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Definition of used terms

Definitions adopted by researchers are often not uniform, so some key terms
are explained to establish positions taken in the PhD research.

Architectured material

Architectured material is a combination of a monolithic material with space
to generate a new structure which has the equivalent of a new monolithic
material.

Cellular structure

Cellular material is another name for architectured materials. Cellular struc-
tures can be categorized into two types: stochastic (foams) and periodic
structures.

Stochastic foams

Cellular materials which cannot be characterized by a single unit cell area
are referred to as stochastic foams.

Periodic structure

Cellular materials characterized by a unit cell that can be translated through
the structure are referred to as periodic materials

Prismatic structure

Periodic materials which the unit cells are translated in two dimensions.
These are known as prismatic cellular materials

Lattice structure

Periodic materials which have three-dimensional periodicity, which means
that its unit cells are translated in three axis. These structures are frequently
referred to as lattice or micro-truss materials
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Definition of used terms

Curling

Curling is the effect of high distortion on the extremities of the planes in
parts manufactured by additive manufacturing.
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Acronyms

Acronyms

AM Additive manufacturing

AMF Additive Manufacturing File

ALM Additive Layer Manufacturing

B-Rep Boundary representation

CAD Computer-aided-design

CAM Computer-aided-manufacturing

CAE Computer-aided engineering

EBM Electron beam melting

FEM Finite element method

FF Freeform fabrication

IGES Initial Graphics Exchange Specification

PRS Powder Recovery System

RAM Random-access memory

RM Rapid Manufacturing

RP Rapid Prototyping

SLS Selective Laser Sintering

STL STereoLithography

STEP Standard for the Exchange of Product model data

VRML Virtual Reality Modelling Language

3D Three-dimensional
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General introduction

Introduction

Additive manufacturing is a recent development in manufacturing. It is now
possible to manufacture metallic lattice structures easily with additive man-
ufacturing. Lattice structure is a type of architectured material and 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 structures can be used to produce
high strength low mass parts. It brings many advantages, for example pro-
duce lighter aeroplanes and consequently improve fuel savings. However, the
breakthrough in lattice structure manufacturing capability is yet to be fol-
lowed by a breakthrough in lattice structure design methods and CAD tools.
Currently only traditional design methods are available for additive manu-
facturing design strategies, which do not consider the requirements of lattice
structure applications. Thus, despite its advantages, lattice structures are
still not widely used. This work focuses on lattice structure design methods
and creation in CAD tools to facilitate wide use of lattice structures in prod-
ucts. Figure 1 is an example of an octet-truss lattice structure manufactured
with the Electron Beam Melting (EBM) technology.

Figure 1: Example of an octet-truss lattice structure manufactured with
additive manufacturing
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Motivation

In a fast moving world, where technology improves and advances rapidly,
nothing stays still. Today’s industrial designers seek to optimize product de-
signs to best meet the requirements of clients and markets. The bar has been
set higher and higher to fulfil the ever demanding economical, environmental
and society needs. Hence, the emphasize on research and development to
improve performances and gains in every possible way has become essential.
It has become important for engineers to design and manufacture high per-
formance lightweight products. For example, lighter parts in the aerospace
and automotive industries can contribute to huge amounts of savings in fuel
consumption. This is a very important factor for companies in reducing
costs. This PhD aims to help engineers to integrate lattice structures in part
designs and produce lightweight products.

Problematic

It is now possible to manufacture high strength low mass parts using lattice
structures manufactured with additive manufacturing. However, even though
lattice structures can now be manufactured easily with additive manufactur-
ing, they are currently not widely used in part designs. New capabilities
in manufacturing technology creates new requirements for design strategies.
This progress in manufacturing is yet to be followed by new innovations and
improvements in lattice structure design methods and computer-aided-design
(CAD) tools. Current design strategies and CAD tools are not tailored for
additive manufacturing. Designers currently do not have the required infor-
mation to correctly integrate lattice structures in part designs and also do
not have the necessary tools for easy lattice structure creation and manip-
ulation in CAD software. This constitutes a major stumbling block for the
wide use of lattice structures in part designs. It is important to know the
conditions and factors that influence lattice structure design decisions and
its applications.

Research question

From this first observation regarding metallic additive manufacturing and
current lattice structure design methods and CAD tools, the main questions
that arise are :
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• What are the advantages of integrating lattice structures in part de-
signs?

• Why are lattice structures so little used in part designs?

• What are the informations necessary to help designers to design parts
containing lattice structures?

• How can lattice structures be created quickly and easily in CAD?

These questions will be thoroughly answered in the literature review and
the following chapters.

Objective

The principal aim of this PhD is to facilitate and improve the integration
of lattice structures in additive manufacturing parts. This improvement will
be in two areas, first in the design strategy of the lattice structures and sec-
ondly the creation, visualisation and slicing in CAD and CAM environment
respectively.

Lattice structure design strategy For the design strategy, the goal is
to help designers to have the necessary information to choose the correct
lattice structure pattern and density based on the part’s requirements. This
will contribute towards better integration of lattice structures in additive
manufacturing part designs and make it easier to conduct finite-element-
analysis (FEA).

Create, visualise and slice lattice structure After choosing the config-
urations of the lattice structures, the next goal is to help designers to create
the lattice structures easily and quickly in CAD software and also to make it
easier to visualise and slice in CAD and CAM environment. Improvements
in CAD tools to design lattice structures are needed and will greatly improve
the additive manufacturing numerical chain.

Research strategy

To answer the research questions and achieve the desired objectives, the PhD
strategy has been outlined as follows. The following explains the work done
for each stage of the Phd strategy.

3
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Chapter 1: Literature review The aim of this literature review is to
study what had previously been published in this field of research. This
chapter investigates the importance of lattice structures, lattice structure
manufacturing techniques, lattice structure mechanical properties, lattice de-
sign methods and current CAD file formats for additive manufacturing.

Chapter 2: CAD tools in additive manufacturing In this second
chapter, the aim is to evaluate the performances of current CAD and CAE
tools to determine whether they are adequate enough for the needs of additive
manufacturing. Experiments were conducted in CATIA V5, observations and
analysis were made on the time taken to create lattice structure models, RAM
consumption during the operations, time taken to execute finite-element-
analysis and CAD and FEA computation file sizes.

Chapter 3: Lattice structure design strategy In this chapter, the
aim is to propose a new lattice structure design method. This new design
method will serve as a guideline for engineers to choose the correct lattice
structure pattern and density. A methodology to define equivalent lattice
structure materials is needed to eradicate the creation of lattice structure
with surfaces and volumes.

Chapter 4: Definition and creation of the skeleton model of the
lattice structure In this chapter, the goal is to visualise and slice lattice
structures in CAD and CAM respectively. First, lattice structure configura-
tions were determined. Next the aim is to study the informations needed to
represent and create lattice structures in CAD. Finally, the visualisation and
slicing of the lattice structures are explored.

Contribution

There are three main contributions in this PhD. A new lattice structure
design strategy is presented. This serves as a guideline for designers to inte-
grate lattice structures in additive manufactured parts. With this guideline,
designers will have at their disposal a guideline to choose lattice structure
patterns and densities. This will help the integration of lattice structures
additive manufactured parts.

The second contribution is a methodology to create equivalent lattice
structure materials. This solid material equivalence replaces the need to
create lattice structures in CAD and finite-element-analysis, which are both
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time consuming. This will save time in CAD 3D model creation and finite-
element-analysis in CAE software.

The third contribution is the proposal to define lattice structures with
points, lines, sections and joints instead of surfaces and volumes. The points,
lines, sections and joints information are referred to as the skeleton model.
Lattice structure geometrical configurations were determined and an algo-
rithm for the creation of a skeleton model for these configurations were
presented. A method is presented to visualise and slice lattice structures
from the skeleton model. This proposal is a starting point for future works
to create a new CAD file format, CAD and CAM tools suitable for lattice
structures and additive manufacturing.

Overview

Figure 2 illustrates an overview of this PhD thesis. Starting with the mo-
tivation of the work, problematic, research questions and contributions of
this research. Chapter two evaluates current CAD tools performances to de-
sign lattice structures. A new lattice structure design method is presented
in chapter three and in chapter four we propose a new methodology for the
creation and representation of 3D lattice structure models.
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Figure 2: An overview of the motivations, problematic, research questions
and contributions of the PhD
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Chapter 1. Literature review

This literature review will be the basis and starting point for this research.
This review was conducted by studying what had previously been published
regarding lattice structures, specifically concerning the importance of lattice
structures, lattice structure properties, lattice structure design methods, lat-
tice structure applications in products, manufacturing of lattice structures
and CAD file formats for additive manufacturing. The objective is to find
the problems encountered by designers to integrate lattice structures in part
designs and the benefits of lattice structure application.

1.1 Importance of lattice structures

1.1.1 Industrial requirements in the twenty-first cen-
tury

As the world becomes more competitive, industries are looking at every vi-
able prospect to stay relevant and be ahead of the competition. Economical
and environmental needs are forcing companies to reduce cost, increase per-
formance gains, and reduce wastes. New solutions have to be invented to gain
every possible improvement. As the need for energy conservation increases,
the need for lightweight parts increases too (Manfredi et al., 2014). The
benefits of weight reduction are significant. In the aerospace industry, where
the need to reduce weight is important, companies are trying to manufacture
lighter aeroplanes. Reduction in the weight of an aeroplane can contribute
to vast amount of savings in fuel expenses. In the automotive industry, re-
ducing a cars weight contributes to fuel economy and lower CO2 emissions
(Beyer, 2014). Studies have shown that a 10% reduction in weight can save
around 6-8% in fuel consumption.

1.1.2 The need for lattice structures

It is important to produce parts which are lightweight but have good mechan-
ical properties. Lattice structure is a good solution to achieve this objective.
High strength low mass property is a key advantage of lattice structure (Chu
et al., 2008). Lattice structures can be used to achieve excellent performance
and multi functionality while reducing weight. This concept of architectured
material comes from the desire to put material only where it is needed (Tang
et al., 2014). The research field regarding lattice structures has received
increased attention due to their advantages over stochastic structures in pro-
ducing lightweight and high strength parts (Ashby et al., 2000).
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The free-form capability of additive manufacturing enables engineers to
manufacture lattice structures. This ability to manufacture lightweight struc-
tures entices engineers in the aerospace industry to use lattice structures
manufactured with additive manufacturing (Wong and Hernandez, 2012). In
the aerospace industry, lightweight parts are needed to improve their per-
formances. Weight reduction is really important in the aviation industry,
where a reduction of one kilogram in an aeroplane can help fuel savings of
up to 3000 USD per year (Fall, 2013). Hence the importance of lattice struc-
tures in producing lightweight structures to reduce cost. The cost factor is
important in the automotive industry, thus low-cost titanium powders are
needed to expand its use in this domain (Froes and Dutta, 2014). Lattice
structures are also important in biomedical engineering, where it is suitable
for cell attachment and growth on implants (Darwish and Aslam, 2016; Pon-
ader et al., 2008). The main players of additive manufacturing are from the
aerospace and medical industries, while other industries such as automotive
are beginning to exploit the use of titanium alloys.

1.2 Introduction on lattice structures

History and background Lattice structure is a type of architectured ma-
terial, which is a combination of a monolithic material and space to generate
a new structure which has the equivalent mechanical properties of a new
monolithic material (Ashby, 2013).

Figure 1.1: Architectured materials according to (Ashby, 2013)

Figure 1.1 illustrates the two combinations and categories of architectured
material. Architectured materials are also known as cellular structures. The
word “cell” originates from a latin word called “cella”, which means a small
compartement or an enclosed space (Gibson and Ashby, 1999). Clusters
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of cells creates a cellular structure. Most common cellular structures in
everyday life are wood, cork and sponges. These structures have existed for
ages and human beings have benefited from their various uses. For example,
cork has been used in wine bottles since the Roman age. Engineers are now
capable of making cellular structures. Structures such as honey-comb like
structures have emerged to create lightweight structures.

Lattice structures in nature There are also many materials in nature
which contain lattice structure designs. These materials play a role in lightweight
structures. Natural tubular structures often have honey-comb like or foam
like core, which supports denser outer cylindrical shell and increases the re-
sistance of the shell to local buckling failure (Gibson, 2005). These materials
can be a reference for the configurations of lattice structures in creating
lightweight high strength materials. For example, hexagonal lattice struc-
tures have some similarities with cellular structures of wood. The stiffness
and strength of a species of wood depends on its density and the direction of
the load applied on it. Its stiffness and strength is higher if the direction of
the load applied is the same as the direction of the wood, compared to if it
was applied across it. Another example is the structure of 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).

Stochastic and periodic structures Architectured materials can be di-
vided into two categories, stochastic and periodic structures. Materials char-
acterized by a unit cell that can be translated through the structure are
referred to as periodic materials (Wadley, 2002). Whereas cellular materials
which cannot be characterized by a single unit cell area are referred to as
stochastic foams.

Prismatic and lattice structures It exists two types of periodic cellular
structures. First, periodic materials where the unit cells are translated in two
dimensions are known as prismatic cellular materials (Wadley, 2002). An
example of a prismatic cellular material is the honeycomb structure, which
has very good properties for a high stiffness and low mass structure (Rochus
et al., 2007). The second type, are periodic materials which have three-
dimensional periodicity. This means that its unit cells are translated along
three axis. These structures are frequently referred to as lattice materials
(Wadley, 2002). Therefore, a lattice structure is an example of a cellular
structure.
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Figure 1.2: Stochastic, periodic, prismatic, and lattice structures

In this work, the terms described above are used to identify specific struc-
tures and avoid ambiguity. The Venn diagram in figure 1.2 shows the differ-
ence between stochastic, periodic, prismatic and lattice structures. In this
work, we consider lattice structures as periodic cellular structures. Table 1.1
illustrates the definition of the terms used in this PhD for elementary and
lattice structures.

Table 1.1: Definition of elementary and lattice structure used in this PhD
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Lattice structure patterns There are many types of lattice structure
patterns. A lattice structure pattern depends on the pattern of its elementary
structure, as shown in table 1.1. Common lattice structure patterns are octet-
truss , cubic, tetrakaidecahedron, and open-cell foam lattice structures. Table
1.2 illustrates an octet-truss elementary structure containing an octahedral
core surrounded by tetrahedral units, tetrakaidecahedron structure and open-
cell foam structure. Open-cell foam structures imitate stochastic structures
by placing struts connected at the joints. These joints have low connectivity
with other joints.

Table 1.2: Octet-truss (Ashby, 2006), tetrakaidecahedron (Zhu et al., 1997)
and open-cell foam elementary structures

.

1.3 Manufacturing lattice structures

Cellular structures in nature have been used by humans since thousands of
years. Now, new techniques have emerged to manufacture these structures.
We examine the processes that can be used to manufacture cellular and
lattice structures.

1.3.1 Manufacturing stochastic and prismatic struc-
tures

The first processes capable of manufacturing cellular structures were mainly
for stochastic and prismatic structures. Manufacturing lattice structures used
to be more costly compared to manufacturing stochastic metal foams. This
resulted in wide use of metal foams and honey-combs in structures.

The manufacturing of metallic cellular structures emerged as an impor-
tant new field of metallurgy, various techniques have emerged to manufac-
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ture these structures. These techniques can be either from liquid or solid
state. For example in liquid state process, gas injection is used to create
these structures, whereas in solid state processes, foaming agents are used to
manufacture cellular metals.

1.3.2 Conventional lattice structure manufacturing meth-
ods

Table 1.3: 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) method process to manu-
facture lattice structures.

In this section, we review conventional manufacturing techniques to pro-
duce lattice structures and its limitations. There are four different tech-
niques, investment casting, expanded metal sheets, metallic wire assembly
(Moongkhamklang et al., 2008) and snap fit method. Table 1.3 illustrates
each manufacturing technique. For the investment casting technique, first
the pattern assembly is dipped in ceramic slurry to obtain a ceramic shell
coating. The next step is the drying and dewaxing of the pattern assembly.
The final step is the shell cracking to obtain the final product. Expanded
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metal sheets process consists in three main operations which are slitting, flat-
tening and folding the metal sheets. In the metallic wire assembly process,
first stainless steel solid wires and hollow tubes are assembled using tooling
to align the cylinders in collinear layers. Orientation alternates for each layer
to form the lattice’s structure. Finally the structure is bonded using a braz-
ing technique. In the snap-fitting method (Dong et al., 2015; Finnegan et al.,
2007), metal sheets were cut with water jet according to the truss pattern.
Then the rows of the trusses were aligned and snap-fit attached to the struc-
ture to form the octet-truss lattice structure. Finally the lattice structure is
brazed for bonding of the structure.

