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Abstract

Multidisciplinary Optimization of Shoe Midsole Structures using Tetrahedral Mesh

Generation and Swarm Intelligence

by Maksudul Alam

Creating functional midsoles for shoes is a challenging task that involves considering
different aspects such as stability, comfort, manufacturability, and aesthetics. No single
approach exists to design a midsole that meets all these objectives effectively. There-
fore, this study aims to introduce a multidisciplinary optimization method to develop
custom shoe midsole structures. The proposed approach involves utilizing tetrahedral
mesh generation to generate diverse structures and leveraging swarm intelligence to
search for optimal designs. Tetrahedral mesh generation is used to create midsole struc-
tures because tetrahedral structures are renowned for their exceptional strength. Addi-
tionally, tetrahedral mesh generation is a well-established tool that provides the added
advantage of fully automatic construction for complex-shaped midsoles. By adjusting
the mesh generation parameters, a wide range of solutions can be generated that meet
multiple objectives. To enhance the swarm’s exploration of the design space and dis-
cover more local optima, a new swarm behavior is developed that promotes diversity.
Furthermore, a quantitative measurement tool is created to evaluate various objectives.
In order to test the effectiveness of the generative approach, the midsoles obtained from
the design exploration are analyzed that performed the best and the worst in relation to
each objective. The findings revealed a substantial difference between them, with scores
differing by two to four times. Additionally, when compared to other lattice structures,
the tetrahedral midsole structure created by the proposed method demonstrated supe-
rior compliance with the foot and better redistribution of plantar stress. This makes it an

ideal candidate for use in shoe midsoles. The multidisciplinary optimization technique
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proposed here is a valuable resource for engineers and designers in the footwear indus-
try, allowing them to develop high-performance midsole structures that meet the needs
of both consumers and athletes. Furthermore, this method can be applied to optimize
other complex structures in various industries, such as civil, automotive, and aerospace

engineering.



Acknowledgements

All praise and thanks to the Almighty, by whose blessings my research work was
completed successfully. I would like to express my sincere gratitude to my research su-
pervisor, Dr. Tsz Ho Kwok, for allowing me to do research and granting me valuable
guidance throughout this research. His incredible patience, sincere motivation, and im-
mense knowledge inspired me enormously. It was a great opportunity and an honor
to work and study under his supervision. I could not have imagined having a better
advisor and mentor for my MASc study. I am incredibly grateful to my family, friends,
and research colleagues, Christopher Danny-Matte, Eder da Silva Sales, Christopher
Richard, Shiva Shokri, and especially Ankhy Sultana, for their sincere help. my appre-
ciation to the committee members, Dr. Chevy Chen and Dr. Hang Xu, and my beloved

Concordia University. Thanks to all who supported me.



Vi

Contents

[List of Figures|

[List of Tables|

(1.2 Conceptoverview|. . . . .. ... ... ... ... ...

(1.3 Objective| . . . . . ... ... . .

[2.1.1  Cellular structure modeling and optimization| . . ... ... .. ..

[2.1.2  Midsole performance improvement| . . . . . ... ... .......

[2.1.3  Footware thermal performance| . . . . .. ... ... .. ... ....

.14 Additive manufacturing of Lattice structure| . . . . ... ... ...

[3 Methodology|
3.1 Design Domain for Custom Midsole| . . . ... ................
.2 letrahedral h Generation| . . . . ... ... ... ...
B.2.1 Generative Parameters for Lattice Generation . . .. ... ... ..
Maximum Radius to Edge ratio|. . . . .. ... ... .........

[Dihedral Angle|

viii

xi

11
11
11
13
16
17



Maximum Volume constraintl . . . . . ... ..............

[3.2.2  Sensitivity Analysis of Generative Parameters| . . . . .. ... ...

[3.3 Parameter Exploration for Diversity and Optimization| . . . ... ... ..
3.3.1 Diversity-Enhanced Particle Swarm Optimization| . . . . . . .. ..

3.4 Quantitative Measurement of Objectives|. . . . . ... .. ... .. ... ..
4.1 Plantar Stress Redistribution| . . .. ... ... . ... ... ...
3.4.2 HeatDissipation] . . .. .........................
3.4.3 Manufacturability] . . ... ... ... ... .. 0 0000
Midsole Print Orientation] . . . . .. .. ................

B.44 Aesthetics| . . . ... ... ... . o oo

5 Conclusionl

Bibliograp

Y

vii

23
23
25
26
30
31
34
35
37
38

41
42
45
48

51

53



viii

List of Figures

1.1 3D printed midsoles: (a) Voronoi strut midsoles [3], (b) Gyroid lattice |

| midsole [4] © adapted under CCBY-SA4.0|. .. ... ... ......... 2

(1.2 Examples of cellular materials in nature: (a) balsa wood (b) cork (c) inner |

| core of a plant stem (d) trabecularbone| . . . . .. ... ... 00000 4

(1.3 (a) Bending dominated behaviour of cellular structures, (b) Stretch dom- |

n haviour of cellular str resl . ... 5
(1.4 Tetrahedrons with various aspectratios.| . . . .. ... ............ 7
3.1 Overtlow of the proposed method| . . . . ... ... . ... ......... 19
3.2 (a) Delaunay triangles, (b) Delaunay tetrahedrons| . . . . .. ... ... .. 21

3.3 (a) The radius-to-edge ratio (R /L) and (b) the dihedral angle () of a tetra- |

| hedron. . . . . . . . . e e 22

3.4 Sensitivity analysis for three tetrahedral parameters: the maximum radius- |

| to-edge ratio, the minimum dihedral angle, and the maximum volume.. . 24
3.5 The flowchart of the multidisciplinary optimization framework.| . . . . . . 29
3.6 Applied conditions for mechanical analysis| . . . ... ... ... ... ... 32
B.7 Reaction force in different scenarios for a healthy man of 84.6 kg[77]] . .. 33
3.8 Applied conditions for thermal analysis|. . . . . ... ... ... ... .. 34
3.9 Manutacturing defects by FFF 3D printing.| . . . . ... ... ... ... .. 36

[3.10 (a) Midsole in normal direction, (b) Midsole rotated 45° (counter-clockwise) |

[ with X-axis, (c) Midsole rotated 45° (counter-clockwise) with X-axis and |

| 30° with Y-axis respectively| . . . . ... ... ... .. oo o000 38

13.11 Different midsole structures considered in the survey and the ranking |

| resultl . . . . . e 38




ix

[3.12 Isotropic view of different midsole structures considered in the survey| . . 39
.1 Convergence curve of the PSO optimization.| . . . ... ... ... ... .. 42
4.2 Trajectory of particles in the search space.| . . . . .. ... ... ... .. .. 43
4.3 The best and the worst structures for each of the objectives separately| . . 44
4.4  The overall best structure of combined objectives.| . . . . .. ... ... .. 45
4.5 Midsole-1 (Best) and Midsole-2 (Worst) in terms thermal performance |
with their experimental setup.|. . . . .. ... ... 0000000 46

4.6 Inside midsole water temperature with time at Toe, Metatarsal, Heel area.| 46
.7 Thermal images of the temperature distribution outside the midsoles at |
ifferent time intervalsf. . . . . ... ... o o oo o oo 47

4.8  Ditferent midsoles such as lTetrahedral, Voronoi, Grid, BCC and Diamond |
printed in TPU 85a(Black) and PLA(Orange) for the compression test.|. . . 48

4.9 Load-displacement curves for the TPU 85A and Load-displacement curves |
[ forthe PLAJ . . . . .. .. 49



List of Tables

B

List of generative parameters and other parameters,| . . . . . . ... .. .. 25

B2

Structure statistics of the midsoles in the survey, including the number |

of joints (#Joint) and the mean, the standard deviation (Std), and the per- |

centage within 1 std from the mean (5td;) of the strut length. |

I

Material properties of Ice9 Flex, TPU, and PLA used in this work, . . . . . 41




xi

List of Abbreviations

FFF

PLA
TPU
PSO

Omax

Pmin
Vmax

Smax

Tmux

Fused Filament Fabrication
Polylactic Acid

Thermoplastic Polyurethane
Particle Swarm Optimization
Maximum Radius-to-Edge ratio
Minimum Dihedral Angle
Maximum Volume of tetrahedrons
Maximum Stress

Maximum Temperature



1 Introduction

Traditional production methods have gradually changed through digitization. As a re-
sult of a significant improvement in living standards, people are now paying much more
attention to their health issues. Technological progress has made it feasible to create cus-
tomized footwear that meets specific mechanical, thermal, and aesthetic requirements.
As consumer interest in footwear has expanded beyond durability and appearance to
include functional modifications tailored to their individual characteristics, the antici-
pated domain in this analysis is the shoe midsole, which is considered the most essential

part of a shoe.

1.1 Motivation

Footwear serves a physiological function for a human being. Wearing appropriate
footwear is one of the primary means of maintaining a suitable environment to pro-
tect the feet, which bear the weight of the body and are exposed to daily stress. The sole
of a shoe is comprised of three parts, including the insole, midsole, and outsole, with
the midsole playing a critical role in stabilizing the body, absorbing shocks and energy,
and providing comfort (see Fig. [L.I). In addition to the necessary stiffness, the midsole
also has to have a certain amount of elasticity and flexibility; otherwise, it will result
in high plantar pressure. High peak plantar pressure is one of the major reasons for
painful forefoot syndromes. It can lead to foot ulcers, which are a common complica-
tion of diabetes. These ulcers can occur due to the breakdown of skin and tissue caused
by excessive pressure on the foot. Infections can result from foot ulcers, which can be
challenging to treat. High plantar pressure can exacerbate diabetes’s poor blood circu-

lation, which makes it more difficult for sores on the foot to heal properly. There are
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also some other issues that can arise, such as nerve damage, foot deformities, etc. [1].
All these problems are extremely dangerous, even for healthy people. Legs, knees, and
backs can also be affected because postures change to relieve the pain, which patients

mostly do unconsciously [2].

FIGURE 1.1: 3D printed midsoles: (a) Voronoi strut midsoles , (b) Gyroid lattice mid-
sole [4] © adapted under CC BY-SA 4.0.

