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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 transformed the field 

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 

possibilities for the exploration of architected materials, particularly auxetic structures, 

which exhibit a negative Poissonôs ratio. Auxetic materials, when stretched, expand 

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 of engineering applications. In particular, re-entrant and anti-

tetrachiral lattice geometries have emerged as promising auxetic designs due to their 

tunable mechanical responses, near-isotropic behavior under specific loading 

conditions, and ability to withstand large deformations while maintaining stability. 

These features make them well-suited for use in aerospace panels, biomedical 

implants, and protective systems such as armor panels for defense applications. 

Despite the advantages of auxetic designs, their complex lattice architectures, 

composed of intricate geometrical features and periodic unit cells, present significant 

challenges in numerical modeling and simulation. Full-scale finite element analysis 

(FEA), which resolves each geometric detail, provides 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 post-processing increasing rapidly as the size of the 

model grows. For large-scale engineering systems like heat exchangers or energy-

absorbing panels, where millions of unit cells may be present, full-scale FEA becomes 

impractical within typical design workflows. To address these 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 trade-off between accuracy and 

computational efficiency. 

This study undertook a comprehensive investigation of sandwich structures 

incorporating re-entrant and anti-tetrachiral auxetic cores, comparing the mechanical 

behavior of full-scale 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 generate detailed CAD models of both re-entrant and anti-tetrachiral 

geometries. These designs were selected based on their prevalence in the literature and 

their contrasting structural characteristics. The full-scale models capture every 

geometric feature of the lattice, 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 material 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, tensile tests were conducted on printed tensile specimens, 

establishing key parameters such as Youngôs modulus, Shear Modulus, Poissonôs 

ratio, and density for use in the numerical simulations. In addition, compression tests 

were performed to determine the corresponding Youngôs modulus under compressive 

loading. 

Following fabrication, the experimental phase involved a series of mechanical tests to 

evaluate the structural response of the lattice specimens. Modal response testing was 

performed using the roving hammer technique to identify the natural frequencies and 

mode shapes, providing insights into the dynamic behavior of the structures. Static 

compression tests were conducted on cube-shaped specimens to assess their load-

bearing capacity and stress-strain behavior under uniaxial compression. Three-point 

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 comparing the numerical 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 full-scale and homogenized representations of the re-entrant 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 

effects of mesh density, unit cell selection, and boundary conditions on the accuracy 

of the homogenized properties. These homogenized models were then used in modal, 

compression, three-point bending, and tensile FE analyses to assess the global 

mechanical behavior 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 homogenization 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 significant computational savings. The 

compression analyses also showed highly promising results, with homogenized 

models closely matching full-scale simulations and experimental test data, particularly 

in predicting global stiffness and load-displacement behavior. 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 mechanisms under 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 response. Additionally, the study demonstrated that 

the accuracy of three-point bending simulations strongly depends on the correct 

definition of material behavior under both tensile and compressive loading. The 

incorporation of averaged and separately defined Youngôs modulus for tension and 

compression significantly improved the correlation between numerical and 

experimental results. This highlights the necessity of accurate material calibration in 

modeling polymer-based auxetic lattices to achieve physically consistent predictions 

of bending and flexural responses. Overall, these findings confirm that while 

homogenized models are highly effective for early-stage design, parametric 

evaluations, and large-scale system analyses, full-scale finite element models remain 

essential for accurately capturing local stress distributions, failure initiation, and 

nonlinear deformations in complex auxetic sandwich structures. 

This thesis provides a systematic comparison of full-scale and homogenized finite 

element models for sandwich structures with re-entrant and anti-tetrachiral auxetic 

cores, highlighting the trade-offs between computational efficiency and accuracy. 

Homogenization significantly reduces model complexity and solution times while 

maintaining sufficient accuracy for global analyses, 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 insights for engineering 

applications where homogenized models enable efficient analysis of large-scale 

systems. Finally, the findings provide a foundation for future work in hybrid modeling 

strategies that combine homogenized global models with localized full-scale analyses 

for enhanced design precision. 
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RE-ENTRANT VE ANTI -TETRACHIRAL AUXETIC ¢EKĶRDEKLĶ 

SANDVĶ¢ YAPILARIN HOMOJENLEķTĶRĶLMĶķ VE TAM ¥L¢EKLĶ 

MODELLERĶ ¦ZERĶNE SAYISAL VE DENEYSEL KARķILAķTIRMALI 

BĶR ¢ALIķMA 

 

ÖZET 

 

 

Katmanlē imalat (additive manufacturing, AM) veya yaygēn adēyla ¿­ boyutlu (3D) 

yazēcē teknolojileri, modern m¿hendislik alanēnda devrim yaratmēĸ ve karmaĸēk, hafif, 

yüksek özgül mukavemetli ve ºzelleĸtirilebilir yapēlarē ¿retme imk©nē saĵlamēĸtēr. 

Geleneksel imalat yºntemleriyle ¿retimi zor veya imk©nsēz olan ­ok karmaĸēk 

geometrilere sahip yapēlarēn tasarēmē ve ¿retimi, ºzellikle AM teknolojilerinin 

geliĸimiyle m¿mk¿n hale gelmiĸtir. Bu geliĸmeler, malzeme m¿hendisliĵinde 

ºzellikle yapēlandērēlmēĸ ve h¿cresel malzemelere yºnelik yeni araĸtērma alanlarēnēn 

a­ēlmasēna katkēda bulunmuĸ ve negatif Poisson oranē (auxetic behavior) sergileyen 

auxetic yapēlara olan ilgiyi artērmēĸtēr. Negatif Poisson oranēna sahip auxetic 

malzemeler, ­ekme y¿kleri altēnda geniĸleyen ve basma y¿kleri altēnda i­e doĵru 

b¿z¿len, dolayēsēyla konvansiyonel malzemelerden farklē bir ĸekilde davranan 

malzemelerdir. Bu tersine deformasyon mekanizmasē sayesinde auxetic yapēlar, ¿st¿n 

enerji soĵurma kapasitesi, y¿ksek darbe dayanēmē, geliĸmiĸ sºn¿mleme ºzellikleri ve 

ĸekil uyumluluĵu gibi avantajlar sunar. ¥zellikle re-entrant ve anti-tetrachiral 

geometriye sahip auxetic kafes tasarēmlarē, belirli y¿kleme koĸullarēnda izotropiye 

yakēn mekanik tepkileri, ayarlanabilir rijitlikleri ve b¿y¿k deformasyonlar altēnda 

stabilitelerini koruma ºzellikleriyle dikkat ­eker. Bu ºzellikler, sºz konusu yapēlarē 

havacēlēk, biyomedikal implantlar ve savunma sanayiinde zērh sistemleri gibi 

koruyucu uygulamalar i­in cazip kēlmaktadēr. 

