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ABSTRACT

Lattice structure has increasing interest amongst researchers due to its vast advantages features
such as lightweight properties, high mechanical strength and high energy absorbance. In this
report, the effect of strut diameter design parameter of quatrefoil shaped BCC lattice structure
on its natural frequency is investigated. The quatrefoil shape BCC lattice structure bar sample
with different strut diameter sizes were made by using the fused deposition modelling (FDM)
additive manufacturing (AM) technique. The bar sample were subjected to vibration testing
with set up consist of fabricated test rig, accelerometer, impact hammer and signal
generator/analyzer. Likewise, FEM models using ABAQUS software are also constructed to
investigate their natural frequency and deformation numerically. From the vibration testing,
the sample with highest strut diameter produced highest natural frequency value due to
increased stiffness. It is found that the numerical results are in good agreement with less than
17% error with the experimental results. Using the experimentally validated FEM model the
effect of strut diameter to the stiffness of lattice structure are further investigated to support
the findings in vibration testing. The stiffness obtained shows similar increasing trend like that
of in the vibration testing as the strut diameter size increase. The conclusion that can derived
from this study are the size of strut diameter are affected the natural frequency also the
stiffness of lattice structure bar sample. Therefore, the information of lattice structure in this
study are shows that lattice structure is suitable use in dynamic application.



ABSTRAK

Struktur berbentuk kekisi telah meningkatkan minat para penyelidik kerana kelebihannya yang
luas seperti sifat ringan, kekuatan mekanikal yang tinggi dan penyerapan tenaga yang tinggi.
Dalam laporan ini, kesan parameter reka bentuk ukur lilit jejari struktur kekisi BCC berbentuk
‘Quatrefoil’ pada frekuensi semula jadi telah disiasat. Bentuk ‘Quatrefoil’ BCC struktur kekisi
dengan saiz jejari yang berbeza dihasilkan dengan menggunakan ‘Fused Deposition
Modelling” (FDM) kaedah pembuatan secara tambahan. Sampel bar tertakluk kepada ujian
getaran yang disediakan terdiri daripada rig ujian, ‘accelerometer’, tukul kesan dan penjana
isyarat/penganalisis. Begitu juga, model FEM yang menggunakan perisian ‘ABAQUS’ juga
dibina untuk menyiasat frekuensi semula jadi dan ubah bentuk secara berangka. Dari ujian
getaran, sampel dengan ukur lilit jejari tertinggi menghasilkan nilai frekuensi semula jadi yang
tinggi disebabkan oleh peningkatan kekakuan. Daripada keputusan berangka yang terhasil
adalah dalam persetujuan yang baik dengan kurang 17% ralat dengan hasil eksperimen.
Selanjutnya, menggunakan model FEM yang disahkan secara eksperimen, kesan ukur lilit
jejari kepada kekakuan struktur kekisi akan dikaji selanjutnya untuk menyokong penemuan
dalam ujian getaran. Kekakuan yang diperoleh menunjukkan trend peningkatan yang sama
seperti dalam ujian getaran kerana saiz ukur lilit jejari meningkat. Kesimpulan yang boleh
dibuat dari kajian ini adalah saiz ukur lilit jejari mempengaruhi frekuensi semula jadi juga
kekakuan sampel bar struktur kekisi. Oleh itu, maklumat struktur kekisi dalam kajian ini
menunjukkan bahawa struktur kekisi sesuai untuk penggunaan dalam aplikasi dinamik.
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CHAPTER 1

INTRODUCTION

1.1  Background of Research

Previously, most manufacturers in the automotive and aerospace industries used solid
bulk materials to make component which produced heavy body part. As the result, the fuel
efficiency is lower besides higher gas emission to the environment. Due to this, nowadays,
many manufacturers are shifting materials for lighter body parts or making improvements to
the engines or motors. In order to get lighter body parts, this can be done by either using
lighter weight materials such as carbon fiber reinforced polymer (CFRP), glass fiber
reinforced polymer (GFRP), or using lower density structure such as lattice structures.
However, lattice is lightweight materials thus lighter material produce more vibration. Thus,
lack of study on the suitability and limitations of this structure can lead to unwanted instances
of high vibration. Overtime, vibration effects can have long-term as well as short-term
damaging effects on the structure. Such phenomenon’s are potentially dangerous as they can
create complete unbalance of the structure which can then ultimately fail.

Lattice structure is multi-functional material that can offer good balance of strength,
stiffness, cost, durability and relative static and dynamic properties (Ozdemir et al., 2015). The
lattice structure material is one of the types of architectured material that can be defined as “a
combination of two or more materials, or of material and space, assembled in a way as to have
the attributes not offered by any one material alone"(Ashby, 2013). Lattice structure can be

used as an alternative for material that has lightweight properties. It can make many



advantages for example make lighter aeroplane and thus reduce the uses of fuel for aeroplane
(Azman, 2017). There are many types of topological designs of the lattice structure material.
The topological designs are based on its elementary of lattice structure or commonly called
‘unit cell’ (Azman, 2017). Example of common lattice structure topological designs are octet-

truss, kagome, body centred cubic (BCC) and pyramidal etc.

Lattice structures in nature have been used by human since thousands of years. Before
the emerging of additive manufacturing (AM), conventional manufacturing methods such as
investment casting (Mun et al., 2015), expanded metal sheet (Kooistra and Wadley, 2007),
metallic wire assembly (Queheillalt and Wadley, 2005) and snap fit (Dong et al., 2015) are
used to fabricate lattice structure. Nowadays, the use of AM is preferable to fabricate lattice
structure materials (Hadi et al., 2015). Examples of previously reported AM methods used to
fabricate lattice structure materials are selective laser sintering (SLS), selective laser melting
(SLM), stereolithography (SLA), and electron beam melting (EBM) and fused deposition
modeling (FDM). Using AM methods allows a significantly higher design complexity of
lattice structure to be manufactured as opposed to conventional manufacturing methods due to
limitation of the conventional machine (Crupi et al., 2017). Besides that, using AM can saves

much time to fabricate lattice structure as it requires shorter process chain.



1.2  Problem Statement

New global progress of regulation regarding fuel efficiency and gas emission of vehicle
has led to motivation on weight reduction of vehicle (Abdollah and Hassan, 2013). The
development can be made either by using lower weight materials such as CFRP and GFRP
composites or using low density structure material such as lattice structure. If the lattice
structure is to be used in dynamic applications such as body parts for moving machines and
devices due to its lightweight properties that it can be highly beneficial, thus dynamic testing
is essential to evaluate the suitability of this structure in such applications. However, there are
limited numbers of studies focusing on the dynamic behavior of additively manufactured
lattice structure. Recently, Elmadih et al., (2017) and Syam et al., (2018) explored the dynamic
behavior of lattice structure fabricated using laser powder bed fusion (LPBF) experimentally
and numerically for application isolator vibration control. Next, Azmi et al., (2018)
investigated the dynamic behavior of fused deposition modeling (FDM) on lattice structure
experimentally for load bearing application. But, the studies on dynamic behavior of the lattice
structure that fabricated AM method especially numerical approach are limited, so this study
will investigate the dynamic behavior of lattice structure using numerical method and compare

to the result obtained experimentally.



1.3

14

Objective

The objectives for this research are:

. To obtain vibration characteristic of solid and lattice structure material bar using finite

element analysis.

. To validate the result obtain with experimental method.

Scope of Study

The scopes of study are listed as below:

. This study includes the draw and design of the BCC lattice bar model with strut

diameter size 1.0 to 1.8 mm.

. This study analyze vibration characteristic of solid and BCC lattice bar models from

ABS, titanium and stainless-steel materials using finite element method (FEM).

. This study analyze static deflection of solid ABS and lattice ABS bar models using

finite element method (FEM).

. This study conduct modal testing of solid and BCC lattice ABS bar samples with strut

diameter size 1.4 to 1.8 mm experimentally.



CHAPTER 2

LITERATURE REVIEW

2.1  Overview
In this chapter will be focusing on reviewing about the lattice structure material,

vibration analysis, finite element method (FEM)

2.2 Lattice Structure Material
Lattice structure is a type of architectured material, which is a combination of

monolithic material and space to generate a new structure which has the equivalent

mechanical properties of a new monolithic material (Ashby, 2013).

Unidirectional
, Laminates
Two different Short Fiber
monolithic materials Particulate
Architectured A combination o Foam Cell
Material of either; || i Lattice structures
One monolithic | | Strand Structures
-ﬂ material and space Segmented Structures
Sandwich Structures
Multi-Layers

Figure 2.1:Flow of architectured materials according to (Ashby, 2013).

Figure 2.1 illustrates the combination and types of architectured materials. Other name
for architectured materials is cellular structures. The word “cell” get from a latin word that call

“cella”, which means enclosed space or small compartment (Gibson and Ashby, 1999).



Cellular structures come from the clusters of a cell. Wood, cork and sponges are the most
common cellular structures we used in daily life. These structures have existed for ages and

human beings have benefited from their various uses.

