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COMPARATIVE NUMERICAL AND EXPERIMENTAL STUDY OF
HOMOGENIZED AND FULL -SCALE FE MODELS FOR SANDWICH
STRUCTURES WITH RE-ENTRANT AND ANTI -TETRACHIRAL
AUXETIC CORES

SUMMARY

Additive manufacturing (AM), widely known as 3D printing, has transformetiette

of structural design by enabling the fabrication of complex, lightweight, and highly
customized architectures that are often impossible to produce using conventional
manufacturing techniques. This technological advancement has unlocked new
possibiliies for the exploration of architected materials, particularly auxetic structures,
which exhibit a negative Poissonds ratio
laterally rather than contracting, and when compressed, they contract inwards rather
than bulging. This counterintuitive behavior imparts auxetic structures with
remarkable mechanical advantages, including superior energy absorption, enhanced
impact resistance, and improved damping performance, making them highly attractive
for a wide range ofengineering applicationdn particular, reentrant and arti
tetrachiral lattice geometries have emerged as promising auxetic designs due to their
tunable mechanical responses, Frisatropic behavior under specific loading
conditions, and ability to witand large deformations while maintaining stability.
These features make them wsliited for use in aerospace panels, biomedical
implants, and protective systems such as armor panels for defense applications.
Despite the advantages of auxetic designsgjr tkomplex lattice architectures,
composed of intricate geometrical features and periodic unit cells, present significant
challenges in numerical modeling and simulation. -Badlle finite element analysis
(FEA), which resolves each geometric detail, jmtes detailed insight into localized
stress distributions, deformation patterns, and failure mechanisms. However, this
approach demands substantial computational resources, with the complexity of mesh
generation, solver runtimes, and ppsbcessing incresng rapidly as the size of the
model grows. For largsecale engineering systems like heat exchangers or energy
absorbing panels, where millions of unit cells may be presengdaleé FEA becomes
impractical within typical design workflows. To addressesh challenges,
homogenization techniques have been developed as an alternative strategy. By
approximating the periodic lattice as an equivalent orthotropic or anisotropic
continuum, homogenization enables significant reductions in model complexity,
allowing engineers to analyze large and complex structures more efficiently.
Nevertheless, homogenization may struggle to capture localized stress concentrations
and detailed deformation behaviors, highlighting the taffi®etween accuracy and
computational diciency.

This study undertook a comprehensive investigatmin sandwich structures
incorporating reentrant and antietrachiral auxetic cores, comparing the mechanical
behavior of fullscale and homogenized finite element models under different loading
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conditions. The research also benchmarks these numerical models against
experimental tests to provide a robust assessment of their performance. The study
begins with the 3D modeling of the two auxetic lattice designs, using Siemens NX 12
software to generatdetailed CAD models of both-entrant and antietrachiral
geometries. These designs were selected based on their prevalence in the literature and
their contrasting structural characteristics. The-$ollle models capture every
geometric feature of thattice, while the homogenized models simplify the complex
geometry into an equivalent orthotropic continuum, derived through numerical
homogenization techniques.

The physical specimens were fabricated using a Stratasys Objet Connex 1 3D printer
via the naterial jetting method, with VeroBlue RDG840 polymer chosen as the base
material due to its suitable mechanical properties and compatibility with- high
precision additive manufacturing. To determine the fundamental material properties
of VeroBlue RDG840, tesile tests were conducted on printedsile specimens,

establishing key par ame SkeardModalus i saso nYdosung 6 s

ratio, and density for use in the numerical simulatitmsddition, compression tests

were performed to determinethec r espondi ng Youngo6s modul

loading.

Following fabrication, the experimental phase involved a series of mechanical tests to
evaluate the structural response of the lattice specimens. késganseaesting was
performed using the rovingammer technique to identify the natural frequencies and
mode shapes, providing insights into the dynamic behavior of the structures. Static
compression tests were conducted on eshmped specimens to assess their-load
bearing capacity and stresgain kehavior under uniaxial compression. Thpeent
bending tests were also performed to evaluate the flexural stiffness and deformation
response of the sandwich panels under bending loads. These experimental results
provided essential benchmarks for compatirggnumerical models and evaluating the
applicability of the homogenization approach.

In the numerical phase, finite element models were developed in ANSYS Workbench
2020 R2 for both fulscale and homogenized representations of teatrant and anti
tetrachiral structures. The Material Designer module in ANSYS was used to derive the
equivalent orthotropic material properties for the homogenized models, based on
representative unit cell analyses. Sensitivity studies were conducted to evaluate the
effectsof mesh density, unit cell selection, and boundary conditions on the accuracy
of the homogenized properties. These homogenized models were then used in modal,
compression, threpoint bending, and tensiléE analyses to assess the global
mechanical behaor of the structures under different loading scenarios.

The results indicate that modal analyses yielded the closest and most promising match
between numerical predictions and experimental benchmarks, demonstrating a strong
positive outcome for the homogeation approach in capturing dynamic behavior,
such as natural frequencies and mode shapes. This highlights modal analysis as the
most suitable scenario for applying homogenized finite element models in auxetic
structures, offering both accuracy and digant computational savings. The
compression analyses also showed highly promising results, with homogenized
models closely matching fuficale simulations and experimental test data, particularly

in predicting global stiffness and lodisplacement behaw. In contrast, the three

point bending analyses revealed the largest discrepancies, indicating that homogenized
models have limitations in accurately representing detailed local deformation patterns,
stress concentrations, and complex failure mechanisrdsr bending loads. While
minor differences were also observed in detailed deformation patterns under tensile
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loading, these differences were generally within acceptable ranges for engineering
applications focusing on global responédditionally, the study demonstrated that

the accuracy of threpoint bending simulations strongly depends on the correct
definition of material behavior under both tensile and compressive loading. The
i ncorporation of averaged ausfdrteesopand at el y
compression significantly improved the correlation between numerical and
experimental results. This highlights the necessity of accurate material calibration in
modeling polymeitbased auxetic lattices to achieve physically consistent preshictio

of bending and flexural response®verall, these findings confirm that while
homogenized models are highly effective for eatlyge design, parametric
evaluations, and largecale system analyses, fsltale finite element models remain
essential foraccurately capturing local stress distributions, failure initiation, and
nonlinear deformations in complex auxetic sandwich structures.

This thesis provides a systematic comparison ofstdlle and homogenized finite
element models for sandwich structureish re-entrant and antietrachiral auxetic
cores, highlighting the traeaffs between computational efficiency and accuracy.
Homogenization significantly reduces model complexity and solution times while
maintaining sufficient accuracy for global anags though careful benchmarking
against experimental results is essential. The study emphasizes the importance of
considering manufacturing imperfections, such as anisotropy and dimensional
variability, in modeling strategies. It offers practical insiglits engineering
applications where homogenized models enable efficient analysis ofslzabge
systems. Finally, the findings provide a foundation for future work in hybrid modeling
strategies that combine homogenized global models with localizeschbl analyses

for enhanced design precision.
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RE-ENTRANTVEANTI -TETRACHI RAL AUXETI C ¢EKKRDE
SANDVK¢ YAPILARI N HOMOJENLEKTKRKLMKK VE
MODELLERK ! ZERKNE SAYI SAL VE DENEYSEL K#

BKR ¢ALI kMA

OZET

Kat manl & i malat (additive manufacburing,
yazécé teknolojileri, modern m¢hendi sl ik
yiuksek 6zgul mua v e met | i ve °zellextirilebilir 'y
Gel eneksel i mal at y°ntemleriyle ¢retimi
geometrilere sahip yapélareéen tasareme v
gel i ki miyle m¢ mk ¢ Buhaled i gméimée kKt i rmal z e me
°zelli kle ya ndér el mék ve hg¢gcresel ma
a-éeél maséna Kk keda bulunmuk ve negatif P
auxetic yapél ar ol ah Pbgsgbn anranmant €
zemel er , - ek skl eri alténda geni k|
¢l en, dol ay a konvansiyonel mal z
zemel erdir. Bu tersine deftoympeyam,6 megl
rii sojurma kapasitesi, y¢ksek darbe
i uyuml ul uj u gi bi 2ntranh veagniietachirals u nar .
metriye sahip auxetic kaf es zotopigear &€ ml a
én mekani k tepkileri, ayarl anabilir r
bilitelerini koruma °zellikleriyle di
acél ek, bi yomedi kal i mpl antl ari ve S 3
uyucu uygulamalar i -in cazip kél makt a:
ak, auxetic yapélaréen bu karmakeék ge
enleri ve detayle y¢k aktaréem yoll ar e
a-eéseéndan b¢ye¢k zor |l mkt argegme at imla k tdeed éry
modellenmesi gereken tam 0lgekli sonlu elemanlar analizleri (FEA), lokal gerilme

daj el eml ar &, def ormasyon modl aré ve pot a
tespit edebilmek icin tercih edilen bir yontemdir. Ancakyby k s ek doj r ul uk

