
 

 

 

GLOBAL OPTIMIZATION DESIGN TOOL FOR ADDITIVELY 

MANUFACTURED HETEROGENEOUS MICROLATTICE STRUCTURES 

by 

Nathaniel Després 

BScE, University of New Brunswick, 2017 

A Thesis Submitted in Partial Fulfillment  

of the Requirements for the Degree of  

 

Master of Science in Engineering 

in the Graduate Academic Unit of Mechanical Engineering 

 

Supervisor:              Mohsen Mohammadi, PhD/Mechanical Engineering & Material Science 

Examining Board:    Juan A. Carretero, PhD/Mechanical Engineering   

Edmund Biden, DPhil/Mechanical Engineering 

Won Taek Oh, PhD/Civil Engineering 

Tiger Jeans, PhD/Mechanical Engineering (Chair) 

 

 

 

 

 

 

 

THE UNIVERSITY OF NEW BRUNSWICK 

January 2021 

©Nathaniel Després, 2021 



ii 

 

ABSTRACT 

For many industries, reducing weight and increasing strength of structural parts are of 

utmost importance, especially in the transportation sector. With the availability and 

improvements in additive manufacturing, new lightweight designs can be more easily 

fabricated, microlattice structures being the most common. This is the reason that research 

on microlattice structures has increased to continue in this quest of reducing weight and 

increasing strength. The research presented in this thesis includes the study of five different 

known homogeneous microlattice structures, and the development of some lattice structure 

performance metrics. The research presented in this thesis also includes the creation of a 

new lattice structure design and optimization program that designs and optimizes fully 

heterogeneous microlattice structures using global optimization algorithms, and the 

comparison between two global optimization algorithms to determine which algorithm is 

better suited for the design and optimization program. 
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1 Introduction and Literature Review 

1.1 Introduction 

In recent years, there has been a tremendous increase in the use of additive manufacturing 

(AM) or 3D printing in different industries including aerospace and biomedical 

engineering. This concept of building a part by adding material layer by layer has been 

around for a few decades. However, it has gained a lot more momentum in recent years 

due to a better understanding of the process, improvements of the process, and reductions 

in the cost of this technology. One major advantage of this manufacturing technique is the 

ability to produce multi-component parts that are already assembled and the ability to 

produce very complex parts with intricate structures. As a result, this manufacturing 

technique has enabled the fabrication of architected materials that vary in size from the 

macro to micro scale. However, the architected materials of interest for this research are 

those that are in the micro scale with dimensions on the order of 10-3 m, which are called 

microlattice materials or structures [1], [2]. Applications for these microlattice structures 

are increasing in many different industries, such as aerospace [3], [4], automotive [3], [4], 

architecture [5], and health care [6]–[10]. 

Microlattices consist of “periodic [or non-periodic] open cell structure[s], where the lattice 

formation occurs due to interconnected struts” [11]. As a result, microlattices are well 

suited to be used as structural materials. Research has been performed since the 1950’s on 

microlattice materials made with materials other than AM metals. The first major research 

works in modelling the mechanical properties of porous materials were carried out by Gent 

and Thomas [12], [13], Ko [14], Shaw and Sata [15], Patel and Finnie [16], and Dement ׳ev 
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and Tarakanov [17]. The major goal at that time was to relate the elastic modulus of a 

highly porous material to its relative density [18]. One of the first thorough expositions of 

the mechanics of cellular materials was done in 1997 by Gibson and Ashby [19] describing 

the mechanics of foams and honeycombs in detail. Different periodic cell structures with 

improved mechanical properties were studied shortly after [20], [21]. The additively 

manufactured metallic microlattice materials, however, have just recently been emerging, 

and they have not yet been extensively researched [11]. Furthermore, research has started 

to emerge concerning the comparison of microlattices under different loading conditions. 

In recent years, theoretical studies of microlattices have surfaced with regards to topology 

optimization and finite element analysis facilitated by the use of powerful computer 

modelling programs [22]. As a result of this kind of research, designers in the industry 

could select a microlattice with respect to its best performing loading condition according 

to quantitative data rather than qualitative assumptions.  

1.2 Microlattice Architecture 

Research on microlattices currently proposes two structure categories, which are 

homogeneous and heterogeneous structures [2]. Homogeneous structures consist of  “a 

structure created by a regular […] repetition of a unit cell with certain shape, topology, and 

size in a three-dimensional Euclidean space” [23], as seen in Figure 1a. This is a similar 

idea to the crystal structure of metals, but on a larger scale [2]. On the other hand, 

heterogeneous structures are non-uniform across the whole structure [2], as seen in     

Figure 1b. Examples of these are foam-like structures, or functionally graded structures 

with varying diameters for the interconnecting links, or even structures whose shape and 

interconnections are governed by the mechanical stress the structure experiences [2]. Not 
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only can these microlattices be used as structural materials, but they can also be used to 

accomplish other functions [11]. For example, these structures can be used for energy 

absorption [24], sound attenuation [25], vibration isolation or heat dissipation [26]–[30]. 

These structures can also “have nearly optimal stretching-dominated properties [with most 

struts in tension], resulting in materials in which the strength and stiffness scale 

proportionally with the solid volume fraction of the material” [31]. Additionally, with the 

use of and the progression in AM technology, these structures can be tailored for specific 

applications without necessarily increasing the difficulty of manufacturing them [4].  

 

Figure 1: Two types of microlattice structures: a) homogeneous, b) heterogeneous [32]. 

1.3 Microlattice Characterization & Optimization 

There are two other major ways of dividing the research on microlattices, which are 

characterization and optimization. The research focused on characterization seeks to 

determine the characteristics of the lattice structures (for instance mechanical strength, 

failure modes, heat dissipation, physical properties, etc.) and also evaluates the 

performance of these structures (i.e., metrics for comparing structures).  

a)
b)
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The structures that are most studied in characterization research are the homogeneous 

structures.  Some of the research in this area has been done by Souza et al. [33], where they 

performed simulation on a large set of known homogeneous structures and compared their 

results to available experimental data. Then, they displayed the characteristics of the 

structures in radar charts based on the results from their simulations to help designers and 

engineers understand which structures perform better in particular cases.  

The research focused on optimization seeks to develop and use different optimization 

algorithms to increase the performance of the structure for a set of particular conditions 

while seeking to reduce the weight of the structure, for example. The types of structures 

that are most used in this area of research are the heterogeneous type or homogeneous type 

modified during the optimization process into heterogeneous structures. Some of the 

research in this area has been performed by Tang et al. [2] and also by Cheng et al. [34]. 

Both works used optimization algorithms to adjust the diameter of the interconnecting links 

in homogeneous structures based on the mechanical stress in the structure found through 

finite element analysis (FEA). However, only Tang et al. [2] took into consideration the 

manufacturability of an interconnecting link or element, performing many experiments on 

the capabilities of the manufacturing process to develop their manufacturability model.  

1.4 Research Motivation & Overview 

Microlattice structures are currently used in the lightweighting of mechanical or structural 

parts. However, the structures used are mostly uniform or partially optimized. So far, the 

microlattice optimization research has mostly focused on using various homogeneous 

structures and the optimization of the size of the interconnections within the structures. 
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Furthermore, there are only a select few available programs that are capable of 

lightweighting parts with microlattice structures tailored for desired applications; however, 

these programs do not use fully heterogeneous structures. As a result, the research 

presented in this thesis seeks to advance this category of research towards the optimization 

of node positions and node interconnections in the design of fully heterogeneous structures, 

and seeks to propose a performance metric to be used for the evaluation and comparison 

of these structures during the design and optimization process.  

The research presented in Chapter 2 of this thesis is a subset of the article published in 

2019 [35], which includes the study of six different known homogeneous microlattice 

structures, and the development of some lattice structure performance metrics. The 

knowledge and understanding obtained in Chapter 2 helped to inform and direct the 

subsequent research, which is presented in Chapter 3. This research includes the creation 

of a new lattice structure design and optimization program that designs and optimizes fully 

heterogeneous microlattice structures using global optimization algorithms, and the 

comparison between two global optimization algorithms to determine which algorithm is 

better suited for the design and optimization program.  
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2 Microlattice Study & Metric Development 

In this chapter, the research presented was performed in order to gain a better understanding 

of microlattice structures and how to optimize them. The first section of the chapter 

presents six microlattice structures along with their characteristics and discusses the FEA 

framework used along with the mechanical loading simulation tests. The second section 

presents the results from the FEA simulations. The final section presents a new 

performance metric and compares the performance of the different structures.  