2.2.1 Lattice Structure in Nature

In nature, a lot of materials that contain lattice structure design. The materials are
lightweight structures. Natural tabular structures often have honey- comb like or foam like
core, that can increase the resistance of the shell to local buckling failure and supports denser

outer cylindrical shell (Gibson,2005).

To form lightweight high strength materials, the configurations of lattice structure can
refer from the materials. Hexagonal lattice structure is one of example that have some
similarities with cellular structure of the wood. The behavior such as stiffness and strength of a
species wood depends on its density and applied load. If applied load same direction with the
wood, the stiffness and strength will higher be compared if the applied load across the wood.
Another example is the trabecular bone. The structure of the bone is adapted to the loads
applied to it. It grows in response to the magnitude and direction of the load applied (Gibson,

2005).

There are two categories divided for architectured materials which is stochastic and
periodic structures. For materials that can characterize by a unit cell that can be translated

through the structure are known as periodic materials (Wadley, 2002).

Cellular materials that cannot be defined by a single unit cell area are referred to as
stochastic foams. Periodic cellular structures are divided into two types. First, periodic

materials defined as unit cells are translated into two dimensions are known as prismatic



cellular materials (Wadley, 2002). The second type are periodic materials which have 3D
periodictivity. The unit’s cells are translated along three axis and these structures referred to

lattice materials (Wadley,2002).

Cellular structures

| |
Stochastic structures Nonstochastic structures

Open-cell foams / Closed-cell foams

2D structures 3D structures
L
| | I I 1
20D lattice structures TPMS 3D lattice structures
(wall-based) Voronoi (Triply Periodic Minimal ~ (strut-and-node h "
Surface) arrangement) (custom unit cell)

Figure 2.2: Stochastic, periodic, prismatic, and lattice structures (Azman, 2017).




2.2.2 Lattice Structure Pattern

e Amx:/ﬂ‘
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Figure 2.3: Cell of Body Centered Cubic

Figure 2.3 shows one of the types of the lattice structure pattern, there are several
types. The pattern are depends on of its elementary structure. The common lattice structure
topological designs are octet-truss, kagome, body centred cubic (BCC), and pyramidal etc.
Octet-truss elementary structure containing an octahedral core surrounded by tetrahedral units,

tetrakaidecahedron structure and open-cell foam structure (Azman, 2017).

2.2.3 Lattice Structure Properties

In material science, properties of material can be shown in different type of diagram.
However, they all have one thing in common, which is that they have parts of the diagram
filled with materials, and parts which have holes and are empty (Ashby, 2013). One of the
example is shown figure 2.5 where the big holes in the top left and bottom right corner in the
Young’s modulus density space. This means that it does not exist a monolithic material which

has high elastic modulus and low density.



Monolithic materials are not able to fill whole space in material science and are not
sufficient to fulfill all required properties, hence creating the need of architectured material, it
is possible to produce parts with high stiffness to density ratio and fill these holes of the
diagram. These materials such as foams and lattice structures must be seen as a single material
in its own right, with its own properties. If a cellular material outperforms an existing material
in the material property diagram, then the material property space has been extended (Ashby,
2013). The possibility to fill the big holes left in this Young’s modulus-density diagram with

lattice structure is very interesting.

» Gontours of E"5p
it :/_

5 ",_, u“‘-, -

| —
'w‘ Young's modulus - Density l Ceramic:
1000 10 o oo =
g

Younqg's modulus, E (GPa)

Density, p (kg/m?)

Figure 2.4: Young’s Modulus-density space materials diagram (Ashby, 2013).




2.2.4 Mechanical Properties of Lattice Structure

Material of the
structure

Topology

Bending dominated
or stretching
dominated

Relative density

Properties
of a
cellular
structure

Figure 2. 5: Three main lattice structure design variable influence according.

The properties of the structure are influence by the three main factors which is the
material of the structure, its cell topology and its relative density (Ashby, 2006). This is shown
in figure 2.6. For mechanical, thermal and electrical properties are depending on the material
that made for lattice structure. Whereas the elementary structure pattern or topology influences
the bending-dominated or stretching-dominated property of the structure. The strut size and
length are influenced the relative density. The relative Young’s modulus of a bending-

dominated structure scales with square of the relative density.

Prismatic structures have single properties which are only in one direction of the part.
Whereas lattice structures can have multifunctional properties and along each X, Y and Z axis
of the part. Another interesting possibility is to create a lattice structure which has different
mechanical properties for each direction of the part, depending on the requirements of the part

in each direction.

10



To help differentiate the lattice structure mechanical properties and its applications,
these structures can be categorized in two different deformation categories: bending
dominated and stretching-dominated structures. Stretching-dominated is useful to produce
high stiffness and low weight parts, for example cubic and octet-truss lattice structures. On the
other hand, by orienting the lattice structures struts in a certain pattern to obtain a bending
dominated structure, it is also possible to manufacture parts suitable for energy absorption
(Evans et al., 2001). The design pattern of a lattice structure influences its mechanical
property. This information (Suard, 2015) is summarized in table 2.1 for each lattice structure

pattern.

Table 2.1: Type of deformation for lattice structure according to (Suard, 2015).

Features Cubic Octet-truss Tetrakaidecahedron | Open-cell foam
Type of Stretching Stretching Bending
Bending dominated
deformation dominated dominated dominated
For high
For high For high
For high energy energy
stiffness low stiffness low
Application absorption parts absorption
mass part mass part
parts

The difference between stochastic and periodic structure mechanical properties
influences their applications. Stochastic foams are bending-dominated structures, thus are well

equipped for energy absorption.

11




2.2.5 Manufacturing Method of Lattice Structure

In this section will review about the manufacturing process of lattice structure. For

method there have two types which is conventional method and modern method.

Investment casting | Expanded metal sheet | Metallic wire assembly| Snap fit method

# Lamce vas Sorcmen

§ e et

Figure 2.6: Conventional method of Lattice Structure (Azman, 2017).

For conventional method there have four method which is investment casting, expended metal
sheet, metallic wire assembly and snap fit method as shown in figure 2.7. Table 2.2 illustrates

the basic step for each method of manufacturing lattice structure.

12
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Table 2.2: Step of process of each conventional Method.

Method Step

1. Assembled the pattern and dipped into the ceramic slurry to obtain a
ceramic shell coating.
Investment Casting

2. Dry and dewax of the pattern assembly.

3. Crack the pattern to obtain the final product.

1. Cutting

Expended Metal
2 flattening

Sheet
3. Folding
1. Stainless steel solid wires and hollow tubes are gathered using tooling
to align the cylinders in collinear layers.
Metallic Wire
2. Orientation alternates for each layer to form the lattice’s structure.
Assembly

3. Brazzing to obtain the structure.
1. Metal sheets were cut with water jet according to the truss shape.
2. Rows of the trusses were aligned and snap-fit attached to the structure

Snap Fit Method

to form the octet-truss lattice structure.

3. Brazed the lattice structure for bonding

For modern method additive manufacturing (AM) is the method that used to produce
lattice structure pattern. The many type of AM technologies. These can be categorized into
two categories, either layer-based or direct deposition (Vayre et al., 2012). Examples of layer-
based additive manufacturing are selective laser sintering (SLS), selective laser melting (SLM)

and electron beam melting (EBM). The two types of energy sources used to melt the metallic

13




powders for additive manufacturing machines are laser and electron beam. The techniques
which fully melt the particles are SLM and EBM. Whereas the processes which partially melt
the particles are SLS and direct metal laser sintering (DMLS) which can make strong part.
Only EBM and SLM are capable of manufacturing metallic lattice structures. Other AM
techniques are stereolithography (SLA), laminated object manufacturing (LOM) and fused
deposition modeling (FDM) which can fabricate reliable plastic parts. From the all AM
techniques that stated before, the FDM technique is the simplest. Thus, this will make the
fabrication cost significantly lower while still making reliable and strong plastic parts (Azmi et

al., 2017).

2.2.6 Research on Lattice Structure

There are many research articles on lattice structure. In early decades, the physical
properties of lattice structure have been studied. In the early stage, (Gibson et al., 1982)
investigated the mechanical properties of two-dimensional (2D) and 3D cellular materials with
beam theory. It was found that the effective Young’s modulus was controlled by the relative

density of the cellular material.

The increasing of experiment on lattice structure after the additive manufacturing
(AM) is to be used to fabricate lattice structure. More complicated experiment on lattice
structure have been done. Labeas and Sunaric (2010) conducted compressive experiments to
understand the static response and failure process of lattice structures made of Stainless Steel
316L. The result showed that the structural response was strongly influenced by the strut

geometrical characteristics such as the aspect ratio, the unit-cell size, and the shape.

14



Next, Alsalla et al. (2016) investigated the fracture toughness of Stainless steel 316L
lattice structures through tensile tests. It was found that the result was highly influenced by the
building orientation. The horizontal struts were weaker than the struts built in the vertical

direction.

Meanwhile, Yang et al. (2012) investigated the flexural property of auxetic lattice
structures through bending tests by design the sample using electron beam melting (EBM) and
selective laser sintering (SLS). The result indicated that the flexural strength of auxetic lattice

structures was higher than regular sandwich panel structures.