Disadvantages of conventional lattice structure manufacturing tech-
niques Each of the conventional manufacturing method explained in the
previous paragraph has its own limitations. For example, the metallic wire
assembly process has limitations in terms of the lattice structure pattern
able to be manufactured. The operation to form the lattice pattern is com-
plicated and is not capable of manufacturing complex lattice structures pat-
terns. Whereas the expanded metal sheet process produces large amounts of
waste and the metal has to be perforated and punched (Suard, 2015), which
limits the number of metals that can be processed. As for investment cast-
ing, the need to infiltrate and flow into the tortuous structure also limits the
process for alloys which has high fluidity (Wadley et al., 2003). Investment
casting is able to manufacture aerospace-quality titanium alloy lattice struc-
tures (Li et al., 2008) and complex shapes, however it is not cost-effective
and needs new methods to detect and repair the casting defects which are
often present in this process (Wang et al., 2003).

1.3.3 Metallic Additive Manufacturing

Additive manufacturing is defined by the American Society for Testing Ma-
terials (ASTM) as “ a process of joining materials to make object from 3D
model data, usually layer upon layer, as opposed to subtractive manufactur-
ing methodologies ” (Standard, 2012). In the last ten to twenty years, many
new metallic additive manufacturing technologies have been developed. It is
now possible to manufacture metallic end products with additive manufac-
turing (Vayre et al., 2012b).

History The first breakthrough in additive manufacturing was in 1987,
when Carl Deckard, a university of Texas researcher succeeded in developing
layered manufacturing and printed 3D models using a laser light to fuse layer
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by layer metal powders to create a prototype. The first patent for 3D objects
by CAD was awarded to Charles Hull, who was widely regarded as the father
of the rapid prototyping industry.

Classification There are many types of additive manufacturing technolo-
gies. These can be categorized into two categories, either layer-based or direct
deposition (Vayre et al., 2012b). Examples of layer-based additive manufac-
turing 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 powders for additive manufacturing machines are laser and elec-
tron 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). Only EBM and SLM are capable of manu-
facturing metallic lattice structures. In this Phd, we focus on the lattice
structures manufactured with EBM.

EBM technology Additive manufacturing is a manufacturing process based
on a layer-by-layer approach. It is the opposite to subtractive manufactur-
ing. Parts are manufactured by melting successive layers of materials rather
than removing them, as is the case of subtractive manufacturing. Additive
manufacturing is capable of manufacturing free-form parts. Thus suitable
for lattice structure manufacturing.

During the manufacturing process, each layer of the part is melted to the
exact geometry of the 3D CAD model. During this process, the machine
builds a series of layers with each one on top of the previous one. Additive
manufacturing requires a 3D CAD model of each part, for example the octet-
truss lattice structure in figure 1.3. The 3D CAD model is then sliced into
slices in one direction (Brackett et al., 2011) by a pre-processing additive
manufacturing software. Fine metallic powders are melted to form the exact
geometrical form of the part.

The system for an electron-beam-melting (EBM) machine consists of a
vacuum chamber, work piece, powder container, and the powder melting
system, as shown in figure 1.4. An EBM machine uses high voltage and an
incandescent cathode to generate an electron beam which melts the powder.
This takes place in a high vacuum chamber to avoid oxidation of the metal
powder and parts (Wong and Hernandez, 2012). The machine has to be
placed in a closed-door room to avoid oxidation of metallic powder and dust
mixing with the powder.

After the manufacturing process, the part is then taken out from the
machine to remove the unmelted metallic powder. This process is conducted
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Figure 1.3: An octet-truss lattice structure 3D model in CAD

Figure 1.4: Inside an EBM machine (Lu et al., 2009)

using the powder recovery system (PRS). The PRS machine blows away all
the unmelted power which will then be collected, filtered and reused in the
additive manufacturing machine for the next manufacturing cycle.

When positioning the parts in the build, supports are added. These sup-
ports are added in the pre-processing software dedicated to additive manu-
facturing. They are important to help support the molten parts and also to
evacuate heat from the part.
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Advantages of additive manufacturing Compared to conventional man-
ufacturing processes, additive Manufacturing has many advantages. For ex-
ample, the ability to manufacture complex forms and shapes (Vayre et al.,
2012a). This capability gives a whole new freedom for designers when design-
ing the parts. Thus helping engineers to produce hollow parts and improve
the functionality of components. For example, engineers can now design and
manufacture topology optimised parts and lattice structures.

Additive manufacturing is no longer limited to plastic parts and is capable
of producing technical components and not just prototypes (Reinhart and
Teufelhart, 2011). Engineers can directly manufacture metallic end products.
This saves time and eradicates the need to use a mould.

Additive manufacturing enables the use of titanium alloys and cobalt
chromium instead of conventional materials. Studies have proved that the
titanium parts manufactured with additive manufacturing have mechanical
properties which are good or better than the conventionally manufactured
titanium alloys (Dutta and Froes, 2015).

Tests in the most difficult conditions have been done on additive manufac-
tured parts. Cooper et al. tested hydraulic manifolds against real conditions
found in the demanding world of motorsports application. Parts produced by
additive manufacturing show that this technology is reliable in consistently
producing accurate dimensions and also in meeting the mechanical crite-
rias needed (Cooper et al., 2012). This study proved the robust capabilities
and consistency of components manufactured with additive manufacturing.
Therefore, it will provide users the confidence to use this technology to pro-
vide mechanical and geometrical properties that match those of traditional
manufacturing processes. Studies have shown that titanium alloy parts man-
ufactured with additive manufacturing have mechanical properties which are
as good or better than those manufactured with conventional manufacturing
processes (Froes and Dutta, 2014).

Constraints and limits of additive manufacturing In the previous
paragraphs, many advantages of additive manufacturing have been explained.
However, it does bring it’s own constraints and disadvantages too. Supports
are needed to dissipate heat during the building process and also to avoid
overhanging surfaces from collapsing (Vayre et al., 2012a,b). There is also
the need to remove un-melted powder from the build after the process and
a potential need for post surface-treatment if needed for functional surfaces
(Cooper et al., 2012). These problems has resulted in many new research.
New discoveries have to be made to solve these problems. In terms of cost and
environmental friendliness, there is not yet reliable research to conclude that

17



Chapter 1. Literature review

additive manufacturing is better than traditional manufacturing processes.
It is a new process that will come alongside the others.

Manufacturability of lattice structures These manufacturability con-
straints have to be taken into account when designing lattice structure. Man-
ufacturability of lattice structures have to be integrated during the design
process to avoid problems (Zhang et al., 2015). For example, the effects of
curling, the need of supports and the capability of removing unmelted metal-
lic powders with the PRS have to be considered in the design process of lattice
structures. The difference between the struts of the lattice structure CAD
models and those of the manufactured structures poses a problem, especially
for structures with thin struts. Figure 1.5 illustrates the diameter difference
between the struts designed in CAD and those manufactured with additive
manufacturing. A mechanical equivalent diameter of lattice structure struts
manufactured with additive manufacturing was proposed by (Suard, 2015).

Figure 1.5: Difference between a designed lattice structure strut in CAD,
its numerical equivalent cylinder, geometrical equivalent cylinder and the
manufactured strut with additive manufacturing (Suard, 2015)

Table 1.4 summarises the advantages and disadvantages of additive man-
ufacturing and conventional lattice structure manufacturing techniques ex-
plained in this section.

1.3.4 Conclusion

Existing lattice structure manufacturing processes such as investment cast-
ing, expanded sheet metal, metallic wire assembly and snap-fit method have
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Advantages Disadvantages

Additive Manufacturing

Ability to manufacture complex
forms and hollow parts
Enables the use of titanium alloys
and cobalt instead of conventional
materials
Equivalent or better mechanical
properties than with conventional
manufacturing processes

The need of supports to dissipate heat
and avoid overhanging surfaces collapsing
The need to remove unmelted powder
after the building process
Potential need for post surface-treatment

Conventional techniques Not addressed

Complicated operations
Produces large amount of waste
Limits the number of metals that can be
processed
Limits to alloys with high fluidity
Not cost-effective
Needs new methods to detect and repair
casting defect

Table 1.4: Synthesis: Advantages and disadvantages of additive manufactur-
ing and conventional lattice structure manufacturing techniques

limitations. For the last ten years, additive manufacturing has become a
viable answer to manufacture lattice structures and is gaining popularity as
the primary manufacturing process for lattice structures ahead of conven-
tional methods (Rashed et al., 2016). With additive manufacturing, many
types of lattice structures can be manufactured easily and reliably. Hence,
contributing to the possible wide use of lattice structures.

However, additive manufacturing has its manufacturing constraints too,
such as curling, the need for support and the need to blow away the unmelted
metallic power. These manufacturability constraint factors have to be con-
sidered and integrated in new lattice structure design strategy propositions.

1.4 Lattice structure properties

Introduction In material science, material properties can be shown in
many possible diagrams. 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). For example, figure 1.6 shows 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 the whole space in material science
and are not sufficient to fulfil all required properties, hence creating the
need of architectured material. With architectured material, it is possible to
produce parts with high stiffness-to-density ratio and fill these holes of the
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Figure 1.6: Young’s Modulus-density space materials diagram (Ashby, 2013)

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.

History Cellular structures have been known for generations, but it was
only in the last 30 years that an understanding of materials with a cellular-
like structure has emerged. Previously, manufacturing lattice structures were
limited by the process available during that period. It now exists techniques
to manufacture lattice structures easily. This has impacted the research in
lattice structure properties. Previously, the majority of cellular material re-
search publications were related to the cellular structures which were able to
be manufactured at that time. Thus, the majority of research papers pub-
lished were about material properties of stochastic and prismatic materials
only. It was then possible to manufacture these types of structures easily and
reliably by manufacturing processes such as foaming solidification (Wadley,
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2002).
There were however already some manufacturing processes which were ca-

pable of manufacturing lattice structures, but these processes were expensive,
complicated and had many limitations. Making it not cost effective and not
suitable. This increased cost outweighed the improvements gained in weight
reduction of the parts manufactured. Manufacturing stochastic metals were
more cheaper than manufacturing periodic lattice structures (Wadley, 2002).
The high cost and complexity of titanium investment casting process and
limitations of other conventional process to manufacture lattice structures
resulted in very limited mechanical property information for titanium-based
lattice structures as a function of their relative density (Dong et al., 2015).

1.4.1 Mechanical properties

Figure 1.7: Three main lattice structure design variable influence according
to (Ashby, 2006)

Influences of a structure’s property There are three main factors which
influence the properties of a structure, the material of the structure, its cell
topology, and its relative density (Ashby, 2006). This is shown in figure
1.7. The material of which the lattice structure is made of influences the
structure’s mechanical, thermal and electrical properties. Whereas the el-
ementary structure pattern or topology influences the bending-dominated
or stretching-dominated property of the structure. The relative density de-
pends on the struts size and length. The relative Young’s modulus of a
bending-dominated structure scales with the square of the relative density.
The scaling law of strength can be derived as:
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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.

Stretching and bending-dominated structures To help differentiate
the lattice structure mechanical properties and its applications, these struc-
tures 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 struc-
ture, 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
1.5 for each lattice structure pattern.

Table 1.5: Types of deformation for lattice structures according to (Suard,
2015)

The difference between stochastic and periodic structure mechanical prop-
erties influences their applications. Stochastic foams are bending-dominated
structures, thus are well equipped for energy absorption. Table 1.6 shows
the influence of stretching and bending-dominated structures in mechanical
properties.

The experiment in figure 1.8 shows that stretching-dominated structures
offer greater stiffness and strength per unit weight than those in which the
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Table 1.6: Influence of stretching and bending-dominated structures on me-
chanical properties according to (Ashby, 2006)

23



Chapter 1. Literature review

Figure 1.8: Stiffness experiment of octet-truss (stretching-dominated) and
kelvin foam (bending-dominated). The octet-truss lattice structure demon-
strates markedly superior specific stiffness compared with the open-cell foam
(Kelvin foam) (Zheng et al., 2014)

dominant mode of deformation is bending (Deshpande et al., 2001). In this
experiment, a compression test was conducted to compare and study the
stiffness of an octet-truss lattice structure and a Kelvin foam. An octet-truss
is a stretching-dominated structure, where as a Kelvin foam is a bending-
dominated structure.

Therefore, to maximize stiffness and strength, the structure must be
stretching-dominated. This information provides an initial basis for the study
of lattice structure mechanical properties. However, it must be further de-
tailed and research is needed to find out for all lattice structure configura-
tions. At the moment it does not yet exist a cellular structure database which
contains elastic constants, yield criteria and failure mode of different lattice
structure patterns (Zhang et al., 2015).
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1.4.2 Conclusion

Many comprehensive researches and papers regarding cellular structure prop-
erties have already been published (Wadley, 2006; Ashby et al., 2000; Ashby,
2006; Wolcott, 1990). However, research regarding lattice structure prop-
erties are yet to be fully explored and studied. Previous material science
papers published regarding cellular structures depended predominantly on
their manufacturability, which explains why many research previously con-
ducted were mainly on foams and prismatic structures only. For example
mechanical properties of the honeycomb structure and metal foams.

Manufacturing process to manufacture lattice structure existed, but was
expensive and thus outweighed its weight improvements, consequently mak-
ing it not extensively used in mechanical parts. Hence not many publications
were published on lattice structure properties and many are yet unexplored.
The main publications were regarding the main structures such as the octet-
truss lattice structure. However, the innovation of additive manufacturing
technology changes all this. Technological advances in additive manufac-
turing has provided opportunities to use lattice structures in part designs.
Thus, creating the need to study lattice structure properties. This vacuum
of information is one of the reason that prevents designers from using lattice
structure in part designs. Lattice structure configurations and properties
have to be studied in order to integrate it correctly in part designs.

1.5 Lattice structure design methods

In this section, the aim is to explain about lattice structure design methods
and additive manufacturing from a design perspective.

1.5.1 Design for additive manufacturing

Additive manufacturing has brought unprecedented freedom for engineers to
manufacture parts with complex forms. However, current design methods do
not take full advantages of additive manufacturing capabilities. Hence the
need for a new design method with the consideration of lattice structures
design for additive manufacturing parts. In this section, we take a look at
current design methods proposed for additive manufacturing.

Additive manufacturing has many new advantages compared to conven-
tional manufacturing processes and therefore creates new opportunities in
manufacturing. These advantages will only be fully utilized and optimized
to its maximum if the whole process in creating the parts is specifically tai-
lored for additive manufacturing. The challenge is now on designers to be
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innovative in the design process to reach the maximum potential of additive
manufacturing capabilities. Improvements in the design strategy and CAD
tools are needed in order to take full advantage of these capabilities (Rosen,
2007).

Current design strategies are not tailored to optimize additive manu-
facturing (Vayre et al., 2012a). The advantages of additive manufacturing
will only be reached and optimized to its maximum if the design method
is specifically tailored for its use. It may require a change in the numerical
chain so that additive manufacturing can be used at its full potential by de-
signers. Designers have to find new design strategies to achieve this objective
(Cooper et al., 2012). To fully optimise the potential of additive manufac-
turing geometrical freedom, it is important to progress in design guidelines
for additive manufacturing (Kranz et al., 2015). There is currently a lack of
design methods to help engineers design lattice structure parts for additive
manufacturing.

1.5.2 Design for additive manufacturing methodology
propositions

Design methods for additive manufacturing can be divided into many cate-
gories. First in terms of the scale size of the parts, and second its purpose in
different disciplines. Figure 1.9 summarizes these categories of design strat-
egy proposals for additive manufacturing according to (Tang et al., 2014). In
this PhD, the scope of the research focuses on the design strategy of meso-
level structures. Macro-level structure design proposals concentrates on the
use of topology optimization of the form of the parts, whereas meso-level
structures focuses lattice structure designs.

