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CHAPTER 1  

1 INTRODUCTION   

This study was performed to understand the effect of the unit cell size, thickness of 

cell edges and angles of unit cells on the mechanical properties of the lattice 

structures inspired by an over-expanded pattern honeycomb core widely used in 

aircraft structures. It was noticed that there was an important deficiency in the 

literature about additively manufactured lattice structures like over-expanded pattern 

honeycomb cores. By changing the parameters which are the cell size, thickness of 

cell edges and angles of the unit cell of the lattice structures; the effect of these 

changes on material properties like strength, Youngôs modulus and Poissonôs ratios 

are analyzed. 

As an introduction, related topics of this study are given briefly in small paragraphs 

in this chapter. First, lattice structures, their characteristics, intended usage, and the 

sectors in which they are preferred have been discussed. The second paragraph 

summarizes general information about honeycomb cores, the industries in which 

they are used, reasons for preference and particular usage of them in aerospace, cell 

especially in aircraft. In the last paragraph AM, the industries that use AM as a 

production method, FDM which is one of the AM methods, and the advantages of 

the AM are mentioned. 

Lattice structures are composed of interconnected porous unit cells arranged 

systematically and repetitively. These structures exhibit notable characteristics, such 

as their lightweight nature and exceptional mechanical properties (Ataollahi, 2023). 

Lattice structures can achieve the same mechanical strength as solid structures made 

from non-porous materials but with a lighter weight. A significant advantage of 

lattice structures is that they can be accommodated and developed properly for 

specific applications. By changing the arrangement of unit cells, the mechanical 
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properties of lattice structures can be changed, providing exceptional flexibility 

uncommon in other materials or structural forms. Figure 1.1  demonstrates the most 

preferred lattice structure in literature. 

 

Figure 1.1. 2D Lattice structure geometries widely used in literature:  a) Hexagonal 

lattice geometry, b) Re-entrant lattice geometry, c) Chiral lattice geometry 

Honeycombs are well-known and widely used core materials, especially to construct 

the sandwich panel structure. They are also one of the lattice structure types. 

Honeycombs are widely utilized across various industries including aerospace 

engineering, marine, automotive, defense, energy storage, and biomedicine due to 

their exceptional characteristics such as high stiffness, specific strength, impact 

resistance, and vibration damping capabilities (Imbalzano et al., 2015). For sandwich 

panels, honeycomb geometry serves as a conventional core material for the 

aerospace industry to enhance stiffness. For the construction of aircraft, the most 

frequently used honeycomb core cell patterns are hexagonal cells, over-expanded 

cells and flex-core cells. Figure 1.2 shows the lattice geometries and their 

honeycomb cores, widely used for manufacturing of aircraft. Generally, a hexagonal 

cell pattern is used to construct of the flat part of wings or flight control surfaces of 

aircraft. Over-expanded cell pattern is used usually for the curvature panels like the 

side fuselage part of aircraft, the leading edge of the wings or control surfaces etc. 

Flex-core cell pattern is especially used on compound curvature parts which require 

freedom to bend in both axes for honeycomb core. The nose of the jet aircraft in 

other words radome is the best example of the usage part of this cell pattern. 

Honeycomb cores are generally made of aramid, fiberglass, or aluminum. 

a c b 
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Honeycomb cores are typically created by corrugating or expanding sheet materials, 

then they are joined together in several layers through bonding. 

 

Figure 1.2. Cell patterns and general views of honeycombs used in aircraft structures: 

a) Hexagonal honeycomb core (Honeycomb Core, 2024), b) Over-expanded 

honeycomb core (Aramid Honeycomb Core, 2024), c) Flex-core honeycomb core 

(Honeycomb Core, 2024) 

AM, a relatively new production technique, is extensively applied in various sectors 

and industries including aerospace, biomedical, automotive, architecture, energy, 

and even art. This manufacturing process is carried out layer-by-layer production by 

using melted or powdered materials. FDM method is a widely used material 

extrusion type AM method. AM technique offers flexibility in design, reduced 

manufacturing times, reduced raw material usage, a simple manufacturing process, 

and facilitates the construction of intricate structures. AM provides convenience in 

manufacturing structures with pores and cavities (Nazir et al., 2019). AM has been 

recently used frequently in the aviation industry. Figure 1.3 shows additively 

manufactured parts of a jet engine. 

a b c 
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Figure 1.3. Additively manufactured jet engine parts (Weber, 2016) 

When the given information in previous paragraphs is combined, manufacturing of 

the lattice structures or honeycombs has some difficulties such as long production 

times, and excessive waste of raw materials and honeycombs during laying of it into 

sandwich panels. AM is a highly suitable manufacturing method for honeycomb and 

other lattice structures. It provides various advantages in production from many 

perspectives. However, there are still many aspects that need further development 

and improvement. Additionally, defining the material properties based on the 

intended use of a structure produced by AM is necessary. This leads to research areas 

that need to be explored in the literature regarding additively manufactured lattice 

structures. 
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CHAPTER 2  

2 LITERATURE REVIEW  

2.1 Additive Manufacturing  

2.1.1 General Information  

AM is a production method that is widely used in different areas and industries such 

as aerospace, biomedical, automotive, architecture, energy and art. As the name 

suggests, this manufacturing process is conducted layer-by-layer. It is based on 

layering powder or filament on a flat platform to create the final product (Liu et al., 

2019). The systems used in AM are generally called 3-Dimensional (3D) printers 

because layer-by-layer production relies on a similar method as a typical printer. This 

manufacturing method provides design flexibility, reduced production times, less 

raw material consumption, easier production steps, and ease for the construction of 

complex structures. Almost all the 3D structural designs including pores and cavities 

can be gradually manufactured by using AM (Nazir et al., 2019). For example, AM 

ensures manufacturability in contrary to other conventional manufacturing methods 

for the manufacturing of lattice and cellular structures (Pramanik et al., 2022). 

Since AM was not yet developed to the quality and performance required for final 

products, in early days of AM prototypes were created. Manufacturing of final 

products was carried out based on these prototypes. Therefore, AM initially  has 

found its place in the scientific world as rapid prototyping. Additionally, molds were 

produced using rapid prototyping technology in other words AM, and final products 

were obtained by casting into these molds (Xue et al., 2018; Xue and Han, 2019; 

Xue et al., 2019).  In subsequent research and studies, the mechanical, electrical and 

thermal properties, and surface quality, the accuracy of dimensions of the structures 
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produced by using AM were investigated. According to this research, it was 

concluded that AM meets the requirements of production. Thus, rapid prototyping 

has changed and has started to be used as a manufacturing method in the scientific 

world. Nowadays, AM is rapidly gaining importance and 3D printing technologies 

are being developed to satisfy requirements like high precision, the ability to produce 

complex structures, and rapid production (Lay et al., 2019). 

AM and 3D printing technologies provide great convenience and facilities in the 

production of parts. As defined in the first paragraph, it was preferred by different 

industries such as aerospace, biomedical, automotive, architecture, energy etc. 

(Nunes & Silva, 2016). The materials that are lightweight and have adequate 

strength, have a significant role in the aerospace and automotive industries. With the 

use of AM, components can be manufactured approximately with the equivalent 

strength and less weight with these materials and cavitied cellular structural designs 

(Rasiya et al., 2021). Similar requirements are of high importance for the biomedical 

industry. For example, titanium alloys, like Ti-6Al-4V widely used in medical 

devices, are excellent for the transplantation of hard tissues. These alloys provide 

biocompatibility, high strength, corrosion resistance and less weight. Moreover, 

bone implants produced using AM have a considerable amount of usage in 

orthopedic treatments (McGregor et al., 2021).  Unlike this intended purpose, 3D 

printing in food manufacturing is used to contribute to gastronomic and nutritional 

satisfaction (Siacor et al., 2021). Food layered manufacturing permits innovative 

shapes, the combination of different kinds of edible viscous raw materials, and easy 

production for these. AM has also opened the field for architects to easily produce 

3D models of complex designs (Wong & Hernandez, 2012). 

Different AM methods, their working principles and the materials used in these 

methods are given in Table 2.1.
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2.1.2 Fused Deposition Modeling  

In the realm of AM, FDM stands out as a versatile and widely adopted technique for 

creating 3D objects layer-by-layer using thermoplastic filament material. FDM is an 

ME method that uses diverse types of filaments (Dommati et al., 2019). In FDM, as 

presented in Figure 2.1, a continuous filament of thermoplastic material is fed into a 

heated extrusion nozzle, where the filament is heated and transformed into a viscous 

and malleable state. Then the melted material is extruded onto a build platform in a 

predetermined path, where it quickly solidifies to form each layer of the object. The 

build platform moves downwards incrementally as each layer is deposited, allowing 

for the gradual construction of the final 3D object. The motion mechanism designed 

for the printing device allows the extrusion nozzle freedom of movement to regulate 

the manufacturing process (Ngo et al., 2018; Li et al., 2022). As shown in Figure 2.1, 

the FDM system consists of a building platform, nozzle, heating block, extruder, 

filament spool and movement mechanisms (Kristiawan et al., 2021). 

 

Figure 2.1. Schematic of the 3D printing process of FDM 

Mechanical properties such as strength, elasticity, ductility etc. of additively 

manufactured structures by the FDM method depend on the orientation of printing, 
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thickness and width of deposited layers, the formation of voids between layers 

(Mohamed et al., 2015); and distortions within layers (Ngo et al., 2018; Sood et al., 

2010). Additionally, for composite parts, variables such as the orientation of fibers 

and the quality of bonding between fibers and matrix introduce further complexity 

to these manufacturing techniques (Yasa & Ersoy, 2018; Wang et al., 2017a). The 

FDM method has been continuously developed and modified (Askari et al., 2020). 

One of the reasons for the affordability and accessibility of FDM. FDM printers are 

available in a wide range of sizes, wide range of printing quality, simplicity of the 

manufacturing process, capability of various material usage as raw material, and its 

low cost (Ngo et al., 2018). These make them suitable for several budgets and 

applications compared to the other AM technologies. Additionally, with FDM, 

complex designs, intricate geometries and the designs have production difficulty to 

be easily produced, thanks to its layer-by-layer construction process (Nazir et al., 

2019; Hou et al., 2018; Sugiyama et al., 2018). 

