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“Poetry is sane because it floats easily in an infinite
sea, reason seeks to cross the infinite sea, and so make
it finite. The result is mental exhaustion [...] The
poet only desires exaltation and expansion, a world
to stretch himself in. The poet only asks to get his
head into the heavens. It is the logician who seeks to
get the heavens into his head. And it is his head that
splits.”

G. K. Chesterton
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ABSTRACT

Cellular Structures (CS) have been gaining traction both in industry and literature because
of their novel approach to part design, where the focus shifts from base material proper-
ties and turns towards unit cell geometry. Within this broader CS spectrum stand Lattice
Structures (LS): non-stochastic components made of repeatable unit-cells placed on a grid
designed using common CS principles to achieve optimal structural properties (especially
a high strength-to-weight ratio). In that context, this dissertation provides an experimental
investigation of the mechanical behavior, as well as a FEM modeling approach of ER70S-6
Wire Laser Additive Manufacturing (WLAM) manufactured Lattice Structures (LS) under
compression, using six different unit cell patterns: Circle, Diamond, Hexagon, Square, Tri-
angle and Wavy. To achieve the study’s goal, an initial calibration tensile test using was
performed, where optimal Kleinnerman-Ponthot parameters were calculated for the material
and a multilinear elastoplastic curve was obtained. Three specimens were then fabricated
for each pattern using the WLAM process, and each was submitted to a compression test
up to 25mm, while the mean force—displacement results per pattern were computed. The
material properties obtained from the tensile test were then added to a 3D Nonlinear Static,
elastoplastic simulation where each LS was submitted to a compression test up to 17mm dis-
placement, while retrieving the force—displacement from a control point. A total and specific
energy absorption evaluation was made by integrating the force—displacement curves, mak-
ing it possible to perform a comparative performance analysis of the specimens, as well as
of the Simulation—Experiment (S—-E) matching. Finally, a qualitative comparison of the S-E
deformation modes and mechanisms was also possible by comparing the in-test deformed
shapes with the simulated ones. A good agreement between S—E was achieved for the Cir-
cle, Diamond, Hexagon and Wavy patterns, with the force—displacement curves showing
similar trends, energy values staying below 8% error and deformation mechanisms being
accurately represented, especially at the local level. For the Square and Triangle lattices, the
S—E discrepancy was greater, but the overall trends were still captured, with the differences
possibly attributable to model idealizations and the non-capturing of the global buckling
tendency of the specimens by the simulation. Consistency was found in the performance
ranking for both simulations and experiments within the truncated domain (13.25 mm). For
the simulated data, the Square topology led the group, outperforming the baseline pattern
(Circle) by 57.3% in Specific Energy Absorption (SEA), followed by the Triangle with an
18.3% increase. While the Hexagon showed a modest gain of 9.0%, the Diamond and Wavy
topologies underperformed the baseline by 2.9% and 11.8%, respectively.

Keywords: Cellular Structures, Wire Laser Additive Manufacturing (WLAM), Finite
Element Method (FEM), Force—Displacement Curve, Energy Absorption, Volume Fraction.



RESUMO

Titulo em portugués: Investigacido experimental e modelagem MEF do comportamento
mecanico de estruturas celulares produzidas por WLAM

As Estruturas Celulares (EC) vém ganhando destaque tanto na industria quanto na lit-
eratura devido a sua abordagem inovadora de projeto, em que o foco deixa de ser apenas
as propriedades do material base e passa a se concentrar na geometria das células unitérias.
Dentro desse amplo espectro das CS encontram-se as Lattice Structures (LS): componentes
ndo estocdsticos formados por células unitarias repetidas em uma malha, concebidos de
acordo com principios comuns das EC para alcancar propriedades estruturais otimizadas (es-
pecialmente uma alta relacdo resisténcia-peso). Nesse contexto, esta dissertacao apresenta
uma investigacao experimental do comportamento mecanico, bem como uma modelagem via
FEM, de LS fabricadas por Wire Laser Additive Manufacturing (WLAM) em aco ER70S-6
sob compressao, utilizando seis diferentes padroes de células unitdrias: Circle, Diamond,
Hexagon, Square, Triangle e Wavy. Para atingir o objetivo do estudo,um ensaio de tragdo de
calibracdo foi realizado usando um corpo de prova de ER70S-6, a partir do qual foram cal-
culados parametros 6timos de Kleinnerman-Ponthot e obtida uma curva elastopldstica mul-
tilinear. Em seguida, trés amostras de cada padrao foram fabricadas pelo processo WLAM
e submetidas a ensaios de compressdo até 25 mm, sendo entdo calculadas as curvas mé-
dias forcadeslocamento de cada geometria. As propriedades de material obtidas no ensaio
de tracdo foram incorporadas a uma simulacdo 3D Nao Linear Estdtica, elastopléstica, na
qual cada LS foi submetida a um carregamento de compressao até 17 mm de deslocamento,
registrando-se a curva for¢ca—deslocamento por um ponto de controle. Uma avaliagdo da en-
ergia total e especifica absorvida foi realizada por meio da integracdo das curvas forcadeslo-
camento, permitindo uma andlise comparativa do desempenho dos espécimes, bem como da
concordancia entre Simulacdo e Experimento (S—E). Por fim, também foi possivel uma com-
paracdo qualitativa dos modos e mecanismos de deformagao S—E, confrontando as formas
deformadas observadas nos ensaios com aquelas previstas numericamente. Obteve-se uma
boa correspondéncia S—E para os padrdes Circle, Diamond, Hexagon e Wavy, cujas curvas
for¢adeslocamento apresentaram tendéncias similares, valores de energia com erro inferior a
8% e mecanismos de deformacao representados com precisao, sobretudo em nivel local. Para
as geometrias Square e Triangle, a discrepancia S—E foi maior, embora as tendéncias gerais
ainda tenham sido capturadas — diferencas possivelmente atribuidas a idealizacdes do mod-
elo e a incapacidade da simulacdo de reproduzir adequadamente a tendéncia de flambagem
global observada nos ensaios. Observou-se consisténcia na classificacdo de desempenho,
tanto nas simulagdes quanto nos experimentos, considerando-se o dominio truncado (13,25
mm). Tratando dos dados simulados, o padrao Square liderou o grupo, superando o padrao
de referéncia (Circle) em 57,3% na Absor¢do Especifica de Energia (SEA), seguido pelo
Triangle com um aumento de 18,3%. Enquanto o Hexagon apresentou um ganho modesto
de 9,0%, os padroes Diamond e Wavy ficaram abaixo da referéncia em 2,9% e 11,8%, re-

spetivamente.



Palavras-chave: Estruturas Celulares, Wire Laser Additive Manufacturing (WLAM),
Método dos Elementos Finitos (FEM), Curva For¢ca—Deslocamento, Absor¢cdo de Energia,

Fracao Volumétrica.
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Chapter 1

INTRODUCTION

1.1 Motivation & Background

Conventionally, mechanical design of components has been heavily reliant upon the me-
chanical properties of the baseline material from which they are made, with some degree of
topology optimization to achieve improved overall performance. Recently, however, a new
class of materials has gained traction — those whose mechanical response depends primarily
on topological characteristics rather than the microstructure of the base material (Reda ef all,
DOIR).

The advantage of not relying solely on the base material comes from the ability to adjust
geometry to achieve properties that are naturally unattainable through traditional means —
which is why these structures are called “meta” materials. The word “meta” comes from the
Greek word and means “beyond” or “after” (as in Aristotle’s meta—physics), and metamate-
rials are materials whose properties can go beyond natural materials. Common examples are
achieving a negative Poisson’s ratio (commonly known as auxetic metamaterials) or negative
thermal expansion (contraction upon heating), characteristics impossible to find in conven-

tional materials.

The key concept behind metamaterial design is to think in terms of the building blocks
that define engineering structures. In most components, material properties are governed by
atomic-scale interactions within a crystalline lattice, whereas in metamaterials, the essential
“building block™ is a repetitive unit cell with a specific topology. These cells are arranged
in a grid-like pattern to form the final structure. Such configurations are referred to as cel-
lular structures, defined by Bedoya et al] (Z025) as “periodic or aperiodic arrangements of
interconnected elements — such as struts, walls, or surfaces — designed to achieve tailored

mechanical or functional properties.”

The first disruptive work to demonstrate a cellular structure with unconventional me-
chanical behavior was that of Lakes (I987), who presented a foam with auxetic properties —

expanding laterally when stretched and contracting when compressed. The early exploration



of foam-based cellular materials marked the beginning of the metamaterial era, highlighting
their lightweight nature and energy-absorbing capability (Figure [1l). As noted by Gibson
(2003), foams are especially valuable in applications such as impact protection — for in-
stance, in helmets or automotive bumpers — due to their ability to maintain nearly constant
stress under compression. Gibson (2003) also observed that similar cellular architectures
are abundant in nature, including wood, bone, and sponge, reinforcing the idea that such
geometries offer efficient structural solutions across different scales. Figure 2 presents an
example CS found in the Euplectella aspergillum sponge (Sharma and Hiremath, D0273).

Figure 1.1: Auxetic foam sample presented by Lakes (1T987), marking the first experimental
observation of a cellular structure exhibiting negative Poissons ratio behavior.

Branching from the initial foam structures — which are particularly useful for energy
absorption, filtration, and even heat exchange — two other types of cellular architectures
have become highly relevant in structural design: honeycombs and lattices. Although many
authors refer to all of them collectively as cellular structures, given their shared principle
of achieving mechanical performance through geometry rather than material composition,
important distinctions exist. In contrast to the stochastic nature of foams, honeycombs and
lattices exhibit highly regular and periodic patterns, allowing for greater predictability and

tunability of mechanical behavior (Pan_ef all, 2020).
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Figure 1.2: Structural hierarchy of the glass sponge Euplectella aspergillum, illustrating its
naturally occurring lattice-like organization from the macroscale body (a) to the microscale
strut network (b—d). Adapted from Sharma and Hiremath (20723).

Building on this distinction, Bhafe (2019) emphasized the usefulness of differentiating
between lattice patterns and the honeycomb architecture. The honeycomb can be viewed as
a two-dimensional structure — typically formed by extruding a regular pattern into a pris-
matic shape — and can often be manufactured using conventional methods. The emergence
of Additive Manufacturing (AM), however, expanded design possibilities far beyond those
achievable by traditional techniques. This advancement made it feasible to realize complex
three-dimensional lattice geometries composed of interconnected struts or rods, similar to
truss systems. These lattices combine low weight with high stiffness and strength, offering
an exceptionally favorable strength-to-weight ratio (Panef all, D(020).

Taoand Len (2016) proposed a general classification of cellular materials into stochastic
(open- and closed-cell foams) and non-stochastic structures. Within the non-stochastic cate-



gory, they introduced the terms “2D lattice” — corresponding to what Bhafe (2019) referred
to as “honeycomb” — and “3D lattice,” which aligns with Bhate’s definition of “lattice.” The
terminology established by Taoand en (2016) will be adopted throughout this dissertation.
For strictly structural applications — where stiffness, stability, and load-bearing capacity are
critical — non-stochastic designs are favored due to their consistent and reproducible mechan-
ical response under loading. As a result, lattice structures have been widely implemented in
biomedical, aerospace, and automotive applications, where achieving high mechanical per-

formance with minimal weight is of primary importance.

Practical examples of these applications illustrate the diversity of lattice metamaterials.
(P0TR) demonstrated the use of triply periodic minimal surface (TPMS) lattices
for shock-absorbing panels in orbital stations, reporting a 23% increase in tensile strength
compared to conventional honeycomb cores. In biomedical engineering, (POTR)
employed Ti-6Al-4V lattice implants, including ankle and vertebral fusion devices, fabri-
cated via additive manufacturing (Figure [3). The patients in these case studies achieved
successful recoveries, although the authors noted that further optimization is needed to bal-
ance strength and ductility. These examples underscore how geometry, rather than base

material, governs mechanical performance in architected materials.

(a) (b)

20 mm

Figure 1.3: Additively manufactured Ti6Al4V lattice implant used for bone reconstruction,
showing (a) the CAD model, (b) the printed component, and (c) its in vivo radiographic
placement. Adapted from (POT8).

The evolution of lattice design is inseparable from the progress of additive manufac-
turing. Technologies such as Powder Bed Fusion (PBF) and Directed Energy Deposition
(DED) have revolutionized the production of complex metallic geometries, allowing en-
gineers to fabricate designs that were previously unachievable through conventional means.
Their layer-by-layer approach eliminates geometric constraints, enabling precise control over
internal architecture and material distribution. As highlighted by Ghidini"efall (20723), the
space industry has been an early adopter of AM, driven primarily by the pursuit of mass
reduction and improved stiffness-to-mass ratios, which also lead to significant cost and time

savings. Moreover, lattice-based metamaterials produced via AM have shown enhanced im-



pact resistance and thermal management capabilities, confirming that their unique properties
arise from structural geometry rather than material composition itself, as “they gain their
functional properties from their structure rather than inheriting them directly from the mate-

rial they are composed of.” (Ghidinief all, 20273

In summary, in several notable engineering applications, the focus of mechanical de-
sign has been gradually shifting from optimizing intrinsic material properties to engineering
the internal geometry of components. This transition reflects a move from an atomistic to
a cellular design approach, where structural behavior is governed by topology rather than
composition. At the core of such cellular architectures are metallic lattice structures, which
enable mechanical characteristics otherwise unattainable in conventional materials — such as
auxetic behavior — while also achieving significant reductions in material usage and weight.
These advantages are most effectively realized through additive manufacturing (AM) tech-
nologies, particularly Laser Directed Energy Deposition (L-DED) and more specifically it’s
wire feedstock branch, Wire Laser Additive Manufacturing (WLAM), which allow the fab-
rication of highly complex lattice geometries with precise control over structure and density.

In the context of these advancements, the ability to predict and optimize the mechanical
performance of lattice components has become increasingly important. Accurately estimat-
ing their stiffness and deformation response under applied loading remains challenging due
to the complex interaction between geometry and material behavior. In this regard, the Fi-
nite Element Method (FEM) serves as a robust and versatile tool for analyzing and guiding
the design of such architected materials, providing a framework for performance prediction,

optimization, and further development of the field.



1.2 Problem Statement

In spite of the potential Wire Laser Additive Manufacturing (WLAM) presents in terms
of industrial applications for fabricating metallic lattice structures, little to no research has
been performed on the bottlenecks of the specific process. While there has been a wide focus
in the similar Wire and Arc Additive Manufacturing (WAAM) process — a Directed Energy
Deposition (DED) method that uses wire as feedstock material and an electric arc as the
power source — Gomez-Iendinez ef all (2025) identifies a research gap in the direction of
investigating the material properties of components produced by WLAM, especially when it

comes to low-carbon steels.

If that is the case for material properties more generally, a similar pattern is observed
when narrowing down to the specific topic of Lattice Structures (LS). While many studies
were found where the authors studied the mechanical response of lattice structures, including
FEM modeling (Sun"ef all, P027; Zhang et all, P027; Leary et all, 2018), they are solely fo-
cused on parts fabricated using the Powder Bed Fusion (PBF) process (even if using different
power sources), which is fundamentally different from DED. DED made parts suffer a higher
thermic load because of the amount of power used in the process, which can be significantly
higher than the one used in the PBF process (DebRoy et all, P0TR). This is related to the
higher energy requirement for creating the melt pool for DED applications, non-existent in
the PBF process.

