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ABSTRACT 

 

 

 

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF MECHANICAL 

PROPERTIES OF ADDITIVELY MANUFACTURED AUXETIC 

STRUCTURES 

 

 

 

Taşdemir, Mehmet 

Master’s Degree, Engineering Sciences 

Supervisor: Prof. Dr. Zafer Evis 

 

 

August 2022, 134 pages 

 

 

 

In this thesis, two novel unit cell designs were constituted by combining different auxetic 

structures in literature, and they were produced via the 3D printers, which is one of the 

most popular additive manufacturing methods nowadays. Based on the unit cells 

produced with various parameters, tensile and compression samples were manufactured 

and the mechanical properties of auxetic structures and their feasibility in the field of 

additive manufacturing were investigated. Although polymer-based materials are 

accepted as the base material of 3D printing technology, titanium and its alloys can also 

be used in various engineering applications such as additive manufacturing. In this 

context, the production of the samples was carried out using PLA and Ti6Al4V alloy, 

the specimens were subjected to tensile and compression tests, and their mechanical 

properties were investigated. Afterward, the microstructures of the samples were 

investigated by means of microhardness, SEM, FTIR, XRD, TGA, and DSC analyses. 
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Furthermore, with Finite Element Analysis, the tensile and compression tests of the 

samples were simulated in the computer environment and their comparisons with the 

experimental results were also carried out. In this thesis study, it was observed that the 

tensile and compressive strength of the unit cell increased as the angle between the 

branches forming the unit cell decreased. Furthermore, it was also achieved that the 

increase in the thickness values of the branches constituting the unit cell also leads to an 

increase in the tensile and compressive strength values of the unit cell. 

 

 

Keywords: Auxetic Materials, Negative Poisson's Ratio, Lattice Geometries, Additive 

Manufacturing  
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ÖZ 

 

 

 

EKLEMELİ İMALATLA ÜRETİLMİŞ ÖKZETİK YAPILARIN MEKANİK 

ÖZELLİKLERİNİN DENEYSEL VE SAYISAL İNCELEMESİ 

 

 

 

Taşdemir, Mehmet 

Yüksek Lisans, Mühendislik Bilimleri 

Tez Yöneticisi: Prof. Dr. Zafer Evis 

 

 

Ağustos 2022, 134 sayfa 

 

 

 

Bu tez kapsamında literatürdeki farklı kafes yapılarının konfigürasyonu ile iki yeni birim 

hücre tasarımı oluşturulmuş ve günümüzdeki popüler eklemeli imalat yöntemlerinden 

biri olan 3 boyutlu yazdırma yöntemi ile üretimleri gerçekleştirilmiştir. Çeşitli 

parametrelerle tasarlanmış olan birim hücreler baz alınarak çekme ve basma numuneleri 

üretilmiş ve üretilen numunelerdeki kafes yapıların mekanik özellikleri ve eklemeli 

imalat alanındaki uygulanabilirlikleri araştırılmıştır. Polimer bazlı malzemeler 3D baskı 

teknolojisinin temel malzemesi olarak kabul edilse de titanyum ve alaşımları eklemeli 

imalat gibi çeşitli mühendislik uygulamalarında da kullanılabilmektedir. Bu kapsamda 

PLA ve Ti6Al4V alaşımı kullanılarak numunelerin üretimi gerçekleştirilmiş, üretilen 

numuneler çekme ve basma testlerine tabi tutulmuş ve mekanik özellikleri incelenmiştir. 

Daha sonra numunelerin mikroyapıları Mikrosertlik, SEM, FTIR, XRD, TGA ve DSC 

analizleri ile incelenmiştir. Ayrıca Sonlu Elemanlar Analizi ile numunelerin çekme ve 
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basma testleri bilgisayar ortamında simüle edilerek deneysel sonuçlarla karşılaştırmaları 

yapılmıştır. Bu tez çalışmasında, birim hücreyi oluşturan dallar arasındaki açı azaldıkça 

birim hücrenin çekme ve basınç dayanımının arttığı gözlemlenmiştir. Ayrıca birim 

hücreyi oluşturan dalların kalınlık değerlerindeki artışın birim hücrenin çekme ve basınç 

dayanım değerlerinde de artışa yol açtığı görülmüştür. 

 

 

Anahtar Kelimeler: Ökzetik Malzemeler, Negatif Poisson Oranı, Kafes Geometriler, 

Eklemeli İmalat 
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CHAPTER 1 

 

1. INTRODUCTION 

 

1.1 Overview 

 

Lattice geometry structures represent hollow shapes consisting of thin edges. A hollow 

and thin-edged geometry (re-entrant or hexagonal etc.) with continuously repeating 

morphology throughout the geometry is called as the unit cell of lattice geometry 

structures. Lattice geometry structures are difficult-to-process, have complex 

geometries, and their unit cells are quite small to be manufactured. For this reason, 

conventional manufacturing methods cannot be used to produce lattice geometry 

structures. Therefore, non-conventional manufacturing methods or additive 

manufacturing methods are preferred to produce lattice geometry structures. Moreover, 

lattice geometry structures have lightweight shapes and materials with different lattice 

geometries would have improved mechanical properties than the bulk materials. 

 

1.2 Problem Statement 

 

Poisson’s ratio is a measure of strain behavior of materials in transverse direction in case 

of existence of an exerted lateral load. To give an example, if a material extends in 

transverse direction under a tension load the specimen is classified as negative Poisson’s 

ratio. Visa versa, if a material shrinks in the transverse direction under tension, which is 

observed with most daily materials such as rubber, it is called positive Poisson’s ratio. 

Negative Poisson’s ratio is provided with auxetic geometries, if the given material 

naturally occupies aforementioned characteristics, therefore, a comprehensive 

investigation over novel auxetic geometries is a significant lack for the literature.  
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The thesis focuses on the answer to the question of how does ligament gap, ligament 

thickness, size effect over unit cell, and global alignment of the unit cell in spherical 

coordinate system affect Young’s modulus, tensile strength, stress-strain characteristics.  

 

1.3 Objective 

 

In this thesis, two novel lattice structures designed and characteristics of these lattice 

structures modified following Box-Behnken method, and general properties of the 

lattice geometry structures, engineering fields, production methods, unit cell shapes and 

materials used in these structures were explained in detail. Therewithal, materials that 

used for lattice geometry structures, were also mentioned in conjunction with their 

production methods, mechanical properties and Poisson ratio’s. Furthermore, 

application fields of different shaped lattice geometry structures, their specific 

geometries, and a special case for different ligament lengths related to mechanical 

properties were also discussed in this review. A Finite Element Method model also 

employed for further novel lattice cell which is validated with the empirical works.  

To specifically summarize the objectives of this thesis: 

• Design two different auxiliary lattice to design two different auxiliary lattice 

structures, which are candidate to have high strength additive manufactured 

functional parts. In the early stages of design, a literature review is conducted 

and alternative lattice geometries generated following Box-Behnken method. 

• To characterize additive manufactured specimens to detect stress – strain 

characteristics following tensile and compression tests, and hardness character 

following microhardness experiments. Besides that, following instrumental 

analysis conducted for further investigations; scanning electron microscope 

(SEM), relative density (RD) to investigate sponge like structure, 

thermogravimetric analyzer (TGA) and differential scanning calorimetry (DSC).   
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• To characterize chemically, X-ray diffraction (XRD), Fourier transform infrared 

(FTIR) analysis conducted.  

• To create a FEA model in order to compare empirical studies and numerical 

constitutive models for further studies, which would enable one to design novel 

auxetic studies computationally prior cost of time and money with experimental 

studies. 

 

1.4 Significance 

 

Auxetic structures have been used for various engineering applications. For instance, 

they have a place in engineering materials which are commonly used in packaging, 

transportation, heat sinks, electrical and electronical equipment’s, automotive industry, 

biomedical, and aerospace engineering applications. Specifically, auxetic chiral 

structures can be used to prototype morphing wings, and also can be used in composite 

aero structures designs due to the fact that they show higher shear resistance. Since 

metals are much heavier than auxiliary composites and auxiliary composites have a 

higher strength-to-weight ratio than metals, they are more preferred in the aviation 

industry. Furthermore, auxiliary materials can be used in aviation applications such as 

thermal protection and noise cancellation applications of turbine engines. 
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CHAPTER 2 

 

2. LITERATURE REVIEW 

 

 

2.1 Additive Manufacturing 

 

“Additive manufacturing” is an emerging technology in the growing industry that aims 

minimizing the production time of the end product, reducing the processes required to 

create final product, and facilitating the production of complex 3-dimensional (3D) 

geometries difficult to manufacture. The necessity for light and high-strength materials, 

especially in the aerospace and automotive sectors, has encouraged engineers and 

scientists working in these fields to search different ways from the traditional 

manufacturing methods [1]. Furthermore, the fact that additive manufacturing methods 

perform the prototyping phase of the product faster than traditional manufacturing 

methods has led to its spread in the industry. In recent studies and tests carried out, it 

has been observed that the mechanical, electrical, thermal properties, surface qualities, 

and dimensional accuracies of the samples produced by additive manufacturing methods 

fulfill the values required for the end product.  Thus, "rapid prototyping" was developed 

and started to be used in the scientific world instead of prototyping with traditional 

manufacturing methods as "additive manufacturing" [2].  

 

Additive manufacturing works with the principle of apposition and is carried out with 

deposition of material. In other words, it is based on the creation of the final product by 

depositing the material on a flat platform layer by layer [3]. Since the printing process 

is based on the same method as a typical printer, the systems used in the additive 

manufacturing method are called 3D printers. In recent years, 3D printer technology 

proves its importance rapidly in various fields due to advantages such as high precision, 

production of complex structures, personalized manufacturing, and rapid production [4]. 

3D printing technologies particularly provide rapid production of complex parts and 
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facilitate their repair processes. Furthermore, 3D printing technology is preferred in 

various industrial fields such as medical sciences, aerospace and aviation, automotive, 

defense, electronics, civil engineering, etc. due to its advantages that ensure great 

convenience in part production [5]. In this context, unmanned aerial vehicles, fuel 

nozzles, gas turbines, mechanical gears, turbine blades, screws, and bolts biomedical 

implants, dental prostheses, electronic sensors, cardiac and vascular stents can be given 

as an example of final products fabricated with additive manufacturing [6]. 

 

When the academic studies in literature are examined, it was observed that the studies 

in the field of medical sciences occupy the largest place in 3D printer technology. 

Applications such as the production of patient-specific medical and dental implants, and 

printing of living tissue and artificial organs can be shown in some of the studies using 

additive manufacturing. For instance, it can be proved by the upper jaw bone 

restructuring processes applied in the field of dentistry that additive manufacturing 

provides personalized production, high precision and accuracy, and fast end product 

delivery. Furthermore, in studies, it has been observed that the scenario in which this 

process is performed using additive manufacturing is completed in a three-quarters 

shorter time than the scenario using standard implants and traditional production 

methods [7]. In another study, Bodnarova et al., [8] fabricated a Polylactic Acid (PLA) 

based porous scaffold by 3D printing technology and evaluated their cytotoxicity and 

biocompatibility under in vitro conditions. Moreover, Park et al., [9] attempted to create 

an effective artificial trachea via a tissue engineering method using 3D bio-printing in 

their study and they fabricated a multi-layered scaffold by using Polycaprolactone (PCL) 

and hydrogel with nasal epithelial and auricular cartilage cells in the printing process. 

 

In literature, many studies have compared traditional and additive manufacturing 

methods. As an example, Dawoud et al., [10] observed the tensile and impact strength 

analysis of Acrylonitrile butadiene styrene (ABS) polymer by using both injection 

molding and Fused Deposition Modelling (FDM) methods. In consequence of the study, 
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they observed that both manufacturing methods have advantages and disadvantages 

against each other. In addition, in another study conducted by Puerta et al., [11], the 

vacuum casting method and FDM method were compared. Materials that are used in 

production have been determined as epoxy resin and PLA. Specimens produced by both 

methods were subjected to a tensile test. When the values were compared, it was 

observed that the specimen produced using PLA with the FDM method was 30% higher 

than the tensile strength value of the specimen produced using resin by vacuum casting 

method. As a result, the superiority of the FDM method over vacuum casting has been 

proven. From the studies, it can be clearly observed that additive manufacturing methods 

can compete with traditional manufacturing methods when the mechanical properties, 

surface properties, and production speeds of the samples are examined. 

 

2.2 3D Printing Technologies 

 

3D printing has become one of the most extensive additive manufacturing methods that 

is known in daily life. As a matter of fact, various lattice geometries with complex 

structure can be manufactured in 3D printers. To fabricate an object from 3D printers, 

geometry designed in the CAD environment must first be converted to a print format 

(STL) and then to a format called GCODE and transferred to a 3D printer. After that, 

designed geometry is processed layer by layer on the platform in the 3D printer and 

becomes the final product. In other words, user uploads CAD drawings into the 3D 

printer and obtain the desired end product via printers. Figure 1 represents 3D printers 

used in the production of the test specimens carried out in this thesis. 
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Figure 1. Demonstration of 3D printers used in this thesis study; (a) FDM method-based 

3D printer: Ender 3 V2; (b) Electron Beam Modelling (EBM) method-based 3D printer: 

Arcam EBM Q20 Plus. 

 

2.2.1  3D Printing Methods 

 

As mentioned in the previous sections, 3D printing is an additive manufacturing 

technique developed to produce various structures and complex geometries from 3D 

CAD model data. The process comprises cumulative layers of material built on top of 

each other. It has been discovered by Charles Hull in 1986 in a process known as 

stereolithography (SLA). With the progress in material science, a wide range of methods 

have been developed in 3D printing technology such as FDM, powder bed fusion, 

electron beam melting (EBM), and inkjet printing. In this section, FDM, and SLA which 

are the most common polymer additive manufacturing methods will be explained. 

Furthermore, EBM, which is one of the extensive metal additive manufacturing 

methods, will also be explained. Moreover, the classification of additive manufacturing 

methods is shown in Table 1.  
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Table 1. Classification of additive manufacturing methods [12].   

Method Technology Material Type of Energy 

Material Extrusion FDM 

Thermoplastic 
Thermal Energy Ceramic Mud  

Metal Paste 

Photopolymerization SLA 
Ceramics 

UV Laser Beam 
Photopolymers 

Powder Bed Fusion 

Selective Laser 

Sintering (SLS) 

Polymers 

Ceramic Powders 

Metal Powders 

High Energy 

Laser Beam Direct Metal Laser 

Sintering (DMLS) 

Selective Laser 

Melting (SLM)  Electron Beam 

EBM 

PolyJet - Inkjet Material Jetting 
Photopolymers 

Thermal Energy 
Vax 

Inkjet Binder Jetting 

Polymer Powders  

Thermal Energy Metal Powders  

Ceramic Powders 

Layer Lamination 
Laminated Object 

Manufacturing 

(LOM) 

Polymer Film 

Laser Beam Sheet Metal 

Ceramic Tape 

Directed Energy 

Deposition 

Laser Engineered 

Net Shaping 

(LENS) 
Molten Metal 

Powder 
Laser Beam 

Electron Beam 

Welding (EBW) 

 

 

2.2.1.1 Fused Deposition Modelling (FDM) 

 

FDM method is the process of 3D printing of material layers in a certain plane, with 

layer-by-layer deposition of a thermoplastic polymer by melting. The polymer filament 

is first heated in the nozzle to a semi-liquid state, and then the liquid polymer is extruded 

on the platform or onto preprinted layers.  
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The thermoplasticity of the polymer filament is an extremely important feature in this 

method, which ensures the fusion of the filaments with each other during the printing 

phase and solidification at room temperature after printing. The layer thickness, width, 

direction of the filament and the air gaps that may occur in the same layer or between 

the layers are the main parameters that affect the mechanical properties of the parts to 

be produced in the FDM method (Mohamed et al., 2015) [13]. Furthermore, the main 

advantages of the FDM method can be shown as low cost, high production speed and 

simplicity of the process. On the other hand, the low strength caused by the inter-layer 

distortion, the layered appearance, poor surface quality and the inadequacy of 

thermoplastic material diversity are the main disadvantages of the FDM method [14]. 

Schematic diagram of FDM is shown in Figure 2. 