Ancak, auxetic yapēlarēn bu karmaĸēk geometrik d¿zenleri, tekrar eden h¿cresel 

desenleri ve detaylē y¿k aktarēm yollarē, sayēsal modelleme ve sim¿lasyon ­alēĸmalarē 

a­ēsēndan b¿y¿k zorluklar yaratmaktadēr. Her bir geometrik detayēn tek tek 

modellenmesi gereken tam ölçekli sonlu elemanlar analizleri (FEA), lokal gerilme 

daĵēlēmlarē, deformasyon modlarē ve potansiyel hasar bºlgelerini doĵru bir ĸekilde 

tespit edebilmek için tercih edilen bir yöntemdir. Ancak, bu y¿ksek doĵruluk d¿zeyi, 

ºnemli ºl­¿de hesaplama kaynaklarē gerektirir ve model boyutu b¿y¿d¿k­e aĵ (mesh) 

oluĸturma, ­ºz¿m s¿releri ve sonu­larēn iĸlenmesi gibi s¿re­lerin karmaĸēklēĵē da 

katlanarak artar. Milyonlarca tekrar eden h¿creden oluĸan b¿y¿k ºl­ekli sistemlerde 

(ºrneĵin, ēsē deĵiĸtiriciler veya enerji sºn¿mleyici paneller gibi) tam ºl­ekli FEA 

uygulamak, end¿striyel tasarēm s¿re­leri i­in pratik olmaktan ­ēkar ve hesaplama 

s¿releri ve donanēm gereksinimleri a­ēsēndan aĸērē bir y¿k oluĸturur. Bu zorluklarē 

aĸmak i­in geliĸtirilen homojenleĸtirme yºntemleri, karmaĸēk geometrik detaylarē, 

eĸdeĵer ortotropik veya anizotropik bir malzeme modeliyle temsil ederek analizlerde 

ºnemli bir sadeleĸtirme saĵlar. Homojenleĸtirme, karmaĸēk kafes yapēsēnē bir temsil 

h¿cresi ¿zerinden ortalama enerji eĸitliĵi esasēna gºre sadeleĸtirir ve bu sayede daha 
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d¿ĸ¿k aĵ yoĵunluĵu ile global mekanik tepkilerin tahmin edilmesini m¿mk¿n kēlar. 

Ancak, bu yºntem lokal gerilme yēĵēlmalarē ve detaylē deformasyon modlarē gibi kritik 

yerel etkileri tam olarak yakalamakta yetersiz kalabilir. 

Bu tez ­alēĸmasēnda, re-entrant ve anti-tetrachiral auxetic ­ekirdekli sandvi­ yapēlarēn 

mekanik davranēĸlarē, tam ºl­ekli ve homojenleĸtirilmiĸ sonlu elemanlar modelleri 

¿zerinden detaylē bir ĸekilde incelenmiĸ ve farklē y¿kleme senaryolarēnda (modal 

analizi, statik basma, ¿­ nokta eĵme ve statik ­ekme) karĸēlaĸtērmalar yapēlmēĸtēr. 

¢alēĸmada, sayēsal model sonu­larē, deneysel test sonu­larē ile karĸēlaĸtērēlarak 

homojenleĸtirme yºnteminin uygulanabilirliĵi deĵerlendirilmiĸtir. Tezin ilk 

aĸamasēnda, Siemens NX 12 CAD yazēlēmē kullanēlarak re-entrant ve anti-tetrachiral 

auxetic geometriye sahip detaylē 3D modeller oluĸturulmuĸtur. Bu geometriler, 

literat¿rde yaygēn olarak kullanēlan standart auxetic h¿cre tasarēmlarēna 

dayandērēlmēĸtēr. Detaylē tam ºl­ekli modeller, her bir geometrik ayrēntēyē i­eren 

y¿ksek ­ºz¿n¿rl¿kl¿ kafes yapēlarēnē temsil ederken, homojenleĸtirilmiĸ modeller, 

karmaĸēk geometrilerin yerine, ANSYS yazēlēmēndaki Material Designer modülü ile 

hesaplanan eĸdeĵer ortotropik malzeme ºzelliklerini kullanan basitleĸtirilmiĸ 

modellerden oluĸmaktadēr. 

Tez ­alēĸmasēnēn deneysel aĸamasēnda, se­ilen geometriler Stratasys Objet Connex 1 

cihazē ile, malzeme p¿sk¿rtme (material jetting) yºntemiyle, VeroBlue RDG840 

polimer kullanēlarak ¿­ boyutlu yazēcēda yazdērēlmēĸtēr. Bu malzeme, y¿ksek boyutsal 

hassasiyet ve iyi mekanik ºzellikler sunmasē nedeniyle tercih edilmiĸtir. VeroBlueônun 

temel mekanik özelliklerini belirlemek için çekme testleri gerçekleĸtirilmiĸ ve 

elastiklik mod¿l¿, Poisson oranē, kesme mod¿l¿ ve yoĵunluk gibi kritik parametreler 

elde edilmiĸtir. Ayrēca, basma y¿klemesi altēnda karĸēlēk gelen elastisite mod¿l¿n¿ 

belirlemek amacēyla basma testleri de ger­ekleĸtirilmiĸtir. Deneysel testler arasēnda, 

yapēlarēn doĵal frekanslarēnē ve mod ĸekillerini belirlemek amacēyla modal analiz, 

k¿bik numuneler ¿zerinde basma testleri ve sandvi­ paneller ¿zerinde ¿­ nokta eĵme 

testleri uygulanmēĸtēr. Bu deneysel ­alēĸmalar, hem sayēsal modellerin doĵruluĵunu 

deĵerlendirmek i­in bir karĸēlaĸtērma temeli saĵlamēĸ, hem de homojenleĸtirme 

yºnteminin performansēnē ger­ek test verileriyle kēyaslamak i­in kritik bir rol 

oynamēĸtēr. 

Sayēsal analiz aĸamasēnda, ANSYS Workbench 2020 R2 yazēlēmēnda her iki 

modelleme yaklaĸēmē i­in modal, basma, ¿­ nokta eĵme ve ­ekme analizleri 

ger­ekleĸtirilmiĸtir. Homojenleĸtirme s¿recinde, birim h¿cre analizleri kullanēlarak 

elde edilen eĸdeĵer elastik sabitler, yoĵunluklar ve Poisson oranlarē, karmaĸēk kafes 

yapēlarēnē temsil eden sadeleĸtirilmiĸ modellerde uygulanmēĸtēr. Aĵ yoĵunluĵu, birim 

h¿cre boyutlandērmasē ve sēnēr koĸullarēnēn hassasiyet ¿zerindeki etkileri incelenmiĸ 

ve parametrelerin homojenleĸtirilmiĸ modellerin doĵruluĵu ¿zerindeki etkileri 

deĵerlendirilmiĸtir. 

Sonu­lar, modal analizlerin sayēsal modellemeler ile deneysel veriler arasēndaki en 

yakēn ve en umut verici uyumu saĵladēĵēnē gºstermektedir. Homojenleĸtirme 

yaklaĸēmē, doĵal frekanslar ve mod ĸekilleri gibi dinamik davranēĸlarē tahmin etmede 

g¿­l¿ bir baĸarē saĵlamēĸ ve bu yºn¿yle ºnemli bir pozitif sonu­ sunmuĸtur. Modal 

analizler, homojenleĸtirilmiĸ sonlu eleman modellerinin auxetik yapēlarēn dinamik 

davranēĸlarēnē doĵru ĸekilde tahmin edebildiĵi ve aynē zamanda ºnemli ºl­¿de 

hesaplama avantajē sunduĵu en uygun analiz senaryosu olarak ºne ­ēkmēĸtēr. Basma 

analizleri de olduk­a olumlu sonu­lar gºstermiĸ; homojenleĸtirilmiĸ modeller, 

özellikle global rijitlik ve yük-deplasman davranēĸlarēnē tahmin etmede, hem tam 

ölçekli simülasyonlar hem de deneysel test verileri ile b¿y¿k ºl­¿de uyum saĵlamēĸtēr. 