While FDM offers numerous advantages in AM, a notable disadvantage is the 

layered finish, which means visible layer lines can be seen on the surface of printed 

objects with the naked eye. This can affect the aesthetics of the final product and 

may require additional finishing processes to achieve a smoother surface for 

production. Moreover, FDM printers may have resolution limitations in achieving 

fine details and intricate features of product, particularly on small-scale prints. This 

means it affects on the overall precision and resolution of the printed components 

(Ngo et al., 2018; Chohan et al., 2017). 

Material limitations are another concern for the FDM, the range of available 

thermoplastic printing material is limited compared to other AM technologies. This 

can restrict certain applications requiring specialized materials. A diverse range of 

thermoplastic materials, that have low melting temperatures, can be used in FDM 

printing, each offering unique material properties and characteristics. Acrylonitrile 

butadiene styrene (ABS), PLA, PETG, nylon,TPU etc. are common filament 

materials for FDM manufacturing (Brischetto et al., 2018). Strength, flexibility, heat 

resistance, and other attributes of these materials are different from each other, 

http://www.apple.com/
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therefore this allows customization based on specific application requirements. 

Table 2.2 shows the widely used polymers in the FDM method, used industries, 

mechanical properties and 3D printing properties of these materials. 

In aerospace industry, FDM is generally used for rapid prototyping of aircraft 

components, tooling, and fixtures. In automotive industry, concept models, 

prototypes, and custom fixtures are manufactured by using FDM. In the medical 

field, FDM is used to produce anatomical models of patients specifically according 

to imaging data of CT or MRI, and implantable medical devices, such as cranial 

plates, bone scaffolds, and dental implants. In addition to these, FDM is also adopted 

by other fields such as architecture, education, and beyond, demonstrating its 

adaptability to diverse applications. Additionally, FDM printers can accommodate 

multiple materials and colors in a single print, enabling the creation of complex, 

multi-component objects easily. 

In the future, FDM may create opportunities for different industries from many 

perspectives. Raw materials of FDM will diversify and these material may be 

combined during manufacturing according to requirements. The sustainability of the 

FDM method is improved day by day. Different sustainable FDM raw materials will 

be produced like recycled plastics. Also, FDM will be improved technologically in 

terms of resolution and speed. This will remove the finishing process requirements 

for a smoother surface of the product and reduce the manufacturing times. Nowadays 

FDM can be integrated into other manufacturing processes. This hybrid 

manufacturing method will provide flexible and efficient manufacturing. In addition 

to these, maybe FDM will enable bioprinting for regenerative medicine and tissue 

architecture. This may provide the opportunity for bioprinted organ transplantation 

from the personôs tissue cells. 
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2.2 Cellular Structures 

Nature has gradually overcome many design problems for millions of years. This 

made the nature as the inspiration for conceptual design, due to nature generates 

structural systems to have optimum solutions and in harmony with the environment 

(Wester, 2002). One of the well-known, stimulating structure example of nature is 

cellular structure. Cellular structures serve as common building blocks, seamlessly 

integrated into various organisms and systems in the natural world.  

Nature designs its structures to achieve optimal energetic solutions over the long 

term, displaying special appropriateness anatomically, adapted to the environment, 

lightweight construction, and structural and functional optimization (Nazir et al., 

2019). Plant tissues such as leaves and stems, honeycombs in beehives, bone tissues 

of animals, marine sponges, lung alveoli of mammals, etc. are well-known examples 

of natural cellular structures as shown in Figure 2.2. 

 

Figure 2.2. Examples of natural cellular structures: a) SEM view of human bone 

(Jonbailey, 2010), b) Honeycomb structure (Ball, 2013), c) Leaf cells (Dowd, 2019). 

d) Marine sponge (Sea Sponge, 2023) 

a b 

c d 
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A cellular structure can be defined as a solid material that is characterized by 

significant porosity. Struts or plates construct the cellular structure with 

interconnections between each other. Structures that consist of only edges are called 

open-cell structures; on the other hand, if the separation between pores are procured 

by plates; means structures that consist of edges and faces, are categorized closed-

cell structures. Also cellular structures are classified as 2-Dimensional (2D) or 3D. 

A cellular structure includes unsymmetrical unit cells and consists of random cell 

sizes called foam. A cellular structure that has regularly connected unit cells are 

called lattice structure (Ataollahi, 2023). 

The principles inherent in these structures can profoundly enhance product design 

across diverse industries. By incorporating these principles, designers can optimize 

critical properties like weight-to-strength ratio, energy absorption capabilities, and 

heat transfer efficiency (Khan et al., 2024). This symbiotic relationship between 

nature-inspired design and product innovation holds immense potential for creating 

more efficient, sustainable, and resilient solutions for the challenges of tomorrow. 

In engineering, cellular structures refer to architectural designs or materials 

composed of interconnected unit cells, often resembling a honeycomb or lattice 

pattern. These structures are characterized by their repeating geometric 

arrangements, which provide lightweight yet strong properties. Cellular structures 

are utilized in various applications, including aerospace components, building 

materials, and biomedical implants, due to their high strength-to-weight ratio, 

efficient load distribution, and material-saving features. These advantages make 

substantial the cellular structures for a sustainable world. 

2.3 Lattice Structures 

Lattice structures consist of interconnected porous unit cells organized in a 

systematic and repeating manner. These structures have remarkable attributes, 

including their lightweight nature and exceptional mechanical properties (Ataollahi, 
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2023). Moreover, lattice structures exhibit efficiency in distributing material away 

from bending or torsional axes by grouping it into localized elements through 

interconnected arrangements of elements joined at points. This geometric 

configuration enhances their structural integrity and performance in various 

applications (Hunt et al., 2022). 

The ability to be shaped with heat is an important thermoplastic property of 

polymers. This thermoplastic property has led to polymers being widely and easily 

used in 3D printers. In recent years, numerous studies have been conducted in 

academic research using 3D printers and PLA filament. The easiness of 

manufacturing especially lattice structures using 3D printers and PLA filament leads 

to many studies focusing on the mechanical properties of these lattice structures in 

this area (Koeppe et al., 2018; Kºllner et al, 2019; Xu et al, 2019; Ye et al, 2020). 

As mentioned in previous paragraphs, hollow figures composed of thin edges 

represent lattice geometry structures. When compared with ordinary structures 

which are contrasted with bulk materials without porosity, these structures meet the 

same mechanical properties in a lighter form. Lattice structures have numerous 

superior qualities and benefits. They demonstrate high strength and stiffness 

(GroÇmann et al., 2019), stemming from their lightweight construction, minimal 

thermal expansion coefficient, negative Poissonôs ratio (Xue et al., 2023), significant 

energy absorption capacity (Wei et al., 2018), and effective acoustic insulation (Yang 

et al., 2015). An important benefit of lattice structures is their ability to be 

customized for specific applications. By adjusting the arrangement pattern of unit 

cells, the properties of a lattice structure can be precisely controlled, offering 

remarkable flexibility not typically found in other materials or structures. Therefore, 

Lattice geometry structures hold a very important place in engineering materials. The 

initial research on lattice structures focused on polyurethane foams with different 

lattice geometries and their superior mechanical properties across various Poissonôs 

ratios (Lakes, 1987). 
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The Poissonôs ratio was discovered by Sim®on-Denis Poissonôs and it is a 

fundamental material property. When a material is subjected to a force, it shows a 

reaction force to that force. In other words, stretching or compressing a material in 

one direction causes it to contract or expand, respectively, in the perpendicular 

direction to the loading direction. This behavior is explained by the material's 

Poissonôs ratio characteristic (Anitha et al., 2001). Almost all the materials have a 

positive Poissonôs ratio between 0.1 and 0.5. Figure 2.3 shows the longitudinal and 

lateral strain directions of a beam subjected to a tension load. Table 2.3 shows some 

of the materials with positive Poissonôs ratios. Moreover, Equation 1 and Equation 

2 show the calculation of longitudinal and lateral strain values, respectively.  

 

Figure 2.3. Longitudinal and lateral strain notation on a beam 

‐
ῳὒ

ὒ
 

‐
ῳὄ

ὄ
 

Calculation of the Poissonôs ratio by using longitudinal and lateral strain values are 

given in Equation 3.  

’
‐

‐
 

  

(1) 

(2) 

(3) 
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Table 2.3. Poissonôs ratios of some materials (Critchley et al., 2013) 

Material  Poissonôs Ratio 

Cork 0 

Concrete 0.10 - 0.20 

Glass 0.22 

Granite 0.20 - 0.30 

Marble 0.20 - 0.30 

Iron 0.22 - 0.30 

Steel, cast 0.27 

Copper 0.27 

Titanium 0.30 

Aluminum 0.33 

Polystyrene 0.34 

Bronze 0.34 

Brass 0.36 

Clay 0.41 

Rubber 0.48 - 0.50 

 

Some lattice structures, even when constructed from materials with known Poissonôs 

ratios, can exhibit unexpected characteristics due to their geometries. This leads to 

different values outside the typical definition of Poissonôs ratio. In other words, these 

lattice structures, when stretched along one axis, may show expansion along the axis 

perpendicular to it, or when compressed along one axis, they may exhibit contraction 

along the axis perpendicular to it. Due to this contradiction, this property is called as 

a negative Poissonôs ratio, and materials exhibiting this characteristic are known as 

auxetic materials in literature. The behaviors of auxetic and non-auxetic materials 

are demonstrated in Figure 2.4, clearly. 
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Figure 2.4. Schematic of behavior of a beam applied tensile load a) Auxetic materials 

and b) Non-auxetic materials 

Additionally, lattice structures exhibit concave or convex shapes depending on the 

angles of cell edges. Generally, lattice structures with cell edges consisting of convex 

shapes have positive Poissonôs ratios. However, those with concave shapes, exhibit 

the characteristic of a negative Poissonôs ratio. In contrast to non-auxetic lattice 

structures, auxetic structures demonstrate high frictional strength, high impact 

energy absorption, high interfacial strength, high Youngôs modulus, and fracture 

toughness. These properties increase the usage of auxetic structures in various 

applications. The energy absorption capability has enabled these structures to be used 

to produce armored vehicles. The high fracture toughness feature indicates that these 

structures can also be utilized to produce climbing equipment. Additionally, auxetic 

foams are employed in filter systems. The high interfacial strength characteristic has 

made these structures suitable as support materials in construction systems such as 

walls and bridges. Moreover, the ability of auxetic lattice structures to expand during 

tension allows them to be used in heart and vascular stents. 
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In literature research on lattice structures, their mechanical properties and production 

methods, AM stands out as the preferred method for manufacturing lattice structures. 