Figure 1.9: Design strategy categories for additive manufacturing according
to (Tang et al., 2014)

A new design method has been proposed by (Vayre et al., 2012a) to
improve the additive manufacturing design process. It consists of four steps.
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The first step is to analyse the specifications of the part, then to propose
single or several rough shapes. Third to optimize the shapes and define
certain parameters. Lastly the design is validated. Figure 1.10 illustrates
this design strategy. This proposition has taken into account the advantages
of additive manufacturing to design lightweight structures. However, this
proposition can be further improve as it does not take advantage of the use
of lattice structures in the method.

Figure 1.10: Square bracket design proposed using a new design method for
additive manufacturing (Vayre et al., 2012a)

Other proposition includes, topology optimization on lattice structure
struts to modify its densities (Zhang et al., 2015). This idea integrates cellu-
lar structure construction, topology optimization and material model calibra-
tion. Using scaling laws, the topology optimization of the cellular structure
is applied just as it is usually applied on a continuous solid object. Fig-
ure 1.11 illustrates the steps in this proposition. This design-optimization
method permits engineers to conduct topology optimization on the lattice
structures just as they are done for solid objects. Explicit lattice structures
are then constructed by mapping the continuous characterization parameters
to individual cells.

A new design method has been proposed which integrates multi-level and
multi-discipline design methods into a single process, as shown in figure 1.12.
Tang et al. notes that current design methods have two limitations. First,
most design methods are focused on a single level scale and second, that
there are few design methods that integrate multi-functions in a single part
(Tang et al., 2014). They proposed a framework incorporating multifunction
and multilevel design method in a single part. Their method integrates the
use of traditional topology optimization into multi discipline optimization
framework and the use of the homogenization theory to convert the result of
topology optimization into meso-lattice structures (Tang et al., 2014).
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Figure 1.11: Steps for design-optimization of a lattice structure (Zhang et al.,
2015)

Figure 1.12: Integrated multi-level and multi-discipline design process (Tang
et al., 2014)
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1.5.3 Conclusion

Current design methods are not tailored to optimize additive manufacturing
requirements. Some research have tried to explore and find a solution to this
problem. For example, new design for additive manufacturing methodology
proposition and the optimization of lattice structures. These propositions
are a start and have to be explored further in order to make it more reliable
to be used in additive manufacturing. The integration of lattice structures is
not yet clear. Currently it does not exist a lattice structure pattern selection
method to select suitable lattice structure patterns for each purpose. New
lattice structure design strategies are needed to maximise its use in part
designs.

1.6 CAD file formats for additive manufac-

turing

Additive manufacturing application has increased tremendously in the twenty-
first century. Applications and research in additive manufacturing have in-
creased and are now applied in many domains. Many new technologies and
improvements have been made. However, the breakthrough in manufacturing
has not yet been followed by a breakthrough in CAD.

1.6.1 CAD tools to create lattice structures

New CAD tools are needed in order to take full advantage of additive man-
ufacturing capabilities. Many researchers said they see the lack of capable
CAD tools as a limit for their research and for the utilization of additive
manufacturing technologies(Rosen, 2007). It may require a change in the
numerical chain so that addtive manufacturing can be used at its full poten-
tial by designers (Vayre et al., 2012a). CAD software must be tailored to
meet additive manufacturing needs (Campbell et al., 2012). Additive man-
ufacturing requires 3D CAD models of each part, which are then sliced into
slices in one direction in a CAM software to generate cross section profiles
(Brackett et al., 2011). These cross section profiles are exported directly
to the additive manufacturing machine to be manufactured layer-by-layer.
Most commercially available CAD programs use parametric B-Rep systems,
thus making it challenging to produce digital models for additive manu-
facturing. These are suited to modeling forms and shapes associated with
conventional manufacturing processes such as extrusions, but less suitable
for complex geometries associated with additive manufacturing (Thompson
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et al., 2016). Traditional CAD systems require an interface that can develop
complex structures and store their data and properties (Thompson et al.,
2016).

1.6.2 Analysis of current CAD file formats

STL STL has been the de facto format for the last two decades (Hiller and
Lipson, 2009). STL is a very simple format and has only triangular facets
and is potential for defining faces with any number of edges (McMains et al.,
2002). This is the general format for STL :
solid name
facet normal ni nj nk

outer loop
vertex v1x v1y v1z
vertex v2x v2y v2z

vertex v3x v3y v3z

endloop
endfacet
endsolid name

The STL file format has many disadvantages. For example, it is not good
enough to handle multiple and graded materials (Hiller and Lipson, 2009). It
also does not contain information on surface colors. This problem is specific
to rapid printing machines which possess the capability to print 3D coloured
objects. There are four main deficiencies in the STL file format:

1. Redundancy in the file format.
2. Lack of a complete geometric description. Exact shape reconstruction

is impossible.
3. No well-defined approximation method.
4. Lack of technological information.

Consequently, these four deficiencies give the following implications re-
spectively:

1. Large STL file formats which slows down fabrication
2. Produce a lack of coherence between facets and a risk for creating

mismatching vertices and incorrect topology. Consequently, object dis-
tortions may be produce.

There is redundancy in the file format because the normal can be deter-
mined in two different ways (Al-Ahmari and Moiduddin, 2014). The first is
by calculating the vertices which are ordered in a counter-clockwise round
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the facet, and the other is by referring to the normal specified in the STL
format. Which makes one of them redundant. Unless in cases where the
facet is very small and calculations based on the vertex positions are usually
inaccurate. Lack of coherence between facets is also another problem. There
is no information except for the vertices’ positions. Which means that it
is necessary to search for matching vertices if the model is to be recreated.
This is potentially time consuming and prone to creating incorrect topology.
These problems of the STL format are well known. But it is still used and no
real alternative has been able to replace STL. The solution to this problem
is still an open question, the obvious solution is to replace it with a proper
data exchange format. But this has not yet been achieved due to the well-
known problems of introducing a new format. There are a few extension to
the STL file format aimed at overcoming these problems. Three approaches
have been discussed to improve data communication for free-form fabrication,
by the use of approximation control parameters, the development and use of
STL extensions and with STEP based methods. These extension proposals
show that small work and extensions can improve largely the STL format.
However, this study also shows that even with extensions and improvements,
it is still necessary to replace the STL file format for the use in additive
manufacturing.

STEP The Standard for the Exchange of Product Model Data (STEP) is
a comprehensive ISO standard (ISO 10303) that describes how to represent
and exchange digital geometry and product information (Iyer et al., 2001).
It provides information for the complete product life-cycle, such as manu-
facturing, design, maintenance, utilization and disposal (Bhandarkar et al.,
2000). STEP is a solid model representation which is unnecessarily complex
for the needs of the additive manufacturing community. The main reason for
the development of formats such as IGES and STEP was to have a neutral
CAD file format which was application independent (Iyer et al., 2001). Thus
it is supported by all CAD systems. STEP was created as a successor to the
IGES file format (McHenry and Bajcsy, 2008).

It is subdivided into a head and data section. The head section consists
of a fixed structure, whereas the data section contains the application data
to a given Express schema. The entities to be captured and exchanged in
STEP are defined in schemas written in an information modellings language
called EXPRESS.

The ISO 10303 has parts which contains Applications Protocol (Aps).
Examples of Aps which exist currently area :

• AP 202 Associative draughting (1996)
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• AP 203 Configuration-controlled design (1994)
• AP 207 Sheet metal die planning and design (1999)
• AP 224 Mechanical product definition for process planning using ma-

chining features (1999)
• AP 225 Building elements using explicit shape representation (1999)

The most common AP use is the application protocol AP 203, Configuration-
controlled design. It is used for transferring product shape models, assembly
structure, and configuration control information.

IGES The Initial Graphics Exhange Specification (IGES) file format was
published by the National Bureau of Standards in 1980. It was designed to
store information of 2D and 3D parts. It can be regarded as “The first modern
electronic data exchange tool” (Bhandarkar et al., 2000). It was popular, but
not enough to satisfy all the requirements of engineers and researchers, which
eventually lead to the development of the STEP file format. The IGES file
format is a neutral format which permits the transfer of data between CAD
and engineering systems. The IGES file format does not provide data other
than drawing or 3D modeling, thus it is not suitable for CAM needs, and
also does not provide any life-cycle related information like the STEP file
format (Bhandarkar et al., 2000). The IGES file format has some problems,
such as that it does not have a formal data model, causing ambiguities. Its
structure of 80 characters also makes it very verbose and very difficult to
understand. This makes it very difficult to identify and correct mistakes and
errors (Bhandarkar et al., 2000; McHenry and Bajcsy, 2008). Since IGES
does not have a formal data model, few problems have surfaced for CAD
vendors which have developed their own extension to the file format. Such
as the loss of information and inconsistency with other CAD systems. Thus
making it unacceptable for engineering use (Bhandarkar et al., 2000).

AMF The proposed Additive Manufacturing Format (AMF) looks to be
a very good prospect to replace STL files as the de facto format for addi-
tive manufacturing. However, this has not been the case because it is not
open-source and the capabilities of AMF to define material colors and types
of materials are not really needed or used by most additive manufacturing
machines. AMF is defined by curved triangles of the surface of a part. Accep-
tance of this file format for use in additive manufacturing in the end depends
on its endorsement by both the CAD suppliers and additive manufacturing
manufacturers (Al-Ahmari and Moiduddin, 2014).
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PLY The Polygon file format, or also known as Stanford triangle format is
a pure-mesh based format. It uses polygon meshes and can include informa-
tion about texture and color but does not define materials or microstructure
volumetrically. It was intended to store and view data from 3D scanners. Its
purpose was to be flexible and act as a portable 3D file format (McHenry
and Bajcsy, 2008). The Ply file format has both binary and ASCII versions.
For the binary version, it includes information to make it machine indepen-
dent. It is popular due to its simplicity and flexibility (McHenry and Bajcsy,
2008). Users can define key types to make extensions. Ply supports geometry
in the form of vertices, edges, faces, vertex colours, textures and materials
(McHenry and Bajcsy, 2008).

OBJ OBJ is a mesh based format, which is compact and widely accepted in
the 3D modeling community. It can map textures easily but lacks the ability
to define materials or microstructure volumetrically. The Obj file format is a
simple, text based file format (McHenry and Bajcsy, 2008). It was developed
by Wavefront techonologies.

The Obj file format consists of line of keys and various values. It supports
geometry informations such as vertices, edges, faces, parametric surfaces, ver-
tex, textures, material properties, and groups (McHenry and Bajcsy, 2008).
It is widely adopted by other CAD systems and can be imported and exported
by a number of them (McHenry and Bajcsy, 2008). Below is an example of
an Obj file format keys and values:
v 0.0 0.0 0.0
v 0.0 1.0 0.0
v 1.0 0.0 0.0
f 1 2 3

Table 1.7 shows the key informations :

Key Description
# Comment
v Vertex
l Line
f Face

vt Texture Coordinate
vn Normal
g Group
... ...

Table 1.7: Obj file format key information
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VRML Virtual Reality Modeling Language (VRML) is a mesh-based file
format which was intended to allow 3D content to be viewed over the web
(Nadeau et al., 1998). It includes information about 3D surface, colour, and
also information that is irrelevant for additive manufacturing. For example,
transparency, animations, lights, sounds, and embedded navigation URLs.
VRML does not support defining multiple materials within a given mesh or
arbitrary microstructure.

Synthesis on CAD file formats In table 1.8, we compare each CAD file
format, its advantages and disadvantages.

1.6.3 Conclusion

Additive manufacturing is a new technology which has its own numerical
chain. To fulfil its potential, each stage of the numerical chain has to be
tailored according to additive manufacturing requirements . Hence a need
to study each phase in the numerical chain to see whether improvements are
needed.

From the analysis of various CAD file formats, we conclude that there
is currently not a file format which is fully optimized for additive manufac-
turing. Each file format which exists today were created for other uses and
technologies in the past. Recent work have been conducted to create new
CAD file formats for additive manufacturing, or modify existing ones to cor-
respond to the need of additive manufacturing, but these are yet to replace
STL as the de facto CAD file format in additive manufacturing. New CAD
tools are needed to overcome the these limitations. Thus the need to study
and create a new CAD file format for additive manufacturing which takes
into consideration the requirements of each phase in the numerical chain. It
will require a change in the numerical chain so that designers can use lat-
tice structures and additive manufacturing at its maximum potential (Vayre
et al., 2012a).
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File
Format

Type Original purpose Advantage Disadvantage

IGES

(1980)

Geometry :
Vertices,lines
polylines,arcs,
curves,
parametric
surface,
CSG, b-rep,
Open source

To exchange data
between CAD
systems
Store 2D and 3D
models

Neutral CAD file format

No formal information model
Incomplete exchange due to
changes by CAD systems
Life-cycle support information
only for design applications
80-column format is not easily
human understandable
Difficulty to correct errors

STL

(1988)

Triangulated
Open source

Stereo lithography
machines

Easy conversion
Wide range input output
Simple slicing algorithm
Sequential memory
access

Large file size
Truncation errors
Incompleteness
Inconsistency
Incorrect normal
and intersections
Degerate facets

OBJ

(1992)

Geometry;
vertices
Open source

For Wavefront
Technologies’
advanced
animation package

Simple
Compact
Wide accepted in 3D
modelling community

Not able to define materials

STEP

(1993)

Triangulated
boundary
Faceted boundary
General surface
B-rep solid
Open source

Describe life cycle
product data
independant from
any system
To success IGES

Resourcs available to
transfer slide data
Integrated resoucres
contains all needed to
define contours and
patterns
Use exact geometry
and NURBS curves
Contains geometry and
materials information
Possible to include
process information

Unnecessarily complex for
the needs of additive
manufacturing

PLY

(mid 1990s)

Geometry :
Vertices,edges,
faces,vertex,
colours,textures,
materials

Store 3D data
from scanners

Simplicity
Flexibility
Allows user defined
types

Does not define materials or
microstructure volumetrically

VRML

(1997)
Open source

Represent 3D
interactive vector
graphics for the
internet

Includes information of
surface and colours

Unneccessary information for
AM: transparency,animations,
lights, sounds, URLS
Impossible to define multiple
materials

AMF
(2011)

Curve triangles
Open source

AM machines Resolution independent
Contains unnecessary
information for metallic AM

Table 1.8: Synthesis : CAD File Formats Comparison

1.7 Literature review conclusion

With the progress in additive manufacturing as a reliable process to manu-
facture lattice structures, it should have been the catalyst in the wide use
of these structures in products. However, this is not yet the case as there
is still a large vacuum of information regarding lattice structure mechanical
properties, lattice structure design strategies and CAD file format and soft-
ware for additive manufacturing. Hence lattice structures are currently not
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broadly used in mechanical parts even though is has many advantages, such
as producing high strength low mass structures.

Therefore, in order to reach the great potential of additive manufacturing
and to facilitate wide use of lattice structures in products, improvements and
research must be made in these four aspects :

• Lattice structure mechanical properties

• Lattice structures design strategies

• CAD and CAE tools for lattice structures

• CAD file formats for additive manufacturing

These four aspects are investigated in the following chapters to achieve
the PhD objective.
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2.1 Evaluating current CAD tools performances

in the context of design for additive man-

ufacturing

Lattice structure is an important element in the design of additive manu-
facturing parts. Therefore, there is a need to design parts containing lattice
structures efficiently and conveniently using CAD tools. This chapter aims
to evaluate the current CAD tool’s performances in the context of design to
create lattice structure 3D models.

The criteria chosen to evaluate these performances are:

• The total number of operations the operator has to perform to design
the basic lattice structure pattern.
• The total time the operator needs to design a lattice structure
• The time taken by the CAD software to apply and generate a repetition

function.
• The CAD file sizes
• The RAM usage in CAE and CAM software.

These criteria are used to evaluate the performances of current CAD tools
in terms of human machine interface, and data exchange between CAD, CAE
and CAM for additive manufacturing, as shown in figure 2.1.