Buna karĸēn, ¿­ nokta eĵme analizlerinde en b¿y¿k farklēlēklar gºzlemlenmiĸ; 
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homojenleĸtirilmiĸ modeller, lokal deformasyon modlarē, gerilme yēĵēlmalarē ve 

karmaĸēk hasar mekanizmalarēnē doĵru ĸekilde tahmin etmede sēnērlē kalmēĸtēr. ¢ekme 

y¿klemelerinde ise detaylē deformasyon desenlerinde bazē k¿­¿k farklar bulunmasēna 

raĵmen, homojenleĸtirilmiĸ modeller genel y¿k-deplasman tepkilerini tahmin etmede 

yeterli doĵruluĵa ulaĸmēĸtēr ve m¿hendislik uygulamalarē i­in kabul edilebilir bir 

doĵruluk d¿zeyi saĵlamēĸtēr. Ayrēca, yapēlan analizler ¿­ nokta eĵme 

sim¿lasyonlarēnēn doĵruluĵunun, malzemenin ­ekme ve basma altēndaki davranēĸēnēn 

doĵru tanēmlanmasēna doĵrudan baĵlē olduĵunu gºstermiĸtir. Çekme ve basma 

testlerinden elde edilen elastisite mod¿llerinin ortalamasēnēn kullanēldēĵē ve ­ekmeï

basma i­in ayrē mod¿llerin tanēmlandēĵē analizlerde, sayēsal ve deneysel sonu­lar 

arasēndaki uyum belirgin ĸekilde artmēĸtēr. Bu durum, auxetic yapēlar gibi karmaĸēk 

geometrilere sahip polimer esaslē malzemelerin modellenmesinde, doĵru malzeme 

kalibrasyonunun b¿y¿k ºnem taĸēdēĵēnē ortaya koymuĸtur. Ger­ek­i ve fiziksel olarak 

tutarlē eĵilme ve burkulma tepkilerinin elde edilebilmesi i­in, hem ­ekme hem de 

basma davranēĸlarēnēn doĵru ĸekilde temsil edilmesi gerektiĵi sonucuna varēlmēĸtēr. Bu 

bulgu, ¿­ nokta eĵme ve genel eĵilme analizlerinde malzeme tanēmēnēn doĵru 

yapēlmasēnēn sonu­larēn g¿venilirliĵini doĵrudan etkilediĵini gºstermektedir. Genel 

olarak bu bulgular, homojenleĸtirilmiĸ modellerin erken aĸama tasarēm ­alēĸmalarē, 

parametrik incelemeler ve büyük ölçekli sistem analizleri için son derece etkili ve 

pratik bir yaklaĸēm olduĵunu ortaya koymaktadēr. Ancak, lokal gerilme daĵēlēmlarē, 

hasar baĸlangē­ noktalarē ve doĵrusal olmayan deformasyon davranēĸlarēnēn kritik 

ºnem taĸēdēĵē senaryolarda, tam ºl­ekli sonlu eleman modellerinin vazge­ilmez 

olduĵu sonucuna varēlmēĸtēr. 

Tez ­alēĸmasē, re-entrant ve anti-tetrachiral auxetic ­ekirdekli sandvi­ yapēlarēn tam 

ºl­ekli ve homojenleĸtirilmiĸ modelleri arasēndaki temel farklarē ortaya koyarak, her 

iki yaklaĸēmēn avantaj ve sēnērlamalarēnē kapsamlē bir ĸekilde ele almēĸtēr. 

Homojenleĸtirmenin saĵladēĵē hesaplama verimliliĵi ve hēz avantajlarē, ºzellikle geniĸ 

ölçekli yapēlar i­in analiz yapēlmasē gereken durumlarda b¿y¿k ºnem taĸērken, detaylē 

gerilme daĵēlēmlarē ve lokal deformasyonlar i­in tam ºl­ekli modellerin gerekliliĵi 

vurgulanmēĸtēr. Bu ­alēĸma, auxetic yapēlarēn m¿hendislik tasarēmlarēnda kullanēmēna 

yönelik modelleme stratejilerinin geliĸtirilmesi ve iyileĸtirilmesi i­in saĵlam bir temel 

oluĸturmuĸ ve gelecekte hibrit modelleme yaklaĸēmlarēnēn (global homojenleĸtirilmiĸ 

modeller ile lokal tam ºl­ekli modellerin birlikte kullanēlmasē) uygulanabilirliĵine dair 

ºnemli bir ºneri sunmuĸtur. 
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1.INTRODUCTION  

The field of modern engineering has been significantly influenced by additive 

manufacturing (AM), or 3D printing, since it enables the production of complex shapes 

and lightweight designs with tailored properties, capabilities that remain limited in 

conventional manufacturing processes [1]. 

This technological advancement has particularly accelerated interest in architected 

materials, especially auxetic structures, also known as auxetic metamaterials, which 

exhibit a negative Poissonôs ratio (NPR), characterized by lateral contraction under 

compressive loading and expansion under tensile loading [2]. The unique deformation 

mechanism associated with this NPR is illustrated in Figure 1.1 [3].  

The deformation behaviors of different auxetic metamaterial designs are illustrated in 

Figure 1.2 [4]. The figure highlights a fundamental distinction between conventional 

materials, which contract laterally under tensile loading (positive Poissonôs ratio), and 

auxetic materials, which expand in the transverse direction when stretched (negative 

Poissonôs ratio). It also shows how a conventional hexagonal lattice can be 

transformed into an auxetic bow-tie 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 solid surface fraction 

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 imparts auxetic materials with 

exceptional mechanical properties, including enhanced energy absorption, superior 

impact resistance, and improved shear stiffness [5]. 
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Figure 1.1: Comparison of lateral deformation in conventional and auxetic materials 

under uniaxial tensile loading [3].  

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

 

 

Figure 1.2: Comparison of deformation behavior between normal and auxetic 

materials [4].  

Reproduced from [4] under the Creative Commons Attribution (CC BY 4.0) license. 

 

Among different auxetic lattice geometries, re-entrant and anti-tetrachiral structures 

are particularly notable for their tunable mechanical properties, near-isotropic 

performance under certain loading scenarios, and broad applicability in diverse 

engineering domains, including aerospace, biomedical, and impact-resistant systems 

[6]. Re-entrant lattice structures achieve auxetic behavior through inward-slanting 
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ligaments that bend or fold under applied loading, resulting in a characteristic NPR 

behavior. In contrast, anti-tetrachiral architectures generate negative Poissonôs ratios 

by facilitating the coupled rotation of rigid circular nodes, which are interconnected 

by slender ligaments, thereby enabling efficient in-plane deformation mechanisms [7]. 

These distinct deformation patterns make auxetic designs highly suitable for diverse 

applications such as aerospace components for improved energy 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 2D lattice geometries, 

including honeycomb, zero-Poisson, and auxetic types, used in aerospace applications 

is presented in Figure 1.3 [10]. 

 

Figure 1.3: Integration of cellular lattice structures into aerospace components [10].  

Reproduced from [10] 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 cells, presents significant challenges for accurate 

numerical modeling and simulation. Full-scale finite element analysis (FEA), which 

explicitly resolves each geometric details of the lattice, offers a high-fidelity 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 resources required for mesh generation, solver run 

times, and post-processing increase exponentially with model size and geometric 

complexity. For large-scale engineering systems such as heat exchangers or energy-

absorbing panels, where millions of unit cells may be present, full-scale FEA becomes 
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impractical, often requiring excessive computation times and hardware capabilities 

beyond typical design workflows [11, 12, 13].  

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

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

or anisotropic material, homogenization significantly reduces model complexity while 

preserving the essential global mechanical responses [12]. The effective stiffness, 

density, and Poissonôs ratio are extracted from representative unit cell analyses and 

incorporated into continuum-scale simulations, enabling the modeling of intricate 

structures without explicitly resolving every geometric detail. A visual and 

mathematical representation of the homogenization process is presented in Figure 1.4 

[13]. 

 

Figure 1.4: Mathematical representation of the homogenization process [13].  

Reproduced from [13] under the Creative Commons Attribution (CC BY 4.0) license. 

 

While homogenization offers significant computational advantages, it introduces 

uncertainties in capturing localized phenomena such as stress concentrations and 

failure initiation sites. 