 

Figure 2. Schematic diagram of fused deposition modelling 
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2.2.1.2 Stereolithography (SLA) 

 

The SLA method is one of the earliest additive manufacturing methods developed. This 

method is based on the principle of reflecting UV light into a liquid resin or monomer 

solution with photopolymer (which can solidify under light) and creating the desired 

design layer by layer. As an example of the photopolymer resins used in this method; 

epoxy, acrylic and rubber can be given. At this point, the UV light initiates a chain 

reaction on the resin or monomer solution layer. Monomers are UV-active and they are 

converted into polymer chains instantly after activation (radicalization). After 

polymerization, a pattern inside the resin layer is solidified so that the layers to be added 

adhere to each other. After completion of printing, unreacted resin is removed. In 

general, mechanical properties of the end-products fabricated by the SLA method are 

quite low. Therefore, the final products need to be subjected to some post-treatments 

such as annealing or curing in order to achieve the desired mechanical performance. The 

biggest advantage of this method is that final products with high resolution quality can 

be produced with this method. Hence, it is possible to print high quality parts at a 

resolution as low as 10μm with the SLA method [15].  

 

On the other hand, the disadvantages of this method are that it is relatively slow and 

much more expensive than other additive manufacturing methods, and the range of 

materials for printing is limited. Nowadays, additive manufacturing of complex 

nanocomposites can be performed effectively with the SLA method [16]. Working 

principle of stereolithography is shown in Figure 3. 
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Figure 3. Working principle of stereolithography method.  

 

2.2.1.3 Electron Beam Melting 

 

EBM method is a 3D printing technology that is very similar to the SLS method at first 

glance. However, a closer examination of the two methods reveals that EBM differs in 

several ways. The most important discrepancy is that the energy source comes from the 

electron beam instead of the CO2 laser, and the material used is a conductive metal 

instead of a thermoplastic polymer. All 3D printers working with the EBM method 

consist of an energy source capable of emitting the electron beam, a powder container, 

a powder feeder, a powder recoater and a heatable build platform. In this method, the 

process begins with the powder recoater that is depositing a layer of powder onto the 

preheated build platform. After the powder is set, the melting process begins with 

electron beams. The electron beam is controlled by a set of electromagnetic coils that 

regularly direct the beam towards desired points of the build platform. The electron 

beam acts selectively as it melts the powder, thereby causing the powder particles to 

fuse together. The important thing to note is that whole printing process must take place 

under a vacuum. Schematic diagram of EBM method is shown in Figure 4. 
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Figure 4. Schematic diagram of EBM. 

 

2.2.2 3D Printing Materials 

 

With the developments of methods, a wide range of materials have been started to be 

used in 3D printing including polymers, metals, ceramics, and concrete. The materials 

used for 3D printing are as diverse as the raw materials required for the production 

methods. Thus, 3D printing allows manufacturers to determine the geometric, 

mechanical, thermal, etc. properties they want to provide in the products to create. In 

this section, 3D printing materials that are widely used today will be examined. 

 

2.2.2.1 Polymers 

 

Polymers with thermoplastic properties have become one of the most important raw 

materials of 3D printer technology due to their ability to be easily shaped under high 

temperatures. Polymers, which can be easily shaped when they reach a certain 

temperature, have been actively used in the market due to their easy applicability and 

low cost, although they do not have as high mechanical properties as metals or ceramics.  
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Today, polymers are widely used in sectors such as automotive, aerospace, food, and 

medical. For polymers to be usable in 3D printers, they must first be converted into a 

filament form. Filaments are the raw materials used by 3D printers working with the 

FDM method to obtain the final product. In this context, polymers are first prepared in 

a bead-shaped spherical form called granules. Afterward, it is transferred into the 

extruder, which is the equipment of the system called filament drawing system, and 

heated under a certain temperature. As a result of this process, a filament form with the 

desired diameter and length is obtained. PLA and ABS have become the base polymers 

used in 3D printing processes nowadays. Various properties of common 3D printing 

polymers are shown in Table 2. 

 

Table 2. Common properties of various 3D printing polymers [4]. 

Properties 

Ultimate 

Tensile 

Strength 

Printability 
Extruder 

Temperature 

Bed 

Temperature 
Flexibility 

PLA 65 MPa High 190-220 °C 45-60 °C Low 

ABS 40 MPa High 220-250 °C 95-110 °C Low 

TPU 25-45 

MPa 

Medium 225-245 °C 45-60 °C High 

PETG 50-60 

MPa 

High 230-250 °C 75-90 °C Low 

NYLON 50-60 

MPa 

High 220-270 °C 70-90 °C High 

POLY-

PROPYLENE 

30-40 

MPa 

Low 220-250 °C 85-100 °C High 
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PLA, one of the most common polymers used in additive manufacturing methods, is an 

organic biopolymer and thermoplastic produced from corn starch and sugar cane. 

Therefore, it is not harmful to human health. This feature has made PLA widely used in 

the biomedical field. In addition, PLA is a biodegradable material and it can decompose 

in less than three months. Automotive, aerospace, biomedical, and robotics fields can be 

shown as the most extensive usage areas of PLA polymer. PLA is used in the literature 

to obtain the final product by using the FDM method and to investigate the mechanical 

properties and microstructure analyzes of different lattice geometries. 

 

On the other hand, the most prevalent polymer material used in additive manufacturing 

applications is ABS, which is a petroleum-based thermoplastic. Due to the fact that it 

cannot be preferred in the biomedical field. However, its high strength becomes ABS 

utilizable in various prototyping studies of engineering fields, automotive industry, and 

aerospace industry. In literature, the behavior of ABS polymer in different 3D printers 

and its tensile strength values in different orientations, infill values, and indifferent layer 

thicknesses have been investigated. 

 

2.2.2.2 Metals 

 

Another type of material popularly used in the 3D printing industry is metals. Metal-

based additive manufacturing methods contain many different types of production 

technologies. These systems vary according to the type of energy source or the way the 

material used is transferred. In the printing process, the metal in powder form on the 

table is fired to form a solid piece. In order to fabricate a solid piece, the relevant parts 

of the powdered metal are melted layer by layer to reach the required hardness. After 

this process, the final product is obtained by purifying the produced part from unheated 

and loose powders. EBM and SLM can be shown to be the most popular metal-based 

additive manufacturing technologies used in the industry recently. 
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Metallic materials are preferred due to their superior mechanical properties. In additive 

manufacturing metal powders are used to obtain products due to the fact that metals 

require high energy to be melted and re-shaped, it expedites processing and handling. 

The quality of metal powders is an important issue and directly affects the mechanical 

properties of the part to be produced. Thanks to metal powders, a wide variety of alloys 

can be included in additive manufacturing technology. Most of the used alloys are:  

 

- Steels,  

- Nickel and cobalt based superalloys,  

- Titanium alloys,  

- Aluminum alloys,  

Apart from these metals, various metals are in the process of being evaluated and used 

for additive manufacturing. The most important examples of them are: 

- Copper alloys,  

- Magnesium alloys,  

- Precious metals such as gold, silver, platinum,  

- Metals that cannot be easily machined such as molybdenum, tungsten, tungsten carbide,  

- Metal matrix composites.  

 

2.2.2.3 Ceramics 

 

Ceramic additive manufacturing follows the same design and production procedures as 

plastic and metal additive manufacturing. However, sintering shrinkage of the material, 

as well as any deformations of the component, must be considered during the 

design stage. In general, additive manufacturing of ceramics refers to the shaping stage 

of the production process, which includes everything from selection of raw materials 

through the product finishing.  

The benefit of this technique is that it allows complicated structures to be produced close 

to their ultimate near-net form without the need for specialized equipment. Furthermore, 
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high-precision high-speed printing technology has been enhanced by improving and 

fusing current technologies. Preceramic polymers and composite materials have been 

used in a range of material investigations to create ceramic structures with improved 

characteristics. C-AM has been used in a variety of fields, including medicine, energy, 

manufacturing, and construction, as a result of these research. The significance of C-

AM-based ceramic manufacturing technology is proven by these ongoing growths and 

diversified outcomes. 

 

2.3 The Printing Problems in FDM 

 

Layered manufacturing (LM) is the most popular method for rapid prototyping (RP), 

which focuses on design verification, visualization, and kinematic functionality testing. 

RP is an advanced and one of the most promising techniques to produce prototypes and 

models that can be used directly in a variety of fields. [17]. LM, which produces arbitrary 

items using computer-controlled manufacturing, sends computer-generated solid 

models of the parts straight to a 3D printer. It is a very effective and tested method for 

cutting the time and expenses associated with product development and manufacturing 

[18]. SLS, FDM, and SLA are three of the LM technologies available. Fused deposition 

modeling is one of the most promising RP techniques when it comes to cost-

effectiveness and production speed. The term itself also indicates the approach in which 

fused material is deposited in layers to make a part. The FDM procedure only provides 

the phases of melting, extrusion, and resolidification in order to construct a physical 

component by the addition of fused material in layers with the aid of adhesion. The 

process sequence shows that thermoplastic materials are required for this production 

technique. It is widely utilized, and this category includes roughly half of all 3D printers 

[17]. 
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In FDM, an electric motor and heat are used to extrude the filament material through the 

nozzle in a fluid phase to create a model that was previously designed on CAD software. 

A feeding motor extrusion is controlled by a controller to maintain the extruder's feed 

rate. Depending on the change in inner pressure in the FDM nozzle and layer thickness, 

the feeding rate and motor torque can be adjusted. The extruded material is joined to the 

preceding layer by a weld because the construction material is heated to a temperature 

above its melting point and is planned to solidify less than 0.1 seconds following the 

extrusion process. On a gantry-robot that can move in both X and Y directions, the 

nozzle is mounted. Furthermore, flat plates for many FDM printers can be made of glass 

or aluminum. When a layer is fully extruded, the bed descends in accordance with layer 

thickness, and the nozzle moves into position for the subsequent layer. The FDM system 

uses support materials to construct intricately structured physical objects. These 

materials offer integrity while supporting overhanging sections during manufacturing. 

These support structures are cleaned by breaking them or by using specific solvents after 

the main section has been removed from the build platform. 

 

In addition, the primary element is constructed on a flat support known as the printing 

bed that has supporting structures laid down layer by layer [1]. To reduce material, use 

and construction time, supporting materials can be created either horizontally or 

vertically. The size of typical consumer-grade 3D printers has dropped over the past few 

decades, and they have been replaced by cubic desktop printers, which typically have 

edge lengths between 50 cm and 100 cm and weigh between 5 and 10 kg. Although 3D 

printers may now be used almost everywhere due to their reduced size, they must be 

kept out of the user's reach because to the hazardous gases that are produced when the 

filament melts. For instance, ABS is a harmful material that, if inhaled, might give you 

a headache or other health issues. Figure 5 gives a presentation of the FDM. 
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Figure 5. Demonstration of FDM 3D printing method. 

 

Minor and large flaws may occur when a physical part is printed because the material 

flow may occasionally be blocked by unique problems. Minor flaws may not be 

considered if the preceding and/or following layers make up for the missing or flawed 

layer. On the other hand, if serious flaws develop, a 3D-printed part cannot be used in 

the intended production and may even be rejected. To avoid these kinds of flaws, the 3D 

printing process must also be properly understood, and appropriate steps must be taken. 

Otherwise, a typo results in a loss of resources like time and money.  

 

 



20 
 

The printing defects can be grouped according to Anitha et al., [17] as listed: 

 

• An incorrectly aligned print platform 

• Nozzle alignment issues 

• Running out of printing supplies or interrupted material flow 

• Loss of adherence to the print platform or a lack thereof 

• A snap or shock (from the printer or another source) 

• Inappropriate modifications to printer settings 

 

2.3.1 Misalignment of the Print Platform 

 

If the 3D printer is not calibrated or tuned properly, misalignment of the print platform 

might result in serious issues, including deformation of the print platform or nozzle. The 

layer thickness is determined by the movement of the print platform, which only moves 

in the Z direction. The next layer in some situations will not stick to the prior layer, or 

extruded materials may bow out if the length of steps cannot be controlled properly. 

 

A misaligned print platform can also result in a variety of issues, including print that 

does not adhere to the platform, nozzle penetration or deformation of the print platform, 

print that bows out at the bottom (known as an elephant's foot), bent print edges (warping 

syndrome), and a failure to capture fine detail. Therefore, it is important to examine if 

there is any bending or printing debris that prevents the threaded rods or lead screws 

from moving the nozzle in the X and Y directions or leveling up or down the 

construction plate. Therefore, it's crucial to wipe the rods clean of any residue before 

putting on a fresh coat of lubrication. 
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2.3.2 Misalignment of the Nozzle 

 

The gantry-robot, which consists of two stepper motors, belts, and pulleys, can move 

the nozzle. At this point, some issues that affect the operation of motors, belts, and 

pulleys also affect the nozzle position, making it impossible to create a physical 

representation of the nozzle position as it is modelled by CAD software. The primary 

problems with these printer components are belt tension, loose grub screws, and printing 

debris that prevents the nozzle from moving steadily. 

 

The issues listed above can result in the print head missing the bed, poorly aligned layers, 

missing layers, slanted printed pieces, and print offsets in some areas (shifted layers). 

The grub screws on the pulleys on the X and Y-axis motors must be tightened, and the 

rods must be checked to see if they are straight by rolling them across a level surface. 

Cleaning print dirt, wiping rods, and lubricating necessary parts are also essential. 

Additionally, end switch/stop issues can result in issues with the print platform being 

missed. The end switch is inoperative on the X or Y axes if the nozzle remains on one 

of the edges without moving. 

 

2.3.3 Depletion of Printing Material or Disrupted Material Flow 

 

The spool needs to be examined to see if there is enough material before printing the 

real model. However, other issues might sometimes arise in addition to the filament 

running out. Other frequent issues include stripped filament, low diameter filament, 

broken filament, and blocked nozzles. High-quality filaments must be used, and the 

spool must be examined, to avoid difficulties caused by the filament.  
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The clogged nozzle, which prevents the flow of the melted filament, is one of the 

common and significant issues. The blocked nozzle can be cleaned using a variety of 

techniques; the most popular ones involve heating the nozzle to a reasonable temperature 

and cleaning with a needle with a smaller diameter than the nozzle diameter. However, 

given the high temperature of the nozzle in this scenario, safety is crucial. Other 

techniques include pushing the filament through with another piece of filament, heating 

the nozzle to high temperatures in an oven to turn remaining filament in the nozzle into 

a carbonized substance, and cleaning the nozzle by soaking it in Acetone or another 

solvent. 

 

2.3.4 Lack or Loss of Adhesion to the Build Platform 

 

Sometimes prints fail to adhere to print platforms, and as a result, warping syndrome 

can develop, eventually destroying the physical model. This issue can be attributed to a 

number of factors, including an uneven platform, a lack of calibration, a low heated 

platform, a low heated filament, and a dirty platform. The following techniques can be 

used to solve this issue: giving the platform some texture, adjusting the print platform 

height, applying cleaning agents to the platform, employing supports, and using the 

printing bed. Perforated print platforms are being used with Ender 3 V2 to avoid this 

problem, which solves adhesion problems to the most cases. A thin layer of water-

soluble adhesive can be applied on flat print platforms of other types, and this glue can 

then be removed with hot water after printing. Decorator tape is another remedy for 

things printed using PLA filament. As was already noted, the nozzle's distance from the 

platform is crucial for the initial layer's adherence and must be carefully adjusted. 
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2.3.5 Shock and Vibration 

 

Vibration is a crucial factor that has an impact on print quality. The moving components 

of 3D printers, particularly the acceleration and shake of the gantry robot, are what cause 

vibration or shock. Visual waves can be produced on the print surface by shock or 

vibration. First of all, the 3D printer needs to be placed on a stable, flat surface or table 

to support the machine in order to stop this phenomenon. Poor maintenance and 

damaged linear bearings may also be the root cause for the vibrations. The pulleys, bits, 

and grub screws must all be sufficiently tight. For the gantry robot to travel easily, the 

rails must also be free of debris like dust, dirt, and fluff, and the rods must be well oiled. 

