such
as buckling, de-bonding and fracture of hexagonal honeycomb’s cell walls. Ashby
et al. have stated that hexagonal honeycomb core is an great energy absorbing
material since under large amount of strain without increased stress levels, this
core absorbs considerable amount of energy [16]. In-plane and out-of-plane energy
absorption capability of polymeric honeycomb hexagonal sandwich structure under
low-velocity impact was investigated with various cores with a modified higher-order
shear deformation theory and by using FEM application and, it was found the influence
of geometrical design parameters [17]. The influence of structural parameters on
collapse and crashworthiness characteristics of isotropic hexagonal honeycomb core
sandwich panels was investigated by three-point bending and in-panel compression
tests by Sun et al. [18] and this study helps to understand how to make even better
hexagonal honeycomb sandwich structures that can withstand crashes. Khan et al.
introduced a method that combines quasi-static compression tests with digital image
analysis to measure deformation fields and analyze the deformation mechanisms of
aluminum honeycombs at both the global and local levels [19]. Wang et al. [20] have
designed a new hexagonal honeycomb structure with perforations in it and studied
how the crushing strength of this structure changes as the number of perforations is
changed. This investigation used both physical experiments and computer simulations
(by FEM) for analysis. Nevertheless, it’s shown that there’s a limitation on how better
conventional hexagonal honeycomb structures because there’s not much room to adjust
the design for optimal mechanical properties [21]. Fu et al. [22] created improved
auxetic cells by incorporating diamond-shaped units (rhombus) into regular auxetic
cells in various orientations. Their design showed significant improvement in both the

modulus of elasticity and critical buckling strength.

While great number of studies have explored lattice structures with NPR (see Figure
1.4), the first man-made foam exhibiting this property was introduced by Lake in 1987
[23].

Recent researches have focused on re-entrant hexagonal structures, which exhibit a
higher NPR. These structures are also known as auxetic materials [24]. Subsequently,

Evans coined the terminology "auxetic" in 1991 to describe these materials [25].



Figure 1.4 : (a) Undeformed and b) deformed behaviour of re-entrant auxetic
structure [4].
Auxetic structures offer clear benefits in absorbing energy and isolating vibrations
unlike conventional cellular solids [26,27]. For example, the study by Zhang et
al. [28] has been conducted for a detailed analysis of how auxetic materials behave
when stretched to large deformations. Additionally, a theoretical model has been
created based on the simplified picture of how these materials deform. This model
takes into account the non-linear way the cell walls deform permanently. Huang et
al. [24] studied the in-plane mechanical properties of NPR honeycombs. Their design
incorporates an auxetic hexagonal unit cell and a thin plate and to analyze this structure,
they employed both theoretical analysis and FE simulations. Pros of different materials
were also discussed in the literature. For instance, Gunaydin et al. [29] have discussed
the effect of using multiple materials within hexagonal and re entrant (auxetic) cellular
structures. With the usage of three different material types including nylon, CFR
nylon and GFR nylon, the study has proved that using a combination of materials
(multi-material approach) significantly improved the performance of the re-entrant
cellular structures. Compared to structures made entirely of nylon, the multi-material
design increased the specific energy absorption by 60 percent, compressive strength by
104 percent, and modulus value by 201 percent. Meanwhile, some researchers focused
on enhancing the mechanical properties of auxetic materials while preserving their
negative Poisson’s ratio behavior [30]. For example, researches have proposed a novel
re-entrant auxetic structure, considering how different parts of the structure respond to

stress [31]. To analyze this novel design, they developed a more accurate theoretical



model based on principles of energy theorems. This model comprehensively accounts
for how the structure bends, deforms by shearing effects, and membrane effects. The
focus of Chen et al. [32]’s research was to determine the in-plane elasticity equations
for anti-tetrachiral lattices. They achieved this by calculating the equations and
validating them through comparisons with experimental results. Fu et al. [22] created
improved auxetic cells by incorporating diamond-shaped units (rhombus) into regular
auxetic cells in various orientations. Their design showed significant improvement in

both the modulus of elasticity and critical buckling strength.

Despite all these efforts, there has been a need for cellular structures that exhibit
both PPR and NPR properties over time. In this context, one of the first studies
was carried out by Brocolo et al. [3]. They have focused on that the AuxHex
hybrid metastructure is achieved by combining conventional and auxetic hexagonal
unit cells as shown in Figure 1.5. This design allows for variable Poisson’s ratios
(positive, zero, and negative) to be obtained by adjusting its geometric parameters
and for enhanced in-plane compressive strength. Xu et al. [12] derived theoretical
formulas for the modulus of elasticity and collapse stress of the AuxHex structure.
They then validated these theoretical calculations by comparing them with the results
of experiments performed on nylon samples and the results of FEM applications.
Parsons et al. [33] created AuxHex structures by using aluminum and titanium
materials, achieving tunable positive or negative thermal expansion coefficients in two
perpendicular directions. This opens up new possibilities for applications of hybrid
honeycombs. Additionally, they confirmed the thermal expansion properties of these

metastructures through experiments.
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Figure 1.5 : 2D AuxHex structure [3].