Given the lack of experimentally validated numerical studies of mechanical components
within this context, it is the goal of this dissertation to create a framework for accurately pre-
dicting the force-displacement response of metallic Lattice Structures (LS) under compres-
sion, manufactured via the L-DED process and the WLAM method. This will be achieved
by modeling the problem using the Finite Element Method (FEM): first by calibrating the
model with experimental data from a simple tensile test, then by simulating the elastoplastic
response of the actual LS under compression and comparing against test data. The following
section covers the objectives of the study.



1.3 Objectives

Building on the problems outlined in the previous sections, this section presents the gen-
eral and specific objectives of the dissertation. They are designed to help overcome some of
the challenges currently associated with the current state of the art research on predicting the
mechanical behavior of WLAM manufactured components by using the FEM.

1.3.1 General Objective

The general objective of this dissertation is to develop and validate a FEM model that
accurately predicts the mechanical response of Lattice Structures (LS) manufactured by
WLAM bridging the gap between numerical prediction models and experimental data in
the field. Additionally, this study aims to understand the force—displacement behavior of LS
under compression, and to evaluate how their geometric shape is affected by compressive

loading.

The specific objectives are outlined next.

1.3.2 Specific Objectives

The specific objectives of this dissertation are as follows: to characterize the mechanical
behavior of the base material; then, generate a multilinear elastoplastic stress—strain curve
through a curve-fitting algorithm and apply it in Abaqus to simulate the same tensile test
using the finite element method (FEM); to calibrate the material model by comparing nu-
merical and experimental force—displacement results. With the calibrated curve, numerical
simulations are performed for various lattice structure (LS) configurations featuring distinct
geometric patterns, namely Circle, Diamond, Hexagon, Square, Triangle, and Wavy. The
simulated force—displacement responses are then compared with the corresponding exper-
imental results from the compression tests. Additionally, the energy absorption (EA) and
specific energy absorption (SEA) values are computed for both experimental and simulated
cases and analyzed comparatively across all LS geometries. The deformation shapes ob-
served in the simulations are also compared to the experimentally compressed specimens to
assess geometric accuracy. Finally, the predictive performance of the FEM model is evalu-

ated, its limitations identified, and recommendations proposed for further refinement.

1.4 Outline of the Dissertation

Chapter 1 - Introduction: Presents the motivation and background of the study, defines

the research problem, and outlines the general and specific objectives. It also establishes



the scientific context for studying WLAM-manufactured lattice structures and the need for

validated numerical models.

Chapter 2 — Literature Overview: Reviews the state of the art on lattice metamaterials,
their mechanical behavior under compression, additive manufacturing of metallic lattices via
Directed Energy Deposition (with emphasis on WLAM), and the main modeling strategies

used in FEM analyses of lattice structures.

Chapter 3 — Methodology: Describes the overall methodological framework, including
the calibration of the material model from tensile tests, the numerical setup for the FEM
simulations, and the procedures for validating the model using experimental compression

data for the six lattice geometries.

Chapter 4 — Results and Discussion: Presents and interprets the experimental and numer-
ical results, compares force—displacement curves, energy absorption metrics, and deforma-
tion modes, and discusses the agreements and discrepancies observed between simulations

and experiments.

Chapter 5 — Conclusion: Summarizes the main findings, discusses the limitations of the

study an provides suggestions for future research developments.



Chapter 2

LITERATURE OVERVIEW

Following the problem and objectives covered in the previous section, the goal of this
chapter is to present the state of the art concerning the research topics by reviewing the most
recent and relevant literature. The review is divided into three main subsections, namely:
Lattice metamaterials, focusing on their classification and properties and mechanical re-
sponse under compression; Additive Manufacturing of steel lattices via DED, providing a
detailed description of the DED process and its characteristics with emphasis on WLAM
and the process effects on mechanical properties; Review of FEM simulations of lattices,
focusing on how numerical results match against experimental data and common methods
for problem modeling. The examination of these topics is essential to the research at hand,
as it establishes a strong scientific foundation to develop the FEA framework for simulating
LS.

2.1 Lattice Metamaterials

Lattice structures (LS) are the foundation of this dissertation work and, as covered in
Section [T, they represent a special kind of metamaterial composed of a non-stochastic
structure made of a repeatable pattern. There are many possible configurations for LS, and
their mechanical response under compression varies depending on the specific geometry.
The goal of this section is to summarize the different arrangement possibilities and examine

how the mechanical response changes depending on the design approach.

2.1.1 Classification and Properties

As mentioned extensively in the previous sections, LS are a special kind of cellular struc-
ture that consists of a repeatable pattern put together in a lattice-like fashion. As highlighted
by Naziref all (2019), the key benefit of such structures is their high strength-to-weight ratio,

as well as their good energy absorption — while at the same time minimizing the amount of



utilized material. These structures are already tailored by nature and show how a cellular
approach can be advantageous over an atomistic one. Bones, for instance, can have strength
comparable to cast iron while at the same time being as light as a block of wood of similar

volume.

Although some authors identify LS with a stochastic — or pseudo-stochastic nature — (Pan
efall, 2020), for the purpose of the present dissertation LS will refer only to non-stochastic
cellular structures. Original studies in cellular structures — e.g. [Laked (T987) foundational
study — focused on foams, which are characterized by their stochastic composition. How-
ever, there has been a paradigm shift and turn towards organized patterns ever since Additive
Manufacturing (AM) was inserted in the industrial environment. AM allows for more control
over cell size, thickness and part connectivity, as well as the possibility of reliably reproduc-
ing complex shapes and placing them on a repeatable structure (Bhate, POT9).

LS can be further divided in terms of the unit-cell geometry, which can be either tri-
dimensional — where the cells are repeated in a 3D grid — or two-dimensional — where the
cells are repeated in a 2D grid, then extruded in the thickness direction. Some authors — e.g.
Bhate (2019) — have called the 3D kind simply “Lattices” and the 2D kind “Honeycombs”,
but this terminology can be confusing since “Honeycomb” can also refer to a specific geo-
metric configuration (hexagon pattern). Tao_and Teu (ZOTH) prefer to distinguish between
the two kinds by calling them 3D and 2D Lattices, respectively (Figure 2TI).

Cellular
solids
[ I |
Stochastic structure NO_n-StOChastic
(foam) (lattice structure)
| | | | | |
Open-cell Closed-cell 2D lattice 3D lattice

foam foam structure structure

i

e

%ﬂ

S W
Figure 2.1: Classification of cellular solids according to structural order, showing the distinc-

tion between stochastic foams (open- and closed-cell) and non-stochastic lattice structures
(2D and 3D). Adapted from Tao and Leu (ZOT6).

3D Lattices have undoubtedly been the most thoroughly studied, perhaps because of the
flexibility in changing their mechanical behavior. They can also be used in a wider range
of applications in comparison to both foams and 2D Lattices (Pan_ef-all, 2020). 3D Lattices

are typically composed of interconnected surfaces or links — also called “struts” — which can
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be repeated in all spatial directions. The design of unit cell geometry is usually the focus
of designing such Lattices and there is a broad range of options, with the most common
being Body-Centered Cubic (BCC) and Face-Centered Cubic (FCC) — or variations of these
—named after the analogous crystalline structures (Maconachie ef all, 2019). Other common

unit-cell configurations are Cubic, Octet-truss and Diamond (Figure 7).

Figure 2.2: Common strut-based lattice unit cells, including (A) BCC, (B) BCCZ, (C) FCC,
(D) FCCZ, (E) Cubic, (F) Octet-truss, and (G) Diamond configurations. Adapted from Ma-
conachie ef all (2019). (2019).

These truss-like 3D Lattices dominate the literature because of their ease of parametriza-
tion, since researchers can simply change parameters like cell size and strut diameter to
perform optimization studies. Maskery et al] (2Z016), for instance, developed a 6x6x6 array
of BCC cells with 3mm edge length, then compared two possible configurations: one where
density was uniform across the grid, and one where it varied vertically (by increasing the strut
diameter in the downwards direction), and showed that a preferential load path appeared in
the diagonal direction — a shear band — for the uniform density LS. The shear band behav-
ior was not present at the graded density configuration, where the structure collapsed layer
by layer. Similarly, Al-Saedi ef all (201X) investigated how density impacts the mechanical
response of a 3D Lattice made of F2BCC cells — which consist of a combination of 2 FCC
cells and a BCC one in a single unit — and achieved comparable results, also identifying that
the shear bending disappeared.

Another increasingly popular branch of 3D Lattices is what is referred to as Triply Pe-
riodic Minimal Surfaces (TPMS), which consists of non-conventional geometric surfaces —
e.g. Gyroid, Schwartz Diamond, Neovious, D-prime (Figure 3) — generated by equations
that try to minimize the area (Sychov et all, PZ01R). Sychov et al] (Z0T8) compare their tensile
strength with the same parameter for 2D Lattices and conclude that “for cellular elements
with p; = 0.38 g/cm® comparable to the density of the primary D-surface, the value of the
specific tensile strength is 23% less than the value of the same parameter of TPMS”. Wang
ef all (2020) studied a different kind of LS, “Lattice Cylindrical Shell”, by comparing con-
ventional topological approaches — such as Honeycomb and Triangular shaped cells — with a
Gyroid pattern, and found that the latter presented “considerably superior load capacity and
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energy absorption under compression.” (Figure on multiple kinds of TPMS)

Figure 2.3: Additively manufactured samples of triply periodic minimal surface (TPMS)
lattices: (a) Gyroid, (b) Schwartz Diamond, (c) Neovius surface, and (d) D-prime surface.

Adapted from (POTR).

Beyond theoretical appeal, 3D Lattices have also gained popularity because of the ease of
manufacturing by employing PBF processes. PBF can achieve a high part accuracy and does
not require support material — since the support function is performed by the powder bed.
Engineering design can then flourish since there are few limitations when it comes to part
geometry, which allows for the manufacturing of LS such as TPMS and highly customized
3D Lattices (by, for instance, varying strut thickness accurately to achieve a graded density
structure). Chen"ef all (Z021)) stated it clearly: “PBF technologies have great advantages in
fabricating lattice structures with significantly complex geometries”.

However, even if 3D Lattices dominate current research, 2D Lattices are foundational to
the study of LS and represent an equally significant branch of cellular structure architecture.
They are both easier to manufacture using conventional methods and found in nature, they
have been explored for centuries and more widely so from the beginning of the 20th Century
(O1 etall, P02T) — and gained popularity in the last two decades because of the advancements
in measurement techniques, which facilitated the study of their mechanical properties.

2D Lattices are designed by distributing the repeatable pattern across a bi-dimensional
grid instead of a tri-dimensional one, then extruding the obtained structure across a specific
thickness. This is the reason why they are also commonly called “Honeycombs™ (Or1 et all,
P0771), i.e., they resemble the way a natural beehive is built (Figure IZ4). (20271) also
highlight that these structures present many of the advantages of 3D Lattices: “Owing to
their excellent performances in such properties as fracture toughness, impact resistance, heat
dissipation, vibration and noise reduction [...] honeycomb materials have been well devel-
oped and extensively used in a broad range of applications covering architecture, automotive,
railway vehicle, marine, aerospace, satellites, packaging, electronic communications, elec-

trochemistry, nanofabrication, and medical implants.”
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(a) (b)

Figure 2.4: Basic concept of a 2D LS with hexagonal configuration (a) and its natural coun-
terpart observed in a beehive (b). Adapted from (20271).

Therefore, the appeal of 2D Lattices lies in their simplicity, predictability and manu-
facturability while maintaining the advantages in terms of mechanical properties that LS
provide. As previously stated, 3D Lattices often require high accuracy, support-free methods
to manufacture due to their highly intricate nature, whereas 2D Lattices can be more easily

reproduced since they consist of patterns in a plane.

At the same time, 2D Lattices also benefit from the advantages of AM, which has sparked
a new interest in their research in recent years. As an example, (P021) mentions a
more intricate kind of 2D Lattices (also inspired by natural systems), where a repeatable
pattern is added to individual unit cells — making them “hierarchical” of either a self-similar
(smaller patterns have the same shape as the larger ones) or non-self-similar (smaller patterns
have a different shape from the larger ones). They provide an improvement in mechanical
properties in comparison to conventional 2D Lattice configurations and were also inspired
by hierarchical structures in nature. Furthermore, non-conventional configurations can also
be explored with the aid of AM.

The most common way of categorizing 2D Lattices, however, is by the design princi-
ple behind their unit cells. Yin“ef all (2023) provide comprehensive summaries of possible
unit cell kinds commonly used in 2D lattices, by dividing them into three main categories:
general, auxetic and hierarchical. The general kind comprises non-auxetic, non-hierarchical
cells, and they are the most common kind. Mohammadiefall (2023) note that the original
inspiration for 2D lattices were honeycombs (Hexagon pattern), but researchers have built

on top of them to come up with different patterns, most commonly Square, Circle and Trian-
gle, which (2021) call “classical”, since they “have been comprehensively studied
because of their ultra-light and high stiffness/strength characteristics” (Figure 25).
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(a) Hexagonal (b) Square (¢) Circular (d) Triangular

Figure 2.5: Classical 2D lattice patterns used in non-auxetic, non-hierarchical designs:
(a) Hexagonal (honeycomb), (b) Square, (c) Circular, and (d) Triangular unit-cell arrays.
Adapted from (207T)

Slight variations of the four “canonical” patterns can also be obtained — e.g. by rotating
the Square in 45° gives a rhombic pattern — and lowering the top and bottom angles forms
a diamond-shaped unit-cell. (2021)) also provide an interesting way of obtain-
ing different patterns, by parametrizing an angle ¢ on a Square unit cell. The topology is
certainly one of the key factors that impact mechanical behavior, but parametrization can be
performed within the same structure by varying cell side length (1) and strut thickness (t), as
Figure 6 illustrates.

() (b) (c)

g

Figure 2.6: Honeycomb structures with variable strut thickness (¢) and inclination angle (¢),
showing (a) ¢; =52°, (b) @2 =63°, and (c) @3 =90°. Adapted from Zeng et al. (2021).
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2.1.2 Mechanical Response Under Compression

Under compressive loading, LS present a well-known three-stage behavior: elastic defor-
mation, plateau stress, and densification — as Liefall (Z023) put it “A typical energy absorb-
ing cellular structure experiences the elastic stage, plateau stress region, and densification
stage under compressive loading.” In the elastic phase, deformation is bending-dominated
and reversible; the plateau-stress portion presents a constant stress while cells collapse; and
the densification region is marked by a rapid stress increase as the cells come in contact with
one another and “densify” the structure. Zeng et al! (Z021) documented corresponding force—
displacement curves for composite honeycomb panels, clearly distinguishing these regimes
and noting that they also apply to the force—displacement case (as opposed to only applying

in the stress—strain scenario). Figure 1 shows a typical stress—strain curve for a LS.
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Figure 2.7: Typical stressstrain response of a cellular material under compression. Adapted
from Ashby| (Z006).

Although the general outline of the mechanical response is similar across most kinds of
LS, there is a binary variation depending on whether the structure is bending-dominated or
stretch-dominated. The difference between bending-dominated and stretch-dominated LS
comes from their mechanical response under loading, where bending-dominated ones will
experience bending of their rods — almost “folding on themselves” — and stretch-dominated
ones will make the rods mostly stretch (Ashbyj, 2006). Although there are differences, for
instance, in the material curve that allow researchers to distinguish between one kind and the
other, a simple way of telling is thinking in terms of mechanisms and the Maxwell’s stability
criterion, which establishes:

M=b-2j+3 (2D)

M=b-3j+6 (3D)
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where b is the number of struts and j is the number of frictionless joints (hence why thinking
in terms of mechanisms is relevant). The idea is that if M < 0, the structure becomes unstable
and will behave like a mechanism, folding onto itself (which in the case of welded joints,
means that the struts will bend). If M > 0, the structure is stable and stiff, which means that

the equivalent behavior will be stretch-dominated (see Figure [ZR).