2.1 Assumptions, Scope and Limitations 

For the research in this chapter, the mechanical characteristics of the lattice structures were 

evaluated using finite element analysis. This analysis approximates what is happening in 

the structure since it discretizes the whole structure into small sections or finite elements. 

It was also assumed that the material properties are isotropic, or the same in any direction, 

and voids and impurities in the material are not taken into consideration. The anisotropy 

and imperfections of the material could be taken into consideration in future research. 

While there are many different microlattice structures, the research in this chapter only 

covers five different microlattice structures. Though experimental tests could be performed 

on these structures, this research only performs static stress simulations using finite element 

analysis. Also, the performance metric presented is not the definitive equation for 

comparing the performance of these structures, it is only one example of many possible 

equations. 
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2.2 FEA Framework 

As part of the first section of the preliminary research, six different microlattice structures 

were modelled in a CAD software. Each structure was tested under different static loading 

conditions, including tension, compression, bending, and simple shear, using a commercial 

finite element software (Autodesk Nastran). The simulations provided data for force, 

displacement, stress, and strain, which was used to compare the mechanical response of 

different lattices and select the lattice that performed the best overall for the lowest density, 

the highest stiffness, and the lowest maximum stress. Figure 2 shows the octet-truss, 

pyramid, block lattice truss, cubic truss, and diamond unit cells [11], which were modelled 

and assembled into microlattice structures using Autodesk Fusion 360. 

All edges in the lattice structures were filleted with 0.1 mm radius, in order to reduce stress 

concentration during the simulations. The unit cell dimensions are measured from the 

centroid of the struts. The strut diameter for all unit cells is 0.5mm, and the dimensions for 

all unit cells and lattices, except for the diamond microlattice, are identical to the 

dimensions of the pyramid microlattice, which can be seen in Figure 2. For the diamond 

cell, the dimensions are slightly different. The dimensions of its unit cell and lattice can be 

seen in Figure 3, and the packing strategy can also be seen in the same figure. The 

difference in dimensions between the diamond micro-lattice and the other micro-lattices 

results from the different packing strategy that is required with this triangular shaped unit 

cell.  
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Figure 2: Micro-lattice CAD model for: a) Pyramid cell; b) Block lattice truss cell; c) Octet-truss cell; 

d) Cubic truss cell; e) Simplified cubic truss cell; f) Diamond cell. The unit cell and lattice dimensions 

are the same for all micro-lattices in this figure, except for the diamond cell. 

 

The relative density of the different microlattices can be seen in Table 1. The relative 

densities 𝑅𝐷 are calculated using the following equation: 

 𝑅𝐷 = 
𝑉𝑙

𝑉𝑐
 (1) 

where 𝑉𝑙 is the volume of the microlattice structure and 𝑉𝑐 is the overall volume of the 

cell.Therefore a 𝑅𝐷 = 1 would be a solid block of material. There are two things that can 

affect the relative density: the type of structure and the diameter of the struts. However, for 

this research, the strut diameter is kept constant. The relative densities are later used to 

normalize the results to properly compare them. 
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Figure 3: The CAD models for the diamond micro-lattice with dimensions, and the lattice packing 

strategy. 

 

Table 1: Relative densities of the micro-lattices compared to a solid cube of the same size. 

 Pyramid Block Octet Diamond Cubic 
Cubic 

Simple 

RD 0.0726 0.1262 0.1260 0.0874 0.1149 0.0399 

 

For each FEA simulation, the bottom surface nodes were fixed by constraining x, y, and z 

translations and rotations. The loading conditions were applied to the top surface nodes as 

evenly distributed forces/moments. Static finite element simulations were then performed 

using Autodesk Nastran to determine the stiffness of the lattice structures, and the peak 

stress values. Figure 4 demonstrates the five loading conditions on the octet-truss lattice, 

with: a) tension; b) compression; c) combined compression and shear; d) simple shear; and 

e) bending. It should be noted that there are many other orientations or combinations of 

loadings that could be analyzed; however, these were selected for this research since they 

represent the common loading conditions. 

Diamond
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Figure 4: The Octet-truss cell lattice with the following loading conditions: a) Tensile; b) Compressive; 

c) Combined loading which includes a shear and compressive loads; d) Simple shear; e) Bending. 

 

The bending case consists of an in-plane moment applied to the top surface, which means 

that the bending loading case was only performed in one direction. In-plane was chosen in 

order to simplify the comparison between the different lattice structures. It is important to 

note that the shear and combined loadings will also induce some slight bending of the 

lattice structures. The magnitudes of the loading forces/moments were determined by 

inspection to maintain a peak stress in each case below the yield stress for a typical 

additively manufactured maraging steel MS1 (𝜎𝑦 ≅ 1000𝑀𝑃𝑎) with a Poisson’s ratio of 

0.29 [37]. These values are summarized in Table 2. It should be noted that the force applied 

Tension Compression

Combined

Shear Bending

a) b)

c)

d)
e)
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in the combined loading case is acting downward and towards the right at a 45º angle to 

the top surface. 

Table 2: Forces and moments applied for different loading conditions. 

Loading 

Case 
Tension Compression Shear Combined Bending 

Force (N) 225 225 190 212.1 890 (N⋅mm) 

 

The different microlattices were meshed using Autodesk Fusion 360, which automatically 

generated a mesh consisting of parabolic tetrahedron solid elements with curved edges and 

ten nodes per element. This method was used to mesh the lattices because of the geometric 

complexity of the models. The structures could be meshed differently, where each strut is 

modelled as a single element; however, this would decrease the accuracy of the FEA, 

particularly where the struts interconnect. A mesh convergence study was performed on 

each of the lattices. The percent difference between the first mesh compared to the refined 

mesh was found to be less than 1.5 %. An example of one of the meshed microlattices can 

be seen in Figure 5. The details of the number of elements can be seen in Table 3. 

 

Figure 5: The Octet-truss cell lattice meshed model with a mesh close-up.  
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Table 3: Number of elements for each of the micro-lattices. 

 
Pyramid Block Octet Diamond Cubic Cubic 

Simple 

Number of 

elements 
593,330 1,360,580 1,478,668 565,571 602,370 169,758 

 

The simulations used in the Autodesk Nastran software are static simulations and the 

different loading conditions on the lattices were adjusted to remain in the elastic regime of 

the MS1 material with modulus 𝐸 = 180 𝐺𝑃𝑎 [37]. As a result, the material properties that 

are used in the simulations are linear. Remaining in the elastic regime is a valid assumption 

for certain applications, such as automotive and aerospace, when impact and energy 

absorption is not the key focus [38]. Furthermore, simulations using non-linear material 

properties were performed in the elastic regime and the results were found to be equivalent 

to their linear counterparts, which was expected. As a result, performing linear simulations 

helped to reduce the computation time required to perform the simulations. 

2.3 FEA Results 

In the following section, stress fringe plots are presented for each lattice structure under 

the different loading conditions, along with calculations and results used for comparing the 

lattice structures. Figure 6 to Figure 10 show the stress fringe plots for the purpose of 

understanding how the structures handle the applied loads and what is their stress 

distribution. In these figures, it is important to note that each structure’s stress fringe plot 

varies in physical scale and fringe level scale, so direct visual comparison between the plots 

with regard to the colours and the deformation cannot be performed. Also, the deformation 

of the lattices has been magnified by 5% to make the deformation visible. In these figures, 
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the blue colors indicate low stress areas, which is desired, and as the color moves through 

the green colors towards red it indicates higher stress areas, which is not desired. 

Figure 6 and Figure 7 show the tensile and compressive responses, of the six microlattices, 

respectively. The lattice that performs the best for tension and compression is the cubic 

lattice. This is because the cubic lattice is comprised of vertical members, which are in-line 

with the direction of the load, and horizontal members that prevent buckling of the vertical 

members. This has also been observed experimentally, where lattice structures produced 

by SLM process have high strength when loaded along their struts, but are significantly 

weaker if loaded off-axis [39]–[41]. The octet-truss lattice is found to be second to the 

cubic lattice in terms of lowest maximum stress in tension and compression.  