°nemli ©°1-¢de hesapl ama kaynakl aré ger ekt
ol uktur ma, -%z¢éeém o serel eri ve sonu-1|ar eén
| anarak artar. Mi | yonl ar c «li sistenMerdar e de
ejin, és ejiktiriciler veya enerji
strivyel tasareéem s¢re-1I|eri
aném gereksini mlelruklaares é
Ktirilen homojenlexktir me
pi k veya anizotropik bir
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d¢kek aj yojunluju il e global mekani k tepki/l
Ancak, bu y°ntem |l okal geril me yéjeéel malareée v
yerel etkileri tam olarak yakalamakta yetersiz kalabilir.
Bu t ez - al-entkamaesadtinedtar, a alei r al auxetic -ekirdek
mekani k davranéxl ar e, tam °1I| -ekli ve homoj e
erinden dedeayileceblieenmiekkive farklale y¢kIl eme
al i zi, stati k bsastkmae kmg) kakka&| akmér mal ar
| ek mada, sayésal mod el sonu-1ar é, deneyse
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téer. Detayl é& tam °1| -ekl: model
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numunel er ¢zerinde basma testl eri ve s
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homojenl exktiril mick model | er , | ok al def ot
kar makék hasarf mekawi xm&li &dde tahmin et me.:
yé¢kl emel erinde i se detayl é deformasyon di
raj men, homoj enl ekt rdepiasmariepkilenmictahmih dtneede g e n e
yeterl. dojrul ugadiudlaikknéuy gul asmma lnagrhé i - |
dojrul uk d¢ zeyAiy r éscad,l a méatéd ra.n anal izl er
simgl asyonl arénén dojrulujunun, mal zemen,i
dojru tanéemlanmaséna do]jr uc€ekme ve djsinae ol d
testlerinden el de edilen el astisitie modyg
basma i-in ayré modg¢ll erin tanémlandéj é
araseéendaki uyum belirgin kekilidek amrmane&k
geometrilere sahip poli mer esasl & mal zer
kali brasyonunun b¢yé¢k °nem takéedeéj] éné ort
tutarl & ejilme ve burkulma tepkilerinin
bas ma davranékl|l arénén dojru kKkekilde temsil
bul gu, é - nokta e]Jjme ve genel ej il me a
yapél masénén sonu-1larén g¢venil iGehel Jini

olarak bubugul ar , homojenlexktirilmik modell er

parametrik incelemeler ve buyik dlgekli sistem analizleri i¢cin son derece etkili ve
prati k bir yaklakém ol dujunu ortaya koym

hasar b akktl aalnagréé& weo doj r us al ol mayan def o
°nem takédejée senaryol arda, tam °1 -ekli
ol duju sonucuna varél mexkter.

Tez - al enrambaveantt erte achi r al auxetic -ekirde
o1 - ekl i ve homojenlexktirilmik modell eri

i ki yakl akémeén avant aj vV e séneérl|l amal ar
Homoj enl ektirmenin sajladéjé hesapl ama ve¢
OlceK i yapeéelar i -in analiz yapél masé ger ek
geril me dajéléemlaré ve | okal def or masyon
vurgul anmexkter Bu -al ékma, auxetic yapel
yonelk model |l eme stratejilerinin gelixktiril
ol ukturmuk ve gelecekte hibrit modell eme
model l er ile |l okal tam °1| -ekl:/ model | erir
°neml bir °neri sunmuktur.
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1INTRODUCTION

The field of modern engineering has been significantly influenced by additive
manufacturing (AM), or 3D printing, since it enablespheduction of complex shapes
and lightweight designs with tailored propertieapabilities that remain limited in

conventional manufacturing processes [1].

This technological advancement has particularly accelerated interest in architected
materials, espeally auxetic structures, also known as auxetic metamaterials, which
exhibit a negative Poissonds ratio (NPR)
compressive loading and expansion under tensile log2jnghe unique deformation

mechanism associated with tiN®Ris illustrated in Figure 1.13].

The deformation behaviors of different auxetic metamaterial designs are illustrated in
Figure 12 [4]. The figure highlights a fundamental distinction betweenventional

mat erials, which contract | aterally under
auxetic materials, which expand in the transverse direction when stretched (negative
Poi ssonds rati o) . It al so s hoewsan beow a
transformed into an auxetic betve lattice by rotating rigid elements at nodal points.

Further examples include auxetic designs based on rotating rigid squares and triangles,
which exhibit lateral expansion and a systematic reduction in solidcsufraction

under tensile strain. These examples underscore the unique deformation mechanisms

of auxetic lattices, offering advantages in applications requiring enhanced energy

absorption and conformability.

This counterintuitive deformation mechanism pents auxetic materials with
exceptionalmechanical propertiesncluding enhanced energy absorption, superior

impact resistance, and improved shear stiffness [5].



Conventional materials Auxetic materials

(Positive Poisson’s ratio) (Negative Poisson’s ratio)

Figure 1.1: Comparison of lateral deforation in conventional and auxetic materials
under uniaxial tensile loadir{g].

Reproduced from [3] with permission of Taylor & Francis Group.

a Normal material c Hexagonal lattice Bow-tie lattice
Transformation %

b Auxetic material d Rotating squares e Rotating triangles
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Figure 1.2: Comparison of deformation behavieetween normal and auxetic
materialg4].
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Reproduced from [4] under the Creative Commons Attribution (CC BY 4.0) license.

Among different auxetic lattice geometries;emtrant and antietrachiral structures

are particularly notable for their tunable chanical properties, ne&otropic
performance under certain loading scenarios, and broad applicability in diverse
engineering domains, including aerospace, biomedical, and #rgmstant systems

[6]. Re-entrant lattice structures achieve auxetic bedrathrough inwareslanting



ligaments that bend or fold under applied loading, resulting in a charactBidgc
behavior In contrast, anti et r ac hi r al architectures gene
by facilitating the coupled rotation of rigid circulaodes, which are interconnected

by slender ligaments, thereby enabling efficienplisne deformation mechanisms [7].

These distinct deformation patterns make auxetic designs highly suitable for diverse
applications such as aerospace components for ingbremergy absorption and

impact resistance, biomedical implants and scaffolds that conform to complex
anatomical geometries, and lightweight protective systems in defense engineering [8

9]. An example illustrating the classification of different 2&ttice geometries

including honeycomb, zetBoisson, and auxetic typesed in aerospace applications

Is presented in Figure3[10].

face-sheets

Q/ (b) Unit cell of fish cell material

Main categories of 2D cellular structures
<<<<<<< 1
z»z»z» T
SIS

Y,
| T

Figure 1.3: Integration of cellular lattice structures into aerogpe@mponentfLO].

(a) Airfoil morphing oveview

Honeycomb  Zero-poisson Auxetic

Reproduced from1j0] under the Creative Commons Attribution (CC BY 4.0) license.

However, the inherent complexity of these architectures, characterized by intricate
geometric features and periodic unit cgbisssentsignificant chaknges for accurate
numerical modeling and simulation. Fsltale finite element analysis (FEA), which
explicitly resolves each geometric desaif the lattice, offers a higfidelity approach
capable of capturing localized stress concentrations, deformation patterns, and
potential failure mechanisms with precision. Yet, this level of detail comes at a
substantial computational cost. The resouregsired for mesh generation, solver run
times, and posprocessing increase exponentially with model size and geometric
complexity. For largescale engineering systems such as heat exchangers or-energy

absorbing panels, where millions of unit cells maybesent, fulscale FEA becomes



impractical, often requiring excessive computation times and hardware capabilities
beyond typical design workflowi1, 12, 13.

To address these challenges, homogenization techniques have been developed as an

efficient dternative. By approximating the periodic lattice as an equivalent orthotropic

or anisotropic material, homogenization significantly reduces model complexity while

preserving the essential global mechanical resporig}s The effective stiffness,

densityand Poissonds ratio are extracted from r
incorporated into continuwscale simulations, enabling the modeling of intricate

structures without explicitly resolving every geometric detd#il visual and

mathematical represtation of the homogenization process is presented in Figure 1.4

[13].

%{///// i,

Figure 1.4: Mathematical representation of the homogenization prqé&s

Homogenization
—

Reproduced from1[3] under the Creative Commons Attribari (CC BY 4.0) license.

While homogenizationoffers significant computational advantages, it introduces
uncertainties in capturing localized phenomena such as stress concentrations and

failure initiation sites.

This thesis aims tgystematically explore and quantify the traddts between ful

scale and homogenized FEA models of sandwich structures wéthtnant and ani
tetrachiral auxetic cores. By comparing simulation results across modal, compression,
bending, and tensile loady scenariosand benchmarking them against experimental
test datathis study seeks to establish practical guidelines for selecting appropriate
modeling strategies based on accuracy requirements, computational efficiency, and

specific engineering applitans.



1.1Purpose of Thesis

The primary objective of this thesis is to evaluate the mechanical behavior of sandwich
structures incorporating +&ntrant and antietrachiral auxetic cores by systematically
comparing fullscale and homogenized finite elementd@ls. The study investigates
differences in predicted global mechanical respgnsash as stiffness, natural
frequencies, and loadisplacement behavigbetween the two modeling approaches.

It also aims to assess the computational efficiency gainedgthftamogenization by
analyzing mesh sizes, solution times, and identifying the-néfdeoetween accuracy

and computational demand.

A critical aspecof thisstudyis identifyingthe limitations of homogenizatianethods

under different loading scenari@s these may significantly influence the accuracy of
design predictions in engineering practice. To ensure the validity of the findings,
simulation results are benchmarked against experimental data, including modal
analysis, static compression, and thpeent bending tests, thereby establishing a
robust basis for comparison. Through this integrated approach, the thesis provides a
practical framework for selecting appropriate modeling strategies based on accuracy

requirements, available computational reses, and specific design objectives.