Different AM methods have been used for various lattice geometries and mechanical 

properties of these lattice structures, effects of production methods were investigated 

in numerous researches. In these studies, it was observed that lattice geometries can 

exhibit negative or positive Poisson's ratios depending on their cell configuration. 

This has led to the investigation for Poisson's ratios as a mechanical property in these 

studies. 

Some examples are given from literature research. Tensile specimens of lattice 

structures were produced using PLA filament via the FDM method, and their fracture 

behaviors were examined in three dimensions under SEM (Xu et al., 2019). 

Mechanical properties of different porous PLA structures were investigated under 

uniaxial compression loading (Ben Ali et al., 2019). Furthermore, the tensile-

deformation behavior of lattice structures made from elastic-brittle materials was 

studied to predict initial failure location and progression in various lattice geometries 

(Wu & Yang, 2020). In another study focused on tissue engineering, lattice structures 

were manufactured by using filaments reproduced from PLA with copper, silver, and 

bronze, separately. These filaments have been produced specifically for use in FDM 

methods. According to the research findings, lattice structures produced using 

filaments with silver additives in PLA gave the most proper results (Alam et al., 

2020). 
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2.3.1 2D Lattice Geometries 

Commonly used lattice structure geometries and their characteristics found in 

literature are mentioned in this chapter. Figure 2.5 shows some examples for the 2D 

lattice structures. 

 

Figure 2.5. Lattice structure geometries widely used in literature:  a) Square lattice 

geometry, b) Triangular lattice geometry, c) Hexagonal lattice geometry, d) 

Diamond lattice geometry, e) Re-entrant lattice geometry, f) Star lattice geometry; 

g) Kagome lattice geometry, h) Chiral lattice geometry, i) Arrowhead lattice 

geometry 

Square Lattice Geometry: Square geometry is one of the most used lattice geometry. 

It provides lighter weight while maintaining the same load capacity. Poissonôs ratio 

of the square geometry is zero due to its cell shape and orientation. 

a b c 

d e f 

g h i 
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Hexagonal Lattice Geometry: Hexagonal geometry is also one of the most preferred 

geometry in literature. This geometry is a well-known honeycomb core material 

which is generally used to produce sandwich structures due to their mechanical 

properties, and characterizations. Poissonôs ratio of the hexagonal geometry is 

positive. 

Diamond Lattice Geometry: Diamond geometry is not commonly used geometry in 

the studies of lattice structures. Poissonôs ratio of the diamond geometry is positive. 

Re-entrant Lattice Geometry: Re-entrant geometry is one of the most preferred 

lattice geometry in literature. Because Poissonôs ratio of re-entrant geometry is 

negative, it is generally used in academic research.  

Star Lattice Geometry: Star geometry is also rarely used lattice geometry in 

literature. Poissonôs ratio of the star geometry is negative due to its concave unit cell 

shape. 

Kagome Lattice Geometry: The kagome geometry is the least used lattice geometry 

in literature. This geometry exhibits a positive Poissonôs ratio characteristic due to 

its convex unit cell shape. 

Chiral Lattice Geometry: The chiral geometry, incorporates multiple geometrical 

shapes under one structure, and the unit cell shape of it can be modified easily. 

Changing parameters of the unit cells provide various mechanical properties for 

chiral structures. One of these shapes can be circular, while the other can be any of 

the geometries mentioned in Figure 2.5. This lattice geometry has high compressive 

properties due to the unit cell shape; it contains. The Poissonôs ratio varies depending 

on the specific cell shape.  

Arrowhead Lattice Geometry: The arrowhead lattice geometry is one of the less 

commonly preferred geometry in literature. This geometry exhibits a negative 

Poissonôs ratio characteristic due to its concave branch structure. 

Triangular Lattice Geometry: Triangle geometry is one of the most commonly used 

lattice geometry and it provides lighter weight while maintaining the same load 
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capacity.  Poissonôs ratio of the square geometry is positive due to its concave unit 

cell shape. 

2.3.2 3D Lattice Geometries 

Planar Lattices 

A planar lattice is a structure formed by a regular and ordered arrangement of cells 

within a plane, as shown in Figure 2.6, and thickened perpendicular to this plane 

(Zhang et al., 2008). These structures are alternatively called as 2D or 2.5D lattices 

in literature, because they are essentially 2D but possess a thickness in the direction 

perpendicular to the plane (McCaw & Cuan-Urquizo, 2020). 

 

Figure 2.6. Examples of three different planar lattices: a.1) Hexagonal unit cell 

geometry, a.2) Hexagonal lattice, b.1) Chiral unit cell geometry, b.2) Chiral lattice, 

c.1) Re-entrant unit cell geometry and c.2) Re-entrant lattice (Andrew et al., 2021) 

Various unit cell shapes can be used regularly and periodically to ensure connectivity 

(Gibson, 2003). As mentioned in previous paragraphs, shapes used in planar lattices 

range from triangular geometry, square geometry, hexagonal geometry, square, 

tetrahedron, diamond and in addition to these recent forms preferred in literature 

such as re-entrant and chiral patterns used for designing auxetic structures (Pan et 

al., 2020). Figure 2.6 illustrates examples of planar lattices in other words 2D lattice 

a.1 b.1 c.1 

a.2 b.2 c.2 
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structures. Taking into account the impact of microstructures and unit cell 

arrangements, planar lattices can exhibit dominance in bending modes (Qiu et al., 

2009a). Besides, planar lattices have different material properties in out-of-plane and 

in-plane directions (Nazir et al., 2022). 

Planar lattices are favored for their simple structural design, they can be easily 

achieved through various CAD software tools (Zhang et al., 2008). Their superior 

characteristics include high relative stiffness and strength, along with convenient 

fabrication methods (Qiu et al., 2009a; Qiu et al., 2009b), making them extensively 

utilized in applications requiring load-bearing capabilities, energy absorption, and 

packaging to absorb impact energy as core material for sandwich structures (Zhang 

et al., 2008; Qiu et al., 2009a; Qiu et al., 2009b; Li et al., 2019a). Moreover, they are 

particularly advantageous in minimizing raw-material usage, essential for efficient 

part printing (Zhang et al., 2008). Furthermore, planar lattices show significant 

promise in creating auxetic structures, which are especially used for energy 

absorption (Chen & He, 2020; Zhang et al., 2020a; Quan et al., 2020; Hu et al., 2020).  

Generally, sharp corners are the initiation points of failure in planar lattice structures, 

leading to a decrease in stiffness and energy absorption capabilities (Nazir et al., 

2022). To solve this issue and minimize its effects, it is necessary to improve the 

material distribution at node points.  

Strut-Based Lattices  

Strut-based lattices are structural designs consisting of a connection of individual 

struts within a single unit cell, depicted in Figure 2.7. (Benedetti, et al., 2021; Syam, 

et al., 2018). Mechanical properties of a strut-based lattice structures are affected 

from various geometric parameters like rod shape, rod size and their connection 

patterns. Optimizing these parameters can lead to achieving desired mechanical 

properties (Syam, et al., 2018). 
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Figure 2.7. Examples of four different strut-based lattice structures with unit cells: 

a.1) Face-centered cubic unit cell (FCC), a.2) FCC lattice structure; b.1) Simple 

cubic unit cell, b.2) Simple cubic lattice structure; c.1) Body-centered cubic unit cell 

(BCC), c.2) BCC lattice structure; and d.1) Kelvin unit cell, d.2) Kelvin lattice 

Structure (Obadimu & Kourousis, 2021) 

In general, Strut-based lattice structures can be formed by arranging fundamental 

cubic unit cells like a crystal shape and unit cells can be diagonal, body-centered 

cubic (BCC) and face-centered cubic (FCC) or their modified variants (Altamimi, et 

al., 2022; Syam, et al., 2018). Relatively simple design and various possible 

topologies of strut-based lattice structures have increasingly made these structures 

popular both in literature and industries from a design and manufacturing perspective 

(Altamimi, et al., 2022). The arrangement of lattices has a substantial effect on their 

deformation and failure characteristics (Pan et al., 2020; Al-Ketan et al., 2018b; Li, 

et al., 2014). As described in the literature, different lattices are utilized for different 

types of deformation and resilience to different type of loading. For instance, lattices 

such as cubic and rhombic exhibit bending and buckling deformations (Li, et al., 

2014; Cao, et al., 2020). In contrast, the octet lattice with an FCC configuration 

exhibits stretching, which makes it usable for load-bearing applications (Deshpande 

et al., 2001; Al-Ketan et al., 2018b; Tancogne-Dejean & Mohr, 2018). 

According to literature research, the most frequently observed failure in strut-based 

lattices is a fracture close to the ligament joints (Al-Ketan et al., 2018a; Al-Ketan et 

a.1 

a.2 

b.1 

b.2 

c.1 d.1 

d.2 c.2 
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al., 2018b; Altamimi et al., 2022; Dalaq et al., 2016; Chen et al., 2020b). To solve 

this issue and minimize its effects, it is necessary to improve smooth transitions 

between ligaments for these types of lattice structures. Numerical and theoretical 

analyses in literature demonstrate its superior mechanical properties in specific 

applications (Cao et al., 2020). 

Surface-Based Lattices 

Surface-based lattices are generated from trigonometric equations and these 

structures consist of continuous and porous surfaces with a smooth-curved feature. 

Shape, size, and density of the lattice structure can be changed by modifying the 

equation (Chen et al., 2020b; Bonatti & Mohr, 2019; Feng et al., 2022). Compared 

with strut-based lattices, surface-based lattice structures exhibit unique stress and 

volume distributions in terms of reduction of stress concentration, increasing in 

strength, energy absorption, compressive strength, and Youngôs modulus (Shah et 

al., 2022).  