(a) : (b) :
Figure 2.8: Illustration of Maxwells stability criterion using pin-jointed frames: (a) a mech-
anism that collapses under load (bending-dominated when joints are fixed), and (b) a trian-

gulated structure that resists deformation by axial forces (stretch-dominated). Adapted from
Ashby (PU0R).

Sun_ef all (2022) notes that “compressive strength and stiffness are highly dependent on
whether the unit cell exhibits stretching-dominated or bending-dominated behavior,” with
the former yielding greater stiffness and the latter more stable deformation. Ashby (2006)
notes that, while stretch-dominated LS present a higher strength in comparison to the bending
ones, they are worse for energy absorption applications. By comparing a generic bending-
dominated and a stretch-dominated curve, the main difference comes in the transition from
the elastic region to the plateau stress — since the stretch-dominated curve will present an

initial softening stage before plateauing and densifying (Figure Z9).

16



onset of plasticity,
buckling
or crushing

densification

post-yield softening

stress, O

densification

strain &, ;
\;
I

modulus I_:f

strain, €

Figure 2.9: Typical stressstrain curve for a stretch-dominated lattice structure, highlighting
the post-yield softening. Adapted from Ashby| (Z006).

In terms of mechanical properties, there is a widely known relationship that describes the
connection between the equivalent LS Elastic Modulus and Density and the base material’s.
The correlation is given by the Gibson—Ashby equations (Ashbyi, P2006), and they predict
that there is a quadratic proportionality between the Elastic Modulus ratio and density ratio
for bending-dominated LS and a linear correlation for stretch-dominated LS. Maconachie
ef all (2019) note that the relationship can also be formulated more generally as a power-law
dependency where the coefficient and exponent can be obtained via experimental results,

with the resulting equations being presented below.

E

= _cl2 (bending-dominated) (2.1
Es Ps

E P .

—=cl= (stretch-dominated) (2.2)
Es Ps

E p\" .

——cl|lE (general formulation) (2.3)
Eg Ps

where E; is the Elastic Modulus of the base solid material, E is the Elastic Modulus of
the LS, p; is the density of the base solid material and p is the equivalent density of the LS
(considering its porosity). Maconachie ef all (2019) studied multiple possible unit-cell con-
figurations and concluded that “regression analysis of the reported data demonstrated positive
power relationships with high correlations could be drawn between the relative density and
strength of modulus for most topologies, consistent with the insights of the Gibson—Ashby

model.”

17



Ashby (2006) additionally develops equations that pertain to the yield stress relationship
between LS and the base material.

Oy p 2 . .
=C|— (bending-dominated) 2.4)
Oy,s Ps
o p )
=C|— (stretch-dominated) (2.5
Oy,s Ps

where o0, is the yield limit of the base solid material and o, is the yield limit of the LS,
ps 1s the density of the base solid material and p is the equivalent density of the LS. Note,
however, that not always the failure will be governed by plasticity in the case of LS, since
buckling (in the case of highly flexible or slender struts) or fracture (in the case of brittle

materials) can be more critical depending on the case.

Parameters like Specific Energy Absorption (SEA), Initial Peak Force (IPF) and Crush-
ing Force Efficiency (CFE) also vary depending on topological parameters, especially when
comparing stretch- and bending-dominated structures. Specific cell units will enhance a
particular parameter while lacking elsewhere. Zeng et all (202T), for instance, investigated
the effect of changing cell size length (/) and the pattern’s inclination angle (¢) on multi-
ple mechanical characteristics of 3D printed honeycombs, and found that both parameters
significantly influence the compression behavior and energy absorption capabilities. The
comparative analysis presented in Figure ZT0 shows that, as they increased [, initial peak
force presented a monotonic increase and specific energy absorption showed a monotonic
decrease. Increasing the inclination angle demonstrated to increase the energy absorption

capacity, whereas a 52° inclination angle exhibited the lowest crushing force efficiency.
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Figure 2.10: Comparison of parameters for 3D-printed 2D Lattices under out-of-plane
compression, with variable cell inclination angles (¢ = 52°,63°,90°) and cell lengths (I =
18,24,30 mm): (a) Initial Peak Force (IPF), (b) Total Energy Absorption (EA), (c) Specific
Energy Absorption (SEA), and (d) Crushing Force Efficiency (CFE). Adapted from
ef-all (DO21]).

The mechanical response can also be largely influenced by geometric changes, when it
comes to deformation modes. Many authors —e.g. (2016); (2021);
Al-Saedief all (201R); Ghaemi Khiavi et all (2022); Wu et all (2023); Sharma and Hiremath
(P0723); Zhou ef all (2023) — report shear bands which lead to failure instead of the more
uniform layer-by-layer collapse. Al-Saedief all (ZOT8) particularly note that employing a

graded density structure, i.e., a structure with a density gradient from top to bottom does
away with the shear bands and presents a layer-by-layer collapse (Figure I-TT). Similarly,
while studying honeycomb 2D LS, Ciefall (2023) found that the conventional honeycomb
structure presented a non-uniform collapse due to buckling and cell rotation. To fix this
behavior, they changed the unit cell’s side wall angle and noticed that changing the angles

by only 15° made the structure collapse layer by layer as expected.
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Figure 2.11: Deformation stages of a uniform lattice structure under compression at different
strain levels, showing the progressive development of shear bands. Adapted from AI-Saedi
ef all (ZOIR).

Besides the deformation modes which eventually lead to failure, one can also speak of
deformation “mechanisms” within the context of LS. This is highlighted by the fact that
some LS, as previously mentioned, operate in a mechanism-like fashion in the sense that
they are meant to deform in a particular way, not to resist loading application. The most
common example is the one of auxetic LS —i.e., structures that present a negative Poisson’s
ratio — where many geometry kinds were proposed to achieve the same goal, each one with
its particular deformation mode, as highlighted by Montgomery-Liljeroth et all (2023) and
presented in Figure 172
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Figure 2.12: Representative auxetic lattice structures illustrating their deformation mecha-
nisms under compression: (a) re-entrant hexagonal, (b) double arrowhead, and (c) tetrachiral
patterns. Adapted from Montgomery-Liljeroth et all (20273).

Another way in which unit cell design might affect the mechanical response is in terms
of structure isotropy/anisotropy. Clarke ef all (2023) studied the anisotropy of different 2D
LS patterns — including Hexagon, Square and Triangle — and found that the Square lattice
is highly anisotropic, while the hexagon and Triangle honeycombs exhibit near isotropy,

especially at higher relative densities (0.35 and 0.45).

Finally, while the geometric configuration dictates the theoretical mechanical perfor-
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mance and deformation modes, the physical realization of these complex designs is fun-
damentally constrained by manufacturing capabilities. The transition from a digital CAD
model to a physical component introduces process-specific variables — such as thermal his-
tory, layer adhesion, and surface quality — that directly influence the final properties. Conse-
quently, understanding the specific fabrication method is as crucial as the geometric design
itself. In this context, Wire Laser Additive Manufacturing (WLAM) emerges as a pivotal
technology for fabricating these metallic structures, as explored in the following section.
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2.2 Additive Manufacturing of Steel Lattices via DED

According to the ASTM F2792-12a Standard Terminology for Additive Manufacturing
Technologies, Additive Manufacturing (AM) is defined as “a process of joining materials to
make objects from 3D model data, usually layer upon layer, as opposed to subtractive man-
ufacturing methodologies” (ASTM, P0T7). As discussed in section 1.1, AM has become a
cornerstone of modern manufacturing because it enables the production of complex geome-
tries with minimal material waste while accommodating a wide range of materials (Pan_efall,
207200). It is within this context that lattice structures have emerged as a viable alternative to
conventional solid designs — and the AM of metallic components is what will be discussed

next.

2.2.1 Process Characteristics and Influence on Mechanical Properties

As mentioned in section 2, Additive Manufacturing (AM) of metals can be divided into
two main processes, according to the ASTM (2017) standard, namely: Powder Bed Fusion
(PBF) and Directed Energy Deposition (DED). PBF is defined by the standard as “an additive
manufacturing process in which thermal energy selectively fuses regions of a powder bed,”
1.e., using a powder bed within a sealed chamber and locally either melting or sintering the

powder using a power source, building the part layer upon layer.

DED, on the other hand, is defined as “an additive manufacturing process in which fo-
cused thermal energy is used to fuse materials by melting as they are being deposited,” and
works by generating a melt pool using a power source to which a continuous rate of feed-
stock material is supplied in a non-enclosed environment. Figure displays a comparison

between the working principles behind the two processes.
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Figure 2.13: Comparison between the two main Additive Manufacturing processes for met-
als: (a) Powder Bed Fusion (PBF), which melts selected regions of a powder bed inside a
sealed chamber, and (b) Directed Energy Deposition (DED), which feeds material directly
into the melt pool in an open environment. Adapted from Yin_ef-all (2027).

This basic understanding of the distinction between the two processes provides the basis
for choosing between them, since it already highlights some of the advantages and limitations
of each. Since PBF requires a sealed chamber, for instance, the part size will be intrinsically
limited by the chamber size — whereas DED has no such limitation (Yin“ef-all, 2072). DED
will also deploy a higher production rate (Shaikh et all, 2020), but will be lacking in terms
of part accuracy (Ghidiniefall, 2023). For applications where the structures are massive and
there is no need for micron-level accuracy — such as large aerospace parts — DED thrives. To
highlight this advantage, Ghidinief-all (2023) report DED being employed to build an entire
rocket.

Beyond the operational distinctions, PBF and DED processes can be further divided into
different categories based on the power source used, which includes lasers, electron beams,
plasma arcs, or gas-metal arcs (DebRoy et all, 201X). One power source which has been
gaining traction in recent years, being used both for PBF and for DED, is laser, where L-
DED refers to Laser Directed Energy Deposition. Within the L-DED category, either powder
or wire can be used as feedstock material, which highlights the versatility of DED.

While PBF generally offers superior results in terms of microstructure and part accuracy,
DED’s efficiency makes it the ideal solution for large-scale applications. Using wire as feed-
stock for L-DED results in a process called Wire Laser Additive Manufacturing (WLAM)
— also referred to as Wire Laser Metal Deposition (WLMD), Laser Wire-Feed Metal Addi-
tive Manufacturing (LWAM), and similar terms. WLAM has been gaining traction in the
literature and [Abnabiah et all (2Z023) reported the growing number of citations concerning

the subject matter. It has notable advantages over the powder alternative, since it minimizes

the risk of explosions by simplifying industrial operations, makes switching between feed-

stock materials easier, provides a cleaner work environment, and comes at a lower financial
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cost, both upfront and for maintenance (Gomez-L.endinez ef all, 2029; (Ghanadi and Pase-
bani, 024). For the manufacturing of metallic cellular structures, WLAM then becomes a
strong candidate, especially for industries such as Aerospace which require large compo-

nents and low material waste. Table 271l offers a comprehensive comparison between L-PBF

and WLAM.

Laser Powder Bed Fusion (L-PBF)

Wire Laser Additive Manufacturing (WLAM)

v High dimensional accuracy and excellent
surface finish
v/ Superior microstructural uniformity

v High geometric resolution due to selective
fusion of powder regions

v/ Suitable for applications
micron-level tolerances

X Build volume limited by chamber size

requiring

X Lower deposition/production rates

X Requires sealed and controlled processing
environment

X Higher operational risks and costs associ-
ated with metal powders

v No chamber-size limitation; suitable for
large-scale components
v’ Higher production rate compared to PBF

v Lower operational and maintenance cost
v Safer and cleaner industrial environment

v Easier switching between feedstock mate-
rials

v/ Compatible with robotic arms for flexible,
omnidirectional deposition

v Strong candidate for manufacturing large
metallic lattice structures

X Lower dimensional accuracy compared to
L-PBF

X Surface quality and porosity sensitive to
wire feeding orientation

X Requires continuous inert-gas shielding to
prevent oxidation

Table 2.1: Comparison between Laser Powder Bed Fusion (L-PBF) and Wire Laser Additive
Manufacturing (WLAM). The advantages and limitations summarized here were organized
based on the data and definitions provided by the following sources: ASTM (20172); [Yin ef al
(2022); Shaikh_ef all (2020); Ghidinief all (2023); DebRoy et al] (Z0IX); Gomez-Lendine7
ef all (2025); Ghanadi and Pasebani (2024)); Pratheesh Kumar S ef all (2022); Abnabiah ef al’
20273).

The WLAM process — in broad terms — consists of melting a wire material using a fo-
cused laser and continuously feeding it into a melt pool. A nozzle is responsible for focusing
the laser and providing the inert atmosphere (most usually an argon gas flow) to prevent oxi-
dation, and the material is commonly added diagonally (or vice versa). The system originally
operated similar to an FDM printer, where the material was added layer upon layer on top of
a moving substrate, and planar motion happened in the three cartesian directions (Yinef all,
2077).

Recently, however, manufacturers have gone through another route by employing a
robotic arm that usually feeds the material coaxially with the laser focus — which allows for
a wider flexibility in terms of deposition patterns since it employs more degrees of freedom.
The axial feeding also permits an omnidirectional deposition, since side feeding requires

the wire to always be fed at the leading edge of the deposition to achieve optimal surface
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quality and porosity (Pratheesh Kumar S ef all, P077). Figure T4 shows how a robotic arm
(Meltio™) builds a component by taking advantage of its multiple degrees of freedom.

TM)

Figure 2.14: Sequential frames showing a robotic coaxial wire-feeding system (Meltio
during Directed Energy Deposition (DED). The system employs multiple degrees of free-
dom, allowing omnidirectional deposition and complex tool paths (Melfia, Z02T).

Broadly speaking, there are four main kinds of parameters which can be adjusted in every
DED process, related to: energy source, feedstock material, deposition strategy and feeding
strategy (Ghanadi and Pasebani, (074). In the case of WLAM, these translate into the options
highlighted in Figure D_13.

Y

Energy Source

Feedstock Material
Laser Power
Laser Beam Profile Wire Material
Laser Type Wire Diameter
Laser Beam Size Substrate Material
Laser Focal Distance
W-LDED
Deposition
Parameters
Deposition Strategy Feeding Strategy
Travel Speed Feeding Type
Scanning Strategy Feeding Direction, Position
Lateral, Vertical Overlap Feeding Angle
Wire Feeding Speed

Fabrication Strategies 2

Figure 2.15: Main categories of deposition parameters in Wire Laser Directed Energy Depo-
sition (W-LDED). Adapted from Ghanadi and Pasebani (2024)).

Ghanadi and Pasebani (2024))’s monumental review on the subject matter highlights some
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of the ways each of these parameters influence the characteristics and integrity of the manu-
factured parts. To name a few examples, the Travel Speed (TS), Wire Feeding Speed (WFS)
and Laser Power (LP) will significantly affect the final parts properties since they are directly
related to the specific energy per second at the melt pool. The correlation between specific
energy and laser power is straightforward, but not as obvious for the other parameters. A
higher travel speed, for instance, will allow the same amount of energy to be distributed
across a larger region, resulting in a lower specific energy. The same happens by increas-
ing the WFS, since more volume will be added while keeping the same amount of absolute

power.