This thesis aims to systematically explore and quantify the trade-offs between full-

scale and homogenized FEA models of sandwich structures with re-entrant and anti-

tetrachiral auxetic cores. By comparing simulation results across modal, compression, 

bending, and tensile loading scenarios, and benchmarking them against experimental 

test data, this study seeks to establish practical guidelines for selecting appropriate 

modeling strategies based on accuracy requirements, computational efficiency, and 

specific engineering applications. 
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1.1.Purpose of Thesis 

The primary objective of this thesis is to evaluate the mechanical behavior of sandwich 

structures incorporating re-entrant and anti-tetrachiral auxetic cores by systematically 

comparing full-scale and homogenized finite element models. The study investigates 

differences in predicted global mechanical responses, such as stiffness, natural 

frequencies, and load-displacement behavior, between the two modeling approaches. 

It also aims to assess the computational efficiency gained through homogenization by 

analyzing mesh sizes, solution times, and identifying the trade-offs between accuracy 

and computational demand. 

A critical aspect of this study is identifying the limitations of homogenization methods 

under different loading scenarios, as 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 three-point 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 resources, and specific design objectives. 

A real-world example of this challenge can be seen in plate-fin heat exchangers, where 

complex, repeating fin structures, effectively repetitive unit cells, are critical for 

thermal performance. However, conducting full-scale simulations of every geometric 

detail is computationally impractical. An example of a heat exchanger design 

incorporating repeating lattice structures is illustrated in Figure 1.5 [14]. 

The integration of additive manufacturing (AM) techniques further expands the 

possibilities for fabricating complex auxetic geometries that were previously 

unachievable [6]. Auxetic materials, characterized by their NPR and typically reduced 

stiffness compared to conventional materials, exhibit unique deformation mechanisms 

that enhance performance under various loading conditions. A visual classification of 

different lattice structures, based on their stiffness characteristics and Poissonôs ratio 

behavior, is presented in Figure 1.6 [10]. 
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Figure 1.5: Heat exchanger with a lattice structure [14].  

Reproduced from [14] under the Creative Commons Attribution (CC BY 4.0) license. 

 

Auxetic materials have also demonstrated significant potential in biomedical 

engineering, particularly in the development of implants and prosthetics that require 

conformability to complex anatomical geometries and enhanced energy absorption 

capabilities [6, 15]. 

 

Figure 1.6: Classification of lattice structures by stiffness characteristics and 

Poissonôs ratio behavior [10]. 

Reproduced from [10] under the Creative Commons Attribution (CC BY 4.0) license. 
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In addition, defense applications have leveraged 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 impacts [16, 17].  

The exploration of hybrid auxetic structures, which combine different geometries or 

materials, represents a promising research direction for optimizing mechanical 

behavior in complex design scenarios [5].  

Overall, this thesis contributes the broader understanding of auxetic materials and their 

diverse applications, offering valuable insights that can guide future research and 

practical design strategies within this rapidly evolving field. 

1.2.Literature Review 

The introduction of auxetic materials by Lakes in 1987 marked a significant milestone 

in material design, as it demonstrated the possibility of achieving a NPR in engineered 

materials [2]. Since then, extensive research has focused on developing and optimizing 

auxetic geometries to achieve specific mechanical properties, such as enhanced energy 

absorption and tailored deformation behavior [5]. Among these geometries, re-entrant 

and anti-tetrachiral lattices have emerged as foundational designs in the field, offering 

tunable auxetic responses and improved mechanical performance [6]. 

A wide range of auxetic topologies has been explored, as illustrated in Figure 1.7, 

which showcases various lattice configurations, including: (a) Re-entrant, (b) 

Trichiral, (c) Double arrowhead, (d) Missing rib, (e) Missing rib, (f) Hexachiral, (g) 

Anti-tetrachiral, (h) Anti-trichiral, (i) Trichiral, (j) Star-shaped, (k) Rotational, (l) 

Perforated, (m) Perforated, (n) Elliptical, and (o) S-shaped designs [18]. 

Additional examples of auxetic core structures are presented in Figure 1.8, illustrating 

different core geometries such as: (a) Honeycomb, (b) Re-entrant, (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 layer is known as the cellular 

core. 
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Figure 1.7: Illustration of diverse 2D auxetic and lattice unit cell geometries [18]. 

Reproduced from [18] under the Creative Commons Attribution (CC BY 4.0) license. 

 

 

Figure 1.8: Various core geometries in sandwich structures [19]. 

Reproduced from [19] with permission of Spring Nature. 

 

Auxetic lattices deform differently from conventional materials: re-entrant structures 

expand laterally under tensile loading, while anti-tetrachiral structures enable isotropic 

auxetic behavior through the rotation of rigid elements [7].  

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

auxetic architectures, enabling the fabrication of intricate lattice geometries with 
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controlled material properties [1]. However, AM also introduces challenges, including 

geometric inaccuracies, residual stresses, and anisotropy resulting from the layer-by-

layer build process [1]. These imperfections can significantly affect the mechanical 

response of auxetic structures and must be carefully considered in both experimental 

and numerical investigations. 

Full-scale FEA remains the primary tool for studying the mechanical behavior of 

auxetic structures. Full-scale models, which explicitly resolve the geometry of each 

unit cell, provide the highest fidelity and are essential 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 large-scale assemblies or iterative design 

processes [12]. 

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 and Kikuchi established the theoretical basis for 

computational homogenization, introducing frameworks for multi-scale analysis of 

periodic structures [20]. Recent advancements, including the strain-based expansion 

method and the variational asymptotic method (VAM)-based approach, have further 

enhanced the accuracy and applicability of homogenization techniques for complex 

lattice designs. 
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2.MATERIAL AND METHOD  

 

The primary 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, computational 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 involves determining effective material properties by 

establishing energy equivalence between full-scale (real-case) geometries and 

homogenized (simplified-case) representations. This approach facilitates the modeling 

and analysis of complex lattice structures by 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 meshing requirements and computational 

effort while maintaining sufficient accuracy for engineering analysis. 

This thesis focuses on two specific auxetic structures: the re-entrant lattice design and 

the anti-tetrachiral lattice design. Both structures belong to the class of auxetic 

metamaterials, which have gained widespread attention in the field of additive 

manufacturing due to their unique mechanical properties, particularly their NPR and 

enhanced energy absorption capabilities. The full-scale geometry of the re-entrant 

structure is presented in Figure 2.1, with its corresponding 3D CAD model shown in 

Figure 2.2. Similarly, the full-scale geometry of the anti-tetrachiral structure is 

presented in Figure 2.3, and its 3D CAD model is shown in 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. 

 

Figure 2.2: Re-entrant lattice structure 3D model. 

 

Figure 2.3: Anti-tetrachiral lattice structure. 

 

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 re-entrant and anti-tetrachiral structures. 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. 
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The designed geometries were fabricated using additive manufacturing technology, by 

using a Stratasys Objet Connex 1 3D printer with the material jetting method (MJM). 

VeroBlue RDG840 polymer was selected as the base material, while solution-soluble 

SUP706B served as the support material. The parts were printed in high-quality mode 

with a horizontal build layer thickness of 16 microns, ensuring precise reproduction of 

the intricate lattice geometries. Following fabrication, support structures were 

removed from the main parts using a sodium hydroxide solution. 

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 material parameters, including Youngôs modulus and 

Poissonôs ratio, while the material density was measured using the same specimens. 

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, three-point bending tests were performed 

on the same parts to evaluate their flexural performance under bending loading. Cube-

shaped specimens with matching lattice configurations were also produced and tested 

under compression loading to assess their load-bearing behavior. The experimental 

results from modal, three-point bending, and compression tests provided important 

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

numerical phase. 