Furthermore, impact loading tests (Winter et al., 2014), dynamic tests (Salehian and
Inman, 2008), and fatigue test (Jamshidinia et al.,2015) have also been conducted to
investigate the performance of lattice structures fabricated by different types of AM

techniques.

2.3 Introduction Vibration

Vibration is physical movement or motion of rotating machine is normally referred to
as vibration. By using sight or touch sense the vibration frequency and amplitude are cannot
be measured. That’s means must be employed to convert the vibration into a usable equipment
that can be measured and analyzed. The different form of vibration can be sensed by seeing

and touching (Vishnu, 2015).

The term vibration also can relate in mechanical engineering. Therefore, the vibration
in mechanical engineering is often associated with a system that can swing freely without the
applied force. Next, vibration also can cause the minor problem to serious and threatened

security in engineering system. For example, in plane when the plane flying in the air, the
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plane’s wings will vibrate. This will cause the passengers will not comfortable with that
situation, especially when the frequency of vibration in accordance with the original frequency
in the human body and organs. In fact, if this had not prevented vibration it can cause serious
internal injury due to the passenger. Besides that, the current cost of designing aircraft are to

exposure to vibration (Clevenson et al., 1978).

Vibration also related to the dynamic analysis, there is two type of analysis which is
static and dynamic analysis. Structural analysis is primarily related to finding out when
introduced to load the behavior of a physical structure. The loads can originate from the
weight of the physical structure itself, people standing on it, large heavy furniture etc. or from
external or ambient loads such as earthquake, wind or ground shaking from machines
operating nearby the structures. The difference between the static and dynamic loading in
analysis on the physical structures is that in the static analysis the load is applied ‘slowly’
where the time and inertial effect are not relevant to the analysis and thus simplified whereas
in the dynamic analysis the load is applied over time or at certain frequency making time and
inertial effects are relevant to the analysis. In other words, in the static analysis, the
frequencies of the loads applied to the physical structure are much smaller than the natural
frequencies of the structure, while in the dynamic analysis the load applied has sufficient
acceleration where the frequency range is in the range of comparison relative to the natural
frequencies of the structure. Dynamic analysis is also related to the loads experienced by a
physical structure when it is excited by suddenly applied dynamic loads as some loads are not
present at some point in time. Therefore, structural dynamic analysis is a type of structural
analysis that covers the behavior of structures subjected to dynamic (high acceleration)

loadings. Structural dynamics testing and analysis contributes to progress in many industries,

16



including aerospace, automotive, manufacturing, wood and paper production, power
generation, defense, consumer electronics, telecommunications and transportation (Mahmood
et al., 2017). Dynamic analysis can be used to detect dynamic displacements, time history and
modal analysis. Forced vibrations occur when the object is driven by external force to vibrate
Vibration continues forever, as long as the driven force still exists. Consider a single degree of
freedom (SDOF) mass spring damper (MSD) consisting of mass, spring and damper element

as shown in Figure 2.17 for lumped parameter system.

F(1)

l

Figure 2.7: An illustration of MSD model of a SDOF system.
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For harmonic force, the equation of motion as complex equation is as follow:
mi(t) + cx(t) + kx(t) = Fe/V* (2.1)

where m is the mass, K is the stiffness, ¢ is the damping factor, X is the acceleration, x is the
velocity, X is the displacement and F is the force. Here, the real part of the complex solution
corresponds to the physical solution x(t). By assuming the complex solution of equation (2.1)

is of exponential form
x,(t) = XelWt (2.2)
by substituting equation (2.2) into (2.1), equation (2.1) becomes

(—w?m + cjw + k)Xe/Wt = FeIWt (2.3)

by cancelling the /"¢ yields

F
X = otmrean .
by rearranging gets
X 1 55
F (k—-w2m)+(cwj) 2:5)
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the equation (2.5) is known as the (complex) frequency response function (FRF). By

multiplying equation (2.5) to its complex conjugate yields the magnitude of the FRF

|§| = . 2.6
FI = Jk—w?m)?+(cw)? (2.6)
and the phase of the FRF
— -1 cw
@ = tan (k_wzm) (2.7)

Figure 2.18 shows the SDOF system's FRF and bode-plot graphs. FRF are typically
transfer functions used in vibration analysis and modal testing. The FRF expresses the
structural response ratio as output to force applied as input. Figure 2.18 shows that the
magnitude is amplified and the bode plot has a sharp phase shift at an angle of 90 © when the
frequency of the output force (operating frequency) is equal to the natural frequency of the
system. The peaks in the FRF graph and the sharp phase shift at 90 ° angle in the bode-plot
graph specified the system's natural frequency. There are several basic transfer functions based

on the response measurement as outlined in Table 2.3.
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Figure 2.8: FRF and bode-plot graphs of a SDOF system with m=2000 kg, k=45 kN and C=

2000 s[IN/m

Table 2. 3: Transfer functions used in vibration measurement (Irvine, 2000; Inman and Singh,

2014)
Response measurement Transfer function Inverse transfer function
Displacement Receptance Dynamic stiffness
Velocity Mobility Impedance
Acceleration Accelerance Apparent mass
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2.4  Vibration Analysis

Vibration Analysis applied in an industrial or maintenance environment aims to reduce
maintenance costs and equipment downtime by detecting equipment faults. Vibration analysis
is a main component of a condition monitoring (CM) process and is often referred to as
predictive maintenance (PdM). Application of vibration analysis are most commonly is used
to detect faults in rotating equipment (Fans, Motors, Pumps, and Gearboxes) such as
Unbalance, Misalignment, rolling element bearing faults and resonance conditions. Vibration
analysis can use the units of displacement, velocity and acceleration displayed as a time
waveform (TWF), but most commonly the spectrum is used, derived from a Fast Fourier
Transform of the TWEF. The vibration spectrum provides important frequency information that

can pinpoint the faulty component.

Vibration analysis is a process of looking for anomalies and monitoring change from
the established vibration signature of a system. The vibration of any object in motion is
characterized by variations of amplitude, intensity, and frequency. These can correlate to
physical phenomena, making it possible to use vibration data to gain insights into the health of
system or equipment. Vibration analysis is a very wide and complex domain which exploits
several aspects of the testing and diagnosis disciplines, from condition monitoring to defect
detection (Larizza, 2015). Due to the improvement of sensor technology now permit the use of
vibration analysis methodology within the very small size (micro) component. Noncontact
high-speed (wide bandwidth) laser sensors (typically displacement sensors) can overcome the
traditional limits exhibited by accelerometers, so highly accurate and localized analyses can be
performed (Larizza, 2015). From the table 2.3 shows the four principal domains of vibration

analysis methodology.
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Table 2.4: The principal domains of vibration analysis.

Principal Domains Function

-Detecting the integral performance of the tested part: peak, average,
root-mean-square, envelope values of vibration amplitude. These values
Time domain are compared with threshold values in order to detect abnormal

performance or latent defects.

- provide more information as the measured signal is decomposed into a
Frequency domain
sequence of frequency components (spectrum)

- In a particular case of time/frequency analysis, the spectrums are
Joint domain related to the rotational speed of the tested devices (order analysis),
(time/frequency such that the analysis of the single order which is represented by a

domain) frequency component varying with the speed is rendered possible.

- the study of the dynamic properties of structures under vibration
excitation. This technique uses FFT in order to carry out a transfer
function which shows one or more resonances, by means of which it is
Modal analysis

possible to estimate the characteristic mass, damping, stiffness, and

other properties of the tested part.

2.4.1 Research Vibration Analysis on Plate

For vibration analysis on plates there are many research articles. Burlayenko et al.
(2015) study to find out the weaknesses and strengths of each model used and to pick out their
interchangeability for the finite element calculations by different plate finite element models
used for the free vibration analysis of homogeneous isotropic and anisotropic, composite

laminated and sandwich thin and thick plates with different boundary conditions. The result
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shows the finite element model depends on the accuracy and available numerical possibilities.
Besides that, finite element technique is a method based on an idealization of geometry and

mesh sensitivity need to be considered.

Aerospace vehicle such as aircraft, rockets, and missiles most commonly used stiffened
laminated plate. Rajawat et al. (2017) were done free vibration analysis of stiffened laminated
plate using finite element method and the simulation using ANSYS. The aim of the research to
determine structural deformation and vibrational characteristics of stiffened laminated plate
where must have high natural frequencies. The result that obtain in that research compared
with the results stiffened composite plate. The result shows that the present model of stiffened

laminated plate gives quite accurate result to the stiffened composite plate.

Next, Liew et al. (2009) have explored a mesh-free Galerkin method for free vibration
analysis of unstiffened and stiffened corrugated plates. From the analysis carried on the
stiffened corrugated plates, treated as composite structures of equivalent orthotropic plates and
beams, and the strain energies of the plates and beams are added up by the imposition of
displacement compatible conditions between the plate and the beams. The stiffness matrix of

the whole structure was derived.

2.4.2 Research Vibration Analysis on Beam
Since vibration analysis also important to the beam structure they many research have
done on beam structures. In the early stage, Maurizi and Belles (1993) determined natural

frequencies of metallic beams with one step change in cross section.