Yin“ef all (2022) highlighted how the power affects the melt pool, especially when it
comes to its depth. The depth monotonically increases along with the power, and since DED
often employs 2-3x the power — or more — used in PBF, the melt pool will stretch across a
much higher portion of the geometry. Figure T8 shows how the LP affects the melt pool’s
depth.

d Laser power: 750 W

f

g dagy., - SCpn Lié_aréower: 4oow
Laser power: 400 W ~ Spot diameter: 0.5 mm
Spot diameter: 0.8 mm '

Figure 2.16: Variations of melt pool morphologies for steels produced by different processes
and parameters. (a) L-PBF-built samples under increasing laser powers (in W), (bc) L-
DED under 500 W and 750 W, and (df) laser welding at constant 400 W with varying spot
diameters. Adapted from Yin ef all (20272).
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One of the key benefits of WLAM is how easily the process parameters can be changed,
resulting in a notable upside in terms of part quality and strength. As an example, by simply
changing the laser type from continuous to pulsating, an enhanced cooling performance can
be achieved in the process (diminishing thermal gradients in the parts), and varying the laser
spot diameter (which changes the specific energy applied at the melt pool) is an easy way
of tuning the level of power applied locally to the system and has proven to alter different
characteristics ranging from the melt pool shape and temperature to the surface roughness to
the overall stability of the process ((Ghanadi and Pasebani, 2024; Abuabiah ef all, 2023).

Therefore, since DED — and more specifically WLAM - is a high energy process, espe-
cially in comparison to PBF, controlling the amount of energy input is crucial for tuning the
properties of the melt pool and manufactured part. A more helpful way of expressing this
idea is by using the expression “thermal cycle” instead of simply “energy input”, since not

only heating but also how cooling happens as the process develops will impact the parts.

Bottom layers, for instance, will show a high temperature at first, but their temperature
will progressively decrease as the part is built layer by layer, especially since they are closer
to the substrate and lose more heat due to conduction — which means that the cooling at the
bottom will be more effective than at the top, producing a thermal gradient. Gomez-T_endinez
ef all (2029) present simulation results for the thermal gradients in DED manufactured spec-
imens, as shown in Figure IZT71. At the same time, the lower layers are also “reheated” as
the part is being built, in the sense that they are constantly receiving heat from upper layers.
Its also worth noting that PBF also generates a thermal gradient in the parts, but to a lesser

degree especially due to the lower energy input.
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Figure 2.17: Comparison of the simulated thermal histories for specimens printed in the XY
and XZ orientations, adapted from Gomez-I_.endinez ef all (2025).

While studying AM of steels, Bajaj et al] (2020) noted that this behavior creates a kind of
“Intrinsic Heat Treatment” — as opposed to the extrinsic one commonly performed in parts

manufactured through conventional processes — in the sense that lower layers will receive dif-
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ferent heat inputs as well as experience different cooling rates, affecting their microstructure
and mechanical properties. For stainless steels produced by DED, for instance, it has been
observed that the yield and tensile strengths are higher at the bottom layers in comparison to
the top layers (Bajaj et all, 2020). Gomez-Lendinez ef all (2025) reported similar results for
ER70S-6 steel fabricated parts, where the bottom ones presented consistently higher values

for yield and tensile strengths.

On the other hand, if the energy input is lowered — which can be done if using a fine
wire as feedstock — in a process termed Fine Wire Laser Metal Deposition (FW-LMD) —
the part quality increases. Shairkh ef-all (2020), by using a 100 pm wire and pulsed laser
beams, demonstrated that a right tuning of WLAM parameters can lead to a surface finish
and layer height comparable to PBF processes (Figure IT8). The tensile strength of the FW-
LMD fabricated specimens also showed a value on the higher end of the spectrum for bulk
specimens of the same material.

Figure 2.18: Examples of complex geometries fabricated using Fine Wire Laser Metal De-
position (FW-LMD), demonstrating the high precision and surface quality. Adapted from
Shaikh“ef all (Z020).

The print direction also impacts the resistance of WLAM-fabricated parts, and stack
direction plays a crucial role in determining the mechanical strength of the final components.
In ER70S-6 steel, Gomez-I_endinez ef all (2025) reported a strong directional dependence
of tensile properties: horizontally built specimens (XY) all exhibit yield strengths above
400 MPa — with the bottom sample reaching 472 MPa — whereas vertically oriented (XZ)
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samples average around 355 MPa and are all below 400 MPa. The superior strength of
horizontal builds can be attributed to the more uniform cooling across the plane, which leads
to a more homogeneous microstructure. The specimen’s XY-XZ orientations are presented
in Figure 2717

Another factor which plays a role in determining the base mechanical properties of
WLAM-manufactured parts is — naturally — the wire material. Although there are not many
studies specifically focusing on the low-carbon ER70S-6 wire, it is commonly employed
because of its good processability and wide application in welding (Gomez-I.endinez et all,
20075), and the similarity between laser welding and WLAM is clear from the way the pro-
cess takes place, i.e., primarily by generating a melt pool (Yin_efall, 2027) to which the
material is fed.

Given the complex interplay between the WLAM process parameters, part geometry and
the resulting material properties — relying solely on experimental data for design optimization
becomes very expensive and time-consuming. This complexity makes it relevant to develop
predictive tools capable of modeling both the geometry and the material behavior under load.
The Finite Element Method (FEM) serves as this essential bridge, offering a framework to
predict mechanical response without extensive physical testing. The next section reviews
the state-of-the-art in numerical simulation of lattice structures, highlighting strategies to

address these modeling challenges.
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2.3 Review of Finite Element Simulation of Lattices

2.3.1 Numerical results for mechanical behavior using the FEM

Within the context of mechanical studies, the force—displacement relationship is key in
understanding how a component behaves under tension/compression. The reason is that,
unlike stress and strain (which are local quantities), force and displacement are global pa-
rameters that can be easily obtained experimentally. It essentially measures the stiffness of

the system at every point, i.e., how it responds under loading.

As mentioned in Section and highlighted by (207271), the force—
displacement curves for LS follow a — generally speaking — regular pattern of elastic de-
formation, plateau, and densification. Fluctuations can of course occur along the way, es-
pecially because the usual deformation mechanism of LS involves a layer-by-layer failure
(GhaemiKhiavi_ef-all, P0727), where the cell walls eventually touch (leading to densifica-
tion).

The force—displacement correlation is also the key concept behind the Finite Element
Method (FEM), where the displacement is calculated at every node in a mesh by solving the
F = [K]u relationship. Therefore, the modeling of LS behavior using the FEM has become
a cornerstone of studies in the field, since a numerical-experimental correlation could po-
tentially alleviate the need for extensive experimentation. Figure I2T9 shows a comparison
between the experimental vs. simulated shape of a lattice structure under side-compression.

Sim

Figure 2.19: Experimental and numerical deformation of the non-hierarchical and hierar-
chical circular 2D lattices from Haef all (2027), showing the model’s ability to predict the
deformation modes.

In the beginnings of CS studies, researchers heavily relied on analytical models, espe-
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cially to determine CS stiffness by using the base material as a starting point — as the already
discussed Gibson—Ashby relationships describe. However, as early as the 1990s, researchers
were already turning their attention towards the FEM for predicting their behavior, especially

since their arrangement was becoming quite intricate for analytical models to handle.

heocaris ef all (T997), for instance, used a simple bi-dimensional beam model to study
the mechanical response of an auxetic star-shaped structure, and how the beam’s angles
affected parameters such as the Poisson’s ratio — by noting that a similar model had been
previously used to successfully predict such behavior. Zhang and Lu (2023) employed the
FEM to study re-entrant auxetic 2D lattices and compared against analytical equations —
showing a good match between the force—displacement curves predicted by each method
(Figure Z20). Saxena ef all (Z016) note that, especially in the case of auxetic structures,
researchers have come to find analytical modeling only useful as a “crude” or first approach,
and that the FEM revolutionized the field by making a proper geometric representation of
the mechanical behavior possible.
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Figure 2.20: Comparison between the analytical and numerical behaviour of a re-entrant aux-
etic unit. (a) Unit cell geometry (i) deformation mechanisms under tension (ii) and compres-
sion (iii), following the formulation used by Zhang and Lu (20723). (b) Force—displacement
response of the same unit under compression (i) and tension (ii).
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If this is the case for auxetic LS, which can often be modeled as simple bending or
stretching beams, the FEM becomes much more relevant when it comes to more advanced
LS. The advancements in computational technology also allowed for a paradigm shift in
terms of 3D modeling in general and more elaborate FEM simulation specifically, which
enabled the prediction of intricate behavior and interactions such as complex contacts (e.g.,

when the LS reaches the densification stage).

There has also been wide agreement among authors that FEM simulations can accurately
predict mechanical behavior. Zhou ef all (2023), for instance, studied the energy absorption
capabilities of 2D lattices using different unit cell geometries — honeycomb, re-entrant, and
double arrow-headed — and found a good correlation between FEM results and experimental
ones, with the energy absorption staying within a 10% difference for most samples. The
force—displacement curves also presented good matching, and they attributed the differences
to the tolerance of the machine utilized to fabricate the samples. Furthermore, geometric pat-
terns observed in compressed real-life samples were also observed in the FEM simulations,
highlighting the ability of the numerical representation to predict the mechanical response of
the system. Lief all (2023) found an almost 1-1 matching between the stress—strain curves
of simulated vs. experimental 2D lattices, and the simulation also accurately predicted the

observed deformation patterns, including a side-shift (Figure Z2TI).
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Figure 2.21: Compressive deformation behavior of a hexagon 2D lattice and consistency
between experimental results and finite element simulation (FEM). Adapted from Lief all
(2023).

On a similar note, Ha et all (2022) developed 2D lattices with a circular unit cell and

compared a non-hierarchical structure with a hierarchical one. They reported a close match-
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ing between the experimental and numerical force—displacement curves, with a small shift
at the peak point, which they attributed to the FEM model not considering fracture damage,
as shown by Figure 2. However, the final shapes and compressive behavior were tightly
matched, and the results for mean crushing stress presented almost perfect agreement, for

instance less than 4% difference at 0.7 strain.
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Figure 2.22: Stress—strain curves reported by Ha ef all (2022) for (a) a non-hierarchical
circular 2D lattice and (b) a hierarchical circular 2D lattice.

Ingrole et al] (2017) also studied 2D lattices by comparing a hexagonal unit cell with a re-
entrant auxetic and a combination of both patterns. They examined the nominal stress—strain
curve for all samples and noticed that the FEM model was able to capture the experimental
curves’ formats, as well as the deformed shape of the structure. Similar to Zhouefall (200273),
the authors attributed the difference in the curves to the inconsistent thickness of the printed

parts, as well as to small defects resulting from the fabrication process.

Sharma and Hiremath (2023) studied the experimental and FEM analysis of bio-inspired
lattice structures derived from a sea sponge, and noted how well the FEM simulation pre-
dicted the deformation mechanism of the samples, even reproducing the shear band for-
mation. Feng et al] (2027) investigated lattice-walled tubes and compared the force curve
obtained experimentally with the FEM. While noting a good match between the curves, they
stressed the difficulty in proceeding with the simulation after a certain point and truncated
the curve, since the contact interactions start to become more complex and the real structure
presents fracture behavior, undercutting the simulation stability.

In Chen_ef all (Z02T)’s review of the AM of metallic lattice structures, it is evident how
widespread the FEM has become in LS modelling and design, where they highlight the FEM
being used for identifying peak stress regions, observing the stress/strain contours, and even
performing topology optimization to achieve lower material consumption. The application
fit of the FEM to LS has become crucial to the point that a study almost seems lacking if no

FEM result is presented, and most studies gathered to form this literature review present this
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kind of result — e.g., (Feng et all, P077; (Ghaemi Khiavi ef all, 20272; Sharma and Hiremafh,
2023; Ha et all, 20227; Zhang and Lu, 2023; [Alomar and Concli, 2O021); Zhou ef all, P023).

2.3.2 Common Strategies for FEM modeling of Lattice Structures

There are three main crucial factors for achieving good results in FEM simulation: CAD
preparation, meshing and simulation setup. They are all interconnected, since CAD prepara-
tion will influence meshing, and the simulation settings will determine specific requirements
for both CAD preparation and meshing. Therefore, its of high importance to understand how
researchers have modeled the problem to achieve reliable results.

Before turning to the commonly chosen parameters, however, its key to highlight how
exactly the comparison is made to determine whether FEM simulations are in good agree-
ment with experimental data. While analyzing AM multi-material studies — commonly used
to fabricate LS —, Nazir ef all (2023) lament that, although there are many employing the
FEM, only a minority compared against experimental results.

A very common way to achieve the desired result of an accurate behavior prediction us-
ing the FEM is to start with a simple calibration model, and once the results are matching,
proceed with the simulation of the LS. The calibration is performed especially to get the
material information, since its the fundamental building block of the mechanical response.
While there are sources in the literature which provide the data for many materials, its es-
pecially crucial to work with a specimen made under the same conditions as the final parts
in the case of AM components, since they often present anisotropy as highlighted in Section
2.2

Edorster ef all (2027), for instance, while studying cylindrical LS with different filling pat-
terns under compression, started off with a fully solid specimen manufactured in the same
manner as the LS and performed a destructive compression test to compare against simula-
tion data. Similarly, Sharma and Hiremath (2023) performed a tensile test on a specimen and
employed the hyperelastic Arruda—Boyce model to compare against true stressstrain data for
the specimen, and found an almost 1-1 match between the curves (Figure IZ23).
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Figure 2.23: Calibration of FEM simulations: (a) Arruda-Boyce model fitted to tensile test
data for the TPU material; (b) resulting correspondence between experimental and FEM
responses. Adapted from Sharma and Hiremafh (2023).

After material properties are set, the next step is to prepare the geometries for the simu-
lation, which begins by determining the dimension of the study, i.e., if the problem can be
approximated by beams or shells — or if its crucial to have a fully tri-dimensional approach.
While the tri-dimensional approach tends to be more accurate, its also more computationally
expensive and will require a larger number of nodes to potentially capture the same behavior
— and it cant be considered the default go-to approach for every application, as noted by [Ai
and Gad (20T17). If one or two dimensions are too small in comparison to the others, this
generates issues in the meshing step, since elements will either need to be very small to
keep a good aspect ratio or become highly distorted (especially if the part is not sweepable).
For strut-based 3D lattices, its a common practice to use 3D or even 2D beam elements for
modeling, as already discussed in Section 2311

However, while this might be the case if the walls are slender, in many applications
— such as extruded 2D lattices — this assumption falls short and a more robust approach
becomes necessary. The next modeling alternative is to implement shell elements, which are
two-dimensional elements used to approximate thin wall behavior, i.e., when the thickness is
small in comparison to the other two dimensions (see Figure for a 2D CAD example).
An advantage of using shell elements is that the thickness direction is not resolved by the
simulation, only modeled, which dramatically reduces the node count for a high-quality
mesh. Another interesting upside to shell-element simulations is that its possible to alter the
thickness for specific walls without the need of changing the CAD model, and this approach
was used by Zhon ef all (2073) to account for variations in wall thickness coming from the
manufacturing process.
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Figure 2.24: Representative CAD models and loading configurations used by Zhou ef all
(2023) to simulate thin-walled 2D lattices.

Ha et all (2022) also used thin wall elements in their study, which was particularly bene-
ficial due to the highly complex contact interactions in the structure, because of a successive
folding of the geometry as it was compressed. In the case of thin-walled TPMS LS, modeling
them as tri-dimensional would also require a much higher computational effort, while their
mechanical response can be accurately predicted by using shell elements, and this approach
was used by studies such as those from (2020) and Sun’ef all (027). Regarding
the element type, all studies previously mentioned used 4-noded (first order) quadrilateral

elements.