Along with stress, thermal comfort is another concerning matter. The thermal pro-
tection characteristics of footwear play an important role in confining heat inside footwear,
particularly in hot environments. As the feet are dense with sweat glands, high temper-
atures inside the shoe induce sweating. High levels of foot discomfort from heat and
perspiration can happen because of this.

Overall, having a pair of supportive, safe, and customized shoes that can adjust to
the features of your feet is crucial. But traditional shoe-making processes struggle to
meet the customization requirements of consumers due to the high costs of produc-
ing customized molds for different customers. Traditionally used materials in mid-
soles such as polyurethane (PU), ethylene-vinyl acetate (EVA), and polyethylene (PE)
foam can alleviate in-shoe pressure, but they have poor breathability and heat trans-

ter properties. These materials include porosity, which provides lightness and comfort,
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but the porosity varies depending on the manufacturing method, and its distribution is
extremely difficult to vary.

While many studies have been conducted on plantar stress reduction, there is a re-
search gap in which several objectives, such as thermal comfort, manufacturability, and
aesthetics, can be taken into account altogether. Unfortunately, seeking globally opti-
mal solutions for multi-objective, non-convex problems can take exponential time with
the number of variables, and formulating mathematical functions for non-quantitative
objectives, i.e., aesthetics, is quite a challenging task. Further, there is a need for an
effective search space from which different designs can be created in order to promote
diversity and increase the chance of finding a global optima. All these give me the moti-
vation to propose an effective method to generate diverse solutions for midsole design

and search for the best ones as per various objectives.

1.2 Concept overview

We are accustomed to building load-bearing structures out of dense solids, but our na-
ture contains numerous cellular structures [5, 6, 7]. They have a foamy or honeycomb-
like core and a denser outer shell, increasing the shell’s resistance to kinking or local
buckling failure. Cork and wood are examples of natural materials with prismatic,
honeycomb-like structures, whereas the inner cores of plants and bones are made of
polyhedral cells. Some examples of natural cellular materials are shown in Fig. Cel-
lular structures can be classified as irregular or regular, having randomly scattered cells
or an organized cell assembly, respectively [8]. Foams are an example of an irregular
structure, while lattice structures are an example of a regular structure.

The number of struts and joints is a factor in the Maxwell stability criterion [9)],
which determines whether a structure shows stretching or bending-dominated behav-
ior. Foams are bending-dominated structures, whereas lattice structures can be both

bending-dominated and stretching-dominated [10]. Fig. displays the stress-strain
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FIGURE 1.2: Examples of cellular materials in nature: (a) balsa wood (b) cork (c) inner core
of a plant stem (d) trabecular bone.

characteristics of bending and stretching-dominated structures. Materials that are pri-
marily used for bending initially behave linearly, then start to become plastic, and fi-
nally reach a stress plateau. Stretch-dominated materials first behave linearly, then the
struts buckle, then there is post-yield softening and a stress plateau, and finally there is
densification. Cellular materials” capacity to absorb energy and provide comfort is one
of their key qualities in the form of foams [11]. Due to the low density of the cellular
structure, which deforms elastically, foams are good energy absorbers. When bending-
dominated materials, such as foams, are loaded under compression, they reach a stress
plateau at some point. The goal is to reach a stress plateau below the foot’s damaging
threshold, where the foam should provide protection. This also prevents the foam from
reaching densification levels under normal operating conditions. Because of this, the
foam does not wear out, but some of the impact energy is nonetheless conveyed to the
foot without damaging it.

There is a substantial difference in scale between foam and lattice structures. The

development of lattice structures is preferable since the foaming process and tooling
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FIGURE 1.3: (a) Bending dominated behaviour of cellular structures, (b) Stretch dominated
behaviour of cellular structures

constraints restrict the design of foams. Lattice structures have several properties, such
as being ultra-lightweight, having a high stiffness-weight ratio, a low thermal expan-
sion coefficient, and a high heat dissipation rate through active cooling [12]]. However,
as most lattice structures exhibit a stretch-dominated behavior, they are less suitable
for purely energy absorption applications like foam because a long, flat plateau in the
stress-strain curve would be needed. But when designing a midsole for a shoe, it’s im-
portant to balance both strength and flexibility. The midsole needs to be strong enough
to support the foot and resist compression while also being flexible enough to absorb
shock and provide a comfortable ride. If the midsole lacks flexibility and is overly rigid,
it may fail to offer adequate support, potentially causing discomfort or even harm. On
the other hand, if the midsole is too soft and flexible, it may not provide enough sup-
port and could lead to instability or overpronation. Bending dominant structures can
provide flexibility and comfort for midsole applications, but it may not be as strong
as stretching dominant structures under compression. So to strike the right balance,
stretching dominant structures can be used to give both strength and flexibility to a cer-
tain limit. In addition, as additive manufacturing works on a layer-by-layer approach,

each strut is printed in several layers, and a bending-dominant structure might not be
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perfectly suitable as bending occurs mostly because of shear force on a strut. So stretch-
dominated lattice structures can be considered a meaningful way to regulate the per-
formance of the midsole. The struts and joints used in the lattice structure of midsoles
come in various topologies and sizes. They can be modified to change their physical
and material characteristics, which will distribute ground reaction forces more evenly
across the structure and reduce the force that impacts the foot. Beside stress relief, the
midsole lattice structure will give more ventilation opportunities to the shoe sole, as in
normal cases, it is the worst heat conductor of a shoe [13]]. Though we can expect a very
small amount of conduction heat transfer as elastomers have very low thermal conduc-
tivity, due to technological development, a highly thermally conductive elastomer is
now available that we can use to manufacture the lattice structure [[14].

Lattice structures may be categorized into three groups: periodic, conformal, and
random [15]. The periodic and conformal lattice structures have a repeated pattern of an
individual unit cell [16},[17]. However, the uniform nature of these lattice structures often
works for simple conditions only. When it comes to complex situations and multiple
objectives, applying uniform structures may cause initial geometry to change, geometric
continuity to deteriorate, and an inability to adapt to diverse loading circumstances.
The struts in a random lattice structure are randomly connected with each other in the
design space. This sophisticated topology gives more opportunities to satisfy various
objectives simultaneously.

Among different kinds of topology, I observed that tetrahedral structures are widely
used for their superior strength [18, 19, 20]. They are stretching-dominant structures,
and they can satisfy Maxwell’s criteria of rigidity [21]. Tetrahedrons, as a 3D simplex,
can constitute any complex volume, regardless of form or topology. They are flexible
and easily controllable, which can be employed to construct various lattice structures.
In addition, the aspect ratio and quality of tetrahedrons (see Fig. can correspond
to various properties, including isotropic and anisotropic behavior. The concepts of
isotropic and anisotropic materials are useful in designing lattice midsoles, as they re-

late to the way that materials respond to forces from different directions. Materials that
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FIGURE 1.4: Tetrahedrons with various aspect ratios.

are isotropic share the same properties in all directions. This implies that regardless of
the force’s direction, they will react to it in the same way. Contrarily, anisotropic ma-
terials exhibit different properties in different directions. Accordingly, their reactions
to forces will vary depending on the force’s direction. Anisotropic behavior is expected
from a midsole because the material properties and structure of the midsole are different
in different directions. Midsoles are meant to have stronger stiffness and compression
resistance in the vertical direction (i.e., perpendicular to the ground) to provide better
support to the foot during impact with the ground. However, they are also engineered
to be flexible in the horizontal direction (i.e., parallel to the ground) to allow for natu-
ral foot movement during walking and running. To satisfy these opposing demands, a
midsole’s anisotropic behavior is required. A midsole that is too flexible in the vertical
direction may not offer enough support and shock absorption during impact, while a
midsole that is too rigid in the horizontal direction can be uncomfortable and restrict
the natural movement of the foot. Therefore, designers often use anisotropic materials
and lattice structures to achieve the desired balance of stiffness and flexibility in dif-
ferent directions [22]. Many shoes, especially those made for running or other athletic
activity, exhibit midsole anisotropy to achieve advanced functions [23]]. Regular tetra-

hedrons (whose aspect ratio is 1) can be used to create structures that are desired to
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have isotropic properties [24]. On the other hand, altering the aspect ratio can create a
nonuniform, anisotropic, and lightweight structure for shoe midsoles. All these factors
make tetrahedrons a good option for creating midsole structures, and I hypothesize that
varying the shape and size of tetrahedrons within the midsole increases the diversity of
midsole designs and thus finds better midsole structures for multiple objectives.
Although manufacturing diverse midsole lattice designs can be complex, it is fea-
sible to create them using 3D printing technology. 3D printing has revolutionized the
conventional shoe-making process, causing the footwear industry to evolve through
software and computerized development technologies in terms of speed, efficiency,
and customization. It can also fabricate cellular structures present in nature to create
lightweight, high-performance products, and midsoles created using this technology
are more appealing to customers nowadays. But each manufacturing technology has its
constraints, and 3D printing is no exception. The quality of the lattice structure, such
as surface quality, dimensional accuracy, residual stresses, support structure, etc., does
influence the performance of the midsole lattice structure. Therefore, it is also crucial to
consider all these factors together while optimizing the midsole’s performance using a

tetrahedral lattice structure.

1.3 Objective

The goal of this study is to develop a compact, fully automatic, multidisciplinary opti-
mization method to improve the midsole’s performance by utilizing tetrahedral lattice
parameters. To compare the performance of the generated structures, the quantitative
measurement for each of the objectives needs to be defined. For example, minimiz-
ing the peak stress of the midsole to reduce plantar pressure, maximizing the tempera-
ture difference to increase thermal comfort, defining a manufacturing index to measure
manufacturability, and developing an aesthetic index based on surveys to consider user
preferences. Moreover, a simple yet effective optimization algorithm is necessary to
explore a wide range of midsole designs with increased diversity, which can help de-

signers identify novel solutions that might not be discovered using traditional design
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methods. The research question this study is trying to answer is: How to obtain a mid-
sole lattice structure that will give an overall good balance between different crucial objectives

responsible for human comfort and aesthetic preferences?