Jen and Magrab (1993) obtained an exact solution for the natural frequencies and mode

shapes for a beam elastically constrained at its end and to which a rigid mass is elastically
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mounted. The results show, the differences between the results obtained using approximate
methods and the exact solution can sometimes be very large. The manner in which the
numerical results were presented clearly show the effects that the two degree of freedom
system's parameters and location have on the beam's lowest natural frequencies and the

conditions under which the attached system essentially uncouples from the beam.

Dong et al. (2005) presented a scheme to calculate the laminated composite beam
flexural rigidity and transverse shearing rigidity based on first order shear deformation theory.
A stepped beam model was then developed using Timoshenko’s beam theory to analytically

predict the natural frequencies and mode shapes of a stepped laminated composite beam

Vaz and Junior (2014) study the natural frequencies and the mode shapes of beams
with variable geometry or material discontinuities. By using Euler-Bernoulli beam theory in
order to evaluate the natural frequencies and the mode shapes of stepped beams in multiple
parts. The result obtains the comparison between calculated and measured frequencies and

their show good agreements, since the percentage of difference are small.

2.4.3 Research Vibration Analysis on Lattice Structure

Since this study will focused on lattice structure material, some research that have been
done before in vibration analysis, but still not enough works investigate on the dynamic
behavior of lattice structure material. Li et al. (2006) study the effects of local damage on the
vibration characteristics of different composite lattice truss core sandwich structures by using
uniform load surface (ULS) curvature, and developed according to the synergy of gapped
smoothing method (GSM) and Teager energy operator (TEO), which is denoted as GSM-TEO

method. The result on experiment and numerical solution demonstrated that the GSM-TEO
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methods are reliable and applicable for damage localization in composite lattice truss core

sandwich structures.

Lou et al. (2014) was investigated the effects of local damage, in the form of missing
part of the truss members, on the natural frequencies and the corresponding vibration modes of
composite pyramidal truss core sandwich structures experimentally and numerically. From the
investigation shows that the structural natural frequencies decrease due to the loss of stiffness
caused by the existence of local damage of the truss core. Next, the vibration modes of the
damaged composite pyramidal truss core sandwich structures show obvious local deformation
in the damaged region and the effects of local damage on structural natural frequencies get

smaller as the damaged region.

Elmadih et al. (2017) are focused on applications of lattice structures for vibration
isolation by using various configurations of strut-based lattice structure. The result shows the
natural frequency of a lattice structure can be reduced by increasing cell size, reducing volume

fraction.

2.5  Finite Element Analysis

The Finite Element Analysis (FEA) is the simulation of any given physical
phenomenon using the numerical technique called Finite Element Method (FEM). Engineers
use it to reduce the number of physical prototypes and experiments and optimize components
in their design phase to develop better products, faster. Finite element analysis (FEA) is a
numerical method used to solve engineering field problems by dividing a domain into several
smaller finite subdomains, which each act as individual elements over which algebraic

equations are applied and an approximate solution is given using the finite difference method
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(Russel, 2013). The results from each finite element are then reassembled and different types
of analysis can be run to solve any number of complicated engineering problems using this
method and a powerful solver (Reddy, 2006). The mathematical theory and application of the
method are vast (Budynas and Nisbett, 2011). There is also a number of commercial FEA
software packages that are available, such as ANSYS, NASTRAN, ABAQUS, and LS-

DYNA.

2.5.1 Application of Finite Element Analysis

There are a many function of FEA applications such as static and dynamic, linear and
nonlinear, stress and deflection analysis, free and forced vibrations, heat transfer (which can
be combined with stress and deflection analysis to provide thermally induced stresses and
deflections). Figure 2.7 shows the example application of finite element analysis. The basic
method by which a problem is solved using FEA can be broken down into several steps
(Cook, 2007). First, the problem must be identified and classified. There are several different
types of analysis that can be performed. Selecting the correct analysis for the correct problem
is important. Next, a simplified mathematical model should be derived from which to build the
basic physical concepts of the analysis. Preliminary analysis is then performed, in which a
solution is obtained to help ballpark the result sought after from the FEA study. The next step
is to actually perform the finite element analysis, which is almost always done with the aid of
a computer. The final step is to check the results. It is significant to first note if the results
“look” correct, if they make sense, and if they are similar to the preliminary analysis
performed. It may also be necessary to check the results against other solution forms, or

against a physical model (Cook, 2007). It must also be noted that the FEA process is a very
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iterative one. Rarely is the first FEA study the final one and revisions are often needed after

interpreting the results of a study.

(a) (b)

.!.I\;L‘:.: — L ey 'E:.‘\c:‘. ——
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Figure 2.9: (a) CFD on streamline of car; (b) Static analysis of stress distribution
(Vannutelli, 2017) and (¢) Dynamic analysis of vibration mode shape (Ismail, 2013).

27




2.5.2 Finite Element Analysis Using ABAQUS/CAE 6.14.1

In this study, finite element analysis using ABAQUS/CAE 6.14.1 is undertaken to
investigate the vibration of lattice structure. ABAQUS can solve problems of relatively simple
structural analysis to the most complex linear and nonlinear analyses. In ABAQUS, there are
some intrinsic methods that can be used to achieve dynamic analysis (Ismail, 2013). There are
two basic types of direct integration methods existing in ABAQUS, namely, i) Implicit Direct
Integration which is provided in ABAQUS/Standard and ii) Explicit Direct Integration

provided in ABAQUS/Explicit.

2.5.3 Finite Element Analysis On Lattice Structure

There are many researches in lattice structure case using FE analysis in order to
compare the numerical result with experimental result. Wallach and Gibson, (2000) have
modeled a sheet of lattice structures with a thickness of one unit-cell, which is the building
block for the lattice structure. The work was concerned with analytically modeling the elastic
properties of the sheet and assumed that the struts of the lattice structure are connected with
pin joints, which allows only axial loading on the struts of the lattice structure. The sheet was
subjected to axial loading in the x, y and z directions and the results were compared with
experimental results giving an error percentage of 3% to 27% depending on the loading
direction.

Johnston et al., (2006) analyzed the octet-truss unit-cell with the hypothesis that the
struts perform like beams, which allowed the inclusion of bending, shearing and torsion
effects on the structure. The unit-cell was investigated using a unit-truss model that consists of
a central node with set of half-struts linked to it and a common strut between two next unit-

trusses. The results had a relative error of less than 10%.
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Li et al., (2015) was studied of the debonding of truss bar in composite lattice truss
core sandwich structures by using gapped smoothing method - teager energy operator (GSM-
TEO) method and uniform load surface (ULS). The effects of local damage on the vibration
behavior of different composite lattice truss core sandwich structures are firstly studied, and
then, experiment and numerical simulation are conducted to measure the performance of the
suggested method. The results show a relative error is less than 13%. Figure 2.8 shows the

vibration mode shape using finite element analysis in the study.
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Figure 2. 10: First four order mode shapes of composite tetrahedral truss core plate (Li et al.,
2015).
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Elmadih et al., (2017) was studied the dynamic behavior of many configurations of
strut-based lattice structure fabricated using additive manufactured. As resulted in the
experiment and numerically show the relative error is less than 10.2%. Lattice structures can
be used to tune the design of a structure to have a desired natural frequency for a specific

vibration isolation application, effectively setting up a mechanical band-gap.
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CHAPTER 3

METHODOLOGY

3.1  Overview

This chapter presents the sequence of this study. For ease, the flow of the methodology
of this study is summarized in Figure 3.1. The calculation to get the design parameter also
presented in this chapter. Besides that, the designing steps of the lattice structure by using
SolidWorks software is also described here. In addition, steps to perform the vibration modal

analysis and static analysis using the ABAQUS finite element analysis (FEA) software.

( B )

Design of Lattice Stracture

Deflection determination
vis FEA method

Vibration characteristic
determination via FEA
methnd

Natural frequency
determinacion via
experimental method

Data comparison between
experimental method and
FEA method

Figure 3.1: Flow chart of general methodology.
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3.2

General Methodology

The phases involved for the completion of this research are as follow:

. Project planning and literature review

e Planning the timeline of the research and to gather resources and information

from related articles, journals or any materials.

. Design of lattice structure

e Design of the lattice structure using SolidWorks.

Static deflection analysis using FEA

e Obtain the deflection of ABS solid model and ABS lattice model.

. Vibration characteristics characterization using FEA

e Obtain the vibration characteristic using ABAQUS finite element analysis

(FEA) software.

. Natural frequency determination using modal analysis

e Conduct an experiment of vibration testing to get the natural frequency of ABS

solid and ABS lattice samples.

. Data analysis

e Analyze the data obtained from the ABAQUS finite element analysis (FEA)

software.

. Data Comparison with experimental results

e (Compare the data analysis from ABAQUS finite element analysis (FEA)

software with the experimental results.
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3.3  Design of Lattice Structure

3.3.1 Design Parameter of Lattice Structure
Prior to the drawing stage using SolidWorks software, there are some important

parameters that must be defined. The parameters calculation are shown afterwards.