Well-known surface-based lattice structures are triply periodic minimal surfaces 

(TPMS) (Al-Ketan et al., 2018b; Al-Ketan et al, 2018a; Gohar et al., 2024; Chen et 

al., 2020b; Bonatti & Mohr, 2019; Feng et al., 2022). These types of lattices can be 

seen in natural structures. Such as insects' shells and wings, and crustacean skeletons 

(Kapfer et al., 2011; Al -Ketan & Abu Al-Rub, 2019). The Schwarz and Schoen are 

the two most significant topologies of TPMS found in the literature (Nazir et al., 

2019). 

TPMSs represent a class of precise mathematical topologies defined using 

trigonometric functions, focusing on local area minimization of the surface within a 

specified boundary while maintaining an average curvature of zero (Al-Ketan & Abu 

Al -Rub, 2019). 

Table 2.4 presents the mathematical equations of typical TPMS, as depicted in Figure 

2.8. These structures feature highly interconnected surfaces periodically repeated in 

http://ip.ms/
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three distinct lattice directions, dividing space into two intertwisted void phases 

(Maskery et al., 2018). 

Table 2.4 Trigonometric functions of some surface-based lattices 

TPMS structure Equations 

Schwarz Primitive   ÃÏÓὼ ÃÏÓώ ÃÏÓ ᾀ ὧ 

Gyroid  ÓÉÎὼÃÏÓώ ÓÉÎώÃÏÓᾀ ÓÉÎᾀÃÏÓὼ ὧ 

Schwarz Diamond 

 ÓÉÎὼÓÉÎώÓÉÎᾀ ÓÉÎὼÃÏÓώÃÏÓᾀ

 ÓÉÎώÃÏÓὼÃÏÓᾀ ÓÉÎᾀÃÏÓὼÃÏÓώ ὧ 

  

  

 

Figure 2.8. Examples of surface-based lattice structures: a.1) Schwarz diamond unit 

cell, a.2) Schwarz diamond lattice structure; b.1) Gyroid unit cell, b.2) Gyroid lattice 

structure; c.1) Schwarz primitive unit cell c.2) Schwarz primitive lattice structure 

These researches and their documented Poissonôs ratios for these geometries are 

shown in Table 2.5, Table 2.6 and Table 2.7. 

Table 2.5 shows the non-auxetic lattice structures in other words lattices having 

positive Poissonôs ratios with different cell geometries. 

  

a.1 b.1 c.1 

a.2 b.2 c.2 
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Table 2.5. Poissonôs ratios of non-auxetic lattice structures with different cell 

geometries 

Lattice 

Geometry 

AM 

Method 
Material  

Poissonôs 

Ratio 
Reference 

Triangular 
SLA Polymer 0.2 (Chen et al., 2020) 

SLA L5D1.1 0.25 (Mahbod & Asgari, 2019) 

Diamond SLS Nylon 1 (Yang et al., 2019a) 

Hexagonal 

FDM PLA 0.5 (Carneiro et al, 2019) 

SLM Aluminum 1 (Hou et al., 2016) 

Polyjet VeroWhite 1 (Simpson & Kazancē, 2020) 

Kagome SLM Ti6A14V 0.5 (Zhang et al., 2020b) 

 

Table 2.6 shows the auxetic and non-auxetic lattices having both negative and 

positive Poissonôs ratios with rectangular or square cell geometries. As understood 

from Poissonôs ratios, changing unit cell parameters of the rectangular-shaped lattice 

structures can change the mechanical properties.  

Table 2.6. Poissonôs ratios of auxetic and non-auxetic lattice structures with 

rectangular or square cell geometries  

Lattice 

Geometry 

AM 

Method 
Material  

Poissonôs 

Ratio 
Reference 

Rectangular 

FDM PLA 0 (Carneiro et al, 2019) 

SLS Nylon 0.25 (Duan et al., 2020) 

SLA Rubber  -0.6 (Wang, 2018) 

Polyjet Photopolymer -2 (Choi et al., 2019) 

FDM Polyethylene 0.05 (Yang & Ma, 2018) 

 

Table 2.7 shows the auxetic lattice structures with negative Poissonôs ratios with 

different cell geometries.  
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Table 2.7. Poissonôs ratios of auxetic lattice structures having different cell 

geometries 

Lattice 

Geometry 
AM Method  Material  

Poissonôs 

Ratio 
Reference 

Re-enrant 

FDM PLA -0.89 (Quan et al., 2020) 

Polyjet Filaflex -0.23 (Carneiro & Puga, 2018) 

Polyjet VeroWhite -0.6 (Li  et al., 2018) 

Polyjet VeroWhite -0.4 (Wang et al., 2015) 

Polyjet DM9760 -0.25 (Jiang et al., 2019) 

FDM Epoxy/Glass -0.24 
(Assidi & Ganghoffer, 

2012) 

SLM AlSi10Mg -0.44 (Xiao et al., 2019) 

SLM AlSi10Mg -0.15 (Dong et al., 2019) 

SLM Al  Alloy  -0.5 (Zhang et al., 2018) 

SLA/Wire Cut Al  / Epoxy -0.2 (Tan et al., 2019) 

SLM Ti6A14V -0.89 (Yao et al., 2020) 

SLM Ti6A14V -0.18 (Kolken et al., 2020) 

SLM Stainless Steel -0.8 (Wang et al., 2017b) 

Chiral 

FDM ABS -0.5 (Hu et al., 2019a) 

FDM ABS -0.25 (Hu et al., 2019b) 

EBM Ti6Al4V -0.3 (Neļemer et al., 2020) 

SLA UV Cur. Resin -0.94 (Fu et al, 2018) 

FDM PLA -0.5 (Hu et al., 2020) 

FDM TPU -0.55 (Hamzehei et al., 2020) 

FDM PLA -0.3 (Zhao et al., 2021) 

SLS/SLM AlSi10Mg -0.93 (Ma et al., 2018) 

EBM Copper -0.2 (Novak et al., 2020) 

Star 

FDM ABS -0.56 (Ai  & Gao, 2018) 

SLA Acrylic -0.53 (Li  et al., 2019) 

SLA/Casting 
Aluminum 

Alloy  
-0.38 (Wei et al., 2020) 

Arrow-

head 

Laser Welding Stainless Steel -1.25 (Gao et al., 2018) 

SLA 
Photopolymer 

Resin 
-0.2 (Yang & Ma, 2020) 

FDM ABS -0.75 (Gao et al., 2020b) 
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2.4 Honeycomb Structures 

Honeycombs find extensive application areas in aerospace engineering, marine 

industries, automotive sector, defense industry, energy storage, and biomedicine 

because of their outstanding properties such as high stiffness, specific strength, 

impact resistance, and vibration damping capabilities (Imbalzano et al., 2015). 

Honeycomb geometry is the most traditional core material used for composite panels 

especially sandwich structures to enhance the stiffness. Honeycomb sandwich panels 

are known for their high flexural stiffness that contributes to improved stability, 

excellent fatigue resistance, and noise reduction (Bitzer, 2012). Sandwich structures 

are increasingly utilized in various industries due to their superior stiffness-to-weight 

ratios, which enhance specific stiffness and strength performance (Nunes & Silva, 

2016; Katunin et al., 2014; Xiong et al., 2010; Di Bella et al., 2012). The industrial 

honeycomb core is generally formed by corrugating or expanding sheets of paper or 

aluminum foil, which are subsequently bonded together in multiple layers. Typically, 

a sandwich panel comprises two high-stiffness skins bonded to low-density core 

panels, as illustrated in Figure 2.9. 

 

Figure 2.9. Schematic diagram of sandwich structure with honeycomb core (Ma et 

al., 2021) 

In engineering, core structure refers to the type of lightweight, strong, and efficient 

design typically composed of various type of cells resembling a honeycomb. 

Typically, the core supports transverse shear loads and provides separation between 

the face sheets, whereas the face sheets handle in-plane loads and bending moments 
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(Carlsson & Kardomateas, 2011). Core structures can be made from different 

materials such as metals, polymers, composites fiberglass, Nomex or Kraft paper etc. 

(Gibson, 2014) and via different manufacturing methods like expansion process, 

corrugation process and AM etc. Through different methods of corrugating, bonding, 

and expanding honeycomb, different cell patterns can be formed. The basic cell 

shapes of honeycombs are hexagonal, square and flex-core, these configurations can 

be diversified like over-expanded, under-expanded and reinforced (Bitzer, 2012).  

Figure 2.10 shows the used honeycomb cell configurations especially for sandwich 

structures. 

Most typical cell patterns are hexagonal cell, over-expanded cell, and flex-core cell, 

as shown in Figure 2.11. Each cell type exhibits different physical and mechanical 

properties from each other. The direction of the ribbon has an important role in the 

mechanical properties and physical characteristics of the honeycomb because these 

properties are different according to parallel and perpendicular to the ribbon. 

Honeycomb core cell patterns and their ribbon directions are illustrated in Figure 

2.11. 

 

Figure 2.10. Honeycomb cell configurations (Bitzer, 2012) 



 

 

30 

 

Figure 2.11.  Honeycomb core cell patterns and their ribbon direction: a) Hexagonal 

cell, b) Over-expanded cell, c) Flex-core cell 

Hexagonal Cell: The hexagonal shape of honeycomb structures offers excellent load-

bearing capacity and stiffness, optimizing material and space utilization. This design 

is inspired by the natural honeycomb of beehives and increases the strength and 

efficiency through its hexagonal cell configuration. Hexagonal cell performs the best 

when laminated in flat sheets. 

Over-Expanded Cell: Over-expanded cell (OX) is formed by stretching hexagonal 

cell honeycomb perpendicular to the ribbon direction. OX cell honeycomb performs 

well at bending around simple curves. 

Flex-Core Cell: Flex-core cell performs excellently in creating compound curves 

such as in the nose of a radome. 