1.2 Purpose of Thesis

Herein, parametric investigation of mechanical properties of sandwich structures
with AuxHex unit cells is conducted. Due to author’s knowledge, the investigation
of various geometric parameters of AuxHex unit cell and its effect on mechanical
properties were not discussed in detail. Since AuxHex is designed to take advantage
of the distinct advantages of both conventional hexagonal honeycomb and auxetic
re-entrant cells, this study aims to see the effect of design parameters and how to
improve mechanical properties of unit cell of AuxHex. The results show how far the
mechanical properties can be tailored and advanced by varying geometric parameters
of unit cell design. This facilitates the development of optimal design solutions for

AuxHex structures by employing different values for the geometric parameters.



2. LATTICE STRUCTURES

This section delves into a detailed explanation of the classical conventional
honeycomb-shaped unit cells and re-entrant auxetic unit cells that give rise to the

AuxHex unit cell.

2.1 Conventional Hexagonal Lattices (Honeycombs)

Inspired by the hexagonal structures found in natural honeycombs built by bees,
honeycomb cores, also known as cellular or open-cell cores, utilize various geometries.
However, the most common and well-studied design employs hexagonal cells, as
illustrated in Figure 2.1. The hexagonal arrangement of the honeycomb core
offers a combination of desirable properties: low density, exceptional out-of-plane

compressive strength, and high resistance to out-of-plane shear forces [6].
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Figure 2.1 : Honeycomb structure and its geometry [5,6].

A key parameter in defining a honeycomb core is the cell size. This is determined
by the diameter of the largest circle that can be inscribed within the cell walls, as
depicted in Figure 2.2. The figure also illustrates the dimensions (length L, width W,
and thickness T) of a typical hexagonal honeycomb cell. However, the achievable cell
configurations are ultimately limited by the thickness and stiffness of the sheet material

used for fabrication.
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Figure 2.2 : Honeycomb structure’s directions [7].

Honeycomb structures in engineering applications experience compressive loading in
either the in-plane (X or X; directions) or out-of-plane (X3 direction) as illustrated in
Figure 2.3. When loaded in-plane, the cell walls bend due to their lower compressive
strength compared to out-of-plane loading. This is because under out-of-plane
compression, the cell walls experience axial extension or compression, leading to a

higher overall strength.

in-plane
A/-f\
Xi

Figure 2.3 : Visualization of the in-plane (X; and X») and out-of-plane (X3) loading
directions with respect to the honeycomb’s geometry [8].



2.2 Re-entrant Auxetic Lattices

Under tensile loading, most materials exhibit a positive Poisson’s ratio, meaning they
become thinner in the direction perpendicular to the applied force. This is readily
observed when stretching an elastic band. This behavior is so prevalent in nature
that PPR seems to be the default expectation for material response. Conventional
honeycomb structures mentioned in previous sub-chapter are the ones that exhibiting
normal expectation of material deformation, PPR. By implementing various design
modifications to the hexagonal honeycomb geometry, it is possible to alter its behavior
from exhibiting a PPR to a structure with a negative Poisson’s ratio. The discrepancy

between PPR and NPR behaviors is illustrated in Figure 1.3 and 2.4.
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Figure 2.4 : (a) Depicting a schematic of a typical hexagonal honeycomb structure
and its deformation under tensile loading, which results in a (PPR) (b) A re-entrant
honeycomb exhibiting negative Poisson’s ratio behavior [9].



The re-entrant geometry exhibits a NPR, making it the most widely recognized design
among auxetic structures. Unlike the conventional hexagonal honeycomb with its
characteristic 120° internal angles, the re-entrant structure incorporates a arrow shaped
hexagonal honeycomb core. The specific internal angles within this structure can be

tailored based on the design requirements.

Figure 2.5 illustrates the distinction between a conventional hexagonal honeycomb
structure and a re-entrant auxetic structure. Notably, the Poisson’s ratio of the
re-entrant geometry is dictated by the specific angles between its cell walls and other

geometric parameters [34].

Figure 2.5 : Geometries of classical honeycomb structure’s unit cell and re-entrant
structure’s unit cell [10].

10



3. AUXHEX UNIT CELL

3.1 Geometrical Description of AuxHex Unit Cell

An AuxHex unit cell is the result of combination of hexagonal unit cell and re-entrant

unit cell (auxetic unit cell). The AuxHex lattice structure is shown in Figure 3.1 and
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Figure 3.1 : AuxHex unit cell structure, combination of two different type of unit
cells [11].

X

()

N

NN
94
s‘a |

FN

)

b
N
AN
Ni
‘;’1 N N
i?

N\

RO

;&
tat
N
AN\
A\

N
TR

1 N

Q

LSS

INYN\NV)

\

POOLS
NN
oY

Figure 3.2 : AuxHex unit cell structure: (a) 3D AuxHex structure; (b) 2D AuxHex
structure [12].
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Unlike the original cells, the combined cell (hybrid cell or AuxHex) allows for more
flexibility in design parameters. To understand the exact shape of AuxHex unit cell,

some key design parameters are defined and shown in Figure 3.3.