Calculation (Based on Figure 3.2 and 3.3)

Diameter chosen =1.4mm,1.6mm, 1.8mm
Dimension of lattice structure cube block =20 mm x 20 mm x 20 mm
Number of unit cells in a cube block = 4 layers
Edge length of one unit cell, X =20mm /4
=5 mm
Length of half unit cell, X/2 =5mm/?2
=2.5mm
o) o)
Y
d - v .
o¥ ‘
pe X
X X

Figure 3.2: Calculation of hypotenuse base length (Y) BCC structure.

33



Hypotenuse base length, Y =( X2+ X2)?

— ( 52+ 52 )1/2
=7.07107 mm
Base length of half unit cell, Y/2 =(7.07107 mm) / 2
=3.5355 mm
H
&1
o s 22 PP '
g LI 04: - A L,
o | — . '

Figure 3. 3: Calculation of BCC structure for strut length (L).

Length of strut, L = [(X2)* + (Y/2)°]"

= [(2.5)* + (3.5355)*]"

=4.3301 mm

Angle ZABC = tan’! (X/2) + (Y/2)

— tan”! (2.5) + (3.5355)

=35.36°
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3.3.2 Design of Lattice Structure

Figure 3. 4: BCC unit cell (Azmi et al., 2018).

Figure 3.4 shows the BCC one unit cell of lattice structure design which is the length, L
and the surface angle are Smm, 35.26° respectively. For the strut diameter, © there use five
different sizes which are 1.0, 1.2, 1.4, 1.6 and 1.8mm. The size of the design lattice structure

bar is 160 x 30 x 15 mm as show in Figure 3.5.

Figure 3.5: Lattice structure bar (Azmi et al., 2018).




3.3.3 Design Step of BCC Lattice Structure

1. Sketching the strut of lattice structure design

Initially, the first step needs to open the SolidWorks software and create new
document then choose the part to create the 3D single component. Next, click
sketch then select the front plane to start the sketching. Draw a triangle with the
dimension as shown in Figure 3.6. Afterward, as shown in Figure 3.7 before
exit from the sketch mirror is needed to complete sketching on the front plane.
To complete the sketching, select the right plane as a sketch plane and repeat
the step like sketch on the front plane. Figure 3.8 shows the complete

sketching.

Figure 3.6: Line sketching with dimension.

Figure 3.7: Mirror line.
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Figure 3.8: Line sketching in front and right plane.

2. Extruding the strut

In this step, the reference plane needs in order to draw a circle tangent to the
line by selecting the line as a first reference and the vertex of line as second
reference as shown in Figure 3.9. After creating the reference plane, draw a
circle tangent to the line and extrude the circle with two directions as shown in
Figure 3.10. Repeat the step for each line to complete extruding of strut. As

shown in Figure 3.11 the complete extruding strut after rotate with 45 degree.

Figure 3.9: Reference plane perpendicular to sketching line.

Figure 3.10: Extruding strut in two directions.
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Figure 3.11: Complete strut after extrude.

3. Extruded cut the strut

To get one-unit cell of BCC lattice structure design, the extruded cut features
need to apply in this design. Firstly, need to make a reference plane. By choose
front plane as first reference and offset the reference plane 2.5mm this step
illustrated in Figure 3.12. Next, draw a square on new reference plane and
apply cut extrude. After that, mirror the cut extrude features and select the top
plane as mirror plane as shown in figure 3.13. Repeat the step for the right and
front plane to complete the design one unit cell of BCC lattice structure that

shows in Figure 3.14

Figure 3.12: Reference plane on the top plane.
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Figure 3.14: Final BCC unit cell design.

4. Mirror and combine the unit cell of BCC lattice structure

In the final stage in design of lattice structure bar design with dimension
160mm x 15mm x 30mm. Mirror feature are used to complete the design. To
create repeated unit cell, select the linear pattern and choose mirror the unit cell
and combine all. In this step first step mirror along the y-axis until get 6
repeated unit cell equivalent to 30mm width as shown in Figure 3.15 and
combine all become one body. Next, mirror along the x-axis until get 32 row
equivalent to 160mm long and combine it. Figure 3.16 show a layer of lattice
structure bar design. Finally, add another two layers by using mirror feature and
combine all layers to complete the design of lattice structure bar as illustrated
in Figure 3.17. Save the design and convert to step file or parasolid format in

order to export onto ABAQUS software.
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Figure 3.15: Width of lattice structure.

Figure 3.16: First layer of the lattice structure.

Figure 3.17: Lattice structure bar design.

3.2 Numerical Solution of Lattice Structure
In this section show the step that required performing the finite element analysis by
using ABAQUS/CAE 6.14.1 software. The lattice structure model is 160 x 30 x 15 mm. The

material and element properties are show in Table 3.1.
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3.2.1 Step of FEA Using ABAQUS/CAE 6.14.1

1. Design of part

e Firstly, the lattice structure bar is designed in three-dimensions (3D) by using
SolidWorks 2016. The step file is imported into the ABAQUS working

environment and part attributes section choose deformable types.

2.Build the material description

e This step defines the material in the Property module. First, create material then
select general and picked density. Next, select mechanical and picked elasticity.
The value of the properties such as density, poison ratio and modulus of

elasticity are listed in Table 3.1.

Table 3.1: Property of lattice structure.

Property name Details

Material ABS Titanium Stainless steel
Density 1050 kg/m? 4430 kg/m® 8000 kg/m?
Young’s Modulus 3 x 10 N/m? 114 x 10° N/m? 193 x 10° N/m?
Poison Ratio 0.35 0.33 0.28
Element Name C3D10H — Quadratic solid element

Geometric Order Quadratic
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3. Definition and assignation of the section properties

e For this step need to create solid homogenous section and perform section

assignment of the part in the same module which is property module.

4. Assembly the model

e In the Assembly module one creates a new part instance by click the create

instance. Select part and set dependent on instance type.

5. Arrangement of the analysis

e For this section show the step for the analysis using the step module.

i. Firstly, in step manager section click create then set linear perturbation type
and select frequency. To determine the vibration modes of the lattice
structure need to use frequency extraction analysis. The standard Lanczos
method (ABAQUS, 2011) has been applied to extract the natural
frequencies and mode shapes for the lattice structure. The frequency range
allows for 10 vibration modes to be identified.

ii.  In order to obtain the deflection of the FE models. The static analysis is
used. Initially, in the step manager click create then set general and select

static, general.

6. Setting on boundary condition and force.

e For frequency extraction analysis the boundary condition in this analysis is set
to clamp-free (CF). The clamped surface applies 20 mm parallel to x-axis on

the upper and bottom surface of lattice structure as illustrated in Figure 3.18.
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Figure 3.18: CCFF boundary condition

For deflection extraction analysis, a concentrated force of 1 N to 10 N with
increment 0.5 N is applied to lattice structure and Solid ABS at distance 145

mm in the x-direction and 15 mm in the y-direction as shown in Figure 3.19 to

use in deflection extraction analysis for ABS material.

Boundary condition Applied Force

L R 0 IR R

30 mm

< 160 mm —|

Figure 3.19: Location of excitation point in lattice structure bar (bottom view)
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7. Applied the meshing.

e On the Mesh Module is used to generate the finite element mesh. The mesh of
the part is created using the element shape and analysis with the standard, 3D

stress, C3D10H, is a 10-node quadratic tetrahedron, hybrid, constant pressure.

8. Created and submitted analysis job.

e  When the definition of the lattice structure model is complete, an analysis is

created and submitted to analyses the model. The job is submitted in the job

module and analysis is completed.
9. Viewed the analysis result.

e The result is view in the visualization module.
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3.3  Experimental Setup and Procedure

Figure 3.20 illustrated a schematic layout of the experimental system. The diagram
shows signal analyzer was connected to the computer through USB 1. An accelerometer that

function to detect dynamic sense movement or vibrations and impact hammer are connected to

Dataphysics Quattro through channel 4 and channel 3 respectively.

o2 IN4
Signal — O accelerometer | ... ...

Analyzer 153 :

(Data physics) '

] Impacthammer | . ;

[
[ m
SAMPLE
il Computer

Clamped End

Figure 3.20: Schematic Diagram of the Experimental Setup

Measurement point

Boundary condition

30 mm

20 mm
Applied force

150 mm

Figure 3.21: Location of measurement point and excitation point




Vibration testing is conducted using four sample which were 1.4 mm, 1.6 mm and 1.8 mm
strut size and solid ABS to identify the natural frequencies of all sample. The sample are
subjected to boundary condition with one end of the bar clamped-free to the test rig. The
location of measurement points and excitation points are shown in Figure. 5. The experimental
set up consist of Dataphysics Quattro as signal generator and analyzer, accelerometer and
impact hammer. A random force was applied to the sample by using impact hammer. The
vibration signal was measured by accelerometer for each measurement points. Data developed
from the test were analyzed by using SignalCalc 240 Dynamic Signal Analyzer. The
experimental set up for vibration testing is as shown in Figure 3.21. Three readings were taken
and averaged for each measurement point for each sample to ensure the consistency of the

results measured.

e I
o - . accelerometer ", sample- |

Figure 3.22: Experimental set up for vibration testing
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Overview

In this chapter presents a mesh convergence study conducted to verify the FE models
create solutions that have converged to an acceptable limit is presented. Following that, the
result of natural frequency for lattice structure and solid structure using FE method are
discussed. Next, the stiffness of lattice structure and solid samples of ABS material also
discussed here. In addition, for comparison purpose, the natural frequency of lattice structure

and solid design of ABS material obtained in the experiment also elaborated here.