Following the experimental studies, numerical modeling was conducted to simulate 

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. Sensitivity 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 properties, including 

density, Youngôs modulus, shear modulus, and Poissonôs ratios in the X, Y, and Z 

directions, were determined using the Material Designer module in ANSYS 

Workbench 2020 R2 software. 

Subsequent numerical analyses included modal response analysis, static compression 

simulations, and three-point bending simulations for both full-scale and homogenized 
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models of the re-entrant and anti-tetrachiral 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 reliability of the homogenization approach. 

Finally, additional numerical analyses 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 response of the auxetic cores under diverse loading 

conditions. 

2.1.Geometry Details 

The re-entrant and anti-tetrachiral geometries were chosen for this study based on their 

extensive use as auxetic lattice structures in additive manufacturing and their proven 

mechanical 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. 

2.1.1.Re-entrant structure  

The external dimensions of the re-entrant structure are as follows: the width in the X-

direction is 232.3 millimeters (mm), the height in the Y-direction is 36.6 mm, as shown 

in Figure 2.6, and the depth in the Z-direction is 36.0 mm, as illustrated in Figure 2.7. 

Detailed dimensions of the re-entrant unit cell geometry are presented in Figure 2.8 

and Figure 2.9.  

The surface area of the front or back face in the XïY plane is calculated as 2986 mm², 

and the total volume of the part is 107,487 mm³. 

 

 

 

Figure 2.6: Width and Height for Re-entrant structure. 
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Figure 2.7: Depth for Re-entrant structure. 

 

 

Figure 2.8: Detailed Re-entrant geometry. 

 

Figure 2.9: Top and Bottom plate dimensions for Re-entrant structure. 

2.1.2.Anti -tetrachiral structure  

The external dimensions of the anti-tetrachiral structure are as follows: the width in 

the X-direction is 226.8 millimeters (mm), the height in the Y-direction is 36.6 mm, 

as shown in Figure 2.10, and the depth in the Z-direction is 36.0 mm, as shown in 

Figure 2.11. The detailed geometric specifications of the anti-tetrachiral 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 the XïY plane is calculated as 3039 mm², 

and the total volume of the structure is 109,394 mm³. 

 

 

Figure 2.10: Width and Height for Anti-tetrachiral structure. 

 

 

Figure 2.11: Depth for Anti-tetrachiral structure. 

 

Figure 2.12: Detailed Anti-tetrachiral geometry. 
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Figure 2.13: Top and Bottom plate dimensions for Anti-tetrachiral structure. 

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 

crosshead velocity of 2 mm/min was applied throughout the testing process. To ensure 

accurate displacement and strain measurements, three strain gauges were placed on the 

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

Two tensile test coupons were fabricated for the experiment, each having a cross-

sectional area of 78 mm² (13 mm × 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, loadïdisplacement curves were extracted and subsequently 

converted into stressïstrain curves for further analysis. These stressïstrain curves were 

used to determine the isotropic material properties of the specimens, including 

Youngôs modulus and Poissonôs ratio. 

 

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

 

Figure 2.16: Height and Depth for tensile test specimen. 

 

The VeroBlue polymer family, including the VeroBlue RGD840 material, is 

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

provided by Stratasys, the material properties of VeroBlue RGD840 [21] are 

summarized in Figure 2.17. This polymer exhibits isotropic mechanical behavior, with 

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 that the Poissonôs ratio for VeroBlue RGD840 

ranges from 0.39 to 0.49, and 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 thermoplastic material according to the technical specifications provided in the 

open literature [22]. 

Vero PolyJet resins are photopolymer materials designed for high-precision material 

jetting in additive manufacturing. These materials enable the production of parts with 

fine feature details and smooth surface finishes, making them well-suited for rapid 

prototyping applications. [23]. 
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The material jetting process, used in PolyJet 3D printing, involves depositing liquid 

photopolymer droplets through an array of nozzles onto a build platform, layer by 

layer. The material jetting process is illustrated in Figure 2.18 [23]. Each layer is 

immediately cured and solidified using UV light, allowing complex geometrs to be 

built with fine resolution. Supports are typically printed simultaneously using a 

dissolvable material and later removed during post-processing [23]. 

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

25, 26]. 

 

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

Stratasys Company [21]. 
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Figure 2.18: Material Jetting 3D printing manufacturing technique [23]. 

2.2.1.Tensile test result  

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 machine, equipped with MTS 647 Hydraulic Wedge Grips, 

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 measurements, three strain gauges were 

affixed to each specimen at orientations of 0°, 45°, and 90°. Two tensile test coupons, 

each with a cross-sectional area of 78 mm² (13 mm × 6 mm), were prepared for the 

experiment. The geometric details of the specimens are presented in Figure 2.14, 

Figure 2.15, and Figure 2.16. 
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Figure 2.19: Tensile test setup for the first specimen. 

 

 

Figure 2.20: Tensile test setup for the second specimen. 

 

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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Figure 2.21: Measured strain and force for the first tensile test specimen. 

 

 

Figure 2.22: Measured strain and force for the second tensile test specimen. 

 

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

and Figure 2.24 for both specimens. The strain gauge connected to the white cable 

measured longitudinal strain at 0 degrees, the green cable captured shear strain at 45 

degrees, and the red cable measured lateral strain at 90 degrees. This multi-directional 

measurement approach provides a clearer understanding of the materialôs strain 

distribution and deformation characteristics under tensile loading. 
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Figure 2.23: Strain gauge data for the first tensile test specimen. 

 

 

Figure 2.24: Strain gauge data for the second tensile test specimen. 

 

Stress values were calculated using Equation 2.1, based on the measured force and the 

cross-sectional area of the specimens. The resulting stressïstrain curves, derived from 

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

2.26. 

 „ ὊȾὃ (2.1) 
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Figure 2.25: Stress vs. strain curve for the first tensile test specimen. 

 

 

Figure 2.26: Stress vs. strain curve for the second tensile test specimen. 

 

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 Figure 2.28, respectively. 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 was employed to calculate Youngôs modulus, giving values 

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 microstrain 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 2.27) and 2150 MPa for the second 

specimen (shown in Figure 2.28), both within the selected strain range. 

 

 
„ Ὁ ‐ 

(2.2) 

 
Ὁ „Ⱦ‐ 

(2.3) 

 E = (Stress2 ï Stress1) / (Strain2 ï Strain1) (2.4) 

 

Figure 2.27: Youngôs modulus vs. strain curve for the first tensile test specimen. 

 

 

 

 

 

 

 

 



 

26 

 

Figure 2.28: Youngôs modulus vs. strain curve for the second tensile test specimen. 

 

Based on Equation 2.5, the calculated 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 average Poissonôs ratio of approximately 

0.422 is observed (shown in Figure 2.29), while the second specimen exhibits an 

average Poissonôs ratio of approximately 0.418 (shown in Figure 2.30). 

 

 ’
‐ ὰὥὸὩὶὥὰ

‐ ὰέὲὫὭὸόὨὭὲὥὰ
 (2.5)       

 

 

Figure 2.29: Poissonôs ratio vs. strain curve for the first tensile test. 
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Figure 2.30: Poissonôs ratio vs. strain curve for the second tensile test. 

 

The total weight of the re-entrant structure, shown in Figure 2.1, was measured as 127 

grams (g) while its total volume was calculated as 107,487 mm³, resulting in a density 

of 1.182 grams per cubic centimeter (g/cm³). Similarly, the total weight of the anti-

tetrachiral structure, presented in Figure 2.3, was measured as 130 g, with a calculated 

volume of 109,394 mm³, corresponding to a density of 1.188 g/cm³. Finally, the 

isotropic material density of the specimens was determined as approximately 1.185 

g/cm³, based on the measured weights and geometrically derived volume. 

As a result, 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, the Poissonôs ratio is 0.42, and the density is 1.185 grams/cm³. 