2.5 Aim of the Study 

This study aims to investigate the mechanical properties of the additively 

manufactured over-expanded honeycomb structures under compressive load. In this 

study, PLA was used as the raw material of the AM of these over-expanded 

honeycomb structures. Experiments and finite element simulations were performed 

to observe the effects of changes in unit cell sizes, the thickness of unit cells and the 

angle of the unit cell on lattices. For this reason, 27 different types of lattice structures 

were designed and subjected to the compressive load in-plane direction. In addition 

a b c 
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to the experiment of these 27 different specimens, FE modeling of 7 different lattice 

structures were done and used to verify the experimental results in terms of the 

effects of parameter changes of unit cells. Yield strength and Youngôs modulus of 

the specimens were calculated by using both experimental and FE analysis results. 

In addition to these results, Poissonôs ratios were also calculated for the FE analysis.  

Mechanical properties of additively manufactured over-expanded honeycomb 

structures designed with parameter changes of unit cells were investigated and 

compared with the similarities with the commercial over-expanded honeycombs.  
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CHAPTER 3  

3 MATERIALS AND METHODS  

In this chapter, the material properties, dimensions of test specimens, design and 

manufacturing stages, conducted compression tests, and structural analyses of test 

specimens using finite element method (FEM) have been described.  

3.1 Specimen Geometry 

3.1.1 Unit Cell Sizes and Design Parameters 

In this study, three types of geometries with different cell angles were analyzed, all 

the geometry shapes look like over-expanded honeycomb core material. Samples of 

the study have different cell sizes and different cell angles. Figure 3.1 shows the unit 

cell shape of the test specimen. Used cell angles ñɗò for the design of test specimens 

are illustrated in Figure 3.2. Although the cell shape of all geometries is rectangular, 

two of the geometries with 0Á and 90Á angles can be categorized as square lattice 

geometry and the other geometry with a 45Á angle can be categorized as diamond 

shape lattice.  

 

Figure 3.1. Unit cell geometry of test specimens with 0Á 
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Figure 3.2. Angles of used unit cell geometries for specimen design 

For the cell geometry design of lattice structures, as illustrated in Figure 3.1, the 

shorter edge dimension of the rectangular unit cell is shown as ñaò and the longer 

edge dimension of the rectangular unit cell is shown as ñ2bò. Edgesô thicknesses of 

unit cells are the same and shown as ñtò.  For these unit cell designs, there is a relation 

between the ñaò and ñbò and the calculation of b is given in Equation 4. 

ὦ ρȢυ Á     (4) 

According to the b calculation by using a value as given in Equation 1 and defined 

ñaò and ñtò values, cell sizes of test specimens are designed. As shown in Figure 3.2, 

there are 3 different values for the cell angle. Specimen IDs were structured 

according to the following naming scheme in Figure 3.3.  
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Figure 3.3. Naming scheme of the test specimen IDs 

Before the design process of test specimens, Box-Bencken Design statistical method 

was used. Desired number of the test specimen and specimen dimensions are given 

in Table 3.1. For this research, ñaò and ñtò are variables and ñbò is a value that 

depends on ñaò. To determine design criteria, cell sizes and the number of specimens 

with using the Box-Bencken method, the accepted variables are ñaò and ñtò. 

Therefore, for this study, there are 9 different cell sizes and this means that there are 

9 different lattice structures for each of the angles. 

Table 3.1. Dimensions of the unit cells and number of the specimen types for ɗ=0Á 

Specimen ID a (mm) b (mm) Thickness (mm) 

a2b3t0.4ɗ0 2 3 0.4 

a2b3t0.5ɗ0 2 3 0.5 

a2b3t0.5ɗ0 2 3 0.6 

a2.5b3.75t0.4ɗ0 2.5 3.75 0.4 

a2.5b3.75t0.5ɗ0 2.5 3.75 0.5 

a2.5b3.75t0.5ɗ0 2.5 3.75 0.6 

a3b4.5t0.4ɗ0 3 4.5 0.4 

a3b4.5t0.5ɗ0 3 4.5 0.5 

a3b4.5t0.5ɗ0 3 4.5 0.6 
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In Table 3.1, only the samples for ɗ=0Á are given. In addition to ɗ=0Á, ɗ=45Á and 

ɗ=90Á angles were also used in this study as seen in Figure 3.2. In specimen IDs ñɗ0ò 

is replaced with ñɗ45ò and ñɗ90ò for other angle samples. 9 different cell sizes are 

used for design of lattice structures that have three different angles. Varying of angles 

also increase the number of required specimens. These angles are the angles of the 

unit cell around counterclockwise and are shown as ñɗò. Used angles for the 

specimensô designs are 0Á, 45Á and 90Á. Figure 3.2 shows the used angles of unit cell 

geometries which are  0Á, 45Á and 90Á, respectively, from bottom to top.  

The geometry has 0Á cell angle is similar with the over-expanded honeycomb core 

material design as shown in Figure 3.4 (a). A general view of these lattice structures 

with different cell angles used in this study can be found in Figure 3.4. 

 

Figure 3.4. Specimen geometries with angles: a) 0Á unit cell, b) 45Á unit cell, c) 90Á 

unit cell 

3.1.2 Test Specimens 

Test specimens were designed using unit cells with dimensions and the specifications 

that described in the previous title. Unit cell geometries were arranged in repeating 

patterns to create lattice structures similar to over-expanded honeycomb structures. 

The general view of these lattice structures is illustrated in Figure 3.4, provided in 

the previous section. For this study all of the test specimens were subjected to the 

compression load and the design criteria of the specimens were defined according to 

ASTM D695 standard. All the test specimen as 40x40x30 mm3 or very close to this 

a b c 

https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/


 

 

37 

volume. The dimensions of a test specimen volume were shown as length (L) x 

height (H) x width (W). For all the test specimens, the value of width is fixed and 

equal to 30 mm. Due to changing of the cell sizes, there are small changes on length 

and/or height dimensions of the samples. For both dimensions on the front side of 

the specimen, 40Ñ2 mm dimension is acceptable. Also the thickness of the 

compression surfaces is fixed and defines as 1 mm. Figure 3.5 shows the dimensions 

of a test specimen for this study. 

 

Figure 3.5. Dimension criteria for test specimens 

For the Computer Aided Design (CAD) of the test specimens, CATIA V5 was used. 

In Table 3.2, all test specimens and their IDs are given in detail.  
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Table 3.2. Detailed dimensions and specifications of the test specimens 

  Lattice Structure Dimensions Sample Sizes 

Specimen ID 
a 

[mm] 

b 

[mm] 

t 

[mm] 
ɗ [Á] 

L 

[mm] 

H 

[mm] 

W 

[mm] 

a2b3t0.4ɗ0 2 3 0.4 0 39.4 40.4 30 

a2b3t0.5ɗ0 2 3 0.5 0 39.5 39.5 30 

a2b3t0.5ɗ0 2 3 0.6 0 39.6 41 30 

a2.5b3.75t0.4ɗ0 2.5 3.75 0.4 0 41.65 40.2 30 

a2.5b3.75t0.5ɗ0 2.5 3.75 0.5 0 41.75 41.5 30 

a2.5b3.75t0.5ɗ0 2.5 3.75 0.6 0 41.85 39.7 30 

a3b4.5t0.4ɗ0 3 4.5 0.4 0 40.9 40.4 30 

a3b4.5t0.5ɗ0 3 4.5 0.5 0 41 41.5 30 

a3b4.5t0.6ɗ0 3 4.5 0.6 0 41.1 39 30 

a2b3t0.4ɗ45 2 3 0.4 45 40.5 40 30 

a2b3t0.5ɗ45 2 3 0.5 45 40.5 40 30 

a2b3t0.5ɗ45 2 3 0.6 45 40 40 30 

a2.5b3.75t0.4ɗ45 2.5 3.75 0.4 45 40.5 40 30 

a2.5b3.75t0.5ɗ45 2.5 3.75 0.5 45 40.5 40 30 

a2.5b3.75t0.5ɗ45 2.5 3.75 0.6 45 40.5 40 30 

a3b4.5t0.4ɗ45 3 4.5 0.4 45 40 40 30 

a3b4.5t0.5ɗ45 3 4.5 0.5 45 40 40 30 

a3b4.5t0.5ɗ45 3 4.5 0.6 45 40 40 30 

a2b3t0.4ɗ90 2 3 0.4 90 41.2 38.6 30 

a2b3t0.5ɗ90 2 3 0.5 90 40.5 38.5 30 

a2b3t0.5ɗ90 2 3 0.6 90 42.2 38.4 30 

a2.5b3.75t0.4ɗ90 2.5 3.75 0.4 90 41 39.65 30 

a2.5b3.75t0.5ɗ90 2.5 3.75 0.5 90 42.5 39.75 30 

a2.5b3.75t0.5ɗ90 2.5 3.75 0.6 90 40.9 39.85 30 

a3b4.5t0.4ɗ90 3 4.5 0.4 90 41.2 38.9 30 

a3b4.5t0.5ɗ90 3 4.5 0.5 90 42.5 39 30 

a3b4.5t0.5ɗ90 3 4.5 0.6 90 40.2 39.1 30 
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3.2 Material Characterization  

PLA was selected for this study to be utilized in the cellular structures. PLA is 

comprised of cornstarch and sugar cane. As can be seen from its raw materials, it is 

an organic and biopolymer thermoplastic material. It is widely used in AM 

techniques, particularly in the FDM method. In the literature for lattice geometries, 

generally main focus of the search is exploring the mechanical properties and 

microstructure analyses of various geometries using PLA. Furthermore, PLA is 

biodegradable and can fully decompose into the soil within 80 days (Corapi et al., 

2019), also it has no harm to human health or the environment. PLA finds extensive 

applications in industries such as automotive, aerospace, biomedical, and robotics. 

For the manufacturing of the test specimens, Porima PLA filament was used. The 

technical properties of Porima PLA filament are shown in Table 3.3. 

Table 3.3. General properties of Porima PLA filament used in the thesis (PLA 

Filament, 2024) 

Material Properties Value Unit  Test Method 

Physical 

Properties 

Density 1.23 g/cmį ISO 1183 

Melt Flow Rate 17.3 g/10min ISO 1183 

Mechanical 

Properties 

Yield Strength 56 MPa ISO 527 

Youngôs Modulus 2850 MPa ISO 527 

Tensile Elongation 7 % ISO 527 

Notch Impact Test 14.2 kJ/mĮ ISO 179 

Thermal 

Properties 

Heat Deflection 

Temperature 
55 ÁC ASTM D648 

Glass Transition 

Temperature  
55-60 ÁC ASTM D648 

Electrical 

Properties 
Surface Resistance >10ĭĮ Ohm/sq ASTM D257 
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For the FE analysis of the test specimen, the stress-strain curve of the PLA taken 

from the article written by Johnston & Kazancē was used to define the material 

properties of PLA. In their research, Johnston & Kazancē have used the standard BS 

EN ISO 527-1:2019 to specify the material properties of PLA. According to this 

research, they have created a stress-strain curve for the PLA by using tensile test 

specimens.  

