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The manufacturing technologies have undergone significant innovation at the beginning of this century from the
development of science and technology. One of the most important inventions in manufacturing technologies is the creation
of additive manufacturing technology. Additive manufacturing technologies allow building of a 3D object by adding ultra-thin
layers of 2D cross-sectional slices of materials upon these previous layers. The most crucial effectiveness of additive
manufacturing technologies is to fabricate the complex geometry of products. As a result, the lattice structure is used
extensively in industrial product design to minimize usage of materials and reduce the weight of products. However, the
simulation to investigate the mechanical properties of the lattice structure in the design space of a product has many issues
such as calculation time, memory-consuming, etc. Thus, the paper presents a new method to automatically generate a
geometric model of the lattice structure in a computer-aided design environment. This model will be used to make a
simulation using the finite element method analysis to investigate the mechanical properties of each configuration of the

lattice structure.

1. Introduction

Today, computers have become very popular and useful tools to
support product design activities thanks to the development of
science and technology. Product designers can build the 3D
geometric model of a product quickly due to the computer-aid
design environment. Most simulations to verify the durability and
mechanical properties of the designed product are based on this
model. After completing the design of the product model on the
computer, the product designer will then work with manufacturing
process engineers to select the appropriate manufacturing process
and technology to produce the design product. The requirements
on time for designing and manufacturing the product have to be
reduced and shortened in the context of global economic
integration. Especially, the quality and cost of the product are two
important factors that determine the success of the designed

product in the market. Therefore, product designers are always
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looking for the way to design a product using the least material as
possible, but the durability and mechanical properties of the
product are still ensured. Moreover, it is necessary to select the
appropriate manufacturing process to be able to fabricate the
product quickly. One of the solutions to reduce the usage of the
material is to use a lattice structure to replace the solid material of
the product. Using the lattice structure instead of the solid material
inside the product space can make it impossible to manufacture by
traditional manufacturing technologies such as casting, forging,
stamping, turning and milling. However, the appearance of additive
manufacturing technologies can solve all the disadvantages of the
traditional ones. The lattice structure can be manufactured quickly
by additive manufacturing processes.

Additive manufacturing (AM) is a scientific term to describe
manufacturing technologies developed from Rapid Prototyping
technologies in the 1980s. The basic principle of the additive

manufacturing process is to cover each thin layer of material upon
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Fig. 1 A volume of the periodic lattice structure with unit cells

repeating along to three directions

Fig. 2 A volume of the non-periodic lattice structure

others until to form the final product. Thus, these technologies
allow building a 3D geometry model of a product by slicing it into
very thin layers of two-dimensional cross-sectional slices. The
additive manufacturing technologies can be divided into seven
different categories:

- VAT Photopolymerization

- Binder Jetting

- Material Jetting

- Material Extrusion

- Powder Bed Fusion

- Sheet Lamination

- Directed Energy Deposition

The most important effectiveness of AM technologies is able to
manufacture any complex geometry of the product. As a result, the
lattice structure is capable to be manufactured. It is used extensively
in the industrial product design to minimize the usage of materials
and reduce the weight of the product. The lattice structure is
applied in many industrial applications on the improvement of
durability and mechanical properties of the material,' thermal
engineering,’ biomedical engineering.*

A lattice structure is a set of bars connecting each other in order
to create a unified structure in the design space. The lattice
structure can be categorized into two types as periodic and non-

periodic structure. The periodic lattice structure consists of a unit

cell structure repeating systematically along to three directions of
the coordinate system. The structure of unit cells can have different
configurations and they are mentioned in.> An example of the
periodic lattice structure is shown in Fig. 1 with the octet-truss unit
cell. The non-periodic lattice structure is created by the bars linking
with each other freely without unit cell structure. The length and
radius of the bars are totally different in a volume of the non-
periodic lattice structure. An example of the volume of the non-
periodic lattice structure is given in Fig. 2.

There are many studies to create a volume of the periodic lattice
structure in the computer-aided design environment.*® The
proposed methods can help the product designer integrating the
lattice structure into a space of the product quickly. As a result, the
geometric model of product with the lattice structure can be
created in any commercial computer-aided design software. The
product designer can use the lattice structure replacing the space of
solid material of the designed product. The usage of material to
manufacture the designed product can be significantly reduced by
the lattice structure. However, replacing the solid material by the
lattice structure can make the designed product at risk of not
meeting its durability and mechanical properties. Thus, the
important research questions have to be considered:

- How to replace the solid material by the appropriate lattice
structure?

