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ABSTRACT

The lattice-structure materials are suitable for lightweight structural applications as they
have the properties of flexible and high stiffness. In a lattice-structure material, its basic unit is
single strut which is a member that connects two nodes. Hence, understanding the single strut
properties is important in lattice-structure material study. This study is conducted to analyse
layer by layer formation of fabricated single strut using a 3D printer with several parameters.
The chosen diameters of single struts are 1.2mm, 1.4mm and 1.6mm while the build angles are
set as 0°, 20°, 35.26°, 45°, 60°, 80° and 90° from a vertical line. All single struts are needed to
be designed with suitable supports before proceed to fabrication stage. After three sets of 21
specimens are fabricated using CubePro 3D printer successfully, all single struts are analysed
on their diameter using Dino-Lite Pro. The difference between measured diameter and designed
diameter for each single strut is recorded. Next, the selected single struts with 35.26° build angle
are analysed on their surface roughness using Dino-Lite Pro and 3D non-contact profilometer.
A graph of surface roughness versus strut diameter is constructed for both equipment used. Thus,
the results show that all single struts have the accuracy of more than 86% when comparing the
readings of measured diameter and designed diameters. The single strut with 1.2mm diameter
for 35.26° build angles has the lowest R. (Roughness Average) value. The comparison between
individual strut and struts arranged in lattice structure in physical test is recommended to be
conducted for future study.
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ABSTRAK

Bahan struktur kekisi sesuai untuk aplikasi struktur ringan kerana mereka mempunyai
sifat fleksibel dan kekakuan yang tinggi. Dalam struktur kekisi, unit asasnya ialah strut tunggal
yang merupakan satu sambungan yang menghubungkan dua nod. Oleh itu, memahami sifat-
sifat strut tunggal adalah penting dalam kajian bahan struktur kekisi. Kajian ini dijalankan
untuk menganalisis lapisan pembentukan strut tunggal yang dibuat daripada pencetak 3D
dengan beberapa parameter. Garis pusat yang ditentukan untuk strut tunggal adalah 1.2mm,
1.4mm, dan 1.6mm, manakala sudut membina ditetapkan sebagai 0°, 20°, 35.26°, 45°, 60°, 80°,
dan 90° dari garis menegak. Setiap strut tunggal diperlukan untuk direka dalam bentuk yang
sesuai sebelum meneruskan ke peringkat fabrikasi. Setelah berjaya menghasilkan tiga set 21
spesimen dengan menggunakan pencetak 3D CubePro, semua strut tunggal dianalisis pada
garis pusat dengan menggunakan Dino-Lite Pro. Perbezaan antara garis pusat yang diukur
dan garis pusat yang ditetapkan untuk setiap strut tunggal juga dicatatkan. Seterusnya, strut
tunggal dengan sudut 35.26° yang dipilih dianalisis pada kekasaran permukaan mereka dengan
menggunakan Dino-Lite Pro dan 3D non-contact profilometer. Graf kekasaran permukaan
melawan saiz garis pusat strut ditunjukkan untuk kedua-dua peralatan yang digunakan. Oleh
itu, keputusan menunjukkan bahawa semua strut tunggal mempunyai ketepatan melebihi 86%
apabila membandingkan bacaan garis pusat yang diukur dan garis pusat yang ditentukan. Strut
tunggal dengan garis pusat 1.2mm untuk 35.26 © sudut membina mempunyai nilai Ra (Purata
Kekasaran) terendah. Perbandingan antara strut individu dan strut yang diatur dalam struktur
kekisi dalam ujian fizikal adalah dicadangkan pada masa depan.
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CHAPTER 1

INTRODUCTION

1.1  Background

Lattice-structure materials utilize the design principals of efficient, lightweight
macroscale structures, to mesoscale material architectures. By having the properties of high
stiffness and strength-to-weight scaling, the lattice-structure materials are suitable for
lightweight structural applications. The basic unit of lattice-structure material is single strut. The
assembly methods of the strut-based lattice structures are flexible because of the availability of
the joint type. Hence, the complex geometries designs would prefer to apply the strut-based

lattice structures due to its flexible configurations (Doyoyo and Hu, 2006).