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 RDG840. 

Engineering 

Constants 
Results Un ts 

E 2.175E+09 Pa 

G 7.66E+08 Pa 

Nu 0.42  

Density 1.185 g/cm
3
 

 

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

the specification sheet provided by Stratasys Company and shown in Figure 2.17. 
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2.2.2.Compression test result  

Compression testing was also carried out in order to characterize the material 

properties of the part under compressive loads. The 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 the anti-tetrachiral structure, 

respectively.  

Compression tests were conducted using a Shimadzu Autograph AG-IS 50 kN 

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

were performed with Shimadzuôs Trapezium2 software. A constant crosshead speed 

of 1 mm/min was applied to specimen 1 for both re-entrant and anti-tetrachiral 

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

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

conditions across all tests. The compression load was applied to the front face in the 

XïY 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. 

 

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

test. 

 

Figure 2.32: Cubic specimens of anti-tetrachiral structure used in the compression 

test. 
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Figure 2.33: Shimadzu Autograph AG-IS 50 kN universal testing machine. 

 

The geometric details of the compression test specimens are presented in Figure 2.34 

for the re-entrant structure and in Figure 2.35 for the anti-tetrachiral structure. The 

width in the X-direction is reported as the average value of the three cubic specimens, 

while the height in the Y-direction and the depth in the Z-direction are identical to the 

dimensions of the individual cubic specimens  

For re-entrant specimens, the average width in X-direction is 36.8 mm, the height in 

Y-direction is 36.6 mm, and the depth in Z-direction is 36.0 mm, as illustrated in 

Figure 2.34. The corresponding surface area of the front or back face in the XïY plane 

is calculated as 511 mm².  

For anti-tetrachiral specimens, the average width in X-direction is 37.6 mm, the height 

in Y-direction is 36.6 mm, and the depth in Z-direction is 36.0 mm, as illustrated in 

Figure 2.35. The corresponding surface area of the front or back face in the XïY plane 

is calculated as 516 mm².  
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Figure 2.34: Geometric details of re-entrant specimens used in the compression test. 

 

Figure 2.35: Geometric details of anti-tetrachiral specimens used in the compression 

test. 

Following the compression tests, the applied loadïdisplacement curves were extracted. 

The forceïdisplacement and stressïstrain responses over the entire test duration are 

presented in Figure 2.36, Figure 2.37, and Figure 2.38 for the re-entrant test specimens 

1, 2, and 3, respectively. Likewise, Figure 2.39, Figure 2.40, and Figure 2.41 present 

the corresponding results for the anti-tetrachiral test specimens 1, 2, and 3. 
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Figure 2.36: Measured loadïdisplacement curve and calculated stressïstrain 

response for the first re-entrant compression test specimen. 

 

 

Figure 2.37: Measured loadïdisplacement curve and calculated stressïstrain 

response for the second re-entrant compression test specimen. 
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Figure 2.38: Measured loadïdisplacement curve and calculated stressïstrain 

response for the third re-entrant compression test specimen. 

 

 

Figure 2.39: Measured loadïdisplacement curve and calculated stressïstrain 

response for the first anti-tetrachiral compression test specimen. 
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Figure 2.40: Measured loadïdisplacement curve and calculated stressïstrain 

response for the second anti-tetrachiral compression test specimen. 

 

 

Figure 2.41: Measured loadïdisplacement curve and calculated stressïstrain 

response for the third anti-tetrachiral compression test specimen. 
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Stress values were calculated using Equation 2.1, based on the measured force and the 

cross-sectional area of the specimens. The resulting stressïstrain curves, derived from 

the calculated stress and strain data, are presented in Figure 2.42 for the three re-entrant 

specimens and in Figure 2.43 for the three anti-tetrachiral specimens. The data are 

shown only within the strain range of 1% to 2% in order to represent the elastic region. 

 

Figure 2.42: Stress vs. strain curves of the re-entrant compression test specimens. 



 

35 

 

Figure 2.43: Stress vs. strain curves for the anti-tetrachiral compression test 

specimens. 

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 the Equation 2.4. 

For the re-entrant specimens, the calculated modulus of elasticity were approximately 

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 re-entrant structure under compression load was 

determined to be approximately 790 MPa, calculated as the arithmetic average of 

specimens 2 and 3. 

For the anti-tetrachiral specimens, the calculated modulus of elasticity were 

approximately 575 MPa, 816 MPa, and 726 MPa for specimens 1, 2, and 3, 

respectively. Again, the result from specimen 1 was excluded due to the different 

crosshead speed. Consequently, the modulus of elasticity for the anti-tetrachiral 

structure under compression load was determined to be approximately 771 MPa, based 

on the arithmetic average of specimens 2 and 3. 

The results of the compression tests showed that the modulus of elasticity of the re-

entrant (790 MPa) and anti-tetrachiral (771 MPa) structures with VeroBlue RDG840 

base material under compression loading is approximately one-third 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 the re-entrant structure 

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

tetrachiral structure under the same condition, in Table 2.4 for the re-entrant structure 

based on the average Youngôs modulus obtained from both tensile and compression 

tests, and in Table 2.5 for the anti-tetrachiral structure evaluated in the same manner. 

Table 2.2: Mechanical properties of the re-entrant structure with VeroBlue RDG840 

base material under compression loading. 

Engineering 

Constants 
Results Un ts 

E 7.90E+08 Pa 

G 2.78E+08 Pa 

Nu 0.42  

Density 1.185 g/cm
3
 

Table 2.3: Mechanical properties of the anti-tetrachiral structure with VeroBlue 

RDG840 base material under compression loading. 

Engineering 

Constants 
Results Un ts 

E 7.71E+08 Pa 

G 2.72E+08 Pa 

Nu 0.42  

Density 1.185 g/cm
3
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Table 2.4: Mechanical properties of the re-entrant structure with VeroBlue RDG840, 

based on the average Youngôs modulus obtained from tensile and compression tests. 

Engineering 

Constants 
Results Un ts 

E 1.483E+09 Pa 

G 5.22E+08 Pa 

Nu 0.42  

Density 1.185 g/cm
3
 

 

Table 2.5: Mechanical properties of the anti-tetrachiral structure with VeroBlue 

RDG840, based on the average Youngôs modulus obtained from tensile and 

compression tests. 

Engineering 

Constants 
Results Un ts 

E 1.473E+09 Pa 

G 5.18E+08 Pa 

Nu 0.42  

Density 1.185 g/cm
3
 

2.3.Homogenization Method Study and Homogenized Material 

Analyzing complex geometries with micro-scale features using traditional Finite 

Element Analysis (FEA) can become computationally challenging and inefficient due 

to the fine meshing required to capture intricate details. To address these challenges, 

homogenization techniques are employed as a practical approach to simplify 

numerical models while maintaining an acceptable level of accuracy. By reducing 

model size, complexity, and computation time, homogenization enhances productivity 

and enables efficient analysis of intricate structures that would otherwise be difficult 

to simulate using full-scale modeling. 

Homogenization techniques determine effective material properties by leveraging the 

principle of energy equivalence between the real-case (full-scale) geometry 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 geometry. This 

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 homogenization lies in its multi-scale capability. This 

methodology allows material properties derived at the micro-scale, such as stiffness, 

density, and Poissonôs ratio, to be transferred and applied within macro-scale structural 

analyses. Such hierarchical 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 structure must 

exhibit either strict three-dimensional periodicity or a clear separation of scales across 

all spatial directions. This principle ensures that the micro-level behavior of a material 

can be effectively translated into macro-level predictions without compromising 

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

to this approach, as highlighted by Nemat-Nasser and Hori [27], who define the RVE 

as the smallest possible volume over which the materialôs heterogeneity can be 

averaged 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 that homogenization is not merely a 

mathematical convenience but a physical necessity for the efficient simulation of 

large-scale problems involving complex microstructures. Their work underscores that 

homogenization, when implemented through unit cell analysis, enables a balanced 

trade-off 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 be reliably predicted from 

localized analyses. This ensures that the effective material properties derived from 

homogenizationðsuch as elastic modulus, density, and Poissonôs ratioðare valid for 

use in larger-scale finite element models. 

