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I 

 

Abstract 

Additive manufacturing (AM), also known as 3D printing, has transformed scientific and 

manufacturing fields with its rapid design iterations and ability to produce intricate geometries, making 

it accessible through its low entry prices and versatile applications. Within this domain, Functionally 

Graded Lattice Structures (FGLS) have emerged as a significant development: these low-density 

cellular structures, spanning large volumes, can be customized and optimized for specific needs. 

Numerous recent publications delve into their application fields, potential improvements over 

conventional designs, and appropriate optimization methods, emphasizing advantages in both 

performance and production efficiency. However, the transfer from theoretical exploration to practical 

engineering implementation of FGLS remains a challenge, demanding the integration of various 

critical elements, including detailed material modelling, production requirements, and optimization 

routines. 

In this dissertation, a comprehensive investigation is conducted to address these challenges. The 

study explores suitable design software, lattice types, manufacturing techniques, and materials, aiming 

to develop a general-purpose optimization technique. The research evaluates the results based on their 

performance, providing valuable insights into the potential applications of FGLS. To illustrate the 

practical aspects of this research, two real-world examples are presented: a steel bicycle crank arm 

manufactured using metal Fused Deposition Modelling (FDM) printing and a bicycle helmet made of 

Polyamide produced with Multi Jet Fusion (MJF). These applications showcase the versatility of 

FGLS, as the optimization goals differ: the crank arm lattice is optimized for maximum stiffness under 

a mass constraint, while the helmet lattice is optimized for the wearer's maximum protection. 

Furthermore, the research includes a synthetic test featuring a cuboid lattice geometry subjected to 

compressive loads, exploring its optimal thickness distribution following mathematical functions. The 

study demonstrates different lattice splitting and optimization techniques, varying in complexity levels. 

Physical testing plays a crucial role in this research, allowing the correlation of simulative findings 

with actual behaviours. The dissertation includes detailed physical tests of several material and 

manufacturing options, evaluating their suitability for the presented applications. However, challenges 

arise during physical testing due to geometrical and material deviations resulting from manufacturing 

procedures, complicating reliable simulative predictions. Despite these challenges, the optimization 

routine proves its capability to enhance the performance of lattice structures in numerical simulations, 

suggesting the potential of FGLS to outperform conventionally produced appliances. These findings 

highlight the promising future of Functionally Graded Lattice Structures in engineering applications, 

showcasing their potential to change various industries. 
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1. Introduction 
 

 
1 

1 Introduction 

1.1 Motivation & Problem Statement 

With the progress of additive manufacturing (AM) technologies, manufacturers are taking advantage 

of previously unattainable levels of design flexibility and prototyping possibilities. Design cycles can 

be drastically shortened, multiple parts consolidated into one and shapes formerly impossible to 

manufacture can be realised, all while using less energy and material (Diegel et al., 2019). AM 

simplifies manufacturing designs mimicking nature-inspired organic shapes, for example stemming 

from topology optimisations (TO). It permits the removal of material from a pre-defined design space 

where it is not essential for the considered load case. An example of a topology optimized appliance 

is the jet engine bracket shown in Figure 1.1, where material was removed to reduce the total weight. 

Producing these organic shapes can be a substantial challenge for subtractive manufacturing methods, 

and they commonly require manual rebuilding in Computer-Aided Design software (CAD). However, 

the limits of subtractive methods are quickly reached when trying to produce more complex or hollow 

structures. Additive Manufacturing allows their production with relative ease and has opened up new 

areas of research. The next step after TO in the process of reaching for better, bioinspired engineering 

designs is considered to be cellular structures (Plocher & Panesar, 2019). 

  
Figure 1.1: Example of Topology 

Optimization procedure 

demonstrated on General Electric 

jet bracket. (Tony Abbey, 2018) 

Figure 1.2: Bracket with Topology Optimization and subsequent lattice 

optimization performed with Altair OptiStruct. (Altair University Fall Webinar 

Series 2020, n.d.) 

 

 

Researchers strive to mimic the hierarchical, often nonuniform cellular composition found in 

sponges, wood, fungi, leaves, bones, and many other biological structures (Gibson & Ashby, 1997). 

The aim of this growing research domain is to benefit from their high strength-to-weight ratio, energy 

absorption capacity, vibrational damping capability, heat transfer property, and other beneficial traits 

(Seharing et al., 2020). Most importantly, AM readily allows for the production of locally varying 

lattice structures (a subcategory of cellular structures) enabling application-specific, tailored designs. 