1.4 Scope

To test the hypothesis of using tetrahedral mesh for diverse designs, the tetrahedral
mesh generation technique is applied here to the development of lattice structures for
shoe midsoles. Also, by carefully selecting and updating the shape parameters using
swarm intelligence, we can generate diverse tetrahedral structures within the design
domain. Specifically, the design domain is a 3D volume bounded by the foot scan of a
user and a flat plane. As such, this is a customized domain for the user, and the result
will be total contact with the user’s feet. The boundary of the design domain is then
used as the input for tetrahedral mesh generation. The tetrahedral properties, such as
radius-to-edge ratio, dihedral angle, and volume, are used as the generative parameters
to generate tetrahedral meshes with distinct shapes and qualities. A thickening opera-
tion is performed on the mesh edges to form cylinders, and thus the connectivity of a
tetrahedral mesh forms a lattice structure. The exploration and searching in the solution
space are done by an enhanced version of Particle Swarm Optimization (PSO), which
increases the diversity of the locally optimized results.

The contributions of this work are summarized as follows.

* A new framework to optimize custom midsole structure considering multidisci-
plinary objectives, like mechanical, thermal comfort, manufacturing, and aesthet-

ics.

* Applying tetrahedral mesh generation to the construction of midsole lattice struc-

tures with distinct properties.

* Enhancing swarm intelligence for the exploration of midsole designs with in-

creased diversity.
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The thesis is organized as follows: Related works are reviewed in Chapter 2| A
detailed discussion of this FEA model, tetrahedral parameter selection, and finalized
optimization algorithm is given in Chapter[3} To further validate the proposed method,
a case study of a midsole to compare different design configurations and further ex-

perimental verification is given in Chapter 4 And the work is concluded in Chapter

Gl
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2 Literature Review

2.1 Related Works

In this chapter, a thorough overview of the works related to lattice structure is provided,
including their manufacturing and midsole performance enhancement. The previous
works are categorized into different sections: cellular structure modeling and optimiza-
tion, midsole performance improvement, footwear thermal performance, and additive

manufacturing of lattice structures.

2.1.1 Cellular structure modeling and optimization

Cellular structure modeling is a crucial process for visualizing product designs, verify-
ing modeling methodologies, and ensuring production quality. Computer-aided design
(CAD) software is commonly used for the functional design and modeling of periodic
and conformal cellular structures, but it offers limited control over parameters and de-
sign flexibility. Direct modeling software is typically used for porous structures with
array characteristics, such as lattice and honeycomb. To address the limitations of com-
mercial software, secondary development is also performed in some work to generate
complex porous structures. For instance, SolidWorks is used by [25] to model irregu-
lar porous structures. Similarly, controllable Voronoi porous structures are designed by
[26] by integrating Grasshopper into Rhino’s graphic algorithm editor. However, these
methods have limitations, such as fewer adjustable parameters, poor plug-in compati-
bility, and limited software permissions.

In recent years, various generative approaches have been developed to overcome

the limitations of traditional CAD software and achieve automated design processes,
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including those focused on cellular structure modeling as well as topology and shape
optimization. A novel parameterization method is presented in [27] that seamlessly in-
corporates topology and shape optimization for the automated design of truss systems.
This innovative approach not only resolves the issue of discontinuous surface geome-
try but also makes the acquisition of data necessary for shape optimization easier. The
genetic algorithm and L-system are combined in [28] to optimize complex branched
structures. The L-system design variables form the genome, generating a range of so-
lutions for a multi-objective design problem. A new model for creating strut-based
lattice structures is presented in [29]. Using a particle tracing algorithm, this model can
automatically generate lattice structures based on user-defined and geometrical con-
straints for additive manufacturing. The concept of swarm intelligence is utilized in
[30] to enhance the diversity of topology-optimized designs through a novel genera-
tive design method. By incorporating a rule of principal direction and applying it to
form-finding using swarm intelligence, this approach also produces superior results
compared to the original topology optimization method, particularly for more complex
problems. A Non-uniform Cellular Automata algorithm is introduced in [31], that uses
non-identical cells and a modified FSD/FUD approach to solve the minimum weight
optimization problem for truss structures, considering both stress and displacement
constraints. Shape grammar is combined with structural optimization processes in [32]
to minimize the weight of grid shells and diagrid tall buildings with triangulated pat-
terns. The structural feasibility is assessed with numerical analyses, and the optimized
patterns are identified by means of the genetic algorithm.

The generative approaches discussed here offer new and innovative methods for
designing cellular structures, and tetrahedral lattices are a promising class of struc-
tures that can benefit from these methods and be optimized for specific mechanical
properties. Tetrahedral lattices are randomized lattice structures that have the capa-
bility of totally automatic construction in an arbitrarily shaped space. Research indi-
cates that tetrahedral lattices offer a greater compressive strength-to-weight ratio [18]

and impulsive response [33]. A numerical algorithm is developed in [20] to generate
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conformal lightweight structures using a tetrahedral mesh. The authors discussed the
effects of lattice design parameters on the relevant density change. Furthermore, they
fabricated the designed cellular structures with a DLP printer and evaluated their me-
chanical properties by compression tests. Different combinations of various tetrahe-
dral mesh parameters, i.e., cell size and density, strut diameter, and strut intersection
rounding, can be used to determine the best balance of lattice parameters. Research
has shown that strut diameter and strut intersection rounding are the best parameters
to maintain strength and reduce weight [19]. The compressive mechanical behavior of
3D tetrahedral lattice materials is investigated in [34] by experimental and numerical
methods, where the length-diameter ratio is considered a lattice parameter. The re-
sults indicated that the length-diameter ratio is inversely related to the relative density,
strength, and energy absorption properties. However, most of the previous research
related to tetrahedral lattice structures has focused on cell size. Strut diameter, strut
intersection rounding, length-diameter ratio, or relative density are not intrinsic proper-
ties of tetrahedrons but are common in any kind of lattice structure. There are a number
of other parameters related to tetrahedorns, like the radius-to-edge ratio, the minimum
and maximum angle between the two faces of a tetrahedorn, etc. Using these param-
eters can provide more customization opportunities to improve the compressive load
behavior of tetrahedral lattice structures. Although there are numerous studies on the
optimization of lattice and truss structures from a multidisciplinary perspective, there
are hardly any studies on tetrahedral lattice structures based on midsole application as

well as utilizing the lattice parameters.

2.1.2 Midsole performance improvement

Numerous studies have been conducted to date to enhance midsole performance. Every

shoe design has always taken into account a few key elements throughout the design
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phase, such as weight, breathability, flexibility, shock absorption, strength-to-weight ra-
tio, etc. Several studies are focusing on materials [35] 136} 37]. Most materials have poros-
ity to provide lightness and comfort, and the porosity varies according to the manufac-
turing process. But these materials offer less design freedom and are thus very difficult
to tailor to specific applications. A midsole design that considers body weight index
also helps to improve an individual’s footwear comfort. The effects of sole designs on
plantar pressure are studied in [38] over a period of time in three different scenarios of
walking, running, and jumping.

Designing the midsole’s structure using lattice structures is another effective tech-
nique to control performance. With the rapid development of additive manufacturing
technology, lattices have been used more frequently in midsole structural design be-
cause of their excellent properties. The directional energy performance of midsole struc-
tures is assessed by [23] which makes use of the lattice’s anisotropic property. When
the midsole structure increases energy in the desired direction, energy efficiency is en-
hanced. Four different topologies i.e Diamond, Grid, X-shape, and Vintiles have been
considered in [39] to generate conformal lattice structures. Both numerical and exper-
imental analysis have been performed in this work, and they found that the plantar
stress is highly influenced by the lattice topology, where diamond performed the best
among all lattice structures in terms of plantar stress reduction. For numerical analysis,
the Finite Element Method is used in this work. For experimental analysis, the human
foot heel was created using PLA and data from scans. It was installed on a test instru-
ment and utilized as a sort of indenter for compression tests on the TPU lattice-filled
sole midsoles. Not only the plantar pressure but also the vibration damping mecha-
nism are affected by different topologies of the midsole. Alternating gradient lattice
structures are studied in the shoe sole in [40]. With the increased difference in vibration
level, this type of lattice structure has better cushioning performance than that of the
uniform lattice structure. Along with lattice structure, total Contact Inserts (TClISs) tool
is also used in literature to customize shoe soles that fully conform to the bottom sur-

face of patients’ feet. By focusing only on manually segmented high-pressure regions,
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the Gaussian Progress Regression (GPR) model is utilized to figure out the relationship
between lattice parameters and peak plantar pressure [41]. However, manual segmenta-
tion has some problems. Changing the lattice diameter at the contact point of two lattice
struts can result in discontinuity as well as stress concentration at the joints. Previous
studies prove that the mechanical properties of lattice cell structures are influenced by
many factors, such as cell topology and geometry. But the geometrical parameters of
lattice cell structures include cell size, strut angle, length, diameter, and aspect ratio,
which are related together, and changing one parameter will definitely affect the others.
However, the effects of the aforementioned parameters on a particulate lattice are not
discussed in these works.

Uniform lattice structures may not be enough for more complex requirements, and
thus some works use partitioning in their designs. Previous research indicates that
dividing plantar regions based on anatomical characteristics and designing variable-
dimension helical (VDH) springs based on local planter pressure looks promising for
improving stiffness, energy absorption, and energy return of the midsole [42]. In other
work, a multifunctional shoe midsole design method is proposed incorporating func-
tionally gradient wave springs at the critical areas of foot pressure (heel, forefoot, and
toe) and gradient cellular structure in non-critical areas [43]. The authors also stud-
ied the load-bearing capacity, energy absorption, stiffness, and cushioning properties of
the midsole via compression testing. However, in partition design, the geometry and
mechanical characteristics are not continuous at boundaries, and those locations where
layers are connected and regions are in touch with one another are the weak sections of
the structure, which are prone to breakage and damage during wear.

To generate lattice structures for the entire domain, a widely used approach is to
use a voronoi diagram and convert its boundaries to lattice structures. In order to
create variable-density midsoles, Grasshopper, a commercial software plug-in, is used
to combine biomechanical data with the 3D Voronoi diagram [44]. A similar kind of

work is proposed in [3], the authors Proposed a voronoi strut midsole structural design
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method driven by plantar pressure distribution and Compared the mechanical perfor-
mance with the centroid Voronoi strut midsole. However, using this kind of cell can
be difficult to incorporate directly into an optimization algorithm, as creating a Voronoi
diagram can be computationally expensive, especially when dealing with a large num-
ber of seed points or a complex spatial domain. Additionally, further post-processing is
needed to ensure a smooth transition of struts at the design boundary. This complexity
can make it difficult to optimize the seed points within a reasonable amount of time.
Bio-inspired TPMS lattice midsole structures are also available in the literature [4] for
attenuating ground impact, but there are several limitations that need to be considered
while using TPMS lattice structures, especially for optimization, such as structural com-
plexity and computational expense due to the high number of variables and constraints

involved.