The stress-strain curve prepared by Johnston & Kazancē is given in Figure 3.6. 

 

Figure 3.6. Stress-strain curve for the PLA (Johnston & Kazancē, 2021) 

3.3 Additive Manufacturin g of Specimens 

The UltiMaker 2 Extended+, was used as a 3D printer to manufacture test specimens 

for this study. Figure 3.7 shows the general view of the UltiMaker 2 Extended+ 3D 

printer. This 3D printer is a ME-type AM method and uses FDM. The printing 

properties of the manufacturing are given in Table 3.4. 

As mentioned before, test specimens were modeled in CATIA V5. Then test 

specimens were transferred to the appropriate file format as ñ.stlò. These files are 

used in the program of the 3D printer which is UltiMaker Cura 5.2.2. As defined in 

the previous paragraph, after placement of the test specimens on the heated plate was 

Failure Stress 

https://github.com/Ultimaker/Ultimaker2ExtendedPlus
https://github.com/Ultimaker/Ultimaker2ExtendedPlus
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done eligibly, optimum settings were done. The optimum setting was clarified, after 

a while manufacturing trial specimens.  

 

Figure 3.7. UltiMaker 2 Extended+ 3D printer and manufacturing of test specimens 

During the manufacturing of test specimens, all printing settings and conditions such 

as nozzle temperature, heated bed temperature, printer speed, and the temperature 

and humidity of the room, in which the 3D printer is located, were kept consistent to 

provide the same material properties for each specimen. Table 3.4 shows the setting 

of the 3D printer. 

Table 3.4. Printing parameters of test specimens 

Parameter Type Specification 

Brand of filament  Porima PLA 

Weight of the filament 500 g 

Radius of filament  1.75 mm 

Nozzle radius 0.4 mm 

Nozzle temperature 230 ÁC 

Heated bed temperature 65 ÁC 

Print speed  60 mm/sec 

Thickness layer 0.2 mm 
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Five samples were produced for each test specimen. This means totally 135 test 

specimens were produced for 27 different test specimens. Manufacturing of a test 

specimen was completed approximately 3 hours. Figure 3.8, Figure 3.9 and Figure 

3.10 show the CAD designs of the test specimens and their manufactured versions, 

respectively.  

 

Figure 3.8. A) CAD models of over-expanded honeycomb lattice structures with 0Á 

unit cell angle, B) Additively manufactured over-expanded honeycomb lattice 

structures with 0Á unit cell angle: a) a2b3t0.4ɗ0, b) a2b3t0.5ɗ0, c) a2b3t0.6ɗ0, d) 

a2.5b3.75t0.4ɗ0, e) a2.5b3.75t0.5ɗ0, f) a2.5b3.75t0.6ɗ0, g) a3b4.5t0.4ɗ0, h) 

a3b4.5t0.5ɗ0, i) a3b4.5t0.6ɗ0 

a b c 

d f e 

g h i 

a b c 

f e d 

g h i 

A) B) 
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Figure 3.9. A) CAD models of over-expanded honeycomb lattice structures with 45Á 

unit cell angle, B) Additively manufactured over-expanded honeycomb lattice 

structures with 45Á unit cell angle: a) a2b3t0.4ɗ45, b) a2b3t0.5ɗ45, c) a2b3t0.6ɗ45, 

d) a2.5b3.75t0.4ɗ45, e) a2.5b3.75t0.5ɗ45, f) a2.5b3.75t0.6ɗ45, g) a3b4.5t0.4ɗ45, h) 

a3b4.5t0.5ɗ45, i) a3b4.5t0.6ɗ45 

 

Figure 3.10. A) CAD models of over-expanded honeycomb lattice structures with 

90Á unit cell angle, B) Additively manufactured over-expanded honeycomb lattice 

structures with 90Á unit cell angle: a) a2b3t0.4ɗ90, b) a2b3t0.5ɗ90, c) a2b3t0.6ɗ90, 

d) a2.5b3.75t0.4ɗ90, e) a2.5b3.75t0.5ɗ90, f) a2.5b3.75t0.6ɗ90, g) a3b4.5t0.4ɗ90, h) 

a3b4.5t0.5ɗ90, i) a3b4.5t90 
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3.4 Compression Test of Specimens 

Compression tests of the specimens were executed using Instron 8801 

Servohydraulic Fatigue Testing System. The test machine has Ñ100 kN force 

capacity, 150 mm usable stroke, and the capability of performing both static and 

dynamic testing. Instron 8801 test machine was prepared suitable to execute 

compression test with two flat compression plates. Test specimens manufactured by 

using PLA material and FDM method were tested as quasi-static compression. As 

mentioned before, test specimens were designed and manufactured according to 

ASTM D695. To enhance reliability,  validity and demonstrate repeatability, three 

samples were tested for each of 27 different test specimen design. Figure 3.11 shows 

Instron 8801 load frame and a tested specimen. The compression rate of the test is 2 

mm/min and the specimens were compressed up to 55-75% displacement. Test 

results were acquired as force vs displacement from the test system and each test was 

repeated three times. 

 

Figure 3.11. General view of Instron 8801 Servohydraulic Testing System 
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3.5 Finite Element Modeling 

In this chapter, finite element (FE) modelling and analysis are explained. The Finite 

Element Model is generated in ABAQUS Software. A 2D model is constructed and 

Dynamic Explicit analysis methodology is utilized to simulate the compression tests. 

Kinematic coupling; given in Figure 3.12, is defined at the top and the bottom of the 

FE model in six directions to define the loading and boundary conditions. 

 

Figure 3.12. Boundary condition of FE model of a specimen 

The bottom plate of the model is constrained by six degrees of freedom. The loading 

is applied at the top of the specimen in ñUzò direction and other directions are kept 

fixed to prevent the model movement in other directions. The loading and boundary 

conditions are shown in Figure 3.13. 

 

Figure 3.13. View of the loading and boundary conditions of the FE model of a 

specimen 
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The stress-strain curve, given in the material section, is used in the FE analysis. 

However, these stress and strain values are engineering stress and strain values, 

ABAQUS requires true stress-strain values in the simulations. Thus, engineering 

stress and strain values are converted to true stress and strain values using Equation 

5 and Equation 6. Both elastic and plastic regions are defined in the material section 

without using any failure criteria. 

„  „ ρ ‐              (5) 

‐ ÌÎ ‐ ρ                   (6) 

The loading rate is applied as 5 mm/s to minimize the effect of inertia, which is 

negligible in Quasi-Static problems, on the system, this effect is still considered to 

minimize the calculation errors. The general contact algorithm is defined for the 

whole model to get closer to the real behavior of the structure during the compression 

phase. Both tangential and normal interactions are considered in the contact 

definition. 

4-node shell elements (S4R) with reduced integration and hourglass control are used 

in simulations. The mesh size depends on the several requirements in explicit 

simulations. Both simulation time and accuracy of the results need to be considered. 

To reduce the simulation time with acceptable results, the time step needs to be 

arranged carefully. The time step depends on Youngôs modulus, material density and 

element size. The time step calculation is given in Equation 7. 

ῳὸḙ                (7) 

In Equation 6, lc and cd are the characteristic length and dilatational wave speed, 

respectively. Equation 8 shows the approximate calculation of dilatational wave 

speed. 

ὧḙ                (8) 
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For Equation 8, E and ɟ are the Youngôs modulus and density of the PLA, 

respectively. 

Based on the time step equation and results accuracy, the mesh size is selected as 1.5 

mm. The detailed FE model for the specimen a2b3t0.4ɗ0 is given in Figure 3.14. 

 

Figure 3.14. Meshed view of the specimen a2b3t0.4ɗ0 on ABAQUS 

In addition to the FE model of the specimen with 0Á cell angle, the meshed FE model 

for the specimens with 45Á and 90Á cell  unit cell angles are given in Figure 3.15.  

 

Figure 3.15. Meshed view of the specimens on ABAQUS: a) a2b3t0.5ɗ45, b) 

a2b3t0.5ɗ90 

a b 
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CHAPTER 4  

4 RESULTS 

In this chapter, the results of the experiments and FE analysis are given and 

compared in detail. With the use of experimental data and FE analysis results, stress 

and strain values were calculated. Yield strength and Youngôs modulus values were 

found and calculated using stress and strain curves for both tests and FE analysis. In 

addition to these, Poissonôs ratios were also calculated for the specimens using FE 

analysis. However, this was not possible for experiments, because lateral strains 

could not be measured. To measure the lateral strain, additional methods or sensors 

should be used, like the Digital Image Correlation (DIC) method.  

By using experimental data and FE analysis results, stress-strain curves were drawn 

up with calculated stress and strain values. Figure 4.1 shows a general view for a 

stress-strain curve and important points on it. 

 

Figure 4.1. General view of stress-strain curve for a material 

According to test results or FE analysis results, for the specimens, three stages were 

observed during test execution. These stages observed in the compression test of 

lattice structures are elastic, plateau and densification (Johnston & Kazancē, 2021). 
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General view of the graph of a lattice structure subjected to a compressive load 

shown in Figure 4.2.  

 

Figure 4.2. Force vs displacement graph of lattice structures subjected to 

compressive load (Johnston & Kazancē, 2021) 

In the first stage, the specimen is in elastic region, loading is linear and there is no 

yielding. In the second stage, the lattice structure and its cell shape start changing 

due to elastic buckling and/or plastic deformation. This region is named as ñplateau 

regionò. The last stage is the densification region and whole cell geometries of the 

lattice structure squeezed. Thus, the material of the structure starts to be compressed. 

These three stages can be seen clearly on the force-displacement graphs or stress-

strain curves for both the test results and the FE analysis of the specimens. 