Figure 3.3 : Design parameters information of AuxHex lattice structure [13].

In Figure 3.3, the hexagonal cell’s length of the inclined and non-inclined walls are
shown as /; and hy, respectively. Meanwhile, the cell angle and wall thickness are
respectively defined by 6; and #; for hexagonal cell. For re-entrant hexagonal cell, the
lengths of inclined and non-inclined walls are given as /; and h», respectively in Figure
3.3. Similarly, 6, and 1, are defined and they represent the cell angle and wall thickness,
respectively. Finally, the length between hexagonal and re-entrant cells are defined
by h3 and its thickness is 3. While designing the AuxHex unit cell, the following

relationship is taken into account for more elegant unit cell design:

licos0) =1lrcos 0, 3.1

3.2 Analytical Model of Mechanical Properties

To get the formulations of Young’s modulus and yield stregnth for the AuxHex
structure, the article named as "Mechanical properties and energy absorption capability
of AuxHex structure under in-plane compression: Theoretical and experimental
studies" [12] is utilized and derivation of these formulations are presented in upcoming

subchapter. It is assumed that a uniform compressive load has been applied to the

12



AuxHex unit cell and the unit cell wall is treated as an Euler-Bernoulli beam, assuming
no shear deformation and disregarding any axial extension or compression deformation
[35,36]. Additionally, it is assumed that the material exhibits linear elastic behavior
and the applied strain is small enough to prevent any major changes in the geometry of

the structures [35].

3.2.1 Mechanical properties under compressive load

A uniform compressive force, acting in the x-direction, has been applied to a

representative unit cell of the 2D hybrid structure (see Figure 3.4).

O
o 1
L

—

o
a

? )\

-

l

—(

!

|

s
(o]
.
—
——
s —
—

. I~ N>
X @ (b)

Figure 3.4 : (a) Loading in the x-direction and (b) predicted deformation [12].

AN

Since both hexagonal and re-entrant hexagonal unit cells are expected to bend under
load in x-direction as shown in Figure 3.4, force analysis was performed on both.
However, based on the assumptions, only the inclined walls will exhibit significant
bending. Therefore, taking advantage of symmetry, a single inclined wall for the force

analysis can be isolated as shown in Figure 3.5.

In Figure 3.5, for beams AB and CD to be in equilibrium, there should not be any force
acting in the y-direction. This allows to state the bending moment acting on beam AB

as:
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Figure 3.5 : Investigating the elastic response of (a) hexagonal and (b) re-entrant
hexagonal cells under x-directional loading [12].

R, -
Mj = 5 P'lysin 6y (3.2)

where P! defines the force in the x-direction acting on beam AB. At this point, it should
be noted that two superscripts i and ii reflect the hexagonal and re-entrant hexagonal

cells, respectively. The force P’ is given as:

|
P' = 561 (2h1 +2115in91)b (3.3)

The equation below describes the approximate deflection curve of the beam:

= 3.4
W =Rl (34)

Beam AB’s boundary conditions are given as:

PointA:w=0,0#0 Point B:w+#0,0=0 (3.5)

From equations (3.4) and (3.5), beam AB’s deflection can be yielded as:

i MR ;b
o= 6Exsli where [ =1 (3.6)

where E; is Young’s modulus of the parent material and, where b refers to the length

of the AuxHex unit cell through out-of-plane direction (z-direction).
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The hexagonal cell’s strain is expressed as below in the x-direction:

_ 3isin® oy (2h1 +21;sin6;) 3 sin’ 6

i

= = 3.7
Y ljcos@, 2E; tf’cos@l -7)
Beam CD’s bending moment is expressed by the equation:
i _ iy
M, = EP [, sin 6, (3.8)

where P equals to the force of the beam CD in the x-direction.

| i1
P" = 561 (2h2 — 212 sin 92)b if hz > 212 sin 92, P" = EGIth if hz < 212 sin 92
(3.9)

As beam AB having the boundary conditions, beam CD also has the same boundary

conditions. Hence, beam CD’s deflection equation is:

i— ZX2 here =22

Y GEl 12 G-10

If the condition of hy > 2l,5in6, is maintained, further manipulation of Eq. (3.10)

gives Eq. (3.11) as follows:

01 (2hy — 21,5in6,) bl35in6;

8! = g 3.11
* 24E 1" G-11)
The re-entrant hexagonal cell’s the strain in the x-direction can be stated as:
i OlsinG, o1 (2hy —2bysin6,) 3sin6; 3.12)
" bLcos6, 2E t%cos@z .
2D hybrid cell’s strain in the x-direction is obtained as:
o) (2/’1] + 21 Sil’l@]) 2 .9 (hz — lzsinez) )
& = lisin“0) + ——————=15sin"0 3.13
T 4E, t13c0s91 ! ! tg’ cos6, 2 2 ( )

Moreover, Young’s modulus through x-direction is expressed as:
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2E;

(hi+115in6) 12 .. » (hy—lpsin®) 12 - >
tfw—s@]llsm 0, —i—wlzsm 0,

E| = (3.14)
If the material of the cell wall reaches a plastic yield point, the structure will
undergo plastic collapse once the bending moment equals to the plastic moment,
thus establishing the plastic collapse stress of the structure. Likewise, unit cells are
categorized into hexagonal and re-entrant hexagonal configurations for examination

purposes.