The print speed can be slowed down if all technical precautions have been followed but 

there are still visible waves on the print as a result of vibration. Bowden type extruders 

are much lighter than direct type extruders, this issue is not very effective for printers 

that use them. In the Bowden type, the extruder is stationary and not moving like the 

direct type; it is placed behind the printer or somewhere close to the spool. As a result, 

it decreases inertia as well as the weight of the moving part. 

 

2.3.6 Inaccurate Adjustments of Printer Settings 

 

The extruder flow ratio, print speed, nozzle distance, infill type, infill density, surface 

layers, supports, seam type, and fan speed are just a few of the numerous variables that 

may be controlled by the printer parameters. They are all crucial factors to consider 

when determining print quality. Stringing issues are the most frequent issue related to 

printer settings, and they may be avoided by cleaning the nozzle and raising the fan 

speed. After taking these steps, if the problem persists, adjusting the filament's melting 

temperature may be the answer. Additionally, due to contradiction, the size of the holes 

may be too tiny compared to the indentation, in which case increasing the hole diameters 

by around 0.3 mm over the intended one can solve the issue. Another printer setting 

issue is hanging strands, which may be avoided by adjusting the support angle, fan 

speed, and layer thickness. 
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2.4 Lattice Structures 

 

In this thesis, structures with lattice geometries, the unit cells of these structures, 

different shapes in these cells, cell sizes, and the angles and thicknesses of the branches 

forming the edges of the lattice geometries are examined. In addition, a detailed 

literature review of the effects of these geometries on mechanical properties is evaluated 

under this title. The thermoplastic property of polymers shows that they can be shaped 

when exposed to heat. For this reason, polymers are a frequently preferred material in 

3D printers. Hollow figures with thin edges represent structures with lattice geometry. 

Compared to conventional structures, these structures meet the same mechanical 

properties in a lighter form than these structures. Their high strength behavior together 

with their high lightness properties have made lattice geometry structures important. 

Lattice geometry structures have a very important place in engineering materials. 

Packaging, transportation, heat transfer equipment (due to its high heat transfer 

properties), electrical and electronic equipment (due to its good electrical conductivity 

properties), different engineering materials such as smart filters and sensors are some of 

them. As the final product, these structures can be used as aircraft wing prototypes. In 

addition, composite space equipment can be produced from these structures due to the 

high shear modulus and the fact that composite structures are lighter than metals. 

 

2.4.1 Poisson Ratio and Lattice Structures 

 

The Poisson ratio is a characteristic feature of materials which was asserted by S. D. 

Poisson. Deformation of material in directions perpendicular to the loading direction is 

called as Poisson ratio [19]. This ratio can be positive or negative. While most materials 

have a positive Poisson ratio, some natural and artificial materials with a negative 

Poisson ratio have been found recently. The Poisson's ratio theoretically varies between 

-1 and 0.5 for elastic isotropic materials. While the ratio increases positively in elastic 

materials such as rubber, it is close to zero in harder materials. Poisson ratio values of 

some significant materials are listed in Table 3. 
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Table 3. Poisson’s ratio values for various materials [20]. 

Material Poisson Ratio (Upper limit is 0.5) 

Aluminum 0.334 

Copper 0.285 

Brass 0.357 

Bronze 0.34 

Clay 0.41 

Concrete 0.1 - 0.2 

Cork 0 

Glass 0.22 

Granite 0.2 - 0.3 

Iron 0.22 - 0.30 

Marble 0.2 - 0.3 

Polystyrene 0.34 

Rubber 0.48 - ~0.5 

Steel, cast 0.265 

Titanium  0.32 

 

The Poisson ratio is generally denoted by the symbol nu (𝜐) and is defined by the 

Equation 1 and 2: 

 

                        𝜐 = −𝜀𝐸/𝜀𝐵                                                         (1) 

                                                           𝜀 = Δ𝐿/𝐿                                                            (2)                                                   

Where; 

 

𝜐 = Poisson ratio 

𝜀𝐸 = Transverse Elongation rate 

𝜀𝐵 = Longitudinal Elongation rate 

Δ𝐿 = Change of Length 
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𝐿 = Initial Length 

 

In most engineering materials, there are practical relations between Poisson's ratio and 

Young's modulus (E) (elasticity), shear modulus (G), and axial stiffness (K) (rigidity) 

by which material properties can be determined. These relations are shown in Equations 

3 and 4. 

 

         𝜐 =
3𝐾−2𝐺

6𝐾+2𝐺
                                                       (3) 

                                                    

                                                             𝐺 =
3𝐾(1−𝜐)

2.(1+ 𝜐)
                                                      (4) 

Where;  

E – Young's modulus 

G – Shear modulus 

K – Bulk modulus 

 

Herein, Equation 3 shows the relationship between axial stiffness and shear modulus 

with Poisson's ratio, while Equation 4 shows the cohesion between shear modulus and 

Young's modulus with Poisson's ratio. In general, the Poisson’s ratio is a significant 

mechanical property that takes a substantial place in elastic material deformation.  

 

In accordance with Newton's third law of motion, a substance exposed to a force creates 

a reaction with a force in the opposite direction of the acting force. For instance, when 

a material is subjected to a tensile force from one axis, it shows elongation behavior in 

the same axis, while it shows shrinkage in another axis perpendicular to the same axis. 

Furthermore, when a material is compressed from a particular axis, shrinkage occurs in 

the same axis, whilst expansion occurs in the other axis. On the other hand, some of the 

materials show an unconventional situation in the Poisson ratio due to their geometries. 

In this phenomenon, expansion occurs perpendicular to the stretched axis when the 

structures are stretched from two particular axes parallel to each other. Similarly, shrink 
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occurs perpendicular to the stretched axis when structures are compressed from two 

different axes parallel to each other. This property is called the negative Poisson ratio, 

and materials with this property are called “Auxetic” materials. This is the main feature 

that makes auxetic materials special and it has the potential to create new horizons in 

today’s material production industry. Although various materials have this phenomenon, 

it is not observed in many of them.  

 

 

Figure 6. Deformations of conventional and auxetic materials under tensile and 

compressive forces; (a) Conventional behavior of Honeycomb structure under tension 

load; (b) Conventional behavior of Honeycomb structure under compression load; (c) 

Auxetic behavior 
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Figure 6 compares both conventional and auxetic structures according to their reaction 

under different forces. As seen in Figure 6a, when conventional materials are subjected 

to a tensile force from a certain axis, they show shrinking behavior in the axis 

perpendicular to the tensile axis. Likewise, when conventional materials are compressed 

from a certain axis, they experience an expansion in the axis perpendicular to the axis 

on which the compressive force is applied. Figure 6a and Figure 6b are characteristic of 

materials with positive Poisson ratio. On the other hand, this situation is seen with the 

opposite behavior in auxetic materials. On the contrary to what is known, when auxetic 

materials are subjected to a tensile force from one axis, expansion occurs in the other 

axis which is perpendicular to the tensile axis. Schematics about this situation are shown 

in Figure 6c and Figure 6d.  

 

2.4.2 Lattice Structures with Positive Poisson Ratio 

 

Poisson's ratio, which is one of the distinguishing features of materials, can vary 

depending on the shape, geometry, and porous structure of the material. Lattice 

structures with convex geometries in their structures tend to contract from convex 

corners when exposed to tensile forces. This situation shows that structures with convex 

geometry have a positive Poisson's ratio. When the studies in literature are examined, it 

is seen that honeycomb, diamond, triangle, kagome, and some chiral geometries are the 

most extensive lattice geometries which exhibit positive Poisson ratio. Detailed 

examinations of these lattice structures are constituted in the continuation of the study 

and studies were carried out related to these structures are listed in Tables 4-12. 

Moreover, specific features of lattice structures such as, materials and production types, 

test standards, mechanical properties, and references are shown in these tables. In the 

related studies, some specific values were not specified accurately. Therefore, values 

which were not given in the related articles are indicated by the dash (-) symbol in these 

tables. 
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2.4.2.1 Honeycomb Geometry 

 

In the researches, it has been observed that the most preferred lattice geometry structure 

is the honeycomb geometry. By altering the length, thickness, and angle values of its 

branches, the changes in the mechanical properties were examined. Due to its geometric 

structure, it shows high mechanical properties under compression forces. Therefore, 

honeycomb geometry exhibits a positive Poisson's ratio. The details of the studies 

carried out within honeycomb geometry are shown in Table 4 within various subsections 

such as type of materials and lattices, production methods, test standards, and related 

studies. 

 

Table 4. Mechanical properties of Honeycomb structures produced from various 

materials. 

Lattice 

Type 

Production 

Method 
Material 

Mechanical 

Properties Test 

Standard 
Reference 

ʋ 
E 

(MPa) 

σ 

(MPa) 

Honeycomb FDM PLA -0.5 - - - [21] 

Honeycomb Polyjet VeroWhite 1 - - 
BS EN 

10305-5 
[22] 

Honeycomb SLM Al Alloy 1 - 4.66 - [23] 

 

 

Mechanical properties (ʋ, E, σ) of lattice geometries are also listed in Table 4 as ʋ is the 

Poisson ratio, E is the modulus of elasticity and σ represents the compressive strength 

of materials. The units of modulus and strength are in MPa. 
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2.4.2.2 Quadrangle (Diamond) Geometry 

 

Diamond geometry is one of the rarely preferred geometries among lattice geometry 

structures. This geometry exhibits a positive Poisson ratio due to its convex branch 

structure. When the studies in literature are examined, it is seen that the samples with 

diamond geometry exhibit better mechanical properties under tensile force compared to 

other geometries. The studies in literature related to investigation of quadrangular lattice 

structure are given in Table 5.   

 

Table 5.  Mechanical properties of Quadrangle lattice structure produced from various 

materials. 

Lattice 

Type 

Production 

Method 
Material 

Mechanical 

Properties Test 

Standard 
Reference 

ʋ 
E 

(MPa) 

σ 

(MPa) 

Quadrangle 

(Diamond) 
SLS Nylon 1 - - - [24] 

Quadrangle 

(Diamond) 
EBM Ti6Al4V - 445 75 - [25] 

Quadrangle 

(Diamond) 

Electrical 

Discharge 

Machining 

(EDM) 

Ti6Al4V - 290 11 
ASTM 

C365 
[26] 
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2.4.2.3 Triangular Geometry 

 

Triangular geometry is one of the most frequently used lattice geometries in literature 

after honeycomb. It is usually deployed as equilateral triangle geometry inside lattice 

structures. It allows the end-product which is designed to be produced lighter under the 

same loads. Its properties under tensile and compressive forces are relatively good 

compared to other geometries. It exhibits a positive Poisson ratio due to its convex 

branch structure. The studies based on the examination of triangular lattice structure are 

listed in Table 6. 

 

Table 6. Mechanical properties of Triangular lattice structure produced from various 

materials. 

Lattice 

Type 

Production 

Method 
Material 

Mechanical 

Properties Test 

Standard 
Reference 

ʋ 
E 

(MPa) 

σ 

(MPa) 

Triangular FDM PLA - 49.07 1.02 
ASTM  

D695-D638 
[27]  

Triangular SLA L5D1.1 0.25 16.87 0.67 
ISO 

13314:2011 
[28] 

Triangular SLA 
Polymer 

resin 
0.2 - - - [29] 

 

 

2.4.2.4 Kagome Geometry 

 

Kagome structure is a rarely preferred lattice structure in literature. It is constituted by 

gathering two equilateral triangles opposite each other. In other words, it includes two 

interbedded triangular unit cells which one of these triangles is in a position rotated as 

180 degrees. It generally exhibits a positive Poisson's ratio. Although there are a few 
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studies related to Kagome geometry in literature, two different studies are found and 

listed in Table 7. 

 

Table 7. Mechanical properties of Kagome lattice structure produced from various 

materials. 

Lattice 

Type 

Production 

Method 
Material 

Mechanical 

Properties Test 

Standard 
Reference 

ʋ 
E 

(MPa) 

σ 

(MPa) 

Kagome FDM ABS - 1.51 18 
ASTM 

D638  
[30] 

Kagome SLM Ti6Al4V 0.5 - - - [31] 

 

 

2.4.2.5 Square Geometry 

 

Square geometry is one of the most frequently used lattice geometries in the 

manufacturing of parts where the strength under the same load is provided by a 

lightweight structure. Four different ligaments are included inside a single square 

geometry, and these ligaments constitute two distinct parallel ligament groups. 

Ligaments belonging to distinct groups are perpendicular to one another. Therefore, all 

interior angles are equal to 90 degrees. Although square geometries may have identical 

ligament lengths, their ligament lengths may vary. 

 

Square geometries with different ligament lengths are also called rectangular 

geometries. Moreover, square lattice geometries generally have a null Poisson ratio due 

to their ligament structure and specific geometries. The literature review of square lattice 

geometry is given in Table 8.  
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Table 8. Mechanical properties of Square lattice structure produced from various 

materials. 

Lattice 

Type 

Production 

Method 
Material 

Mechanical 

Properties Test 

Standard 
Reference 

ʋ 
E 

(MPa) 

σ 

(MPa) 

Square FDM PLA 0 - - - [21] 

Square FDM 
Polyethylene 

(LDPE) 
0.05 - - - [32] 

Square SLA Rubber -0.6 - - - [33] 

Square SLS Nylon 0.25 - - - [34] 

Square Polyjet 
PolyJet 

photopolymer 
-2 848.3 4 - [35] 

 

2.4.3 Lattice Structures with Negative Poisson Ratio 

 

Structures with concave geometries expand from the concave corners under the effect 

of tensile load. Materials that shown this phenomenon are called auxetic materials and 

they exhibit a negative Poisson ratio. When the literature is examined, it is seen that re-

entrant, arrowhead, star, and some chiral geometries have shown negative Poisson ratios 

under tensional and compressional loads.  

 

2.4.3.1 Re-Entrant Geometry 

 

Re-entrant is the most preferred lattice geometry when the studies in the literature are 

examined. Due to its geometric structure, when the lengths, thicknesses, and angle 

values of the branches are altered, extensional changes occur in its mechanical 

properties.  
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It is revealed as a result of studies that when the angle values between its branches are 

changed, the Poisson ratio of the structure can be varied as negative, zero, or positive. 

The comprehensive literature review of Re-Entrant lattice structure is given in Table 9.  

 

Table 9. Mechanical properties of Re-Entrant lattice structure produced from various 

materials. 

Lattice 

Type 

Production 

Method 
Material 

Mechanical 

Properties Test 

Standard 
Reference 

ʋ 
E 

(MPa) 

σ 

(MPa) 

Re-

Entrant 
FDM PLA -0.89 31.95 0.5 - [36] 

Re-

Entrant 
FDM ABS - 10.78 0.88 

ASTM 

C393/C393M 

-06 

[37] 

Re-

Entrant 
Polyjet Filaflex -0.23 0.6 - - [38] 

Re-

Entrant 
Polyjet VeroWhite -0.6 22.5 3 ASTM D695 [39] 

Re-

Entrant 
Polyjet VeroWhite -0.4 5 - - [40] 

Re-

Entrant 
Polyjet 

A digital 

material 

DM9760 

-0.25 - 0.01 - [41] 

Re-

Entrant 
SLM AlSi10Mg 0.44 - 0.55 - [42] 

Re-

Entrant 
SLM AlSi10Mg -0.15 - 0.28 - [43] 
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Table 9. (continued) Mechanical properties of Re-Entrant lattice structure produced 

from various materials. 

Re-

Entrant 
SLM Al Alloy -1 700 32.5 - [44] 

Re-

Entrant 
SLM Al Alloy -0.5 5000 10 - [45] 

Re-

Entrant 
SLM Ti6Al4V -0.8 - 220 - [46] 

Re-

Entrant 

SLM / 

EDM 
Ti6Al4V -0.18 900 80 

ASTM 

F3001/ISO 

13314:2011 

[47] 

Re-

Entrant 
SLM 

304 

Stainless 

Steel 

-0.8 117.6 - - [15] 

Re-

Entrant 
SLM 

Stainless 

Steel / 

Nickel  

–2.41 - - - [48] 

Re-

Entrant 

SLA / 

Casting 
Al+Epoxy -1.01 1400 22.2 - [49] 

Re-

Entrant 

SLA / Wire 

cut 
Al+Epoxy -0.2 - 0.2 - [50] 

Re-

Entrant 

SLA / 

Casting 
Al + Resin -1.18 175 22 - [51] 

 

 

2.4.3.2 Arrowhead Geometry 

 

Arrowhead geometry is a very rare lattice structure in literature. It occurs as a 

consequence of two V geometries gathering at different angles and configurations. 