Figure 8 shows the shear responses of the six microlattices.  The simplified cubic lattice 

has a maximum stress value within the structure that exceeds the yield stress of the MS1 

material, which means that the linear static approximation is not sufficient. It should also 

be mentioned that the results for the diamond lattice under shear loading would likely be 

different if the shear load was applied in the perpendicular direction (into the page), due to 

the asymmetry of the diamond lattice. However, for this particular case, the diamond lattice 

is the best performing lattice. The pyramid lattice is found to be a very close second. From 

examining the fringe plots the higher performance of the diamond lattice under shear is 

due to the diagonal members in the structure as compared to the other lattices. This allows 

the diagonal members to be axially loaded in tension and/or compression, depending on 

their orientation, which is the optimal loading for a strut member. The results from the 

shear test are consistent from the finding of a topology optimization algorithm developed 

by Vernon [42], where a unit cell with diagonal struts is optimized for shear loading.  
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Figure 6: Von Mises stress fringe plots for the tensile loading for the following micro-lattices: a) 

Pyramid cell; b) Block lattice truss cell; c) Diamond cell; d) Octet-truss cell; e) Cubic truss cell; f) 

Simplified cubic truss cell. 

 

Figure 9 shows the bending response of the six microlattices. It should be mentioned that 

the results for the diamond lattice under the bending load would likely be different if the 

bending load was applied in the perpendicular direction (into the page), due to the 

asymmetry of the diamond lattice. The cubic lattice is once again the best-performing 

lattice, which is to be expected since the vertical truss members are loaded axially at small 

deformations. This is, as stated previously, the optimal loading for a strut member. Brenne 
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et al. [43] was also able to show experimentally that a lattice’s tension/compression 

performance was a good indicator of the bending performance. The diamond lattice is 

found to be second to the cubic lattice in terms of maximum stress, and the octet lattice is 

found to be a very close third. 

 

Figure 7: Von Mises stress fringe plots for the compressive loading for the following micro-lattices: a) 

Pyramid cell; b) Block lattice truss cell; c) Diamond cell; d) Octet-truss cell; e) Cubic truss cell; f) 

Simplified cubic truss cell. 
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Figure 8: Von Mises stress fringe plots for the shear loading for the following micro-lattices: a) 

Pyramid cell; b) Block lattice truss cell; c) Diamond cell; d) Octet-truss cell; e) Cubic truss cell; f) 

Simplified cubic truss cell. The maximum stress for the simplified cubic lattice is omitted, since it 

exceeds the yield stress of the material. 

 

Figure 10 shows the combined loading response of the six microlattices, which consists of 

applying a shear force and a compressive force that have the same magnitude. The 

simplified cubic lattice has a maximum stress value within the structure that exceeds the 
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perpendicular direction (downward and into the page), due to the asymmetry of the 

diamond lattice. The best performing lattice in this loading scenario is the cubic lattice, and 

the diamond lattice is found to be a very close second.  

 

Figure 9: Von Mises stress fringe plots for the bending loading for the following micro-lattices: a) 

Pyramid cell; b) Block lattice truss cell; c) Diamond cell; d) Octet-truss cell; e) Cubic truss cell; f) 

Simplified cubic truss cell. 
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Figure 10: Von Mises stress fringe plots for the combined loading case for the following micro-lattices: 

a) Pyramid cell; b) Block lattice truss cell; c) Diamond cell; d) Octet-truss cell; e) Cubic truss cell; f) 

Simplified cubic truss cell. The maximum stress for the simplified cubic lattice is omitted, since it 

exceeds the yield stress of the material. 
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stiffness (Figure 11) and maximum stress (Figure 12). The stiffness of each microlattice is 

determined using the force-displacement values obtained by the finite element analysis 
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stiffness normalized by the relative density (RD) of the lattice: 
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 𝑘 =
 𝐹

𝐷 ∙ 𝑅𝐷
 (2) 

where F is the force applied to the lattice structure in kN, and D is the resulting 

displacement of the lattice structure in mm at the point the force is applied. The following 

equation is used to calculate the bending stiffness, also normalized by RD of the lattice, 

associated with the bending load case: 

 
𝑘𝑏 =

 𝑀

𝜃 ∙ 𝑅𝐷
 (3) 

 

where M is the moment applied to the lattice in kN·mm and 𝜃 is the deflection angle in 

radians of the top surface of the lattice where the moment is applied. 

Each subplot in Figure 11 shows the normalized lattice stiffness of each lattice structure 

for a given loading condition, with better performing structures having higher values of 

stiffness. The tension/compression results are nearly identical with the best performing 

structures by far being the cube and simple cube due to their low 𝑅𝐷 and axially aligned 

strut members. No buckling was observed in these simulations. The diamond and octet 

lattices showed the highest normalized stiffness in the shear and combined (compression + 

shear) loading cases due to their diagonally aligned struts which are more aligned with the 

direction of the shear and combined loads. In tension, compression and bending, the cubic 

outperformed all other structures. Tables A1 to A5 in the Appendix A contain the data from 

the finite element simulations for each loading case, and consists of the maximum 

displacement, bending angle, minimum and maximum stress and strain. 
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The maximum stress per stiffness, as shown in Figure 12, is found by dividing the 

maximum stress that the lattice experiences, as obtained from Autodesk Nastran, by the 

stiffness of the lattice under the particular loading condition. Unlike with Figure 11, well 

performing structures here are ones with low values of maximum stress in the lattice, 

indicating a high resistance to yielding and/or fatigue. Here, the cubic structure performed 

relatively well in all loading cases, while the block structure performed poorly in all. The 

simple cubic lattice in the shear and combined cases had developed unrealistic high local 

stress, so it was omitted from the shear and combined radar charts of Figure 11 and      

Figure 12. 
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Figure 11: Radar chart of lattice stiffness normalized by relative density [𝐤𝐍/𝐦𝐦]. Microlattice 

structures with higher values of normalized stiffness are considered to perform better. 
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Figure 12: Radar chart of maximum lattice stress normalized by stiffness [
𝐌𝐏𝐚

𝐤𝐍/𝐦𝐦
]. Microlattice 

structures with lower values of normalized maximum stress are considered to perform better. 

 

0

200

400

600

800

1000
Pyramid

Block

Octet

Diamond

Cubic

Cubic
Simple

Tension

0

200

400

600

800

1000
Pyramid

Block

Octet

Diamond

Cubic

Cubic

Simple

Compression

0

200

400

600

800

1000
Pyramid

Block

Octet

Diamond

Cubic

Cubic

Simple

Shear

0

200

400

600

800

1000
Pyramid

Block

Octet

Diamond

Cubic

Cubic

Simple

Bending

0

200

400

600

800

1000
Pyramid

Block

Octet

Diamond

Cubic

Cubic

Simple

Combined



 

 23 

2.4 Performance Analysis of the Microlattices 

The evaluation of the performance of a lattice compared to another is something of 

tremendous importance, and as such requires an equation that can provide the overall 

performance value of a particular lattice. This is especially important with regards to the 

selection and optimization of lattices [44], [45]. After analysing the results presented in 

Figure 6  to Figure 12, and Tables A1 to A5 from Appendix A, the following metric was 

developed in order to evaluate the overall performance of the lattice:  

 𝑓 = (1 − 𝑅𝐷)1 4⁄ ∙ (
𝐾𝑇

𝜎𝑇
+ 

𝐾𝐶

𝜎𝐶
+ 

4𝐾𝑆

𝜎𝑆
+ 

2𝐾𝐵

𝜎𝐵
+ 

6𝐾𝑆𝐶

𝜎𝑆𝐶
) (4) 

where RD is the relative density of the lattice, 𝐾 is the stiffness for each loading condition, 

and 𝜎 is the maximum stress for each loading condition denoted with subscript definitions 

as follows: T – tension; C – compression; S – shear; B – bending; SC – shear/compression 

combined loading. It is important to remember that this metric is a quantitative measure of 

performance that is subjective and application-dependent. The logic used in the 

development of this particular equation structure was that the performance of a lattice 

should be proportional to the stiffness, and inversely proportional to the maximum stress 

that occurs in the structure. The factors and exponent found in the equation were 

determined through a heuristic process, based on the subjective intuition obtained through 

the study of the FEA results. Since, the tension, compression, and bending loading 

conditions all feature forces that act only in the vertical direction, their respective 

components in the evaluation function were considered as one type of stress condition. The 

total sum of the coefficients for these components was set to be equal to the coefficient for 

the shear component. The combined loading component has a larger coefficient since it is 
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characterized by shear and compression. The relative density component of the equation 

was raised to the one-fourth power, to reduce the effect that the porosity of lattice has on 

the performance value obtained from the evaluation function. It is important to remember 

that the factors and exponents can be adjusted based on what kind of attributes are desired. 