For designing strut-based lattice structures, a lot of feasible options can be proposed
within a defined volume as a lattice structure has variation number of nodes and struts. An
example of lattice structure with its nodes (n) and struts (p) is shown in Figure 1.1. A node is a
point where two or more struts join, while a strut is a connection or member that links two nodes

(Syam et al., 2017).



Figure 1.1: A strut-based lattice configuration with nodes n = 9 and struts p = 16.

(Source: Syam et al., 2017)

There are many methods in fabricating lattice-structure material, such as casting, sheet
metal forming, wire bonding process, selective laser melting (SLM) and electron beam melting
(EBM) (Rashed et al., 2016). Casting is one of the conventional methods to produce lattice
structures by using injection molding and the mold is made by ceramic (Rashed et al., 2016).
Sheet metal forming produces lattice structures by press forming operation from a roll of sheet
metal (Rashed et al., 2016). SLM and EBM are both methods that using additive manufacturing
(AM) techniques where the part is produced layer by layer. For SLM process, its raw material
used is metal powder and the part is formed by depositing a thin powder layer and scanning by

the laser (Gebhardt, 2003).

Additive layer manufacturing is an innovative method to fabricate lattice-structure
materials. 3D printing is also an additive manufacturing (AM) which the printed part is formed
layer by layer. By using AM technology, the design of lattice structure is needed to be drawn
using a CAD software before proceed to printing machine. AM technology is an advanced
method because it has high process flexibility and the possibility to produce parts with a high
geometric complexity (Reinhart and Teufelhart, 2013).
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1.2 Problem Statement

Understanding the single strut properties is important in lattice-structure material study.
This is because, single strut is the basic unit of lattice-structure material. Different arrangement
of struts can produce different architecture of lattice-structure material. Moreover, by producing
lattice-structure material using additive layer manufacturing, many controlling parameters affect
the properties of material. In this study, fabricated single struts using additive manufacturing are
studied, in terms of its layer by layer formation. This is because there is no study done on
investigating single strut using CubePro machine. Hence, the formation of single strut using
material of polymer acrylonitrile butadiene styrene (ABS) and CubePro machine (Figure 1.2)

will be examined at different diameter sizes and build angles.

Figure 1.2: CubePro machine at Rapid Prototyping Laboratory.



1.3 Objective
The objective of this study is to analyse layer by layer formation of fabricated single

strut using fused deposition modelling (FDM) machine with several parameters.

1.4 Scope of Project

The scopes of this project are:

1. To design single strut using CATIA (an acronym of computer aided three-
dimensional interactive application) at different size and angles.

2. To fabricate single struts using CubePro 3D printer and material of polymer
acrylonitrile butadiene styrene (ABS).

3. To evaluate the formation of single strut and relate it with process parameters

using microscopic examination, which is optical microscope and profilometer.

1.5  Summary of Chapter 1

In conclusion, the fabricated single struts using additive manufacturing are studied in
order to quantify the single strut as a basic unit of lattice structure. By conducting this study, the
formation of single strut with different diameter sizes and build angles can be evaluated. The

next chapter will describe about the literature review of this study.



CHAPTER 2

LITERATURE REVIEW

2.1  Introduction

The background of this study is needed to be studied in order to have better
understanding before proceed for further progress. In this chapter, the relevant topics with this
study are explained based on the journal articles and academic book. Moreover, the researches
that related to this study are discovered from the journal articles and described in this chapter as

well.

2.2 Lattice-structure and Strut

Lattice-structure is formed by a number of struts and nodes. Node is a joint where struts
meet together while strut is the basic unit of lattice structure and also as a connection between
nodes. For designing strut-based lattice structure, it can be designed in various types of
configuration due to the variation of node positions in a fixed volume. Lattice-structure has high
stiffness-to-weight ratio, which means its materials used can be saved. Hence, the strut-based
lattice structures are being applied in complex geometries designs as the problem of forming

can be eliminated (Doyoyo and Hu, 2006).