2.1.3 Footware thermal performance

Besides reducing plantar pressure and improving mechanical performance, thermal
property is another factor in the comfort of footwear since foot temperatures can go
beyond the comfortable range even for indoor gaits [45]. The properties of indoor sport
shoes are constantly being improved, e.g., durability, grip, stability, comfort, etc. Re-
cently, more attention has been given to the amount of heat a shoe can dissipate. A
human foot acts as a thermal radiator for the body [46] and is dense in sweat glands
[47]. During gait motion, a human’s body weight cyclically compresses a shoe sole,
generating heat during loading conditions. Footwear temperatures up to 50°C have
been measured in summer during exercise [48] and the human body must maintain its
temperature at a value close to 37°C [49]. During an average (90-minute) indoor train-
ing session in handball or volleyball, the shoes can become very warm and sweaty [13].
Cooling the foot may therefore affect the comfort of footwear. To serve this purpose,
the focus should be on the midsole, as the sole of the shoe is the worst heat conductor.

This has been validated by doing experimental research on the ventilation properties
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of different shoes using a controlled heat source, a digital thermometer, and a thermo-
graphic camera [13]. How different zones participate in heat dissipation is presented in
[49], where the temperature and the plantar pressure are measured during the running
of an athlete at low and high speeds. The temperature in three different zones has been
recorded from the lower face of the foot: the toes, the arch, and the heel. It should be
noted from the observation that the temperatures remain practically constant through-
out the standing time. Beside all the experimental studies, a thermal analysis model is
also available in the literature to evaluate the thermal effects of shoe sole internal heat
generation on foot comfort [50]. In the analysis, the heat is primarily transferred by
conduction in a one-dimensional coordinate system.

There are also some studies focusing on the shoe material. Most prefer the mesh fab-
ric sports shoes as their walking shoes because the leather sports shoes trap more heat
and moisture on the feet [51,52]. However, according to the evaluation of [53] in com-
parison to polyurethane, 3D printed thermoplastic polyurethane, and leather insoles,
textile-fabricated insoles show no significant changes in foot skin temperature. How-
ever, a significant reduction in the relative humidity of the skin of the sole is found. All
these previous works provide some inspiration to incorporate optimization of the ther-
mal performance of the midsole. A combination of thermally conductive material with
proper structural optimization that results in higher heat transfer through conduction

and convection from the foot looks promising for bringing comfort to the human foot.

214 Additive manufacturing of Lattice structure

Lattice structures have a complex structure, so making them using traditional manufac-
turing techniques is not feasible. Additive manufacturing (AM) opens up new oppor-
tunities for the design and development of lattice structures [54, 55]. In recent years,
AM has grown in popularity in the sports business, not just among professional players
but also among the general public. It began in motorsports and cycling but has since
developed into a crucial tool for producing running shoes, particularly midsoles. As

a result, top sports equipment manufacturers like Adidas, Nike, and New Balance are
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collaborating with technology companies that supply printer technology and appropri-
ate materials, including Acrylonitrile Butadiene Styrene (ABS), Polycarbonate (PC), and
Polylactic Acid (PLA) [56]. Rubber-like materials, such as TPU, are also appropriate for
these applications due to their durability, elasticity, high tear and abrasion resistance,
high resistance to dynamic loading, and good thermal resistance [57].The two main 3D
printing technologies for producing shoes, and more specifically, shoe soles, are DLP
and SLS. But till date, the most common one is the Fused Filament Fabrication (FFF) pro-
cess [58], which has some limitations on printing lattice structure in terms of accuracy,
and several studies have been done focusing on it. Different parameters have different
influences on the fused filament fabrication (FFF) process on lattice structures, and the
optimum level and significance of each process parameter vary with the orientation of
the struts [59]. Material and printer type are also other factors that should be taken into
consideration while printing miniature lattice structures. According to research [60],
for PLA and ABS, the material as well as the 3D printer type have a significant impact
on printability. Even though the surface quality and accuracy issues could not be fully
resolved while printing lattice with PLA and ABS, they are capable of bearing com-
pressive loads. However, the materials considered were rigid in the above cases, and
as this kind of research is highly dependent on the material, the obtained information
is not completely applicable to flexible materials, for example, TPU. Considering this
direction, the mechanical behavior of lattice materials based on flexible thermoplastic
polyurethane (TPU) is analyzed in [61] with honeycomb and gyroid architecture fabri-
cated by 3D printing. The honeycomb lattice structure was found to provide rigidity,
strength, plasticity, and energy absorption for the flexible TPU lattice compared to the
gyroid. However, how the printing quality is affected is not discussed in this work. All
these works indicate one thing: printing lattice structures, both flexible and rigid, using
traditional FFF technology is quite challenging, so it’s critical to consider the printing
quality of lattice structures when optimizing them since it greatly depends on the strut

thickness, overhang angle, and support material.



3 Methodology

Customization

Design Generation and Optimization

19

Fabrication

Foot scanning

v
-

Midsole surface

v

Parameters Tetrahedral mesh

P1
(‘/’1
V1

P2
<(P2
V2

Evaluation of multiple objectives

)

)

~N

P3 p
- (‘”) ]
V3
Custom Manufactrabity S8 3D printed
| design domain \_ : D, midsole

/0

Volumization

v

CAD model

v

FIGURE 3.1: Overflow of the proposed method

Fig. shows an overview of the present method. To achieve total contact in a

custom shoe sole, the input is obtained by scanning the bottom surface of a foot. This

defines the upper surface of the design domain for the midsole, which is then used to

generate various lattice structures. The tetrahedral parameters have been used to create

the tetrahedral mesh. The generation process employs a diversity-enhanced particle

swarm optimization technique. Subsequently, the generated structures are evaluated

based on a combined metric that considers multiple objectives. Technical details for

each of these steps are provided in the following subsections.

3.1 Design Domain for Custom Midsole

To create a customized midsole design for each user, the Foot ID app is used on an

iPhone 13 to perform a detailed 3D scan of their foot. This app utilizes the TrueDepth
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camera system, which includes sensors, cameras, and a dot projector, to capture both
infrared images and dots. This data is then fed into neural networks, which generate
a precise mathematical model of the foot. Next, only the bottom surface of the recon-
structed foot is extracted and used as the input for the framework. The scan surface is
aligned with the x — y plane at a user-specified height, assuming the x —y planeatz = 0
is the ground. Although the bottom of the shoe can be of any shape, it is assumed to be
flat for simplicity. The bottom surface of the design domain is obtained by projecting the
scan surface onto the ground. The top and bottom surfaces were then joined with a strip
at their boundaries to define a closed volume for the design domain. The first column
of Fig. [3.1)shows the basic steps of creating a design domain for a custom midsole. This
kind of shoe surface is designed to conform to patients’ feet and increase the contact
surface between the foot and shoe. This technique helps to accommodate deformities
and relieve areas of excessive pressure by evenly distributing pressure over the entire
plantar surface [63]. Even though the cost of making such a customized shoe insole is
much higher than that of conventional shoe insoles, research results [64, |65, 66] have
shown that this can be considered one of the most efficient ways to reduce peak plantar
pressure. Finally, uniform remeshing is performed on the design domain to preserve

sharp edges and prepare a proper triangular mesh for the next step.

3.2 Tetrahedral Mesh Generation

Lattice structures give more flexibility and feasibility to adjust the structural density
as infillings. The tetrahedron holds the characteristics of randomness and continuity,
and it is easy to change the structural topology by controlling tetrahedron design pa-
rameters. Randomness does not, however, ensure a good-quality mesh. To achieve
high accuracy and efficiency in the simulations, a good-quality tetrahedral mesh is nec-
essary. A tetrahedral mesh can be used to numerically simulate physical phenomena
using numerical methods like the finite element and finite volume methods. Therefore,
a Delaunay-based tetrahedron is used as the skeleton of the midsole’s lattice structure

design in this work.
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A Delaunay triangulation for a given set of points in a general position is a trian-
gulation such that no point in the set is inside the circumcircle of any triangle. A 3D
Delaunay triangulation is called a Delaunay tetrahedralization. For every Delaunay
tetrahedron, the circumsphere has to be empty, ensuring that the tetrahedra in the mesh
do not contain any "skinny" elements and are well-shaped while maintaining proper

connectivity. Fig. [3.2|shows Delaunay triangles and Delaunay tetrahedrons. Using this

FIGURE 3.2: (a) Delaunay triangles, (b) Delaunay tetrahedrons

approach, domain boundaries (edges and faces) are respected and can be preserved in

the resulting mesh with good mesh quality.

3.2.1 Generative Parameters for Lattice Generation

In tetrahedral mesh generation, different types of tetrahedrons are combined to create
a mesh that accurately represents the geometry of the object being modeled while min-
imizing the number of tetrahedrons required. Regular tetrahedrons are often used in
regions of the mesh where the geometry is relatively simple, while other tetrahedrons
are used in regions where the geometry is more complex. Sliver tetrahedrons should be
avoided as much as possible, but when they are necessary, they are combined with other
tetrahedrons to improve the accuracy of the mesh. As the present method uses tetrahe-
dral mesh generation to construct lattice structures and explores diverse solutions based

on a set of input parameters, it is important to set up these parameters properly.
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The process of generating tetrahedral meshes in this work is carried out using Tet-
Gen, an open-source program [67]. A variety of parameters are available in the pro-
gram to govern the mesh generation process, such as input mesh preservation, max-
imum radius-to-edge ratio, minimum and maximum dihedral angles, maximum vol-
ume, mesh coarsening, mesh refinement, level of mesh optimization, number of added
points, etc. While utilizing more parameters can yield a greater range of results, it also
exponentially increases the computation time. Consequently, I have chosen to focus on
the most important and influential parameters in order to generate tetrahedrons with

distinct shapes and characteristics.