Figure 2.1: The roles of each criterion in evaluating CAD tools for additive
manufacturing

The computer used to carry out this experiment has the following speci-
fications:

1. Windows 7 Professional 64 bits
2. Intel R© Processor Core i7-3540M CPU @ 3.00 GHz
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3. 8 GB RAM
4. 500 GB hard disc

Three variables have been chosen for the design of the experiment:

1. Dimensions and volumes of the parts
2. Lattice structure patterns
3. Sections of the bars of the lattice structures

Two lattice structure patterns were chosen to see how the software handles
the design of simple lattice structures such as cubic lattice structures and also
more complicated lattice structure patterns such as an octet-truss lattice
structure:

1. Octet-truss lattice structures
2. Cubic lattice structures

The bars of the lattice structures were designed with two different sections
to see if it makes any differences in term of software and operator:

1. Square section
2. Circular section

Figure 2.2 shows an example of a struts circular section.

Figure 2.2: Circular lattice structure bars

Four part dimensions were chosen to see how the software adapts for
different sizes of parts. These volumes were chosen to see the gradual effects
of volume sizes on the performance of the CAD software. The maximum
dimension chosen is 20 cm × 20 cm × 20 cm, which is approximately the
maximum dimension that can be built in current additive manufacturing
machines. The four dimensions and volumes are (see figure 2.3) :

1. 5cm × 5cm × 5cm (volume : 125cm2)
2. 10cm × 10cm × 10cm (volume : 1000cm2)
3. 15cm × 15cm × 15cm (volume : 3375cm2)
4. 20cm × 20cm × 20cm (volume: 8000cm2)
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Figure 2.3: Different lattice structure dimensions

2.1.1 Human Machine Interface

The objective of this section is to observe the challenges experienced by the
user when designing lattice structures in a CAD software. The software used
in this experiment is CATIA. It uses the same B-REP models to describe
the geometry and as other commercially available CAD software. Therefore
the results with CATIA will be comparable and representative of other CAD
software such as Solidworks and Creo.

A total of 19 different parts with the different variables have been designed
in the CAD software. Each operation and difficulty was observed and noted.
Figure 2.4 is an example of some of the steps to design a 1 cm × 1 cm × 1
cm octet-truss elementary structure.

Making up this elementary structure in a classical CAD environment
requires no less than 91 operations. Some of these are illustrated in figure
2.4.

1. Create a new plane
2. Draw a circle in the sketch to form the section of the bar
3. Extrude the circle to form the bar
4. Create a new plane to draw the circle section bars
5. Repeat function to generate symmetrical bars
6. Create a new plane
7. Apply the repeat function to generate symmetrical bars
8. Create a new plane
9. Apply the extrude function to generate a new bar

10. Create a new plane
11. Apply the extrude function to create a new bar
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12. Repeat function to generate symmetrical bars

Figure 2.4: Creating a basic 1 cm × 1 cm × 1 cm octet truss lattice structure
with circular section bars

These are just some of the operations done to create the elementary fea-
ture. Making the 1 cm× 1 cm× 1 cm lattice structure requires 91 operations,
consisting of:

• 35 operations to create a sketch
• 21 extruding operations
• 3 rectangular repetition operations
• 25 operations to define a new plane
• 7 operations to define a new point

The total time that I needed to create this 10 mm × 10 mm × 10 mm
octet-truss lattice structure is 1 hour and 35 minutes. As described in this
section, the basic 10 mm × 10 mm × 10 mm lattice structure had to be
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designed manually step by step and must be represented graphically to obtain
the lattice structure pattern in the CAD software. The method is time
consuming because the lattice structures have to be represented and designed
from scratch. There are no special functions to automatically generate the
desired lattice structures in the current CAD software.

To create a 50 mm × 50 mm × 50 mm lattice structure, the next step is
to apply:

1. The rectangular repetition function along the XY plane with a spacing
of 1 cm and 5 instances to obtain a 5 cm × 5 cm part dimension.

2. The rectangular repetition function along XZ plane to obtain a 5 cm
× 5 cm × 5 cm structure.

The same repetition procedure was done to obtain other dimensions and
volumes. For example, 10 cm × 10 cm × 10 cm, 15 cm × 15 cm × 15 cm,
and 20 cm × 20 cm × 20 cm lattice structures. Figure 2.5 shows these two
steps of rectangular repetition to obtain the final desired volume.

Figure 2.5: First and second repetition from elementary structure to obtain
a 5 cm × 5 cm × 5 cm size octet truss lattice structure

2.1.2 CAD software utility

The performance of the CAD software when processing certain operations
was examined. The objective is to observe the performance of the software
in doing these operations for the eight cases studied. The time taken to
apply the first and second repetitions of the basic lattice structure was used
as a criterion to evaluate this performance. Each of the first and second
rectangular repetition operation was repeated three times during the study
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to obtain an average time and more reliable results. Table 2.1 and figure 2.6
and figure 2.7 show the time taken by the CAD software to accomplish these
operations for each part.

Table 2.1: Average time to generate 1st and 2nd repetition

Figure 2.6: Cubic lattice structure repetition duration

The time that the CAD software needs to generate and execute the rep-
etition function increases linearly with the volume of the parts. Thus the
operations become time consuming for large volume parts. An octet-truss
lattice structure takes two to ten times more time than a cubic lattice struc-
ture when applying the repetition function due to the higher number of
surface areas compared to square lattice structures.

When applying the second repetition function for the parts starting from
15 cm × 15 cm × 15 cm dimensions, the software could no longer execute
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the repetition function successfully, even after more than three hours of wait-
ing time. The RAM used by the CAD software reached 2.292 GB and the
software did not respond and had to be restarted. The CAD software and
the computer were not capable of generating the second repetition function
for an octet-truss lattice structure over 15 cm × 15 cm × 15 cm volume.

Figure 2.7: Octet-truss lattice structure repetition duration

2.1.3 CAD file format

The second result examined is the size of the CAD files for each part when
exported to different CAD file formats. The objective is to find out the effects
of the type and size of lattice structures on file sizes and whether current file
formats are suitable for the requirements of additive manufacturing. The
parts were exported and saved in the CAD software to different file formats
such as IGES, STL and STEP. These are common file formats used to import
parts in CAM and CAE software.
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Table 2.2: Lattice structure CAD file sizes

Figure 2.8: Cubic lattice structure file size

Table 2.2 and figures 2.8 and 2.9 show the CAD file sizes of the lattice
structures for different configurations. Each file format has different file sizes
for the same part volume. This is because each format is written in a different
way. The files sizes depend on how the information of the part is interpreted
and written. Each file format saves the information differently. The IGES,
STL and STEP format generated large file sizes for lattice structures parts.
For example, a STL file for 10 cm x 10 cm x 10 cm octet truss reached 280.4
MB. This shows that current file formats generate large file sizes and are not
suitable to store information of lattice structure parts. For example, STL
format generates and stores information on triangular meshes of the surface
area of the part. Therefore, when the parts contain large surface areas, the
file increases heavily. Currently, there has yet to be a file format which can
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describe lattice structure patterns and dimensions with a minimum set of
information. For example, describing the basic elementary structure and
repetition should suffice.

Figure 2.9: Octet-truss lattice structure file size

2.1.4 RAM usage

The RAM used by the computer to import and load the files in CAD, CAM
and CAE software was examined and noted. The objective is to find out
whether the files generated could be loaded in CAE and CAM software or if
errors occurred. ANSYS and MAGICS were chosen as the CAE and CAM
software respectively in this experiment. The results are shown in table 2.3
and figures 2.10 and 2.11

Table 2.3: RAM consumption
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Figure 2.10: Cubic lattice structure RAM consumption

Five STL files of the parts could not be loaded in ANSYS. When loading
the parts into the software, the computer indicated nearly 4 GB of RAM was
used by the software. It eventually failed to load the parts into the software.
This showed that for large-sized STL files and lattice structure parts, the
CAE software is not capable of processing the information and even loading
the parts into the software. Large surface areas of the parts contributed to
high quantity of information to be processed by the software.

Figure 2.11: Octet-truss RAM consumption

From this case study, it is evident that current CAD software and file for-
mats are not competent to design and store lattice structure parts efficiently
and is not suited to exchange data with CAE and CAM software. The results
obtained show that it is difficult to design lattice structure CAD models, as
the process is very time consuming and generates large file sizes. This thus
leads to high RAM consumption, making it very heavy for the software and
computer to handle. For large volumes, the parts prove to be too heavy for
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the computer to manipulate in CAD, CAE and CAM software. This is due
to the large number of surface areas of the lattice structure that the software
has to process. In certain cases, the software was unable to achieve the de-
sired operation. The patterns of the cellular structures had to be drawn one
by one and then the repetition function was used until the desired structure
was achieved. These problems made it impractical for users to design usual
cellular structures quickly and efficiently, consequently making the process
time consuming.

2.1.5 Conclusion

New requirements in part designs for additive manufacturing result in new
needs for computer-aided-design. Current CAD software are not tailored for
these new requirements. Actual CAD, CAE and CAM tools and file formats
are insufficient to fulfil these new needs for additive manufacturing and has
to be replaced. Product designs, CAD, CAE and CAM requirements are
taken into consideration for the creation of a new CAD file format. A new
research has to be carried out in order to determine the most robust and
efficient method to design lattice structures in CAD software.

2.2 Evaluating current CAE tools performances

in the context of design for additive man-

ufacturing

In this section, a case study was done to evaluate current CAE tools perfor-
mances to perform finite-element-analysis (FEA) on lattice structures. The
objective is to evaluate whether the performances of current CAE tools are
adequate to perform these tasks efficiently and conveniently on lattice struc-
tures using volumic FEA. Two case studies were conducted. In the first one,
the FEA computation file size was measured and analysed. In the second
one, the time to execute an FEA on the lattice structures was taken. The
results were analysed and conclusions were made.

In this experiment, the lattice structure pattern chosen is the octet-truss
lattice structure, while the variable of the experiment is the different dimen-
sions of the structure. Figure 2.12 shows the force applied. It is a compression
test with -500N applied in the Z-axis. Each elementary octet-truss structure
is 1cm × 1cm × 1cm in dimension. The dimensions and volumes of the
structures are:

1. 2cm × 2cm × 2cm (volume : 8cm2)
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Figure 2.12: FEA simulation on an octet-truss lattice structure

2. 3cm × 3cm × 3cm (volume : 27cm2)
3. 4cm × 4cm × 4cm (volume : 64cm2)
4. 5cm × 5cm × 5cm (volume: 125cm2)
5. 6cm × 6cm × 6cm (volume: 216cm2)
6. 7cm × 7cm × 7cm (volume: 343cm2)

2.2.1 FEA computation file size

After the analysis, the FEA computation files were saved. Each file size
was noted and shown in table 2.4. The FEA computation file size increases
tremendously when the volume of the parts increases. For the 7 × 7 × 7 unit
octet-truss lattice structure, the FEA computations file size reached 36.6 GB.
This made the computer slow and consumed a lot of disk space. Figure 2.13
shows the significant increase in FEA computation file size compared to the
increase in part volume.
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Table 2.4: Octet-truss lattice structure FEA computations file size

Figure 2.13: Octet-truss lattice structure FEA computations file size

2.2.2 FEA time duration

As soon as the FEA analysis was executed, the stopwatch started and the
time duration was taken. The results are shown in table 2.5. The FEA
duration increased significantly when the part envelope increased. For the 7
× 7× 7 unit octet-truss lattice structure, the time to execute the analysis was
really long, 2 hours and 14 minutes. This proves to be very time consuming
for the users to execute FEA on an octet-truss lattice structures. Figure 2.14
shows that the FEA analysis time increases significantly when the lattice
structure’s volume increases.
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Table 2.5: Octet-truss lattice structure FEA time duration

Figure 2.14: Octet-truss lattice structure FEA time duration

2.2.3 Conclusion

The CAE software consumes a significant amount of time to execute the
analysis and it creates very large FEA computation file sizes. If lattice struc-
tures are to be the norm in lightweight high strength additive manufactured
parts, this is a problem that must be solved. Engineers and designers require
tools that are powerful enough to conduct FEA on lattice structures easily
and quickly. Current CAE software analyses parts based on the surface vol-
ume of the part. Thus for parts such as lattice structures which have a large
amount of surfaces, this generates a problem for the software to execute FEA
analysis. New methods and tools must be constructed to find a solution to
this problem.
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2.3 Conclusion

From this research, we conclude that current CAD software are not practical
for users to design lattice structures efficiently for additive manufacturing
parts and that current CAE software are not up to scratch in terms of per-
formance to execute finite-element analysis on lattice structure parts.

There are two ways to overcome this problem. The first would be to
create a new CAD application to quickly design a lattice structure in the
CAD software, or the other would be to represent the lattice structure with
a solid volume without the need to create the lattice structure CAD model
with struts. This would be possible by creating a new CAD file format which
interprets information of the part as lattice structures and by creating a new
equivalent material, thus making it easier to design and conduct FEA. Figure
2.15 is a summary of the problems, conclusions and solutions presented in
this chapter.

Figure 2.15: Summary of evaluation, problems, conclusions and solutions of
chapter two
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In spite of the various benefits of lattice structures, engineers currently
do not have the required information to integrate it easily and correctly in
part design. They do not have the necessary information to choose the most
suitable lattice structure configuration and they do not have the appropriate
tools to evaluate the designed parts. We start this chapter by giving a real
case example of this problem.

Figure 3.1: Which type of lattice structure to choose? Cubic or hexa-truss
lattice structure? Which densities are needed?

The central volume of the part presented in figure 3.1 was initially solid.
To reduce the weight of the part, the designers had wanted to integrate
lattice structures in this central area of the part. What structure would thus
be suitable: a cubic or hexa-truss lattice structure? The main questions that
usually arise for the engineers in these situations are :

• How do I choose the most suitable lattice structure?

– Which type of lattice structure patterns do I choose?

– What lattice structure densities are needed?

• Does the selected lattice structure configuration validate the prescribed
requirements?

Designers need a reliable guideline to help them choose the correct lattice
structure pattern and density to fulfil the part’s mechanical requirements.
After describing the definitions of the used terms, we present the concept and
the stages of the lattice structure design method. An application example of
the proposed lattice structure design method is presented. Next, we show how
to determine the characteristics of the equivalent material and we apply this
approach for different lattice structures. The results obtained are compared
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with a case study and theoretical and experimental results from the literature.
Finally, an example to choose the lattice structure is presented.

3.1 Definitions of used terms

Definitions adopted by researchers are often not uniform, so the key terms
in this chapter are explained to establish positions taken in this chapter and
avoid ambiguity.

Design space Design space is the defined volume that limits the authorized
area. It is defined in the part requirement. The lattice structure has to be
designed within this volume.

Relative density The relative density is the ratio between the volume
of material of the lattice structure and the volume of the bounding box.
Equation 3.1 and figure 3.2 illustrate the relative density.

Relative density =
Lattice structure volume

Bounding box
(3.1)

Figure 3.2: Bounding box(blue) and lattice structure (yellow)

Solid material The solid material is a volume corresponding to the bound-
ing box of the lattice structure, filled with a dense material. The solid ma-
terial has the mechanical properties of the material attributed.

Equivalent material The equivalent material is a volume corresponding
to the bounding box of the lattice structure, filled with a dense material
whose mechanical properties are similar to the mechanical properties of the
lattice structure.
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3.2 Proposed lattice structure design method

The aim of the guideline is to help designers have at their disposal the infor-
mation needed to know which lattice structure configuration to use in their
part designs. In chapter 2, we have concluded that large number of surfaces
implied by the use of the lattice structures causes time consuming processes
in CAD and CAE software. We also concluded that current CAD software
are incapable of designing lattice structures easily and quickly. These factors
influenced the decision in this proposed lattice structure design method to
avoid altogether the need to create lattice structure CAD models based on
volumes and surfaces and to do FEA on these elements.

Figure 3.3: Lattice structure design method based on the use of equivalent
material

Figure 3.3 shows an overview of this chapter. The input for the lattice
structure design method is the design space, part requirements and functional
surfaces. The design method is based on the use of equivalent material to
choose the most suitable lattice structure which fulfils the parts requirements
within the design space and respects the functional surfaces. With the use
of equivalent material, the outcome of the design method are the choice of
partitions and the material, pattern and relative density of each partition.