The result are divided into four topics which are the convergence study, numerical
result, experimental result and comparative study. In numerical result it will be divided into
three sub-topics frequency extraction analysis, static analysis and vibration mode shape.
Meanwhile, in static analysis the results of sample deflection for ABS lattice is discussed.
Next, an experimental result for modal testing conducted of ABS solid bar sample and ABS
lattice bar samples with 1.4, 1.6 and 1.8 mm strut diameters is explained. Finally, a
comparative study between the FEA result and experimental work is discussed for result

validation. Then, the FE method is applied to others materials are also presented.

4.2  Convergence Study
A mesh convergence study was performed to ensure that the FE model produces

solutions that have converged to an acceptable limit. The mesh convergence study conducted
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is to verify the best size of element that appropriate to use in FE models for result on

frequency extraction analysis and deflection extraction analysis. The first natural frequency for

one-layer lattice structure design of 1.4 mm strut diameter was used as the convergence

measurement. Based on the result shown in Table 4.1, the value of natural frequency start to

converges at size element 0.49 mm to 0.47 mm. The convergence trend was illustrated in

Figure 4.1. The initial size of element chosen was started from 0.52 mm due to the minimum

limit of element size suggested by the ABAQUS. If the size element greater than 0.52 mm,

poor meshing quality was obtained for FE models. From the result, it can be concluded that

the quality of meshing is controlled by the size of element and it was also found that by

reducing number of elements also affecting the convergence result.

Table 4.1: Size of element for convergence test

Size of element (mm)

Number of elements

First natural frequency (Hz)

0.52 509143 22.42
0.51 634578 22.41
0.50 637459 22.40
0.49 641116 22.39
0.48 648469 22.39
0.47 650165 22.39
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Figure 4.1: Convergence test for FE analysis of ABS lattice structure.

4.3  Numerical Results

The size of element that discussed in mesh convergence study is used in this section to
conduct frequency extraction analysis and static analysis. The bar models are discretized using
from 524013 to 648653 quadratic solid elements. The number of elements for each bar differs
depending on the size of strut diameter. Initially, a frequency extraction analysis is performed
using lanczos method to extract the natural frequencies and mode shape of solid and lattice bar
models. Then the static deflection analysis is performed to obtain the deflection of the solid

and lattice bar models at given force.

4.3.1 Frequency Extraction Analysis

Acrylonitrile butadiene styrene (ABS) is one of the materials used in this study. To
perform the analysis some of the material properties need to insert into ABAQUS software
such as density, young modulus, and poison ratio as listed in Table 3.1 in previous chapter.
The result obtained in Table 4.2 are natural frequency for ABS solid and lattice model,

49



meanwhile Figure 4.2 shows the frequency trend for solid ABS and lattice ABS bar models

with different size of strut diameter.

Table 4.2: Frequency extraction analysis for 1%, 2", and 3™ modes of vibration for ABS.

FEA Results
Strut O Frequency (Hz)
(mm) First vibration mode Second vibration mode Third vibration mode
1.0 41.307 79.383 256.620
1.2 52.126 99.341 321.700
1.4 63.541 120.130 389.600
1.6 75.396 140.020 459.810
1.8 87.673 160.650 533.380
Solid ABS iy <sas 247.780 963.600

AB5 BAR MATERIAL
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Figure 4.2: The effect of solid bar and lattice bar model strut diameter on natural frequency of
ABS.
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In Table 4.2 the natural frequency values of ABS obtained from the frequency
extraction analysis of the first three modes for solid and lattice bar models are shown. For first,
second and third mode of ABS solid bar model has the highest frequency compare to lattice
bar models. It can be seen that the large strut diameter for ABS lattice bar models shifts the
frequency values of the first, second and third modes upwards, as expected due to increased
lattice stiffness. However, the frequency value for ABS solid bar model has the highest
frequency compare to ABS lattice bar models due the mass of ABS solid bar much heavy then
lattice. This result are also illustrated in Figure 4.2. It shows that the increasing trend of
natural frequency for ABS lattice bar models when the size of strut diameter increased. The
frequency becoming increased due to the increasing sizes of strut (Azmi et al., 2018).
Meanwhile, the highest incrementation in frequency for all three mode of lattice structure
found between 1.6 mm and 1.8 mm size of strut were up 13% to 15% frequency increased. By
referring Figure 4.2 increasing trend for all three mode and drastically increased between solid

and 1.8 mm lattice structure which were up 78% to 80% increased.

4.3.2 Frequency Extraction Conclusion

The influence of the strut diameter of lattice bar models on the frequency response has
been observed. It can be seen that, ABS lattice bar model with increase in the strut diameter,
the frequency value clearly increases. This is due to increased in lattice stiffness as the
diameter become larger which produce highest moment of inertia. However, compared
between ABS lattice bar models and ABS solid bar model, the frequency value for solid ABS
bar model higher than ABS lattice bar models because ABS solid much stiff than lattice bar.

Cannot be considered as lightweight materials because of it weight.
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4.3.3 Vibration Mode Shape

This part presents the mode shapes for all FE models. Mode shape is a specific pattern
of vibration executed by a mechanical system at a specific frequency. Therefore,
different mode shape will be associated with different frequency. The boundary condition
considered in the FE models is clamped fixed (CF) to simulate the cantilever beam behavior.
The mode shape for the first, second and third vibration mode of the FE models are shown in
Table 4.3. From the Table 4.3, it can be seen that the mode shapes obtained for the FE model

are similar to the fundamental cantilever beam mode shape.

Table 4.3 show the first three modes of vibration for ABS lattice and ABS solid bar
models. The dark blue area in these figures from Table 4.3 indicate nodal displacements for
the first three modes of vibration, representing the area where the displacement is close to
zero. Meanwhile, the red area show in figure from Table 4.3 are representing the high
amplitude for first three modes vibration where the displacement are maximum and close to

one.
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Table 4.3: The first three vibration mode shapes of lattice structure and solid design

Strut O Vibration mode shapes of solid and lattice structure design
(mm)
first mode Second mode Third mode
1.0
I il
1.2
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Strut O Vibration mode shapes of solid and lattice structure design
(mm) . .
First mode Second mode Third mode
[
1.4
i
1.6

54




Strut O Vibration mode shapes of solid and lattice structure design
(mm) . .
First mode Second mode Third mode
1.8
Solid
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4.3.3 Static Analysis of ABS Lattice And ABS Solid Bar Model.

To prove the frequency extraction analysis that conducted from previous section, static
analysis to calculate the stiffness in each model was conducted. The effect of strut diameter of
ABS lattice bar model and ABS solid bar model on stiffness value are conducted. The result
obtain was tabulated in Table 4.5 ABS solid, meanwhile Table 4.6 to Table 4.10 shows the
result for 1.0mm, 1.2mm, 1.4mm, 1.6mm and 1.8 mm strut diameter, respectively. Figure 4.3
show trend of stiffness for lattice and solid ABS bar model and Table 4.4 show the maximum

deflection according the maximum force applied in FE model during analysis.
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Figure 4.3: The relation force and deflection to the stiffness.

56



Table 4.4: Maximum force and deflection

Design Maximum Force, F (N) Maximum Deflection, X (m) Stiffness, K (N/m)
Solid ABS 10.0 3.152x 10* 31.70 x 10°

1.0 mm 10.0 3.152x 10* 2.28 x 107

1.2 mm 10.0 1.978 x 102 5.06 x 10°

1.4 mm 10.0 4.383 x 102 1.11x 10°

1.6 mm 10.0 4.944 x 1073 2.02x10°

1.8 mm 10.0 2.941 x 107 3.40x 10°

The maximum force applied and deflection that obtain from the analysis shown in

Table 4.4. Solid ABS bar models show the highest stiffness with 31.7 kN/m. For lattice

structure design the stiffness is different due to the different size of strut diameter where the

higher stiffness shown in 1.8 mm strut size which is 3.40 kN/m. Next, the 1.0 mm strut

diameter size shows the lower stiffness with 0.228 kN/m. Following that, the stiffness of 1.2

mm, 1.4 mm, 1.6 mm strut size is 0.506 kN/m, 1.11 kN/m and 2.02 kN/m respectively. The

stiffness increase when the size of diameter strut was increase. From data tabulated in Table

4.6, ABS solid has higher stiffness compared to ABS lattice structure bar because ABS solid

bar have higher cross-sectional area and total moment inertia compared to lattice structure

design. The increasing of stiffness is due to the increasing of cross-sectional area that effect

the total moment of inertia where directly will affect the stiffness (Azmi et al., 2018).
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Table 4.5: The stiffness of solid ABS bar model.