For the hexagonal cell, an upper limit on the plastic collapse stress is given by equating
the work done by the force P'. The plastic work done at these four hinges (see Figure

3.6(a)) is given below:

4M; 0" > 2P'1¢'sin 6, (3.15)

where M{ » is the bending wall’s full plastic moment (M{ . }‘Gybtl2 and where o,

refers to the yield stress of the parent material.).

Plastic hinge
—_— .4 D -—
/ ¢ I ¢N \':\
B ¢" ¢“ —
@y Ll B¢ (@),
—_— \.\/ \/ -
l,cos6, ~ 1, cos(, +¢') l, cos 8, 1, cos (6, +¢")
¥ .
L ~ I ¢'siné, = L,¢" siné,
* (a) (b)

Figure 3.6 : Visualization of the deformation modes leading to plastic collapse in (a)
hexagonal and (b) re-entrant hexagonal honeycombs subjected to x-directional
loading [12].

Moreover, the plastic collapse stress’s upper limit is found as:

2
Oy}

3.16
(2h1 +211sin01)llsin61 ( )

(Gl);l <
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And, the lower limit of the plastic collpase stress can be found by equating the

maximum moment in the beam to M » which can be given as:

i _
lmax —

(01)} (1 + Lisin®,) bl sin6y (3.17)

| =

From which, the upcoming formulation can be found out:

oyt
(2]11 + 211sin91) [15in6;

(01 > (3.18)

It should be paid attention that both upper and lower limits are same. So, the hexagonal

cell’s plastic collapse stress is derived as:

12 1

i 1
_ I 3.19
(Gl)pz Oy X l% y 2(hy /1) + sin6y) sin6; ( :

Additionally, an upper limit on the plastic collapse stress is given by equating the work
done by the force P" for the re-entrant hexagonal cell. As stated, the two results are
same and the plastic collapse stress of the re-entrant hexagonal cell is obtained from

the relationship below:

2
ii f !
.2 3.20
(61)p1 Oy X l% X 2 (hy /1o — 5in6,) sin6, 320

The entire AuxHex structure will collapse plastically when either the hexagonal or
re-entrant hexagonal cell reaches its own plastic collapse stress limit under the force
in x-direction. So, the overall strength of the AuxHex structure in the x-direction is

whichever of these two limits is lower.

3.3 FEM Simulation of Lattice Structure of AuxHex

Within the scope of this study, the ABAQUS 2020 finite element program [37] with
explicit solver was employed to investigate the influence of varying design parameters
on the mechanical properties of the structure. In the finite element model, the bottom
plate of the core structure was constrained in all directions. The top plate was subjected

to an axial compressive displacement until 0.75 mm/mm strain, while the remaining
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directions of the bottom plate were constrained. The nylon material used in the study,
named as PA2200, has a density of 930 kg/ m3 [38] and a Poisson’s ratio of 0.395 [39].
For a thickness of 0.55 mm, the stress-strain curve defining the material properties
was digitized from the article [12] and imported into the ABAQUS finite element
program. The digitized stress-strain curve for the corresponding material is as shown
in Figure 3.7. The PA2200 material exhibited a Young’s modulus of 908 MPa and a
yield strength of 16 MPa at a thickness of 0.55 mm.

25

0 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Strain (mm/mm)

Figure 3.7 : The stress-strain curve from the tensile test of PA2200.

For further investigation of AuxHex’s mechanical properties with various design
parameters, the article [12] from the literature was selected to do benchmarking and
verify the FEM models. Accordingly, the thicknesses of the top and bottom plates were

set to 1.00 mm, while the design parameters of the AuxHex unit cells are presented in

Table 3.1.
Table 3.1 : Design parameters for AuxHex unit cell.
Structure  /{ (mm) A (mm) t; (mm) 0, (degree) [ (mm)
AuxHex 5 5 0.55 30 5
Structure  hp (mm) 1, (mm) 6, (degree) h3 (mm) t3 (mm)
AuxHex 10 0.55 30 7.5 0.55

For the AuxHex sandwich structure, the ABAQUS finite element program was
employed to construct a two-dimensional model using S4R-type quadrilateral shell

elements with reduced integration and hourglass control. The objective was to solve

18



the model as quickly as possible using two-dimensional elements with high accuracy
[18,26,40]. Hard contact was defined on the FEM model to simulate interaction of unit
cells with each other. The force-displacement data obtained from the top plate of the
AuxHex sandwich structure was converted to the stress-strain data so as to compare

the results with the mentioned article.
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Figure 3.8 : FEM Model.