4.1 Experimental Results 

In this chapter, the results of the experiments are given and compared in detail. As 

mentioned in previous chapters, whole compression tests were executed as quasi-

static loading and with compression rate of the test is 2 mm/min. Tests were 

continued until specimens were compressed up to 55-75% displacement. Each 

design was tested and their results are shown in Figure 4.6, Figure 4.10 and Figure 

4.14 using at least three test specimens. By using experimental data, stress and strain 

values were calculated for each test specimen. Yield strengths and Youngôs modulus 
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values were found and calculated using these stress-strain curves for each test 

specimen as shown in Figure 4.1.  

Additionally, force-displacement curves were plotted to show that the test results 

have similar characteristic as defined in literature. Elastic, plateau and densification 

stages observed in the compression test of lattice structures (Johnston & Kazancē, 

2021) can be seen on the force- displacement curves of this thesis. 

4.1.1 Specimens with 0Á angle 

Test results of the test specimens with the 0Á cell angle are given in Table 4.1. During 

the execution of the test, test data was acquired as force and displacement. These 

data were used with the conjunction of specimen dimensions to calculate the stress-

strain curves. Yield strengths and Youngôs modulus values were calculated using 

stress and strain curves and values of each test specimen. Figure 4.3 shows an 

example to find yield strengths and Youngôs modulus of the test specimen with ID 

a3b4.5t0.6ɗ0. Means of the yield strengths and Youngôs modulus were calculated 

using experimental results of each specimen and standard error of them are used to 

prepare Table 4.1.  

 

Figure 4.3. Stress-strain curve of the test specimen with ID a3b4.5t0.6ɗ0 

Yield strength 

Youngôs modulus 
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As defined in the literature, three stages, which are elastic, plateau and densification 

(Johnston & Kazancē, 2021), were observed in the compression test of 

lattice structures. According to the test results, for all the specimens, three stages 

were observed during test execution. As an example, Figure 4.4 shows the observed 

stages of the test specimen a2.5b3.75t0.6ɗ0 with its three samples. In Figure 4.6, 

although the graphs are ñStress vs Strainò graphs, elastic, plateau and densification 

regions can be distinguished clearly. 

 

Figure 4.4. Force-displacement curve of test specimen a2.5b3.75t0.6ɗ0 

According to Table 4.1, maximum and minimum yield strength and Young's 

modulus values belong to the specimen with ID a2b3t0.6ɗ0 and 

a3b4.5t0.4ɗ0, respectively. When specimens are compared based on cell size, if the 

cell size increases, both of the yield strength and Youngôs modulus decrease. The 

opposite is valid for the thickness. When specimens are compared considering the 

thickness of cell edges, if the thickness increases, both of the yield strength and 

Youngôs modulus increase. Except for one test specimen with ID a3b4.5t0.6ɗ0, this 

result was not confirmed. Although the thickness of the test specimen a3b4.5t0.6ɗ0 

is higher than the specimen with ID a3b4.5t0.5ɗ0, it was observed that the yield 

strength and Youngôs modulus of specimen a3b4.5t0.6ɗ0 is smaller than the 

specimen a3b4.5t0.5ɗ0. It may be a result of the manufacturing of the specimens. 

Although the printing parameter and options were kept same for all manufacturing, 



53 

3D printing may be affected by lots of things. Except for specimen a3b4.5t0.6ɗ0, all 

the test specimens demonstrate that decreasing the cell size and increasing the 

thickness of the cell edges enhance the strength of the lattice structures. 

Table 4.1. Yield strength and Young's modulus of test specimens with ɗ=0Á 

according to experimental results 

Specimen ID Yield Strength [MPa] Youngôs Modulus [MPa] 

a2b3t0.4ɗ0 0.379 Ñ 0.003 4.78 Ñ 0.236 

a2b3t0.5ɗ0 0.692 Ñ 0.053 9.223 Ñ 0.687 

a2b3t0.6ɗ0 0.706 Ñ 0.034 10.327 Ñ 0.497 

a2.5b3.75t0.4ɗ0 0.204 Ñ 0.005 2.203 Ñ 0.066 

a2.5b3.75t0.5ɗ0 0.304 Ñ 0.022 3.481 Ñ 0.194 

a2.5b3.75t0.6ɗ0 0.486 Ñ 0.005 8.921 Ñ 0.018 

a3b4.5t0.4ɗ0 0.121 Ñ 0.006 1.644 Ñ 0.078 

a3b4.5t0.5ɗ0 0.132 Ñ 0.005 1.743 Ñ 0.046 

a3b4.5t0.6ɗ0 0.124 Ñ 0.006 1.733 Ñ 0.07 

 

Test results of the test specimens are given in Figure 4.6 as a ñStress vs Strainò graph. 

According to Figure 4.6, the specimen a2b3t0.6ɗ0 has the highest yield strength and 

Youngôs modulus and the specimen a3b4.5t0.4ɗ0 has the smallest yield strength and 

Youngôs modulus. Except for specimen a3b4.5t0.6ɗ0, as mentioned in the previous 

paragraph, decreasing the cell size and increasing the thickness of the cell edges 

enhance the strength of the lattice structures. This can also be seen in Figure 4.6. 

After compression tests of the test specimens with 0Á unit cell angle have been 

completed, the deformations of the test specimens with 0Á are shown in Figure 4.5. 

All the test specimens have been compressed up to 25-30mm displacement. 
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4.1.2 Specimens with 45Á angle 

Test results of the test specimens with a 45Á cell angle are given in Table 4.2. Figure 

4.7 shows an example to find yield strengths and Youngôs modulus of the test 

specimen with ID a2.5b3.75t0.5ɗ45. Means of the yield strengths and Youngôs 

modulus calculated using experimental results of the samples of each specimen and 

standard error of them are used to prepare Table 4.2. 

 

Figure 4.7. Stress-strain curve of the test specimen with ID a2.5b3.75t0.5ɗ45 

Detailed information for the three stages of the lattice structures compression test is 

provided in Title 4.1.1. These stages were also observed for all specimens with 45Á 

angle during the test execution. As an example, Figure 4.8 shows the observed stages 

of the test specimen a2.5b3.75t0.5ɗ45 with three samples of it. In Figure 4.10, 

although the graphs are ñStress vs Strainò graphs, elastic, plateau and densification 

regions can be distinguished easily. 

Yield strength 

Youngôs modulus 
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Figure 4.8. Force-displacement curve of test specimen a2.5b3.75t0.6ɗ45 

According to Table 4.2, maximum and minimum yield strength and Young's 

modulus values belong to the specimen with ID a2b3t0.6ɗ45 and 

a3b4.5t0.4ɗ45, respectively. When specimens are compared based on cell size, if the 

cell size increases, both of the yield strength and Youngôs modulus decrease. The 

opposite is valid for the thickness. When specimens are compared considering the 

thickness of cell edges, if the thickness increases, both of the yield strength and 

Youngôs modulus increase. All the test specimens demonstrate that decreasing the 

cell size and increasing the thickness of the cell edges enhance the strength of the 

lattice structures.  
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Table 4.2. Yield strength and Young's modulus of test specimens with ɗ=45Á 

according to experimental results 

Specimen ID Yield Strength [MPa] Youngôs Modulus [MPa] 

a2b3t0.4ɗ45 0.707 Ñ 0.014 17.82 Ñ 0.300 

a2b3t0.5ɗ45 1.151 Ñ 0.032 23.453 Ñ 0.888 

a2b3t0.6ɗ45 1.883 Ñ 0.112 34.104 Ñ 2.005 

a2.5b3.75t0.4ɗ45 0.280 Ñ 0.009 5.601 Ñ 0.147 

a2.5b3.75t0.5ɗ45 0.514 Ñ 0.008 14.589 Ñ 0.236 

a2.5b3.75t0.6ɗ45 0.931 Ñ 0.048 23.46 Ñ 1.024 

a3b4.5t0.4ɗ45 0.235 Ñ 0.005 4.835 Ñ 0.239 

a3b4.5t0.5ɗ45 0.313 Ñ 0.017 7.739 Ñ 0.418 

a3b4.5t0.6ɗ45 0.574 Ñ 0.018 15.309 Ñ 0.303 

 

Test results of the test specimens are given in Figure 4.10 as a ñStress vs Strainò 

graph. According to Figure 4.10, it can be seen that the specimen a2b3t0.6ɗ45 has 

the highest yield strength and Youngôs modulus and the specimen a3b4.5t0.4ɗ0 has 

the smallest yield strength and Youngôs modulus. As mentioned in the previous 

paragraph, decreasing the cell size and increasing the thickness of the cell edges 

enhance the strength of the lattice structures. This can also be seen in Figure 4.10. 

After compression tests of the test specimens with 45Á unit cell angle have been 

completed, the deformations of the test specimens with 45Á are shown in Figure 4.9. 

All the test specimens have been compressed up to 30mm displacement. 
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4.1.3 Specimens with 90Á angle 

Test results of the test specimens with 90Á cell angle are given in Table 4.3. Figure 

4.11 shows an example to find yield strengths and Youngôs modulus of the test 

specimen with ID a2.5b3.75t0.6ɗ90. Means of the yield strengths and Youngôs 

modulus calculated using experimental results of the samples of each specimen and 

standard error of them are used to prepare Table 4.3. 

 

Figure 4.11. Stress-strain curve of the test specimen with ID a2.5b3.75t0.6ɗ90 

Detailed information for the three stages of the lattice structures compression test is 

provided in Title 4.1.1. These stages were also observed for all specimens with a 90Á 

angle during the test execution. Figure 4.12 shows the observed stages of the test 

specimen a2b3t0.6ɗ90 with three samples of it. In Figure 4.14, although the graphs 

are ñStress vs Strainò graphs, elastic and plateau regions can be distinguished clearly. 

Yield strength 

Youngôs modulus 
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Figure 4.12. Force-displacement curve of test specimen a2b3t0.6ɗ90 

According to Table 4.3, maximum and minimum yield strength and Young's 

modulus values belong to the specimen with ID a2b3t0.6ɗ90 and 

a3b4.5t0.4ɗ90, respectively. When specimens are compared based on cell size, if the 

cell size increases, both yield strength and Youngôs modulus decrease. The opposite 

is valid for the thickness. When specimens are compared considering the thickness 

of cell edges, if the thickness increases, both yield strength and Youngôs modulus 

increase. All the test specimens demonstrate that decreasing the cell size and 

increasing the thickness of the cell edges enhance the strength of the lattice 

structures. 