Maximum Radius to Edge ratio

The radius-to-edge ratio (p) of a tetrahedron (7) is the ratio between the radius R of its
circumscribed sphere and the length L of its shortest edge, i.e., p(T) = R/L, as depicted
in Fig. [3.3p. For instance, a regular tetrahedron typically has a ratio of around 0.6, while
a cap tetrahedron may possess a ratio larger than 2.0. Therefore, the radius-to-edge
ratio represents a significant shape factor, and the maximum radius-to-edge ratio (0yuax)
is utilized as one of the controlling parameters. Regulating solely the maximum value of
the ratio implies that certain tetrahedrons may have a lower ratio if it is the only way to

meet other criteria. While an excessively low maximum ratio results in limited options

(b)

FIGURE 3.3: (a) The radius-to-edge ratio (R/L) and (b) the dihedral angle (¢) of a tetrahe-
dron.
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for available shapes to occupy the design domain and could lead to mesh generation
failure, a very high ratio should also be avoided. Overly lenient constraints are, in

essence, comparable to having no restrictions, resulting in identical outcomes.

Dihedral Angle

Second, the dihedral angle (¢) is the angle between two faces of a tetrahedron and varies
between 0° and 180° as depicted in Fig. 3.3p. Just like the interior angles of a triangle
are interdependent, the dihedral angles of a tetrahedron also influence one another.
When some of them are very large, the remaining angles must be very small, such as
in a silver tetrahedron. Regular tetrahedrons have dihedral angles ranging from 60° to
90°. Therefore, the dihedral angle is another shape factor that has a direct relationship
with the tetrahedral shapes. Since the dihedral angles are interrelated, regulating either
the minimum or maximum dihedral angle to achieve various shapes is needed. In this

study, I chose to control the minimum dihedral angle (@i,

Maximum Volume constraint

Each tetrahedron takes up a specific volume within the design domain, and as the size
of the tetrahedrons decreases, more of them are needed to fill the entire domain. This,
in turn, has a direct impact on the number of struts in the lattice structure and its level
of topological complexity. For the remaining parameters in the program, such as mesh
refinement, mesh coarsening, etc., it is possible to use either the default values or choose

values that do not conflict with other parameters.

3.2.2 Sensitivity Analysis of Generative Parameters

After identifying the key parameters in order to generate tetrahedrons with unique
shapes and characteristics, a sensitivity analysis is performed to determine the range
of the parameters. This analysis helps to limit the parameter values to effective ranges
so that a distinct midsole lattice structure can be achieved while also reducing the com-

putational time. The analysis is conducted by systematically varying one parameter at
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a time while keeping the others at reasonable values and observing how the solutions
change. This analysis has utilized the number of joints in the midsole lattice structure,
which provides a clear indication of how the topology changes with parameter varia-
tion. However, it is important to note that this preliminary analysis is only intended
to quickly narrow down the ranges and is not sufficient for eliminating all duplicate

solutions. In this work, the solutions are generated using three tetrahedral parameters:
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FIGURE 3.4: Sensitivity analysis for three tetrahedral parameters: the maximum radius-to-
edge ratio, the minimum dihedral angle, and the maximum volume.

the maximum radius-to-edge ratio (0su4x), the minimum dihedral angle (¢,,i,), and the
maximum volume (V;;qx). The sensitivity analysis results are depicted in Fig. For
the maximum radius-to-edge ratio, any value below 1.15 fails to generate a mesh, while
changes after 1.6 have minimal impact. Therefore, I used 1.15 as the lower bound and
1.6 as the upper bound, resulting in an effective range of [1.15 1.6] for this parameter.
Regarding the minimum dihedral angle, the analysis shows that values above 18° re-
sult in a failure to generate a mesh, while values below this threshold work very well.
Hence, the range of the minimum dihedral angle is [0° 18°]. Finally, the maximum vol-

ume parameter was found to have a lower bound of 1000 mm?, as structures generated
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with smaller volumes have too many thin struts that cannot be fabricated for the re-
quired midsole density. The graph clearly indicates a significant impact on the number
of joints, which varies widely with changes in V.. The plateau in the graph is reached
around 6500 mm3, but to provide a bit of extra room, the upper bound is set at 7000
mm3. Thus, the range of the maximum volume is [1000 7000] mm®. Based on the results
of the sensitivity analysis, the table 3.1|summarizes the generative parameters and their
range for obtaining diverse results. Additionally, all other parameters are listed.

TABLE 3.1: List of generative parameters and other parameters.

Parameters Range/Value
Max. radius-to-edge ratio (0ax) 1.15to 1.6
Min. dihedral angle (¢in) 0° to 18°
Max. volume (V,;4x) 1000 to 7000 mm®
Max. dihedral angle 165°
Mesh Refinement On
Mesh Coarsening Off
Input Mesh Preservation No

3.3 Parameter Exploration for Diversity and Optimization

After defining the design domain, generative parameters, and their respective ranges,
the subsequent task is to identify an efficient approach for modifying these parame-
ters. This is crucial for discovering the optimal structure while maintaining a diverse
range of solutions. The five classical generative design techniques, namely genetic algo-
rithms [68], swarm intelligence [69], cellular automata [31], shape grammars [70], and
L-systems [71], employ rule-based methods to create new generations of designs by de-
termining the new state of each parameter based on its current state as well as its neigh-
bors. These techniques are typically used to search for solutions in an n-dimensional
space, where n represents the number of design parameters. In this work, n = 3, as
three parameters are considered. Not all generative techniques work for every domain,
as different domains have different requirements, constraints, and objectives that may
require different approaches and techniques. Generative techniques like cellular au-

tomata, shape grammars, and L-systems can generate a large variety of designs but
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may require a significant amount of time to develop models, grammars, and rules, re-
spectively. The Genetic Algorithm (GA) follows a set of heuristic rules inspired by the
processes of natural selection and genetics, such as crossover and mutation operators, to
explore the search space. On the other hand, Particle Swarm Optimization (PSO), which
is a type of swarm intelligence, is inspired by the social behavior of birds flocking or fish
schooling. Both of them have the ability to solve complex problems and handle multi-
ple objectives efficiently. But PSO is renowned for its high speed convergence rate for
both single and multi-objective optimization and maintaining diversity [72]. PSO gen-
erally converges faster than GA as it updates the particle velocities and positions based
on exploration and exploitation [73]]. In contrast, GA involves crossover and mutation
operations, which can be computationally expensive and slow down the convergence
speed. PSO has a simpler implementation compared to GA, as it involves fewer param-
eters to tune and requires fewer computational resources. This makes it easier to use
and more suitable for problems with a smaller search space. As these two metaheuristic
techniques do not guarantee finding the optimal solution but rather aim to find a good
solution within a reasonable time frame, I focused on using PSO to get diversity and the

final optimized design.

3.3.1 Diversity-Enhanced Particle Swarm Optimization

This work focuses on the development of a multidisciplinary optimization framework
that couples Particle Swarm Optimization (PSO) with the parameters of a tetrahedral
mesh. The fundamental principle behind the particle swarm optimization (PSO) al-
gorithm involves the movement of a group of particles within a search space, where
each particle represents a potential solution. The particles” movements are influenced
by both their individual best-known position within the search space and the overall
best-known position of the entire swarm.

The calculation of their velocity can be expressed as follows.

Vi = wV;i + i1 (Py — Xi) + c22(8 — Xj), 3.1)
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where V; is the velocity of particle i, w is the inertia coefficient (e.g., 1), P; and S are
the particle’s and the swarm’s best-known positions, X; is the particle’s current position,
c1 and ¢y are the local and global acceleration coefficients (e.g., 2), and r; and r, are
randomly generated numbers in the range [0, 1]. Then, the particle’s position is updated

by the velocity.
X; = X; + V; 3.2)

This process is repeated iteratively in order to explore potential solutions and ultimately
discover a satisfactory solution. The PSO algorithm can be conceptualized as having
three components guiding the particles” movement: an inertia component, a cognitive
component, and a social component. The inertia component is the tendency to move in
the same direction. The cognitive component reflects each particle’s individual mem-
ory of its best-known solution (P;), encouraging exploitation by directing the particle
towards its own best solution in the search space. The social component reflects the
swarm’s collective memory of the best-known solution (S), encouraging exploration by
directing the particle towards the best solution found by the entire swarm. As the par-
ticles move towards the overall best solution, they tend to converge towards a single
solution, which allows them to escape from local optima and continue to search for
better solutions. It is assumed that better solutions are located in the direction of the
swarm’s best position. However, if the initial positions of the particles are far from the
global optimum, it may be challenging to discover them.

The argument here is that when the neighboring particles of the swarm’s best posi-
tion are functioning adequately, other particles should not move towards this position.
Rather, they should prioritize enhancing diversity and exploring various local optima
to maximize the probability of discovering the global optimum.

Hence, it is expected that the particles will exhibit the following behaviors:

Local search: They must find the best solution for the region where they are located.

Migration: Once they complete searching a local region, they should explore other local

optima.
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Division: They should prevent redundant efforts by avoiding searching the same re-

gion.

To achieve these behaviors, the following modifications are implemented to the algo-
rithm:

Firstly, consideration of the swarm'’s best position (S) is removed, and a neighbor-
hood factor is added to the social component. The velocity equation (Eq. then
becomes:

Vi = wV; +cr1(Pi — Xi) + cor2 (N — Xj), (3.3)

where N; denotes a neighboring position of Xj, and ¢, is now a neighboring coefficient.

Secondly, a particle is forced to focus on searching its local region by eliminating the
social component’s influence. This is done by setting ¢, to 0, which causes the particle
to move solely according to the cognitive component, thereby looping around its best
position due to inertia.