A realworld example of this challenge can be seen in fiateeat exchangers, where
complex, repeating fin structuresffectively repetitive unit cellsare critical for
thermal performance. However, conductind-Bdale simulations of every geometric
detail is computationallympractical An example of a heat exchanger design
incorporating repeating lattice structures is illustrated in Figuirgl4).

The integration of additive manufacturing (AM) techniques hieirt expands the
possibilities for fabricating complex auxetic geometries that were previously
unachievablg6]. Auxetic materials, characterized by tHglPRand typically reduced
stiffness compared to conventional materials, exhibit urdgfi@mation mechanisms

that enhance performance under various loading conditions. A visual classification of
di fferent |l attice structures, based on

behavior, is presented in Figuré 110].

t
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Figure 1.5: Heat exchanger with a lattice struct{itd].

Reproduced from14] under the Creative Commons Attribution (CC BY 4.0) license.

Auxetic materials have also demonstrated significant potentiabiamedical
engineering, particularly in the development of implants and prosthetics that require
conformability to complex anatomical geometries and enhanced energy absorption
capabilitieq6, 15.

| Increase stiffness |
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Figure 1.6: Classification of lattice structures by stiffness characteristics and
Poi ssonbés [@tio behavior

Reproduced from1j0] under the Creative Commons Attribution (CC BY 4.0) license.



In addition, defense applications hawvdraged the unique properties of auxetic
structures for improved energy dissipation, enabling the design of lightweight
protective panels and armor systems that offer superior resistance to ballistic and

fragment impact§gl6, 17].

The exploration of hyld auxetic structures, which combine different geometries or
materials, represents a promising research direction for optimizing mechanical

behavior in complex design scenaribk

Overall, this thesisontributeghe broader understanding of auxetic eniatls and their
diverse applications, offering valuable insights that can guide future research and
practical design strategies within this rapidly evolving field.

1.2Literature Review

The introduction of auxetic materials by Lakes in 1987 marked a signtifitidéestone

in material design, as it demonstrated the possibility of achieuii®Rin engineered
materiald2]. Since then, extensive research has focused on developing and optimizing
auxetic geometries to achieve specific mechampicgierties, such as enhanced energy
absorption and tailored deformation behavir Among these geometries;eatrant

and antitetrachiral lattices have emerged as foundational designs in the field, offering
tunable auxetic responses and improved meachbperformanceq].

A wide range of auxetic topologies has been explored, as illustrated in Figure 1.
which showcases various lattice configurations, including: (ajerRent, (b)
Trichiral, (c) Double arrowhead, (d) Missing rib, (e) Missing rib,HB8xachiral, (g)
Anti-tetrachiral, (h) Anttrichiral, (i) Trichiral, (j) Starshaped, (k) Rotational, (1)
Perforated, (m) Perforated, (n) Elliptical, and (eglaped desigi4g].

Additional examples of auxetic core structures are presented in Fi@rkustrating
different core geometries such as: (a) Honeycomb, (rfiRant, (c) Arrowhead, and
(d) Anti-tetrachiral[19]. In these sandwich panel configurations, the top and bottom
plates are referred to as the face sheets, while the central lagewis &s the cellular

core.



(a)

% :
(f)
(k)

U]

Figure 1.7: lllustration of diverse 2D auxetic and lattice unit cell geomefti8k

Reproduced from1[8] under the Creative Commons Attribution (CC BY 4.0) license.

Figure 1.8: Various core geometries in sandwich struct{it&s

Reproduced from1[9] with permission ofSpring Nature

Auxetic lattices deform differently from conventional materialsemérant structures
expand laterally under tensile loading, while datrachiral structures enable isotropic

auxetic behavior through the rotation of rigid elemens [

Additive manufacturing (AM) has played a pivotal role in the realization of complex

auxetic architectures, enabling the fabrication of intricate lattice geometries with



controlled material propertie&][ However, AM also introduces challenges, including
geometric inaccuracies, residual stresses, and anisotropy resulting from tHeylayer
layer build proces§l]. These imperfections can significantly affect the mechanical
response of auxetic structures and must be carefully considered in both experimental

and numerical investigations.

Full-scale FEAremains the primary tool for studying the mechanical behavior of
auxetic structures. Fuficale models, which explicitly resolve the geometry of each
unit cell, provide the highest fidelity and agesential for capturing detailed stress
distributions, local deformations, and failure mechanisms. However, the
computational demands of such models increase exponentially with system size and

mesh density, rendering them impractical for lasgale assentiles or iterative design

processesl).

Homogenization methods offer an attractive alternative by approximating the periodic
architecture of auxetic lattices as an equivalent orthotropic continuum. Foundational
work by Bensoussan et al. and Terada andi¢tikestablished the theoretical basis for
computational homogenization, introducing frameworks for ragéle analysis of
periodic structure§?0]. Recent advancements, including the stkmrsed expansion
method and the variational asymptotic method fWjAbased approach, have further
enhanced the accuracy and applicability of homogenization techniques for complex

lattice designs.






2.MATERIAL AND METHOD

Theprimary objective of this study is to explore the use of the homogenization method
as an effective strategy for modeling complex lattice geometries in a simplified
manner, thereby enabling finite element analysis (FEA) with reduced modeling
complexity, conputational solve time, and associated costs. The study also aims to
investigate the capabilities and limitations of the homogenization method by
conducting comparative analyses across various numerical models and analysis types.
Numerical homogenization wlves determining effective material properties by
establishing energy equivalence between-dollle (reacase) geometries and
homogenized (simplifiedase) representations. This approach facilitates the modeling
and analysis of complex lattice struasrby replacing detailed geometries with
simplified continuum models that incorporate homogenized material properties, as
opposed to using fully resolved geometries with isotropic material definitions. As a
result, this method significantly reduces the hiieg requirements and computational

effort while maintaining sufficient accuracy for engineering analysis.

This thesis focuses on two specific auxetic structures: tbatrant lattice design and

the antitetrachiral lattice design. Bothktructures belong to the class of auxetic
metamaterials, which have gained widespread attention in the field of additive
manufacturing due to their unigue mechanical propeniadicularly theirNPR and
enhanced energy absorption capabilities. Theshdle geometry of the fentrant
structure is presented in Figure 2.1, with its corresponding 3D CAD model shown in
Figure 2.2. Similarly, the fulscale geometry of the asntrachiral structure is
presentedh Figure 2.3, and its 3D CAD modelghownin Figure 2.4. The simplified

scale 3D CAD geometry, which serves as the homogenized model for both structures,

is shown in Figure 2.5.
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Figure 2.1: Re-entrant lattice structure.
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Figure 2.2: Re-entrant lattice structure 3D model.

Figure 2.3: Anti-tetrachiral lattice structure.
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Figure 2.4: Anti-tetrachiral lattice structure 3D model.

Figure 2.5: Simplified geometry.

The study began with the 3D modeling of two widely studied auxetic lattice designs:

the reentrant and antietrachiral struatres. The geometric configurations of both

designs were based on standard lattice unit topologies commonly found in the

literature. Siemens NX 12 software was used to generate the detailed 3D models of

these structures.

12



The designed geometries were fakiecausing additive manufacturing technololy,
usinga Stratasys Objet Connex 1 3D printer with the material jetting m¢khai).
VeroBlue RDG840 polymer was selected as the base material, while salaklidre
SUP706B served as the support matefiaé parts were printed in higuality mode

with a horizontal build layer thickness of 16 microns, ensuring precise reproduction of
the intricate lattice geometrieszollowing fabrication, support structures were
removed from the main parts using a sodiurdrbyidesolution.

To determine the fundamental material properties of VeroBlue RDG840, tensile test
specimens were fabricated and tested according to standard procedures. The tensile
tests provided key isotropic mausamd al p
Poissondés ratio, while the material densi

The fabricated auxetic structures were then subjected to a series of experimental tests.
Modal testing was conducted to determine their natural frequencies and gain insight
into their dynamic behavior. Additionally, thrgeint bending tests were performed

on the same parts to evaluate their flexural performance beddmgloading. Cube

shaped specimens with matching lattice configurations were also produced and tested
under compressiolvadingto assess their lodakaring behavior. The experimental
resuts from modal, thre@oint bending, and compression tests proviohegortant

data for evaluating the accuracy of the finite element models developed in the

numerical phase.

Following the experimental studies, numerical modeling was conductsichtbate

and analyze the mechanical behavior of both lattice structures. The homogenization
method was employed to derive equivalent material properties for the auxetic cores,
replacing the complex lattice geometry with a continuum model for simplified
analysis. Sesitivity studies were performed during this process to assess the impact

of mesh density, unit cell quantity, and boundary conditions on the accuracy of the
homogenized properties. The final homogenized material propertiekiding

densi ty, Yosuung®keamwodmoddul us, and Poisson
directions were determined using the Material Designer module in ANSYS
Workbench 2020 R&oftware

Subsequent numerical analyses included modal response analysis, static compression

simulations, and threpoint bending simulations for both ftdcale and homogenized

13



models of the rentrant and antietrachiral structures. These simulations were
performed using ANSYS Workbench 2020 R2, and results from the two numerical
models were compared with each other as well as with the experimental data to assess

the effectiveness and reliabilibf the homogenization approach.

Finally, additional numerical analys were carried out to investigate the tensile
behavior of the structures under axial loading in the X and Y directions separately.
These tensile simulations were performed solely for numerical comparison, providing
further insight into the mechanical resyse of the auxetic cores under diverse loading

conditions.