For example, if a structure is desired which resists tension and compression very well but 

does not need to resist shear, then the factors for tension and compression can be increased 

and the factor for shear can be decreased. Figure 13 shows the evaluation values obtained 

from Equation (4) for all six lattices. It is important to note that the performance values and 

the relative ranking of the lattice structures in Figure 13 are dependent on the values of the 

factors and exponent in Equation (4). 

  

Figure 13: Evaluation function values for each lattice. 
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performs so well in tension, compression, and bending that it outweighs its lower 

performance in the shear and combined loading cases. As a result of this, an analysis was 

performed on the performance function in order to determine the effect that the relative 

density term has on the performance values and to see if the performance of the cubic lattice 

is due to its low relative density. In this analysis, the relative density term of the 

performance equation was completely removed, and it was found that the performance 

values only changed by about  two or three percent and the performance margin difference 

between the different structures did not significantly change. This indicates that the cubic 

lattice’s high performance, as seem in Figure 13, is not largely due to its low relative 

density but rather to its good overall performance in the different loading conditions.  

The next highest performing lattice is the octet truss lattice, which is due to the fact that 

the octet lattice is only second to the cubic in tension, compression and bending; and it is 

the first in shear and the combined loading scenario, whereas the cubic performs relatively 

poorly in those loading conditions. It is important to remember that the ranking of the 

different lattice structures is dependent on the specific formulation of the performance 

function. This performance evaluation function can be used as part of a lattice structure 

optimization process, where lattice structures are created, compared and then modified 

based on their performance function value. 
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3 Lattice Design Tool & Algorithm Comparison 

The knowledge and understanding that has been acquired through the research in the 

previous chapter provided a better understanding of how to perform the research presented 

in this chapter. The first part of this chapter presents a new design and optimization 

program that takes as an input a certain geometry, which is subject to certain mechanical 

constraints and loading conditions, and the program generates an optimized, fully 

heterogeneous lattice structure within the input geometry which then could be additively 

manufactured. It should be noted that in the previous chapter the microlattice study looked 

at homogeneous structures which meant that the overall size of the structures could be kept 

small with only a few unit cells used. However, in this chapter, the overall size of the 

geometry has been increased to allow the design and optimization program to work with a 

larger design space to produce more complex heterogeneous structures. The second part of 

this chapter compares two optimization algorithms in order to determine which algorithm 

performs better as part of the design and optimization program.  

3.1 Assumptions, Scope and Limitations 

For the research in this chapter, the mechanical characteristics of the lattice structure were 

evaluated using finite element analysis. This analysis approximates what is happening in 

the structure since it discretizes the whole structure into small sections or finite elements. 

It is also assumed that the material properties are isotropic, or the same in any direction, 

and voids and impurities in the material are not taken into consideration. Later on, the 

anisotropy and imperfections of the material could be taken into consideration. 
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For the research in this chapter, the design and optimization process is only performed on 

two-dimensional structures; but in the future, it can be adapted for three-dimensional 

structures. At this time, the program only optimizes the topology of the structure; however, 

optimizing for strut thickness, material, or other parameters can be added later on. Also, 

during the optimization process, the program only evaluates a certain number of instances 

of the structure, which means it will not evaluate all possible structures for a particular part. 

For the evaluation of the lattice structures, only static stress simulations are performed 

using finite element analysis. For the time being, the program does not evaluate the 

manufacturability of the microlattice designs. 

3.2 Lattice Structure Design & Optimization 

In this section, the lattice structure design and optimization program, which was developed 

for this research, is presented. This program, which includes the two global optimization 

algorithms, consists of a set of functions and scripts written exclusively in MATLAB for 

the purpose of this research. This suite of functions and scripts consists of three main 

sections: (i) lattice structure design space setup which consists of defining where and how 

the structure can exist, such as the bounds and possible node locations, and defining the 

mechanical analysis conditions; (ii) lattice structure performance analysis which consists 

of doing the FEA and calculating the lattice structure’s performance based on the 

structure’s geometric and mechanical characteristics, and finally; (iii) lattice structure 

optimization using a particular global optimization algorithm. Some of the code from these 

Matlab functions was also used as part of the research published in 2020 [36], where a 

dataset of 2D microlattice structures was generated to test and train machine learning 

algorithms. This research is briefly discussed in Appendix A. 
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3.2.1 Design Space Setup 

For the purposes of this research, the lattice structure design space consists of a square 2D 

space which is defined as a 100mm x 100mm square with a 16 x 16 evenly spaced grid of 

nodes filling the square space, as seen in Figure 14. These nodes are split into two groups: 

boundary nodes (plus signs), and interior nodes inside the edges of the square domain (dot 

signs).  

 

Figure 14: All available nodes in the lattice space: the constrained and loaded nodes with the global 

coordinate system. The plus sign nodes are the nodes in the boundary node group and the dot nodes 

are the internal nodes. Units are in cm. 
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The nodes along the boundary are always present in all of the structures and each boundary 

node is always connected to its nearest boundary node neighbours. The internal node group 

is the rigid set of possible internal nodes in the structure and each node has a unique 

identifier assigned to it. These internal nodes can be active or inactive, in other words, part 

of the structure or not. Since every internal node has a unique number, and is either on or 

off, the particular instance of on and off nodes can be represented as a binary string. For 

this particular design space, the binary string is 196 elements long, since the grid of internal 

nodes is only 14 x 14. This binary string is used by the optimization algorithms that will 

be discussed later on. The combination of the active internal nodes along with the boundary 

nodes constitutes a particular instance of a structure’s nodes, which are interconnected 

using Delaunay triangulation [46]. Delaunay triangulation is a geometric algorithm that 

interconnects points in space using triangles and it was developed by Boris Delaunay in 

1934. The Delaunay triangulation is useful for this particular case since it interconnects 

each active node and boundary node to the other active or boundary nodes in their direct 

vicinity.  

In this research, the Delaunay triangulation is used because it is a Matlab function that is 

already available and also because it ensures that every node that is part of a structure has 

more than one node interconnection which means the FEA can be performed. This Matlab 

function has only one input which is the coordinates of a set of points. It uses the 

coordinates of the points in order to determine how to interconnect the points, and then it 

provides a matrix that defines which points are interconnected. This way of defining the 

interconnections is useful since it is how the FEA part of the design program also defines 

the interconnections. It is important to note that for any particular set of points the Delaunay 
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triangulation Matlab function will always give a unique result. However, for a set of four 

nodes in a square or rectangle configuration, the mathematical definition of Delaunay 

triangulation would produce two different ways to interconnect the points, the difference 

being the diagonal interconnection. An example of a set of nodes interconnected with 

Delaunay triangulation can be seen in Figure 15. The diameter of the interconnecting struts, 

created by Delaunay triangulation, was chosen to be 1mm. 

 

Figure 15: An example of a lattice structure created using Delaunay triangulation on a particular set 

of nodes. 
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applied load was chosen to be 1 kN. As seen in Figure 14, the boundary nodes along the 

left side are arbitrarily selected as constrained nodes. These nodes are constrained both in 

the x-direction and y-direction, but are allowed to rotate. The boundary nodes along the 

right side are arbitrarily selected as loaded nodes. The 1 kN load is an evenly distributed 

load that is applied on the loaded nodes in the positive y-direction, such that the right side 

of the structure experiences a total distributed load of 1 kN. 

3.2.2 Structure Performance Analysis 

The lattice structure performance analysis consists of the mechanical analysis, geometric 

characterization, and performance metric calculation. For the mechanical analysis, the 

finite element method is used to obtain the mechanical response of the structure under the 

specified mechanical loading. The particular structure being analyzed has a set of nodes, 

which have been interconnected by the Delaunay triangulation described in the previous 

section. A simpler representation was used to model the interconnections in order to 

significantly reduce the computational time and resource required to perform the FEA. 

Each of these interconnections is represented in the FEA as six-degree-of-freedom (DoF) 

cylindrical bar elements, as shown in Figure 16 for a single element in the local coordinate 

system. The DoF for each element node are axial (u), transverse (v), and rotational ( ) 

displacements. 
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Figure 16: Linear 6-DoF bar element with its respective node displacements in the local coordinate 

system. 