Thirdly, when a particle is unable to discover better solutions after five local searches,
a negative coefficient is assigned to the cognitive component (c; = —2) to move the par-
ticle out of the local region and explore other areas. This process stops when the particle
finds a better solution, after which it switches back to the local search. Finally, during
migration, if a particle is in close proximity (2% of the search space size) to an explored
region, it steers itself away from that direction by setting c, to -2 and N; to the closest
explored position. To summarize, the coefficients are established based on the expected

behaviors as follows:

§
1,2,0 for local search

w,€1,62=141,-2,0 formigration (34)

1,0,—2 for division.
\

The flowchart of the diversity-enhanced PSO algorithm is depicted in Fig. By re-
acting to the above-mentioned modifications, the particles not only search around the

local best position but also move to other spaces for a better solution, and overall, a
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combined behavior of group work is achievable to find a satisfactory solution until the
termination criteria is satisfied (S is not updated for the last 15 iterations). Here, all the
objectives are combined into a single cost function, giving weight to each of the objec-
tive cost functions. The process of combining them is elaborated on in the subsequent

sections.

Initialize random positions {X;} and velocities {V;} for all particles

A 4

Compute the cost for all particles,

—
and update their own’s best {P;} and the swarm’s best (S).
New swarm’s best (S) No n
in last 15 iterations?
End
IFor each particle i: |
I
New own’s best (P;) I
| Yes in last 5 iterations? I
l |
l |
! |
I In close proximity to an
explore region (N;)? I
l |
! | |
[ Local Search Migration Division |
|W=1,cl=2,c2=0 w=1c¢=-2,¢c,=0 W=1,C1=O,Cz=—2|
l |
I A 4 A 4 A 4
Calculate the velocity: V; = wV; + ¢ (P; — Xj) + ¢, (N; — X) |
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FIGURE 3.5: The flowchart of the multidisciplinary optimization framework.
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3.4 Quantitative Measurement of Objectives

The generative approach is discussed in the previous section. However, to optimize the
designs, a quantitative method of measurement is needed to determine which designs
are better. This section aims to develop a measurement for each objective. Total four
objectives are considered in this work: plantar stress (Os), heat dissipation (Oy), manu-
facturability (Op), and aesthetics (O4). The optimization’s cost function is the weighted

sum of all objectives, i.e.,
Cost = w10g + wrOp + w30p + wyOp (3.5)

The user can set the weights of the objectives according to their preferences, or they can
use the default equally weighted values, where wy = wy = w3 = wy = 0.25.
Combining multiple objectives into a single cost function has several benefits. A sin-
gle cost function is easier to work with and optimize than multiple separate objective
functions. It simplifies the decision-making process and reduces the complexity of the
problem. Combining objectives into a single cost function allows for trade-offs between
different objectives. In the cost function, the weight assigned to each objective reflects
its relative importance compared to the other objectives. By allowing the user to set
the weights of the four objectives in the optimization problem, the tool provides flexi-
bility in addressing different needs. Each objective represents a physical aspect of the
footwear design. Stress and heat dissipation are related to the structural and thermal
behavior of the footwear, respectively, and are important for ensuring the safety and
comfort of the user. The manufacturability objective considers the ease and efficiency
of the manufacturing process, which can have an impact on the cost and time required
to produce the footwear. The aesthetic objective is related to the visual appearance and
style of the footwear, which is an important factor in the consumer’s purchasing de-
cision. If a designer prioritizes manufacturability and aesthetics over stress and heat

dissipation, they can increase the weight of those objectives accordingly. On the other
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hand, if the designer is more concerned about the structural integrity and thermal per-
formance of the footwear, they can put more emphasis on stress and heat dissipation
objectives, respectively.

The framework is designed to optimize computational efficiency by allowing users
to exclude any objectives that are not deemed necessary by assigning a weight of zero. It
is recommended that the weights of the objectives add up to one, ensuring that the sum
of the remaining objectives still adds up to one even if one of the objectives is excluded.
All objectives are normalized during the creation of the objective function to avoid the
impact of varying units and scales for each objective, resulting in a unit-less function
that can be combined into a single cost function. For example, stress is measured in
megapascal (MPa) while temperature is measured in (°C), so normalization is necessary
to avoid the dominance of one objective over the others.

The main challenge in optimizing the designs is how to quantify the objectives,
where the target is to minimize the cost using Eq The following subsections pro-

vide a detailed description of each objective.

3.4.1 Plantar Stress Redistribution

Discomfort and health issues, especially for diabetic patients, can be caused by high
plantar stress. Therefore, a midsole should be designed to reduce these high pressures
and provide accommodative support. Since the user’s weight cannot be changed, most
studies focus on redistributing the plantar stresses to achieve uniform stress distribu-
tion throughout the foot. This means reducing the peak stress as much as possible and
bringing it closer to the average stress. Although direct measurement of peak normal
stress at the bottom surface of the foot is a common approach to achieve this objective,
this work chooses to minimize the maximum stress of the midsole for the following
reasons:

Firstly, the forces applied by the foot on the midsole and the forces exerted by the
midsole on the foot are a pair of action and reaction forces. When the stresses in the

midsole are evenly distributed, these forces are also uniformly distributed.
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Secondly, reducing the maximum stress on the midsole structure for the same ap-
plied loads indicates that the structure is more robust and can withstand higher loads
without failure.

Thirdly, it is worth mentioning that many foams and plastics exhibit hyperelastic be-
havior, whereby stress increases exponentially after the strain surpasses a certain thresh-
old. By reducing the maximum stress, the midsole can undergo greater deformation and

maintain full contact with the foot, thus avoiding stress concentration. Finite Element
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FIGURE 3.6: Applied conditions for mechanical analysis

Analysis (FEA) is performed in this work to numerically investigate the mechanical re-
sponse of the lattice shoe sole under compression load. To obtain information about
the maximum stress (S;.4x), MatLab is used to script the Ansys Parametric Design Lan-
guage (APDL) to run the Ansys Mechanical solver. The material property is considered
an isotopic property. It is noteworthy to highlight that these kinds of lattice structures
are mainly manufactured using 3D printing technology. Layer-by-layer deposition in
Fused Filament Fabrication (FFF) creates microstructures that are different from those
created by traditional manufacturing methods, and the mechanical properties of printed
parts are significantly affected by FFF process parameters such as build and raster ori-
entations, layer height, filament width, and infill patterns and densities 76].

However, these effects are not considered in FEA to keep the analysis simple. In FEA,
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it is common practice to assume a homogeneous material with isotropic properties, ex-
cluding the impacts of the FFF process parameters. Incorporating these effects into the
FEA would introduce additional complexities, requiring more intricate modeling and
extensive experimental data for accurate representation. By simplifying the analysis, it
is possible to capture the structure’s fundamental behavior without extensive parame-
ter calibration. In the simulation model, each strut of the lattice structure is represented
by a one-dimensional (1D) beam element. This idealization significantly reduces com-
putation time by providing a simpler simulation method. The loading and boundary
conditions are shown in Fig. The bottom surface, assumed to be in contact with
the ground, has a fixed boundary condition, while a downward load, simulating a foot
stepping on it, is applied to the top surface. Previous research [77] indicated that the
reaction force in jumping can reach about three times one’s weight (see Fig. [3.7).
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FIGURE 3.7: Reaction force in different scenarios for a healthy man of 84.6 kg[77]

Therefore, the load is 240 kg, evenly distributed across the entire top surface, consid-
ering the human weight of 80 kg. For a single midsole, the final load is considered to be
120 kg, assuming the load will be equally distributed across the entire top surface. Since
the maximum stress (Sy.x) could have a unit of megapascal, which is a large value of
10%, adding it directly to the cost function may significantly affect the optimization. To
avoid biasing the optimization towards the maximum stress objective, normalizing the
scale is needed among all objectives. So here, the tensile strength (T'S) of the material
is considered as a reference, and a safety factor of 0.5 is used to obtain a normalization

factor. The maximum stress is then divided by this normalization factor to obtain the
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normalized objective function, which is expressed as:

_ Smux
Os = 95Ts"

3.4.2 Heat Dissipation

According to Kinoshita and Bates , a foot wearing a shoe can become as hot as 50°C
during exercise, making it crucial for a shoe to dissipate heat effectively to prevent dis-

comfort.
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FIGURE 3.8: Applied conditions for thermal analysis.

To assess a shoe’s heat dissipation ability, thermal analysis is performed with the
boundary conditions depicted in Fig. The top surface’s initial temperature is set
to 50°C to simulate the foot’s temperature because research has shown that the tem-
peratures remain practically constant throughout different zones at standing time [49].
The bottom surface’s temperature remains fixed at 20°C, assuming it is in contact with
the ground. All other nodes’ initial temperatures are 20°C. Similar to the mechanical
analysis, the transient thermal analysis employs Ansys APDL, and each strut uses the

LINKS33 element, which is a uni-axial element with the ability to conduct heat between
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its nodes. The 1D transient heat conduction equation is defined as:

o ( dT oT
PP <kax> =P, (3.6)

Here, x represents the direction of heat transfer of each strut, T is time in sec, p is the
density of the material in kg/m?, K is the thermal conductivity in W/m°C, and c, is the
specific heat capacity in J/Kg°C. To simplify the analysis, only thermal conduction is
considered here since free convection heat transfer has a negligible effect. As the top
surface’s temperature decreases over time, the midsole structure removes heat from the
foot more efficiently, improving foot comfort. Therefore, the aim here is to minimize the
highest temperature (T;,4x) on the upper surface after a fixed time duration, which I set
to 10 seconds in this work. To balance the scaling effect among different objectives, the
temperature value is normalized by using the given highest temperature and the skin
temperature. (37°C) [49]. The objective function is defined as:

Tax — 37

On=—53"37"

3.4.3 Manufacturability

Additive manufacturing (AM) opens up new opportunities for the design and devel-
opment of cellular structures. AM has good control over the shape and size of struts,
the topology of the structure, and many other features. However, dimensional accuracy
and surface quality are some factors of the lattice structure that should be considered
while printing them. Ensuring manufacturability is crucial in achieving a successful
design, as any manufacturing defects (as shown in Fig. can impede the product’s
intended functionality. In the case of 3D printing the shoe midsole using fused fila-
ment fabrication (FFF), it is important to consider the limitations of this method [59, 60,
61]. Strut length and overhang angle are critical factors that affect print success, and a
manufacturing index is defined here to quantify the manufacturability of a lattice struc-
ture based on its geometry. Short struts can be printed at any angle due to bridging,

and struts with an overhang angle less than a certain angle can be printed regardless
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FIGURE 3.9: Manufacturing defects by FFF 3D printing.

of their length, as they are self-supporting. For longer struts, print quality depends on
both length and overhang angle, requiring consideration of both factors to determine
manufacturability. A score can be assigned to a lattice structure to provide a measure
of its manufacturability, taking all these factors into account. However, these geometric
factors are not universal, and they are also dependent on the printing material, printer,
and process parameters. Assuming that the same material, printer, and settings will be
used, a trial print can be conducted with struts of varying lengths and overhang angles
to update the thresholds for calculating the manufacturing index.