2.1Geometry Details

The reentrant and antietrachiral geometries were chosen for this study based on their

extensive use as auxetic lattice structures in additive manufacturing and their proven
medianical performance in diverse engineering applications. The geometries were
generated using Siemens NX 12 software. Dimensional specifications for both lattice

configurations are presented in the following sections.

2.1.1Re-entrant structure

The external dimesions of the reentrant structure are as follows: the width in the X
directionis 232.3 millimeters (mm), the height in thedrection is 36.6 mm, as shown

in Figure 2.6, and the depth in thedZection is 36.0 mm, as illustrated in Figure 2.7.
Detaileddimensions of the rentrant unit cell geometry are presented in Figure 2.8

and Figure 2.9.

The surface area of the front or back face in th¥ Klane is calculated &986mm?,

andthetotal volume of theartis 107,487 mm3.

232.3 mm

T 71 |36.6 mm

Figure 2.6: Width and Height for Re&ntrant structure.
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Figure 2.7: Depth for Reentrant structure.

Figure 2.8: Detailed Reentrant geometry

Figure 2.9: Top and Bottom platdimensions for B-entrantstructure
2.1.2Anti -tetrachiral structure

The external dimensions of the atgtrachird structure are as follows: the width in
the X-direction is 226.8 millimeters (mm), the height in thealivection is 36.6 mm,
as shown in Figure 2.10, and the depth in thair&ction is 36.0 mm, as shown in
Figure 2.11. The detailed geometric specifiaaiof the antietrachiral unit cell are
provided in Figure 2.12 and Figure 2.13.
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The surface area of the front or back face in th¥ glane is calculated as 3039 mmz,
and the total volume of the structure is 109,394 mma3.

36.6 mm

Figure 2.11: Depth for Anti-tetrachiralstructure

Figure 2.12: Detailed Antitetrachiral geometry.
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Figure 2.13: Top and Bottom platdimensions foAnti-tetrachiralstructure
2.2 Extraction of Isotropic Material Properties of Veroblue RDG840

To determine the isotropic material properties of the base material, tensile tests were
conducted using an MTS 647 Hydraulic Wedge Grips universal testing, with data
acquisition performed through the MTS 793 Series Controller Software. A constant
cros$iead velocity of 2 mm/min was applied throughout the testing process. To ensure
accurate displacement and strain measuremntengg, strain gauges were placed on the

specimens at angles of 0°, 45°, and 90°.

Two tensile test coupons were fabricated for élxperiment, each having a cress
sectional area of 78 mm?2 (13 mm x 6 mm). The detailed geometry of the test specimens
is illustrated in Figure 2.14, Figure 2.15, and Figure 2.16.

Following the tensile tests, loadisplacement curves were extracted and sylesgly
converted into stregstrain curves for further analysis. These sirgtgain curves were
used to determine the isotropic material properties of the specimens, including

Youngdés modulus and Poissonds ratio.

137 mm

[13 mm 19 mm

M——-
\ R=38 mm 25 mm

Figure 2.14: Width and Height for tensile test specimen.
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Figure 2.15: Depth for tensile test specimen.

6 mm

19 mm 13 mm

L

Figure 2.16: Height andDepth fa tensile test specimen.

The VeroBlue polymer family, including the VeroBIURGD840 material, is

developed and manufactured by Stratasys, Ltd. According to the technical datasheet

provided by Stratasys, the material properties of VeroBlue RGO24D are

summarized in Figure 2.1This polymer exhibits isotropic mechanical behawath

an elastic modulus ranging from 2000 MPa to 3000 MPa, a flexural modulus between

1900 MPa and 2500 MPa, and a density between 1.18 and 1.19 g/cm3. Additionally,
values reported in the |literature indicate t
ranges from 0.39 to 0.44nd a tensile strength ranging from 50 MPa to 60 MPa.

VeroBlue RGD840 is primarily used as a prototyping material in 3D printing
applications due to its favorable mechanical and processing properties. It is classified
as a thermplastic material according to the technical specifications provided in the

open literaturg22].

Vero PolyJet resinare photopolymer materials designed for hpgghcision material
jetting in additive manufacturing. These materials enable the productpartsfwith
fine feature details and smooth surface finishes, making thersuitdd for rapid

prototyping applicationg23].

18



The material jetting process, used in PolyJet 3D printing, involves depositing liquid

photopolymer droplets through an arraynaizzles onto a build platform, layer by

layer. The material jetting process is illustrated in Figure J23. Each layer is

immediately cured and solidified using UV light, allowiogmplex geometrs to be

built with fine resolution. Supports are typigalprinted simultaneously using a

dissolvable material and later removed during qpostessing23].

The material properties of VeroBlue RGD840 from open sources are provided in [24

25, 26].

PolyJet Materials
Data Sheet

MATERIALS SIMULATING STANDARD PLASTICS

HDT,oC @ 1 MPa =
(°F
- Jin
zod Notched Impact D-256-06 ,
(ft b/inct
Water Absorbtion, % D-570-98 24hr -
(%
T MA, E -
(°F]
- Scale D
Shore Hardness (D Scale D
(Scale D)
Scale
Rockwel Hardness Scale M %
(Scale M)
g/cm3
Polymerized density )79 3
(
Al t JSP281 :

& stratasys

Figure 2.17: Material properties of VeroBlue RGD840 polymer as provided by

StratasysCompany[21].

19



Photopolymer

material Dissolvable support

material

UV light
Object
(cured) Nozzles
Object support

Leveling blade

Build platform

Figure 2.18 Material Jetting 3D printing manufacturing technidga).
2.2.1Tensiletestresult

The tensile test setup is illustrated in Figure 2.19 and Figure 2.20, corresponding to the
first and second test specimens, respectively. Tensile tests were conducted using an
MTS universal testing machipequipped with MTS 647 Hydraulic Weddegrips,

while data acquisition was performed through the MTS 793 Series Controller
Software. A constant crosshead velocity of 2 mm/min was applied during all tests to

ensure consistent loading conditions.

To capture accurate displacement and strain measuatsnthree strain gauges were
affixed to each specimen at orientations of 0°, 45°, and 90°. Two tensile test coupons,
each with a crossectional area of 78 mm? (13 mm x 6 mm), were prepared for the
experiment. The geometric details of the specimens @septed in Figure 2.14,
Figure 2.15, and Figure 2.16.
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Figure 2.20: Tensile test setup for tleeondspecimen

Following the tensile tests, the applied load and corresponding displacement curves
were extracted. The force and strain versus time graphs, limited to the linear elastic

region, are presented in Figure 2.21 and Figure 2.22.
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Measured Strain and Force for Specimen 1
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Figure 2.21: Measured strain and force for the firshsile tesspecimen.

Measured Strain and Force for Specimen 2
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Figure 2.22. Measured strain and force for teecondensile tesspecimen.

Themicrostrain data recorded from all three strain gauges is presented in Figure 2.23

and Figure 2.24or both specimensThe strain gauge connected to the white cable

measured longitudinal strain at O degrees, the green cable captured shear strain at 45

degees, and the red cable measured lateral strain at 90 dédrisaeswltidirectional

measur ement approach provides a <clearer unc

distribution and deformation characteristics under tensile loading.
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Strain Gauge Measurements for Specimen 1

Longitudinal Strain (0 degree) -e-Shear Strain (45 degree) -e-Lateral Strain (90 degree)
3500
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1000

500 /
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500 2 3 4 5 6 7 8

1000 M

-1500

Measured Micro Strain (-)
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Figure 2.23: Strain gauge dafar thefirst tensile tesspecimen

Strain Gauge Measurements for Specimen 2

Longitudinal Strain (0 degree) -e-Shear Strain (45 degree) -e-Lateral Strain (90 degree)
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Figure 2.24: Strain gauge datar thesecondensile tesspecimen.

Stress values were calctdd using Equation 2.1, based on the measured force and the
crosssectional area of the specimens. The resulting $s&as curves, derived from

the calculated stress and measured strain data, are presented in Figure 2.25 and Figure
2.26.

, Qo (2.1)
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Engineering Stress versus Strain for Specimen 1
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Figure 2.25: Stress vs. strain curve ftirefirst tensile tesspecimen.

Engineering Stress versus Strain for Specimen 2
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Figure 2.26: Stress vs. strain curve ftire secondensile tesspecimen.

Based on Equation 2.2 and Equation 2.3, the calculated stress and measured strain

values were used to determine the modulus of elasticity. The modulus of elasticity

versus strain graphs are presented in Figure 2.27 and Rig8reespectively. In both

graphs, a linear relationship is observed between stress and strain within the elastic

region, allowing the application of a linear trendline with an R2? value of 1.
Furthermore, Equation 2.4 waws,ggenmgyluesyed t o ca

of 2188 MPa and 2104 MPa for specimens 1 and 2, respectively.
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For the first specimen, the slope of the trendline indicates a modulus of elasticity of
approximately 2191 MPa, while for the second specimen, the value is approximately
2102 MPa.In accordance with ASTM D3039/D3039M (Standard Test Method for
Tensile Properties of Polymer Matrix Composite Materials) and ASTM D638
(Standard Test Method for Tensile Properties of Plastics), the data is presented only
within the range of 1000 miostrain to 3000 microstrain, to accurately represent the

elastic region.

Based on these guidelines, the modulus of elasticity was determined as approximately
2200 MPa for the first specimen (shown in Figure/Rahd 2150 MPa for the second

specimen (shean in Figure 2.8), both within the selected strain range.