Their cell size, type, orientation, material thickness and even material types can be altered according 
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to local requirements depending on the use case or user (Uribe-Lam et al., 2021). Such a design is 

referred to as a Functionally Graded Lattice Structure (FGLS). They can be designed with manually 

defined property gradients to achieve a certain desired behaviour or be based on external loads (Kang 

et al., 2019). The latter strives to make optimal use of the material in a specific application such that 

no performance potential is wasted. A demonstration of an application using a locally optimized lattice 

structure is shown in Figure 1.2. To achieve this, the bracket has first undergone a TO step. Material 

was removed from the solid design domain where not required for that specific load case, reducing the 

part’s mass. In a second optimization step, the part’s shape was not altered any further, however a 

lattice structure is introduced to locally decrease its mass even further where possible. The structure’s 

cell size and strut diameter were altered based on the local stress field visible behind the latticed part. 

High stress regions (coloured in red) remain solid to carry the load adequately, whereas lattices are 

introduced in low stresses areas (coloured in blue) since less material is required here. 

An increasing number of publications revolving around the design, optimization, manufacturing, 

and performance of FGLS is available. The studied designs are commonly kept simplistic to adhere to 

facilitate the analysis and comparability. Most only consider manually applied property gradients, 

commonly by linearly changing the thickness across one axis the structure (Ajdari et al., 2011; Choy 

et al., 2017; Maskery et al., 2018; Maskery, Hussey, et al., 2017; Niknam & Akbarzadeh, 2020; Tao et 

al., 2018). If optimization strategies are applied, they are often tackled by heavy use of programming 

scripts interfacing with commercial or custom physical solvers (Nazir et al., 2019; Pan et al., 2020). In 

an industrial setting, these customized procedures do not permit an adequate usage of FGLS since 

complex geometries and load cases are the norm, and simple workflow handling along with versatility 

is required to iterate on the designs effectively. Despite their clear advantages in numerous tasks, 

industrial applications are slow to adopt lattice structures and do not yet make use of FGLS on a broad 

scale. Observation shows that the presented appliances making use of FGLS are mainly used for 

demonstrative purposes. They tend not to make use of optimization routines, instead relying purely on 

manual adaptations. The main limitations preventing the wide-spread use of FGLS in industry are the 

lack of adequate lattice design tools, usable lattice optimization routines compatible with or included 

in established physical solver suites, simple geometry extraction options, and sufficient knowledge 

concerning the additive manufacturing of lattices (Aghajani et al., 2023; Nazir et al., 2019; Plocher & 

Panesar, 2019; Sajjad et al., 2022). 

Fuelled by the increasing accessibility of AM, industries strive to benefit from graded and ungraded 

lattice structures to improve upon existing designs despite the current limitations. The potential use 

cases include a wide array of domains such as implants in biomedical settings (Mahmoud & Elbestawi, 

2017), wearable protective gear like helmets (Khosroshahi et al., 2018; Nasim et al., 2022), impact 

absorption devices in automotive settings (Hou et al., 2018), lightweight structures in aerospace 

applications (Zhu et al., 2018), heat exchangers (Cheng et al., 2018) and others (Aghajani et al., 2023). 

It is essential to enable efficient and fast design pipelines to implement FGLS in mechanical parts 

such that designers and consumers alike can reap their benefits. Therefore, the assembled work 

presented in this thesis provides a holistic method enabling the efficient design, optimization, and 

manufacturing of FGLS in mechanical parts. It is applicable to complex geometries, supports the 

numerical simulation of diverse physical phenomena, the structure’s optimization for arbitrary goals, 
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provides an approach to reducing the computational efforts of lattice optimization studies, and ensures 

the part’s manufacturability. 

 

1.2 Objective & Approach 

This thesis focuses on developing a comprehensive strategy to include FGLS in mechanical parts, 

to devise a generalised optimisation strategy compatible with engineering requirements, and to ensure 

manufacturability of the achieved design via additive methods. Industrial settings demand workflows 

to be versatile, fast, and to make use of existing tools as much as possible. Hence, the method avoids 

the use of customized scripts as much as possible and utilizes existing design and analysis software to 

meet these requirements. Only where they fall short are such scripts used.  

Consequently, software suites capable of adequately handling the design, analysis and optimization 

of lattice structure is determined and employed. A compatible numerical modelling and optimisation 

method is established, and adequate AM methods are chosen. The findings culminate in applications 

showcasing the efficacy and flexibility of the devised design pipeline while also demonstrating the 

applications’ performance. 