Force, F (N) Deflection, X (m) Stiffness, k (N/m)
1.0 3.152x 107 31.7x 10°
1.5 4728 x 107 31.7x 10°
2.0 6.304 x 107 31.7x 10°
2.5 7.880 x 107 31.7x 10°
3.0 9.456 x 107 31.7x 10°
3.5 1.103 x 10* 31.7x 10°
4.0 1.261 x 10* 31.7x 10°
4.5 1.418 x 10* 31.7x 10°
5.0 1.576 x 10™ 31.7x 10°
5.5 1.734x 10 31.7x 10°
6.0 1.891 x 10 31.7x 10°
6.5 2.049 x 10 31.7x 10
7.0 2207 x 10 31.7 x 10
7.5 2.364x 10 31.7x 10°
8.0 2.522x 10 31.7x 10°
8.5 2.679x 10 31.7x 10°
9.0 2.837x 10 31.7x 10°
9.5 2.995x 10 31.7x 10°
10.0 3.152x 10 31.7x 10°
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Table 4.6: The stiffness of 1.0 mm strut diameter lattice ABS bar model.

Force, F (N) Deflection, X (m) Stiffness, k (N/m)
1.0 3.152x 10° 2.28 x 107
1.5 4.728 x 10° 2.28 x 107
2.0 6.304 x 107 2.28 x 107
2.5 7.880 x 107 2.28 x 107
3.0 9.456 x 107 2.28 x 107
3.5 1.103 x 10* 2.28 x 107
4.0 1.261 x 10* 2.28 x 107
4.5 1.418 x 10* 2.28 x 107
5.0 1.576 x 10 2.28 x 107
55 1.734 x 10* 2.28 x 107
6.0 1.891 x 10 2.28x 10?
6.5 2.049 x 10 2.28 x 107
7.0 2.207x 10* 2.28 x 102
7.5 2.364x 10 2.28 x 107
8.0 2.522x 10 2.28 x 107
8.5 2.679x 104 2.28 x 107
9.0 2.837x 10 2.28 x 107
9.5 2.995x 10 2.28 x 10?
10.0 3.152x 10 2.28 x 10?
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Table 4.7: The stiffness of 1.2 mm strut diameter lattice ABS bar model.

Force, F (N) Deflection, X (m) Stiffness, kK (N/m)
1.0 1.978 x 1073 5.06 x 10°
1.5 2.267x 107 5.06 x 10°
2.0 3.956 x 1073 5.06 x 10°
2.5 4.945x 1073 5.06 x 10°
3.0 5.934x 107 5.06 x 10°
3.5 6.923 x 1073 5.06 x 10?
4.0 7.912x 1073 5.06 x 107
4.5 8.900 x 107 5.06 x 107
5.0 9.889 x 107 5.06 x 107
5.5 1.088 x 102 5.06 x 10°
6.0 1.187 x 1072 5.06 x 107
6.5 1.286 x 1072 5.06 x 107
7.0 1.385x 102 5.06 x 10°
7.5 1.483 x 102 5.06 x 10°
8.0 1.582x 102 5.06 x 10°
8.5 1.681 x 1072 5.06 x 10°
9.0 1.780 x 1072 5.06 x 10?
9.5 1.879 x 107 5.06 x 10?
10.0 1.978 x 1072 5.06 x 10?
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Table 4.8: The stiffness of 1.4 mm strut diameter lattice ABS bar model.

Force, F (N) Deflection, X (m) Stiffness, kK (N/m)
1.0 4.383x 107 1.11x 103
1.5 6.574x 107 1.11x 103
2.0 8.765 x 107 1.11x 103
2.5 1.096 x 1072 1.11x 103
3.0 1.315x 107 1.11x 103
35 1.534x 102 1.11x 10°
4.0 1.753 x 1072 1.11x 10°
4.5 1.972 x 10~ 1.11x 10°
5.0 2.191x 102 1.11x 10°
55 2.410x 102 1.11x 10°
6.0 2.630x 107 1.11x 10°
6.5 2.849 x 102 1.11x 10°
7.0 3.068 x 102 1.11x 10°
7.5 3.287x 10 1.11x 103
8.0 3.506 x 1072 1.11x 103
8.5 3.725x 10 1.11x 103
9.0 3.944 x 102 1.11x 10°
9.5 4.163 x 107 1.11x 10°
10.0 4.383 x 107 1.11x 10°
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Table 4.9: The stiffness of 1.6 mm strut diameter lattice ABS bar model.

Force, F (N) Deflection, X (m) Stiffness, kK (N/m)
1.0 4.944 x 104 2.02x 103
1.5 7.416 x 104 2.02x 103
2.0 9.888 x 10 2.02x 103
2.5 1.236x 1073 2.02x 103
3.0 1.483 x 1073 2.02x 103
3.5 1.730x 1073 2.02x 103
4.0 1.978 x 1073 2.02x 103
4.5 2.225% 107 2.02x 103
5.0 2.472x 107 2.02x10°
55 2.719x 107 2.02x 10°
6.0 2.966 x 1073 2.02x 10°
6.5 3.214x 107 2.02x 103
7.0 3.461 x 107 2.02x 103
7.5 3.708 x 107 2.02x 103
8.0 3.955x 107 2.02x 103
8.5 4202 x 1073 2.02x 103
9.0 4.450 x 10 2.02x 10°
9.5 4.697 x 107 2.02x 10°
10.0 4.944 x 1073 2.02x 103
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Table 4.10: The stiffness of 1.8 mm strut diameter lattice ABS bar model.

Force, F (N) Deflection, X (m) Stiffness, K (N/m)
1.0 2.941x 10 3.4x 10°
1.5 4.411x 10 3.4x 10°
2.0 5.882x 10 3.4x10°
2.5 7.352x 104 3.4x 10°
3.0 8.823 x 10 3.4x10°
3.5 1.029 x 10 3.4x 10°
4.0 1.176 x 10 3.4x 10°
4.5 1.323 x 107 3.4x 10°
5.0 1.470x 107 3.4x10°
55 1.618 x 107 34x10°
6.0 1.765x 1073 3.4x10°
6.5 1.912 x 107 3.4x10°
7.0 2.059 x 1073 3.4x 10°
7.5 2.206 x 1073 3.4x10°
8.0 2.353x 107 3.4x10°
8.5 2.500 x 1073 3.4x10°
9.0 2.647 x 107 3.4x10°
9.5 2.794 x 10 3.4x10°
10.0 2.941 x 107 3.4x10°
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4.4  Experimental Result

This section presents an experimental study of the dynamics of the ABS bar sample
which include ABS lattice bar and ABS solid bar. Experimental measurement fundamental
natural frequency values are carried out, and then compared with finite element (FE) results in

order to verify the FE model.

Table 4.11: Experimental results for the first and second modes of vibration for ABS.

First vibration mode frequency, Hz
Strut @ (mm)
1st 2nd
1.4 mm 53.00 312.00
1.6 mm 68.00 413.00
1.8 mm 82.00 506.00
Solid ABS 159.00 1000.00

Table 4.11 show the results obtained from the tests. It can be seen that the frequency
increases with the increasing the size of strut diameter for ABS lattice bar, for all two modes
of vibration. The frequencies of the first mode vibration of the ABS lattice bar samples
obtained were 53.00,68.00 and 82.00 Hz for the 1.4, 1.6 and 1.8 mm strut diameter size,
respectively, while for ABS solid bar sample the frequency obtained was 159.00 Hz. In term
of strut diameter size, the same phenomenon was encountered as in finite element (FE)
analysis, whereby the frequency increase when the size of strut diameter increase. However,
for ABS solid bar sample the frequency value obtained was higher than ABS lattice bar. This
is due to the ABS solid bar sample much stiff and heavy compared to ABS lattice sample as
shown in the result obtained in previous section.
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4.5  Comparative Study and Discussion

4.5.1 Comparison between Finite Element Method and Experimental Method
The comparative study of the numerical approaches with experimental measurement
are carried out for verification of the study. The result in this study was tabulated in Table 4.12

below.

Table 4.12: Comparison of natural frequency for the finite element analysis and experimental
work for 1st mode only.

First Mode of Natural Frequency, Hz
Strut @ (mm) Error (%)
Finite Element (FE) Experimental
1.4 63.54 53.00 16.59
1.6 75.39 68.00 9.80
1.8 87.67 82.00 6.48
Solid ABS 153.31 159.00 3.71
200 -~
160 - m Expenmental
'i| = Finite Element
g 120 -
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=
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1.4mm 1.6 mm 1.8mm Solid ABS
TYPE OF SAMPLE

Figure 4.5: Comparisons of the experimental and numerical results of the natural frequencies.

66




The 1% mode natural frequency values from the FE analysis and experimental work of
the ABS lattice and solid ABS are presented in Table 4.12. The percentage error between the
two values, with respect to the FE result, is shown in the fourth column. From the result, it
can be seen that the percentage error is less than 17% for all design with the highest error
shown by the strut diameter 1.4 mm design, while the lowest percentage error of 3.71% shown
by solid ABS design. It is clear that the FE model accurately predicts the natural frequencies
of the bar sample. There is good agreement between the experimental and FE values for the

ABS lattice bar model natural frequency with a difference value of just 3.71%.