The comparison of the obtained results with the reference study [12] in terms of
stress-strain is shown in the Figure 3.9. This comparison demonstrates that close

results were obtained, validating the FEM model for further analyses.
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4. MODELING, SIMULATION, AND RESULTS

In this chapter, mechanical properties of various design parameters of AuxHex core
structure is obtained. The mechanical properties investigated include the Young
modulus, yield strength, and energy absorption values at 10% and 25% of strain and

toughness of AuxHex core structure.

4.1 Design Parameters of AuxHex Unit Cells

This section outlines the design assumptions and parameters employed to investigate
the AuxHex structure. The AuxHex unit cell structure is depicted in Figure 3.3. The
following assumptions are made regarding the design parameters defining the unit cell

shown in Figure 3.3:
Dh=h =hy/2=h;3
Dl=L=Dh
3)0=6,=6,
Ht=t =t =13

Under the assumpitons made above, the parameters /4 and [ will take values between 5
and 10 mm with an increment of 2.5 mm, while 8 will be varied from 20° to 40° with
increments of 10°. The thickness value (7) will be increased from 0.4 mm to 0.6 mm
with increments of 0.1 mm. The increments and limits of each design parameter are
uniquely determined without referencing any other examples. To facilitate evaluation
based on the results, a coding scheme has been developed for the structures that will
emerge with different design parameters. For instance, when h = hy = hy /2 = h3 =
T5mm, =11 =bL=75mm, 06 =0,=6,=30°andt =1t =1, =t3 = 0.5mm are
introduced on the unit cell of AuxHex, this design is coded as H7.5-L7.5-TH30-T0.5.

All codes and related design parameters are listed in Table 4.1.
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Table 4.1 : Codes and design parameters for each investigated unit cells.

Codes h (mm) I (mm) 0 (°) t (mm)

H7.5-L7.5-TH30-T0.5 7.5 7.5 30 0.5
H5-L7.5-TH30-T0.5 5 7.5 30 0.5
H10-L7.5-TH30-T0.5 10 7.5 30 0.5
H7.5-L5-TH30-T0.5 7.5 5 30 0.5
H7.5-L.10-TH30-T0.5 7.5 10 30 0.5
H7.5-L7.5-TH20-T0.5 7.5 10 20 0.5
H7.5-L7.5-TH40-T0.5 7.5 10 40 0.5
H7.5-L7.5-TH30-T0.4 7.5 10 30 0.4
H7.5-L7.5-TH30-T0.6 7.5 10 30 0.6

4.1.1 Geometric dimensions of AuxHex specimens

In this subsection, the detailed breakdown of the cell’s structural parameters and the
geometric dimensions of the AuxHex core panels is provided in Table 4.2. Number
of unit cell which is 3x4 for each specific design means that there are a total of 3 unit
cells through length and 4 unit cells through width. For each AuxHex structures listed
in Table 4.1, depth is taken as 40 mm. Directions of height (H), width (W) and depth

(D) are shown in Figure 4.1.

Table 4.2 : Geometric dimensions of AuxHex core structures with codes.

Codes Height (mm) Width (mm)

H7.5-L7.5-TH30-T0.5 51.96 116.25

H5-L7.5-TH30-T0.5 51.96 71.5
H10-L7.5-TH30-T0.5 51.96 155

H7.5-L5-TH30-T0.5 34.64 116.25
H7.5-L10-TH30-T0.5 69.28 116.25
H7.5-L7.5-TH20-T0.5 56.38 116.25
H7.5-L7.5-TH40-T0.5 45.96 112.5
H7.5-L7.5-TH30-T0.4 51.96 116.25
H7.5-L7.5-TH30-T0.6 51.96 116.25

4.2 Investigation of Mechanical Properties

Herein, it is aimed to see the effects of different design parameters on the mechanical
properties of AuxHex core structure. In the following first subsection, the influence

of varying design parameters on the structure’s Young’s modulus and yield strength is
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Figure 4.1 : H-D-W directions for geometric dimensions of AuxHex core structure.
investigated by using both theoretical formulas and FEM model results. Chapter 4.2.2
presents the effect of changing design parameters on the structure’s energy absorption
capability and toughness. All Young’s modulus, yield strength, energy absorption

capability and toughness values are calculated specifically which means all results are

divided by related AuxHex structure’s mass.

4.2.1 Young’s modulus and yield strength

To calculate theoretically the Young’s modulus and yield strength of AuxHex core

structure, it is better to recall the Egs. 3.14, 3.19 and 3.20 from Chapter 3.2.1:

Young’s modulus:

2E
Er= (hy+115in6)) 12 S(h Ir5in6>) 12 @D
174 1 ) 271 2 )
[—t?wsel [7sin=6, +—f300392 l5sin 62]
Yield strength for conventional hexagonal cell:
(1), =0 xix ! (4.2)
VT I 27 2 (1 + sinby ) sindy '
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Yield strength for re-entrant hexagonal cell:

2
i lz 1
_o,x 2 43
(011 = O X 3 X S Ty —siny) sinbs 4.3)

Again, it should be noted that the entire AuxHex structure will collapse plastically
when either the hexagonal or re-entrant hexagonal cell reaches its own plastic collapse
stress limit under the force in x-direction. So, the overall strength of the AuxHex

structure in the x-direction is whichever of these two limits is lower.