 

The mechanical behaviour of a particular element is represented by the well-known local 

stiffness matrix which relates the displacements at each node to the reaction forces and 

moments experienced by each node, as follows: 
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 (5) 

 
where the variables A, L, E, and I are cross-sectional area, element length, modulus of 

elasticity, and second moment of area, respectively. The dimensional and material 

properties were determined arbitrarily to ensure that the applied load of 1000N did not 

violate the small-strain approximation for elasticity. 

The global stiffness matrix is then assembled by rotating the element stiffnesses from the 

local to the global coordinate system using a rotation matrix and mapping local node 

numbers to global ones. Once the global system is obtained, the boundary and loading 
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conditions are applied to the edge nodes, as shown in Figure 14. The constrained nodes on 

the left side are constrained both in the x-direction and y-direction but are allowed to rotate. 

The loaded nodes on the right side have a distributed load in the y-direction.  

The global finite element system of equations can then be solved directly to obtain the 

reaction forces and displacement of each node. Once the displacement for each node of a 

particular structure is found, a plot can be generated that shows the structure and its 

resulting deformation under load. An example of this can be seen in Figure 17, where the 

structure shown exhibits shearing deformation and some slight bending deformation. Once 

these displacements are found, the bending stresses and the axial stress are then calculated 

using the following equations: 

 𝜎𝑥 = 0 = ± 𝐸
𝑑

2
[
6

𝐿2
(𝑣2 − 𝑣1) −  

2

𝐿
(2𝜃1 + 𝜃2)] (6) 

 𝜎𝑥=𝐿 = ± 𝐸
𝑑

2
[
6

𝐿2
(𝑣1 − 𝑣2) + 

2

𝐿
(2𝜃2 + 𝜃1)] (7) 

 𝜎𝑎𝑥𝑖𝑎𝑙 =  𝐸
𝑢2 − 𝑢1

𝐿
 (8) 

 

Equation (6) and (7) calculate the bending stress at x = 0 and x = L which are the bending 

stresses at each node of the element. Equation (8) calculates the axial stress which is the 

same for both nodes. Once these stresses are found, the maximum stress for an element is 

then determined by adding the magnitudes of the larger element node bending stress and 

the element’s axial stress while preserving the sign of the axial stress. Then, the maximum 

stress in the structure is obtained by searching through all of the element maximum stresses. 
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Figure 17: Initial structure represented by the dashed line and the loaded structure represented by the 

solid line, with deformation magnified by a factor of 10 for illustration. The direction of the load and 

the constrained nodes are also shown. 

 

Another value of interest is the rigidity (stiffness) of the structure under the applied load, 

which is obtained using the following equation: 

 𝑘𝑠𝑡 =  
𝐹𝑑𝑖𝑠

𝑑𝑎𝑣𝑔
 (9) 

where 𝑘𝑠𝑡  is the stiffness of the structure, 𝐹𝑑𝑖𝑠 is the total distributed load, and 𝑑𝑎𝑣𝑔 is the 

average of the y-direction displacements of all the loaded boundary nodes (right side of the 

structure). 
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In order to be able to compare the structures geometrically, it is necessary to have a 

characteristic that provides information related to the weight of the particular structures. 

The characteristic chosen for this research is the relative volumetric density of the structure, 

which is obtained in the geometric characterization part. First, an approximate measure of 

the volume of the particular structure is determined by adding together the lengths of all 

the struts in the structure and multiplying this total length by the cross-sectional area of the 

struts. Then, the approximate volume of the particular structure is divided by the 

approximate volume of the structure where all the nodes in the 16 x 16 grid are turned on 

and interconnected using Delaunay triangulation, which is the densest structure possible 

for this particular design problem. The relative density of a particular structure is a value 

between zero and one, where one is the densest possible structure. 

In order to be able to compare the structures in terms of their geometric and mechanical 

characteristics, it is necessary to create a metric that combines these characteristics and 

provides an indication of the performance of the structures. The performance metric created 

for this part of the research is similar to the one discussed in the preliminary research 

chapter, and it is still a subjective measure of a structure’s performance, since performance 

is application specific. The performance of a particular structure is calculated using the 

following function: 

 𝑓 = (1 − 𝑅𝐷) ∙ (
𝑘𝑠𝑡

𝜎𝑚𝑎𝑥
) (10) 

where 𝑅𝐷 is the relative density, 𝜎𝑚𝑎𝑥 is the maximum stress and 𝑘𝑠𝑡  is the stiffness of the 

structure. These values are calculated as described earlier in this section. The logic used in 

the development of this particular equation structure was that the performance of a lattice 
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should be proportional to the relative “sparsity” (one minus the relative density), 

proportional to the stiffness, and inversely proportional to the maximum stress that occurs 

in the structure. 

3.2.3 Structure Optimization 

The overall lattice structure optimization process is performed on the lattice structure 

design space in the following manner. It starts by generating non-uniform lattice structures 

within the space. Then, the loading conditions are simulated using FEA and the 

performance of the structures is calculated. Then, based on the performance, the program 

modifies the structures. The new modified structures are then tested with FEA to see 

whether their performance has improved. The program continues to modify the structures 

until an optimal structure is found which meets the constraints, loading conditions, and 

desired performance. A diagram of this process can be seen in Figure 18. This figure also 

indicates the two parts of the optimization process where the optimization algorithm 

performs a function. For this research, the two algorithms used and tested in the 

optimization process are global optimization algorithms, which are discussed and 

compared in the next section.  
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Figure 18: A flow chart of the lattice structure optimization program 
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Algorithm (cGA). These two algorithms were chosen for this application because they 

work with binary strings which is how the lattice structures are defined in the design space. 

3.3.1 GA Algorithm 

The basic principles of the GA was first described by John Holland in 1975 [47]. The GA 

is a population-based heuristic optimization algorithm. In this algorithm, a particular 

instance of the internal node set is called a single individual and this particular instance or 

individual is represented by a binary string, which is called the chromosome of a single 

individual. For the design space specified earlier, the binary string is 196 elements long. 

The overall GA process is shown in Figure 19, consisting of first randomly generating a 

population of individuals to serve as the first generation. Then, the individuals’ 

corresponding lattice structures are constructed and analyzed, and their performance are 

determined (as explained in the previous sections). Once the individuals’ function value 

(or performance) is determined, documentation of the best performing individual is made 

in order to keep track of which individual is the best overall individual of any generation. 

Then, the individuals in the generation are ranked in the selection process according to 

their performance, and certain individuals are selected for the mating process. The mating 

process consists of taking sections of the selected individuals’ chromosome and combining 

them with sections from other individuals, selected in the selection process, in order to 

create a new generation. One of the individuals in the new generation is randomly selected 

and a random bit of its chromosome is changed; for example, if the value was 0, then it is 

changed to 1 and vice versa. Now that the new generation has been determined, the 

individuals’ corresponding lattice structures are constructed and analyzed, and their 

performance are determined. If an individual in the new generation is the same as an 
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individual in the previous generation, then the characteristics and performance value from 

the previous generation individual is copied to the new generation individual, which helps 

to reduce the number of times that the characterization and analysis is performed. Also, the 

performance of the best individual in the current generation is compared to the performance 

of the documented overall best individual. If the best individual from the current generation 

is better than the documented overall best individual, then the best individual from the 

current generation becomes the new documented overall best individual. At this point, the 

algorithm checks to see whether the termination conditions (which will be explained later 

on) are met. If they are met, then the algorithm ends and the current documented overall 

best individual is outputted as the optimal solution found. However, if the termination 

conditions are not met, then the algorithm repeats the above steps starting from the 

selection process.  

The termination condition used for the GA consists of checking whether the documented 

overall best individual changes from one generation to the next, and if it does not change 

for a set number of generations, then the GA terminates. Some verification tests were 

performed to study how the overall best individual changes from generation to generation, 

in order to appropriately set the termination condition. For these verification tests, the GA 

was run a few different times with different initial population and was allowed to run 15000 

generations (each run took approximately a day to complete). From these tests, it was found 

that the overall best individual gets updated quite often in approximately the first 100 

generations but after that it remains the same. As a result, the maximum number of 

generations without any change to the overall best individual was set to 500 generations. 
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Figure 19: The Genetic Algorithms flow chart. 