- How to investigate the durability and mechanical properties of
the product with the lattice structure?

In order to find out the answers to these questions, there are
some studies to investigate the mechanical properties of the lattice
structure by using the finite element method.!*!? The authors in
these studies directly use a volume of the 3D geometric model of
the lattice structure to make FEM analysis, so the number of
elements is very large, and the time of calculation is also very high.
In addition, the value of the radius and type of unit cell of the
lattice structure are fixed, so it is very difficult to establish the
factors of mechanical properties and the radius.

Therefore, the paper presents a new method to investigate the
durability and the mechanical properties of different configurations
of the periodic lattice structure and to find a relationship between
the factors of mechanical properties and the radius of the bars in
the lattice structure. The proposed method can reduce the time of

calculation comparing to the other methods.

2. Method Description

The paper proposes a method that focuses on studying the

mechanical properties of the periodic lattice structure. The
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geometric model of the periodic lattice structures is built by a set of
unit cell structure. The unit cell structure includes the bars
connecting each other. The unit cell structure will be repeated in
three directions according to the coordinate system. The geometric
model of the periodic lattice structure created in the CAD
environment will be used to consider the mechanical properties
using the finite element method. These approaches have a big
limitation in the meshing step because of the size and the number
of elements. Each unit cell structure has many bars linking with the
others. The size of the unit cell is very small compared to the
volume of the lattice structure. The number of unit cell structure in
the volume of the lattice structure is very large. The number of
elements will be increased if the geometric model of the lattice
structure in CAD is used. Therefore, the new approach is
mentioned in the paper in order to reduce the number of elements
and then the time of calculation will be decreased. Moreover, this
approach allows us to change the radius of each bar in the volume
of the lattice structure. As a result, a relationship between the
factors of its mechanical properties can be established. This result
can help the product designer to have the appropriate selection of
the unit cell structure of the lattice structure to replace the solid
material space.

The method proposed in the paper can be divided into two steps
including the generation of the periodic lattice structure and the
simulation of mechanical properties using the finite element
method. The first step is to create a geometric model of the
periodic lattice structure and then the finite element method is used
in step two in order to investigate the durability and the mechanical

properties of the lattice structure with the different radius of bars.

2.1 Generation of Lattice Structure

A lattice structure can be considered as a hierarchy of different
unit structure elements. The studies to generate the geometric
model of the periodic lattice structure are mentioned in. %!
However, these proposed methods are to create a 3D model
geometric of the periodic lattice structure from the different
configuration of the unit cell structure element. This model has
many limitations when the finite element method is used to analyze
the durability and mechanical properties of the lattice. Therefore,
the paper proposes a new approach to generate a geometric model
of the periodic lattice structure based on the abstract model of the
unit cell structure.

The 3D geometric model of the unit cell includes a set of bars
connecting with each other as given in Fig. 3. The geometric cross-
section of the bars in the unit cell can be round, rectangular,
triangular or any shape. This cross-section is extruded along a line

or a curve to build the bar in the unit cell structure. Therefore, the
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Fig. 3 Configuration of the 3D model of the unit cell structure
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Fig. 4 Configuration of the abstract model of the unit cell structure

abstract model of the unit cell structure based on two basic
geometric elements is the points and the lines.

The configuration of several unit cells modeled by the abstract
model is shown in Fig. 4. The abstract model of a unit cell
structure consists only the points and the lines connecting between
two points. As a result, the abstract model of a volume of the
periodic lattice structure will be generated by the abstract model of
the unit cell structure. A volume of the periodic lattice structure is

built by the following steps:
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Fig. 5 A row of the octet-truss unit cells.

The basic unit
cell structure

Fig. 6 A layer of the octet-truss unit cells

- Step 1: Creation of a row of the unit cell

After choosing a configuration of the unit cell structure as called
the basic unit cell, the abstract model of a row of the unit cell is
created by moving the basic unit cell along one direction. The
abstract model of a row of the octet-truss unit cell is shown in Fig.
5. There are overlapping points and lines between two adjacent
unit cells. These points and lines of the behind unit cell will be

replaced by the points and lines of the front one.

- Step 2: Creation of a layer of the unit cell

The abstract model of a row of unit cells is used to generate a
layer of unit cells by moving the row along the direction. The
abstract model of a layer of the octet-truss unit cell is given in Fig.
6. There are obviously the overlapping points and lines between
two adjacent rows. These points and lines of the behind row will be

replaced by the points and lines of the front one respectively.