» O 2.2)
O .7 2.3)
E = (Stressd Stressl) / (StrainR Strainl) (24)

Modulus of Elasticity versus Strain for Specimen 1
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Figure2272.Youngo6s modul us thefissttensld tesegpecimerc ur v e
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Modulus of Elasticity versus Strain for Specimen 2
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Based on Equation2.thecalculated Poisson's ratio versus strain graphs are presented

in Figure 2.29 and Figure 2.30, using data limited to the range of 1000 microstrain to

3000 microstrain. For the first specimen, an
0.422 is observed (slwvn in Figure 2.29), while the second specimen exhibits an

average Poissonébés ratio of approximately 0. 4
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Poisson's Ratio for Specimen 2
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Figure230: Poi ssonds r at i thesecendensldtesai n cur ve

The ptal weight of the reentrant structureshownin Figure 21, was measured as 127
grams(g) while itstotal volumewascalculated a&07,487mm3, resulting in a density
of 1.182grams per cubic centimeter (g/cmSimilarly, the btal weight of the ani
tetrachiral structurepresenteéh Figure 2.3was measureds 130 g, witla calculated
volume of 109,394 mmg3corresponding to a density of188 g/cm3 Finally, the
isotropic material density of the specimens watermined agpproximately 1.185

g/cm3, based on the measured wesgind geometricallglerivedvolume.

As aresult, by averaging the outcomes of the two test specimens, the isotropic material
properties of VeroBlue RDG840 were determined as follows: the modulus of elasticity

is 2175 MPa, t he Poi £density s 1.188 granas/cni.s 0 . -
Additionally, the shear modulus was calculated as 766 MPa. All of these material

properties are summarized in Table 2.1.

Table 2.1: Isotropic Material Properties of VeroBlue RDGB4

Engineerin
anstantsg ResulUn
E 2.1¥8 Pa
G 7. 6t8E P a
Nu 0. 42
Density 1185 g/ ¢

Additionally, the tensile strength of the material was assumed to be 55 MPa, based on

the specification sheet provided by Stratasys Compadghown in Figure 2.17.
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2.2.2Compressiontestresult

Compression testing was also carried out in order to characterize the material
properties of the part under compressive loablse compression test setup is
illustrated in Figures 2.31 and 2.32, corresponding to the three cubic specimens of the
re-entrant structure and the three cubic specimens of thdetnaithiral structure,

respectively.

Compression tests were conducted gsan Shimadzu Autograph AGS 50 kN

universal testing machine, as shown in Figure 2.33, while data acquisition and control

were performed with Shimadzudbds Trapezi um2 sc
of 1 mm/minwas applied to specimen 1 for both-emtrant and anttetrachiral

configurations, with a total stroke of 1 mm. For specimens 2 and 3, a constant speed

of 2 mm/minwas used, with a total stroke of 2 mm, ensuring consistent loading

conditions across all testBhe compression load was applied to fiteet face in the

X1Y plane, while the specimens were fixed at the back face in the same plane, where

the auxetic cells are visible, as shown in Figures 2.31 and 2.32.

e g

Figure 2.31: Cubic specimens of the-entrant structure used in the compression
test.

Sk 5
+ Y L

Figure 2.32: Cubic specimens of antetrachiral structurased in the compression
test.
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Figure 2.33: Shimadzu Autograph AGS 50 kN universal testing machine

The geometric details of treompression tespecimens are presented in Figui@42.

for the re-entrant structur@and inFigure 235 for the antitetrachiral struture The

width in the Xdirection is reported as the average value of the three cubic specimens
while the height in the Mirection and the depth in thedirection are identical to the

dimensions of the individual cubic specimens

For reentrant specintes, the average width in-direction is 36.8 mm, the height in
Y-direction is 36.6 mmand the depth in -direction is 36.0 mmas illustrated in
Figure 2.34The corresponding surface area of the front or back face initligoldine
is calculatechs511mm?

For antitetrachiral specimens, the average width ididéction is 37.6 mm, the height
in Y-direction is 36.6 mmand the depth in-direction is 36.0 mmas illustrated in
Figure 2.35The corresponding surface area of the front or back face Kitfiglane
is calculatechs516 mm2
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36.8 mm

Figure 2.34: Geometric details of rentrant specimens used in the compression test.

36.6 mm

1:;6 oy

37.6 mm

Figure 2.35. Geometric detailsf antitetrachiralspecimens used in the compression
test.

Following the compression tests, the appliedio&placement curves were extracted.
The forcé displacement and strésdrain responses over the entire test duration are
presented in Figure 2.3Bigure2.37, and-igure2.38 for the reentrant test specimens

1, 2, and 3, respectively. Likewise, Fig@&9,Figure2.40, andrigure2.41 present
the corresponding results for the attirachiral test specimens 1, 2, and 3.
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Measured Displacement and Force for Specimen 1
Re-entrant structure
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Figure 2.36: Measured loaiddisplacement curve and calculated sireBgin
response for the first fentrant compression test specimen.

Measured Displacement and Force for Specimen 2
Re-entrant structure
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Strain and Stress for Specimen 2
Re-entrant structure
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Figure 2.37: Measured loaiddisplacement curve and calculated stiefgin
response for the secondentrant compression test specimen.



Measured Displacement and Force for Specimen 3
Re-entrant structure
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Strain and Stress for Specimen 3
Re-entrant structure
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Figure 2.38 Measured loaidlisplacement curve and calculated siregain
response for the thinek-entrant compression test specimen.

Measured Displacement and Force for Specimen 1
Anti-tetrachiral structure
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Strain and Stress for Specimen 1
Anti-tetrachiral structure
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Figure 2.39: Measured loaddisplacement curve and calculated stiregain
response for the first artietrachiral compression test specimen.



Measured Displacement and Force for Specimen 2
Anti-tetrachiral structure
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Figure 2.40: Measured loaiddisplacement curve and calculated sfiregain
response for the second atgirachiral compression test specimen.

Measured Displacement and Force for Specimen 3
Anti-tetrachiral structure
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Figure 2.41: Measured loaiddisplacement curve and calculated sfregain
response for the third artetrachiral compression test specimen.



Stress values were calculated using Equation 2.1, based on the measured force and the
crosssectional area of the specimenbke resulting stregstrain curves, derived from
the calculated stress and strain data, are presented in Figure 2.42 for theghtemte
specimens and in Figure 2.43 for ttineee anti-tetrachiral specimens. The data are
shown only within the strairange of 1% to 2% in order to represent the elastic region.
Engineering Stress versus Strain for Specimen 1
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Figure 2.42. Stressys. strain curves of the rentrant compression test specimens
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Engineering Stress versus Strain for Specimen 1
Anti-tetrachiral structure
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Figure 2.43: Stress vs. strain curves fibre anti-tetrachiral compressiaest
specimes.

In all graphs, a linear relationship is observed between stress and strain within the
elastic region, allowing the application of a linear trendline with an R2 value of 1. The

modulus of elasticity (E) was calculated using Huuation 2.4

For the reentrant specimens, the calculateddulusof elasticity wereapproximately
525 MPa, 822 MPa, and 759 MPa for specimens 1, 2, and 3, respectively. Since the
crosshead speed differed for specimen 1, its result was excluded. Therefore, the
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modulus of elasticity for the fentrant structure under compression load was
determined to be approximately 790 MPa, calculated as the arithmetic average of

specimens 2 and 3.

For the anttetrachiral specimens, the calculatedodulus of elasticity were
approximately 575 MPa, 816 MPa, and 726 MPa for specimens 1, 2, and 3,
respectiely. Again, the result from specimen 1 was excluded due to the different
crosshead speed. Consequently, the modulus of elasticity for thteteathiral
structure under compression load was determined to be approximately 771 MPa, based
on the arithmetiaverage of specimens 2 and 3.

The results of the compression tests showed that the modulus of elasticity of the re
entrant (790 MPa) and astrachiral (771 MPa) structures with VeroBlue RDG840
base material under compression loadingpproximately onghird of the value
obtained from tensile testing of the isotropic coupon made from the same material
(2175 MPa).

All of these material properties are summarized in Table 2.2 for-#etrant structure

with VeroBlue RGD840 under compréms loading, in Table 2.3 for the anti

tetrachiral structure under the same condition, in Table 2.4 for-#etra@nt structure

based on the average Youngds modul us obtai ne
tests, and in Table 2.5 for the atdtrachir&structure evaluated in the same manner.

Table 2.2: Mechanical properties of the-emtrant structure with VeroBlue RDG840
base material under compression loading.

Engineering ResulUn
Constants
E 7. S%*ME Pa
G 2. 8 Pa
Nu 0. 42
Density 1185 g/ ¢

Table 2.3: Mechanical properties of the aéitrachiral structure with VeroBlue
RDG840 base material under compression loading.

Engineering ResulUn
Constants
E 7TTE+0 Pa
G 2. +38 Pa
Nu 0. 42
Density 1185 g/ ¢
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Table 2.4: Mechanical properties of the-emtrant structure with VeroBlue RDG840,
based on the average Young6és modul us obt

Engineering Resulun
Constants
E 1. £8P Pa
G 5. 38 Pa
Nu 0. 42
Density 1.185 g/ ¢

Table 2.5: Mechanical properties of the aéitrachiral structure with VeroBlue
RDG840, based on the average Youngo6s m
compression tests.