Therefore, it is also called double V geometry. It exhibits high strength values under 
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compressional loads. It generally exhibits a negative Poisson's ratio due to its concave 

branch structure. The research articles that aspired to the investigation of Arrowhead 

lattice structure are listed in Table 10. 

 

Table 10. Mechanical properties of Arrowhead lattice structure produced from various 

materials. 

Lattice 

Type 

Production 

Method 
Material 

Mechanical 

Properties Test 

Standard 
Reference 

ʋ 
E 

(MPa) 

σ 

(MPa) 

Arrowhead FDM ABS -0.75 440 32.2 - [52] 

Arrowhead SLA ABS -1 5 - - [53] 

Arrowhead 
SLA / 

Casting 

Al + 

Resin 
-1.73 - 12.5 - [54] 

Arrowhead SLM 

316L 

Stainless 

Steel 

-1.75 100 850 

ASTM 

E8/ASTM 

E8M-16a 

[24] 

Arrowhead 
Laser 

Welding 
Steel -1.25 400 120 - [55] 

 

2.4.3.3 Star Geometry 

 

Another rare lattice structure is star geometry which has substantially exhibits similar 

properties with the re-entrant geometry. It consists of eight ligaments, and each unit cell 

is composed of four parallel ligament groups. Each unit cell has four internal and 

external angles. All ligaments have the same inner angle, which may be represented as 

Q1. On the other hand, Q2 represents the outside angle of ligaments. Moreover, in the 

internal structure of the unit cell, ligaments are coincident with each other from two 

different spots and they have exactly the same length. It mostly exhibits a negative 
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Poisson's ratio due to its concave ligament structure. The studies about examination of 

star shaped lattice structure are given in Table 11. 

 

Table 11. Mechanical properties of Star lattice structure produced from various 

materials. 

Lattice 

Type 

Production 

Method 
Material 

Mechanical Properties 
Test 

Standard 
Reference 

ʋ 
E 

(MPa) 

σ 

(MPa) 

Star 
SLA / 

Casting 

Aluminum 

alloy 

6061O 

-0.38 - 8.5 - [56] 

Star SLA Acrylic –0.53 - - - [57] 

Star 
Analytical 

Approach 
ABS –0.56 360 - - [58]  

 

2.4.3.4 Chiral Geometry 

 

The chiral structure has the most complex geometry among lattice structures. This lattice 

structure can consist of multiple geometries under the same structure provided that one 

of the geometries it contains is a circle, and the other geometry can be any desired mesh 

geometry. Different orientations can be formed according to the variety of geometries it 

contains, and each of these orientations exhibits different mechanical properties. Tri-

chiral, Anti-Trichiral, Tetra-Chiral, and Anti-Tetrachiral lattice geometries are the most 

common Chiral geometry orientations. It exhibits high strength values under 

compression forces. Poisson's ratio varies for every different orientation of this structure. 

The literature review of Chiral lattice structure is given in Table 12. 
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Table 12. Mechanical properties of various Chiral lattice structures produced from 

different materials. 

Lattice 

Type 

Production 

Method 
Material 

Mechanical 

Properties Test 

Standard 
Reference 

ʋ 
E 

(MPa) 

σ 

(MPa) 

Anti-

Trichiral 
FDM ABS -0.5 - 0.2 - [59] 

Anti-

Trichiral 
FDM ABS -0.25 - 0.08 - [60] 

Anti-

Trichiral 
FDM TPU -0.55 - 400 

ASTM 

D638/ASTM 

E8 

[61] 

Tetra-

Chiral 
FDM ABS 0.26 0.94 - - [62] 

Tetra-

Chiral 
SLA 

UV 

Curable 

Resin 

–0.94 0.63 - - [63] 

Anti-

Tetra-

Chiral 

SLS / SLM AlSi10Mg -0.93 839.55 - ASTM D638 [64] 

Anti-

Tetra-

Chiral 

Laser 

Cutting 

SUS304 

steel 
−1.04 - 225.21 - [65] 

Chiral EBM Ti6Al4V 0.3 120 1300 - [66] 

 

 

 

 



39 
 

2.4.4 Auxetic Materials 

 

Materials with a negative Poisson's ratio is known as auxetic materials. Negative 

Poisson's ratio values result from geometrical form and are still in the development 

phase with enhanced production systems. Auxetic materials are becoming more popular 

as a result of their various beneficial unique characteristics, such as shape memory 

applications, energy absorption fields, and vibration control critical structures. K. E. 

Evans created the name "auxetics" from the Greek word "auxetos," which meaning "that 

may be expanded" [67]. Auxetic materials may be found in a range of forms, including 

micro and macro structures. Based on deformation mechanism, these structures can be 

categorized into three groups: A) re-entrant type; B) chiral type; C) rotating (semi-) rigid 

structures.  

 

Re-entrant basically advert to something that will direct to inward which exactly having 

a negative angle. Re-entrant shape is illustrated in Figure 7.2.b. The most of the literature 

reviews have focused on the re-entrant type auxetic structures. Poisson’s ratio 

characteristics of re-entrant structures highly depend on the angle between unit cell 

ligaments. 

 

A typical chiral shaped auxetic unit cell represents a central circular, or cylindrical unit 

with tangentially merged ribs and/or ligaments. The principal mechanism of chiral 

structures is rotating under mechanical loadings, and then supporting ribs stretches or 

contracts. Chiral structures have also rotational symmetry. Opposite to re-entrant 

structures, chiral structure Poisson’s ratio does not depend on the angle between sub-

units. Increasing the number of supporting ribs per circular center unit may increase the 

stiffness of the whole structure assembly. Figure 7 could give better understanding of 

the conventional and auxetic structure shapes. 
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Figure 7. Conventional and auxetic metamaterial structure shapes: 1-) Lattice structures 

with positive Poisson ratio; (a) Kagome lattice structure; (b) Diamond lattice structure; 

(c) Honeycomb lattice structure; (d) Square lattice structure; (e) Triangular lattice 

structure; 2-) Lattice structures with negative Poisson ratio; (a) Arrowhead lattice 

structure; (b) Re-entrant lattice structure; (c) Star lattice structure; (d) Tetra-chiral lattice 

structure; (e) Tri-chiral lattice structure. 
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Rotating semi-rigid structures will be the last category of the auxetic structures in terms 

of deformation mechanisms. Simplified rotating structure includes rigid squares or 

circles moving through the load vector applied on the body. While loaded in tensile or 

compression directions, these structures will be responded as either in expansion or 

contraction. Beyond the novel mechanical characteristics of auxetic materials like 

vibration damping, compression and tensile resistance; indentation resistance is also 

another gaining point. Auxetic materials provide more resistance to indent than other 

materials with lower plastic deformation. Figure 8 shows that the auxetic material is 

more likely to flow towards to indentation point, and other materials tend to avoid from 

the load applied. 

 

 

Figure 8. Indentation behaviour of nonauxetic and auxetic materials: (a) Non-auxetic 

structure; (b) Auxetic structure 

 

In conventional materials, material density decreases just below the impact point 

affected by the sinking load. In other words, the material in this area spreads around due 

to the positive Poisson's ratio. In auxetic materials, this situation will be the opposite, 

since they have a negative Poisson's ratio.  
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In other words, material density will increase in the part just below the impact point 

where the load affects. Due to the increase in density in this region, the hardness of the 

material will increase and consequently the sinking resistance will also increase [68]. 

 

2.4.4.1 The History of Auxetic Materials 

 

Despite the fact that worldwide breakthroughs in auxetic materials were more obvious 

in the 1990s, Roderick Lakes was the first to employ NPR in metallic structures in his 

work [69]. In the early 1900s, researcher Voigt identified a material with a negative 

Poisson Ratio in his experimentation specimen with a Poisson Ratio of -0.14. In his 

research, he discovered that when material is stretched sideways, they expand in the 

same direction. Voigt could not explain this phenomenon and could not foresee any 

applications for this property, therefore it was neglected for decades.  

 

Auxetic materials have been used for various engineering applications. For instance, 

they have a place in engineering materials which are commonly used in packaging, 

transportation, heat sinks, electrical and electronical equipment’s, automotive industry, 

biomedical, and aerospace engineering applications. Specifically, auxetic chiral 

structures can be used to prototype morphing wings, and also can be used in composite 

aero structures designs due to the fact that they show higher shear resistance. Since 

metals are much heavier than auxiliary composites and auxiliary composites have a 

higher strength-to-weight ratio than metals, they are more preferred in the aviation 

industry. Furthermore, auxiliary materials can be used in aviation applications such as 

thermal protection and noise cancellation applications of turbine engines [69]. 
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Although auxetic materials have been known for more than 100 years, researchers have 

attracted more attention again since the early 1990s. Until today, many different auxetic 

materials have been produced such as polymers, metals, ceramics, composites, coatings 

and fibers. Figure 9 shows the historical development of the number of publications on 

auxetic materials. 

 
Figure 9. Annual number of publications on auxetic materials published in Web of 

Science from January 1994 to August 2022. 

 

2.4.4.2 Application Fields of Auxetic Materials 

 

Developments in engineering design, new material research, and manufacturing 

technique refinement all contribute to new improvements in a variety of fields. One of 

the primary incentives for advances in engineering research is the health of humans and 

other living creatures. This thesis summarizes auxetic structure advances, and innovative 

auxetic structure design. Auxetic structure uses are classified into several groups. 

However, sports applications and medical & biological applications are chosen as 

significant issues of application areas of auxetic structures within the subject. 
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2.4.4.2.1 Biomedical Applications 

 

The negative Poisson ratio is the most essential characteristic of auxetics. Some medical 

applications require the ability to grow in cross section while stretching and shrink in 

cross section while compressing. Some surgical operations are effective as a result of 

auxetic conduct. Human veins, for example, might lose function due to aging and other 

health issues. As a result, a mechanism that may provide resistance to vein walls against 

a decrease in vein cross section area must be devised; hence, stent application is one of 

the most prominent medical applications that exhibits auxetic behavior. Bhullar et al., 

studied on rotating semi structures, which is a one of the major types of auxetics, for 

medical stent applications.  

 

Another popular topic in research domains is tissue engineering. Instead of human skin, 

composite structured auxetics can be employed to generate nonlinear stress-strain 

interactions. This biological inspiration may be accomplished through the hierarchical 

layering of auxetics. Furthermore, Evans and Alderson stated that artificial blood veins 

can be produced in the shape of an auxetic structure to prevent deceleration [70]. 

 

2.4.4.2.2 Sports Applications 

 

The human body is vulnerable to the effects of outsourcing. The human head is the most 

susceptible component, as any contact to the head can result in serious harm or death. 

Helmets are meant to safeguard human health during sporting events under these 

scenarios. 

 

Traumatic Brain Injury (TBI) is the most frequent serious injury caused by head strikes. 

The significance of brain damage is determined mostly by the sport type. Cycling, motor 

racing, alpine sports, and American football, for example, are all subject to head injuries. 

Furthermore, projectile-based sports such as ice hockey, baseball, and cricket have a 

high risk of head and facial injuries. 
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The most critical protective equipment against serious brain damage are head covering 

accessories, hence helmet design and engineering are critical to human health. Auxetic 

materials have the potential to be used as the fundamental structure of protective 

equipment like helmets. There are additional parameters for professional athlete 

accessory design. The performance of equipment is an essential technical constraint, 

since everyone strives to avoid additional weights in order to attain higher mobility. 

Auxetic structures can be an excellent option for providing both energy absorption and 

minimal weight. Auxetic materials, like those used in sports, have grown in relevance 

in this subject in terms of preserving human safety and health. With the high stiffness 

rate per unit mass provided by auxetic materials, it is conceivable to replace existing 

materials and designs. 

 

2.5 Aim of the Study 

 

The aim of this study is to investigate the microstructural and mechanical properties of 

the lattice geometries pursuant to their porous geometries which are known as unit cells, 

dimensions, and ligament positions under compressional and tensional loads. In the 

study, elastic modulus, Poisson's ratio, and tensile strength values of structures that are 

additively manufactured from two specific lattice geometry are examined. In the study, 

PLA and Titanium powders are used as a raw material to be able to manufacture the 

specimens. The relative density was manually calculated via Archimedes Principle and 

compared to literature data. Fourier-transform infrared spectroscopy (FTIR), scanning 

electron microscopy (SEM), X-ray Diffraction (XRD) analysis was used to define the 

microstructural characteristics of the additively manufactured specimens. The 

mechanical properties of the specimens were investigated through diametral tensile & 

compression and Vickers microhardness tests.  
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CHAPTER 3 

 

3. MATERIALS AND METHODS 

 

3.1 Creation of Design  

 

It is aimed to design a novel auxetic structure within the scope of this thesis. Considering 

the studies in the literature, various geometries such as Re-entrant, Honeycomb and Star 

were examined, and the mechanical properties of these structures inspired the unit cell 

geometries. In this context, two different unit cells are conducted. First unit cell is 

obtained with configuration of the re-entrant structure. On the other hand, second unit 

cell is constituted from the combination of the re-entrant, star and honeycomb structures. 

Auxetic behavior is expected from these unit cells and their multiplied sandwich 

structures. Experimental procedure can be summarized into two main parts as shown in 

Figure 10. 

Figure 10. Schematic demonstration of experimental procedure. 
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3.1.1 Design Parameters of Novel Auxetic Structures Design 

 

The unit cells to be created within the scope of this study were formed first, respectively, 

and three-dimensional plate structures were obtained by mirroring and deriving the 

formed unit cells with sequentially sequencing. The primary purpose of the novel 

auxetic structures constituted is to contribute to the existing models in the literature with 

a new design. It was stated that the novel three-dimensional structures created showed 

enhanced mechanical properties. In addition, the mechanical properties of the created 

models were tried to be superior by changing design parameters, and the missing or 

open-to-development aspects were identified in order to inspire future studies. 

 

As mentioned before, the first original shape was created by combining re-entrant 

geometry with different configurations while second unit cell is constituted from the 

combination of the re-entrant, star and octagonal structures. Representative views of 

novel structures are shown in Figure 11.  

 

 

   

 

 

 

  

 

 

 

 

 

Figure 11. Novel auxetic unit cells. 
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Within the scope of the thesis, the basic parametric geometrical changes are applied on 

default novel design. The parameters can be listed as: side length of square cross section 

(L), thickness of ligament (t), distance between the corner of the square and the center 

point of the ligament (R), and angle of the inner structures (θ).  

 

Within the context of this study, it was stated that enhancing mechanical characteristics 

of the structures is possible with the variation of dimensional properties. In other words, 

given dimensions are the parameters to be changed for having an idea how mechanical 

design respond to any geometrical changes. At this point, given parameters were 

selected to obtain different geometric configurations except R which is given in default 

novel unit cells as 11.9 mm and changes according to alteration of other parameters. In 

a scenario where each parameter can take three different values in itself, it is desired to 

obtain geometries in various configurations with combinations of different values. 

However, the situation that a configuration to be created in this context requires the 

production of 84 pieces of samples for each shape, necessitating the use of an alternative 

test design method. Experimental design methods should be applied to reduce the 

number of samples produced and the number of tests / analyses performed. The number 

of test samples to be produced in cases where the test design is applied or not is given 

in Table 13. 
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Table 13. The number of the samples with / without experimental methods. 

Variables Unit cell 

A 

Unit cell 

B 

Total 

With 

experimental 

methods 

PLA based tensile specimens 15 15 30 

PLA based compression 

specimens 

15 15 30 

Ti6Al4V based tensile 

specimens 

15 15 30 

Ti6Al4V based compression 

specimens 

15 15 30 

Total Number 60 60 120 

Without 

experimental 

methods 

PLA based tensile specimens 84 84 168 

PLA based compression 

specimens 

84 84 168 

Ti6Al4V based tensile 

specimens 

84 84 168 

Ti6Al4V based compression 

specimens 

84 84 168 

Total Number 336 336 672 

 

In this context, statistical experimental design method is studied which is called as 

‘‘Box-Behnken Design of Experiment’’. In Box-Behnken method, each factor, or 

independent variable, is placed at one of three equally spaced values, usually coded as 

−1, 0, +1 [71]. The representations of the geometric parameters which embed in the Box 

Behnken design of experiment are given in Table 14. 
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Table 14. Box Behnken design of experiment parameters. 