3.2.1 Concept to link lattice structure, solid material
and equivalent material

The proposed idea in this new lattice structure design strategy is to replace
and represent the lattice structure CAD model with an equivalent material.
It is solid and does not contain any struts, thus has few surfaces only. With
this lattice structure equivalent material, it will make it easier and quicker to
conduct finite-element-analysis (FEA) due to the small number of surfaces
involved. The main idea of the proposed method is to define the link between
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a lattice structure, solid material and equivalent material. Two concepts are
used to link the mechanical properties of a lattice structure and an equiva-
lent material: the relative Young’s modulus and the relative strength. The
relative Young’s modulus will be used to evaluate the strain of the lattice
structure. The relative strength will evaluate the equivalent tensile stress (in
our case Von Mises stress) of the lattice structure.

Figure 3.4: The relation between lattice structure, solid material and equiv-
alent material

Figure 3.4 shows an example of the concept presented. Imagine a cubic
design space that supports a defined mechanical loading. Let us suppose
a solid material filling this space, consisting of a given material which the
Young’s modulus is 100 GPa and the yield strength is 800 MPa. Submitted
to a defined mechanical loading, this solid material will have for example a
maximum Von Mises stress of 50 MPa. This solid material will therefore be
over dimensionned for the envisaged mechanical loading. If this solid material
is replaced by a lattice structure with a relative density of 0.25, made of the
same material as the solid material, the yield strength will be unchanged
(800 MPa) but the equivalent Young’s modulus of the lattice structure will
be much lower (6 GPa). Subjected to the defined mechanical loading, the
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maximum Von Mises stress in the lattice structure will be much higher (500
MPa). The equivalent material is a dense material which properties enables
to easily predict the mechanical characteristic of the lattice structure. In
our case, the equivalent material will have a Young’s modulus equal to the
equivalent Young’s modulus of the lattice structure (6 GPa). It will also
be necessary to attribute to the equivalent material a yield strength lower
than the solid material to simulate the difference of strength between the
solid material and the lattice structure. In this case, a yield strength of 40
MPa. The FEA conducted on the equivalent material will make it possible
to quickly choose a suitable lattice structure.

To determine the corresponding characteristics of the equivalent mate-
rial for different lattice structures and different materials, it is necessary to
establish, for each type of lattice structure, a relation between the relative
density of the lattice structure and the relative Young’s modulus, and the
relation between the relative density and the relative strength.

In the example presented in figure 3.4, the relative Young’s modulus of the
lattice structure is equal to 0.06 (6 GPa/100 GPa) and the relative strength
is equal to 0.05 (50 MPa/1000 MPa). These two parameters make it possible
to determine the equivalent material whose Young’s modulus will be equal
to 0.06 x 100 GPa = 6 GPa and the yield strength will be equal to 0.05
x 800 MPa = 40 MPa. The proposed method does not consider any stress
concentration. Section 3.3.3 of this chapter will analyse this hypothesis.

So we define the relative Young’s modulus as the ratio between the
Young’s modulus of the lattice structure and the Young’s modulus of the
solid material. The Young’s modulus of the equivalent material is the same
as the Young’s modulus of the lattice structure. For a given load, the rela-
tive strength is the ratio between the Von Mises stress of the solid material
and the Von Mises stress of the lattice structure. Consequently, the relative
strength is also the ratio between the yield strength of the equivalent mate-
rial and the yield strength of the solid material. Equations 3.2 , 3.3 and 3.4
summarize these relations.

Relative Young’s modulus =
Lattice structure Young’s modulus

Solid material Young’s modulus
(3.2)

Relative stress =
Solid material Von Mises stress

Lattice structure Von Mises stress
(3.3)

Relative strength =
Equivalent material yield strength

Solid material yield strength
(3.4)
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We also know that :

Lattice structure Young’s modulus = Equivalent material Young’s modulus
(3.5)

Solid material yield strength = Lattice structure yield strength (3.6)
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3.2.2 Step-by-step of the proposed method

Figure 3.5 summarizes the different steps of the proposed method.

Input The input of the method are the design space and the part require-
ments, which in our case are the force applied, the safety factor, and the
maximum strain. Safety factor is a term describing the load carrying ca-
pacity of a system beyond the expected or actual loads. This allows for
emergency situations, unexpected loads or misuse. The safety factor used in
this work is defined as:

Safety factor =
Maximum stress allowed

Maximum stress applied
(3.7)

Step 1 In the first step, the designer creates a 3D CAD model with a
solid material within the design space. Then the boundary conditions of
the part are added and a FEA simulation is executed. The Von Mises stress
distribution and the displacement distribtion are the indicators to help choose
the most suitable lattice structure pattern and relative density in step two.

Step 2 In the second step, the partitions have to be defined. The partitions
are separations of the part into different zones. They are defined based on the
displacement distribution and Von Mises stress distribution obtained from
the step one results. Each partition can have different relative densities.

After the partitions are defined, the next stage consists of two parts: first
to choose the most suitable lattice structure pattern for each partition, then
to choose the relative density which fulfil the part’s requirements for each
partition.

To choose the most suitable lattice structure pattern and angle load,
it is necessary to estimate the relative Young’s modulus of each partition.
This relative Young’s modulus can be obtained by dividing the maximum
displacement calculated in step one for a partition by the maximum strain
defined in the requirements. Then, using the comparison of relative Young’s
modulus in function of different lattice structure pattern, a choice can be
made (see figure 3.5 step 2 figure A).

Based on the maximum displacement and the maximum Von Mises stress
of the FEA result in step one for each pattern, the relative density can be
determined. It depends on the relative Young’s modulus and the relative
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strength of the partition. The relative strength of the partition can be ob-
tained dividing the maximum Von Mises stress calculated in step one for a
partition by the yield strength of the material divided by the safety factor
defined in the requirements. The relative Young’s modulus and the relative
strength give two relative densities using the figure 3.5 (step 2 figure B). The
relative density which fulfils both the relative Young’s modulus and relative
strength is chosen. Those parameters define the equivalent material used in
step 3.

Step 3 In step three, a FEA is executed with the equivalent material de-
fined in step two. For each partition, the maximum displacement and max-
imum Von Mises stress are determined. The displacement distribution and
the Von Mises stress distribution are also obtained.

Step 4 From the FEA results obtained in step three, the maximum dis-
placements and maximum Von Mises stress are verified in each partition to
see if they comply with the parts requirements. To analyse the Von Mises
stress distribution and to compare the values to the requirements, two ways
are possible. Divide the values of every Von Mises stresses by the relative
strenght and compare them to the yield strength of the solid material, or
compare every Von Mises stresses to the yield strength of the equivalent
material.

If the verification in the partition does not comply with the requirements,
then the partition is refined and improved. Steps two and three are repeated.
This loop is repeated to optimize and verify the most suitable density in each
partition.

Output The output from the design strategy aim to create a lattice struc-
ture CAD model based on the material, partitions, pattern and densities
chosen. The following step is optimisation of the lattice struts to avoid stress
concentrations, which will be for future works.

3.2.3 Application example of the proposed lattice struc-
ture design method

In this section, we present an example of the application of the proposed
lattice structure design method. The example is conducted on a ’C’ shaped
part. This example is presented step-by-step according to the method pre-
sented in section 3.2.2.
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Input A design space of a ’C’ shaped form is given. The part’s requirements
are:

• Load = 10 000 N (See figure 3.7 for the load and boundary conditions)
• Maximum displacement = 6 mm
• Safety factor = 1.5
• Material : Ti-6Al-4V
• Design space : See figure 3.6

Figure 3.6: Design space

Step 1 The first step is to fill the design space with a solid material. Ti-
6Al-4V is attributed as the material. Figure 3.7 shows the solid material and
boundary conditions.

Here, we execute a FEA on the solid material and observe the displace-
ments and Von Mises stress. Figure 3.8 shows the displacements and Von
Mises stresses results of the FEA. The displacement and Von Mises stress
results will be indicators to help choose the most suitable lattice structure
pattern and relative density in step 2.
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Figure 3.7: Solid material and boundary conditions

Figure 3.8: Displacements and Von Mises stress results of the FEA

Concerning the determination of the maximum Von Mises stress, the
stress concentration due to the sharp edges are deducted from the value
obtained from the FEA. Figure 3.8 gives the threshold value of the Von
Mises stress after the deduction of the stress concentrations. The results
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obtained from this FEA simulation are:

• Maximum displacement = 0.102 mm
• Maximum Von Mises stress = 14.5 MPa

Step 2 In the second step of this proposed lattice structure design method,
first we define the partitions, then we choose the lattice structure pattern and
its relative density. In this example, we decide to define a unique partition
and to choose the same relative density through out the whole structure. The
choice of the lattice structure pattern and relative density depends on the
mechanical property of the lattice structure pattern (stretching or bending-
dominated), its relative Young’s modulus and relative strength. To choose
the most suitable lattice structure pattern and angle load, it is necessary to
estimate the relative Young’s modulus of the partition. This relative Young’s
modulus can be obtained dividing the maximum displacement calculated in
step one (0.102 mm) by the maximum strain defined in the requirements (6
mm). Then, using the comparison of relative young’s modulus in function of
different lattice structure pattern, a choice can be made (see figure 3.9). In
that example, the relative Young’s modulus is calculated with the equation
3.8.

Figure 3.9: Relative Young’s modulus in function of relative density

Based on figure 3.9, the octet-truss lattice structure at 0◦ position angle
suits this case since it is stretching-dominated and considered isotropic in
all directions. The relative Young’s modulus in function of relative density
for the octet-truss lattice structure at 0◦ position angle give the minimum
relative density of the lattice structure.
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Maximum displacement calculated

Maximum displacement allowed
=

0.102 mm

6 mm
= 0.017 (3.8)

From the relative Young’s modulus in function of relative density graph in
figure 3.10 at 0.017 relative Young’s modulus, we obtain the corresponding
relative density, which is 0.11.

Figure 3.10: Relative Young’s modulus in function of relative density for
octet-truss lattice structure at 0◦ angle position

The maximum Von Mises stress result obtained in step 1 is 14.5 MPa.
Equation 3.9 gives the maximum Von Mises stress considering the safety
factor.

Maximum Von Mises stress× Safety factor = 14.5 MPa× 1.5 = 21.75 MPa
(3.9)

We obtain the following result :

Maximum Von stress

Solid material yield strength
×(safety factor) =

21.75 MPa

910 MPa
= 0.024 (3.10)

From the relative strength in function of relative density graph in figure
3.11 at 0.024 relative strength, we obtain the corresponding relative density,
which is 0.13.
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Figure 3.11: Relative strength in function of relative density for octet-truss
lattice structure at 0◦ angle position

From both figures 3.10 and 3.11, the next step is to choose the highest
relative density between the two. Therefore, in this example, the chosen
relative density is 13%. Then, the equivalent material chosen is characterized
by a relative strength of 0.024 and a relative Young’s modulus of 0.022. The
yield strength of the equivalent material is obtained by equation 3.4: 910
MPa x 0.024 = 21.84 MPa.

Figure 3.12: FEA on equivalent material with relative density at 13%

Step 3 In step three, a FEA is executed with the equivalent material cho-
sen in step two. The maximum displacement and Von Mises stress are deter-
mined. The displacement distribution and the Von Mises stress distribution
are also obtained. Figure 3.12 shows the result of FEA on the equivalent
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material in terms of displacement and Von Mises stress. The FEA results
with the equivalent material are:

• Maximum displacement = 4.7 mm

Step 4 The maximum displacement and maximum Von Mises stress ob-
tained in step three are compared with the requirements of the part to val-
idate the choice taken. If the displacement and Von Mises stress respect
the maximum displacement and yield strength of the equivalent material al-
lowed, the part is then validated. We compare the FEA values with the parts
requirements :

• Maximum displacement (4.7 mm) lower than the maximum displace-
ment allowed (6 mm)
• Maximum Von Mises stress multiplicated by the safety factor (14.5

MPa x 1.5 = 21.75 MPa) lower than equivalent material yield strength
(21.84 MPa)

Both of these values are lower than the values allowed in the parts re-
quirements. Therefore the lattice part is validated.

Output A lattice structure CAD model with the pattern and relative den-
sity chosen is created. Figure 3.13 shows the lattice structure CAD model
created.

Figure 3.13: Lattice structure CAD model
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3.3 A methodology for the creation of equiv-

alent lattice structure materials

From the proposed lattice structure design method, research was needed to
develop an equivalent material. In this section, we present the methodology
to create the equivalent material and the FEA simulations conducted. The
different variables, lattice patterns and simulations are described and the
results are analysed.

From (Ashby, 2006), we know that the mechanical properties of a lattice
structure depends on three factors, its material, lattice pattern and den-
sity. These three factors influence the displacement and Von Mises stress of
a lattice structure. Thus, by executing FEA simulation on various lattice
structure patterns and relative densities, we are able to determine the link
between these configurations and their displacement and Von Mises stress.
This knowledge helps us to know the mechanical properties of the lattice
structure and enables the creation of equivalent materials.

As we explained in section 3.1, the proposed lattice structure design
method needs knowledge on equivalent material. The creation of equiva-
lent materials replaces the need to conduct FEA on lattice structures and
reduces FEA time. Therefore, in this section, we propose a methodology
to create these equivalent materials. The proposed methodology consists of
executing FEA simulations for compression and shear tests on lattice struc-
tures to investigate the variation of relative Young’s modulus, relative shear
modulus and relative strength with different relative densities and patterns.

3.3.1 FEA simulation and variables

To obtain the relative Young’s modulus, the relative shear modulus and
relative strength, the FEA simulation was conducted in two different ways,
a compression and shear loading test, as shown in figure 3.14.
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Figure 3.14: Compression and shear test on a hexa-truss lattice structure

Before conducting the simulations, the variables must first be determined.
The variables depend on the objectives fixed. Thus the variables of the
simulations are the lattice structure patterns, relative densities and the lattice
structure position angle. The position angle is based on the angle of the
lattice structure to the angle of the force applied.

Lattice structure pattern The first variable chosen is the lattice struc-
ture pattern. Four lattice structure pattern have been chosen, octet-truss lat-
tice structure, cubic lattice structure, hexa-truss lattice structure and open-
cell foam lattice structure. Figure 3.15 illustrates an example of each lattice
structure pattern with a dimension of 5 × 5 × 5 elementary units oriented
at a 0◦ angle. Figure 3.16 shows each elementary unit of the lattice structure
pattern. All the simulations were conducted on lattice structures with square
strut sections.

Figure 3.15: Isometric view of 5 × 5 × 5 elementary units. From left to right
: octet-truss, cubic, hexa-truss and open-cell lattice structure
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Figure 3.16: Side view of each elementary unit. From left to right : octet-
truss, cubic, hexa-truss and open-cell elementary unit

Lattice structure position angle These lattice structures were tested in
two different positional orientations relative to the loads applied to determine
the mechanical properties in different directions. The angle of the force
applied on the part replicates different lattice structure patterns. For example
a cubic lattice structure becomes two different patterns if the force is applied
at a 0◦ angle or a 45◦ angle. Therefore it is important to test the structures
with stress from different angles. Figure 3.17 is an example of a cubic lattice
structures which is oriented at 0◦ and 45◦ angles.

Figure 3.17: Cubic lattice structure at 0◦ and 45◦ angle

Lattice structure relative density The thickness of the square strut
section and length dimensions of the struts are varied to obtain different
lattice structure densities.

Relative density =
Lattice structure volume

Lattice structure bounding box
(3.11)

The lengths of the elementary structures are 5 mm, 10 mm, 15 mm and
20 mm and the thickness of the square strut sections are 1 mm, 1.5 mm
and 2 mm. Figure 3.18 shows an example of various relative densities for an
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open-cell foam lattice structure. In this example, as the thickness is increased
from 1 to 2 mm, the relative density of the open-cell foam lattice structure
with a 5 mm elementary structure length increases from 11.9% to 36.9%.

Figure 3.18: Side view of open-cell foam lattice structures with 11.9%, 25.3%
and 36.9% relative densities

A lattice structure which has the same relative density can also have
different thickness and different length of the struts, as shown in figure 3.19.
In this example of an octet-truss lattice structure, the struts thickness varies
from 1 mm to 2 mm, while its elementary structure length varies from 10
mm to 20 mm to obtain the same relative density of 14.8%.