 

The selection process used for the GA is the Stochastic sampling with replacement (SSR) 

method, which can be thought of as a roulette wheel that is divided into segments 

representing a particular individual and whose size is dependent on an individual’s relative 

performance as compared to the rest of the population. The mating process used for the 

GA is the single-point crossover method, which mates two individuals to produce two 

offsprings for the next generation. This process consists of selecting the same random point 

in the two individuals’ chromosome at which to cut them, and then the first section from 

the first individual is combined with the second section from the second individual and 

vice versa which creates the two offsprings. 

Randomly generate individuals 
for initial generation
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3.3.2 cGA Algorithm 

The cGA was first proposed and described by Harik et al. [48] as a non-population based 

simplified and compacted version of the population-based genetic algorithms. In this 

algorithm, a particular instance of the internal node set is called a single individual and this 

particular instance or individual is represented by a binary string, which is called the 

chromosome of a single individual. For the design space specified earlier, the binary string 

is 196 elements long. By keeping a vector of probabilities with the same length as an 

individual’s chromosome, the cGA seeks to mimic the memory that a population has and 

tries to track the way a population evolves from generation to generation using a value, 

called population size, that adjust how much the elements of the probability vector change 

for a given generation. The overall cGA process is shown in the following figure. 

 

Figure 20: The Compact Genetic Algorithms flow chart. 
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This algorithm first initializes the probability vector such that every element of the vector 

is equal to an initial probability of 0.5, as specified by Harik et al. [48]. Then, the algorithm 

generates two new individuals, each created by generating a random number between 0 

and 1 for every element in the probability vector. Each of these random numbers between 

0 and 1 are compared to their corresponding probability vector element. If the random 

number is greater than the corresponding probability in the vector, then the individual’s 

binary value at this position is equal to 0, or else equal to 1 if it is smaller than the 

corresponding probability in the vector. An example of this can be seen in the following 

figure. 

 

Figure 21: An example of how an individual is generated 

 

After two individuals are created, their corresponding lattice structures are constructed and 

analyzed, and then their performance are determined (as explained in the previous 

sections). Once the individuals’ function value (or performance) is determined, they are 

made to compete against each other and the individual with the better function value 

(winner) is used to evolve the probability vector. If an element of the winner’s chromosome 

Probability vector [0.5  0.5  0.5  0.5 … 0.5]

Random numbers
between 0 and 1

[0.1  0.7  0.9  0.3 … 0.4]

New individual [1 0      0     1    … 1]
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is the same as the corresponding element in the loser’s chromosome, then the 

corresponding element in the probability vector does not change. However, for the 

corresponding elements that are not equal, the probability vector is adjusted in the 

following manner: 

 

𝑤𝑖𝑛𝑛𝑒𝑟(𝑖)  = 1 → 𝑝(𝑖) = 𝑝(𝑖) + 1
𝑛⁄  

𝑤𝑖𝑛𝑛𝑒𝑟(𝑖)  = 0 → 𝑝(𝑖) = 𝑝(𝑖) − 1
𝑛⁄  

(11) 

where 𝑝 is the probability vector, 𝑛 is the population size value that controls the magnitude 

of the adjustment made to the probability vector, and 𝑖 is the index value of a particular 

element of the probability vector. At this point, the algorithm checks to see whether each 

of the probability vector’s elements have converged to either 0 or 1. To determine whether 

a particular element of the probability vector has converged, the algorithm performs the 

following pseudo code: 

if p(i) < 0.5 and p(i) < (1/(1000*popSize)) 

then p(i) = 0 

 

else if p(i) > 0.5 and (1 - p(i)) < (1/(1000*popSize)) 

then p(i) = 1 

 

where p is the probability vector, i is the index value of a particular element of the 

probability vector, and popSize is the population size. If all of the elements of the 

probability vector have converged, then the algorithm ends and the probability vector is 

outputted as the optimal solution found. However, if there are still elements of the 

probability vector that have not converged, then the algorithm repeats the above steps 

starting at the creation of two new individuals. 
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3.3.3 Algorithm Comparison 

In this section, the GA and cGA are compared in order to determine which is able to find 

better solutions in a shorter amount of time for this application. This consists of running 

the algorithms and adjusting the parameters that they have in common over a specific range 

of values. Due to the variability of the results caused by the randomness found in these two 

algorithms, the algorithms are run multiple times with the same parameters in order to 

obtain the average and standard deviation of the results. In order to determine how many 

times the algorithms should be run with the same parameters, testing was done by 

comparing the averages between two separate sets of results obtained by running the 

algorithms the same number of times. From this testing, it was determined that running the 

algorithms 50 times with the same parameters insured sufficient accuracy with the averages 

while keeping the run time reasonable.  

The parameters used to test and compare optimization algorithms are parameters that adjust 

how the optimization algorithms perform. For these two algorithms, there is only one 

parameter that they have in common which is the population size. The two algorithms do 

implement this parameter in two different ways, as discussed in the previous sections. 

However, changing this parameter does have the same effect on the performance of both 

algorithms. During initial testing and comparison of the two algorithms, it was determined 

that using a range for the population size of 50 to 250 with an interval of 50 provides 

sufficient information to compare the algorithms while keeping the total run time in the 

order of days instead of weeks.  

There are five different metrics that were used to compare the performance of the two 

algorithms, and these are the following: function evaluations, lattice performance, relative 
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density, stiffness and maximum stress. The lattice performance, relative density, stiffness 

and maximum stress are the performance metric and the physical characteristics that have 

been explained in the previous sections, and they give us an understanding of the 

performance of the optimal structures obtained from the two optimization algorithms. The 

function evaluations metric is the number of times that the optimization algorithms perform 

the structure performance analysis, which includes the FEA. The results for these metrics 

can be seen in Figure 22 to Figure 26. In each figure at the population size value of 100, it 

is important to note that there are multiple averages and standard deviations for the cGA, 

which is a result of doing the average and standard deviation of multiple sets of 50 runs for 

the cGA.  

Figure 22 shows the number of function evaluations for the GA and cGA over the 

population size test range. The blue circles line in the figure is for the cGA and it is the 

number of function evaluations performed until the cGA terminates. It is important to 

remember that the cGA has a clear termination point that is part of the algorithm. On the 

other hand, the GA does not have a clear termination point, so a termination condition must 

be used. As discussed previously, the termination condition used for the GA consists of 

checking whether the overall best individual gets updated, and if it does not get updated 

for 500 generations, then the GA terminates. As a result, two lines are included in         

Figure 22. The green diamonds line shows the number of function evaluations performed 

until the GA terminates. The red asterisks line shows the number of function evaluations 

performed until the overall best individual gets updated for the last time.  
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Figure 22: Number of function evaluations vs. population size for the cGA (blue circles), the GA at the 

optimal solution (red asterisks, GA sfe ‘solution function evaluation’) and the GA at the termination 

(green diamonds, GA pfe ‘performed function evaluations’). The markers represent the average value 

and the error bars represent the standard deviation. 

 

The function evaluation plot in Figure 22 indicates that the GA is able to obtain its optimal 

solution before the cGA terminates; however, the GA needs to continue running until it 

reaches its termination condition in order to ensure that there are no better solutions in 

some of the subsequent generations. It is also important to remember that the GA copies 

the information of any individual in a new generation that is identical to an individual in 

the previous generation. This enables the GA to drastically reduce the number of function 
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evaluations it performs during its optimization process. Evidently, the cGA arrives at a 

solution and terminates quicker than the GA, while having a clear termination point and no 

function evaluation reduction method. The function evaluation plot also shows that 

increasing the value of the population size parameter increases the number of function 

evaluations performed by both the GA and the cGA, with the GA affected more 

significantly. For the cGA, it is due to the fact that the population size parameter directly 

adjusts the magnitude of the change made to the probability vector at a particular 

generation, which in turn affects the rate at which the probability vector converges. And, 

for the GA, it is due to the fact that there are more individuals in each generation. 

Figure 23 shows the lattice structure performance obtained by the GA and cGA over the 

population size test range. The blue circles line in the figure shows the average and standard 

deviation for the best lattice structure performance found using the cGA, and the red 

asterisks line is for the GA. This lattice performance plot indicates that the cGA is able to 

find lattice structures that have, on average, almost twice the performance as compared to 

the performance of the lattice structures obtained with the GA. So, not only does the cGA 

perform fewer function evaluations than the GA, but it also finds much better solutions. 