Two devices with realistic geometries are fitted with optimized lattice structures. Common and 

approachable appliances are chosen: a bicycle crank arm as well as a helmet. They are compared to 

their conventional counterparts via numerical simulation and physical testing. An auxiliary study 

investigating the optimal thickness distribution of lattice structures in compression is executed to 

assess the suitability of different grading methods. The employed production techniques and materials 

are selected based on manufacturability and the required properties. In addition, physical investigations 

of the chosen materials are performed to obtain the required material data for numerical modelling. 

 

1.3 Thesis Structure 

This introductory section is followed by Chapter 2 covering the fundamentals of cellular structures 

and lattices, detailing their composition and behaviour under loads. In addition, the current state of 

relevant research topics, industrial applications and lattice design software is given along with an 

overview of contemporary Additive Manufacturing techniques. Chapter 3 describes the research 

objectives and methodology employed in this thesis, as well as the proposed lattice design and 

optimization routine. Chapter 4 presents the publications containing the practical aspects of the thesis 

in chronological order, demonstrating the required simulative and experimental steps. Chapter 5 

discusses the findings and research questions, listing the encountered complexities and limitations of 

the chosen approaches. Chapter 6 summarizes the results and provides an outlook for potential future 

research. 
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2 Fundamentals & State of the Art 
This section gives an overview of the principles applied in these projects. First, a short explanation 

of cellular structures in general with their occurrences in nature and technical applications, their 

different subtypes, and behaviour modes under loads is given. Foams are well-researched and share 

numerous properties with lattice structures, therefore this section explains them in more detail. 

Following this, Additive Manufacturing techniques and their respective suitability for the models to 

be manufactured in this project are discussed. Additionally, a short review of simulation techniques is 

given at the end of this section. 

 

2.1 Cellular Structures 

Cellular structures are composed of cells, i.e. small, enclosed spaces repeated throughout a part of 

or the entirety of larger volume. Their composition entails that they can span large volumes at low 

weight since they are mostly composed of voids, therefore requiring little material. Biological 

materials in both flora and fauna are composed of cells serving various functions, such as lightweight 

structures as found in wood (Ulm, 2001) and bone (Gibson, 1985), water filtration for nutriment 

extraction in sea sponges (Hadas et al., 2009), fluid transport in plants (Molz & Ikenberry, 1974) and 

many more. Due to their advantages, artificial cellular appliances mimicking these structures for 

similar purposes are ubiquitous in engineering tasks. Filters found in various mechanical devices have 

the purpose of removing unwanted solid particles to keep the transported fluid clean (Mullen & 

Fischer, 1999). Foams have excellent thermal insulation properties (Demharter, 1998), capillary fluid 

transport properties (Langlois et al., 2018), sound absorption (Cao et al., 2018), as well as lightweight 

structural (Suh et al., 2000) and impact energy absorption capabilities (Sherwood & Frost, 1992). 

Both naturally occurring and artificial cellular structures are found on various length scales, 

ranging from micrometres in biological cells to centimetres in sponges. In addition, they can be 

composed of a wide array of material types. In engineering-related tasks, cellular structures are 

produced in large quantities out of polymers such as expanded polystyrene (EPS) or expanded 

polypropylene (EPP) for packaging, flotation devices, or insulation solutions (Raps et al., 2015). Other 

materials can equally be foamed, such as aluminium for high energy impact absorption (Gibson & 

Ashby, 1997), or ceramics or glass for thermal and sound insulation in buildings (Arulrajah et al., 2015; 

Gibson & Ashby, 1997). Further forms of engineered cellular structures can be found in the food 

industry, where foaming via yeast is used to regulate the consistency of bread where the gas can take 

up to 70% of the total volume (Wilde, 2012). Likewise, the softness of ice cream and chocolate is 

controlled by introducing gas bubbles through stirring or whipping (Ellis & Lazidis, 2018; Pugh et al., 

2023). 
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Beyond their material configuration, cellular structures 

are subcategorized depending on their geometrical 

composition. Two-dimensional arrangements of regular cells 

are known as honeycombs, even if the cells do not possess 

the hexagonal cell structure found in beehives. Cells in the 

form of irregularly shaped, three-dimensional polyhedra 

distributed throughout a three-dimensional volume are 

considered to be a foam. Examples of a honeycomb and 

foams are given in Figure 2.1. However, if a volume is 

composed of cells with consistent shape and distribution, it 

is thought of as a lattice. The smallest entity repeated 

throughout a lattice is known as the unit cell. 