For instance, by employing an Ultimaker 3 with a print height of 0.1 mm, a print
speed of 12 mm/s, a print temperature of 225°C, and 100% infill, I established the strut
length threshold to be 5 mm and the overhang angle threshold to be 45°. Next, a manu-
facturing score (M) is assigned, between 0 and 1, to each strut (s) based on its length (L)

and overhang angle (6) using the following approach:

1, if L <5o0r6 < 45°
M(s) =

132 +%858), otherwise

The first scenario has a score of 1, indicating that the print is always successful. The
second scenario consists of two components. The first component is a measure of how
much longer the strut is than the length threshold, resulting in a lower value for longer

struts. The second component is a measure of how much larger the overhang angle
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is than the angle threshold, with a maximum angle of 90°. A lower value is assigned
to larger angles. Both components have a range of 0 to 1, and a factor of ; is multi-
plied to generate a score ranging from 0 to 1. The manufacturing index of a structure is
computed by taking the average score of all its struts and subtracting it from one, as a
higher score implies better performance. However, the manufacturing index does not
start at zero since even the worst strut has some good struts nearby. For example, in a
typical joint with six struts, two of them might have a score of 0 due to their length and
horizontal orientation, but the other four should still have high scores. To address the

scaling effect, the manufacturing index is normalized further by dividing it by 0.34:

o = g (1- fy T )

Midsole Print Orientation

As the Manufacturing Index (Oy) is mainly focused on strut length and orientation in-
formation, it is applicable to any midsole orientation. The print orientation will change
the layer orientation, which will affect the strength, stiffness, and other mechanical
properties of a 3D-printed part in a number of ways. For instance, a part printed with
the layers aligned perpendicular to the applied load will typically be weaker and less
rigid than one printed with the layers oriented in the direction of the applied load. In
normal cases, the midsole structures are inclined at such an angle that several midsoles
can be printed on a single print bed, and changing the orientation can also improve
the manufacturing quality. The proposed framework also keeps that in mind. The user
needs to give the orientation information before calculating the Manufacturing Index
(Om) and it will be calculated based on the orientation information. Fig. shows
a midsole inclined at different orientations and their correspondent Manufacturing In-
dex. In the case of Fig. [B.10b, tilting the midsole at a different angle increased the
Manufacturing Index. But further tilting can also decrease it from the previous case (see
Fig.[8.10c). However, finding out the optimal angle for the best manufacturing index in

tilted conditions is beyond the scope of this research.
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(a) (b)

FIGURE 3.10: (a) Midsole in normal direction, (b) Midsole rotated 45° (counter-clockwise)
with X-axis, (c) Midsole rotated 45° (counter-clockwise) with X-axis and 30° with Y-axis
respectively.

3.4.4 Aesthetics

Design aesthetics play a critical role in influencing consumer purchasing decisions.
However, quantifying and measuring them remains a challenging task, as different peo-
ple can have different preferences. In this regard, I conducted a survey to investigate
some visual design factors for tetrahedral midsoles. However, it is important to note
that the goal of this work is not to develop a comprehensive method for aesthetic mea-

surement. In the survey, 54 participants were asked to rank several midsole structures
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FIGURE 3.11: Different midsole structures considered in the survey and the ranking result.

on a scale of 1 to 5 based on their aesthetic preferences by providing the top, left, and
right side views of the midsoles. Participants rated how much they liked the midsoles

as a potential customer. The midsole they liked the most was ranked as 1, and the least
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favorite was ranked as 5. At the time of designing the survey, the important factors
were unclear. Therefore, five tetrahedral midsoles were selected based on the difference

in mesh size. The midsoles and their corresponding rank distribution are depicted in
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FIGURE 3.12: Isotropic view of different midsole structures considered in the survey.

Fig. and the isotropic views of the midsoles are given in Fig. Although the
survey results indicate that people have diverse preferences, one particular rank stands
out for each midsole. Specifically, midsole A is ranked first, followed by midsole C,
midsole D, midsole E, and finally midsole B. Upon further discussions with some of the
participants, I discovered that they commonly considered two factors: structure density
and uniformity. Participants tended to favor a coarse structure over a dense one, and
they found that midsoles with more uniformity were more visually appealing.

For better comparability, the structure statistics are presented here for the midsoles
in Table 3.2l according to their respective rankings. The number of joints is used in this
work to provide an indication of structure density, as a higher number of joints implies
a denser structure. Also, the percentage of strut lengths within one standard devia-

tion (std) from the mean is employed here to denote the uniformity of the structure.
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TABLE 3.2: Structure statistics of the midsoles in the survey, including the number of
joints (#Joint) and the mean, the standard deviation (Std), and the percentage within 1 std
from the mean (Std;) of the strut length.

Midsole | Rank | #]Joint Me::lmt ;‘tedngtgt d
1 648 12.11 | 450 | 72%
1190 9.23 | 2.69 | 64%
3153 6.14 | 214 | 67%
3593 580 | 2.10 | 68%
2369 6.27 | 321 | 61%

w| | | O] »>
Ul | W N

The standard deviation is the measure of the spread of a set of data from its mean. The
bigger the dispersion or variability, the higher the standard deviation and the greater
the magnitude of the value’s divergence from the mean [78]. A more uniform struc-
ture should have a higher percentage within the one std range (Std;) indicating more
struts near the mean. As shown in the table, the ranking is strongly correlated with the
number of joints, with the exception of midsole B. Despite having fewer joints (2369)
than midsoles D (3153) and E (3593), midsole B has the lowest uniformity (61%) and is
ranked last. Midsole A has the lowest number of joints (648) and the highest level of
uniformity (72%), making it the top-ranking midsole. To measure aesthetics for tetrahe-
dral midsole structures, the data of #Joint and Std; is used here, as they showed good
alignment with the survey ranking. To normalize the Std; part, I used the value of one
minus Std; and divided it by 0.32, as 68% data are under Std; for a normally distributed
data set. This will normalize the value to more or less than one compared to the Std;
of normally distributed data. To normalize the #Joint, the reference considered here is
the input mesh size (I), i.e., the foot scan. As the tetrahedral mesh must have a larger
size than the input surface mesh, the input mesh size is multiplied by 5 to obtain the

normalization factor. The objective function is defined as the average of the two values:

O =05 <#]0mt 1— Std1>

5/1] 0.32
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4 Results & Discussions

The proposed method was implemented using Matlab on a PC with an Intel Core i5 6500
3.2 GHz processor and 16 GB memory. A solid-to-void ratio of 0.3 was established for
the design domain, meaning that for denser structures, the struts were made thinner to
ensure that all designs contained the same quantity of material. The material considered
in this study is Ice9 Flex, produced by TCPoly (Atlanta, GA, USA), and its relevant ma-
terial properties are listed in Table However, this material utilized throughout the
project has been exhausted and is presently unavailable from local vendors. Regrettably,
at the time of writing this thesis report, I was unable to procure more. Despite having
to use alternative materials to construct the designs that were originally intended for
this material, the validation has not been compromised. These materials are thermo-
plastic polyurethane (TPU), produced by Ninjatek (Lititz, PA, USA), and polylactic acid
(PLA), produced by Filaments.ca (Mississauga, ON, Canada). Their properties are also
included in Table
TABLE 4.1: Material properties of Ice9 Flex, TPU, and PLA used in this work.

Property Ice9 | TPU | PLA
Density (kg/m?®) 1400 | 1100 | 1240
Therm conduct (W /m-K) 8 0.15 | 0.13
Specific heat (J/kg-K) | 1300 | 1210 | 1700
Elastic modulus (MPa) 95 12 | 2400
Tensile strength (MPa) 15 26 48
Shore hardness 88A | 85A | 70D

The optimization process involved randomly distributing 100 particles within the
search space, with each particle initialized with a random velocity. The cost function
for a given structure was computed in under a minute, and optimization converged

after 41 iterations, during which the global best remained unchanged for 15 iterations
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FIGURE 4.1: Convergence curve of the PSO optimization.

(see Fig. [1.1). The convergence curve shows several small drops, indicating effective
local search, and large drops, indicating the discovery of new optima. Fig. shows
the particles” trajectories over the iterations, revealing that each particle focused on a
specific region of the search space to maximize the chances of finding more optima. The
twisted parts of the trajectory correspond to local optimization, while the extended parts

indicate the particles” attempts to locate better local bests outside their current vicinity.

4.0.1 Validation of Generative Method

In this work, a generative approach is proposed to achieve a wide variety of designs and
thus increase the chances of finding the global optimal solution. To verify the efficacy
of this method, the best and worst designs are examined here for each objective among
all the generated outcomes (refer to Fig. . This validation aims to assess whether the
approach can truly generate diverse designs concerning the objectives.

To begin with, there is a significant difference between the maximum stress values
of the best and worst structures for the planter stress objective (Os). Specifically, the best
structure has a maximum stress of 3.08 MPa, whereas the worst one has a much higher
maximum stress of 7.46 MPa — more than twice as high as that of the optimal structure.
In terms of heat dissipation (Oy), the most effective structure reduces the temperature

at the top surface by 10.6°C, from 50°C to 39.4°C. In contrast, the least effective structure
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FIGURE 4.2: Trajectory of particles in the search space.

only lowers the temperature by 2.5°C, resulting in a top surface temperature of 47.5°C.
In other words, the optimal structure is four times more efficient at dissipating heat
than the worst-performing structure. Furthermore, the third column of Fig. [4.3|displays
a color map that represents the manufacturing scores of the struts, with blue indicating
good scores and red indicating poor scores. It should be noted that the manufacturing
index (Op) has an inverse relationship with the manufacturing score (M(s)). The best
structure has a manufacturing index of 0.25, while the worst structure has a significantly
higher index of 0.87 — a difference of 3.5 times between the two. Lastly, the aesthetics
objective function (O ) considers both the density and uniformity of a structure, with a
lower value indicating higher aesthetic appeal. The optimal structure according to this
function has a small number of joints (697) and a Std; value of 74.95%, resulting in an
O 4 score of 0.50. On the other hand, the least appealing structure has almost five times
as many joints (3,873), looks dense, has a Std; value of 63%, and contains some non-
uniform regions that are highlighted with zoom-in views. Its aesthetics index is 1.22,

which is around 2.5 times higher than that of the best structure.
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FIGURE 4.3: The best and the worst structures for each of the objectives separately.