Engineering ResulUn
Constants
F 1. £49 Pa
G 5. B+8 Pa
Nu 0. 42
Density 1185 g/ ¢

2.3Homogenization Method Study and Homogenized Material

Analyzing complex geometries with mieszale features using traditional Finite
Element Analysis (FEA) can become computationetiigllenging andhefficientdue

to the fine meshing required to capture intricate details. To address these challenges,
homogaization techniques are employed as a practical approach to simplify
numericalmodels while maintaining an acceptable level of accuracy. By reducing
model size, complexity, and computation time, homogenization enhances productivity
and enables efficient atysis of intricate structures that would otherwise be difficult

to simulate using fulscale modeling.

Homogenization techniques determine effective material properties by leveraging the
principle of energy equivalence between the-oasle (fullscale) gometry and its
simplified (homogenized) representation. In this approach, explicit unit cells with
detailed isotropic material definitions are replaced by equivalent continuum models
that exhibit orthotropic or anisotropic behavior, depending on the dgeoniéis
substitution transforms complex, repetitive lattice structures into simpler
representations with homogenized properties, thereby reducing computational

demands without significantly compromising model fidelity.
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One of the key strengths of homogetion lies in its multiscale capability. This
methodology allows material properties derived at the nscede such as stiffness,
densi ty, an gdobPtanstesed and appliedavithin masoale structural
analyses. Suchhierarchical modeling supports the analysis of complex lattice
geometries across different length scales, enabling a balance between computational

efficiency and result accuracy.

For homogenization to be meaningful and accurate, the underlying structste mu

exhibit either strict thredimensional periodicity or a clear separation of scales across

all spatial directions. This principle ensures that the rievel behavior of a material

can be effectively translated into madewel predictions without commpmising

model fidelity. The concept of the Representative Volume Element (RVE) is central

to this approach, as highlighted by Neritsser and HofR27], who define the RVE

as the small est possi ble volume over whi ch
avaaged to derive its macroscopic properties. The RVE must accurately capture the

periodic microstructural behavior so that the homogenized material properties truly

reflect the behavior of the entire structure.

Belytschko et al.[28] further emphasize thatomogenization is not merely a

mathematical convenience but a physical necessity for the efficient simulation of

largescale problems involving complex microstructures. Their work underscores that
homogenization, when implemented through unit cell analgsiables a balanced

tradeoff between computational efficiency and model fidelity. By applying periodic

boundary conditions (PBCs) to the unit cell, artificial edge effects are minimized,

allowing the global mechanical behavior of the structure to bebiglpredicted from

localized analyses. This ensures that the effective material properties derived from
homogenizatod s uch as el astic modul darevald®msi t vy, an

use in largesscale finite element models.

Together, these insightkom NematNasser and HofR7] and Belytschko et aJ28]
highlight the theoretical foundations of homogenization methods and their critical
importance in analyzing complex lattice structures such as the auxetic designs studied

in this thesis.

At the heatr of the homogenization process is the concept of the RVE, which captures

the geometric and mechanical characteristics of the repeating structure and serves as
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the fundamental building block for deriving the effective material propef2iés
These propéeies such as density, directional elastic modulus, sheadulus, and
Poi s s on are then applied t® the simplified finite element models of larger
structures. By employing homogenization, the number of elements in the finite
element model is drasally reduced, enabling significantly faster solution times while
still capturing the essential mechanical response of the complex lattice geometry.

In this study, the homogenization process was conducted in three main phases. First,

the representative ircell was selected, reflecting the basic repeating element based

on the geometric characteristics of theergrant and antietrachiral lattice designs.

Next, a sensitivity analysis was performed to evaluate the influence of geometric
parameters, bounda conditions, and mesh convergence on the derived effective
properties, ensuring the robustness and reliability of the homogenized material data.
Finally, the homogenization analysis was executed using the Material Designer
module in ANSYS Workbench 202B2. This tool computed the homogenized

material propertiesncluding directional elastimodulus shearmodulus P oi s s on 6 ¢
ratios, and densitywhich were subsequently assigned to the simpli$ieale models

of the auxetic sandwich structures for furtR&A simulations.

2.3.1Unit cell selection

A fundamental element of the homogenization method is the use of a repeating unit
cell, commonly referred to as the Representative Volume Element (RVE). The RVE
captures the essential geometric and mechanical chastictedf the periodic lattice
structure and serves as the foundational building block for deriving effective material
properties. By accurately representing the microstructural behavior within this smaller
domain, the unit cell enables the use of thespaiies to the entire structure in a

computationally efficient manner.

For this study, the unit cell of the-emtrant auxetic structure was selected based on its
geometric features and periodicity, ensuring that it adequately represents the repeating
patern of the full lattice. The geometry of the selected unit cell is illustrated in Figure

2.44, while detailed dimensional information is presented in Figure 2.
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Figure 2.44: Selected unit cell foRe-entrant.
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Figure 2.45. Re-entrant unit cell geometnyetails.

The selected unit cell for the amditrachiral structure is presented in Figurs2with

its detailed geometric dimensions illustratedrigure 247.

The selected unit cells for the-eatrant and antietrachiral lattice structures were

carefully chosen to represent the periodic geometry and essential mechanical
characteristics of each design. By accurately capturing the repeating attese

unit cells serve as the foundation for homogenization analyses, enabling the derivation

o f effective materi al properties such as
ratios, and density. This approach ensures that the simplified models tretain
fundamental mechanical behavior of the -&dhle structures, while significantly

reducing computational complexity in subsequent finite element analyses.

Figure 2.46: Selected unit cell foAnti-tetrachiral.
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Figure 2.47: Anti-tetrachiralunit cell geometrygetails.
2.3.2Homogenizationanalysisbackground

To better illustrate the homogenization processks an example from this thesis
study ispresented. For the selected unit cellsxa &ack configuration was employed
in the X and Y directions, as shown in Figuré&for the reentrant structure and in

Figure 249for the antitetrachiral structure.

The homogenization analysis was carriad osing the Material Designer module
within ANSYS Workbench 2020 R2. This tool performs a series of six static structural
simulations on the selected unit cells, each corresponding to a specific loading scenario
aligned with the principal material direstis. These simulations allow for the
extraction of the effective orthotropic material properties that characterize the
mechanical behavior of the complex lattice struct@pecifically, the six static
analyses involve applying controlled boundary condgiand loads in the X, Y, and

Z directions to compute the effective elastiodulus(Ex, Ey, Ez) , Poi ssonds
(NUxy, NUxz, NUy2, and sheamodulus (Gxy, Gxz, Gyz). By systematically
evaluating the response of the unit cell under these loadingditions, the Material
Designer generates a complete orthotropic material property set that accurately reflects
the behavior of the periodic structure.

This homogenized material definition is then used to assign properties to the

simplified-scale modelsf the reentrant and antietrachiral structures.
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Figure 2.48: 2x2 unit cells folRe-entrant.

Figure 2.49: 2x2 unit cells forAnti-tetrachiral

Based on the static-Kirection analysis results, with boundary conditions illustrated
in Figure 250 for the reentrant structure and Figure52.for the antitetrachiral
structure, the elastic modulus in thedKection (Ex) and thed®i ssonds rati os

Xi1Y (NUxy) and X Z (NUxz) planes were determined.

Figure 2.50: Static X analysis for Rentrant.
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Figure 2.51: Static X analysis for Ati-tetrachiral.

Based on the static-direction analysis results, with boundary conditions illustrated
in Figure 252 for the reentrant structure and Figure53.for the antitetrachiral
structure, the elastic modulus in thedifection (Ey) and the Peis ond6s r ati os

X1Y (NUxy) and Yi Z (NUyz) planes were determined.

Figure 2.52: Static Y analysis for Rentrant

Figure 2.53: Static Y analysis for Anttetrachiral.
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Based on the static-direction analysis results, with boundary conditions illustrated in
Figure 254 for the reentrant structure and Figuré8for the antitetrachiral structure,
the elastic modulusinthedir ect i on ( Ez) and tiZéNURZDiIi ssonds r

and Yi Z (NUyz) planes were determined.

UZ=0.36E-05
(Front Side Surtace]

)

Figure 2.55: Static Z analysis for Antietrachiral.

Based on the static XWirection analysis results, with boundary conditions shown in
Figure 256for the reentrant structure and FiguréZ for the antitetrachiral structure,

theshear modulus in theiX direction (Gxy) was determined.

Figure 2.56: Static XY analysis for Rentrant.
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Figure 2.57: Static XY analysis for Anttetrachiral.

Based on the static Xdirection analysis results, with boundary conditions shown in
Figure 258for the reentrant structure and Figuréfor the antitetrachiral structure,

the shear modulus in thé X direcion (Gxz) was determined.

uz=0

UZ=0.178E-04

uz=0 UZ=0.183E-04

| 4

Figure 2.59: Static XZ analysis for Antietrachiral.

Based on the stati¢Z-direction analysis results, with boundary conditions shown in
Figure 260for the reentrant structure and Figuréz2 for the antitetrachiral structure,

the shear modulus in the X direction (Gyz) was determined.
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‘ UZ=0.188E-04

Figure 2.61: Static YZ analysis for Anttetrachiral.

In addition to the six static structural analyses, the density of the homogenized material
was calculated using the Material Designer tool in ANSYS Workbench 2020 R2.