- Step 3: Creation of a volume of the unit cell

The abstract model of a layer of unit cells is used to build a
volume of unit cells by moving the layer along the direction. The
abstract model of a volume of the octet-truss unit cell is shown in

Fig. 7. There are also overlapping points and lines between two
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Fig. 7 A volume of the octet-truss unit cells
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space

Volume of
lattice structure
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Fig. 8 A volume of the octet-truss unit cells in the design space

adjacent layers. These points and lines of the behind layer will be

replaced by the points and lines of the front one respectively.

- Step 4: Creation of the lattice structure in design space

A model of a volume of the periodic lattice structure is created
in step 3 as a cube space. In order to create the periodic lattice
structure inside product space, it needs to embed the volume of the
periodic lattice structure into design space in the product by

removing the volume outside of the design space as shown in Fig. 8.

2.2 Finite Element Analysis
The lattice structure is used a lot in product design to replace the
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Fig. 9 An overview of the proposed method
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space of the solid material in order to reduce the material and the
light weight of the product. However, when the lattice structure is
used to replace the solid material, there is a risk of making the
designed product not to meet fully the durability and mechanical
properties. Therefore, it is very necessary to investigate the
durability and mechanical properties of the lattice structure with
each configuration of the unit cell structure.

There are some experimental studies to consider the durability
and the mechanical properties of the lattice structure, but these
studies are obviously costly and time-consuming.'*'* Especially, it
is very difficult to investigate different configurations of the unit
cell of the lattice structure. In addition, there are studies to analyze
the durability and mechanical properties of the lattice structure
based on numerical simulation using the finite element
method.*!1316 Most of the studies use the 3D geometric model of
the lattice structure to make simulation using meshing method.
However, a volume of the lattice structure includes many unit cells
and each unit cell contains several bars connecting each other. The
geometric model of the lattice structure is very complex. The more
complicated lattice structure and the smaller cell size result in the
more slower calculation time because there are many solid
elements for this analysis.

As a result, the paper proposes a method that allows
investigating the durability and mechanical properties of the lattice
structure. The overview of the proposed method is shown in Fig. 9.
This method inherits the abstract model of the lattice structure
presented above and uses the finite element method to make the
analysis and simulation. The outstanding advantage of the
proposed method is the calculation time and to be able to establish
the relationship between the factors of analysis and radius of the
bars of the lattice structure. The proposed method includes the

following steps:

- Step 1: Import data of the abstract model of lattice structure
An abstract model of the lattice structure is generated by the
method presented above. The data of this model including the
coordinates of points and the line connecting between two points.
The data will be then used to define the node and the beam

elements in the finite element method.

- Step 2: Build FEM model

After the geometric model for the finite element analysis is built,
the beam section will be then defined by the initial value of the
radius of the beam. The material property, boundary conditions and

loads are also defined in this step.

- Step 3: Run finite element analysis

After the definition of the FEM model is completed, the
calculation kernel is used to determine necessary results. When the
calculation is finished, the radius of the beam section will be
increased by an amount equal to the incremental step of the radius.
The calculation will be repeated until the radius of the beam
section is equal to the maximum value. The data of all the results

of the calculation will be stored.

- Step 4: Result processing

The data of the finite element analysis are used to find the
relationship between the factor of mechanical properties and the
radius of the bars of the lattice structure will be established by the

data processing.

3. Case Study: Relative Stiffness and Maximum Stress
Analysis in Abaqus

In order to illustrate the proposed method to investigate the
mechanical properties of the lattice structure, the different
configurations of unit cell structure as the cube, octet-truss,
octahedron, octahedron-cross and open-cell structure shown in Fig.
2 are mentioned in this case study. The abstract model of the
periodic lattice structure of each unit cell structure will be created.
The data of the abstract model including coordinate points and
lines connecting between two points is used in Abaqus software to
make a FEM analysis on compression, shearing, torsion, and

bending test.

3.1 Generation of Lattice Structure

The Python programming language is used to develop a
program to generate a volume of the periodic lattice structure with
the proposed configurations of unit cell structure. The pseudocode
algorithm of the program is given in Fig. 10. The procedure
LatticeGeneration needs to have the input parameters such as the
coordinates of points and lines connecting between two points of
the unit cell, the number of unit cells along direction X, Y and Z. In
the procedure LatticeGeneration, there is another procedure

increase to change the index of two points in the lines.
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Algorithm 1 Generation of a volume of lattice structure
1: procedure LATTICEGENERATION(points, lines, numX, numY, numZ, size)
2 for k < 1 to numZ do // Creation of a volume of unit cells
3 for j < 1 to numY do // Creation of a layer of unit cells
4 for i + 1 to numX do // Creation of a row of unit cells
5: points « points + (size,0,0)
6:
7
8
9

lines « lines + increase(lines, i * Numpoints)
end for
points « points + (0, size,0)
: lines < lines + increase(lines, numX « Numpoints)
10: end for