Parameter & Variable 1 0 -1 

Length of Geometry (L) (mm) 40 35 30 

Layer Angle (θ) (degree) 75 ̊ 68 ̊ 61 ̊ 

Layer Thickness (t) (mm) 1.5 1 0.5 

Box Behnken Design of Experiment 

Draft Version 

Box Behnken Design of Experiment 

with Unit Cells Parameters 

Runs 

Factors 

Runs 

Factors 

Layer 

Thickness 

Layer 

Angle 

Length of 

Geometry 

Layer 

Thickness 

Layer 

Angle 

Length of 

Geometry 

1       -1    -1 0 1 0.5 61 ̊ 35 

2       -1 1 0 2 0.5 75 ̊ 35 

3 1    -1 0 3 1.5 61 ̊ 35 

4 1 1 0 4 1.5 75 ̊ 35 

5       -1 0       -1 5 0.5 68 ̊ 30 

6       -1 0 1 6 0.5 68 ̊ 40 

7 1 0       -1 7 1.5 68 ̊ 30 

8 1 0 1 8 1.5 68 ̊ 40 

9 0    -1       -1 9 1 61 ̊ 30 

10 0    -1 1 10 1 61 ̊ 40 

11 0 1       -1 11 1 75 ̊ 30 

12 0 1 1 12 1 75 ̊ 40 

13 0 0 0 13 1 68 ̊ 35 

14 0 0 0 14 1 68 ̊ 35 

15 0 0 0 15 1 68 ̊ 35 

 

As can be seen in Table 14, there are 13 different designs that are created by changing 

three different parameters which are length of the geometry, layer thickness, and layer 

angle. All other design dimensions are hold as same value while preserving geometric 

integrity of novel the unit cells. These parameters are for 2D plane dimensions; 

additional thickness dimension for making design 3D is vary according to specimen 

type. Design of experiment codes for both tensile and compression samples are shown 

in Table 15. 
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Table 15. Design of experiment codes for both tensile and compression samples. 

Design of Experiment Codes for 

Unit Cell within Re-entrant 

Structure 

Design of Experiment Codes for Unit 

Cell within Re-entrant, Star and 

Octagonal Structure 

Specimens Unit cell 

parameters 

Specimens Unit cell 

parameters 

L 

(mm) 

t 

(mm) 

θ 

(º) 

L 

(mm) 

t 

(mm) 

θ 

(º) 

R-L35T05θ61 35 0.5 61 RSO-L35T05θ61 35 0.5 61 

R-L35T05θ75 35 0.5 75 RSO-L35T05θ75 35 0.5 75 

R-L35T15θ61 35 1.5 61 RSO-L35T15θ61 35 1.5 61 

R-L35T15θ75 35 1.5 75 RSO-L35T15θ75 35 1.5 75 

R-L30T05θ68 30 0.5 68 RSO-L30T05θ68 30 0.5 68 

R-L40T05θ68 40 0.5 68 RSO-L40T05θ68 40 0.5 68 

R-L30T15θ68 30 1.5 68 RSO-L30T15θ68 30 1.5 68 

R-L40T15θ68 40 1.5 68 RSO-L40T15θ68 40 1.5 68 

R-L30T10θ61 30 1 61 RSO-L30T10θ61 30 1 61 

R-L40T10θ61 40 1 61 RSO-L40T10θ61 40 1 61 

R-L30T10θ75 30 1 75 RSO-L30T10θ75 30 1 75 

R-L40T10θ75 40 1 75 RSO-L40T10θ75 40 1 75 

R-L35T10θ68 35 1 68 RSO-L35T10θ68 35 1 68 

R-L35T10θ68 35 1 68 RSO-L35T10θ68 35 1 68 

R-L35T10θ68 35 1 68 RSO-L35T10θ68 35 1 68 

 

First unit cell is coded by R letter due to the fact that it is created by combining re-entrant 

geometry with different configurations. On the other hand, second unit cell is indicated 

by RSO letters which is constituted from the combination of the re-entrant, star and 

octagonal structures. 
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3.1.2 Sandwich Structures of Auxetic Unit Cells 

 

In the original auxetic design that is planned to be used in real life must be included in 

the sandwich structure. In this context, the unit cell has been periodically reproduced on 

two axes and supported by plates that will form the sandwich structure. The replication 

schemes of two different unit cells and the final sandwich structures are shown in Figure 

12. All design variations are repeated in sandwich structure form. 

 
Figure 12. Novel auxetic sandwich structures; (a) 3D sandwich structure form of first 

novel unit cell; (b) 2D sandwich structure form of first novel unit cell; (c) 3D sandwich 

structure form of second novel unit cell; (d) 2D sandwich structure form of second novel 

unit cell; 

From the perspective of design, through the innovative unique cell design is achieved 

using re-entrant, star and honeycomb mechanisms. In this thesis, tensile and 
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compression displacements were applied each novel geometries and orientations, 

respectively. Extension versus deformation change was also illustrated. Furthermore, 

different impact velocities were applied from the upper bodies of sandwich structures to 

evaluate deformation mechanisms and stress distributions. Experimental and numerical 

analyses results are shared through the upcoming sections. 

 

3.2 Material Selection and Production Parameters 

 

The ‘‘Filameon’’ branded PLA filament and Ti Alloy, Ti6Al4V (Grade 5 ELI ASTM 

B265-10), were selected as the production materials due to their widespread use in 

additive manufacturing area. General properties of PLA filament and Ti6Al4V metal 

powders are represented in Table 16.  

 

Table 16. General properties of PLA filament used in this thesis. 

Filameon PLA Filament 

Diameters and Tolerances 

The length of 1 kg 

filament (m) 
335 ± 5 

Tolerance (mm) 0.04 

Processing Guide 

Heated bed temperature 

(°C) 
60 (Optional) 

Nozzle Temperature (°C) 190 – 230 

Physical Properties 
Melt Flow Rate (g/10min) 6.0g (210 °C / 2.16 Kg) 

Density (g/ cm3) 1.24 

Mechanical Properties 

Yield Strength (MPa) 53 

Tensile Elongation (%) 6 

Flexural Strength (MPa) 83 

Rockwell Hardness (R-

scale) 
108 

Poisson’s Ratio 0.35 

 



55 
 

On the other hand, Ti-based tensile samples were prepared by melting the Ti6Al4V 

powders via EBM method. Both of the Titanium and PLA based tension samples were 

manufactured according to ASTM D638-1 standard with the dimensions of 165 x 19 x 

3.2 mm3. Similarly, the preparation of compression samples was carried out with the 

dimensions of 40 x 40 x 32 mm3 according to ASTM D695. General composition of 

Ti6Al4V metal powders is represented in Table 17.  

 

Table 17. Nominal chemical composition of Ti6Al4V titanium alloy in weight 

percentage. 

Weight 

% 

Ti C Fe N Al O V H Other 

Ti6Al4V Bal 0.08 0.03 0.05 5.5 – 

6.75 

0.20 3.5 - 

4.5 

0.015 0.40 

 

 

3.2.1 Manufacturing of Tensile Specimens 

 

In this study, both of the PLA and Ti6Al4V based tensile specimens were manufactured 

through AM process. Test specimens were designed according to ASTM-D638 –Type 

1 standart with SOLIDWORKS 2020 that is a computer-aided design program. After 

the test samples are designed, they are converted to STL file format via the CAD 

program and transferred to the G-Code program designed for the 3D printers. In this 

study, Creality Slicer 6.8.2 was used as the G-Code program to produce PLA-based 

samples. With this program, as shown in Figure 13, where the print will be located on 

the platform, on which edge of the piece the print will be built, and production 

parameters are selected.  
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Figure 13. Interface view of Creality Slicer 6.8.2.  

 

As mentioned before, 15 different PLA-based specimens were prepared for each novel 

unit cell. Although the production of each sample varies depending on the variety of unit 

cell structures they have, the production of each sample exiled an average of 1.5 hours. 

Table 18 shows the production parameters given for the samples produced with the 

Ender 3 V2 model printer. 

 

Table 18. 3D manufacturing parameters of PLA based samples 

Material Layer 

Height 

Infill     

Density 

Printing 

Temperature 

Build Bed      

Temperature 

  Print  

  Speed 

PLA 0.12 mm 100 % 210 °C 65 °C 50 mm/s 

 

Real life and 3D CAD design images of PLA-based tensile specimens produced using 

two different novel unit cell within the scope of this thesis are shown in Figure 14. 
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Figure 14. Representation of PLA-based tensile specimens; (a) 3D printed samples of 

first unit cell which is conducted by re-entrant geometry; (b) 3D CAD designs of first 

unit cell which is conducted by re-entrant geometry; (c) 3D printed samples of second 

unit cell which is conducted by re-entrant, star and octagonal geometry; (d) 3D CAD 

designs of second unit cell which is conducted by re-entrant, star and octagonal 

geometry. 
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Figure 15. Representation of Ti6Al4V-based tensile specimens; (a) 3D printed samples 

of first unit cell which is conducted by re-entrant geometry; (b) 3D CAD designs of first 

unit cell which is conducted by re-entrant geometry; (c) 3D printed samples of second 

unit cell which is conducted by re-entrant, star and octagonal geometry; (d) 3D CAD 

designs of second unit cell which is conducted by re-entrant, star and octagonal 

geometry. 
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In addition to the production of PLA-based samples, Ti6Al4V-based tensile specimens 

were also produced within the scope of this study. The manufacturing of the samples 

was carried out on the GE ARCAM Q20 branded 3D printer under favor of EBM 

technology. Real life and 3D CAD design images of Ti6Al4V-based specimens are 

shown in Figure 15.  

 

3.2.2 Manufacturing of Compression Specimens  

 

Within the scope of this study, it is also aimed to examine the reactions of two different 

unit cells designed in a unique way under compressional load. In this context, both PLA 

and Ti6Al4V based compression specimens were produced. The samples were designed 

based on the ASTM D695 standard. Production of PLA-based specimens was carried 

out in Ender 3 V2 branded 3D printer within FDM method. On the other hand, 

production of Ti6Al4V-based samples was manufactured in the GE ARCAM Q20 

branded 3D printer. 3D CAD design and real-life images of the produced samples are 

given in Figure 16 and Figure 17. 
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Figure 16. Representation of PLA-based compression specimens; (a) 3D printed 

samples of first unit cell which is conducted by re-entrant geometry; (b) 3D CAD 

designs of first unit cell which is conducted by re-entrant geometry; (c) 3D printed 

samples of second unit cell which is conducted by re-entrant, star and octagonal 

geometry; (d) 3D CAD designs of second unit cell which is conducted by re-entrant, star 

and octagonal geometry. 

a) b)

c) d)
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Figure 17. Representation of Ti6Al4V-based compression specimens; (a) 3D printed 

samples of first unit cell which is conducted by re-entrant geometry; (b) 3D CAD 

designs of first unit cell which is conducted by re-entrant geometry; (c) 3D printed 

samples of second un unit cell which is conducted by re-entrant, star and octagonal 

geometry; (d) 3D CAD designs of second unit cell which is conducted by re-entrant, star 

and octagonal geometry. 

 

 

a) b)

c) d)



62 
 

3.3 Mechanical Tests, Characterization Processes of Specimens 

 

3.3.1 Tension and Compression Experiments of Specimens 
 

There are two international standards for the tensile testing of materials. One of them is 

ISO-527 and the other is ASTM-D638. These standards are similar in terms of finding 

technical specifications. However, the test speed of the standards and sample sizes may 

differ. Therefore, results from the two standards might not match exactly. ASTM-D638 

test standard was used within the context of this thesis. Specimens were prepared based 

on the Type-1 form of the ASTM-D638. The dimensions of the sample according to 

ASTM-D638—Type-1 are given in Figure 18. 

Figure 18. ASTM-D638—Type-1 sample dimensions. 

On the other hand, compression specimens were created out on 40x40x40 mm3 cubic 

samples in accordance with ASTM-D695. The tensile and compressive strength tests in 

this study were conducted on the testing device which can generate 50 kN tensional and 

compressional force on the sample. Testing machine is shown in Figure 19. 
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Figure 19. (a) Tensile testing machine used in experimentation; (b) Demonstration of 

the compression test of the specimen. 

Three separate sample are manufactured for each PLA-based unit cell design with 

different parameters to increase validity of experiments. Therefore, 360 different sample 

were produced and tested for both tension and compression specimens. However, for 

the Ti6Al4V-based specimens only one sample is manufactured and tested due to the 

lack of technical equipment’s.  

 

3.3.2 Characterization Processes of Specimens 

 

In order to obtain information about the properties of samples, analysis was performed 

as summarized in Figure 20. 
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     Figure 20. Summary of analysis performed. 

 

3.3.2.1 Structural Properties 

 

3.3.2.1.1 Microhardness Analysis 

 

Vickers Microhardness tests of the samples were conducted by a microhardness tester 

(HMV-2, Shimadzu, Japan). Before examination, samples were polished by sandpapers 

with grids from 180 to 1200 (Buehler Ltd, USA). Totally, 15 different measurements 

were performed from three separate surface of each sample with a diamond indenter 

which was applied a load of 19.61 N for 15 seconds. The Vickers Micro-hardness values 

of the samples were measured from X-marked indent shape which occurred after 
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indentation. The microhardness calculations of the specimens were obtained by applying 

the HV values obtained as a result of the tests to the formula given below. Furthermore, 

measurement device and diagonal indent shape observed from PLA compression sample 

during experiments are given in Figure 21. 

 

𝐻𝑉 = 0.001854
𝑃

𝑑2
                                                 (8) 

 

Where; 

HV: Vickers hardness (GPA); P: Applied Force (N); d: Average length of diagonal 

indent 

Figure 21. (a) HMV-2, Shimadzu Vickers Microhardness measurement device; (b) 

Diagonal indent shape observed from PLA compression sample. 

 

3.3.2.1.2 FTIR Analysis 

 

FTIR analyses were used to characterize the bond structure of the PLA polymer and 

Ti6Al4V alloy. Infrared rays between the wave number of 4000-400 cm-1 in the FTIR 

spectrum were sent into the samples and spectra were recorded using a Perkin Elmer 

400, Norwalk, CT, USA. 
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3.3.2.1.3 XRD Analysis 

 

Within the scope of this study, X-ray diffraction analysis was carried out to investigate 

the phase analysis of the PLA polymer. XRD analysis was performed by a Rigaku 

Ultima-IV X-Ray diffraction analysis device. Results were used to determine the phases 

contained in the samples and the lattice parameters. The samples were scanned in the 

scanning range of 5° - 75° , with a scanning speed of 0.1°/min. 

 

3.3.2.2 Mechanical & Thermal Properties 

 

3.3.2.2.1 TGA & DSC Analysis 

 

TGA analyzes were carried out in a nitrogen environment, at a heating rate of 10 °C/min 

in the temperature range of 25-600 °C (Discovery SDT650, TA Instruments). This 

analysis determined the mass loss of PLA according to the temperature increase. DSC 

analysis was also performed similarly to TGA analysis. By subjecting the PLA specimen 

to DSC analysis, the determination of the glass transition temperature of PLA was 

provided, at a heating rate of 10 °C/min in the nitrogen environment, in the temperature 

range of 25-600 °C (Discovery SDT650, TA Instruments). 

 

3.3.2.2.2 SEM Analysis 

 

The surface morphology of the additively manufactured samples was observed with a 

scanning electron microscope at a voltage of 15 kV (Philips FEI Model: Quanta 400F). 

The specimen was displayed with 1000X, 2000X, 5000X, 10000X, 50000X and 

100000X magnification values separately. 
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3.3.2.3 Numerical Analysis 

 

3.3.2.3.1 Finite Element Analysis 

 

In this thesis, a numerical approach was conducted besides the experimental approach 

to compare between the experimental and numerical results. In this context, tensile and 

compression test simulations were constituted via the ANSYS Workbench 2022 R1 

platform for the samples designed through SolidWorks. The explicit analysis tool of the 

program was used for the simulations. The PLA and Ti6Al4V materials were specified 

for each sample from the program's library before simulations, and boundary conditions 

for the samples were created. Then, in various meshing trials for the samples, the optimal 

mesh convergence was seen when the element size was 0.5 mm, and the meshing was 

performed at this size for all samples.  