For the reentrant structure, the unit cell selected for analysis has a width of 8.9 mm
and a height of 9.4 mm, as shown in Figug22The actual surface area of the unit
cellis measured as 24.6 mm?2, whereas the surface area of the full rectangular bounding
box enclosing the unit cell is 83.7 mm?. Therefore, the ratio of the unit cell area to the
bounding rectangle is 24.6 mm2 / 83.7 mm2 = 0.294. The effective density of the
homogenized material is then computed by multiplying the density of the solid
isotropic material (1.185 g/cm?) by this area ratio. Accordingly, the homogenized

density for the reentrant structure is calculated as 0.349 g/cms.
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Figure 2.62 Width and heipt of Reentrant unit cell

Similarly, for a X1 unit cell of the anttetrachiral structure, the width and height are
both 9.15 mm, as shown in Figuré2. The actual surface area of thmit cell is
measured as 26.5 mm?, while the surface area of the full rectangular bounding box is
83.7 mmz. Therefore, the area ratio of the unit cell to the bounding rectangle is 26.5
mmz2 / 83.7 mm2 = 0.316. The effective density of the homogenized iatater
computed by multiplying the density of the solid isotropic material (1.185 g/cm3) by
this area ratio. As a result, the homogenized density for thee@rrschiral structure is

calculated as 0.374 g/cm3.

9.15mm

»

9.15 mm

A 4

Figure 2.63. Width and heibt of Anti-tetrachiral unit cell.
2.3.3Homogenizationsensitivity studies

Prior to obtaining the final homogenized material properties, a series of numerical
sensitivity studies were performed to evaluate thepeegmeters that could influence

the accuracy and reliability of the results. These investigations were carried out using
the Material Designer module in ANSYS Workbench 2020 R2.

The first step involved determining the overall material behavior of thedatti

structures, specifically whether they exhibitedthotropic, or fully anisotropic
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characteristics. This classification was critical for establishing appropriate

homogenization assumptions and defining the necessary number of analyses.

Subsequently, thenpact of applying a periodic mesh and enforcing periodic boundary
conditions (PBCs) was assessed. This analysis ensured that the simulated behavior of
the unit cells aligned with the theoretical expectations for a repeating periodic

structure, thereby mimizing edge effects and artificial stiffness artifacts.

Another important consideration was the depth of the part in to@eztion.
Sensitivity studies were conducted to examine whether variations in thickness
influenced the homogenized material projstt particularly for the rentrant and

antitetrachiral geometries.

The influence of the number of unit cells arranged in the X and Y directions was also
analyzed. By systematically increasing the number of repeating cells, the study
verified the convergnce and stability of the computed effective properties, ensuring

that the selected RVE size was representative of the global lattice behavior.

Mesh type and quality were further explored by comparing the use of tetrahedral (Tet)
and hexahedral (Hex) elemts. Lastly, a mesh refinement study was conducted to
investigate how the element size and resulting node count affected the computed
material properties. This analysis helped establish a-tHidetween computational

cost and solution accuracy, guidinge mesh density selection for subsequent

homogenization and finite element analyses.

These sensitivity studies provided a comprehensive understanding of the factors
affecting the homogenization process and ensured that the final material properties

werereliableand representative of the actual lattice structures used in this study.

2.3.3.1Type of anisotropy

The first sensitivity study focused on determining the anisotropic behavior of the
auxetic lattice structures. Specifically, the goal was to establish wlhléeeentrant
and anttetrachiral geometries exhibited orthotropmr anisotropic material
characteristics when analyzed through homogenizatibor this purpose,
homogenized material properties were computed under the assumption of full

anisotropy.
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The meshed finite element model of theergrant structure used for this analysis is
shown in Figure B4, while the corresponding meshed model of the-tattachiral

structure is presented in Figuré2.

Figure 2.65: Anti-tetrachiral FE model foFype of Anisotropysensitivity study

In this analysis, the type @hisotropy was initially defined as anisotropic material,
which is the main focus and sensitivity parameter for this study. Both teatrant

and antitetrachiral models shared identical mesh and analysis settings

The specific analysis settinggere configured as follows: the number of unit cells in

the X and Y directions was set tr1l and the depth in thedirection was defined as

9 mm, corresponding to 25% of the total part depth. Tetrahedral elements were used
throughout the models, with maximum element size of 0.25 mm. This meshing
configuration resulted in a total of 212,268 nodes for thenteant structure model

and 217,909 nodes for the atdtrachiral structure model.

Based on these finite element model configurations, the honzagemiaterial results,
including the stiffness matrix components and density, are presented in Fafifia 2.
the reentrant structure and in FiguréZfor the antitetrachiral structure. The analysis
results indicated that the stiffness matrix terms,0[4[5,1], D[6,1], D[4,2], D[5,2],
D[6,2], D[4,3], D[5,3], D[6,3], D[5,4], D[6,4], and D[6,5highlighted in blue within
the figures are negligibly small compared to the other matrix componéitis.
remaining significant terms form aorthotropic stiffness matrix, as illustrated in
Figure 268.
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Consequently, orthotropic material behavior was selected for the subsequent

homogenization analyses

Stiffness Matrix (C)
D[1,1] | 4.36E+08 Pa
D[2,1] |-7.66E+07| Pa
D[3,1] |1.51E+08 Pa
D[4,1] |-3.24E+03| Pa
D[5,1] |-6.51E+01| Pa
D[6,1] |-1.64E+02| Pa
D[2,2] |3.74E+07 Pa
D[3,2] |-1.65E+07| Pa
D[4,2] |-2.66E+03| Pa
D[5,2] |-5.56E+01| Pa
D[6,2] |-131E+01| Pa
D[3,3] | 6.99E+08 Pa
D[4,3] |-2.46E+03| Pa
D[5,3] |-5.54E+01| Pa
D[6,3] |-6.81E+01| Pa
D[4.4] |5.18E+06 Pa
D[5,4] |-2.72E+00| Pa
D[6,4] |-4.33E+01| Pa
D[5.,5] |5.30E+07 Pa
D[6,5] |-3.33E+03| Pa
D[6,6] | 1.51E+08 Pa

Density
Density ] 0.349 ‘ glem’

Figure 2.66: Homogenization result for Rentrant FE model Anisotropy
sensitivity.

Stiffness Matrix (C)
D[1,1] | 7.09E+07 | Pa
D[2,1] |-6.04E+07| Pa
DJ[3,1] | 4.40E+06 | Pa
D[4,1] |-5.88E+00| Pa
D[5,1] | 4.55E+00 | Pa
D[6,1] | 8.91E+00 | Pa
D[2,2] | 7.09E+07 | Pa
D[3,2] | 4.40E+06 | Pa
D[4,2] | 1.46E-01 | Pa
D[5,2] |-2.81E+01| Pa

D[6.2] | 2.63E+01 | Pa
D[3.3] | 6.92E+08 | Pa
D[4.3] | 8.12E-02 | Pa
D[5.3] |-1.06E+01] Pa

D[6.,3] | 9.54E+00 | Pa
D[4,4] | 3.97E+06 | Pa
D[5.4] |-3.55E+03| Pa
D[6.4] |-1.33E+03| Pa
D[5,5] | 9.19E+07 | Pa
D[6,5] | -2.87E-02 | Pa
D[6,6] | 9.19E+07 | Pa
Density
Density| 0374 [g/em’®

Figure 2.67: Homogenization result foknti-tetrachiralFE modeli Anisotropy
sensitivity.
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T12 | 0 0 0 0 0 Cgel V12

Figure 2.68: Orthotropic material stiffness matrix.
2.3.3.2Periodic meshing andboundary conditions

The second sensitivitgims to understand how periodic meshing and periodic
boundary conditions influence the homogenized material propeemsdts. The
meshed finite element (FE) model of theergrant structure is shown in Figuré2.

while the meshed FE model of the aetirachiral structure is presented in Figuig2.

Figure 2.69: Re-entrant FE modédl Periodic meshing and boundary conditions.

Figure 2.70: Anti-tetrachiralFE modeli Periodic meshing and boundary conditions

In this case, periodic rebing and boundary conditions were applied in Case 1, and
not applied in Case 2, making this the main focus and sensitivity parameter of the
study. For all other settings, both models share the same mesh and analysis

configuration.

Both models shared idecal mesh and analysis settings to ensure a fair comparison.
The number of unit cells was set t33n the X and Y directions, the depth in the Z

direction was selected as 3.6 mm, corresponding to 10% of the total part depth, and
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tetrahedral elements wewsed throughout, with a maximum element size of 0.25 mm.
This configuration resulted in 772,875 nodes for thenmgant model and 681,703

nodes for the antietrachiral model.

The homogenized material results, including the stiffness matrix componehts an
density, are presented in Figur@ 2for the reentrant structure and Figurer2.for

the antitetrachiral structure.

In terms of computational performance, the application of periodic meshing and
boundary conditions in Case 1 led to an increase wedohe. Specifically, Case 1
required approximately 2.6 times longer computational time for Heatrant model

and 1.7 times longer for the atétrachiral model compared to Case 2, where periodic

settings were not applied.