This lattice performance plot also shows that increasing the value of the population size 

parameter increases the average performance of the lattice structures found by both the GA 

and the cGA. The GA only has a slight increase in the lattice performance over the 

population size range, whereas the cGA seems to increase logarithmically. 
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Figure 23: Lattice performance vs population size for the cGA (blue circles) and the GA (red asterisks). 

The markers represent the average value and the error bars represent the standard deviation. 

 

Figure 24 to Figure 26 show the average and standard deviation for the relative density, 

stiffness and maximum stress of the lattice structures obtained by the GA and cGA over 

the population size test range. In agreement with Figure 23, these figures show that the 

cGA is consistently able to find structures that have a significantly lower density, higher 

stiffness, and lower maximum stress than the structures found by the GA. These figures 

also show that increasing the population size has the same effect as seen in Figure 23. 

However, the relative density and the maximum stress decrease with increasing population 

size due to the lattice performance metric formulation. 
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Figure 24: Relative density vs. population size for the cGA (blue circles) and the GA (red asterisks). 

The markers represent the average value and the error bars represent the standard deviation. 

 

Figure 27 and Figure 28 show two lattice structures found during the population size test. 

The deformation of both loaded structures is magnified by a factor of 10 for illustration 

purposes. The first structure is the best lattice structure found by the cGA and it has a 

performance value of 1.29 x 10-3. The second structure is the best lattice structure found 

by the GA and it has a performance value of 7.52 x 10-4. The structure found by the cGA 

seems to have a slightly more organized structure, while the GA lattice structure is 

relatively random. The difference in performance of these two lattice structures also 

demonstrates that the cGA is better at finding high performance structures than the GA. As 
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a result, it appears that the cGA is better able to maintain the accumulated information 

(schema) from generation to generation, as compared with the GA. The GA, as configured 

in this research, seems to lose this information (disrupting the schema) which results in 

structures that do not exhibit patterns. 

 

Figure 25: Stiffness vs. population size for the cGA (blue circles) and the GA (red asterisks). The 

markers represent the average value and the error bars represent the standard deviation. 
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Figure 26: Maximum stress vs. population size for the cGA (blue circles) and the GA (red asterisks). 

The markers represent the average value and the error bars represent the standard deviation. 
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Figure 27: The best lattice structure found throughout all of the cGA runs performed during the 

comparison test. Loaded structure (solid line), Original unloaded structure (light grey dotted line). 
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Figure 28: The best lattice structure found throughout all of the GA runs performed during the 

comparison test. Loaded structure (solid line), Original unloaded structure (light grey dotted line). 

 

3.3.4 cGA Parameter Testing 

Since the cGA performs better than the GA for this lattice structure design and optimization 

application, further testing of the cGA was done to get a better understanding of the cGA 

and its parameters. The two parameters that were tested are the initial probability value and 

the selection size. The initial probability value was previously mentioned in the section 

describing the cGA, and it was set to be equal to 0.5. However, subsequent testing was 

done to determine what the best initial probability value is for this application. For this test, 

the initial probability values used ranged from 0.125 to 0.875 in 0.125 increments.       
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Figure 29 shows how the initial probability value affects the lattice performance and the 

number of function evaluations. It is important to note that 3 separate sets of 50 runs were 

performed for the initial probability value of 0.5, which is the reason why three averages 

and standard deviation lines can be seen (although for the lattice performance, two of the 

averages are nearly identical) 

 

Figure 29: Initial probability vs. lattice performance (blue circles) and number of function evaluations 

(red asterisks) for the cGA. The markers represent the average value and the error bars represent the 

standard deviation. 

 

Figure 29 seems to indicate that better lattice performance values are obtained using initial 

probability values that are between 0.25 and 0.75. It also seems to indicate that using an 

initial probability of 0.5 decreases the number of function evaluations performed as 
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compared to values of 0.375 and 0.625. These results do agree with the recommendation 

for the initial probability value to be equal to 0.5 [48].  

The other cGA parameter that was tested is the selection size, which has not yet been 

described in this thesis. Up to this point, the cGA consisted of generating two individuals 

using the probability vector, and then using the better individual to modify the probability 

vector. Generating two individuals and comparing them is a selection size of two. So, the 

selection size defines the number of individuals that are generated during each iteration (or 

generation). With a selection size larger than two, it is necessary to use a new way of 

comparing the individuals and how that affects how the probability vector is modified. The 

method used for this research is called the round-robin tournament, which is described by 

Harik et al. [48]. It consists of comparing sets of two individuals such that each individual 

is compared to every other individual generated during the particular iteration. Each time 

two individuals are compared, the better individual gets used to adjust the probability 

vector. So, the probability vector gets modified multiple times during every iteration, 

instead of being modified only once every iteration.  

For this test, the selection size values used are 2, 4, 8 and 16. Figure 30 shows how the 

selection size affects the lattice performance and the number of function evaluations. The 

figure shows that the number of function evaluations significantly decreases as the 

selection size goes from 2 to 4, and the data seems to show that there is exponential decay. 

On the other hand, the lattice performance seems to decrease linearly with increasing 

selection size. These results show that with a selection size of 4 the lattice performance 

decreases slightly but the number of function evaluations decreases significantly. 

Furthermore, the lattice performance is higher and the number of function evaluations 
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lower than the cGA with a selection size of 2 and the population size of 50. As a result, a 

selection size of 4 could be used if it is necessary to significantly reduce the computation 

time required to obtain the optimized lattice structures. 

 

Figure 30: Selection size vs. lattice performance (blue circles) and number of function evaluations (red 

asterisks) for the cGA. The markers represent the average value and the error bars represent the 

standard deviation. 
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4 Summary & Conclusion 

This thesis explored microlattice structures; their performance and optimization. The 

introduction chapter defined and explained what microlattice structures are and also gave 

an overview of the research on the architecture, characterization, and optimization of these 

structures. Chapter 2 presented research done which studied a selection of microlattice 

structures and developed a metric to quantify their performance. The research of Chapter 

3 advances lattice structure design and optimization towards fully heterogeneous 

optimization and provides a better understanding of some of the major issues that will need 

to be overcome in the future. 

In Chapter 2, the mechanical behaviour of five different microlattices under four standard 

modes of loading along with a combined loading scenario was obtained using FEA. The 

four standard modes of loading that were considered are tension, compression, simple 

shear, bending and a combined loading scenario, which consisted of a combination of shear 

and compression. The lattice structures that were studied are the octet-truss, diamond, 

pyramid, block lattice truss, and cubic truss. From the FEA results, various mechanical 

characteristics were calculated, such as the stiffness of the structures and stress found 

within the structures. A performance function was also developed to quantitatively 

compare lattice structures, based on their relative density, normalized stiffness, and 

normalized maximum stress. Based upon the performance values obtained from the 

performance function, the best performing lattice structure, out of the five lattices, was 

determined to be the Cubic lattice with the Octet-truss lattice coming second. 
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In Chapter 3, the research presented provides a new lattice structure design and 

optimization tool that can be used to decrease the weight and increase the performance of 

mechanical parts. This new tool was presented in the principal research chapter along with 

a comparison of the performance of the GA and cGA global optimization algorithms in 

order to determine which is better suited for the new design and optimization tool. The 

cGA was found to be better suited for this application since it is significantly easier to 

implement and performs better than the GA, in terms of taking less time to find better 

performing lattice structures. Using the new lattice design tool with the cGA, some of the 

better performing lattice structures exhibit observable patterns within their structure which 

help them perform better. 

There is still much work that is needed to further develop and improve the design and 

optimization of lattice structures. Some of the future work that can be done is to transition 

the design and optimization tool, presented in this thesis, from two-dimensional to three-

dimensional, which would significantly increase the size of the vectors that define the 

structures and also drastically increase the computation resource and time needed to 

perform FEA. Also, more research should be done with regards to the formulation of the 

lattice structure performance metric, and also incorporate a measure of the 

manufacturability of the lattice structures. Finally, different machine learning algorithms 

could be used in the design and optimization tool in order to learn the characteristics of 

structures and designs for a particular part geometry and application which then can be 

used to help in the design and optimization of other part geometries and applications.  
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Appendix A: Supplementary FEA Data from Preliminary 

Research 

Table A1: Data from the finite element simulations for the tensile loading. 