In cases where the walls cant be considered thin, tri-dimensional modeling needs to be
employed to accurately capture the mechanical behavior. One example where this is the
case is illustrated by Al-Saedi ef all (Z01R) and Xiao ef all (2017), where some of the LS
present larger diameter struts and the models were meshed with 3D elements (Al-Saedief all
(P01R)’s example is shown in Figure IZ75). The element type for 3D studies is not as uniform
as for 2D or 1D studies, and there doesnt seem to be a consensus on whats the best choice
upfront. To name a few examples, [Al-Saedi ef all (2018) used first-order tetrahedral elements,
AThembar ef all (2023) also employed tetrahedral elements but didnt specify the order, and
Edrster ef all (2027) employed second-order tetrahedral elements, with the exception of one
specimen for which the contact interactions became too complex and it was switched back
to first-order. On the other hand, Xiao et all (201°7) employed first-order hexahedrons, which

illustrates the variety existent in the choice of element type for this kind of study.
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Figure 2.25: Deformation sequence of a graded lattice structure under compression as pre-
dicted by Al-Saedi ef all (2OTX).

In terms of boundary conditions, LS compression simulations tend to be constraint-
driven rather than force-driven; usually displacement is controlled — e.g. Du"ef all (2020);
AThembar ef all (20023) — and applied to a rigid body or plate at the top, while the bottom is
constrained by a fixed plate or body (Figure I26) — e.g. Sharma and Hiremath (200123); Ha

B all (P22); (2020).

IR 2R 2R

S S S

Figure 2.26: Boundary conditions used by (2020) for simulating the compressive
response of lattice structures. A rigid plate at the top is displaced downward to drive the
deformation, while the bottom plate is fully constrained.

Most of the studies evaluated used a dynamic explicit rather than a static implicit solver,
likely due to the robustness of the former in dealing with complex contact interactions. How-
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ever, since simple LS compression is indeed quasi-static in nature — in the sense that inertia
effects dont play a major role and the displacement is applied slowly — the problem can be
solved using an implicit solver, which might be preferred since studies using the explicit dy-
namic one tend to reccur to numerical artifices, such as mass scaling — employed for instance
by Feng et al] (?0027) and Ha et all (2027) — to forcibly increase the timestep length.

As a final note, some studies are already looking into future trends in engineering sim-
ulation, and how this might impact LS specifically. As an example, Garg et al] (2025)s re-
view on data-driven artificial intelligence (Al) applications for 3D printed auxetic structures
specifically highlights opportunities to advance the understanding and application of auxetic
metamaterials using machine learning techniques. The review emphasizes that a significant
research gap exists in applying machine learning for predicting their mechanical properties,

despite recent advancements in the field.

Al is driven by the data it’s trained on, so that FEM simulations present a key component
of the future of engineering — since parametrization studies can be performed to tighten the
Als knowledge gap. Within this context, companies such as SimScale GmbH are working
tirelessly to bridge the gap between engineering and Al and provide a rightful place for the

new technology in engineering workflows.
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Chapter 3

METHODOLOGY

The overall workflow adopted in this dissertation followed three main steps. First, the
material model was calibrated using experimental data obtained from a WLAM-fabricated
ER70S-6 tensile specimen. Second, the resulting multilinear elastoplastic behavior was im-
plemented within the finite element method (FEM) environment. Third, the calibrated model
was validated through a comparative analysis between numerical simulations and experimen-
tal results, using WLAM-fabricated lattice specimens. The following sections describe each
of these steps in detail. The experimental data was provided by INEGI, whose researchers

conducted the manufacturing and experimental procedures using the specimens.

3.1 Calibration Case: WLAM Tensile Specimen

3.1.1 Specimen Geometry

The test specimen was designed in accordance with the ASTM E8 (ASTM, 2024) stan-
dard, with 25 mm gauge length, 6mm width and 3mm thickness. Its dimensions are outlined

in Figure Bl
100 mm
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Figure 3.1: Tensile test specimen drawing with dimensions, designed in accordance to
ASTM E8 (ASTM, 2074). Provided by INEGI.
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3.1.2 Experimental Setup and Manufacturing Process

An initial specimen block was manufactured using the WLAM process, then the spec-
imen was obtained via a Wire EDM cutting process. The specific equipment used was the
Meltio Engine V3 Robot Integration (Figure B2), and its specifications are highlighted in
Table Bl

Figure 3.2: Meltio Engine V3 Robot Integration. Provided by INEGI.

Specification Value
Dimensions [mm] 390x700x1025
Print Envelope Depending on the integration
System Weight [kg] 142
Laser Type 6 x 200 W direct diode lasers
Laser Wavelength [nm] 976
Total Laser Power [W] 1200
Power Input 208/230 V — 400 V compatible (3-phase)
Power Consumption [KW] 2-5 (peak)
Cooling Active water-cooled chiller included

Wire Feedstock Diameter [mm] 0.8-1.2

Table 3.1: Technical specifications of the Meltio Engine V3 Robot Integration, compiled
from the manufacturer-provided data.

As mentioned in Section Z2T], the process characteristics are key in determining the me-

chanical behavior of WLAM manufactured components. In that sense, the global parameters
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used are highlighted in Table B2.

Parameter Value
Layer Height [mm] 1.0
Deposition Width [mm] 1.2
Overlap [%] 0%
Seam Aligned
Print Speed [mm/s] 6.5

Table 3.2: Processing parameters (defined in slicer).

However, due to the already mentioned directional dependency of mechanical properties

in terms of energy input, the power, feed rate and energy density were adjusted layer by

layer. 15 layers were produced in total, with the already mentioned 1mm layer height, and

the parameters for each layer were adjusted according to Table as follows:

%
%

0,
*o*

R
**

2
*%*

Layer 1-3: Option 1;
Layer 4-6: Option 2;
Layer 7-12: Option 3;

Layer 13-15: Option 2.

Option1 Option 2 Option 3
Power [W] 1060 1000 1020
Feed Rate [mm/s] 10.56 10.56 10.56
Energy Density [J/mm3]  135.83 128.15 130.71

Table 3.3: Processing parameters (defined in Meltio’s dashboard).

The specimen was manufactured using a vertical layer-by-layer deposition strategy. In

this setup, the characteristic planar geometry of the specimen is defined in the horizontal

(XY) plane, while the structure is built upwards along the vertical (Z) axis. Figure

presents a schematic of this process: while a circular toolpath is shown for illustrative pur-

poses, the actual deposition followed the specific contour of the specimen. Furthermore, the

figure details the stacking sequence in the thickness direction and explicitly indicates the

orientation of the applied load relative to the build layers.
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Figure 3.3: Image illustration of the utilized toolpath (top) and how the specimen block was
built layer by layer. Yellow side arrows show applied load direction. Provided by INEGI.

Finally, the specimen was extracted from the final block for submission to a tensile de-
structive test. The test was performed using an Instron 1000HDX-1,000 kN machine (Fig-
ure B4) up to failure, with a Imm/min displacement speed. The force data was obtained
directly from the machine’s load cell, with the displacement being measured by a strain
gauge (gauge length = 25mm) for enhanced accuracy.

Figure 3.4: Instron 1000HDX universal testing machine used for the tensile destructive test.
Provided by INEGI.

43



3.1.3 Data Processing and Material Model Extraction

As mentioned in the previous section, the output from the tensile test was the force—
displacement curve for the specimen. The data was then curve-fitted using the optimization
algorithm developed by Silva (2024)), which uses simulation results to find the best param-
eter combination which fits the experimental data according to the Kleinermann—Ponthot
(KIemnermann and Ponfhof, 2003) hardening law (described by Equation BTI).

Gy:oy0+€ép+(ooo—0y0)(1—e‘ﬁép) (3.1)

Where o, is the updated yield limit, o0 is the initial yield limit, €7 is the equivalent
plastic strain, ¢ is the isotropic hardening modulus, 0 is the maximum stress and & is
the hardening exponent. A useful summary of the characterization method is provided by
Da Silvaef all (2024)).The obtained parameters are summarized in Table B-4.

Parameter Value
0y [MPa] 564.57
¢ [MPa] 62.04
Oco [MPa] 770.62
o [-] 9.12

Table 3.4: Obtained parameters considering the Kleinermann—Ponthot isotropic hardening
law (Equation BT).

Since the FEM software employed (Abaqus/CAE) didn’t include a dedicated model im-
plementation for Kleinermann-Ponthot, Equation B was utilized to obtain a multilinear
elastoplastic material curve from the fitted parameters (Figure B3). This approach simply
takes a group of data points for stress and equivalent plastic strain, which in turn are fed into
the material model in Abaqus, with values in-between being linearly interpolated.
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Figure 3.5: Evolution of o as a function of the equivalent plastic strain according to the
Kleinermann—Ponthot isotropic hardening law and the fitted parameters.

3.1.4 Numerical Simulation Setup (Calibration Model)

The next step in numerically validating the material curve is to set up a simulation that
models the tensile test, then compare the numerical and experimental results for the force—
displacement relationship. For that purpose, a simple CAD model of the specimen’s region
of interest was created within the Abaqus/CAE environment as a bi-dimensional shell (Fig-
ure B-6). The specimen was assumed to behave under a plane strain approximation, so that
a three-dimensional model wouldn’t be necessary — which was considered a fair approxima-
tion for the model calibration. Another assumed approximation was the symmetry one at
the mid-section of the test specimen, which will be described in more detail in the boundary

conditions section.

(=)
g
8

€}

Figure 3.6: Bi-dimensional CAD representation of the region of interest used for the calibra-
tion tensile simulation.

The material was assigned following the data obtained by the optimization algorithm

mentioned in the previous section. The key material properties are outlined in Table BS.
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Parameter Value

E [GPa] 240
v [-] 0.33
Elastoplastic Model Multilinear

Table 3.5: Material properties used in the simulations. Here, E denotes the Young’s modulus
(elastic modulus) and v is the Poisson’s ratio.

In terms of meshing strategy, second order, plane strain, quadrilateral elements (Quad-8)
with full integration were employed. The choice was related to the high deformation of the
elements, especially after the necking stage, so that the higher accuracy of the second order
elements was key in achieving good numerical results. A bias was applied to the side edges
in the direction of the specimen’s mid section (specimen’s end in the simulation, because
of the symmetric approach), to achieve a greater accuracy at the higher deformation region.
Figure B72 shows the resulting mesh.

Figure 3.7: Finite element mesh used for the tensile simulation, composed of second-order,
plane-strain quadrilateral (Quad-8) elements with full integration.

The analysis type was static with geometric non-linearity enabled, since the displacement
rate is low enough that the problem can be considered quasi-static. Two boundary conditions
were applied: a fixed displacement at a control point in the upwards direction — coupled with
rigid kinematic connections to the top surface — whereas the other degrees of freedom were
fixed at O; and a planar symmetry at the bottom edge, which allows for planar motion while
restricting normal displacement and the in-plane rotations.

The output of the simulation were the default field variables, i.e., Von Mises stress,
Cauchy Stress, Displacement, PEEQ, etc. and an extra history output was requested at the
control point to retrieve the force—displacement response of the system. A summary of the
simulation setup is shown in Table B6.
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Parameter Value

Analysis Type Nonlinear Static (Implicit)

Analysis Dimension 2D Shell (Plane Strain)

Element Type Quad-8 (Plane Strain)

Number of Nodes 7375

Material ER70S-6

Elastoplastic model Multilinear

Boundary Conditions Displacement (top); symmetry (bottom mid-section)
History Output Force at the control point

Table 3.6: Summary of the calibration numerical simulation setup.

3.1.5 Summary of Calibration Results

After the simulation was performed, a qualitative analysis of the solution fields showed a
good agreement between the expected behavior and numerical results. At first, in the elastic
region, the stress gradually grows until a concentration starts to appear at the mid-section of
the specimen (Figure B8H). After necking occurs, the deformation at this point grows and
the expected near-fracture shrinkage takes place (Figure BEd).

S, Mises S, Mises S, Mises
(Avg: 75%) (Avg: 75%) (Avg: 75%)

948.5E+00
869.5E+00

711.4E4+00
632.3E+00
553.3E+00
474.3E+00
395.2E+00
316.2E+00

948.5E+00 948.5E+00
869.5E+00 869.5E+00

711,4E400 711.4E4+00
632.3E4+00 632.3E+00
553.3E+00 553.3E+00
474.3E4+00 474.3E+00
395.2E+00 395.2E+00
316.2E+00 316.2E+00

0.0E+00 0.0E+00 0.0E+00

(a) Initial configuration (elastic (b) Onset of necking and stress lo- (¢) Postnecking deformation ap-
regime). calisation. proaching fracture.

Figure 3.8: Evolution of the von Mises stress field along the tensile test simulation.

After this initial sanity check, the force—displacement curve was extracted and compared
against the test data for the test specimen. Figure B9 displays a comparison between ex-
periment and simulation results for force—displacement. The results show an almost 1-1
matching between the experimental and numerical curves, which provides good confidence
that the material behavior was accurately captured and could be added to the LS simulations.
The specific details of the experimental-numerical procedure adopted for the LS is outlined
in the following section.
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Figure 3.9: Comparison between experimental and simulated forcedisplacement curves.
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3.2 Validation Case: WLAM Lattice Specimens

3.2.1 Lattice Geometries

A total of six different LS patterns were developed for manufacturing using the WLAM
process, namely: Circle, Diamond, Hexagon, Square, Triangle and Wavy. Their design
consisted in choosing a base pattern, placing it into a rectangular grid using a CAD software,

then extruding across the thickness. The strut thickness was kept constant for all samples at

2.4mm, and the resulting geometries and volume fractions are presented in Figure B10.

S

(a) Circle pattern (b) Diamond pattern (c) Hexagon pattern
57x40x10 mm, VF = 50% 57x43x10 mm, VF = 51% 59x42x10 mm, VF = 49%
(d) Square pattern (e) Triangle pattern (f) Wavy pattern
55x38x10 mm, VF = 45% 57x41x10 mm, VF = 52% 61x41x10 mm, VF = 49%

Figure 3.10: Geometries of the six lattice structure patterns manufactured using the WLAM
process. Provided by INEGI.

3.2.2 Manufacturing and Compression Testing Procedure

The lattice structures were manufactured using the same vertical deposition strategy de-
scribed in Section B-TZ. The geometries were constructed layer-by-layer along the Z-axis,
with a circular path being produced in the XY plane, consisting of 15 superimposed layers
of approximately 1 mm in height each. The processing parameters remained identical to
those used for the tensile specimen block. To obtain the final dimensions, the 15 mm as-built
blocks were subjected to Wire EDM, which removed the top and bottom layers to extract a
central 10 mm thick section. This process ensured uniform surface quality and parallelism.
A total of 18 specimens were fabricatedthree replicates for each geometryas displayed in
Figure B-111.
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(a) Circle pattern (b) Diamond pattern

(d) Square pattern (e) Triangle pattern (f) Wavy pattern

Figure 3.11: Manufactured WLAM lattice structure specimens for the six patterns developed.
Provided by INEGI.

After the specimens were manufactured, each was submitted to a compression test using
the same Instron machine described in Section BT2. The experimental setup consisted in
the LS being sandwiched by two rigid guides, and the top guide was placed under a steel
cylinder with a 60mm diameter and 94mm length, for a best adjustment with the actuator
(since the samples were small in length). The load was then applied at the top face of the
cylinder, as presented in Figure B-12.