Figure 3.19: 5 × 5 × 5 unit octet-truss lattice structures with different length
and sections of struts but same densities
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Manufacturing constraints and relative density range of validity
The relative density considered depends on the manufacturability constraint
and the range of validity. For example, after the manufacturing process with
the EBM machine, un-melted metallic powder have to be blown away to ob-
tain the lattice structure. However, not all un-melted metallic powder can
be blown away. For example, in cases where high density lattice structures
are manufactured, it prevents the un-melted powder to be removed from the
structures. That’s why we focused in this experiment the relative density
range to 25% (Suard, 2015). Figure 3.20 shows examples of two hexa-truss
lattice structures which are not taken into account in the experiment because
of its high density. At relative densities higher than 80%, the lattice struc-
ture can no longer be thought of as a lattice structure, but becomes a solid
containing a distribution of small spherical holes.

Figure 3.20: High density hexa-truss lattice structure

Lattice structure material In order to be universal for all types of ma-
terials, the results are explained in relative units. Therefore the results are
independent of the materials used. Examples of the relative units involved are
relative Young’s modulus, relative shear modulus, relative Von Mises stress
and relative density. Hence, it is sufficient to conduct the simulations with a
single type of material. In this work, the material chosen in Ti-6Al-4V.

Summary of the experiment variables A total of 96 lattice structure
CAD model were created with each of the variables chosen. Here is a sum-
mary of the variables chosen:
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• Lattice structure pattern:

– Cubic
– Octet-truss
– Hexa-truss
– Open-cell foam

• Struts thickness (mm):

– 1
– 1.5
– 2

• Elementary structure length (mm):

– 5
– 10
– 15
– 20

• Lattice angle position:

– 0◦

– 45◦

3.3.2 Simulation execution

In this section, we explain the execution of the simulation. The software
chosen to do this simulation is CATIA V5. Each lattice CAD model was de-
signed and imported in the generative structural analysis function in CATIA
V5 to conduct finite-element-analysis. All the structures were of the same
number of elementary units (5 × 5 × 5 units). The relative density of the
parts were obtained by measuring the volume of the lattice structure, divided
by its bounding box volume. For each simulation, the same value of force
was applied (500 N). The mesh size has to be at least three times smaller
than the thickness of the strut. A total of 192 FEA simulations were con-
ducted with each variable for the compression and shear tests. Even though
it would have been a faster simulation to conduct FEA beams instead of
volumes, FEA beams has a limited range of application and is only valid
for relative densities of up to 5% (Suard, 2015). FEA with volume is more
precise than a beam simulation since it does not rely of beam assumptions
(Suard, 2015). After executing the FEA, the results are then measured. The
Von Mises stresses and displacements results were exported for each finite-
element-analysis, consisting of each point coordinates’ displacements and Von
Mises stresses. Here is the step-by-step method to conduct the FEA and to
obtain and analyse the data :
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1. Define the boundary conditions
2. Define the mesh size
3. Execute the FEA simulation
4. Get the structure’s displacement and Von Mises stress and export the

result data for each element.
5. Calculate the Young’s modulus of the structure by dividing the stress

applied on the part by its strain (equation 3.14).

Stress applied =
Load applied

Lattice structure envelope surface
(3.12)

Strain =
Displacement along direction of the force

Initial lenght
(3.13)

Lattice structure Young’s modulus =
Stress applied

Strain
(3.14)

6. Divide the lattice structure’s Young modulus by the Young’s modulus
of the material (Ti-6Al-4V in our case: 114GPa) to obtain the relative
Young’s modulus of the lattice structure (equation 3.15).

Relative Young’s modulus =
Lattice structure Young’s modulus

Young’s modulus of solid material
(3.15)

7. Eradicate the stress concentration results to get the realistic maximum
Von Mises stress, which is at 99.5% instead of its maximum value.
Section 3.3.3 explains this step in detail.

8. Calculate the relative strength by dividing stress applied on the struc-
ture with the Von Mises stress at 99.5% (equation 3.16).

Relative strength =
Stress applied

Von Mises stress at 99.5%
(3.16)

9. The results obtained are, relative Young’s modulus, relative shear mod-
ulus and relative strength in function of the relative density.

3.3.3 Stress concentration

A stress concentration is an area of the mesh where the stress raises above
the applied nominal stress. Since the section of the struts are square, this
creates sharp 90◦ edges in the struts of the structure, therefore creating very
small surface area and resulting in very high concentration of stress. Thus,
the maximum Von Mises stress result can not be taken directly from the
FEA data. Hence, to obtain a usable Von Misess stress result, a method
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was made to eradicate the stress concentration results. In this method, a
graph with the cumulative number of elements of the FEA mesh in function
of the Von Mises stress value is made. For example, from the graph in figure
3.21, we can see that the Von Mises stress concentration exists for 0.5%
of the FEA mesh elements. These are the areas of the sharp edges of the
lattice struts, contributing very high Von Mises value for very little number of
elements. Therefore, the result of the Von Mises stress of each FEA taken is
the asymptote at 99.5% of the cumulative number of mesh elements. Figures
3.21, 3.22, 3.23 and 3.24 show the stress concentration for octet-truss, cubic,
hexa-truss and open-cell foam lattice structures respectively and the Von
Mises stress results.

Figure 3.21: Stress concentration in sharp edges of an octet-truss lattice
structure

Figure 3.22: Stress concentration in sharp edges of an cubic lattice structure
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Figure 3.23: Stress concentration in sharp edges of an hexa-truss lattice
structure

Figure 3.24: Stress concentration in sharp edges of an open-cell foam lattice
structure

The research in this PhD limits to FEA of the elements unaffected by the
stress concentration. The following procedures of adding rounded edges (see
figure 4.8) and optimizing lattice struts in stress concentrated areas are not
treated in this thesis. It will be a perspective of the research and for future
works.

3.3.4 Results

In this section, results obtained are presented for each lattice structure. All
the detailed results are presented in appendix A.

Octet-truss lattice structure Figure 3.25 and figure 3.26 show the rela-
tive Young’s modulus and the relative shear modulus in function of relative
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density for the octet-truss lattice structure. The octet truss lattice structure
has approximately the same relative Young’s modulus in the 0◦ and 45◦ direc-
tions. The octet truss lattice structure has the same relative shear modulus
in the 0◦ and 45◦ directions.

Figure 3.25: Octet-truss lattice structure compression test at 0◦ and 45◦

angle

Figure 3.26: Octet-truss lattice structure shear test at 0◦ and 45◦ angle
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Figure 3.27: Relative strength in function of relative density for octet-truss
lattice structure at 0◦ and 45◦ angle

Figure 3.27 shows the relative strength in function of the relative density
of the octet-truss lattice structure. For the application of the lattice structure
design method presented in 3.2.2, the relative strength from the compression
test is used to define the equivalent material.

Cubic lattice structure Figures 3.28 and 3.29 show the relative Young’s
modulus and the relative shear modulus in function of relative density for the
cubic lattice structure. The cubic lattice structure’s relative Young’s modulus
is significantly higher in the 0◦ direction compared to the 45◦ direction. The
cubic lattice structure has the same relative shear modulus in 0◦ and 45◦

directions.

Figure 3.28: Cubic lattice structure compression at 0◦ and 45◦ angle
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Figure 3.29: Cubic lattice structure shear test at 0◦ and 45◦ angle

Figure 3.30: Relative strength in function of relative density for cubic lattice
structure at 0◦ and 45◦ angle

Figure 3.30 shows the relative strength in function of the relative density
of the cubic lattice structure for compression and shear tests at 0◦ and 45◦

position angles.

Hexa-truss lattice structure Figure 3.31 and figure 3.32 show the rela-
tive Young’s modulus and the relative shear modulus in function of relative
density for the hexa-truss lattice structure. The relative Young’s modulus in
0◦ angle is higher than in the 45◦ angle. While the relative shear modulus is
approximately the same in both 0◦ and 45◦ angle positions.
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Figure 3.31: Hexa-truss lattice structure compression test at 0◦ and 45◦ angle

Figure 3.32: Hexa-truss lattice structure shear test at 0◦ and 45◦ angle

Figure 3.33 shows the relative strength in function of the relative density
of the hexa-truss lattice structure for the compression and shear tests at 0◦

and 45◦ angle positions.
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Figure 3.33: Relative strength in function of relative density for hexa-truss
lattice structure at 0◦ and 45◦ angle

Open-cell foam lattice structure Figure 3.34 and figure 3.35 show that
the open cell lattice structure has a higher relative Young’s modulus and
relative shear modulus in the 0◦ direction compared to 45◦ direction.

Figure 3.34: Open-cell foam lattice structure compression test at 0◦ and 45◦

angle
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Figure 3.35: Open-cell foam lattice structure shear test at 0◦ and 45◦ angle

Figure 3.36 shows the relative strength in function of the relative density
of the open-cell foam lattice structure.

Figure 3.36: Relative strength in function of relative density for open-cell
foam lattice structure at 0◦ and 45◦ angle

3.3.5 Analysis

In this section, we analyse, compare and conclude the results obtained for
each lattice structure.

Influence of stretching and bending-dominated structures Figure
3.37 shows a comparison for relative Young’s modulus in function of relative
density at 0◦ angle for each lattice structure pattern. We can observe that the
cubic lattice structure has the highest relative Young’s modulus compared
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to all other lattice structure patterns. The octet-truss and hexa-truss lat-
tice structures have the second and third highest relative Young’s modulus in
function of relative density. The lowest one is the open-cell foam lattice struc-
ture. This is because of the stretching and bending-dominated characteristic
of these structures. Cubic lattice structure is stretching-dominated where as
the open-cell foam lattice structure is bending-dominated. The octet-truss
lattice structure is stretching-dominated in both 0◦ and 45◦ angles. Octet-
truss is suitable for high strength lightweight structures. Open-cell foam
lattice structure is bending dominated and is suitable for energy absorption
structures.

Figure 3.37: Comparison of relative Young’s modulus in function of relative
density at 0◦ angle

Influence of 0◦ and 45◦ position angles Figure 3.38 shows the relative
Young’s modulus in function of relative density at 45◦ angle. From the graph,
we can analyse that the cubic lattice structure in this case has the lowest
relative Young’s modulus compared to the other. When positioned at a 0◦

angle, it has the highest relative Young’s modulus compared to the rest. It
is worthy here to note that the orientation of the lattice structure influences
its characteristic and mechanical properties. At 0◦ angle, the cubic lattice
structure is stretching-dominated, where as when the force is loaded at a
45◦, the structure becomes bending-dominated. Where as for the octet-truss
lattice structure, the relative Young’s modulus is approximately the same
in both 0◦ and 45◦ angle orientations. We can conclude that due to the
pattern of the struts in octet-truss lattice structures, this pattern can be
considered as an isotropic material. This is due to the fact that octet-truss
lattice structures have struts which are oriented in both 0◦ and 45◦ angles.
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Thus it is stretching-dominated in both angles. Lattice structure patterns
which have struts only oriented in 0◦ and 90◦ angles can not be considered as
an isotropic material. Their mechanical property changes according to the
direction of the force. Figure 3.39 and figure 3.40 shows a comparison for
relative shear modulus in function of relative density at 0◦ and 45◦ angles for
each lattice structure pattern respectively. These findings lead us to consider
lattice structures as different materials depending on their orientation.

Figure 3.38: Comparison of relative Young’s modulus in function of relative
density at 45◦ angle

Figure 3.39: Comparison of relative shear modulus in function of relative
density at 0◦ angle
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Figure 3.40: Comparison of relative shear modulus in function of relative
density at 45◦ angle

Relative density The different combinations of struts thickness and el-
ementary structure length that produce the same relative density will have
constant relative Young’s and shear modulus. For example, for the hexa-truss
lattice structure, three lattice structures which have the same 7.9% relative
density with different strut thickness and elementary structure length have
the same relative Young’s and relative shear modulus. It is also worthy to
note here the effect of relative density by adjusting the struts thickness and
length of the elementary structure for the reason that it directly manipulates
the mechanical response of the lattice structures.
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3.4 Results verification

The results obtained are compared in this section. In the section, we con-
ducted two verifications, first by comparing with results obtained in other
articles, and second by conducting case studies to compare FEA results be-
tween lattice structures and equivalent materials.

3.4.1 Comparison with results from other articles

Previous work had been published for octet-truss and diamond lattice struc-
tures to establish relations between their relative density and relative Young’s
modulus. We compare the FEA results that we obtained with the data pub-
lished by (Suard, 2015) and (Neff, 2015) for octet-truss and diamond lattice
structure respectively.

Figure 3.41: Relative Young’s modulus in function of relative density for
octet-truss lattice structure, in comparison with Suard’s results

Figure 3.41 shows a comparison between FEA results that we obtained
and the results published by (Suard, 2015). Suard et al. conducted both FEA
and experimental (see figure 3.42) compression tests of octet-truss lattice
structures. The results and the FEA and experimental results by Suard et
al. shows good agreement. The good correlation indicates not only that
the relative Young’s modulus in function of relative density data that we
obtained in our FEA simulations are similar to that obtained by (Suard,
2015), but also that it is in agreement with the experimental results.

We also compared with another article published for diamond lattice
structure. Figure 3.43 illustrates the diamond lattice structure created by
(Neff, 2015) for FEA to obtain the relative Young’s modulus in function of
relative density.
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Figure 3.42: Experimental compression test of octet-truss lattice structure
conducted by (Suard, 2015)

Figure 3.43: FEA on diamond lattice structure by (Neff, 2015)

We created the same lattice structure pattern and dimension and con-
ducted a FEA compression test. The results obtained are shown in figure
3.44. From this graph, we can see that both the FEA results that we obtained
and the results obtained by Neff et al. are in agreement.

Figure 3.45 shows the comparison between relative strength of ideal stretch-
ing and bending-dominated structures published by (Ashby, 2013) and the
results of lattice structures from our FEA simulations.
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Figure 3.44: Relative Young’s modulus in function of relative density for
diamond lattice structure, in comparison with Neff’s results

Figure 3.45: Relative strength in function of relative density for bending and
stretching-dominated lattice structures, in comparison with Ashby’s results

From these results, we can see that the results obtained in FEA were
similar and comparable to the other results published in other papers. Thus,
this verifies the reliability of the measurements and data gathered that can
be used in the proposed lattice structure design method.
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3.4.2 Comparison with case study results

Case study Two case studies were conducted to compare the FEA results
between the lattice structure and its equivalent material, one with a L shape
part, another with a C shape part. For each case study, two parts were
created, first with octet-truss lattice structure, the second with the equivalent
material. Both case studies have the same lattice structure pattern and
relative density. The material chosen for the two case studies is titanium
alloy Ti-6Al-4V. The lattice structure pattern is an octet-truss at 0◦ angle
position with a relative density of 0.086. The results presented in section 3.3
of this chapter gives us a relative Young’s modulus of 0.012 and a relative
strength of 0.014.

We can thus determine the equivalent material’s Young modulus from the
solid material’s Young’s modulus using equations 3.2 and 3.5. Similarly, it is
possible to calculate the equivalent material’s yield strength from the solid
material’s yield strength using equation 3.4.

Therefore the equivalent material Young’s modulus is :

Equivalent material Young’s modulus = 0.012× 114 GPa = 1.368 GPa
(3.17)

Table 3.1: Material properties of the octet-truss lattice structure equivalent
material

The mechanical properties of the octet-truss and equivalent material are
summarized in table 3.1. A 10 000 N load and clamps are applied as shown
in figures 3.46 and 3.47 for the L and C shape part respectively.
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Figure 3.46: FEA on the L shaped lattice structure (left) and equivalent
material (right)

A FEA simulation was executed and the displacements and the Von Mises
stresses were measured. The FEA results were compared in ten elements for
both parts to see the percentage difference between the two parts to verify
whether equivalent material has similar mechanical properties and is able to
replace the lattice structure for FEA simulation.

Figure 3.47: FEA on the C shaped lattice structure (left) and equivalent
material (right)
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Displacement: L shape part Figure 3.48 shows the displacement of the
FEA result. From this image, we observe that the displacement of the lattice
structure and equivalent material are in good agreement.