4.2.1.1 Effect of the length of non-inclined wall (/)

The AuxHex structures coded as HS5-L7.5-TH30-T0.5, H7.5-L7.5-TH30-TO.5,
H10-L7.5-TH30-T0.5 are investigated here to observe the effect of a longer
non-inclined wall length (7)) on AuxHex structures. It’s worth mentioning that only
h takes values 5, 7.5, and 10 mm while other design parameters /, 6, and ¢ are kept

as-is.

With increased non-inclined wall length (h), the Young’s modulus and yield strength
results from the formulations and FEM results are tabulated in Table 4.3 and Table 4.4,

respectively.

Table 4.3 : Specific theoretical and FEM results for Young’s modulus with increased
non-inclined wall length (k).

E (MPa/kg) HS-L7.5-TH30-T0.5 H7.5-L7.5-TH30-T0.5 H10-L7.5-TH30-T0.5
Theoretical 38.671 21.133 13.390
FEM 39.241 21.187 13.075

Table 4.4 : Specific theoretical and FEM results for yield strength with increased
non-inclined wall length (k).

YS (MPa/kg) H5-L7.5-TH30-T0.5 H7.5-L7.5-TH30-T0.5 H10-L7.5-TH30-T0.5
Theoretical 2.529 1.612 1.115
FEM 2.477 1.300 0.901

The tables above proves that both E and YS decrease when the length of non-inclined

walls (h) increases.

The differences between theoretical and FEM results are previously obtained in the

literature [12]. The observed discrepancies may be caused by two factors: the inherent
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limitations of using discretized sizes to represent continuous geometries, and the

uncertainties associated with the material properties of complex structures.

4.2.1.2 Effect of the length of inclined wall (/)

The AuxHex structures coded as H7.5-L5-TH30-T0.5, H7.5-L7.5-TH30-TO.5,
H7.5-L10-TH30-TO.5 are investigated here to observe the effect of a longer inclined
wall length (/) on AuxHex structures. It should be noted that only / takes values 5, 7.5,

and 10 mm while other design parameters 4, 6, and ¢ are kept as-is.

With increased inclined wall length (/), the Young’s modulus and yield strength results
from the formulations and FEM results are tabulated in Table 4.5 and Table 4.6,

respectively.

Table 4.5 : Specific theoretical and FEM results for Young’s modulus with increased
inclined wall length (/).

E (MPa/kg) H7.5-L5-TH30-T0.5 H7.5-L7.5-TH30-T0.5 H7.5-L10-TH30-T0.5
Theoretical 55918 21.133 10.309
FEM 55.800 21.187 9.938

Table 4.6 : Specific theoretical and FEM results for yield strength with increased
inclined wall length (/).

YS (MPa/kg) H7.5-L5-TH30-T0.5 H7.5-L7.5-TH30-T0.5 H7.5-L10-TH30-T0.5
Theoretical 3.200 1.612 0.944
FEM 2.812 1.300 0.791

From Table 4.5 and 4.6, one can easily summarize the fact that when the inclined
wall length of AuxHex unit cells increases, both E and YS values of the core structure

decreases.

4.2.1.3 Effect of the unit cell’s angle (0)

The AuxHex structures coded as H7.5-L7.5-TH20-T0.5, H7.5-L7.5-TH30-TO0.5,
H7.5-L7.5-TH40-TO0.5 are investigated here to observe the effect of the unit cell’s angle
(0) on AuxHex structures. Importantly, only the parameter 6 is varied, taking values

of 20°, 30°, and 40° while other design parameters 4, /, and ¢ are kept as-is.
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With increased angle of unit cell (6), the Young’s modulus and yield strength results
from the formulations and FEM results are tabulated in Table 4.7 and Table 4.8,
respectively.

Table 4.7 : Specific theoretical and FEM results for Young’s modulus with increased
unit cell’s angle (6).

E (MPa/kg) H7.5-L7.5-TH20-T0.5 H7.5-L7.5-TH30-T0.5 H7.5-L7.5-TH40-T0.5
Theoretical 49.007 21.133 11.506
FEM 44.714 21.187 13.055

Table 4.8 : Specific theoretical and FEM results for yield strength with increased unit
cell’s angle ().

YS (MPa/kg) H7.5-L7.5-TH20-T0.5 H7.5-L7.5-TH30-T0.5 H7.5-L7.5-TH40-TO0.5

Theoretical 2.635 1.612 1.165
FEM 1.555 1.300 1.211

Tables 4.7 and 4.8 show that both E and YS decrease when the angle of unit cell (0)

increases.