A displacement rate of 0.5mm/min was applied to each specimen, with a total displace-
ment of 25mm, and the force—displacement data was measured by the machine’s load cell.
The mean curve for each geometry was computed by taking the average of the three resulting

curves.

Since the measuring technique was highly sensitive to the actuator’s stiffness, it’s lone
force—displacement curve was obtained by performing a compressive test on the actuator. A
polynomial fit was made to calculate a displacement from the applied load, which was then

subtracted from the mean curves.
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Figure 3.12: Experimental compression test setup used for the manufactured lattice struc-
tures. Adapted from INEGI.

3.2.3 Numerical Simulation Methodology for Lattices

The first step in setting up the LS simulations was to ensure a proper CAD preparation
step. To achieve that goal, the cloud-native CAD software OnShape was used to clean the
CAM geometries and get them ready for simulation, especially by eliminating small faces
and gaps intentionally inserted for manufacturing purposes. Another key step in the cleanup
process was to eliminate from the CAD unrealistic geometric features such as infinitely sharp
corners since, in reality, the machine’s tolerance will produce a small radius instead of a sharp
corner. The radii were measured to ensure dimensional accuracy: the external ones measured
2 mm and the internal ones Imm, with the exception of a few which measured 0.5mm due
to the robot’s path.
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A final adjustment of the geometries was to create the guides in contact with the top and
bottom faces (Figure B13). The choice of modeling them instead of applying the boundary
conditions directly to the top and bottom faces was that boundary conditions — especially
constraints — tend to add unrealistic stiffness to the system, which would be problematic in

this case since the region of interest is close to where they would be applied.

Figure 3.13: Final CAD model used for the numerical simulations, including the rigid guides
at the top and bottom faces of the lattice structure.

With the geometries ready for simulation, they were imported into Abaqus/CAE, and the
modeling began by assigning the material settings. The guides were converted to rigid sur-
faces, excluding the need to assign a material section. The material for the LS was assigned
using the previously mentioned multi-linear elastoplastic model, with the data obtained from
the calibration study.

Then, the mesh was generated for both the LS and the guides (Figure B14)). As the guides
were rigid surfaces, there wasn’t a need for a very fine mesh and rigid Quad-4 elements with
reduced integration were chosen, and the global mesh size was set to 0.5mm. For the LS, a
mesh with no refinements was generated using hexahedral, second order elements (Hex-20)

as element type, with a 0.8mm global size.
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Figure 3.14: Finite element mesh generated in Abaqus/CAE for the lattice structure and the
rigid guides. The guides were meshed with rigid Quad-4 elements and the lattice structure
used second-order Hex-20 elements (Hex-20).

The hexahedral element was chosen because of it’s well-known robustness in comparison
to the tetrahedral one, and the extruded nature of the geometries allowed for it’s simple
implementation. In terms of mesh order, the second order elements are especially suited for
bending problems, since they dispose of a quadratic interpolation of the displacement field.
Therefore, since the geometries of the unit cells were bending dominated (as per
(2006)’s classification), the problem points in the direction of using second order elements.

To verify this initial assumption, a mesh convergence study was performed by picking the
Hexagon pattern geometry and submitting it to a simple compression study, where a 1000N
load was applied at the top face as the bottom was fixed, with the displacement at the top
face being measured. The parametric variable was the global size at the surface, with the
number of layers across the thickness being kept constant at 8 to avoid an overly large mesh.

The global size values of 1mm, 0.7mm, 0.5mm and 0.3mm were evaluated for both
geometries, in addition to a 0.Imm value for the linear elements to achieve a higher node
count and compare against the quadratic counterpart. As a result, the linear Hex-8 elements
still presented a climbing displacement even after the high refinement level, whereas the
quadratic Hex-20 elements presented a hardly varying displacement for every mesh fineness,
highlighting their fittingness for this particular case. A comparison between the Hex-8 and

Hex-20 displacement values for each mesh size is presented in Figure B-13.
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Figure 3.15: Mesh convergence study comparing Hex-8 and Hex-20 elements under a
1000 N compressive load.

Due to the complexity of the contact interactions (especially in the densification stage),
however, the linear case might be relevant to achieve a higher displacement level without
the simulation diverging. The linear case was performed and indeed shows a higher contact
stability due to it lacking the mid-edge nodes, and might be quite useful especially for a qual-
itative assessment of the simulation’s success, since the final geometric shape still presented
a high resemblance with the real-life result.

That said, the Hex-20 element type was determined as the best choice for this kind of
analysis. Since the mesh convergence study presented a low variance even with a low ele-
ment count, a global size of 0.8mm was deemed appropriate, especially since it would pro-
vide roughly three elements across the struts’ thickness. Across the geometries thickness, a
size of about 1.6mm was enforced by using an edge seed, to enhance the node count and still
keep an aspect ratio of 2 for the cells. The final number of nodes used in each LS simulation
is presented in Table B2

Pattern Number of Nodes
Circle 70750
Diamond 92996
Hexagon 96325
Square 76988
Triangle 89748
Wavy 81837

Table 3.7: Number of nodes for Hex-20 elements in each LS simulation.
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After the meshing step was done, the next step was to establish the analysis type, then
the boundary conditions and interactions. As demonstrated by Section 27371, most studies
start from a quasi-static assumption and develop a dynamic-explicit simulation to model the
compressive behavior for LS. However, for this particular study an explicit simulation was
deemed unnecessary, since the timestep easily gets too small, leading to the need of using
numeric strategies to artificially increase it. Since the problem starts from a quasi-static
assumption, the inertia effects clearly don’t play a major role and an implicit, static step with

nonlinear geometric behavior was chosen.

Regarding the boundary conditions, they were applied to the rigid guides’ reference
points, with a fully fixed displacement/rotation being applied to the point at the bottom (at
the initial step) and a ramped displacement being applied to the point at the top (at the static
step). Even if the experiment was conducted up to 25 mm displacement, a displacement ramp
up to 17 mm was applied to the simulations — corresponding to the onset of densification for
most geometries — since densification would exponentially increase the simulation complex-
ity and likely lead to divergence (which will be discussed in more detail in Section E2TI).
The timestep was defined as variable, starting with a Se-4s value to better represent the linear
portion of the force—displacement curves, then ramping up to the maximum value of 0.025s.
Note that the total applied displacement was smaller in comparison to the displacement ap-
plied to the LS in reality, which is related to the simulation becoming unstable due to the
increasingly complex contact interactions that happen at densification, a problem intensi-
fied by the use of second order elements. Figure B-TA gives an overview of the boundary

conditions.

In terms of interactions between the parts in the assembly, initially a surface-to-surface
contact was initially created for that goal. To stabilize the simulation in the horizontal direc-
tion, a tangential behavior with a 0.2 penalty friction coefficient was assigned, as well as a
normal behavior with the default “Hard Contact" setting. A self contact was also necessary
since the struts eventually touch each other as the structure collapses, and a self contact with
the same “Hard Contact" normal behavior and a frictionless tangential behavior was added
to the geometries’ surfaces.

The final step before running the simulations was to establish the outputs. Besides the
default field and history outputs, an additional history output was requested to report the
reaction force at the top guide’s reference point, in order to obtain the force—displacement

response of the system as quantitative XY Data.
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Figure 3.16: Boundary conditions applied to the lattice structure simulations.

3.2.4 Summary of Validation Setup

Table B8, presented below, succinctly summarizes the simulation setup parameters.

Parameter Value

Analysis Type Nonlinear Static (Implicit)
Analysis Dimension 3D

Element Type Hex-20

Edge Length 0.8mm (global)
Material ER70S-6

Boundary Conditions Displacement (top guide); encastre (bottom guide)

Surface-to-surface: normal (hard contact); tangential (0.2 penalty)
Self-contact: normal (hard contact); tangential (frictionless)

Contact Interactions

Time-stepping Automatic, starting at Se-4s, maximum at 2.5e-2

History Output Force at the control point

Table 3.8: Summary of the validation numerical simulation setup.
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3.3 Energy absorption calculation

As extensively discussed in Chapter [, one of the key metrics to evaluate the perfor-
mance of LS is its energy absorption capability. In that sense, the Energy Absorption (EA)
can be drawn from the force—displacement curve by simply integrating it from an initial dis-
placement (xg) — which equals O — to a final displacement — e.g. 17mm, the final simulated
displacement, or simply the common displacement value (smallest final displacement be-
tween experiment and simulation). For that purpose, the function np.trapz ("...") from
the Numpy library was used in a Python script, by also interpolating the curves using np.

— interp("...").

EA = fodx (3.2)
X0

Then, by using the volume fractions (VF), the lattice bounding box volume (Vj;,cx) and
the solid material density (ps), the specific energy absorption (SEA) can be calculated ac-
cording to Equation B3. It’s worthy to stress that the VF was used to normalize the energy
absorption results (SEA), ensuring a fair comparison between geometries with different rel-
ative densities. Table B9 shows the relevant geometric data for each manufactured specimen

type.
EA

SEA = (3.3)
Vblock X VF x ps

Dimensions VF Vhblock \Y
Pattern v . Wxo[mml [[1  [m’ (]
Circle 57 x 40 x 10 0.50 2.28x107° 1.14x107°

Diamond 57 x 43 x 10 0.51 245x107° 1.25x107°
Hexagon 59 x42 x 10 049 248x107° 1.21x107°

Square 55x38x10 045 2.09x107° 9.41x107°
Triangle 57x41 x 10 052 234x107° 1.22x107°
Wavy 61 x41 x10 049 250x107° 1.23x107°

Table 3.9: Geometric data for each specimen type. Columns show Bounding box dimensions
((Length (L) x Width (W) x Thickness (t))), Volume Fraction (VF), Bounding box volume
(Vplock) and part volume (V).
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To perform a comparative analysis between each specimen, a reference Parameter (P r)
can be defined and compared against the parameter (P) at hand. To compare one geometry
with another, for instance, one of the geometries can be established as the reference, then a
deviation can be calculated for the others. The same can be done to compare experimental
and simulated EA/SEA, by setting the experimental data as the P,.r. The percent deviation
(Dg) is then calculated according to Equation B-4.

D% _ P_Pref

x 100% (3.4)

ref
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Chapter 4

RESULTS AND DISCUSSION

4.1 Experimental Findings

4.1.1 Experimental Force-Displacement Curves

As mentioned in Section B2, a mean curve was obtained from the three resulting force—
displacement curves for each geometry, and the mean results for each pattern are shown in
Figure B1l. From the aggregated plot of all curves, it’s visible that the LS present a bending-
dominated dominated behavior, with the three distinguishable characteristic stages: elastic,
near-plateau and densification (Figure B2). This is the expected result from the data available
in the literature (Ashby, 2006; [Zeng et all, P021); Cief all, 2023) and presented in Chapter [.

A notable characteristic observed in the plateau region is the deviation from an ideal
constant stress state. Instead of an absolute plateau, several geometries — such as the Circle
(Figure BTla), Hexagon (Figure Blc), Triangle (Figure B-Te), and Wavy (Figure E_Tif) patterns
— exhibit a gradual, linear increase in force after the initial linear stage. A similar response
was reported by Zhouef all (2023) in the study of polymeric lattice structures, where the
authors attributed this rising stress to the bending of struts under compression. Following
this stage, the onset of densification is distinguishable by a rapid increase in stiffness near

the end of the curves, occurring at approximately 17 mm for most cases.

Analyzing the patterns individually reveals distinct behaviors governed by topology.
Most notably, the Circle, Hexagon, and Wavy patterns display remarkably similar f—d curves
(Figures BTla, BTlc, and BTIf). In these cases, the linear elastic stage is followed by progres-
sive hardening until a peak load is reached. Subsequently, a softening behavior is observed —
likely attributable to high plastic strain accumulation in the inner struts — before transitioning

into the steep force increase characteristic of densification.
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Figure 4.1: All experimental force—displacement curves for the six lattice patterns.
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The Diamond (Figure Bb) and Triangle (Figure BTle) patterns presented unique re-
sponses. The Diamond curve shows a brief force increase after the elastic limit, followed by
pronounced softening. This behavior, more accentuated than in other geometries, suggests
intense plastic deformation of the inner struts facilitated by the absence of global buckling.
Conversely, the Triangle pattern exhibited the most stable behavior: a linear stage followed
by a monotonic force increase and a quasi-plateau region between 5 mm and 15 mm, prior

to densification.

Finally, the Square pattern (Figure E1d) presented the most dissimilar shape, charac-
terized by a linear stage, a gradual force increase, and subsequent softening. This distinct
profile is likely a consequence of the structure’s premature global buckling, which prevented
the stable, layer-by-layer collapse observed in other topologies.
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Figure 4.2: Three stage behavior (linear; plateau; densification) highlighted in the aggregated
plot for all experimental force—displacement results.

4.1.2 Experimental energy absorption

According to the methodology presented in Section B3, the experimental Energy Ab-
sorption and Specific Energy Absorption values were calculated for each specimen. The
results are presented in Table B1l, where the displacement was truncated to the correspond-
ing value for each pattern simulation. Additionally, a deviation is also presented by arbi-
trarily establishing the Circle pattern as a baseline, then computing each geometry’s shift in
comparison for the Energy Absorption (EA) and Specific Energy Absorption (SEA).
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d EA  SEA Dg,—C
Pattern 1 U1 [K/ke] (%]

Circle 17.00 974  10.89 0.00/0.00
Diamond 17.00 1010 10.29 +3.69/-5.51
Hexagon 13.25 855 897  -12.23/-17.67
Square 16.73 1205 16.32 +23.68/+49.83
Triangle 17.00 1240 13.00 +27.41/+19.37
Wavy 17.00 905 941 -7.09 /-13.60

Table 4.1: Experimental energy and specific energy absorbed for each pattern, including
deviation from the Circle baseline. Values in the deviation column are reported as (total /

specific).

For the EA, the highest value was obtained by the Triangle pattern — but it remained
so close to the Square pattern (about 3% higher) that the two can be considered equivalent
in this respect, especially since the Square data was truncated at 16.73 mm to match the
simulation’s end time. The Square—Triangle are then followed by the Diamond—Circle, wavy
and Hexagon patterns (Figure B34d). However, the Hexagon pattern was truncated very early
—at 13.25 mm — due to the simulation diverging at the onset of densification.
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(a) Energy Absorption (EA). (b) Specific Energy Absorption (SEA).

Figure 4.3: Comparison between the experimental Energy Absorption (EA) and Specific
Energy Absorption (SEA) for all lattice patterns.

In terms of SEA, the Square pattern showed itself as the most resilient one, with a 49.83%
specific energy absorption increase in comparison to the Circle pattern (Figure E3H). It’s
followed by the Triangle, Circle-Diamond, Wavy and Hexagon. The two key differences
when looking at energy absorption then are: that the Square pattern outperformed the other
patterns by a much larger margin in comparison to total energy; and that the Circle seems
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to outperform the Diamond pattern when looking at specific energy, whereas the opposite
happens for total energy (although the values are also too close — within a = 5% margin — for
a certain evaluation). The specific reasons of each pattern’s performance will be explored in

more detail in Section B-33.

4.1.3 Observed Deformation and Failure Modes

After each experiment was concluded, a registry was made of the post-compression state
of the specimens. Figure B4 shows the post-mortem specimens are presented, where the
specific deformation modes are visible.

o e o —

e St

(a) Pattern: Circle (b) Pattern: Diamond (c) Pattern: Hexagon

PRt Sy ey

(d) Pattern: Square (e) Pattern: Triangle (f) Pattern: Wavy

Figure 4.4: Post-mortem view of the lattice structure specimens after compression for each
pattern. Provided by INEGI.