 

3.3.2.4 Statistical Analysis 

 

Experiment results were analyzed via the IBM SPSS statistic program and the parameter 

with the highest effect on the results was determined. In this context, the effect factor 

values of the unit cell parameters on the mechanical properties of the tensile and 

compression samples were investigated.  

 

 

 

 

 

 

 

 

 

 
 



68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

CHAPTER 4 

 

4. RESULTS AND DISCUSSION 

 

4.1 Mechanical Tests 

 

4.1.1 Tension & Compression Tests of PLA-based Specimens 

 

The tensile strength values of the PLA-based tension specimens with two different unit 

cells manufactured within the scope of this thesis are shown in Table 19. All of the 

samples in Table 19 were compared with the tensile strength value of a 100% filled 

specimen. Experimental results from three trials of each sample are averaged and given 

with the standard deviation values. The results show that the sample with the code T-P-

R-L40T05θ68 has the lowest tensile strength. When the tensile strength value of the T-

P-R-L30T05θ68, which has the same ligament thickness and angle as the T-P-R-

L40T05θ68 coded sample, is examined, it is seen that strength value of the T-P-R-

L30T05θ68 are two times higher than T-P-R-L40T05θ68. At this point, it can be 

concluded that the increase in the side length value of the cross-section in which the unit 

cell is located causes a decrease in the tensile strength values of the sample. However, 

when the mechanical properties of other samples with the same ligament thickness and 

angle values were compared, it can be seen that this observation cannot be true always, 

on the contrary, the increase in the lateral length values of the cross-section can enhance 

the mechanical properties of the sample.  

 

On the other hand, it is seen that the sample with the second-lowest tensile strength value 

is the T-P-R-L35T05θ61. Herein, when the T-P-R-L35T05θ75 coded sample, which has 

the same cross-section side length and ligament thickness as the aforementioned sample, 

is examined, it is observed that there is almost a three-time difference in tensile strength. 

At this point, it has been observed that the increase in the ligament angle value may 

cause an increase in the tensile strength values. When the mechanical properties of the 

samples produced from two different unit cells using different parameters are compared, 
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it is seen that the second unit cell provides higher tensile strength and elastic modulus 

values at smaller ligament thickness and angle values compared to the first unit cell. On 

the contrary, the samples designed using second unit cell, exhibit lower tensile strength 

values at greater ligament thickness and angle values compared to the specimens 

designed within the first unit cell. Furthermore, experimental results of PLA-based 

tension samples are given in between Figure 22 and Figure 25. 

 

  Table 19. Tensile strength values of PLA-based specimens 

Mechanical Properties of Unit Cell 

within Re-entrant Structure 

Mechanical properties of Unit Cell 

within Re-entrant, Star and 

Octagonal Structure 

Specimens 

Tensile 

Strength 

(MPa) 

Specimens 

Tensile 

Strength 

(MPa) 

T-P-R-Raw Sample 43.09 T-P-RSO-Raw Sample 42.46 

T-P-R-L35T05θ61 2.35 ± 0.68 T-P-RSO-L35T05θ61 3.96 ± 0.36 

T-P-R-L35T05θ75 6.89 ± 0.77 T-P-RSO-L35T05θ75 6.96 ± 0.26 

T-P-R-L35T15θ61 19.66 ± 0.51 T-P-RSO-L35T15θ61 13.51 ± 1.30 

T-P-R-L35T15θ75 12.04 ± 0.53 T-P-RSO-L35T15θ75 6.91 ± 0.44 

T-P-R-L30T05θ68 5.61 ± 0.60 T-P-RSO-L30T05θ68 4.28 ± 0.53 

T-P-R-L40T05θ68 2.73 ± 0.97 T-P-RSO-L40T05θ68 4.63 ± 0.35 

T-P-R-L30T15θ68 15.61 ± 1.84 T-P-RSO-L30T15θ68 10.64 ± 0.80 

T-P-R-L40T15θ68 9.99 ± 0.69 T-P-RSO-L40T15θ68 10.27 ± 0.38 

T-P-R-L30T10θ61 11.96 ± 1.94 T-P-RSO-L30T10θ61 9.63 ± 0.62 

T-P-R-L40T10θ61 4.97 ± 0.44 T-P-RSO-L40T10θ61 7.55 ± 0.57 

T-P-R-L30T10θ75 7.15 ± 1.79 T-P-RSO-L30T10θ75 5.52 ± 0.37 

T-P-R-L40T10θ75 6.56 ± 0.22 T-P-RSO-L40T10θ75 6.99 ± 0.36 

T-P-R-L35T10θ68 14.48 ± 0.78 T-P-RSO-L35T10θ68 4.95 ± 1.03 
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     Figure 22. Experimental results of PLA based tension specimens; (a) T-P-R-

L35T05θ61, (b) T-P-R-L35T05θ75, (c) T-P-R-L35T15θ61, (d) T-P-R-L35T15θ75, (e) 

T-P-R-L30T05θ68, (f) T-P-R-L40T05θ68, (g) T-P-R-L30T15θ68, (h) T-P-R-

L40T15θ68 
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Figure 23. Experimental results of PLA based tension specimens; (a) T-P-R-

L30T10θ61, (b) T-P-R-L40T10θ61, (c) T-P-R-L30T10θ75, (d) T-P-R-L40T10θ75, (e) 

T-P-R-L35T10θ68, (f) T-P-R-L35T10θ68, (g) T-P-R-L35T10θ68, (h) T-P-R-Raw 
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Figure 24. Experimental results of PLA based tension specimens; (a) T-P-RSO-

L35T05θ61, (b) T-P-RSO-L35T05θ75, (c) T-P-RSO-L35T15θ61, (d) T-P-RSO-

L35T15θ75, (e) T-P-RSO-L30T05θ68, (f) T-P-RSO-L40T05θ68, (g) T-P-RSO-

L30T15θ68, (h) T-P-RSO-L40T15θ68 
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Figure 25. Experimental results of PLA based tension specimens; (a) T-P-RSO-

L30T10θ61, (b) T-P-RSO-L40T10θ61, (c) T-P-RSO-L30T10θ75, (d) T-P-RSO-

L40T10θ75, (e) T-P-RSO-L35T10θ68, (f) T-P-RSO-L35T10θ68, (g) T-P-RSO-

L35T10θ68, (h) T-P-RSO-Raw Sample 
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Additionally, when the tensile strength of the T-P-R-L35T15θ61 coded sample is 

compared with the 100% filled PLA sample, it is seen that the tensile strength value is 

56% lower. The reason for this might be the technical limitations caused by the 

calibration and sensitivity of the 3d printer used during production and the small cross-

sectional areas caused by the lattice geometry cavities in the specimen. Furthermore, the 

compressive strength and elastic modulus values of the PLA-based compression 

specimens with two different unit cells are given in Table 20.  

 

  Table 20. Compressive strength values of PLA-based specimens 

Mechanical Properties of Unit Cell 

within Re-entrant Structure 

Mechanical properties of Unit Cell 

within Re-entrant, Star and Octagonal 

Structure 

Specimens 

Compressive 

Strength (MPa) Specimens 

Compressive 

Strength 

(MPa) 

C-P-R-Raw Sample 2190.38 C-P-RSO-Raw Sample 2008.35 

C-P-R-L35T05θ61 542.94 ± 26.79 C-P-RSO-L35T05θ61 365.70 ± 43.99 

C-P-R-L35T05θ75 367.71 ± 40.30 C-P-RSO-L35T05θ75 277.86 ± 16.22 

C-P-R-L35T15θ61 1201.53 ± 171.52 C-P-RSO-L35T15θ61 1021.2 ± 121.64 

C-P-R-L35T15θ75 768.88 ± 57.47 C-P-RSO-L35T15θ75 762.90 ± 69.54 

C-P-R-L30T05θ68 354.53 ± 49.57 C-P-RSO-L30T05θ68 405.61 ± 36.97 

C-P-R-L40T05θ68 241.06 ± 64.46 C-P-RSO-L40T05θ68 395.20 ± 36.02 

C-P-R-L30T15θ68 192.18 ± 8.40 C-P-RSO-L30T15θ68 1309.08 ± 95.52 

C-P-R-L40T15θ68 399.87 ± 40.89 C-P-RSO-L40T15θ68 665.28 ± 66.71 

C-P-R-L30T10θ61 644.69 ± 131.39  C-P-RSO-L30T10θ61 1148.3 ± 104.67 

C-P-R-L40T10θ61 216.13 ± 25.09 C-P-RSO-L40T10θ61 1141.87 ± 99.08 

C-P-R-L30T10θ75 643.92 ± 95.24 C-P-RSO-L30T10θ75 736.18 ± 67.11 

C-P-R-L40T10θ75 318.18 ± 25.56 C-P-RSO-L40T10θ75 228.35 ± 15.91 

C-P-R-L35T10θ68 1553.36 ± 153.34 C-P-RSO-L35T10θ68 654.69 ± 45.62 



76 
 

The compressive strength values of the PLA-based specimens with two different unit 

cells manufactured within the scope of this thesis are shown in Table 20. Experimental 

results from three trials of each sample are averaged and given with the standard 

deviation values. The results show that the sample with the parameters 30 mm cross 

section length, 1.5 mm ligament thickness and 68 degrees ligament angle, has lowest 

compressive strength value among the unit cells formed by Re-entrant structure. On the 

other hand, the sample with the parameters 40 mm cross section length, 1 mm ligament 

thickness and 75 degrees ligament angle, has lowest compressive strength value among 

the unit cells formed by Re-entrant , Star and Octagonal structures. 

 

The results show that the sample with the code C-P-R-L40T05θ68 has the lowest 

compressive strength. When the compressive strength and elastic modulus values of the 

C-P-R-L30T05θ68, which has the same ligament thickness and angle as the C-P-R-

L40T05θ68 coded sample, are examined, it is seen that strength & modulus values of 

the C-P-R-L30T05θ68 are two times higher than C-P-R-L40T05θ68. At this point, it can 

be concluded that the increase in the side length value of the cross-section in which the 

unit cell is located causes a decrease in the tensile strength values of the sample. 

However, when the mechanical properties of other samples with the same ligament 

thickness and angle values were compared, it can be seen that this observation cannot 

be true, on the contrary, the increase in the lateral length values of the cross-section will 

increase the mechanical properties of the sample. Moreover, experimental results of 

PLA-based compression samples are given in between Figure 26 and Figure 29. 

 

Among the studies the minimum sample height was stated as 19 mm in the study by 

Damanpack et al., [72]. They formed the specimens with PLA using honeycomb lattice 

structure appropriate with the ASTM D638 standard and they determined the elastic 

modulus of the specimens.  Furthermore, they obtained maximum tensile strength value 

as a 0.48 MPa. Additionally, in a study by Ravari et al., the samples are constituted in 

accordance with the ASTM-D638 standard and formed by the triangular lattice structure 
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[73]. PLA is used as a production material of samples. Samples were subjected to tensile 

tests and the tensile strength value of the sample with the highest strength was found to 

be 49.07 MPa [73].  

 

Furthermore, in another study that is laid out by Quan et al., PLA is used as production 

material and samples were constituted by using re-entrant lattice structure [36]. In 

addition, maximum tensile strength value is obtained as 31.95 MPa in this study. Based 

on their results, it is seen that when PLA transforms into a lattice shape, it's modulus of 

elasticity extremely decreases. This circumstance indicates that lattice geometry 

structures have low rigidity, high strain percentage value for PLA material. These results 

also show that lattice geometry structures that are produced with PLA have low 

compressive strength and show brittle property. Hence, it can be seen that they have 

maximum deformation under minimum compression load [36]. 

 

As a result of experimental tests, parameters for the simulations are attained, modified, 

and imported into FEM codes to represent the behavior of the material. The FEM study 

employed isotropic elasticity and plasticity to evaluate the deformation threshold of the 

tension and compression specimens without causing failures, irreversible deformations, 

or deterioration. As seen in between Figure 22 and Figure 37, results showed that how 

the flexural test and the findings of the quantitative analysis have strong relationships. 
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Figure 26. Experimental results of PLA based compression specimens; (a) C-P-R-

L35T05θ61, (b) C-P-R-L35T05θ75, (c) C-P-R-L35T15θ61, (d) C-P-R-L35T15θ75, (e) 

C-P-R-L30T05θ68, (f) C-P-R-L40T05θ68, (g) C-P-R-L30T15θ68, (h) C-P-R-

L40T15θ68 
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Figure 27. Experimental results of PLA based compression specimens; (a) C-P-R-

L30T10θ61, (b) C-P-R-L40T10θ61, (c) C-P-R-L30T10θ75, (d) C-P-R-L40T10θ75, (e) 

C-P-R-L35T10θ68, (f) C-P-R-L35T10θ68, (g) C-P-R-L35T10θ68, (h) C-P-R-Raw 
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Figure 28. Experimental results of PLA based compression specimens; (a) C-P-RSO-

L35T05θ61, (b) C-P-RSO-L35T05θ75, (c) C-P-RSO-L35T15θ61, (d) C-P-RSO-

L35T15θ75, (e) C-P-RSO-L30T05θ68, (f) C-P-RSO-L40T05θ68, (g) C-P-RSO-

L30T15θ68, (h) C-P-RSO-L40T15θ68 
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Figure 29. Experimental results of PLA based compression specimens; (a) C-P-RSO-

L30T10θ61, (b) C-P-RSO-L40T10θ61, (c) C-P-RSO-L30T10θ75, (d) C-P-RSO-

L40T10θ75, (e) C-P-RSO-L35T10θ68, (f) C-P-RSO-L35T10θ68, (g) C-P-RSO-

L35T10θ68, (h) C-P-RSO-Raw Sample 
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4.1.2 Tension & Compression Tests of Ti6Al4V-based Specimens 

 

The tensile strength and elastic modulus of the Ti6Al4V-based tension specimens with 

two different unit cells manufactured within the scope of this thesis are shown in Table 

21. All of the samples in Table 21 were compared with the tensile strength and elastic 

modulus value of a 100% filled specimen. 

  

Table 21. Tensile strength values of Ti6Al4V-based specimens 

Mechanical Properties of Unit Cell 

within Re-entrant Structure 

Mechanical properties of Unit Cell 

within Re-entrant, Star and 

Octagonal Structure 

Specimens 

Tensile 

Strength 

(MPa) 

Specimens 

Tensile 

Strength 

(MPa) 

T-Ti-R-Raw Sample 198.56 T-Ti-RSO-Raw Sample 204.86 

T-Ti-R-L35T05θ61 39.90 T-Ti-RSO-L35T05θ61 20.08 

T-Ti-R-L35T05θ75 43.86 T-Ti-RSO-L35T05θ75 41.20 

T-Ti-R-L35T15θ61 32.06 T-Ti-RSO-L35T15θ61 40.82 

T-Ti-R-L35T15θ75 46.88 T-Ti-RSO-L35T15θ75 58.14 

T-Ti-R-L30T05θ68 45.61 T-Ti-RSO-L30T05θ68 30.53 

T-Ti-R-L40T05θ68 24.39 T-Ti-RSO-L40T05θ68 14.87 

T-Ti-R-L30T15θ68 157.39 T-Ti-RSO-L30T15θ68 164.60 

T-Ti-R-L40T15θ68 113.30 T-Ti-RSO-L40T15θ68 80.77 

T-Ti-R-L30T10θ61 61.48 T-Ti-RSO-L30T10θ61 81.65 

T-Ti-R-L40T10θ61 70.45 T-Ti-RSO-L40T10θ61 32.64 

T-Ti-R-L30T10θ75 49.18 T-Ti-RSO-L30T10θ75 76.45 

T-Ti-R-L40T10θ75 56.51 T-Ti-RSO-L40T10θ75 40.35 

T-Ti-R-L35T10θ68 86.19 T-Ti-RSO-L35T10θ68 67.04 
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Ti6Al4V tensile test specimens were produced according to ASTM D638 in the 

horizontal direction. Tensile specimens were sandblasted before the tests in order to 

remove the surface roughness because EBM printed parts had a significant degree of 

surface roughness. 