There is a large number for the formation of strut-based lattice structure that can be

designed within a fixed volume when the number of nodes and struts are not fixed. Since the



variation of the number of nodes and struts can lead to obtain a large number of options results,
the node positions and strut diameters can be variable in a specific volume as well (Syam et al.,
2017). Strut-based lattice structure can be in various shape such as cubic truss and octetruss as

shown in Figure 2.2.

Figure 2.2: Octetruss and cubic truss.

(Source: Doyoyo and Hu, 2006)

2.3  Methods in Producing Lattice-structures

Traditionally, lattice-structures are manufactured through casting, sheet metal forming,
or wire bonding processes. These conventional manufacturing processes are time-consuming
and also limited the complexity of lattice-structure designs. These methods are only used to

manufacture lattice-structure materials with simple configuration on a macroscale (Tang et al.,

2017).

For casting process, a pattern of wax or polymer lattice-structure is coated with ceramic
casting slurry. This ceramic is a mold and the wax or polymer is then removed through the
process of melting. The liquid metal with high fluidity can be used to fill in the empty mold in
order to form lattice-structure material. By using this method, a wide range of shapes of lattice

structure can be formed as it depends on the shape of the mold that can be designed to be desired



shape. Figure 2.3.1 shows octet-truss lattice structure produced from casting process. With this
casting process, the manufactured lattice-structure material had severe porosity and this method

is expensive and time-consuming (Rashed et al., 2016).

10 mm

Figure 2.3.1: Octet-truss lattice structure.

(Source: Rashed et al., 2016)

For sheet metal forming method, a roll of sheet metal is went through perforation punch
to form the shaped holes such as hexagonal or diamond. The elongated perforated sheet is treated
with annealing process to soften the struts before proceed to punching process. The perforated
sheet is then bent by the combinations of punch and die. This punching process allows the
perforated sheet to be corrugated. Hence, a simple lattice-structure material can be manufactured
through these processes from a sheet metal. Figure 2.3.2 shows the processes of sheet metal

forming method (Rashed et al., 2016).



Figure 2.3.2: Sheet metal forming process.

(Source: Rashed et al., 2016)

However, the introduction of additive manufacturing (AM) technologies had reduced
the limitations in producing lattice-structure materials. AM technologies manufacture a part
layer by layer and enables the design of lattice-structure materials in complex configuration. A
complex lattice-structure can be produced in ease through AM technologies and also in variation

of geometrical scales such as microscale, mesoscale or macroscale (Reinhart et al., 2012).

2.4 Additive Layer Manufacturing

Generally, the first process of AM technology is to design and build a 3D modeling using
a CAD (Computer-Aided Design) software. This drawing is later converted into a “STL”
(Standard Tessellation Language) file format which originates from 3D Systems. A computer
program can read the STL file to create slices from the model for data preparation. This data is
inserted into a program of an AM machine for producing the designed parts. Post processing is

needed to carry out for removing support structure or surface finishing (Kessler et al., 2016).



3D printing is one of the additive layer manufacturing technologies. There are different
types of 3D printing and can be classified by depending on the raw materials such as solid-based,
liquid based or powder based (Gebhardt, 2003). A lattice-structure material or single strut can
be fabricated by using 3D printing which is done within one process only where the part is

generated layer-by-layer (Kessler et al., 2016).

There was a study on producing strut shape of lattice-structure using SLM (Selective
Laser Melting) method. It was a powder-based AM technology and its raw material used was
metal powder. During SLM process, a thin powder layer was deposited, and CO; (carbon
dioxide) laser was irradiated to the powder surface successively until final part was produced
based on CAD data. It focused on few types of cross sectional shape of struts and its reached
quality. The examined shapes were circular, elliptical, square, triangular and rhombus. By
producing these struts, the limitations of SLM process were evaluated. For example, the
limitation for circular cross section was the nominal diameter which smaller than 0.15mm
cannot be fabricated (Kessler et al., 2016). Figure 2.4 shows the fabricated struts with different

diameters.

Figure 2.4: Fabricated struts with different diameters.

(Source: Kessler et al., 2016)