Together, these insights from Nemat-Nasser and Hori [27] and Belytschko et al. [28] 

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 heart 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 properties [27]. 

These properties, such as density, directional elastic modulus, shear modulus, and 

Poissonôs ratios, are then applied to the simplified finite element models of larger 

structures. By employing homogenization, the number of elements in the finite 

element model is drastically 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 unit cell was selected, reflecting the basic repeating element based 

on the geometric characteristics of the re-entrant and anti-tetrachiral lattice designs. 

Next, a sensitivity analysis was performed to evaluate the influence of geometric 

parameters, boundary 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 2020 R2. This tool computed the homogenized 

material properties, including directional elastic modulus, shear modulus, Poissonôs 

ratios, and density, which were subsequently assigned to the simplified-scale models 

of the auxetic sandwich structures for further FEA simulations. 

2.3.1.Unit 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 characteristics of 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 these properties to the entire structure in a 

computationally efficient manner. 

For this study, the unit cell of the re-entrant auxetic structure was selected based on its 

geometric features and periodicity, ensuring that it adequately represents the repeating 

pattern 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 2.45.  
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Figure 2.44: Selected unit cell for Re-entrant. 

 

Figure 2.45: Re-entrant unit cell geometry details. 

 

The selected unit cell for the anti-tetrachiral structure is presented in Figure 2.46, with 

its detailed geometric dimensions illustrated in Figure 2.47.  

The selected unit cells for the re-entrant and anti-tetrachiral lattice structures were 

carefully chosen to represent the periodic geometry and essential mechanical 

characteristics of each design. By accurately capturing the repeating patterns, these 

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

of effective material properties such as elastic modulus, shear modulus, Poissonôs 

ratios, and density. This approach ensures that the simplified models retain the 

fundamental mechanical behavior of the full-scale structures, while significantly 

reducing computational complexity in subsequent finite element analyses. 

 

Figure 2.46: Selected unit cell for Anti-tetrachiral. 
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Figure 2.47: Anti-tetrachiral unit cell geometry details. 

2.3.2.Homogenization analysis background  

To better illustrate the homogenization process works, an example from this thesis 

study is presented. For the selected unit cells, a 2x2 stack configuration was employed 

in the X and Y directions, as shown in Figure 2.48 for the re-entrant structure and in 

Figure 2.49 for the anti-tetrachiral structure.  

The homogenization analysis was carried out using 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 directions. These simulations allow for the 

extraction of the effective orthotropic material properties that characterize the 

mechanical behavior of the complex lattice structure. Specifically, the six static 

analyses involve applying controlled boundary conditions and loads in the X, Y, and 

Z directions to compute the effective elastic modulus (Ex, Ey, Ez), Poissonôs ratios 

(NUxy, NUxz, NUyz), and shear modulus (Gxy, Gxz, Gyz). By systematically 

evaluating the response of the unit cell under these loading conditions, 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 models of the re-entrant and anti-tetrachiral structures.  
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Figure 2.48: 2x2 unit cells for Re-entrant. 

 

Figure 2.49: 2x2 unit cells for Anti-tetrachiral. 

 

Based on the static X-direction analysis results, with boundary conditions illustrated 

in Figure 2.50 for the re-entrant structure and Figure 2.51 for the anti-tetrachiral 

structure, the elastic modulus in the X-direction (Ex) and the Poissonôs ratios in the 

XïY (NUxy) and XïZ (NUxz) planes were determined. 

 

Figure 2.50: Static X analysis for Re-entrant. 
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Figure 2.51: Static X analysis for Anti-tetrachiral. 

 

Based on the static Y-direction analysis results, with boundary conditions illustrated 

in Figure 2.52 for the re-entrant structure and Figure 2.53 for the anti-tetrachiral 

structure, the elastic modulus in the Y-direction (Ey) and the Poissonôs ratios in the 

XïY (NUxy) and YïZ (NUyz) planes were determined. 

 

 

Figure 2.52: Static Y analysis for Re-entrant. 

 

Figure 2.53: Static Y analysis for Anti-tetrachiral. 
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Based on the static Z-direction analysis results, with boundary conditions illustrated in 

Figure 2.54 for the re-entrant structure and Figure 2.55 for the anti-tetrachiral structure, 

the elastic modulus in the Z-direction (Ez) and the Poissonôs ratios in the XïZ (NUxz) 

and YïZ (NUyz) planes were determined. 

 

Figure 2.54: Static Z analysis for Re-entrant. 

 

Figure 2.55: Static Z analysis for Anti-tetrachiral. 

 

Based on the static XY-direction analysis results, with boundary conditions shown in 

Figure 2.56 for the re-entrant structure and Figure 2.57 for the anti-tetrachiral structure, 

the shear modulus in the XïY direction (Gxy) was determined. 

 

Figure 2.56: Static XY analysis for Re-entrant. 
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Figure 2.57: Static XY analysis for Anti-tetrachiral. 

 

Based on the static XZ-direction analysis results, with boundary conditions shown in 

Figure 2.58 for the re-entrant structure and Figure 2.59 for the anti-tetrachiral structure, 

the shear modulus in the XïZ direction (Gxz) was determined. 

 

Figure 2.58: Static XZ analysis for Re-entrant. 

 

Figure 2.59: Static XZ analysis for Anti-tetrachiral. 

 

Based on the static YZ-direction analysis results, with boundary conditions shown in 

Figure 2.60 for the re-entrant structure and Figure 2.61 for the anti-tetrachiral structure, 

the shear modulus in the YïZ direction (Gyz) was determined. 
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Figure 2.60: Static YZ analysis for Re-entrant. 

 

Figure 2.61: Static YZ analysis for Anti-tetrachiral. 

 

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 re-entrant structure, the unit cell selected for analysis has a width of 8.9 mm 

and a height of 9.4 mm, as shown in Figure 2.62. The actual surface area of the unit 

cell is measured as 24.6 mm², whereas the surface area of the full rectangular bounding 

box enclosing the unit cell is 83.7 mm². 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/cm³) by this area ratio. Accordingly, the homogenized 

density for the re-entrant structure is calculated as 0.349 g/cm³. 
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Figure 2.62: Width and height of Re-entrant unit cell. 

Similarly, for a 1x1 unit cell of the anti-tetrachiral structure, the width and height are 

both 9.15 mm, as shown in Figure 2.63. The actual surface area of the unit cell is 

measured as 26.5 mm², while the surface area of the full rectangular bounding box is 

83.7 mm². Therefore, the area ratio of the unit cell to the bounding rectangle is 26.5 

mm² / 83.7 mm² = 0.316. The effective density of the homogenized material is 

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 the anti-tetrachiral structure is 

calculated as 0.374 g/cm³. 

 

Figure 2.63: Width and height of Anti-tetrachiral unit cell. 

2.3.3.Homogenization sensitivity studies 

Prior to obtaining the final homogenized material properties, a series of numerical 

sensitivity studies were performed to evaluate the key parameters 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 the lattice 

structures, specifically whether they exhibited orthotropic, 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, the impact 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 minimizing edge effects and artificial stiffness artifacts. 

Another important consideration was the depth of the part in the Z-direction. 

Sensitivity studies were conducted to examine whether variations in thickness 

influenced the homogenized material properties, particularly for the re-entrant and 

anti-tetrachiral 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 convergence 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) elements. 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 trade-off between computational 

cost and solution accuracy, guiding the 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 

were reliable and representative of the actual lattice structures used in this study. 