The first notable characteristic present in almost all geometries except for all the speci-
mens fabricated using the Diamond pattern, and two of the specimens using the Circle pattern
— is that the specimens presented a high tendency to buckling in the out-of-plane direction.
This might be attributed to the slender shape of the samples — which make them prone to
buckling — as well as the possibility of the guides being misaligned.

However, even if such behavior is clearly present during the test, most geometries only

started showing a high tendency to buckle after the densification stage — where the loading
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distribution becomes uneven due to the high local buckling and bending of the individual
struts. One exception was the Square pattern, which started to globally buckle very early
into the experiment, as illustrated by Figure B35. This in turn might be attributed to the
Square’s inner struts tendency to bend instead of buckle, which produces a steep increase
in the plastic deformation and — consequently — on the local stress values, which causes
structural instability and facilitates the geometry to globally buckle.

S ST e

(a) Square pattern — global buckling. (b) Square pattern — post-mortem curvature.

Figure 4.5: Global buckling behavior of the Square lattice. The figure presents the in-test
deformation (a) and the post-mortem shape (b). Adapted from INEGI.

In terms of local strut behavior, most geometries showed a combination of buckling
and bending. However, some geometries seem more prone to bending — e.g. the Square
geometry’s deformation seems to be mostly governed by strut bending and global buckling
— and some to buckling — such as the Triangle and Diamond ones, which presented a high
buckling of the some individual struts (Figure &-6).
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(a) Diamond pattern local buckling (b) Square pattern deformation (c) Triangle pattern pronounced lo-
in several struts. mainly governed by strut bending.  cal buckling, especially near bound-
aries.

Figure 4.6: Experimental strut buckling and bending observed in selected lattice geometries.
Adapted from INEGI.

Two geometries also showed the commonly observed shear bands highlighted in Sec-
tion and extensively reported in literature — e.g. (Wiref all, 20773; Sharma and Hiremafh),
P023; Zhou ef all, 2023) — where a diagonal line is clearly observable in the post-failure de-
formed specimens (Figure &77). This observed behavior is then aligned with previous studies

and highlights the need to accurately manufacture components to show the desirable layer-
by-layer progressive structure collapse instead of having a preferential and diagonal load
path.

(a) Circle pattern visible diagonal shear band. (b) Square pattern shear band crossing several cell
TOWS.

Figure 4.7: Shear bands observed in the post-failure specimens. Adapted from INEGI.
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4.2 Numerical Simulation Results

4.2.1 Simulated Force-Displacement Curves

The force—displacement curves provided by the history output using Abaqus/CAE were
plotted together and are presented in Figure B8. The figure shows the force values for each
displacement point in the simulation, and the choice of using the asterisk marker highlights
the difference in timestep throughout the studies. The decrease in timestep can be spotted by
noting a denser cloud of points as opposed to a sparse and regular one, which gives a hint
to which simulations were more stable — e.g., the Triangle simulation was especially stable
and the timestep was fairly constant, as opposed to the Square simulation, which required
a drastic reduction in the timestep after the peak force value (likely due to the high plastic

deformation of the inner struts).
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Figure 4.8: All simulated force—displacement curves for the six lattice patterns.

Similarly to the experimental results, they’ve presented the three stage behavior, visible
when plotting the curves. They also agreed with experimental data on the gradual force
increase in the plateau stage, before reaching densification. As previously mentioned, the
simulations were truncated at 17mm — where densification started to become more appar-
ent — because of the increasing complexity of the contact interactions. The complexity in-
volved can be further noticed by looking at the number of subsequent timesteps for the same
displacement variation before and after the self-contacts start taking place (indicating den-
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sification). By looking at Figure B8, the point clouds start becoming denser at the onset
of densification, indicating a struggle of the solver to achieve convergence and the need to

subsequently reduce the time increments (up to the minimum allowed value).

Two geometries didn’t complete until the total displacement, the Square and the
Hexagon. While the Square diverged at 16.73 mm — which didn’t influence the analysis
since it was too close to the end time for all simulations (17 mm) — the Hexagon lattice only
ran until about 13mm, as can be observed by looking at its particular force—displacement
simulated response, where the increment get’s smaller near the end and leads to a value
smaller than the allowable threshold. It’s not trivial to pinpoint what was the exact issue
that lead to the simulation diverging so early for the Hexagon pattern specifically, but a few
hypothesis might be raised. The first one is that the Hexagonal pattern showed a very high
stiftness, which prematurely lead to a stress increase and made the simulation unstable. On
the other hand, densification starts suddenly for this structure, and the contact area between
the collapsing struts becomes very large even for the first interaction, which increases the
contact complexity, as demonstrated by Figure 9. Finally, the middle node of the cells,
produced by using a second order mesh, also increases the number of contact interactions

and makes the solving of the equations unstable.

P :
Points of = L& & i B
contact near
divergence

Figure 4.9: Hexagonal lattice during the numerical compression test, highlighting the regions
where contact between opposite struts becomes dominant near the end of the simulation.
4.2.2 Simulated energy absorption

Table B2 shows the obtained simulated data in terms of EA and SEA. Looking at the
EA, the highest value was obtained for the Square pattern by a very large margin of 10.9% in
comparison to next best performer (the Triangle pattern — see Figure E10a). This difference
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from the experimental data might be attributable (as in the curve comparative analysis) to
the global buckling behavior not appearing in the simulation, as well as the struts locally
bending, since bending is well-known for it’s energy absorption capabilities.

d EA SEA Dg,—Circle
[mm] [J]  [kJ/kg] [%]

Circle 17.00 1101 12.31 0.00/0.00
Diamond 17.00 1085 11.06 -1.45/-10.16
Hexagon 13.25 893 936  -18.92/-23.94
Square 16.73 1600 21.68 +45.32/+76.14
Triangle 17.00 1480 15.52 +34.42/+426.10
Wavy 17.00 946 9.83 -14.08 / -20.17

Pattern

Table 4.2: Simulated energy and specific energy absorbed for each pattern, including devia-
tion from the Circle baseline. Values in the deviation column are reported as (total / specific).

In terms of SEA, the Square pattern once again outperformed the others by an even
larger margin, with a 76.14% specific energy absorption increase in comparison to the Cir-
cle pattern (Figure E-T0R), which indicates a high volumetric efficiency in terms of energy
absorption. It’s followed by the Triangle, Circle, Diamond, Wavy and Hexagon. The sim-
ulation specific energy showed a highly stepped behavior between the samples, i.e., most
patterns presented very different performance levels and could be placed on a 1-6 list from

best to worst performer (excluding of course the Hexagon pattern due to the data truncation
mentioned earlier).
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Figure 4.10: Simulated Energy Absorption (EA) and Specific Energy Absorption (SEA) for
all lattice patterns.
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4.2.3 Von Mises Stress, PEEQ and deformed shapes

Figures ETT-2T72 show the Von Mises Stress and PEEQ contour plots for each structure,
plotted against the deformed geometries. In an initial overall assessment, it’s notable that the
deformed shapes resemble the real-life samples somewhat closely, especially when it comes
to strut buckling and bending. On the other hand, no simulation predicted the global buckling
of the structures, which is in line with the mesh being symmetric across the thickness and the
simulation operating under idealized conditions in terms of material isotropy and specimen

alignment.

By looking at them individually, some noteworthy patterns also begin to emerge. The
Circle and Diamond patterns (Figures E1Ta—# TTb) were especially stable and showed the
desired layer-by-layer collapse, as opposed to a shear band, which can be noticed by the
highly symmetric stress distribution. Looking at the PEEQ for these structures, the distribu-
tion is also symmetric, with a high deformation level appearing at the struts roots and mid

sections.

Even if the Hexagon LS didn’t complete until the end, it also showed a visually symmet-
ric behavior for both fields (Figures ETTic—&T2c). This can be further noticed by comparing
it to the conceptually similar Wavy pattern (Figures ETTf—# T2f), where the stress distribu-
tion was not symmetric and clearly showed a preferential and diagonal path.

The Triangle and Square patterns both showed an unsymmetrical behavior. For the Tri-
angle, this was expected since the geometry itself is not symmetric in-plane. Most of the
loading seems to be supported by the vertical struts instead of the diagonal ones, and the
external struts showed a buckling behavior, where PEEQ was higher at the strut’s middle.
The internal ones showed bending, with the higher PEEQ appearing at the connections (Fig-
ure & TTe). The Square lattice also presented a behavior where the load was being carried
by the vertical as opposed to the horizontal struts (Figures BET1ld-#T2d), and the response
showed a high tendency to the formation of two shear bands: one at the second layer from
top to bottom and one at the second layer from bottom to top.
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Figure 4.11: Von Mises stress distribution for each lattice pattern at the end of compression.
Values below 700 MPa are plotted in white and values above 950 MPa are saturated in red.
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Figure 4.12: Equivalent plastic strain (PEEQ) distribution for all lattice patterns. A post-
processing filter was applied to show values between 0.2 and 1.0. Values below 0.2 were
rendered in white, and values above 1.0 were rendered in red.

71



4.2.4 Computational Cost

Upon completion of the numerical simulations, a comparative analysis of the computa-
tional cost was performed by retrieving the Wall Clock Time for each geometry, as detailed in
Table B3, It is worth noting that the simulation time is inversely proportional to the model’s
stability: severe instabilities or excessive mesh distortions force the solver to reduce the time
increment to try and achieve a successful iteration. This behavior can be visualized in Fig-

ure B8, where an increase in the density of plotted points indicates a reduction in the time

step.
Pattern Wall Clock Time
[s]
Circle 5016
Diamond 9146
Hexagon 6664
Square 15444
Triangle 2990
Wavy 3661

Table 4.3: Computational cost for each pattern simulation.

From this perspective, the Triangle topology exhibited the lowest computational cost
(2990 s), which is corroborated by the uniformity of the time increments observed in the
plots. Next are the Wavy (3661 s) and Circle (5016 s) patterns, which demonstrated good
structural and numerical stability throughout the compression process. The Hexagon pattern
(6664 s) remained stable for most of the regime; however, the numerical divergence occur-
ring near 13.25 mm required successive reductions in the time step, increasing the total cost

despite the shorter displacement achieved.

Higher costs were observed in geometries with more complex contact interactions or
unstable failure modes. The Diamond pattern (9146 s), despite its progressive and stable
collapse, suffered a strong computational penalty near 15 mm, at which point densification
intensifies the contact between struts. Finally, the Square topology demanded the highest
computational effort (15444 s). The formation of a shear band after the stress peak caused
large geometric distortions in the mesh, compromising numerical stability. Notably, even
though it failed prematurely (d = 16.73 mm), the Square pattern simulation consumed con-
siderably more resources than the others due to the need to process the simulation with

extremely reduced time increments.
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4.3 Validation of the Numerical Model Against Experimen-
tal Data

4.3.1 Force-displacement curves for the Lattice Geometries

Once the numerical studies are completed, the next step is to plot the experimental re-
sults against the numerical ones for a full comparison. This is presented for each pattern
individually in Figure BT13, and for all curves plotted together in Figure T4,

The curves for some patterns showed good agreement, while others remained lacking.
The first notable difference between the the experimental and numerical results is related to
LS stiffness, since the experimental curves were considerably softer in comparison to the
simulated ones. While studying 2D circular lattices, Haef all (20022) noted a similar pattern
where a shift occurred at the peak point of each curve (at the end of the linear region) by
comparing simulation and experimental data, and the authors attributed it to them not adding
a damage formulation to the model (since it would soften the components). The numerical

setup developed in this dissertation then suffers from the same sort of inaccuracy.

However, beyond the yield limit for each LS, the curves for the Diamond, Hexagon and
Wavy patterns showed a good agreement between experiment and simulation — with them
almost overlapping for the entirety of the evaluated displacement (Figures E13b, ET3c and
A 13f). The observed behavior was also similar in terms of the increase/decrease tendencies,
with the Diamond curve, for instance, both experimentally and numerically starting with
the linear increase in force, followed by a monotonic and short increase until a peak force
and by a subsequent softening. The force presents a steep increase again when densification
starts. The Hexagon pattern shows a similar pattern up to the densification stage (where the
simulation diverges) and the Wavy pattern simulation presents a linearly increasing force
up to densification, while the experiment shows an increase/decrease behavior instead. The
difference might be attributable to the global buckling tendency in the experiment for the
Wavy pattern.

The curve for the Circle pattern also showed some agreement — although the difference
became more pronounced after I0mm. This change in behavior is likely attributable to the
real specimen showing both a global buckling behavior, as well as a preferential shear band
where deformation occurred, which was not captured by the simulation. The simulated Tri-
angle pattern curve also showed a similar shape to its experimental counterpart, although
shifted upwards. One notable difference between the simulation and the experiment was the
not-capturing of a the buckling tendency from the large mid-left strut (see Figure E12e),
which was likely the driver of the higher softening showed by the experimental curve.

The pattern which presented the higher difference in Simulation—Experimental (S-E)
shape was the Square, which gives insights on the potential difference observed in the other

curves. Since the Square pattern specimen globally buckle at the very beginning of the
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experiment, it’s obtained real-life curve was much softer in comparison to the simulation
one. In the simulation, buckling didn’t happen neither globally nor locally (at the strut level),

indicating a higher energy absorption capability in the form of strut bending.
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Figure 4.13: Comparison between experimental and simulated force—displacement curves

for each lattice pattern.
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When looking at all curves plotted together (Figure BET4), it’s possible to compare each
pattern’s strength by observing the curves y-shift , i.e., the force value at the beginning of
the plateau region. Experimentally, the curve most downwards shifted was the one from the
Wavy pattern, followed by Circle, Triangle-Hexagon, Diamond and Square. For the simu-
lated curves, a the following pattern appears: Wavy, Circle, Hexagon, Diamond-Triangle,
Square. The two patterns are then in agreement for most structures, with only the Triangle
shaped LS being placed higher in terms of y-shift because of the already mentioned higher

force response predicted by the simulation.
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Figure 4.14: All (experimental/simulated) force—displacement curves for the six lattice pat-
terns.

4.3.2 Quantitative comparison of energy absorption

From the data exposed in Sections BT, a comparison can be performed by joining
the experimental and simulation data in terms of EA and SEA, then observing the deviation
between the real and numeric values. Table B4 displays the quantities obtained for each
pattern, as well as the deviation of the simulations from the experimental (D, (S—E)) data
for each in terms of EA, and Table &3 does the same for SEA.
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d EAexp EAsim Doexp—C  Dogim—C  De, (S-E)

Patt

W mm) M [%] [%] [%]
Circle 17.00 974 1101 0.00 0.00 +13.06
Diamond 17.00 1010 1085 +3.69 -1.45 +7.43

Hexagon 13.25 855 893 -12.23 -18.92 +4.44
Square 16.73 1205 1600  +23.68  +45.32 +32.81
Triangle 17.00 1240 1480 +27.41 +34.42 +19.35
Wavy 17.00 905 946 -7.09 -14.08 +4.53

Table 4.4: Comparison between experimental and simulated Energy Absorption (EA).
Columns include: experimental EA (EAeyxp), simulated EA (EAg;y,), experimental deviation
from Circle (Dgexp—C), simulated deviation from Circle (Do, —C), and the simulation error
relative to experiment (Dg, (S—E)).

d SEAexp SEAgim D%exp_C Dosim—C Do (S-E)

Pattern ) kel [Kkgl  [%] [%] (%]
Circle 17.00 10.89 12.31 0.00 0.00 +13.08
Diamond 17.00 10.29 11.06 -5.51 -10.16 +7.48

Hexagon 13.25 8.97 9.36 -17.67 -23.94 +4.35
Square 16.73 1632  21.68  +49.83 +76.14 +32.93
Triangle 17.00 13.00 15.52  +19.37 +26.10 +19.38
Wavy 17.00 9.41 9.83 -13.60 -20.17 +4.46

Table 4.5: Comparison between experimental and simulated Specific Energy Absorp-
tion (SEA). Columns include: experimental SEA (SEAcyp), simulated SEA (SEAgin), ex-
perimental deviation from Circle (Dgexp—C), simulated deviation from Circle (Dogp—C),
and the relative simulation error (Dg, (S-E)).