To summarize, despite the optimization being targeted at the combined metric of
all objectives, the generated solutions demonstrate varying levels of performance from
the perspective of each individual objective. This confirms the success of the generative
method, which uses tetrahedral mesh generation and diversity-enhanced swarm intel-
ligence, in generating a range of diverse designs. Furthermore, the best structures for
each objective are vastly different, with the best structure for heat dissipation being a
densely packed one and the best aesthetics-focused structure being a more coarse one.
Therefore, a trade-off must be made via a multi-objective optimization process.

The structure that performs the best overall for the combined metric is illustrated in
Fig. It demonstrates superior performance for most objectives, with Og = 0.45 (the
best Os being 0.41), Ot = 0.28 (the best Ot being 0.17), Oy = 0.39 (the best Oy being
0.25), and O4 = 0.86 (the best O4 being 0.48). The differences between the maximum
stress (Spax) and maximum temperature (T,x) of this structure and the corresponding
best structures are only 10% and 3%, respectively. The aesthetics performance is the
most compromised objective in this structure, mostly because a denser mesh is required
to enhance other performances. Overall, this structure maintains a satisfactory balance

between all objectives, proving the effectiveness of the proposed optimization approach.
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FIGURE 4.4: The overall best structure of combined objectives.

4.0.2 Thermal Validation

I fabricated the best and worst structures of thermal performance (second column of
Fig. to validate the quantitative measurement of heat dissipation. These midsoles
were subjected to a thermal experiment. However, due to the unavailability of the Ice9
material, the midsoles were printed using the PLA material. The thermal conductivity
of PLA (0.13 w/mK) is much lower than that of Ice9 (8 w/mK). However, improve-
ments in a low-thermal-conductive material can lead to even greater improvements in
a higher-thermal-conductive material. The fabricated midsoles with the experimental
setup are shown in Fig. with midsole 1 being the best and midsole 2 being the
worst. Both midsoles were weighed to ensure that they had the same amount of mate-
rial. To prevent thermal convection from causing heat loss, the midsoles were wrapped
in insulators made of plastic wrap and aluminum foil. The bottom of the midsoles
was in contact with cool water at 10°C, while the volume on top of the midsoles was

filled with hot water at 50°C. The volume was approximately 750 ml, similar to the
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FIGURE 4.5: Midsole-1 (Best) and Midsole-2 (Worst) in terms thermal performance with
their experimental setup.

volume occupied by a foot. To prevent the water from leaking, a thin plastic film was
placed between the water and the midsole. The temperature was recorded at the heel
zone, metatarsal zone, and toe zone every minute for 30 minutes using three Amropi
aquarium thermometers to get a detailed temperature distribution in the midsole. Ad-
ditionally, a FLIR ONE Pro thermal camera was used, manufactured by Teledyne Flir

(Wilsonville, OR, USA), to capture temperature changes from the outside.
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FIGURE 4.6: Inside midsole water temperature with time at Toe, Metatarsal, Heel area.

The thermometer data is presented in curves in Fig. The plots reveal that the
water temperatures decrease over time, but the rate of temperature change is greater

in midsole 1 than midsole 2. After 30 minutes, the temperature differences between
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midsole 1 and midsole 2 in the toe, metatarsal, and heel zones are 0.7°C, 0.4°C, and
0.5°C, respectively. Although the differences are not significant due to the low thermal
conductivity of the PLA material, human skin is highly sensitive to temperature changes
and can detect differences as low as 0.03°C . Therefore, midsole 1 can dissipate more
heat from the top surface than midsole 2, with the same amount of material.

Fig. shows the thermal images. The images were taken at 0 min, 10 min, 20
min, and 30 min. The thermal images are consistent with the sensor data. Additionally,
three points were chosen at the water-midsole interface for comparison, and they re-
mained fixed throughout the experiment. At the start (0 min), the outside temperatures
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FIGURE 4.7: Thermal images of the temperature distribution outside the midsoles at differ-
ent time intervals.

were close to room temperature and increased as the hot water was added. Thereafter,
they decreased in sync with the water temperatures. For example, the leftmost point
in midsole 1 had a temperature of 29.3°C at 10 min, 28.1°C at 20 min, and 27.3°C at 30
min. Conversely, the same point in midsole 2 had higher temperatures of 31.2°C at 10
min, 31.0°C at 20 min, and 29.5°C at 30 min. It can be observed from the photographs
that for midsole 1, the outside temperature was consistently lower than for midsole 2.
As the method of isolation was the same, for the same period of time, midsole 1 con-
ducted more heat than midsole 2. Overall, the results of this experiment confirm that

the quantitative measurement of heat dissipation is accurate and effective.
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4.0.3 Comparison with Other Lattices

Other lattice shoe soles have been described in the literature [39,[3]. In order to compare
the tetrahedral lattice structure generated by the proposed method with other struc-
tures, compression tests were conducted to determine their mechanical responses. The
best performing structure in plantar stress redistribution (the best Og in Fig. was

chosen, and other lattices, including grid, body-centered cubic (BCC), diamond, and

Voronoi structures, were chosen and are shown in Fig. [£.8| with the experimental setup.

Tetrahedral

BCC Difamond

FIGURE 4.8: Different midsoles such as Tetrahedral, Voronoi, Grid, BCC and Diamond
printed in TPU 85a(Black) and PLA(Orange) for the compression test.

The grid and BCC structures are relatively simple and regular, serving as a baseline

for comparison. Diamond is known to be strong and has a tetrahedral-like structure,
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with each joint having four neighboring joints. It can be viewed as a specific case of my
results, as it is a uniform tetrahedral lattice. The Voronoi lattice is random and highly
structurally complex, similar to the tetrahedral lattice. In fact, a Delaunay tetrahedral-
ization is the dual of a Voronoi diagram. However, the connectivity and properties of
the Voronoi structure are completely different due to its basic element being a polyhe-
dron.

To ensure a fair comparison, all midsoles were designed with the same weight and
strut diameter but differed in connectivity and number of struts. They were tested with
both PLA and TPU to assess their performance in rigid and soft materials, respectively.
The elasticity moduli of PLA and TPU are 2400 MPa and 12 MPa, respectively. Addi-
tionally, PLA has a more linear material property, while TPU is more non-linear. Only
the heel portion of the foot was taken into account because it first absorbs the majority
of the load. Since the testing was limited to the heel zone, only half of the midsoles were
printed, and their weights were carefully measured to ensure equal amounts of mate-
rial were used. A press-head was designed based on the surface of the heel zone and
fabricated in PLA, which is strong enough to impart a compression force on the mid-
soles. The midsole samples were placed on a compression plate, and the press head was
used to apply a uniaxial compression load. The Mark-10 ESM750SLC universal testing

machine was used for the experiment, with a strain rate of 10 mm/min.
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FIGURE 4.9: Load-displacement curves for the TPU 85A and Load-displacement curves for
the PLA.
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The load-displacement curves were used to plot the testing results, which are vis-
ible in Fig. In the case of TPU, the curves show little difference initially due to
the softness of the material, but they diverge into two groups when the deformation is
large. The first group, consisting of the grid, BCC, and diamond structures, exhibits a
rapid increase in load at a smaller displacement than the second group, which includes
the tetrahedral and Voronoi structures. This increase is due to the densification of the
lattices, and the tetrahedral and Voronoi structures allow more deformation before den-
sification, resulting in better contact with the foot and less stress concentration.

Looking at the load-displacement curves for PLA, the structures” differences are
more apparent, with stiffness in the following order: grid, Voronoi, diamond, BCC,
and tetrahedral structures. The load measured by the load cell above the press head can
be viewed as the reaction force applied to the foot by the midsole. When this force is
higher at the same displacement, it results in higher foot plantar pressure. The tetrahe-
dral lattice structure exhibits greater compliance with the foot and better redistribution

of plantar stress, making it an excellent choice for use in shoe midsoles.
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5 Conclusion

A new approach for designing custom shoe midsoles using tetrahedral mesh generation
and diversity-enhanced swarm intelligence is presented in this work. The method si-
multaneously optimizes four independent objectives: plantar stress redistribution, heat
dissipation, manufacturability, and aesthetics, using a swarm optimization algorithm to
vary the tetrahedral parameters and obtain diverse lattice structures. The diversity of
these structures is validated, and the method is shown to not only achieve better results
for a specific objective but also strike a balance between them to achieve an overall opti-
mal structure. Experimental tests demonstrate that the tetrahedral structure generated
by the proposed method outperforms other lattice structures.

Although the present method has shown promise, there are some limitations that
need to be addressed. Firstly, the input mesh of the design domain remains fixed during
optimization. While the tetrahedral mesh generation can make some changes to the sur-
face mesh, they are not significant. To overcome this, future work involves adaptively
refining the mesh based on high and low stress areas, with the aim of further reducing
stress. Secondly, the stress analysis only applied a uniform load to the top surface of the
midsole, which may not accurately represent real-world usage. Future work will apply
plantar pressure distribution-driven approaches [3] to improve effectiveness. Thirdly,
the stress analysis only considered linear material properties, whereas flexible materials
exhibit non-linear behavior. To address this, a surrogate model will be developed to cap-
ture non-linear properties without compromising computational speed. Fourthly, the

Finite Element Analysis (FEA) only considered the isotropic material property, which
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is not the real case for structures printed using the FFF technique. Experimental meth-
ods [80] or computational models such as Classical Laminate Theory (CLT)-based ap-
proaches [81] or numerical homogenization techniques [76]], can be utilized to predict
the effect of printing process parameters on the elastic response of 3D printed parts with
cellular lattice structures. Lastly, while this work developed quantitative measurements
for four objectives, there are many other objectives for shoe midsoles, such as vibration

and energy transfer. Future work will expand to include these objectives.
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