 

Displacement 

[mm] 

Min. Stress 

[MPa] 

Max. Stress 

[MPa] 
Min. Strain Max. Strain 

Pyramid 0.03268 5.83E-16 525.5 0.00 0.004626 

Block 0.02698 4.71E-07 989.2 2.86E-12 0.006979 

Octet 0.005747 2.17E-04 295.9 2.04E-09 0.002095 

Diamond 0.01076 1.96E-06 447.8 1.45E-11 0.003813 

Cubic 0.002243 0.002644 78.07 2.64E-08 0.000687 

Cubic Simple 0.01614 1.35E-05 522.6 8.33E-11 0.00473 

 

 

 

Table A2: Data from the finite element simulations for the compressive loading. 

 

Displacement 

[mm] 

Min. Stress 

[MPa] 

Max. Stress 

[MPa] 
Min. Strain Max. Strain 

Pyramid 0.02964 1.04E-05 503.7 7.50E-11 0.004218 

Block 0.02696 4.70E-07 988.6 2.85E-12 0.006975 

Octet 0.005738 2.17E-04 295.6 2.03E-09 0.002094 

Diamond 0.01117 1.09E-06 444.6 8.94E-12 0.003332 

Cubic 0.002241 0.002621 78.03 2.63E-08 6.87E-04 

Cubic Simple 0.01613 1.35E-05 522.5 8.33E-11 0.004728 
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Table A3: Data from the finite element simulations for the shear loading. 

 Displacement 

[mm] 

Min. Stress 

[MPa] 

Max. Stress 

[MPa] 
Min. Strain Max. Strain 

Pyramid 0.1045 1.23E-05 692.4 1.10E-10 0.005498 

Block 0.0736 9.23E-07 959.1 8.15E-12 0.007675 

Octet 0.02108 2.42E-04 948.3 1.77E-09 0.006909 

Diamond 0.0288 6.13E-08 620.7 4.48E-13 0.005024 

Cubic 0.08607 1.51E-04 725.3 1.15E-09 0.006553 

Cubic Simple 1.179 7.09E-06 4737 6.29E-11 0.04386 

 

 

 

Table A4: Data from the finite element simulations for the bending loading. 

 Bending angle 

θ [rad] 

Min. Stress 

[MPa] 

Max. Stress 

[MPa] 
Min. Strain Max. Strain 

Pyramid 0.006105 5.41E-06 500.6 3.49E-11 0.004407 

Block 0.003876 4.58E-07 951.2 2.46E-12 0.006764 

Octet 0.000933 9.83E-05 359.4 6.92E-10 0.003084 

Diamond 0.001721 6.04E-08 344.8 5.20E-13 0.003263 

Cubic 0.000334 1.17E-05 96.47 8.48E-11 8.14E-04 

Cubic Simple 0.002151 1.76E-06 556.1 1.28E-11 0.004887 
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Table A5: Data from the finite element simulations for the combined loading. 

 Displacement 

[mm] 

Min. Stress 

[MPa] 

Max. Stress 

[MPa] 
Min. Strain Max. Strain 

Pyramid 0.09533 3.52E-06 684.6 3.20E-11 0.005544 

Block 0.06589 5.62E-07 919.4 3.33E-12 0.007379 

Octet 0.01831 2.54E-04 933.3 1.84E-09 0.006853 

Diamond 0.02708 1.21E-06 621.4 8.49E-12 0.005024 

Cubic 0.06719 7.81E-04 587.9 4.67E-09 0.005433 

Cubic Simple 0.9313 5.15E-06 3819 4.39E-11 0.03535 

 

 

 

Table A6: Data from the finite element simulations for the Warren truss. The max stress value for the 

bending case is an approximate value, as mentioned earlier in the text. 

 Displacement 

[mm] 

Bending 

angle θ [rad] 

Min. 

Stress 

[MPa] 

Max. 

Stress 

[MPa] 

Min. 

Strain 

Max. 

Strain 

Tension 0.001287 -- 7.68E-05 153.4 6.07E-10 0.001227 

Compression 0.001286 -- 7.67E-05 153.3 6.06E-10 0.001226 

Shear 0.006977 -- 6.18E-05 690.5 4.76E-10 0.005538 

Bending -- -- -- ~133.9 -- -- 

Combined 0.005694 -- 1.61E-04 609.3 1.27E-09 0.004725 
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Appendix B: Microlattice Dataset Generation 

This section briefly presents an overview of a subset of the article published in 2020 [36]. 

In this research, a large dataset composed of two-dimensional heterogeneous lattice 

structures and their respective mechanical characteristics was compiled in order to be used 

to train and test different machine learning algorithms. To produce this dataset, a set of 

functions and scripts were created, written exclusively in MATLAB, to generate a large set 

of structures, calculate their mechanical characteristics, and to collate this data into a format 

that a machine learning algorithm can use. For this, there are three main sections: (i) setting 

up the lattice space where and how the structure can exist, such as the bounds and possible 

node locations; (ii) global optimization algorithm that was used to generate the large set of 

structures, ranging from random structures to more optimized structures, and finally; (iii) 

mechanical analysis consisting of defining the mechanical analysis conditions, performing 

the FEA, and formatting and storing of the information defining the structure and its 

mechanical characteristics. 

Pre-Processing 

For the pre-processing, the 2D lattice space was defined the same as the design space 

defined in the principal research chapter except that the dimensions of the square are 10mm 

x 10mm and the strut diameter is 0.5mm. The square space was still populated with a 16 x 

16 evenly spaced grid of nodes that are split into two groups of nodes (boundary nodes and 

internal nodes), as seen in Figure B1, and the constraints and loading were also defined the 

same as in the principal research chapter. A particular set of nodes is also connected using 

Delaunay triangulation, as described in the principal research chapter. 
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Figure B1: All available nodes in the lattice space: the constrained and loaded nodes with the global 

coordinate system. The plus sign nodes are the nodes in the boundary node group and the dot nodes 

are the internal nodes. Units are in mm. 

 

Structure Generation 

The compact Genetic Algorithm (cGA) was used to create a large set of internal node 

combinations, which were then used to create the lattice structure dataset. This algorithm 

was used for this purpose because it is a relatively simple algorithm that works with binary 

strings and is able to provide a good variety of structures along with some partly optimized 

instances. The cGA is described in detail in the principal research chapter. The cGA was 

run for 2500 generations multiple times with different values for the initial probability and 

population size parameters in order to obtain a sufficiently large and varied lattice structure 

dataset. For the lattice structure dataset generation, the cGA used a different performance 

evaluation function than the one presented in the principal research chapter; however, all 
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properties and characteristics were obtained using the same geometric and mechanical 

analysis, as described in the principal research chapter. The performance evaluation 

equation used during the dataset generation is as follows: 

 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =  
1 − 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑡𝑟𝑒𝑠𝑠
 (B1) 

where the relative density is found during the geometric characterization, as described in 

the principal research chapter, and the maximum stress is found during the FEA mechanical 

analysis, as described in the principal research chapter. 

Data Processing 

Finally, three blocks of information were compiled into a dataset that was passed on to a 

machine learning algorithm: the matrices defining the structure itself, the maximum 

displacements in the structures (defined as the displacement of the bottom right boundary 

node), and the maximum stress (found in the mechanical analysis). 
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Appendix C: Design & Optimization Program Structure 

This section briefly presents an overview of the structure of the lattice structure design and 

optimization program which consists of multiple Matlab functions and a Matlab script. 

Figure C1 shows the overall structure and dependencies of the Matlab script and associated 

functions.  

 

Figure C1: Lattice structure design and optimization Matlab code dependency tree 

 

For example, the RunScript Matlab script has three arrows that point to the 

Parameter_NodeSetup, cGA_FEA_test and GA_FEA_test Matlab functions, which means 

cGA_FEA_test

CompactGA_FEA

Parameter_NodeSetup

RunScript

StructurePlotting

FiniteElementAnalysis

ElementSetup

decoding

generateFEA

compete

update FEA_PostProcess

check

GA_FEA_test

GeneticAlgorithmFEA

SSRroulette

SPcrossoverFEA

mutatingFEA

Green: Setup Functions White: Optimization Algorithm functions
Orange: Shared functions Blue: FEA functions
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that RunScript uses/calls those functions. The ones coloured green in the figure are the 

script and functions used initially, the ones coloured white are the functions associated with 

the optimization algorithms, the ones coloured orange are the functions that are common 

to both optimization algorithm, and the ones coloured blue are the functions that are 

associated with the FEA. 
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