11: points + points + (0,0, k * size)

12: lines « lines + increase(lines, numX x NumY * Numpoints)

13: end for

14: return (points, lines) // The lattice structure includes points and lines

15: end procedure

Fig. 10 The pseudocode algorithm to generate a volume of unit cells
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Fig. 11 The 5 x5 x5 mm?® volume of the lattice structure with the
different configurations of the unit cell

The 5x5x5mm® and 30x3x3mm’® volume of five
configurations of unit cells are generated using the developed
program as shown in Figs. 11 and 12. The data of the volume
including the coordinates of points and line connecting between
two points are stored in data files. These data files are used to
import the data into Abaqus software to make the FEM analysis.

3.2 Finite Element Analysis in Abaqus
An interface is developed in the commercial software ABAQUS

Opened cell »

Fig. 12 The 30 x 3 x 3 mm*® volume of the lattice structure with the
different configurations of the unit cell

Algorithm 2 Finite Element Analysis in Abaqus
procedure FINITEELEMENTANALYSIS(Points, Lines, Initial Radius, Rstep, Rmazx)
for i < 1 to NumPoints do
Nodes + points
end for
for j + 1 to NumLines do
Beams + lines
end for
r + Initial Radius
while r <= Rmax do
Calculate the Relative Stiffness;
Calculate the Maximum stress;
r ¢ r+ Rstep
end while
return (RelativeStif fness, MazimumStress)
end procedure

// Define nodes of beam elements

// Define beam elements

// Run FEA kernel in Abaqus

Fig. 13 The pseudocode algorithm to run FEA in Abaqus

v6.12 by using the Python programming language in order to
import the data of the abstract model of the lattice structure with
five configurations of the unit cell. The pseudocode algorithm of
the interface is given in Fig. 13. The interface allows automatically
defining the nodes of the beam elements and creating the beam
elements for each bar of the lattice structure from the data of the
abstract model. The material, the radius of the beam is varied
easily during the FEA analysis. This interface can extract all
necessary results of FEA calculations in order to analyze the
mechanical properties of different configurations of unit cell
structure. Moreover, this interface allows changing automatically
some parameters of the model during finite element analysis.

In the case study, the titanium material is used in the analysis
with Young’s modulus E = 110 GPa, Poisson’s ratio v =0.315. All
beams of the lattice structure are meshed by the B32 element (3-
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Nodes Quadratic Beam Element). Four tests are proposed for five
different configurations of the unit cell structure to analyze the
mechanical properties of the lattice structure in a different type of
loadings. The stiffness factor and Von-Mises stress are chosen to
compare the performance of different configurations of the unit
cell structure. The stiffness of the lattice structure represents the
potentiality to resist the deformations of the structure in response to
an applied force. It depends on the material, the shape of the
structure and the boundary conditions. In the case of shearing test,
the shearing stiffness is calculated from the ratio of applied force
and shear deformation.

A compression test is considered to compare the stiffness of
these cells. A shearing test to evaluate the stiffness and the
distribution of stress in the bars of the lattice structure. The bending
and torsion test are proposed in the case of complicated loading.
The relative stiffness coefficient is defined as the ratio between the
stiffness of the volume of the lattice structure and the same volume
of the solid material. This coefficient is used to compare the

mechanical properties of five types of the lattice structure.

3.3 Finite Element Simulation Results and Discussions

In this case, the volume of lattice structure will be investigated
on compression, shearing and bending test. Each point in the data
of the lattice structure will be considered as a node in the bar
element of the finite element method. Each beam element is
defined by the start and end point in the data of lines of the lattice
structure. The boundary condition and the load are automatically
defined using the extracted data in the volume of the lattice
structure. A program using python language is developed in
Abaqus in order to calculate some factors of the mechanical
properties as the stiffness, the maximum stress.

This program permits to change the value of the radius of each
bar. As a result, the relationship between the factors and the radius
of the bar can be established. The results of displacement
distribution of each bar in the compression simulation are given in
Fig. 14. The other results of the different simulations are given in
the appendix.