4.5.2 Comparison between ABS, Titanium and Stainless-Steel Materials

From the results obtained, the comparison between FE and experimental method for
ABS material for both ABS solid and lattice bar model shows a very good agreement, thus the
comparison using FE method between ABS materials with other materials which were
titanium and stainless-steel was conducted. The comparison only made between ABS with
titanium and stainless-steel using FE method. The titanium and stainless-steel materials are
powder-based material and can only be printed using SLS or SLM 3D printing Additive
manufacturing (AM) printer. As known the time duration and cost to print the sample are long
and much more expensive compared to ABS material. Thus, finite element (FE) method is one
of the best solution to analyze product from these types of material to understand their
behavior. The frequency extraction analysis for titanium and stainless-steel is conducted using

the validated FE method and the result is presented in this section.

Titanium inherits an array of the outstanding properties of dense titanium materials

such as high specific strength, stiffness, excellent corrosion resistance, and biocompatibility
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(Tang et al., 2015). The first three natural frequency of titanium was tabulated in Table 4.13.
Next, Figure 4.3 shows the trend of natural frequency of titanium lattice and titanium solid

models.

Table 4.13: Frequency extraction analysis for 1%, 2", and 3™ modes of vibration for Titanium.

FEA Results
Frequency (Hz)
Strut @ (mm)
First vibration mode | Second vibration mode | Third vibration mode

1.0 123.55 237.42 767.61

1.2 155.88 297.05 962.12

1.4 189.98 359.18 1165.00

1.6 225.48 418.87 1375.30

1.8 262.52 480.78 1595.70
Solid Titanium 610.09 1144.10 3652.80
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Figure 4.6: The effect of solid and lattice structure strut diameter on natural frequency of

titanium.

For solid and lattice bar models, the natural frequency values of titanium material
taken from the frequency extraction analysis are shown in Table 4.13. First, second and third
modes of titanium solid bar model have the highest frequency compared to models of titanium
lattice bars. The large strut diameter for titanium lattice bar models can be seen to shift the
frequency values of the first, second and third modes upwards as expected due to increased
lattice stiffness. However, due to the mass of titanium solid bar heavy then lattice, the
frequency value for solid titanium bar model has the highest frequency compared to titanium
lattice bar models. This result is also illustrated in Figure 4.6 shows that when the lattice strut
diameter increased the increasing trend of natural frequency for lattice titanium bar models.
The phenomenon that happened in ABS material are similar happened in titanium where the

frequency increased when the size of strut diameter increased. The value of frequency is
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depending on the size of strut diameter (Azmi et al., 2017). Besides that, from Figure 4.6

shown the significant increase in 1.0 mm to 1.8 mm lattice bar models and increase

dramatically between lattice bar models and solid bar model design which is 79% ,81% and

78% in first, second and third mode respectively.

Finally, the stainless steel was used to make comparison with ABS and titanium for

frequency extraction analysis. The first, second and third mode of natural frequency from

stainless steel for lattice structure and solid design are shown in Table 4.14 and Figure 4.7

show the natural frequency extraction trend for lattice and solid bar models for stainless steel.

Table 4.14: Frequency extraction analysis for 1st, 2nd, and 3rd modes of vibration for stainless

steel.
FEA Results
Frequency (Hz)
Strut O
(mm) First vibration mode | Second vibration mode | Third vibration mode

1.0 mm 118.62 227.88 737.05

1.2 mm 149.57 284.99 937.05

1.4 mm 182.21 344.54 1117.80

1.6 mm 216.42 402.32 1320.60

1.8 mm 252.14 462.32 1533.20
Solid 316SS 589.22 1106.50 3531.70
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A0

3500

OO0
z
E- i E 1.0 mm
] :
g 2000 ®m 1.2 mm
:m = 1.4 mm

1500
g ® 1.6 mm
=

1000 18 mm

Solid 31655
SO0
; [
1 2 3
Vibration Mode

Figure 4.7: The effect of solid bar and lattice strut diameter on natural frequency of stainless
steel.

In this section the same phenomenon was encountered as in previous material (ABS
and Titanium). The natural frequency values of ABS taken from the frequency extraction
analysis of the first three modes are shown in Table 4.14 for stainless-steel solid bar model
and stainless-steel lattice bar models. First, second and third modes of stainless-steel solid bar
model have the highest frequency compared to stainless-steel lattice bar models. The large
strut diameter for lattice bar models can be seen shifting the frequency values of the first,
second and third modes upwards as predictable due to increased lattice stiffness. However,
due to the mass of stainless-steel solid bar much heavy then stainless-steel lattice structure, the
frequency value for solid bar model has the highest frequency compared to lattice bar models.
The relation between natural frequency and strut size are directly proportional which were
increased strut size can increase natural frequency (Azmi et al., 2018). Meanwhile, the

frequency increased from lattice models to solid model which were 79% to 81% increased.
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From the comparison frequency extraction between ABS, titanium and stainless-steel.
It shows natural frequency obtained for titanium shows the higher frequency compared to
ABS and stainless-steel. The frequency is higher obtained from titanium and stainless-steel
compare to ABS due to higher modulus of elasticity which were 114 GPa and 193 GPa for
titanium and stainless-steel respectively and 3 GPa for ABS. Altintas said when the modulus
of elasticity increased, the natural frequency also increased. From the Figure 4.6 and Figure
4.7, it shown the trend of titanium and stainless-steel materials are similar with ABS material
where the size of strut diameter was affecting the natural frequency. The higher size of strut

diameter of lattice bar model the higher natural frequency obtained.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 Overview

This chapter present the conclusion of the study where concluded from the objectives

of study. Next, the recommendation for further study also suggested in this chapter.

5.2 Conclusion

This study present the results of the vibration characteristic for static and dynamics
analysis using finite element (FE) method of solid and lattice bar model for ABS material. It
shows the size of strut diameter was affected the natural frequency value of ABS lattice bar
models, large strut diameter for ABS lattice bar models shifts the frequency values of the first,
second and third modes upwards, as expected due to increased lattice stiffness. However, the
frequency value for ABS solid bar model has the highest frequency compare to ABS lattice
bar models due the mass of ABS solid bar much heavy then lattice. In static analysis, the
effect of size strut diameter to the stiffness of ABS lattice models, as expected the larger strut
diameter of ABS lattice models is stiffer due to the larger cross-sectional area that effect the
total moment of inertia. Nevertheless, the ABS solid bar model is more stiff compared to ABS

lattice models due to high cross-sectional area and total moment of inertia.

Moreover, the experimental measurement of vibration testing for fundamental natural
frequencies value using ABS solid bar sample and ABS lattice bar samples show the same

phenomena happen in FE method for dynamic analysis. The natural frequency of ABS lattice
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sample was affected by the size strut diameter. The natural frequency for ABS solid bar
sample is much higher compared to ABS lattice bar sample due to the mass of ABS solid bar
much heavy. However, due to an increasing implementation of lightweight structures in
various application especially in aerospace and automotive industries, lattice structure is most

suitable to fulfill demand

Finally, the comparison study between experimental work and FE method has
observed. The natural frequency for first vibration shows good agreement with error less than
17%. Using the validated FE method, the frequency extraction analysis was observed using
different type of materials which were titanium and stainless steel. The frequency is higher
obtained from titanium and stainless-steel compare to ABS due to higher modulus of
elasticity. Altintas said when the modulus of elasticity increased, the natural frequency also
increased. It also shows the influence of size diameter strut to both material lattice natural

frequency. As expected, the same phenomena encountered with ABS material.

5.3 Recommendation

For further study, the study of vibration behavior can be conduct with using the
different types of topological lattice structure design. In addition, the experimental worked can
be conduct by printing the sample using the other type of additive manufacturing (AM)

method for titanium and stainless-steel.
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Sample of Calculation

1. Stiffness, k

APPENDIX A

f=kx
k=L
X
10.00

k=3T52x10

k=31.70 x 10° N/m
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APPENDIX B

Project Planning and Execution

Gant Chart

All the activities and planning for PSM 1 and PSM 2 is illustrated in Table below.

PROJECT PLANNING FOR PSM 1

WEEK

ACTIVITES

10

11

12

13

14

Research Title Briefing

Literature Review

Design of Lattice Structure

Vibration Characteristic Using
FEA

Data Analysis

Report Writing

Report Submission

PSM 1 Seminar




PROJECT PLANNING FOR PSM 2

WEEK
ACTIVITES

Vibration Characteristic Using
FEA

Static Deflection Analysis Using
FEA

112(3]4|5/6]7|8

Conduct Modal Testing
Experimentally

Data Analysis

Report Writing

Report Submission

9

PSM 2 Seminar

=
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APPENDIX C1

List of apparatus for conducting modal analysis experiment

Impact Hammer

Data physic/Analyzer
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Spanner
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Data materials

APPENDIX C2

Overview of materials for Acrylonitrile Butadiene Styrene (ABS), Extruded
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Titanlum TI-GAI-4V (Grade §), Annealed Bar

Categories: Metal Nonferous Matal, Titanum Alloy: Alpha/Beta Titanum Alloy
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316 Stainless Steel, annealed bar
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Appendix C3

Analysis of results for experiments

Strut O (mm) 14 1.6

FRF

Bode Plot

Coherence
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