The results of the tensile tests performed on samples made of Ti6Al4V are shown in 

Figures 30 through 33. The results show that the length of the cross-sectional area and 

the angle of the ligaments were not dominant factors for Young's modulus, and yet 

higher ultimate tensile strength results are encountered in the 40 mm and 68-degree 

building orientations. Young's modulus was measured with no significant variation 

according to ligament thickness in a sample coded by T-Ti-R-L35T1575 and T-Ti-R-

L30T0568. However, 35 mm and 61-degree structure orientations had relatively low 

strength values. 

The strength value for 30 mm cross-section length specimen was more significant and 

better than that of the 40 mm cross-section length specimen with value of 164.6 MPa 

and 80.77 MPa for T-Ti-RSO-L30T15θ68 and T-Ti-RSO-L40T15θ68 build 

orientations, respectively.  

It can be concluded that mechanical properties obtained from simulations are higher than 

those of the experimental test results. Due to the EBM manufacturing process and 

material inhomogeneity, this situation may be explained by the absence of fusion, 

oxidation, excessive surface roughness, leftover sections, and surface deformation 

resulting from the support separation process. The impact of local deformation brought 

on by excessive surface roughness may be used to explain why the strength values for 1 

mm and 1.5 mm thicknesses differ. For specimens with a 1.5 mm thickness, which can 

withstand larger local deformations, the effective load-supporting area is bigger. 

Furthermore, superior mechanical performance in the 75-degree design orientation can 

be attributed to layers that are placed in the same direction. 
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Figure 30. Experimental results of Ti6Al4V based tension specimens; (a) T-Ti-R-

L35T05θ61, (b) T-Ti-R-L35T05θ75, (c) T-Ti-R-L35T15θ61, (d) T-Ti-R-L35T15θ75, 

(e) T-Ti-R-L30T05θ68, (f) T-Ti-R-L40T05θ68, (g) T-Ti-R-L30T15θ68, (hT-Ti-R-

L40T15θ68 
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Figure 31. Experimental results of Ti6Al4V based tension specimens; (a) T-Ti-R-

L30T10θ61, (b) T-Ti-R-L40T10θ61, (c) T-Ti-R-L30T10θ75, (d) T-Ti-R-L40T10θ75, 

(e) T-Ti-R-L35T10θ68, (f) T-Ti-R-L35T10θ68, (g) T-Ti-R-L35T10θ68, (h) T-Ti-R-

Raw Sample 
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Figure 32. Experimental results of Ti6Al4V based tension specimens; (a) T-Ti-RSO-

L35T05θ61, (b) T-Ti-RSO-L35T05θ75, (c) T-Ti-RSO-L35T15θ61, (d) T-Ti-RSO-

L35T15θ75, (e) T-Ti-RSO-L30T05θ68, (f) T-Ti-RSO-L40T05θ68, (g) T-Ti-RSO-

L30T15θ68, (h) T-Ti-RSO-L40T15θ68 
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Figure 33. Experimental results of Ti6Al4V based tension specimens; (a) T-Ti-RSO-

L30T10θ61, (b) T-Ti-RSO-L40T10θ61, (c) T-Ti-RSO-L30T10θ75, (d) T-Ti-RSO-

L40T10θ75, (e) T-Ti-RSO-L35T10θ68, (f) T-Ti-RSO-L35T10θ68, (g) T-Ti-RSO-

L35T10θ68, (h) T-Ti-RSO-Raw Sample 
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Furthermore, the tensile strength and elastic modulus values of the Ti6Al4V-based 

compression specimens with two different unit cells are given in Table 22. Moreover, 

experimental results of Ti6Al4V-based samples are given between Figure 30 and Figure 

37. 

 

Table 22. Compressive strength values of Ti6Al4V-based specimens 

Mechanical Properties of Unit Cell 

within Re-entrant Structure 

Mechanical properties of Unit Cell 

within Re-entrant, Star and 

Octagonal Structure 

Specimens 

Compressive 

Strength 

(MPa) 

Specimens 

Compressive 

Strength 

(MPa) 

C-Ti-R-Raw Sample 7999.26 C-Ti-RSO-Raw Sample 7206.54 

C-Ti-R-L35T05θ61 2065.56 C-Ti-RSO-L35T05θ61 1452.78 

C-Ti-R-L35T05θ75 2200.20 C-Ti-RSO-L35T05θ75 1251.23 

C-Ti-R-L35T15θ61 4869.14 C-Ti-RSO-L35T15θ61 1258.53 

C-Ti-R-L35T15θ75 3495.93 C-Ti-RSO-L35T15θ75 3021.59 

C-Ti-R-L30T05θ68 2305.05 C-Ti-RSO-L30T05θ68 2204.30 

C-Ti-R-L40T05θ68 2133.47 C-Ti-RSO-L40T05θ68 2390.70 

C-Ti-R-L30T15θ68 2367.80 C-Ti-RSO-L30T15θ68 3121.08 

C-Ti-R-L40T15θ68 3168.71 C-Ti-RSO-L40T15θ68 2753.46 

C-Ti-R-L30T10θ61 4000.66 C-Ti-RSO-L30T10θ61 2774.83 

C-Ti-R-L40T10θ61 1961.16 C-Ti-RSO-L40T10θ61 2687.63 

C-Ti-R-L30T10θ75 2607.57 C-Ti-RSO-L30T10θ75 2137.33 

C-Ti-R-L40T10θ75 2346.99 C-Ti-RSO-L40T10θ75 2605.72 

C-Ti-R-L35T10θ68 2705.63 C-Ti-RSO-L35T10θ68 3014.52 
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It is discovered from the results of the compression experiment that certain EBM-printed 

Ti4Al6V components exhibit isotropic elastic and plastic anisotropic characteristics. 

The production of re-entrant and octagonal lattice structures, whose flat surfaces are 

parallel to the building plate surface, is also explained by the fact that 61-degree 

production exhibits consistent mechanical performance in comparison to the 75-degree 

production orientation due to the variations in strength. 

The numerical models may be utilized to simulate the stress and compression scenario 

of re-entrant, star, and octagonal auxetic structures since the consistency between the 

numerical and experimental data is seen to be within an appropriate range. The results 

of FEM and experiments diverge in the plateau area, when rotation and movement of 

unit cells, plastic deformation, and fractures occurred in addition to elastic deformation. 

This is seen in the graphics, where the initial zone solely exhibits elastic deformation. 

Experimental data exhibit fluctuating behavior more frequently than FEM results in the 

plateau area. The excessive surface roughness and discontinuity on the surface of the 

unit cells, which led to choking and instant lateral displacement of the cells under 

compressional stresses but were not visible in the FEM analysis, may be attributed for 

this circumstance. It may be argued that comparable behavior can be caught in the 

approximation’s points in relation to the investigation of the beginning of densification. 

A change in ligament thickness can also affect the unit cell's auxetic properties and 

deformation pattern. The 1.5 mm thick re-entrant cell did not exhibit lateral distortion. 

Additionally, the beginning of the nonlinear deformation and the beginning of the 

maximum tensile strength were identified and confirmed by experimental findings. The 

unit cell with the 0.5 mm ligament thickness performs better in the tension test in terms 

of FEA values, whereas the 1.5 mm unit cell performs better in terms of experimental 

values. 
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Figure 34. Experimental results of Ti6Al4V based compression specimens; (a) C-Ti-R-

L35T05θ61, (b) C-Ti-R-L35T05θ75, (c) C-Ti-R-L35T15θ61, (d) C-Ti-R-L35T15θ75, 

(e) C-Ti-R-L30T05θ68, (f) C-Ti-R-L40T05θ68, (g) C-Ti-R-L30T15θ68, (h) C-Ti-R-

L40T15θ68 
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Figure 35. Experimental results of Ti6Al4V based compression specimens; (a) C-Ti-R-

L30T10θ61, (b) C-Ti-R-L40T10θ61, (c) C-Ti-R-L30T10θ75, (d) C-Ti-R-L40T10θ75, 

(e) C-Ti-R-L35T10θ68, (f) C-Ti-R-L35T10θ68, (g) C-Ti-R-L35T10θ68, (h) C-Ti-R-

Raw Sample 
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Figure 36. Experimental results of Ti6Al4V based compression specimens; (a) C-Ti-

RSO-L35T05θ61, (b) C-Ti-RSO-L35T05θ75, (c) C-Ti-RSO-L35T15θ61, (dC-Ti-RSO-

L35T15θ75, (e) C-Ti-RSO-L30T05θ68, (f) C-Ti-RSO-L40T05θ68, (g) C-Ti-RSO-

L30T15θ68, (h) C-Ti-RSO-L40T15θ68 
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Figure 37. Experimental results of Ti6Al4V based compression specimens; (a) C-Ti-

RSO-L30T10θ61, (b) C-Ti-RSO-L40T10θ61, (c) C-Ti-RSO-L30T10θ75, (d) C-Ti-

RSO-L40T10θ75, (e) C-Ti-RSO-L35T10θ68, (f) C-Ti-RSO-L35T10θ68, (g) C-Ti-

RSO-L35T10θ68, (h) C-Ti-RSO-Raw Sample 
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4.1.3 Statistical Analysis of Experiment Results 

 

Experiment results were analyzed with the help of IBM SPSS statistical program and 

the parameter with the highest effect on the results was determined. Accordingly, the 

effect factor values of the unit cell parameters on the mechanical properties of the tensile 

and compression samples are shown in Table 23. When impact factors are examined, it 

is seen that the variable that most affects the tensile strength values of the samples is the 

t (thickness of the ligaments) variable. On the other hand, it is seen that the parameter 

that has the least effect on the tensile strength of the samples is the variable A (angle 

between ligaments). 

Table 23. Impact factor values of unit cell parameters  

Variables t L θ t*L t*θ L*θ 

T-P-R 0.597 0.182 0.02 0.842 0.865 0.276 

T-P-RSO 0.591 0.001 0.099 0.653 0.966 0.186 

C-P-R 0.114 0.434 0.019 0.942 0.912 0.836 

C-P-RSO 0.46 0.146 0.224 0.657 0.786 0.505 

T-Ti-R 0.297 0.115 0.238 0.982 0.922 0.367 

T-Ti-RSO 0.384 0.296 0.097 0.977 0.702 0.376 

C-Ti-R 0.376 0.109 0.126 0.78 0.73 0.415 

C-Ti-RSO 0.318 0.2 0.192 0.663 0.962 0.608 

Average Values 0.392 0.185 0.126 0.812 0.855 0.446 

 

When the analysis results were examined, it was observed that the thickness value of the 

ligaments forming the unit cells has the highest effect on the tensile or compressive 

strengths of the samples. In addition, it is seen that the multiplied value of the variables 

of ligament thickness and cross-sectional area of the unit cell has the highest effect factor 

value on Young's strength values of the samples. On the other hand, a deviation caused 

by the combination of ligament thickness and angle variables of the unit cells led to the 

largest average effect factor in Young's strength values of the samples. 
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As a result, among the parameters that constitute the two different unit cells discussed 

in this study, the parameter that has the most effect on the strength values of the unit 

cells was determined as ligament thickness. Then, the length value of the cross-sectional 

area of the unit cell was determined as the second parameter with the most impact. The 

parameter that has the least effect on the mechanical strength values of the samples is 

the ligament angle value variable. 

Based on the impact factor data obtained as a result of the analysis, the scenarios that 

may occur in the strength values of the samples as a result of the variations in the 

parameters are given below. 

• If the length of the cross-sectional area increases             Strength value of sample 

decrease 

• If the thickness of the ligament increase             Strength value of sample increase as 

well 

• If the angle of the ligament increases             Strength value of sample increase at 

smaller values of ligament thickness, decrease at larger values of ligament thickness 

• The comparison chart showing which parameter affects the strength values of the 

samples more in case the parameters change is as follows. 

Change in the thickness of the ligament > Change in the length of the cross-sectional 

area > Change in the angle of the ligament. 
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4.2 Structural Analysis 

 

4.2.1 Microhardness Analysis 

 

The micro-hardness distribution of PLA and Ti6Al4V based samples are given in Table 

24. The microhardness of the as-received PLA is around 86.72 ± 6.22 HV while the 

microhardness value of Ti6Al4V is 315.72 ± 5.37 HV. When the microhardness values 

obtained in the study are examined, they show compatibility with the data obtained in 

other studies in literature. For instance, in a study by Yan et al., the microhardness value 

of Ti6Al4V material was found as 327.4 ± 6.1 HV [74]. This value shows a difference 

of approximately 3% when compared to the average microhardness value obtained in 

this study. Furthermore, in another study by Edwards and Ramulu, the microhardness 

value of Ti6Al4V metal was observed as 315.1 HV [75]. 

 

Table 24. Microhardness values of PLA and Ti6Al4V based tension and compression 

specimens 

Sample Code Vickers Microhardness (HV) Average Value (HV) 

T-P-R 87.35 
91.12 ± 5.33 

T-P-RSO 94.89 

C-P-R 84.98 
82.32 ± 3.76 

C-P-RSO 79.66 

T-Ti-R 321.15 
319.02 ± 3.01 

T-Ti-RSO 316.89 

C-Ti-R 304.32 
311.42 ± 10.04 

C-Ti-RSO 318.52 
 

4.2.2 FTIR Analysis 

 

The FTIR spectra of pristine PLA are shown in Figure 38. For C=O stretching (peaks of 

ester), -CH3 asymmetric (stretching group), -CH3 symmetric (stretching group), and C-

O stretching, the PLA exhibits distinctive stretching frequencies at 1747.00, 2996.21, 

2945.47, and 1079.76 cm-1, respectively. It has been determined that the bending 

frequencies for -CH3 asymmetric and -CH3 symmetric are 1452.00 cm-1 and 1381.00 
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cm-1, respectively [76].  This thesis study aimed to investigate PLA characteristic 

behavior that corresponds to literature studies results in terms of Fourier Transform 

Infrared analysis.  

Figure 38. Fourier transform infrared (FTIR) spectra of PLA. 

The Figure 39 depicts the FTIR spectra of Ti6Al4V. The spectra show peaks around 

3759.25 cm-1 for the O-H stretching vibrations and 3651.43 cm-1 for the bending 

vibrations of the adsorbed water molecules. Additionally, tension can be indicated by 

the peak range absorption band at 3651.43 cm-1. As the calcination temperature 

increases, the intensity of these peaks lowers, indicating that a significant amount of the 

water that had been adsorbed by TiO2 has been removed (not shown in the figure) [77]. 

The principal transmittance peaks in the spectrum are located at 2640.30 cm-1, 2551.42 

cm-1, 1365.40 cm-1, and 1036.26 cm-1, respectively, and are connected to C-H stretching, 

CH2 symmetry stretching, CH2 bending deformation, and C-O swing in-plane vibration 

[78]. Moreover, the Ti-O tension band is indicated by the peak at 667.78 cm-1, which 

also relates to the distinctive peak of TiO2 [79]. 
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Figure 39. Fourier transform infrared (FTIR) spectra of Ti6Al4V. 

 

4.2.3 XRD Analysis 

 

By using XRD, the structures of pure PLA were examined in Figure 40. The peak 

intensities seen in the XRD patterns in (semi)crystalline/(semi)crystalline polymer 

blends typically vary on the concentration of each polymer. The pristine PLA's XRD 

pattern in the current investigation displayed two distinct peaks at 2θ, 16°, and 29.8° 

[80]. Analysis revealed an intensity with such a broad peak at about 2θ=16º, confirming 

that the PLA did not undergo a polymorphic crystalline transition [81] and also can be 

related to PLA's semi crystalline structure. The structure cannot be amorphous because 

the PLA did not exhibit any distinctive peaks [82]. For PLA, it was found that the 

diffraction intensity peaks at about 2θ=29.8º  [83]  and the strength of this peak varied.  