4.2.1.4 Effect of the thickness of unit cell’s wall (¢)

The AuxHex structures coded as H7.5-L7.5-TH30-T0.4, H7.5-L7.5-TH30-TO0.5,
H7.5-L7.5-TH30-T0.6 are investigated here to observe the effect of thicker walls
of unit cell (r) on AuxHex structures. It is crucial to note that among all design
parameters, only 7 undergoes changes, assuming values of 0.4, 0.5, and 0.6 mm, while

h, [, and O are held constant.

With increased thickness of unit cell’s wall (¢), the Young’s modulus and yield strength
results from the formulations and FEM results are tabulated in Table 4.9 and Table
4.10, respectively.

Table 4.9 : Specific theoretical and FEM results for Young’s modulus with increased
unit cell’s wall thickness (7).

E (MPa/kg) H7.5-L7.5-TH30-T0.4 H7.5-L7.5-TH30-T0.5 H7.5-L7.5-TH30-T0.6
Theoretical 12.574 21.133 31.953
FEM 11.818 21.187 31.765

The results summarized in Tables 4.9 and 4.10 show consistency between increased

wall thickness and increased mechanical properties [41].
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Table 4.10 : Specific theoretical and FEM results for yield strength with increased
unit cell’s wall thickness (¢).

YS (MPa/kg) H7.5-L7.5-TH30-T0.4 H7.5-L7.5-TH30-T0.S H7.5-L7.5-TH30-T0.6

Theoretical 1.199 1.612 2.032
FEM 0.987 1.300 1.839

4.2.2 Energy absorption capability and toughness

The energy absorption (EA) capability at some certain values of strain and toughness
of total 9 different AuxHex structure is discussed in this section. There is no direct
formulation to obtain EA and toughness by using design parameters of unit cell like
done for Young’s modulus and yield strength. For this reason, force-displacement
values from the top plates of each 9 different AuxHex structure’s FEM model is

obtained and converted to stress-strain graph to use the equations below:

0.1
EAp :/ ode “4.4)
0
0.25
EAq 75 :/ ode (45)
0
0.75
Toughness = / ode (4.6)
0

To provide a more detailed explanation of the meaning of the above equations 4.4,
4.5, and 4.6, these all 3 equations gives the area under stress-strain curve. The main
discrepancy among these formulations is upper and lower boundaries of integrals.
Eq. 4.4 is written for obtaining the energy absorption until € = 0.1 mm/mm while
Eq. 4.5 gives the absorbed energy until € = 0.25 mm/mm. Lastly, the toughness of
each AuxHex model is calculated by taking integral of Eq. 4.6 since all FEM models
are simulated until € = 0.75mm/mm. The commercial software MATLAB [42] is
utilized to find the results of integrals (Eqs. 4.4, 4.5, and 4.6) by doing curve fitting of

stress-strain graphs.
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4.2.2.1 Effect of the length of non-inclined wall (/)

Like done in previous chapter for getting E and YS values, the AuxHex structures
coded as HS-L7.5-TH30-T0.5, H7.5-L7.5-TH30-T0.5, H10-L7.5-TH30-T0.5 are
investigated here to observe the effect of a longer non-inclined wall length (%) on
AuxHex structures’ energy absorption capability. It’s worth mentioning that only A

take values 5, 7.5 and 10 mm while other design parameters /, 6, and ¢ are kept as-is.

With increased non-inclined wall length (h), energy absorptions at 10% and 25% of
strain and toughness are obtained from the stress-strain graphs of FEM results are
tabulated in Table 4.11.

Table 4.11 : Specific energy absorption and toughness results for increased
non-inclined wall length ().

Unit Cell Structure EAq EAq 25 Toughness

HS5-L7.5-TH30-T0.5 192.158  702.905 2760.166

H7.5-L7.5-TH30-T0.5 104.388 380.272 1350.340
H10-L7.5-TH30-T0.5 63.362 238.937 867.241

All EA and toughness results are in the unit of kJ/m>kg.
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Figure 4.4 : Deformation modes of H7.5-L7.5-TH30-TO0.5.
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4.2.2.2 Effect of the length of inclined wall (/)

Like done in previous chapter for getting E and YS values, the AuxHex structures
coded as H7.5-L5-TH30-T0.5, H7.5-L7.5-TH30-T0.5, H7.5-L10-TH30-T0.5 are
investigated here to observe the effect of a longer inclined wall length (/) on AuxHex
structures’ energy absorption capability. It should be noted that only [ takes values 5,

7.5, and 10 mm while other design parameters 4, 0, and ¢ are kept as-is.

With increased inclined wall length (/), energy absorptions at 10% and 25% of strain
and toughness are obtained from the stress-strain graphs of FEM results are tabulated
in Table 4.12.

Table 4.12 : Specific energy absorption and toughness results for increased inclined
wall length (/).