Figure 3.48: Displacements of the L shape part: Lattice structure (left) and
equivalent material (right)

Table 3.2: Percentage difference between the displacement of the lattice
structure and the equivalent material (L shape part)

The percentage difference between both results are compared. The dis-
placements of ten elements with the same coordinates of the lattice structure
and equivalent material are compared. Table 3.2 shows the percentage differ-
ence between the two results. We can see that the difference ranges from 20
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to 24%. These differences are relatively large and will undoubtedly require
further developments for it to be reduced. The positive point is that the
equivalent material tends to generate more displacements than the lattice
structure. Consequently, it creates a security factor in the selection of the
lattice structures that meet the requirements.

Von Mises stress: L shape part To compare the Von Mises stress re-
sult between the lattice structure and equivalent material, the Von Mises
stress obtained from the equivalent material has to be divided by the relative
strength. For the octet-truss lattice structure at 0◦ angle position, this value
is 0.014. For example for element 1, the calculation is :

Von Mises stress

Relative strength
=

5.995

0.014
= 428 MPa (3.18)

Figure 3.49: Von Mises stress of the L shape part: Lattice structure (left)
and equivalent material (right)

Figure 3.49 shows the Von Mises stress repartition from the FEA re-
sult. From this image, we observe that the Von Mises stress repartition of
the lattice structure and equivalent material are in good agreement. Table
3.3 shows the comparison results. We can see that the difference between
the lattice structure and equivalent material is relatively important, ranging
from 5% to 25%. These differences are not negligible and will undoubtedly
require further development for it to be reduced. In particular not taking
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into account the stress concentrations is a factor that can explain these dif-
ferences, as well as the influence of the selected points, which are always in
the material for the equivalent material and which can be found out of the
material or at the limit for the lattice structure. The positive point is that
the equivalent material tends to generate more Von Mises stress than the
lattice structure. Consequently, it creates a security factor in the selection
of the lattice structures that meet the requirements.

Table 3.3: Percentage difference between the Von Mises stress of the lattice
structure and the equivalent material (L shape part)

Displacement: C shape part Figure 3.50 shows the parts displacement.
From this image, we observe that the displacement of the lattice structure
and equivalent material are in good agreement.
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Figure 3.50: Displacements of the C shape part: Lattice structure (left) and
equivalent material (right)

Table 3.4 shows the displacements results and comparison for ten elements
between the lattice structure and the equivalent material.

We can see that the difference ranges from 22 to 24%. These differences
are relatively large and will undoubtedly require further developments for it
to be reduced. They are larger in the L shape part, due to the more complex
part form and higher solicitation in the ’C’ shaped part. The positive point is
that the equivalent material tends to generate more displacements than the
lattice structure. Consequently, it creates a security factor in the selection
of the lattice structures that meet the requirements.
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Table 3.4: Percentage difference between the displacement of the lattice
structure and the equivalent material (C shape part)

Von Mises stress: C shape part Figure 3.51 shows the Von Mises stress
repartition from the FEA result. From this image, we observe that the Von
Mises stress repartition of the lattice structure and equivalent material are
in good agreement. The table 3.5 shows the Von Mises stress results and
comparison for ten elements between the lattice structure and the equivalent
material. We can see that the difference between the lattice structure and
equivalent material is relatively important, ranging from 0% to 25%. These
differences are not negligible and will undoubtedly require further develop-
ments for it to be reduced. They are slightly higher in case of L shape part.
In particular not taking into account the stress concentrations is a factor that
can explain these differences, as well as the influence of the selected points,
which are always in the material for the equivalent material and which can
be found out of the material or at the limit for the lattice structure. The
positive point is that the equivalent material tends to generate more Von
Mises stress the lattice structure. Consequently, it creates a security factor
in the selection of the lattice structures that meet the requirements.
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Figure 3.51: Von Mises stress of the C shape part: Lattice structure (left)
and equivalent material (right)

Table 3.5: Percentage difference between the Von Mises stress of the lattice
structure and the equivalent material C shape part)
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3.4.3 Conclusion

The concept of equivalent material was applied in a FEA of an octet-truss
lattice structure. The use of this concept for the prediction of the displace-
ments and Von Mises stress of such a structure was validated by comparison
with a FEA of the lattice structure. We observed that the differences range
between 5 to 26%. This range is acceptable for the purpose of pre-sizing
lattice structure CAD models. We can conclude from this study case that
the equivalent materials produced can represent the lattice structure in FEA
and that the methodology to obtain the equivalent material is reliable.
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3.5 Summary

In this chapter, a new lattice structure design method for engineers to eas-
ily and quickly design lattice structures has been presented. This chapter
proposes a new lattice structure design method, while its representation and
creation will be presented in the next chapter, as shown in figure 3.52.

Figure 3.52: General view of the proposed lattice structures design method

New lattice structure design method A new lattice structure design
method is proposed. This new method helps engineers to choose the most
suitable lattice structure easily and quickly. It will help to achieve the great
potential of additive manufacturing by widely integrating lattice structures
in additive manufactured parts to produce lightweight high strength parts.
This design method eradicates the need of creating lattice structure CAD
models with struts and also improves the FEA simulations of these struc-
tures, which is a time consuming process. The lattice structures are replaced
with an equivalent material which have the same mechanical properties.

Methodology for the creation of equivalent lattice structure mate-
rials In this chapter, we also presented a methodology to create equivalent
lattice structure materials. This equivalent material is solid and has the
same mechanical properties of lattice structures. This methodology to cre-
ate equivalent materials can be used to create equivalent materials for other
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lattice structure patterns. With this method, we are able to analyse the me-
chanical behaviour and determine whether a lattice structure is bending or
stretching-dominated.
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In this chapter we will deal with the problem of visualization and manu-
facturing of lattice structures. The type of lattice structure (pattern, density,
etc.) being determined, it is necessary to give to the designer a representa-
tion in a CAD environment. This is achieved by uploading to the graphic
card the facets, results of the discretization of the boundary surfaces of all
the elements of the structure. The structure being validated by the designer,
its manufacturing requires the determination of the contours and the fusion
trajectory for each layer. This is usually done once again from the bound-
ary surface (skin) discretized or not. We have shown in Chapter 2 that the
modelling in a usual CAD environment and the use of the boundary surface
is not appropriate in terms of ergonomics and resource consumption. It is
therefore necessary to propose a new way of modeling these lattices from the
data collected in Chapter 3 and then to visualize them and to prepare their
manufacturing.

For this, the proposal is to go through a skeleton model, the information
about the skin being used at the time of the calculation of the visualization
data by the graphics card or the manufacturing data by the CAM software.
The skeleton model is created from the geometric data of the lattice structure
as shown in figure 4.1. In this chapter, first the data necessary to describe
a lattice structure will be listed and described in section 4.1. Then the
algorithm to create the skeleton model from these data will be presented in
section 4.2. Finally how visualisation and calculation of the manufacturing
from the skeleton model is imagined will be exposed in section 4.3.

Figure 4.1: Chapter 4
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4.1 Lattice structure configurations

In this section, the different types of lattice structure configurations that
have to be described and created is examined. Figure 4.2 summarises the
different lattice structure configurations and variables. There are six vari-
ables: pattern, design space, density, progressivity, conformality and joint.
In the following subsections, the variables are explained in detail.

Figure 4.2: Lattice structure configurations
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4.1.1 Pattern

The lattice pattern is the basic element of its geometric structure. It is
based on nodes positions and struts connection between these nodes. There
are many types of lattice structure patterns. The most used are the four
following ones.

• Cubic
• Octet-truss
• Hexa-truss
• Open-cell foam
• Diamond

Figure 3.16 shows a representation and table 4.1 the number of points
and lines for these four lattice structure pattern. An open format to describe
existing and new pattern is presented in section 4.2. The pattern is then
repeated in the volume, deformed and adjusted to create the final lattice
structure.

Table 4.1: Number of points and lines for cubic, octet-truss, hexa-truss and
open-cell foam elementary structure

4.1.2 Relative density

The relative density is the ratio between the volume of material of the lat-
tice structure and the volume of the bounding box. It is a function of the
geometrical parameters and of the strut section. Equation 3.1 and figure 3.2
illustrate the relative density. The volume of material of the lattice structure
depends on the pitch and strut section dimension. The pitch dimension can
vary along the X, Y and Z-axis. The section can be circular, square or any
other geometries.

At a first order the relative density can be approximated for each pattern
as a function of pitch and section for a constant pitch and section. For an
octet-truss lattice structure the first order approximation is given in equation
4.1 and for a cubic lattice structure by the equation 4.2 where l is the pitch
and s is the section. This approximation is realistic for low density but
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the error becomes larger for higher densities as overlapping volume at the
connections become more important. Figures 4.3 and 4.4 shows the first
order relative density as a function of the true relative density, which has
been measured from the CAD model of a unit cell.

ρ1st = 12
√

2(
s

l2
) (4.1)

ρ1st = (
3 ∗ s
l2

) (4.2)

Figure 4.3: First order relative density as a function of the true relative
density for the cubic lattice structure. The red line represents the isovalue

Figure 4.4: First order relative density as a function of the true relative
density for the octet-truss lattice structure.
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4.1.3 Progressivity

Lattice structures relative density can be uniform or gradient. For uniform
lattice structures, the size and dimensions of each elementary structure are
constant throughout the whole design space. As for gradient lattice struc-
tures, the dimensions of each elementary lattice structure vary throughout
the part. The sections of the struts can also vary to produce gradient lattice
structures and with a variable relative density. Table 4.2 shows examples
of constant and gradient lattice structures for each pattern. This ability to
optimise lattice structures using gradient lattice structures creates different
relative densities in each area of the part. With the same material, a lattice
structure with higher relative density will have higher strength and stiffness.
By locally optimising the relative density and properties of a lattice struc-
ture, it is possible to meet the requirements of a specific loading in an area
of a part. This gradient form can be designed to follow the direction and
magnitudes of the loads applied to the part. In areas where high stress is
applied, a higher relative density lattice structure will be needed, while in
areas where lower stress is applied, lower relative density is needed.

4.1.4 Conformality

Lattice structures can follow different design space forms, such as curved or
planar surfaces. This characteristic is categorised as conformal lattice struc-
ture. Struts in conformal lattice structures are oriented in accordance with
the form of the design space, whereas in non-conformal lattice structures,
the struts are oriented independently from the design space along three per-
pendicular directions. Figure 4.5 shows examples in 2D of different design
space forms and the corresponding conformal lattice structures. There are
two types: first the opposite surfaces are parallel, second they are not par-
allel. The definition of the conformality is versatile and complex has not
been deeply studied. It will mainly be driven by meshing parameters. Only
conformality in one direction has been considered with two cases, the two
opposite surfaces are parallel or not.
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Table 4.2: Constant and gradient lattice structures

Figure 4.5: Different types of conformal lattice structures
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4.1.5 Design space

Design space or zone from chapter 3, is the area of 3D space where the
defined lattice is built. It is defined by it’s boundary surfaces and the mesh
is adjusted to keep only the portion inside these surfaces, as shown in figure
4.6. The lattice is adjusted in relation to this design space and different
solutions for the connections between the lattice and the edge of the design
space can be designed.

Figure 4.6: Example of a cubic lattice structure with an upper planar and
curved surface of the design space

There are two types of connections between the lattice structure extremity
struts and the design space boundary surface. Figure 4.7 shows an example
of the two types. The first type of connection is the non-conformal extremity
strut connection, whereas the second connection is the conformal extremity
struts connection. In the non-conformal extremity struts, struts that cut
the boundary are only adjusted while in the conformal extremity struts, the
orientation of the extremity struts are modified to follow the orientation of
the surface of the design space. As for conformal lattice, conformal extremity
has a lot of possibilities and has not been deeply studied in this manuscript.
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Figure 4.7: Connection between extremity struts and design space

4.1.6 Joint shape

The connection between the struts forms a joint. At each joint, forms are
added to form the joint. Theses forms can be either rounded edges or spheres.
Figure 4.8 is an example of a cubic lattice structure with rounded joint edges.

Figure 4.8: Cubic lattice structure with rounded joint edges

4.2 Creation of skeleton model

4.2.1 Skeleton model concept

In this chapter, the objective is to propose an alternative to skin or B-Rep
models. Current CAD tools currently create and represent lattice struc-
tures using surfaces and volumes. This thus contributes to large file sizes,
high RAM consumption, as well as time-consuming creations and operations.
Hence, a better way to create lattice structure parts than the current method
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is by defining it with four elements, which are points, lines, strut sections
and joints. These four elements define a skeleton model. Table 4.3 shows the
point, line, section and connection list for an elementary octet-truss struc-
ture. The point list contains the coordinates of each point (X, Y, Z) and the
line list contains the lines (struts) connecting these points, it is described by
a beginning point and ending point. The section list describes the size of the
section for each line to define a strut. It is described by a section size at the
beginning and end of the line. The connection line describes the type of joint
at each corresponding point. The following subsections will explain how the
skeleton model is created.

Table 4.3: Elementary octet-truss structure: Point, line, section and connec-
tion list

110



Chapter 4. Definition and creation of the skeleton model of the lattice
structures

Figure 4.9 illustrates a cubic lattice structure defined with a skeleton
model. The lattice structure on the left is created with only points and lines,
whereas for the lattice structure on the right, the strut sections are added.

Figure 4.9: Skeleton model: Lattice structure defined by points, lines and
sections

4.2.2 Skeleton model algorithm

The algorithm to create the skeleton model is presented in this section.

Figure 4.10: Class, functions, input and output information of the algorithm

Figure 4.10 shows the workflow to create the skeleton model from the
characteristics of the lattice structure defined in section 4.1. In blue are
the steps that has already been implemented, while in green are those to be
developed in future works. The following paragraphs explain the successive
steps of the algorithm.
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Elementary structure creation The elementary pattern is described in
a unit cube by the coordinates of the points and the lines linking these points.
For example, to create a cubic lattice structure, eight points are needed to
define the cubic elementary structure, as shown in table 4.4. The number of
each point corresponds to its index number in the algorithm. The coordinates
of each point are shown in the corresponding columns in the table. The eight
points are connected with twelve lines. The column on the left and right
indicates the index of the points connected to construct each line. The point
and line lists of the octet-truss, hexa-truss and open-cell foam elementary
structure are presented in tables B.1, B.2 and B.3 in appendix B.

Table 4.4: Elementary cubic structure: Point and line list

A point is defined by its coordinates. Here we use the Cartesian coor-
dinate system to describe the coordinates of the points. Therefore, a point
class consists of the coordinates X, Y and Z. In this class, we also attribute
an index to each point. The index of the point refers to the position of the
point in the points list.

A line connects two points. Therefore it is defined by the point at the
beginning of the line and the point at the end of the line. The lines defined
are straight (having no curvature). Each line is attributed an index, which
refers to the position of the line in the line list.

A section is defined by its geometry and its dimensions. Here only circular
and square sections have been considered. A section is assigned to each
extremity (beginning and end) of each line.

A joint is described by its form, for example rounded edges or spheres
and its dimensions. Each point is attributed a joint form in the joint list.
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Create repetition To create the lattice structure, a repetition of the ele-
mentary structure is carried out. The elementary structure is repeated with
a pitch of one in each direction till the desired number of cells is obtained.
Figure 4.11 shows the repetition of an elementary structure repetition in the
X, Y and Z-axis to obtain a 3 x 3 x 3 unit cubic lattice structure. Here
we note that during the repetition of two elementary structures, overlapping
points and lines were created. Thus a function is required to delete these
overlapping points and lines. Table B.4 in appendix B contains the point
and line lists for this 3 x 3 x 3 unit cubic lattice structure.

Figure 4.11: Elementary structure repetition to obtain 3 x 3 x 3 unit lattice
structure

Remove duplicated points and lines Next, we remove the overlapping
points and lines which exist after the elementary structure repetition, as
shown in figure 4.12.

Figure 4.12: Overlapping points and lines after elementary structure repeti-
tion

In step one, first an empty point list is created. This list is referred to as
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the filtered point list. Then, each point in the initial point list is compared
to the points in the filtered point list. If it does not yet exist in the filtered
point list, then the point is added to the list. For example in figure 4.13 case
one, point three has a coordinate of (0,1,0), which does not yet exist in the
filtered point list. Thus it is added to the list. The indexes of the point in
the initial point list and the filtered point list are added in the corresponding
initial and filtered point list. If the point in the initial point list already
exists in the filtered point list, as in figure 4.13 case 2, thus the point is not
added to the list. The index of the two overlapping points are added in the
corresponding initial and filtered points list.