XRD patterns of the samples mainly show -Ti peaks, which is typical for Ti-6Al-4V. It 

also is understood that the two phases that have been discovered are α and βTi [84]. 
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According to the Fig., the Ti-6Al-4V substrate was responsible for the main standard Ti 

peaks at 2θ values of 36.08 °, 39.51 °, and 43.29 ° [85]. The plane of aluminum oxide 

(Al2O3, the most intense diffraction for corundum) is thought to be responsible for the 

peak near 2θ=43.29°. Since there were no further phases found by XRD, can be indicated 

that the space-holder was entirely eliminated and that there was no chemical reaction or 

contamination during the sintering cycle's decomposition [84]. 

 

Figure 40. XRD patterns of PLA polymer and Ti6Al4V alloy. 

 

4.3 Mechanical & Thermal Analysis 

4.3.1 TGA & DSC Analysis 

 

DSC analysis results of PLA-based samples are shown in Figure 41. According to the 

results, the glass transition temperature (Tg) of PLA material was observed as 60 °C. In 

addition, it is seen that PLA begins to crystallize at a temperature of 126.5 degrees (Tc). 

In addition, the cold crystallization temperature of PLA indicates that the sample has a 

semi-crystalline structure. It was determined that the sample started to melt at a 
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temperature value of 154.8 degrees (Tm). The highest melting rate of the PLA-based 

sample is observed at 368.5 degrees, which is the maximum degradation value. 

According to studies in literature, in a study investigating the optimization of PLA and 

ABS materials for 3d printers, the Tg value of the PLA material was found to be 62.1 

°C, and the Tm value was 151.77 °C [86]. Considering the fact that the PLA filaments 

used in the two studies are different brands, it can be concluded that these values are 

compatible with the values in this study. In another study examining the thermal and 

mechanical properties of PLA and another composite material with silicon additives, the 

Tg value of PLA material was 56.1 °C, Tc value was 110.1 °C, and Tm value was 151.66 

°C [87]. It is thought that the reason of the difference in temperature values in these 

studies is due to the difference in the production and utilization conditions of the PLA 

material used. In another study examining the microstructures of carbon nanotube / PLA 

composites used in the additive manufacturing method, the highest melting rate of PLA 

was measured as 374 °C [88]. To sum up, it is observed that the results of this thesis 

study are in accordance with the results of the studies in the literature. 

 

Figure 41. Differential Scanning Calorimetry Analysis of PLA 
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TGA results of PLA-based samples are shown in Figure 42. At this point, the TGA 

results can be interpreted together with the DSC results. In this context, when the curve 

indicated by the blue colored line in Figure 42 is examined, the fact that the PLA material 

progresses almost horizontally before it starts to melt shows that the sample is thermally 

stable and the moisture content is low which means dry. According to the results, it was 

determined that the sample started to melt at a temperature value of 154.8 °C (Tm). 

When the studies in the literature were examined, in a study examining the thermal 

properties of PLA material, the temperature at which the melting rate reached the 

maximum value was measured as 349 °C [89]. In another study where TGA 

measurement of PLA material was made, this value was measured as 382.4 °C degrees 

[90]. In another study by Zheng et al., this value was found to be 360 °C [91]. When the 

results of the studies in the literature and the PLA-based samples analyzed in this thesis 

are compared, it is seen that the results obtained in this study are in accordance with the 

literature. 

 

Figure 42. Thermogravimetric Analysis of PLA 
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4.3.2 SEM Analysis 

 

SEM images of as received and tested PLA samples are shown in Figure 43. The surface 

of the PLA plate as admitted is fairly smooth as shown in Figure 43 (b). The zigzag 

tendency of stress-strain curves was influenced further by the layer-by-layer printing of 

FDM.  

 

Figure 43. SEM images showing cross sectional morphology of PLA samples after 

experiments; (a) 100x magnitude SEM image of PLA sample, (b) 10000x magnitude 

SEM image of PLA sample, (c) EDS Spectra of PLA 
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SEM images of as received and tested PLA samples are shown in Figure 43. The surface 

of the PLA plate as admitted is fairly smooth as shown in Figure 43 (b). The zigzag 

tendency of stress-strain curves was influenced further by the layer-by-layer printing of 

FDM.  

Voids can be occurring in 3D printed components as a result of inadequate bonding 

between adjacent particles during the deposition process [92]. The various placements 

of these porous cracks cause varying fracture propagation pathways in these structures. 

Furthermore, as demonstrated in Figure 43, the pores caused internal cavities in 

structure. Due to the poor intermolecular interactions between the fibers and the polymer 

matrices, the void defects can create additional residual stress as weak spots inside the 

manufactured sample. 

EDS Spectra of as received and tested thin films are shown in Figure 43 (c). The EDS 

spectrum in Figure 43 (c) demonstrated that the PLA utilized as a substrate is essentially 

constituted of C-Kα. The presence of rough surface on the sample was corroborated by 

the EDS spectra in Figure 43 (c). Furthermore, O and Au peaks were discovered. 
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SEM images of as received and tested Ti6Al4V samples are shown in Figure 44. EDS 

Spectra of as received and tested Ti6Al4V thin films are shown in Figure 44 (c). The 

EDS spectrum in Figure 44 (c) demonstrated that the Ti6Al4V utilized as a substrate is 

essentially constituted of TiKα. The presence of rough surface on the sample was 

corroborated by the EDS spectra in Figure 44 (c). Furthermore, Si and Al peaks were 

discovered. 

 

Figure 44. SEM images showing cross sectional morphology of Ti6Al4V samples after 

experiments; (a) 100x magnitude SEM image of Ti6Al4V sample, (b) 5000x magnitude 

SEM image of PLA sample, (c) EDS Spectra of Ti6Al4V 
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4.4 Numerical Analysis (FEA) 

 

In literature, most of the studies have analyzed the samples numerically via various 

computer software in an attempt to validate the experimental data. Finite Element (FE) 

models have been generally constructed via Abaqus® or ANSYS Benchmark platforms. 

In order to constitute simulations, mesh needs to be created, consisting of up to millions 

of tiny pieces which ideally constitute the shape of the structure. Thus, calculations can 

be performed for each single element and, by combining these individual results, final 

result of the structure can be obtained. Thereafter, the boundary conditions of the model 

should be determined and assigned. At this point, boundary conditions may be different 

depending on the test methods to be applied in the simulation. In this section, particular 

numerical solutions were conducted which compare the experimental results of lattice 

geometry structures according to finite element simulations and analytical predictions. 

At this point, examinations were conducted on 120 different samples. Numerical results 

of whole samples are given in between Figure 45 and Figure 52.   

When the literature was examined, a study that investigated the mechanical properties 

of re-entrant geometries with finite element analysis, tensile strength value of the sample 

with a vertical length of 100 mm, a horizontal length of 100 mm, and a branch angle of 

45 degrees was found to be 205.1 MPa. [48]. Furthermore, in another study, the tensile 

strength of lattice geometries with a vertical length of 8 mm, a horizontal length of 12 

mm, and a branch angle of 45 degrees was measured as 6,45 MPa [43]. Moreover, in 

another study, the tensile strength of lattice geometries with a vertical length of 20 mm, 

a horizontal length of 10 mm, and a branch angle of 30 degrees was measured as 2,43 

MPa [94]. Lastly, in a study, the compressive strength of lattice geometries with a 

vertical length of 10 mm, a horizontal length of 5 mm, and a branch angle of 60 degrees 

was measured as 57,5 MPa [40]. 
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Figure 45. FEA results of PLA based tension specimens 
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Figure 46. FEA results of PLA based tension specimens 
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Figure 47. FEA results of PLA based compression specimens 
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Figure 48. FEA results of PLA based compression specimens 
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Figure 49. FEA results of Ti6Al4V based tension specimens 
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Figure 50. FEA results of Ti6Al4V based tension specimens 
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Figure 51. FEA results of Ti6Al4V based compression specimens 
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Figure 52. FEA results of Ti6Al4V based compression specimens 
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In literature, most of the studies have analyzed the samples numerically via various 

computer software in an attempt to validate the experimental data. Finite Element (FE) 

models have been generally constructed via Abaqus® and ANSYS Benchmark 

platforms. In order to constitute simulations, mesh needs to be created, consisting of up 

to millions of tiny pieces which ideally constitute the shape of the structure. Thus, 

calculations can be performed for each single element and, by combining these 

individual results, final result of the structure can be obtained. Thereafter, the boundary 

conditions of the model should be determined and assigned. In this point, boundary 

conditions may be different depending on the test methods to be applied in the 

simulation. In this section, particular studies were examined which compare the 

experimental results of lattice geometry structures according to finite element 

simulations and analytical predictions. At this point, examinations were conducted on 

six different studies which consist of detailed mechanical properties of lattice structures. 

To compare experimental and numerical results, a comprehensive investigation 

of deformation process of the samples was performed. It can be said that, the 

deformation behaviors of the samples in the experimental environment and the 

numerical environment were quite similar. A deviation between the experimental results 

and the numerical results is determined around 10-15%. 

Table 25 represents comparison of mechanical properties of lattice geometry structures 

with three subsections. Most of the studies in literature, consist of experimental results 

with the finite element simulations and analytical approaches. However, many of the 

parameters and results that are obtained from simulations and predictions were not 

included to studies in this context, the most detailed studies were listed which 

comprehensively compare the experimental data with the results of both simulations and 

analytical approaches. The studies of Quan et al., Auricho et al., and Fu et al., showed 

the comparisons in a detailed way [36, 93, 94]. At this point, researchers compared the 

data they obtained as a result of their experiments with both the data they obtained from 

simulation environment and from analytical approaches. 
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Table 25. Comparison of in-plane properties of lattice geometry structures produced 

with various materials 

Reference Lattice Type 

FEA Results 
Experimental 

Results 
Comparison 

Tensile 

Strength 

σ (MPa) 

Poisson 

Ratio 

 (ʋ) 

Tensile 

Strength 

σ (MPa) 

Poisson 

Ratio 

 (ʋ) 

Error 

δν (%) 

[36] Re-entrant 34,02 -0,92 31,95 -0,89 6,48 

[93] Tetra-Chiral 2,26 0,27 0,94 0,26 4 

[94] Tetra-Chiral 1.16 -0.84 0.54 –0.94 10.20 

[95] 
Anti-Tetra-

Chiral 
828.31 -0.95 839.55 -0.93 2.15 

[96] Re-entrant 1489,36 -0.53 700 -1 47 

[97] Peanut Hole 4,53 −1,177 - -1,107 6,36 

 

On the other hand, although in most of the studies compared the experimental results 

with numerical and analytical results, the data obtained are not specified numerically. 

For instance, in the study of Yao et al., although the estimations and evaluations 

conducted pursuant to the numerical analysis results were consistent with the 

experimental results, there was discrepancy between the FEA results and the 

experimental results for the samples used [98]. It was concluded that the Poisson ratio, 

hardness and strength values calculated by FEA were higher than the values obtained as 

a result of the experiments. In this context, obtained data were interpreted graphically 

instead of numerically. Additionally, Simpson and Kazancı conducted a comparison 

between the deformation patterns observed experimentally and obtained 

computationally through the FE simulations for each of the tubes and obtained data were 

presented as force-displacement curves for each TW tube [99].  
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To compare experimental and numerical results, a comprehensive investigation 

of deformation process of the samples was performed. All figures in between the Figure 

45 and Figure 52 compare the results of both unit cells for this purpose. These findings 

illustrate the deformation patterns of various structural types as well as the impact of 

material reinforcing. Each cell design comprises an initial elastic region with a linear 

stress-strain curve as each cell deforms consistently. 

When all the data obtained in general are examined, there are differences between the 

experimental results and the simulation results. The reasons for these deviations can be 

shown as the low quality of the filament used during the production of the samples, the 

performance of the 3d printer used, the lack of sensitivity during production, the 

produced sample not being stored under appropriate storage conditions, the incorrect 

calibration of the experimental setup, the gripper jaws not tight enough, rolling and 

cutting errors, etc. In addition, situations such as insufficient computer processors, mesh 

quantity, and quality that cannot meet the desired conditions can be shown among the 

reasons for the existing differences. 

When the literature is examined, Fu et al., investigated the compressive behavior of 

Ti6Al4V based compression specimens which are composed of re-entrant structure. 

Furthermore, they obtained the compressive strength value of specimen as 700 MPa 

from the real-life experiments whilst the FEA result of this value is 1489,36 MPa [94]. 

The error between the experiments and simulations results were founded as 47%. As a 

result of this study, they concluded that, this huge discrepancy between experimental 

and simulation results might be due to misprinting issues, which also demonstrates how 

printing quality impacts the mechanical reactions of structures [94]. In addition to this, 

Ma et al., studied to compare experimental and numerical results of Ti6Al4V based and 

anti-tetra chiral structured compression samples [95]. As a result of the experiments, 

they found the compressive strength of the sample as 839.55 MPa, and as a result of the 

numerical modeling, they obtained the same value as 828.31 MPa [95]. At this point, 

the error was calculated as 2.15% in their study, and it can be concluded that, there is a 

small discrepancy between their results [95].  
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When this study is compared with similar studies in literature, it has been observed that 

the comparison results of the obtained data indicated a very low deviation. For instance, 

when the experimental and numerical results of PLA-based samples were compared, the 

mean value of the error was found as 6.42%. On the other hand, when both experimental 

and numerical results of Ti6Al4V-based re-entrant structured samples were compared, 

the mean value of the error was found as 9.99%. It is seen that these values are quite 

similar with the values in literature. Thus, it can be concluded that the numerical results 

demonstrate consistently strong agreement with the experimental results including both 

and accompanying displacements. Furthermore, the modeled deformations correlate 

with the experimental results at both the micro and macro scales. As a result, the FEA 

modeling methodologies applied in this study are verified. 

When the results obtained are examined, although it is observed that the experimental 

and numerical results are consistent with each other, the differences in the numerical 

results show that the samples cannot be produced with 100% accuracy. This problem is 

due to the fact that AM methods cannot provide stable product quality. For instance, in 

AM methods, there are too many parameters that affect the quality of production. 

Production optimizations of these parameters are still not fully realized. For example, 

even the parameter on which coordinates of the table in the printer will produce the 

sample to be produced in a 3d printer greatly affects the quality of the production. In this 

context, this situation can be shown as the biggest reason for the deviations in the results 

of the experiments conducted within the scope of this thesis. In short, although AM 

methods make a great contribution to the conceptual design stages of projects in many 

fields today, they are unproven production methods that are not yet used in the parts 

production stages in the aviation, automotive and medical industries where critical parts 

are produced. 
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CHAPTER 5 

 

SUMMARY AND FUTURE WORKS 

 

In this thesis study, two different unit cells were created by using different auxetic 

geometries in literature. Various geometry combinations were obtained by changing the 

lattice geometry parameters of the cells created, and tensile and compression specimens 

were created using these geometries via different additive manufacturing methods. In 

other words, the lattice geometries were placed in two different unit cells and these unit 

cells were produced using FDM and EBM methods. Within the scope of this thesis, the 

mechanical tests of the specimens were carried out and the results obtained as a result 

of the tests were examined and the changes in the mechanical properties of the lattice 

geometry structures depending on the parameter variation were investigated. In addition, 

the characterizations of the manufactured samples were carried out using methods such 

as microhardness, relative density, FTIR, XRD, TGA & DSC and SEM. In addition, 

simulations were performed in numerical environment in order to verify the results 

obtained in the experimental environment. The results show that the mechanical strength 

of the specimens with the lattice geometry constituted by using auxetic geometries is 

higher than the mechanical strength values of the samples with the lattice geometries 

formed using the traditional geometries. 

 

In future studies, the Poisson ratios of the samples can be investigated, and whether they 

exhibit an auxetic behavior can be examined. Besides, by increasing the number of 

experiments using Ti6Al4V-based samples, the deviations in the results can be better 

evaluated. On the other hand, the production of the samples can be carried out in a 3d 

printer with high calibration and resolution, low nozzle diameter, and low speeds, since 

the designed geometries are complex and sensitive. In addition, finite element analyzes 

were limited to computer processor performance. More precise results should be 

obtained at higher mesh quality and quantity using a more powerful computer. In future 
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studies, different geometry designs can be made using different auxetic structures. 

Moreover, each parameter (angle, edge, thickness) of the designed geometries should be 

investigated in detail with the help of finite element analysis. To sum up, future studies 

can be enriched by investigating specific features such as Poisson's ratio, bending 

strength, and impact strength apart from tensile and compression strength as mechanical 

properties. 
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