2.3.3.1.Type of anisotropy 

The first sensitivity study focused on determining the anisotropic behavior of the 

auxetic lattice structures. Specifically, the goal was to establish whether the re-entrant 

and anti-tetrachiral geometries exhibited orthotropic or anisotropic material 

characteristics when analyzed through homogenization. For this purpose, 

homogenized material properties were computed under the assumption of full 

anisotropy.  
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The meshed finite element model of the re-entrant structure used for this analysis is 

shown in Figure 2.64, while the corresponding meshed model of the anti-tetrachiral 

structure is presented in Figure 2.65. 

 

Figure 2.64: Re-entrant FE model for Type of Anisotropy sensitivity study. 

 

Figure 2.65: Anti-tetrachiral FE model for Type of Anisotropy sensitivity study. 

In this analysis, the type of anisotropy was initially defined as anisotropic material, 

which is the main focus and sensitivity parameter for this study. Both the re-entrant 

and anti-tetrachiral models shared identical mesh and analysis settings. 

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

the X and Y directions was set to 1x1, and the depth in the Z-direction was defined as 

9 mm, corresponding to 25% of the total part depth. Tetrahedral elements were used 

throughout the models, with a maximum element size of 0.25 mm. This meshing 

configuration resulted in a total of 212,268 nodes for the re-entrant structure model 

and 217,909 nodes for the anti-tetrachiral structure model. 

Based on these finite element model configurations, the homogenized material results, 

including the stiffness matrix components and density, are presented in Figure 2.66 for 

the re-entrant structure and in Figure 2.67 for the anti-tetrachiral structure. The analysis 

results indicated that the stiffness matrix terms D[4,1], D[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[6,5], highlighted in blue within 

the figures, are negligibly small compared to the other matrix components. The 

remaining significant terms form an orthotropic stiffness matrix, as illustrated in 

Figure 2.68.  
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Consequently, orthotropic material behavior was selected for the subsequent 

homogenization analyses. 

 

Figure 2.66: Homogenization result for Re-entrant FE model ï Anisotropy 

sensitivity. 

 

Figure 2.67: Homogenization result for Anti-tetrachiral FE model ï Anisotropy 

sensitivity. 
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Figure 2.68: Orthotropic material stiffness matrix. 

2.3.3.2.Periodic meshing and boundary conditions 

The second sensitivity aims to understand how periodic meshing and periodic 

boundary conditions influence the homogenized material properties results. The 

meshed finite element (FE) model of the re-entrant structure is shown in Figure 2.69, 

while the meshed FE model of the anti-tetrachiral structure is presented in Figure 2.70. 

 

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

 

Figure 2.70: Anti-tetrachiral FE model ï Periodic meshing and boundary conditions. 

In this case, periodic meshing 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 identical mesh and analysis settings to ensure a fair comparison. 

The number of unit cells was set to 3x3 in 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 



 

52 

tetrahedral elements were used throughout, with a maximum element size of 0.25 mm. 

This configuration resulted in 772,875 nodes for the re-entrant model and 681,703 

nodes for the anti-tetrachiral model. 

The homogenized material results, including the stiffness matrix components and 

density, are presented in Figure 2.71 for the re-entrant structure and Figure 2.72 for 

the anti-tetrachiral structure.  

In terms of computational performance, the application of periodic meshing and 

boundary conditions in Case 1 led to an increase in solve time. Specifically, Case 1 

required approximately 2.6 times longer computational time for the re-entrant model 

and 1.7 times longer for the anti-tetrachiral model compared to Case 2, where periodic 

settings were not applied.  

 

Figure 2.71: Homogenization result for Re-entrant FE model ï Periodic Meshing 

and Boundary Conditions. 

 

Figure 2.72: Homogenization result for Anti-tetrachiral FE model ï 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 material properties. 

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 omission can lead to 

substantial computational savings without compromising the accuracy of the material 

property predictions. 

2.3.3.3.Depth in z direction 

The third sensitivity study aimed to investigate how the depth in the Z-direction affects 

the homogenized material properties of the lattice structures. The meshed finite 

element models of the re-entrant structure are shown in Figure 2.73, while the meshed 

models of the anti-tetrachiral structure are presented in Figure 2.74. 

 

Figure 2.73: Re-entrant FE model ï Depth in Z direction study. 

 

Figure 2.74: Anti-tetrachiral FE model ï Depth in Z direction study. 

In this analysis, the depth in the Z-direction was systematically varied as the primary 

sensitivity parameter. Five cases were defined to examine the impact of depth: Case 1 

used a depth of 1.8 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 kept the same to isolate the influence of Z-depth on the homogenized 

properties. 
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The shared analysis configuration was as follows: the number of unit cells in the X 

and Y directions was fixed at 1x1, tetrahedral elements were used throughout the 

model, and the maximum element size was set to 0.25 mm. For the re-entrant FE 

models, this resulted 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 

anti-tetrachiral FE models, the total number of nodes was 45,674 for Case 1, 88,121 

for Case 2, 217,937 for 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 2.75 for the re-entrant structure and Figure 2.77 for the anti-

tetrachiral structure. Additionally, the sensitivity of key parameters such as the elastic 

modulus in the X-direction (Ex) and the Poissonôs ratio in the XïY plane (NUxy) is 

shown in Figure 2.76 for the re-entrant model and Figure 2.78 for the anti-tetrachiral 

model. 

 

Figure 2.75: Homogenization result for Re-entrant FE model ï Depth in Z direction. 

 

Figure 2.76: Sensitivty result for Re-entrant FE model ï Depth in Z direction. 
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Figure 2.77: Homogenization result for Anti-tetrachiral FE model ï Depth in Z 

direction. 

 

Figure 2.78: Sensitivty result for Anti-tetrachiral FE model ï Depth in Z direction. 

 

The results indicated that variations in the Z-depth had a minimal impact on the 

homogenized material properties across five different cases. In terms of computational 

performance, the models with greater Z-depth required significantly 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 of this sensitivity analysis, increasing the depth in the Z-

direction did not result in a significant change in the homogenized material properties. 

Therefore, a Z-depth of 3.6 mm, corresponding to 10% of the total part depth, was 

selected for all subsequent homogenization analyses. This value offers a practical 

balance between computational efficiency and model accuracy, ensuring that the 



 

56 

derived homogenized material properties reliably represent the mechanical behavior 

of the auxetic structures while minimizing unnecessary computational costs. 

2.3.3.4.Number of unit cells in x and y 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 properties. The meshed 

finite element models of the re-entrant structure are shown in Figure 2.79, while the 

meshed FE models of the anti-tetrachiral structure are presented in Figure 2.80.  

In this study, the number of unit cells in the X and Y directions was varied 

systematically as the primary sensitivity parameter, while all other analysis settings 

remained consistent across the models. 

Eight cases were analyzed, a 1x1 unit cell configuration (Case 1), 2x2 unit cells (Case 

2), 3x3 unit cells (Case 3), 4x4 unit cells (Case 4), 5x5 unit cells (Case 5), 6x6 unit 

cells (Case 6), 7x7 unit cells (Case 7), and 8x8 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. 

 

Figure 2.79: Re-entrant FE model ï Number of Unit Cells in X and Y directions. 
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Figure 2.80: Anti-tetrachiral FE model ï 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 nodes for Case 8 in 

the re-entrant FE models. The anti-tetrachiral 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 Figure 2.81 for the re-entrant structure, with sensitivity results 

for Ex and NUxy shown in Figure 2.82.  

 

Figure 2.81: Homogenization result for Re-entrant FE model ï Number of Unit 

Cells in X and Y directions. 






























































































































































































