After compression tests of the test specimens with 90Á unit cell angle have been 

completed, the deformations of the test specimens with 90Á are shown in Figure 4.13. 

All the test specimen have been compressed up to 24 mm displacement.  

  

Plateau Region 

Elastic 

Region 

Densification 

Region 
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Table 4.3. Yield strength and Young's modulus of test specimens with ɗ=90Á 

according to experimental results 

Specimen ID Yield Strength [MPa] Youngôs Modulus [MPa] 

a2b3t0.4ɗ90 4.105 Ñ 0.285 336.598 Ñ 16.69 

a2b3t0.5ɗ90 6.902 Ñ 0.135 504.437 Ñ 12.945 

a2b3t0.6ɗ90 9.921 + 0.674 635.519 + 32.102 

a2.5b3.75t0.4ɗ90 2.793 Ñ 0.017 309.758 Ñ 14.096 

a2.5b3.75t0.5ɗ90 4.56 Ñ 0.096 466.341 Ñ 4.691 

a2.5b3.75t0.6ɗ90 7.76 Ñ 0.212 566.189 Ñ 5.877 

a3b4.5t0.4ɗ90 1.455 Ñ 0.065 232.348 Ñ 20.717 

a3b4.5t0.5ɗ90 2.305 Ñ 0.227 276.553 Ñ 13.137 

a3b4.5t0.6ɗ90 3.471 Ñ 0.121 377.848 Ñ 14.883 

 

In conclusion for the experiments, both stress-strain and force-displacement curves 

are given to show the difference between the test specimens with 0Á, 45Á and 90Á 

degree unit cell angles in Figure 4.15. All samples with the same unit cell angle show 

similar behavior. In Figure 4.15, as seen from the stress-strain curves, the strength of 

the lattice structures increases with increase in unit cell angle. Moreover, as seen 

from the force-displacement curves, while elastic regions are shortened, plateau 

regions enlarge with increase in unit cell angle. In addition to these, densification 

occurs later. 
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4.2 Numerical Validation 

In this chapter, the results of the FE analyses are given and compared in detail. As 

mentioned in Chapter 3.5, whole simulations were performed as compression 

loading, quasi-static loading and with compression rate of the test was 5 mm/sec. 

Analyses were continued when specimens were compressed up to 62.5% 

displacement. This means analyses were done as specimens compressed up to 25 

mm. By using FE analysis results, stress and strain values are calculated for each 

analyzed test specimen with FE. Yield strength and Youngôs modulus values were 

found and calculated using stress and strain curves. In addition to these, unlike 

calculation of the material properties by using test results, Poissonôs ratio is also 

calculated here.  

For comparison of the effects of the changed parameters on material properties of 

test specimens, FE analyses of 7 different specimens were run and results were used 

to calculate mechanical properties. As defined in previous chapters, there are 27 

different lattice structure models for this study. To observe the effect of changes in 

unit cell size, thickness of the unit cell edges and the angle of the unit cell, running 

of analysis of 7 different lattice structures is adequate for this thesis. FE analysis of 

lattice structures a2b3t0.4ɗ0, a2b3t0.5ɗ0, a2b3t0.6ɗ0, a2.5b3.75t0.5ɗ0, 

a3b4.5t0.5ɗ0, a2b3t0.5ɗ45 and a2b3t0.5ɗ90 were performed and their intended 

purposes are given in Table 4.4. 

As mentioned in Table 4.4, FE analyses of the lattice structures a2b3t0.4ɗ0, 

a2b3t0.5ɗ0 and a2b3t0.6ɗ0 are used to compare the effect of changes in the thickness 

of unit cells. FE analyses of the lattice structures a2b3t0.5ɗ0, a2.5b3.75t0.5ɗ0 and 

a3b4.5t0.5ɗ0 are used to compare the effect of changes in unit cell sizes. Moreover, 

FE analyses of the lattice structures a2b3t0.5ɗ0, a2b3t0.5ɗ45 and a2b3t0.5ɗ90 are 

used to compare the effect of changes in unit cell angles. 
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Table 4.4. Specimens have FE analysis and their purpose of usage 

The Place of Use for Comparison 

Specimen ID Cell Thickness  Cell Size Cell Angle 

a2b3t0.4ɗ0 ṉ - - 

a2b3t0.5ɗ0 ṉ ṉ ṉ 

a2b3t0.6ɗ0 ṉ - - 

a2.5b3.75t0.5ɗ0 - ṉ - 

a3b4.5t0.5ɗ0 - ṉ - 

a2b3t0.5ɗ45 - - ṉ 

a2b3t0.5ɗ90 - - ṉ 

The results of the FE analyses of the lattice structures are given in Table 4.5. FE 

analysis results are taken as stress and strain values. By using these data, force and 

displacement values are also calculated according to specimen dimensions. Yield 

strengths and Youngôs modulus values were calculated using stress and strain curves 

and values of each test specimen whose FE analyses were run. Figure 4.16 shows an 

example of finding yield strengths and Youngôs modulus of the test specimen with 

ID a2.5b3.75t0.5ɗ0.  

 

Figure 4.16. Stress-strain curve of the test specimen with ID a2.5b3.75t0.5ɗ0 

Yield strength 

Youngôs modulus 
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Figure 4.17 shows the three stages that are elastic, plateau and densification, as 

mentioned in previous sections, of lattice structures compression test for the test 

a2.5b3.75t0.5ɗ0 based on FE results.  

 

Figure 4.17. Force-displacement curve of the specimen a2.5b3.75t0.5ɗ0 according 

to FE analysis 

Yield strength and Youngôs modulus of the specimens which were calculated by 

using FE analyses results are given in Table 4.5. 

Table 4.5. Yield strength and Young's modulus of specimens by using FE analyses 

Specimen ID Yield Strength [MPa] Youngôs Modulus [MPa] 

a2b3t0.4ɗ0 0.520 6.260 

a2b3t0.5ɗ0 0.840 12.250 

a2b3t0.6ɗ0 1.110 19.960 

a2.5b3.75t0.5ɗ0 0.390 5.860 

a3b4.5t0.5ɗ0 0.260 3.210 

a2b3t0.5ɗ45 0.350 40.250 

a2b3t0.5ɗ90 5.191 576.372 

Yield strength and Youngôs modulus of the specimens were calculated by using 

experimental results as mentioned in section 4.1. Yield strength and Youngôs 

modulus of the seven selected specimens were also calculated by using FE analyses 

Elastic 

Region 
Plateau Region 

Densification 

Region 
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results. In addition to these results, Poissonôs ratios of the specimens, which are 

a2b3t0.4ɗ0, a2b3t0.5ɗ0, a2b3t0.6ɗ0, a2.5b3.75t0.5ɗ0, a3b4.5t0.5ɗ0, a2b3t0.5ɗ45 

and a2b3t0.5ɗ90, were calculated for FE analyses. Figure 4.18 shows the locations 

which are used to calculate Poissonôs ratios by using FE results.   

 

Figure 4.18. View of lines used for calculation of Poisson's ratio of a2b3t0.5ɗ0 

According to FE analysis results, the length of the specimen was measured from 3 

different locations for every 5 mm, and the average Poissonôs ratio was calculated 

by using these values. The Poissonôs ratios of the samples a2b3t0.5ɗ0, a2b3t0.5ɗ45 

and a2b3t0.5ɗ45 are given in Table 4.6, Table 4.7 and Table 4.8, respectively. In 

addition to Poissonôs ratio values, the physical deformation of the samples against 

the compressive force is also shown in Table 4.6, Table 4.7 and Table 4.8.  
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Table 4.6. Poisson's ratios of a2b3t0.5ɗ0 specimen at every 5 mm displacement of 

compression 

Displacement 

[mm] 

Poissonôs 

Ratios 
View of Specimen 

5 -0.004 

 

10 -0.064 

 

15 -0.159 

 

20 -0.114 
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Table 4.7. Poisson's ratios of a2b3t0.5ɗ45 specimen at every 5 mm displacement of 

compression 

Displacement 

[mm] 

Poissonôs 

Ratios 
View of Specimen 

5 0.104 

 

10 0.220 

 

15 0.296 

 

20 0.288 
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Table 4.8. Poisson's ratios of a2b3t0.5ɗ90 specimen at every 5 mm displacement of 

compression 

Displacement 

[mm] 

Poissonôs 

Ratios 
View of Specimen 

5 -0.263 

 

10 -0.409 

 

15 -0.381 

 

20 -0.171 
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4.2.1 Effect of Thickness of Unit Cell Edges 

As mentioned in Title 4.1, 27 different lattice structures were tested by applying 

compressive force to the test specimens. These tests have been executed to evaluate 

the effects of the changes in the thickness of the unit cells, unit cell sizes and angle 

of unit cells. To understand the effect of the thickness of the unit cell on the lattice 

structure, FE simulations were performed whereas to do these comparisons not all 

experimental test results needed to be considered. Thus, 3 lattice structures were 

modeled by using FE. These lattice structures have the same unit cell size and same 

unit cell angles. The lattice structures, which were analyzed by using FE, are 

a2b3t0.4ɗ0, a2b3t0.5ɗ0 and a2b3t0.6ɗ0. The stress-strain curves of these specimens 

are given in Figure 4.19. By using the curves and analysis values, yield strengths and 

Youngôs modulus of the specimens were calculated. Table 4.9 shows the yield 

strength and Young's modulus of these specimens. 

 

Figure 4.19. Stress-strain curve of the test specimens with ID a2b3t0.4ɗ0, a2b3t0.5ɗ0 

and a2b3t0.6ɗ0 

Figure 4.20 shows the observed stages of the test specimens with IDs a2b3t0.4ɗ0, 

a2b3t0.5ɗ0 and a2b3t0.6ɗ0. On the contrary to specimens a2b3t0.4ɗ0 and 

a2b3t0.5ɗ0, only the elastic region of the specimen a2b3t0.6ɗ0 cannot be seen clearly 

in Figure 4.20.  
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