The relationship between the factors and the radius of the bars
can be established based on the results of the simulation. The
relationship between the stiffness, the maximum stress of five
configurations of the unit cell and the value of the radius of the bar
in compression, shearing, torsion, and bending test is shown in
Figs. 15-18 respectively. In general, a volume of the lattice
structure with the octet-truss unit cell structure has the best stiffness
according to the value of the radius of the bars for different tests.
Obviously, the octet-truss unit cell structure has 24 bars connecting

each other and it has the most connecting bars compared to the

The displacement distribution in compression simulation

T

Octet-truss unit cell

.

.

Octahedron unit cell Octahedron-cross unit cell

e

Opened unit cell
Fig. 14 The results of displacement distribution in compression
simulation with the determined radius value of the bar

other configuration of the unit cell structure. Therefore, it has the
best stiffness in the compression, shearing, torsion and bending
test. The mechanical properties of the lattice structure with the
open-cell unit cell structure are the weakest in comparison with the
others. It is also reasonable because this unit cell structure has only
8 bars connected to each other. The inappropriate arrangement of
bars in open-cell unit results logically in the lowest stiffness and
the highest stress distribution in each bar although the radius and
the density increase in this unit.

The results in Figs. 15, 16, and 18 show that the maximum
stress of the beam elements decreases quickly when the radius of
each bar of the unit cell structure is increased. The value of the
maximum stress in the bars of the open-cell unit structure is much
more than the octet-truss and other unit cells in all cases of loading.
The results are very reasonable because the number of bars in the
open-cell unit structure is less than other unit cells. Especially, the

arrangement of the bars is inherently less stable than other unit cells.
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Fig. 15 The results of the maximum stress and the stiffness in the
compression test
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Fig. 16 The results of the maximum stress and the stiffness in the
shearing test

However, if the density of the unit cell structure is considered,
the relative stiffness of the volume of the lattice structure of octet-
truss will be changed in the different tests. In this case, the cube
unit cell structure has superior features in comparison with other
configurations. The relative stiffness of a volume of the lattice
structure with the cube unit cell structure in the compression,
torsion and bending test is the best according to the density. The

cube unit cell structure should be chosen when the product is
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Fig. 17 The results of the stiffness in the torsion test
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Fig. 18 The results of the stiffness in the bending test

applied by compression, torsion or bending load. As a result, the
product designer can select the cube configuration of the unit cell
structure to design a volume of the periodic lattice structure in
order to replace the space of the solid material of the product. The
weight of the product can be reduced but the durability and the
mechanical properties of the product are still able to be ensured.

In addition, the relative stiffness of a volume of the lattice
structure with the octahedron and octahedron-cross unit cell
structure is better than octet-truss in the bending and shearing test.
Therefore, it is necessary to have a good strategy to select an
appropriate unit cell structure to help product designers using
lattice structure in design activities.

Moreover, the most important advantage of the proposed
method to investigate the mechanical properties of the lattice is the
calculation time for each finite element analysis. The calculation
time for each run is about 30 seconds and it takes about 10 minutes

for total calculation in each test by using a computer Intel Core i5
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M460 2.53 GHz with 8 GB of RAM. Thus, the proposed method
allows us to consider the mechanical properties of many

configurations of the unit cell structure.

4. Conclusion

The paper proposed a new method that allows investigating
automatically the mechanical properties of the lattice structure with
different configurations of the unit cell structure. The method is
based on two approaches. The first approach to generate
automatically a geometric model of a volume of lattice structure
with different configurations of the unit cell structure. The model
includes only the points and the lines connecting between two
points in the lattice structure. The second approach aims to import
the data of the abstract model of the lattice structure and build
automatically the finite element model. The finite element analysis
kernel is used to determine factors of the mechanical properties of
the lattice structure. The most important advantage of the proposed
method is calculation time and the changing radius of the bars of
the lattice structure during finite element analysis. As a result, the
relationship between the factors of the mechanical properties and
the parameters of the lattice structure can be established.

In addition, a case study is mentioned in the paper for analysis
of the mechanical properties of the lattice structure with five
configurations of the unit cell structure. A program developed in
the commercial software Abaqus using Python programming
language is to generate automatically finite element simulation on
different mechanical properties tests as compression, shearing,
torsion, and bending test. The relationship between the stiffness,
the maximum stress and the radius of the bars or the density of the
lattice structure is established. As a result, the product designer can
have a good strategy to select the appropriate configuration of the
unit cell structure for replacing the space of solid material.

In future work, the result of finite element analysis will be used
to implement a topology optimization for the lattice structure. The
goal of the topology optimization is to minimize the mass of the
lattice structure but structure, but still ensure the mechanical
properties. As a result, the radius of each bar of the lattice structure

can be determined.
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The results of stress distribution in bending simulation
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