Engineering Constants
E1 (Ex) 2.59E+08 | Pa
E2 (Ey) 2.38E+07 | Pa
E3 (Ez) 6.42E+08 | Pa
G12 (Gxy) 5.18E+06 | Pa
G23 (Gyz) 5.30E+07 | Pa
G31 (Gzx) 1.51E+08 | Pa
Nu12 (Nuxy) -1.972
Nul3 (Nuxz) 0.169
Nu23 (Nuyz) 0.015
Density 0.349 | gfem®

Figure 2.71: Homogenization result for Rentrant FE modél Periodic Meshing
and Boundary Conditions

Engineering Constants
E1 (Ex) 2.01E+07 | Pa
E2 (Ey) 2.01E+07| Pa
E3 (Ez) 6.88E+08 | Pa
G12 (Gxy) 4.43E+06| Pa
G23 (Gyz) 9.31E+07| Pa
G31 (Gzx) 9.31E+07 | Pa
Nul2 (Nuxy) -0.854
Nul3 (Nuxz) 0.012
Nu23 (Nuyz) 0.012
Density 0.374 | g/em®

Figure 2.72 Homogenization result foknti-tetrachiralFE modeli Periodic
Meshing and Boundary Conditions
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Despite the increased computational effort, the sensitivity analysis revealed that
applying periodic meshing and boundary conditions did not result in any meaningful

differences in the derived homogenized matgniaperties.

These findings indicate that, for the lattice geometries and analysis objectives
considered in this study, periodic meshing and boundary conditions are not strictly
necessary for obtaining reliable homogenization results, and their omissieaddo

substantial computational savings without compromising the accuracy of the material

property predictions.

2.3.3.3Depth in z direction

The third sensitivity study aimed to investigate how the depth in-thieeZtion affects
the homogenized material penies of the lattice structures. The meshed finite
element models of the-entrant structure are shown in Figuré2while the meshed
models of the antietrachiral structure are presented in Figurd.2.

Case 1 Case 2 Case 3 Case 4 Case 5
Depthin Z direction Depthin Z direction Depthin Z direction Depthin Z direction Depth in Z direction
1.8 mm (5% of total) | 3.6 mm (10% of total 9 mm (25% of total) | 18 mm (50% of total) | 36 mm (100% of total)

Figure 2.73. Re-entrant FE modédl Depth in Z directiorstudy.

Case 1 Case 2 Case 3 Case 4 Case 5
Depthin Z direction Depthin Z direction Depthin Z direction Depthin Z direction Depth in Z direction
1.8 mm (5% of total) [ 3.6 mm (10% of total 9 mm (25% of total 18 mm (50% of total) | 36 mm (100% of total)

Figure 2.74: Anti-tetrachiralFE modeli Depth in Z directiorstudy.

In this analysis, the depth in thedfrection was systematically varied as the primary
sensitivity parameter. Five cases were defined to examine the impact of depth: Case 1
used a depth of.& mm, Case 2 used 3.6 mm, Case 3 used 9 mm, Case 4 used 18 mm,
and Case 5 used 36 mm. All other parameters, including mesh settings and boundary
conditions, were kepghe sameo isolate the influence of-depth on the homogenized

properties.
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The sharedraalysis configuration was as follows: the number of unit cells in the X
and Y directions was fixed aix1, tetrahedral elements were used throughout the
model, and the maximum element size was set to 0.25 mm. For-émeraat FE
models, thigesulted in 48,096 nodes for Case 1, 88,574 nodes for Case 2, 211,784
nodes for Case 3, 416,679 nodes for Case 4, and 814,761 nodes for Case 5. For the
antrtetrachiral FE models, the total number of nodes was 45,674 for Case 1, 88,121
for Case 2, 217,93r Case 3, 431,791 for Case 4, and 863,150 for Case 5.

The homogenized material results, including the stiffness matrix and density, are

presented in Figure 25 for the reentrant structure and Figure7Z.for the anti

tetrachiral structure. Additionallyhe sensitivity of key parameters such as the elastic
modulusinthe Xdi recti on (Ex) and itYiplane (NOxy)dsssonds r at

shown in Figure Z6 for the reentrant model and Figure78 for the antitetrachiral

model.
Engineering Constants
E1 (Ex) 2.59E+08| Pa
E2 (Ey) 2.38E+07| Pa
E3 (Ez) 6.42E+08 | Pa
G12 (Gxy) 5.18E+06| Pa
G23 (Gyz) 5.30E+07 | Pa
G31 (Gzx) 1.51E+08| Pa
Nul2 (Nuxy) -1.971
Nul3 (Nuxz) 0.169
Nu23 (Nuyz) 0.015
Density 0.349 | gfem®

Figure 2.75: Homogenization result for Rentrant FE modél Depth in Z direction

Depth in Z direction Convergence Study
-=-E1 (Ex) Nul2(Nuxy)

2.62E+08 »
2.61E+08

2.60E+08 o
2.59E+08 —— S I A A I E—
2.58E+08 .

0 4 8 12 16 20 24 28 32 36
Depth in Z direction (mm)

Figure 2.76: Sensitivtyresult for Reentrant FE modédl Depth in Z direction
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Engineering Constants
E1 (Ex) 1.93E+07| Pa
E2 (Ey) 1.93E+07 | Pa
E3 (E2) 6.88E+08| Pa
G12 (Gxy) 3.97E+06| Pa
G23 (Gyz) 9.19E+07| Pa
G31 (Gzx) 9.19E+07| Pa
Nul2 (Nuxy) -0.853
Nul3 (Nuxz) 0.011
Nu23 (Nuyz) 0.011
Density 0.3749 | g/em®

Figure 2.77: Homogenization result foknti-tetrachiralFE modeli Depth in Z
direction

Depth in Z direction Convergence Study
——E1 (Ex) Nul2(Nuxy)
1.95E+07 -0.84

g 1.94E+07

£

'ﬁ 193E+07 — oo . 0.85
o

‘s

5 1.92E+07

=

3

= 1.916+07 -0.86

0 4 8 12 16 20 24 28 32 36
Depth in Z direction (mm)

Figure 2.78: Sensitivtyresult forAnti-tetrachiralFE modeli Depth in Z diection

The results indicated that variations in thedépth had a minimal impact on the
homogenized material properties acriogs different casedn terms of computational
performance, the models with greated@pth requiregignificantly more computation

time. For instance, Case 5 required approximately five times the solution time of Case
1, while Case 4 required about three times, Case 3 required twice, and Case 2 required

1.5 times the solve time.

Based on the findings dahis sensitivity analysis, increasing the depth in the Z
direction did not result in a significant change in the homogenized material properties.
Therefore, a Zepth of 3.6 mm, corresponding to 10% of the total part depth, was
selected for all subsequehbmogenization analyses. This value offers a practical

balance between computational efficiency and model accuracy, ensuring that the
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derived homogenized material properties reliably represent the mechanical behavior

of the auxetic structures while mininmg unnecessary computational costs.

2.3.3.4Number of unit cells inx andy directions

The fourth sensitivity study aimed to investigate how the number of unit cells stacked
in the X and Y directions influences the homogenized material propertieséied

finite element models of the-entrant structure are shown in Figur@®.while the
meshed FE models of the atdtrachiral structure are presented in Figug®.2.

In this study, the number of unit cells in the X and Y directions was varied
sysematically as the primary sensitivity parameter, while all other analysis settings

remained consistent across the models.

Eight cases were analyzedIx1 unit cell configuration (Case 1)x2 unit cells (Case

2), X3 unit cells (Case 3),x4 unit cells (@se 4), %5 unit cells (Case 5),x6 unit

cells (Case 6),X7 unit cells (Case 7), anad® unit cells (Case 8). The depth in the Z
direction was fixed at 3.6 mm, tetrahedral elements were used throughout, and the

maximum element size was set to 0.5 mm.

Case 1 Case 2 Case 3 Case 4
Number of Unit Cells | Number of Unit Cells Number of Unit Cells Number of Unit Cells
inXandY nXandY inXandY inXandY
1x1 2x2 3x3 4x4

Case 5 Case 6 Case 7 Case 8
Number of Unit Cells Number of Unit Cells Number of Unit Cells Number of Unit Cells
mXandY mXandY mXandY mXandY

7x7

Sx5

Figure 2.79: Re-entrant FE modél Number of Unit Cells in X and Y directions
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Case 1 Case 2 Case 3 Case 4
Number of Unit Cells | Number of Unit Cells Number of Unit Cells Number of Unit Cells
inXandY inXandY mXandY mXandY
1x1 2x2 3x3 4x4
Case 5 Case 6 Case 7 Case 8
Number of Unit Cells Number of Unit Cells Number of Unit Cells Number of Unit Cells
mXandY mXandY mXandY mXandY
xS 6x6 x7 8x8

Figure 2.80: Anti-tetrachiralFE modeli Number of Unit Cells in X and Y
directions

This meshing configuration resulted in 10,750 nodes for Case 1, 42,277 nodes for Case
2, 94,911 nodes for Case 3, 167,963 nodes for Case 4, 262,537 nodes for Case 5,
376,842 nodes for Case 6, 512,985 nodes for Case 7, and 669,744 nodes8anCase

the reentrant FE models. The aiétrachiral FE models yielded 13,451 nodes for
Case 1, 63,302 nodes for Case 2, 141,436 nodes for Case 3, 249,165 nodes for Case 4,
383,359 nodes for Case 5, 566,165 nodes for Case 6, 762,101 nodes for Case 7, and
986,554 nodes for Case 8.

The computed homogenized material properties, including the stiffness matrix and
density, are presented in Figur82for the reentrant structure, with sensitivity results
for Ex and NUxy shown in Figure &.

Figure 2.81: Homogenization result for Rentrant FE moddl Number of Unit
Cellsin X and Y directions
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