Figure 4.13: Step one case one and two

In the second step, the begin and end point for each line in the initial line
list is replaced by the new point from the corresponding initial and filtered
points list. The corresponding line list is obtained, as shown in figure 4.14.
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Figure 4.14: Step two

Figure 4.15: Step three case one and two

In the third step, an empty line list is created. This list is referred to as
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filtered line list. Then, each line in the initial line list is compared to the line
in the filtered point list. If it does not yet exist in the filtered line list, the
point is then added to the list, as shown in figure 4.15 case one. If the line in
the initial line list already exists in the filtered line list, thus the line is not
added to the list, as shown in figure 4.15 case two.

Create scale The lattice structure being defined with a unit pitch, it has to
be scaled so that its pitch becomes the one defined by the designer. The scale
can be either constant or gradient depending on the progressivity defined by
the designer.

Figure 4.16 shows an example a constant 3 x 3 x 3 unit scale lattice
structure with a pitch dimension of 2 mm. As we can see in the point and
line lists is shown in table B.5 in appendix B, the line list is the same as an
unscaled structure in table B.4, the only changes occur in the coordinates of
the points list, where each point in the elementary structure is multiplied by
two.

Figure 4.16: Constant scaled 3 x 3 x 3 unit cubit lattice structure with a
pitch dimension of 2

Figure 4.17 is an example of a scale gradient lattice structure. Here
the algorithm is the same used as for the scaled constant lattice structure,
the only difference being the multiplication of the coordinates of the points.
Here, instead of multiplying with a constant, the coordinates of the points
are multiplied with maths formulas such as exponential, square or power. As
we can see in the point and line lists shown in table B.6 in appendix B, the
line list is the same as an unscaled structure in table B.4, the only changes
occur in the coordinates of the points list, where each point in the elementary
structure is multiplied by the maths formula applied.
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Figure 4.17: Progressive scaled 3 x 3 x 3 unit cubit lattice structure

To obtain the constant or gradient lattice structure, the following algo-
rithm is used :
For Point in Pointlist :
X = x * (maths formula or constant dimension)
Y = y * (maths formula or constant dimension)
Z = z * (maths formula or constant dimension)

Create conformality Conformal lattice structures are created from the
previous point list by moving the points according to the driving surfaces.
Here we propose three different methods to move the points. The first method
consists of measuring the distance between the horizontal and vertical design
space boundaries. Next, each distance is divided by the number of units
in the lattice structure to obtain an equal spacing between each line in the
vertical and horizontal direction. This method is illustrated in figure 4.18.
In this example, a 4 x 4 x 1 unit cubic lattice structure conforms to the
design space. Table B.7 in appendix B shows the point and line list of this
conformal cubic lattice structure.

Figure 4.18: Method one

The second proposed method is for conformal lattice structures with par-
allel design space boundaries. In this case, the idea proposed is to measure the
distance of the lower design space boundary to the origin of the axis. Then,
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each coordinate in this direction is translated with the distance measured,
as shown in figure 4.19 to translate all the points. Table B.8 in appendix B
shows the point and line list of this conformal cubic lattice structure.

Figure 4.19: Method two

The third method is similar to the first method, the only difference being
the method to calculate the distance between the points. Instead of dividing
the distance between the design space boundaries by the number of units as
in method one, here we use the minmax formula to create equal distances
between the points in each direction. An illustration of this third method is
given in figure 4.5.

Cut to design space There are two types of connections between the
lattice structure extremity and boundary of the design space, as shown in
figure 4.7. The connections are created by modifying the position of the
points of the extremity struts on the boundary surface of the design space
to obtain lines which connects the extremities of the lattice structure to the
design space surface. The method to obtain the non-conformal extremity
struts is shown in figure 4.20 and the conformal one has not been adressed in
this manuscript. First the line for which the two points are outside the design
space are deleted. Then for the lines having one point inside the design and
one point outside the design space, a point is created at the intersection of
the line and the design space boundary and then the outside point is replaced
by the new point. Finally the points which are not any more connected to a
line are deleted. The same approach can by carried out to obtain conformal
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extremity struts, except in this case, creation of the new points is carried out
differently. Here, the points are repositioned according the orientation of the
design space boundary surface.

Figure 4.20: Method to obtain non-conformal extremity struts

Output information The output information contains the lists of the
points, lines, strut sections and joints. In the points list, each line contains
the coordinates of the point. The lines list contains the index of the points
to which they are connected. The section list contains section characteristics
for each strut extremity and the joint list contains the joint type. Figure 4.21
is an example of a cubic, octet-truss and hexa-truss lattice structure created
with points and lines, and visualised in a viewer (Paraview).

Tables B.9 and B.10 in appendix B is an example of a 3 x 3 x 3 cubic
lattice structure. It contains point, line, section and joint shapes lists.

4.3 Visualisation

Proposed visualisation method The idea for the proposed method is
to avoid the need to create lattice structures with surfaces and volumes by
replacing them with lines, points and sections. From the skeleton model, the
solution is to use geometric primitives to visualise the lattice structures in
CAD. Geometric primitives are the simplest geometric objects that a CAD
system can draw and store. Commonly used geometric primitives include:
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Figure 4.21: Example of a cubic, octet-truss and hexa-truss lattice structure
created with points and lines visualised in a viewer (Paraview)

• Points
• Lines and line segments
• Planes
• Circles and ellipses
• Triangles and other polygons
• Spline curves

Whereas in 3D applications, basic geometric forms and shapes are con-
sidered to be primitives, for example:

• Spheres
• Cubes or boxes
• Toroids
• Cylinders
• Pyramids

Figure 4.22 shows an example of a cubic lattice structure visualised in
the CAD software by adding the section of the struts. Lattice structures can
be built with geometric primitives such as cylinders and spheres. The idea is
to send to the graphic card the primitives (for example a cylinder) based on
the information of the skeleton model. The graphic card will then calculate
the facet to create the visualisation model of the lattice.

120



Chapter 4. Definition and creation of the skeleton model of the lattice
structures

Figure 4.22: Visualisation of lattice structure built by geometric primitive
lines and cylinders

4.4 Manufacturing

Proposed slicing method The data sent to the usual machine in additive
manufacturing are the contour of the melted zones for each layer. The 3D
model of the part has to be sliced to determine these contours. In our case,
the skin of the part is not known and the slicing has to be done from the
skeleton. The lines are sliced to obtain the centre of the contours. Then, from
the section list and the orientation of the struts, we create the contours and
finally the outer contour of the form. The joint forms, for example rounded
or sphere joints, are not addressed in this manuscript. It will be for future
works.

Figure 4.23 shows the two steps.

Strut section The form of the contour around the mean line depends on
the section and the orientation of the strut. For example, for a circular
section, a strut oriented at a 90◦ angle has a circular section, while struts
which are not at 90◦ angles have ellipse-shaped sections. The exact shape of
the ellipse depends on the angle of the orientation.
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Figure 4.23: Slicing lattice structure lines into layers and adding section to
sliced lines

Strut joint The section form in a strut joint is a combination of joint
ellipses, as shown in figure 4.24. Here we see the joint in an octet-truss
lattice structure, where four struts are connected at the joint at an inclined
angle. First the lines at the joint is sliced to obtain four points, then an
ellipse contour is added surrounding each point. Next, the contours of the
ellipse are joined together, by keeping only the outer contour, to obtain the
final section form.
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Figure 4.24: Adding section to sliced lines

4.5 Summary

Two advances are presented in this chapter. First, the determination of lat-
tice structure part configurations for metallic additive manufacturing. Sec-
ond, a new proposed method to visualise lattice structure in CAD and slice it
in CAM. First the requirements and problems encountered were determined.
The core of this proposed methodology is the representation and creation of
lattice structures with points, lines and section sizes, referred to as the skele-
ton model. The creation of the skeleton model is described. A algorithm
was created based on this concept. A method was proposed to visualise the
lattice structures in CAD software by using geometric primitives. In CAM
environment, a new method was proposed to slice lattice structures using the
skeleton model. This PhD serves as a starting point for future developments
in the creation of conformal lattice structures, cutting to the design space,
section, joints and connections contributing to new and improved CAD and
CAM tools for additive manufacturing and also a new additive manufacturing
file format.
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Aim and strategy

The aim of this PhD is to facilitate and improve the integration of lattice
structures in additive manufacturing parts. The problematic has been split
into difference parts. First, the design aspect of the lattice structures, where
the goal is to help designers have the necessary information to be able to
choose and integrate the correct type of lattice structures based on a part’s
requirements. Then, the definition of a skeleton model for visualisation and
creation of manufacturing data. The outcome will contribute to the wide use
of lattice structures in additive manufactured parts.

Main results

New lattice structure design method

A new lattice structure design method is proposed for better lattice structure
integration in part designs. This design method enables designers to choose
the correct lattice pattern and density. An essential part of this proposition
is the use of equivalent lattice structure materials. This eradicates the need
to design lattice structure CAD models and reduces FEA simulation time.

Methodology to create an equivalent lattice structure
material

A methodology to create an equivalent material is presented in this Phd the-
sis. It enables engineers to replace lattice structure CAD models with CAD
solid models which have the same mechanical properties. This methodology
can be used to define equivalent materials for other lattice structure patterns.
The equivalent materials reduces FEA simulation time.

Evaluation of current CAD tools performances in addi-
tive manufacturing

The performances of current CAD tools were assessed to determine whether
they are adequate enough for the requirements of additive manufacturing.
Results show that current CAD software are not practical for designers to
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design lattice structures easily and quickly for additive manufacturing and
that current CAE software are not up to scratch in terms of performances to
execute finite-element-analysis of lattice structures. Improvements in CAD
and CAE software are needed.

Definition and creation of the skeleton model for lattice
structures

A representation and creation of lattice structures with points, lines and
section sizes, referred to as the skeleton model was created. Lattice structure
geometrical characteristics were determined and an algorithm for the creation
of a skeleton model for these characteristics were presented.

Future work

New CAD tools to design lattice structures

To overcome the problem of having to design lattice structures manually
in CAD software, CAD tools must be able to automatically create the lat-
tice structures CAD models. One which enables designers to choose from
a library the lattice pattern, struts thickness and length, and functions to
automatically create the lattice structures. This work is a basis for future
work to create new CAD tools to design lattice structures

CAD file formats for additive manufacturing

A new CAD file format suitable for lattice structure is needed. One that
stores lattice structure information based on points and lines instead of sur-
faces and volumes. Lattice part designs, CAD, CAE and CAM requirements
have to be taken into consideration for the creation of this new CAD file
format for additive manufacturing, as shown in figure 4.25. This work is a
starting point for the creation of a new CAD file format for additive manu-
facturing.

Lattice structure optimisation and stress concentration

The proposed lattice structure design method allows engineers to choose the
correct lattice structure pattern and density. A preliminary study regarding
stress concentration in lattice structures is assessed in this Phd. However,
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Figure 4.25: Proposal of a new CAD file format for additive manufacturing
taking into aspect CAD, CAE and CAM requirements

future work is needed to optimise the lattice structure struts and overcome
the stress concentration areas.

Lattice structure partitioning

In the proposed lattice structure design method, the partitions were defined
by the engineer based on the FEA results. However, it would be interesting
to have a detail method to define this partitions. This will help engineers to
choose the most optimised partitions. The approach proposed in this work
opens the path for future research in this area.
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Appendix A

Detailed FEA simulation
results for the lattice structures

Table A.1 shows the result for the cubic lattice structure which contains the
relative Young’s modulus, relative shear modulus and relative strength in
function of the relative density for 0◦ and 45◦ angle positions.

Table A.1: Relative Young’s modulus and relative strength for cubic lattice
structure compression and shear test at 0◦ and 45◦ angle

Table A.2 shows the result for the octet-truss lattice structure which
contains the relative Young’s modulus, relative shear modulus and relative
strength in function of the relative density.
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Appendix A. Detailed FEA simulation results for the lattice structures

Table A.2: Relative Young’s modulus and relative strength for octet-truss
lattice structure compression and shear test at 0◦ and 45◦ angle

Table A.3 shows the result for the hexa-truss lattice structure which
contains the relative Young’s modulus, relative shear modulus and relative
strength in function of the relative density.

Table A.3: Relative Young’s modulus and relative strength for hexa-truss
lattice structure compression and shear test at 0◦ and 45◦ angle

Table A.4 shows the result for the open-cell foam lattice structure which

134



Appendix A. Detailed FEA simulation results for the lattice structures

contains the relative Young’s modulus, relative shear modulus and relative
strength in function of the relative density for tests in 0◦ and 45◦ position
angles.

Table A.4: Relative Young’s modulus and relative strength for open-cell
lattice structure compression and shear test at 0◦ and 45◦ angle
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Appendix B

Skeleton model points, lines,
sections and joints lists

Table B.1: Elementary octet-truss structure: Point and line list
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Table B.2: Elementary hexa-truss structure: Point and line list
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Table B.3: Elementary open-cell foam structure: Point and line list
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Appendix B. Skeleton model points, lines, sections and joints lists

Table B.4: 3 x 3 x 3 unit cubic lattice structure with with a pitch size of one
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Table B.5: Scaled 3 x 3 x 3 unit cubic lattice structure with a pitch size of 2
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Table B.6: Scaled 3 x 3 x 3 unit cubic lattice structure with gradient elemen-
tary structures
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Table B.7: Conformal cubic lattice structure with non-parallel upper and
lower boundaries
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Table B.8: Conformal cubic lattice structure with parallel upper and lower
boundaries
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Table B.9: Output point and line list
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Table B.10: Output section and join shape list
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Figure B.1: Lattice structure generator user interface created to create lattice
structures

Figure B.1 shows the graphic user interface of the program created. The
input information is entered by the user in the user interface. For example,
the dimension of the elementary and lattice units, the maths formula to
create progressive lattice structure and the lattice structure pattern.

A proposal of the complete lattice structure generator user interface which
contains all the input information is illustrated in figure B.2. This proposal
is for future works to import the design space and create conformal lattice
structures.

Figure B.2: Proposal of lattice structure generator user interface to create
lattice structures
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Abstract

It is now possible to manufacture metallic lattice structures easily with addi-
tive manufacturing. Lattice structures can be used to produce high strength
low mass parts. However, it does not exist a method to design lattice struc-
tures for additive manufacturing. The thesis addressed the following research
questions: Why are lattice structures so little used in part designs? What
are the information necessary to help designers to design parts containing
lattice structures? How can lattice structures be created quickly and easily
in CAD? The main contributions are the evaluation of current CAD tools
in terms of human machine interface, CAD file formats, CAE and CAM to
design lattice structures, a new lattice structure design strategy, a method-
ology to create equivalent materials, the determination of the main lattice
structure geometrical characteristics and a new skeleton model to define lat-
tice structures with points, lines, sections and joints instead of surfaces and
volumes.
Key words: Lattice structures, Design, CAD, Additive manufacturing

Résumé

Il est maintenant possible de fabriquer des structures treillis métalliques
facilement avec la fabrication additive. Les structures en treillis peuvent
être utilisées pour produire des pièces de faible masse et de haute résistance.
Il n’existe pas de méthode de conception pour les structures treillis. La thèse
a abordé les questions de recherche suivantes: Pourquoi les structures treillis
sont-elles si peu utilisées dans la conception? Quelles sont les informations
nécessaires pour aider les concepteurs à concevoir des pièces contenant des
structures treillis? Comment les structures treillis peuvent-elles être créées
rapidement et facilement dans le CAO? Les contributions principales sont
l’évaluation des outils CAO actuels dans la conception des structures treil-
lis en termes d’interface homme machine, de formats de fichiers CAO et de
FAO pour la fabrication d’additive, une nouvelle stratégie de conception de
structures treillis, une méthodologie pour calculer des propriétés matériau
équivalent, détérmination des caractéristiques géométriques principales des
structures treillis à partir de points, de lignes, de sections et de connexions au
lieu des surfaces et des volumes et une méthode pour visualiser et découper
les structures treillis à partir du modèle squelette.
Mots clés: Structure treillis, Conception, CAO, Fabrication Additive
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