The first insight to be drawn from Tables B-4-Z3 is that all simulations over predicted the
energy absorption for each pattern, which means that all curves presented an upwards force
shift. As explained in the previous section, this might be attributable to the non-inclusion
of a damage parameter — which would soften the specimens as they approach the fracture
limit — as well as to the highly idealized nature of the simulation — e.g. material behavior
was considered isotropic, the mesh was highly symmetric etc. However, an overall assess-
ment shows a good experimental-numerical agreement — especially excluding the Square and
Triangle patterns, with all other geometries deviating from the simulation by an average of
= 7.3%. By including the Square and Triangle patterns, the average rises to = 13.6%, which
can still be considered an acceptable deviation.

From the comparison, it’s also clear that a correlation can be established between the
accuracy in representing the deformation modes of the specimens faithfully and the resulting
curve with it’s energy absorption capabilities. The Square lattice simulation, for instance,
was the most deviant in terms of global behavior since the global buckling wasn’t numeri-
cally captured, and it consistently presented the highest deviation from the experimental data.
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The same can be said for the Triangle lattice, since a crucial buckling wasn’t captured by the
simulation. The next specimen with a somewhat high deviation (although well below the
other two) was the Circle lattice, which in real life showed a tendency to form a preferential
load path which was absent from the simulation. Figure BET3 shows a comparison between
each lattice and their correspondent EA/SEA, while at the same time presenting the results

for the respective simulations.
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Figure 4.15: Comparison between experimental and simulated Energy Absorption (EA) and
Specific Energy Absorption (SEA) for all lattice patterns.

After all the experimental and simulated EA / SEA data is outlined for each specimen, a
comparative performance study between each pattern can be achieved. While such compari-
son was already made both for the experiment and the simulation data in previous sections,
the limitation of having different displacement values for each pattern made it difficult to
establish a definitive performance ordering of the lattices (especially because of the early
failure of the Hexagon LS simulation). To achieve that goal, all the data was then truncated
at 13.25 mm displacement (to match the Hexagon lattice displacement) and Tables E-6-477
show all the values up to this threshold.
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d  EAwp EAgm Dgexp—C Dggim—C Dy (S-E)
[mm]  [J] [J] [%] [%] [%]

Circle 13.25 736 819 0.00 0.00 +11.20
Diamond 13.25 784 840 +6.53 +2.55 +7.05
Hexagon 13.25 855 892 +16.15 +9.01 +4.37
Square 13.25 956 1260 42991 +53.92 +31.77
Triangle 1325 929 1110  +26.18 +35.54 +19.44
Wavy 13.25 698 725 -5.22 -11.38 +3.93

Pattern

Table 4.6: Comparison between experimental and simulated Energy Absorption (EA), trun-
cated at d = 13.25 mm. Columns include experimental EA (EAexp), simulated EA (EAgim),
experimental deviation from Circle (Dgexp,—C), simulated deviation from Circle (Do, —C),
and the simulation relative error (Do, (S-E)).

Pattern d SEAexp  SEAsim D%GXP_C Dosim—C Dy (S-E)

[mm] [kJ/kg] [kl/kg] [%] [%] [%]
Circle 13.25  8.23 9.15 0.00 0.00 +11.20
Diamond 13.25  7.99 8.56 -2.92 -6.44 +7.16

Hexagon 13.25 897 9.36 +8.95 +2.32 +4.35
Square 1325 1295 17.07 +5733  +86.67 +31.87
Triangle 1325 9.74 11.63  +1829  +27.16 +19.48
Wavy 13.25  7.26 7.54 -11.80 -17.55 +3.85

Table 4.7: Comparison between experimental and simulated Specific Energy Absorption
(SEA), truncated at d = 13.25 mm. Columns include experimental SEA (SEA¢yp), simulated
SEA (SEAgim), experimental deviation from Circle (Dg,ey,—C), simulated deviation from Cir-
cle (Dgg;m—C), and the simulation relative error (Do, (S—E)).

From Tables BEE6H77, it’s possible to make a fair assessment of the LS performance, es-
pecially in terms of the placement of the Hexagon LS. In considering EA, the order was
Square, Triangle, Hexagon, Diamond, Circle, Wavy for the experimental data and Square,
Triangle, Hexagon, Diamond—Circle, Wavy for the simulated data. By comparing the two
lists, it’s clear then that the simulation accurately predicted the comparative analysis in terms
of energy absorption between the samples, even if it overpredicted the EA for the Square and
Triangle lattices by a considerable margin. one difference is that the Diamond and Circle
patterns performed very similarly in the simulation case (hence why they were grouped to-
gether in the list), whereas the experimental data showed more of a “stepped" ranking, with
every LS in its place.

In terms of SEA, the order was Square, Triangle, Hexagon, Circle-Diamond, Wavy for
the experimental data — i.e., the higher density of the Diamond lattice in comparison to
the Circle lattice made them switch placements — and Square, Triangle, Hexagon—Circle,
Diamond, Wavy for the simulated data. In the specific energy case, then, an equivalence
was found between the Diamond and Circle patterns for the experiment and between the

Hexagon and Circle patterns for the simulation.
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All in all, some conclusions can be drawn from the study in terms of comparative energy
absorption performance. The first one has to do with the boundaries, i.e., the best and worst
performers. In that regard, the Square lattice was consistently the best performer both for
experimental and simulated data and for EA / SEA. For SEA specifically, the Square lattice
showed an even higher difference from the other patterns and demonstrated an optimal en-
ergy absorption capacity per material kg. The second place in the list, the Triangle LS is also
consistent among all the observed data and can be confidently placed where it’s at. On the
other hand, the lowest performer (both for EA and SEA) across all observed data was the
Wavy lattice, which can be placed last in the list. For the other three patterns — i.e., Circle,
Diamond and Hexagon — they presented similar performance experimentally as well as nu-
merically for most cases, with the Hexagon pattern consistently presenting slightly higher
values for EA and SEA in all analyses and the Circle presenting slightly lower values of EA
and slightly higher values of SEA in comparison to the Triangle. Figure BT shows a plot
comparison of the EA and SEA for all the patterns, while truncating the data at d = 13.25
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Figure 4.16: Comparison between experimental and simulated Energy Absorption (EA)
and Specific Energy Absorption (SEA) using truncated curves (d < 13.25 mm).

4.3.3 Qualitative comparison of deformation modes

Another key aspect in simulating LS is to compare the FEM deformation modes with
the experimental ones. Figures show a side-by-side comparison between the FEM
and real-life results for each geometry, where pictures of the in-progress experiment are
presented to more closely match the simulation’s end time. The FEM results display the
contour plots for equivalent plastic strain (PEEQ), since it’s the key metric in an elastoplastic
simulation to determine the higher levels of distortions within a structure.
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The Circle pattern (Figure B17) showed agreement for the top and bottom unit cells as
the structure was crushed. The discrepancy appeared in the middle, where the side struts
bent outwards in the simulation, whereas some bent inwards experimentally (producing the
already discussed shear band). The simulated Diamond pattern produced the crushed geome-
try which most closely resembled the experimental one: the bottom struts buckling outwards,
some inner struts bending, the larger side-struts not deforming much up to the point of analy-
sis, and the mid section collapsing (see Figure EIR). The high matching can almost certainly

be attributed to the experimental specimens not presenting a global buckling tendency.
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(a) FEM Equivalent plastic strain (PEEQ). (b) Experimental deformation mode. Provided by IN-
EGI.

Figure 4.17: Comparison between FEM and experimental results for the Circle pattern.
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Figure 4.18: Comparison between FEM and experimental results for the Diamond pattern.
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The Hexagon pattern LS simulation also showed a good matching with the experimental
shape (Figure B19), with the mid section collapsing, the outer struts buckling outwards in
a symmetric shape. A similar behavior appears in the Wavy pattern (Figure E20), where
the mid section collapses — but in this case unevenly. A shear band appears in the simulated
shape, and it can be faintly seen in the experimental one. Discrepancies come once again in
the struts buckling direction: in the simulated shape, all of them buckled outwards and in the
experimental some show signs of buckling inwards.
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(a) FEM Equivalent plastic strain (PEEQ).

(b) Experimental deformation mode. Provided by IN-
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Figure 4.19: Comparison between FEM and experimental results for the Hexagon pattern.
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(a) FEM Equivalent plastic strain (PEEQ).
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Figure 4.20: Comparison between FEM and experimental results for the Wavy pattern.
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The two simulated LS which showed the least agreement were the Square and the
Triangle pattern lattices. As previously mentioned, the Square lattice presented an early
global buckling behavior which the simulation didn’t capture — affecting both the force—
displacement response and the deformed shape. However, agreement is still slightly observed
since the simulation highlighted how the shear bands affect this geometry (Figure BE7T4),
and the formation of a shear band at the same spot (second cell layer) begins to show as
the structure buckles (Figure B2TH). The lack of similarity for the Triangle lattice comes
from the experimental deformation being concentrated at the largest left mid strut, and in
the simulation the load was carried by the smallest struts buckling outwardly (Figure E27).
Another discrepancy can be seen in terms of the inner struts behavior, where the simulated
shape showed most of them bending and the experimental one shows them uniformly buck-
ling. Agreement was obtained for the bottom-left strut, which presented outwards buckling
in both the simulation and experiment.
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(a) FEM Equivalent plastic strain (PEEQ). (b) Experimental deformation mode. Provided by IN-
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Figure 4.21: Comparison between FEM and experimental results for the Square pattern.

83



PEEQ
(Avg: 75%)
1.8E4+00
1.0E4+00
933.3E-03
866.7E-03
800.0E-03
733.3E-03
666.7E-03
600.0E-03
533.3E-03
466.7E-03
400.0E-03
333.3E-03
266.7E-03
200.0E-03
0.0E+00
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Figure 4.22: Comparison between FEM and experimental results for the Triangle pattern.
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Chapter 5

CONCLUSION

5.1 Summary of Main Findings

This study led to several important findings regarding the modeling and experimen-
tal behavior of WLAM-fabricated lattice structures. A calibrated material curve was ob-
tained by applying an optimization algorithm to the Kleinnerman—Ponthot model, resulting
in a parameter set that accurately described the material’s behavior. When implemented in
Abaqus/CAE, the model produced tensile test simulations that closely matched the exper-
imental force—displacement response, demonstrating strong Simulation—Experiment (S-E)

agreement.

The finite element modeling approachbased on 3D simulations using Hex—20 elements
and 2D rigid guides—proved effective in predicting the compressive response of most lattice
structures (LS). Notable exceptions included the Triangle lattice, which retained its shape
but exhibited a positional offset, and the Square lattice, where global buckling effects were
not captured by the model. Despite these discrepancies, the numerical results for energy
absorption (EA) and specific energy absorption (SEA) reproduced experimental trends and
maintained the relative performance ranking across all geometries. On average, the S—E
energy deviation across all LS was approximately = 13.6%, but this dropped to = 7.3% when
the Square and Triangle latticesresponsible for the largest errorswere excluded. These two
lattices consistently achieved the highest energy absorption values, whereas the Wavy lattice
showed the lowest performance.

In terms of deformation mechanisms, the simulations closely mirrored the experimental
observations. The model accurately captured key behaviors such as local buckling, bend-
ing, and the early formation of shear bands. Among all configurations, the Diamond lattice
showed the best match in deformation behavior, likely due to the absence of global buckling
in the physical tests. Strong agreement was also observed for the Hexagon and Wavy lattices,
and good agreement for the Circle. Although the Square and Triangle lattices showed greater

discrepancies, the simulations were still able to reproduce critical in-test behaviors, including
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shear-band initiation in the Square lattice and localized strut buckling in the Triangle.

Overall, the finite element framework adopted in this work demonstrated solid predictive
capability for WLAM-manufactured 2D lattices. It effectively reproduced both the mechan-
ical response and the deformation patterns observed experimentally, making it a reliable tool

for comparative performance analysis across different lattice configurations.

5.2 Limitations of the Study

Despite the strong agreement achieved for several lattice structure (LS) patterns and
across all analyzed parameters, certain limitations prevented the study from reaching an even
higher correlation between experimental and numerical results. One of the main issues was
observed in the Hexagon lattice, which exhibited early numerical divergence near the onset
of densification. This behavior is attributed to the increasing complexity of contact interac-
tions during the densification phase and underscores the limitations of solving the problem

using an implicit approach.

Additionally, several real-world features of the printed specimens were not included in
the simulations. These include variations in strut thickness, anisotropy caused by uneven
thermal distribution during manufacturing, and the absence of a damage formulation. Each
of these factors likely influenced the force—displacement response and contributed to dis-

crepancies in Simulation—Experiment (S—E) matching.

Another important limitation lies in the idealized nature of the finite element model it-
self. The geometry, boundary conditions, and discretization were simplified, and the 2D LS
designs were highly symmetric with respect to the three main mid-planes. This led to highly
symmetric deformation patterns in the simulations, which deviated from the more irregular

behavior observed in the experimental tests.

As a consequence of this symmetry and the absence of imperfection modeling, the nu-
merical simulations did not reproduce the global buckling behavior exhibited by many of the
experimental samplesmost notably the early buckling observed in the Square lattice. These
limitations highlight areas where the modeling framework could be refined in future work to

improve predictive accuracy.

5.3 Suggestions for Future Work

Future research directions emerging from the present investigation include several
promising avenues for improving the predictive accuracy and scope of the numerical model.
One key direction is the development of a finite element analysis focused on capturing buck-
ling behavior in the lattice structures (LS), potentially through the implementation of a buck-

ling analysis approach, coupled with a Nonlinear study which tried to replicate the buckling
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tendency. Incorporating a damage formulation into the material model is also recommended,
as this would allow investigation into its influence on the force—displacement response and
post-yield behavior.

Another valuable extension involves accounting for material anisotropy induced by the
non-uniform thermal history during the WLAM process. Introducing an anisotropic mate-
rial formulation would help better reflect the physical properties of the printed structures.
Adding porosity considerations might also help in achieving higher accuracy for the predic-
tion of specimen stiffness. Additionally, mechanical specimens — including both tensile and
lattice samples — could be extracted from taller printed blocks to assess how build height and

extraction location influence the mechanical response.

Further experimental characterization of WLAM-fabricated components is also encour-
aged, particularly through compression, shear, and impact tests, in order to develop a more
complete understanding of the materials behavior under diverse loading conditions. The im-
pact of the loading speed on the mechanical behavior of the components was also not taken
into consideration, so that an investigation on that front would prove both useful and relevant.
Finally, a dynamic finite element analysis should be conducted to evaluate the performance
of different LS geometries under impact loading, thereby extending the applicability of the

model to high-strain-rate scenarios relevant to real-world engineering applications.
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