Unit Cell Structure EA¢ 1 EAq 25 Toughness

H7.5-L.5-TH30-T0.5 241.360  808.800 2799.200

H7.5-L7.5-TH30-T0.5 104.388 380.272 1350.340
H7.5-L10-TH30-T0.5 52.389 209.204 809.735

All EA and toughness results are in the unit of kJ/m’kg.
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4.2.2.3 Effect of the unit cell’s angle (0)

The AuxHex structures coded as H7.5-L7.5-TH20-T0.5, H7.5-L7.5-TH30-TO0.5,
H7.5-L7.5-TH40-T0.5 are investigated here to observe the effect of the unit cell’s
angle (0) on AuxHex structures’ energy absorption capability. Importantly, only the
parameter 6 is varied, taking values of 20°, 30°, and 40° while other design parameters

h, 1, and t are kept as-is.

With the increased angle of unit cell (6), energy absorptions at 10% and 25% of strain
and toughness are obtained from the stress-strain graphs of FEM results are tabulated

in Table 4.13.

Table 4.13 : Specific energy absorption and toughness results for increased unit cell’s
angle (0).

Unit Cell Structure EAp EAp 25 Toughness
H7.5-L7.5-TH20-T0.5 166.156  454.762 1575.510
H7.5-L7.5-TH30-T0.5 104.388  380.272 1350.340
H7.5-L7.5-TH40-T0.5 67.751 313.945 1255.017

All EA and toughness results are in the unit of kJ/m’kg.
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4.2.2.4 Effect of the thickness of unit cell’s wall (¢)

Like done in previous chapter for getting E and YS values, the AuxHex structures
coded as H7.5-L7.5-TH30-T0.4, H7.5-L.7.5-TH30-T0.5, H7.5-L7.5-TH30-T0.6 are
investigated here to observe the effect of increased wall thickness (¢) of unit cell on
AuxHex structures’ energy absorption capability. It is crucial to note that among all
design parameters, only # undergoes changes, assuming values of 0.4, 0.5, and 0.6 mm,

while A, [, and 0 are held constant.

With the increased wall thickness of unit cells (¢), energy absorptions at 10% and 25%
of strain and toughness are obtained from the stress-strain graphs of FEM results are

tabulated in Table 4.14.

Table 4.14 : Specific energy absorption and toughness results for increased unit cell’s
wall thickness (¢).

Unit Cell Structure EAg EAq 25 Toughness
H7.5-L7.5-TH30-T0.4 63.004 253.004 932.806
H7.5-L7.5-TH30-T0.5 104.388 380.272 1350.340
H7.5-L7.5-TH30-T0.6 145.000 515.476 1787.500

All EA and toughness results are in the unit of kJ /m>kg.
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4.2.3 Comparison of AuxHex structures’ stress-strain behaviours

Herein, the stress-strain graphs of 9 different AuxHex structures are presented.
Figure 4.20 combines these stress-strain graphs in one, and shows that the collapse
behaviour of structure appears to be largely related to the change in the length of
non-inclined wall (k). Furthermore, collapse behavior can also be observed in the

model H7.5-L7.5-TH20-T0.5 where unit cell’s angle (8) is 20°.

0.25 T T

—H7.5-L7.5-TH30-T0.5
—H5-L7.5-TH30-T0.5
0.21-|—H10-L7.5-TH30-T0.5
—H7.5-L5-TH30-T0.5
—H7.5-L10-TH30-T0.5
H7.5-L7.5-TH20-T0.5

B 0.5 —H7.5-L7.5-TH40-T0.5 g

= ---H7.5-L7.5-TH30-T0.4

o | H7.5-L7.5-TH30-T0.6

[0

& 01f y
0.05F J

1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Strain (mm/mm)

0 1 1 1

Figure 4.20 : Stress-strain graphs of all AuxHex structures.
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5. CONCLUSION

In conclusion, both theoretical calculations and explicit FE analyses are performed
to see the impact of AuxHex unit cells’ design parameters on mechanical properties
including Young’s modulus, yield strength, energy absorption capacity under different

strain values, and toughness.

First, analytical formulations to obtain Young’s modulus and yield strength for
AuxHex structure were derived and two mechanical properties (E and YS) were
calculated. Meanwhile, 2D finite element models were created for nine different
geometries of AuxHex sandwich structures by varying geometric parameters such
as inclined and non-inclined wall cell lengths, angles, and wall thicknesses that
characterize the AuxHex unit cell structure. Differences between analytical and
numerical results have emerged in accordance with the examples in the literature.
Secondly, energy absorption capacity and toughness values were calculated by
converting force-displacement graphs into stress-strain graphs. These stress-strain
graphs were integrated by using a curve fitting function in the MATLAB program

to obtain the absorbed energies and toughness values at different strains values.

The analyses performed and the results obtained in this study are concluded in the

following items:

1. It was observed that the Young’s modulus, yield strength, energy absorption
capacity, and toughness of the sandwich structure decreased with increasing inclined

and non-inclined wall lengths of AuxHex unit cells.

2. All mechanical properties have increased significantly and had a positive effect on

the structure with increasing AuxHex unit cell wall thicknesses.
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3. The Young’s modulus, yield strength, energy absorption capacity, and toughness
of the AuxHex sandwich structure decreased with increasing unit cell angles used to

design the AuxHex unit cells.
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