Three-dimensional cellular structures can be categorized 

in open-cell and closed-cell subtypes. The former is 

characterized by open faces connected to the neighbouring 

cells, i.e. the material is solely concentrated on the cell edges, 

while the latter has closed cell faces commonly trapping a 

fluid inside. While the cell size and its edge or face 

connectivity can vary throughout a cellular structure, most 

foams exhibit a common cell shape (Gibson & Ashby, 1997). 

A certain degree of anisotropy is often present and generally 

introduced by unequal cell extents in one dimension. One 

such example is found in cork cells as depicted in Figure 2.2. 

Their length scale in tangential direction is noticeably 

smaller than in axial or radial direction. Other forms of 

anisotropy can be found in differing cell cross-sections 

depending on the considered axis. Cork cells exhibit 

prismatic sections in both axial and tangential directions, but 

a hexagonal shape in radial direction. Another example is cuttlefish bone which consists of layers 

interconnected with separate columns as shown in Figure 2.3. The bone not only serves as skeletal 

structure, but also as a buoyancy device regulating the animal’s swimming depth. Its lamellar structure 

permits the exchange of gas and liquid while being very lightweight and able to withstand pressure 

differences of up to 2.4MPa (Birchall & Thomas, 1983). Due to its regularity, the bone structure can 

be considered a naturally occurring lattice structure. 

 

 

 
Figure 2.1: Example of honeycomb (top), 

open-cell foam (middle), and closed-cell 

foam (bottom), adapted from (Gibson & 

Ashby, 1997). 
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Figure 2.2: Cellular structure of cork depending on its 

direction, adapted from (Le Barbenchon et al., 2019). 

 

  

Figure 2.3: Scanning Electron Microscope pictures of cuttlefish bone structure (Birchall & Thomas, 1983). 

 

2.1.1 Foams and their Structural Properties 

The structural properties of foams are outlined here within the context of and in relation with lattice 

structures. Numerous publications investigating lattice structures found that the formulae assembled 

and refined in (Gibson & Ashby, 1997) also effectively describe lattices. It is therefore referred to as 

the Gibson & Ashby Model, such as by (Maconachie et al., 2019; Song et al., 2023; Yan et al., 2021). 

While the authors did not lay the entire foundations of this domain, their work is considered the de-

facto standard regarding the description of foams and lattices. 

As previously described, a foam consists of three-dimensional polyhedral cells of differing sizes 

and connectivity. In engineered foams, this composition stems from the production processes 

themselves (Hilyard & Cunningham, 1994). Depending on the material, foams can be manufactured 

by simple stirring of the liquid monomer or melted base material which introduces bubbles into the 

mix. Another method is to add physical blowing agents at high ambient pressure, i.e. inert gases such 
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as carbon dioxide or nitrogen, which then expand when the surrounding pressure is reduced. Other 

physical blowing agents are heat-activated and change into their gaseous phase at high temperatures, 

creating bubbles. Other methods make use of chemical blowing agents which decompose or react, 

releasing gases in the process. Specific production processes or postprocessing operations offer control 

over the cell type (closed or open cell) as well as the cell size, and to a lesser extent anisotropy by 

precisely controlling the solidification step through temperature or timing the addition of foaming 

agents. (Gibson & Ashby, 1997) 

  
Figure 2.4: Bubble foam (right) (Frido Verweij, 2023) and 2D Voronoi 

representation of foam cells (left) (Gibson & Ashby, 1997). 

 

The process results in structures seen in Figure 2.4, where a soap bubble foam is shown to easily 

visualize the three-dimensional composition, as well as a two-dimensional Voronoi diagram 

representing the formation of bubbles in a liquid medium. The depicted structure is formed when 

bubbles nucleate simultaneously at random points in a domain and grow with an identical rate (Gibson 

& Ashby, 1997). Voronoi structures not only occur in foams, but also have major importance in a very 

wide range of domains such as geography, meteorology, crystallography, chemistry, physics, biology, 

and computer science (Aurenhammer et al., 2013). Evidently, bubbles do not necessarily nucleate 

simultaneously in reality, and time delays can result in vastly different cell sizes and connectivity states 

in a single foam structure. 

Foams are readily and primarily used in compressive load cases as they exhibit high energy 

absorption capabilities with low peak accelerations and very low densities (Gibson & Ashby, 1997; 

Hilyard & Cunningham, 1994; Suh, 2000). Their behaviour is depicted in Figure 2.5 , where three 

schematic compressive stress-strain responses for elastomeric, elastic-plastic and brittle foams are 

shown. As described by Gibson & Ashby, the properties extracted from the stress-strain curves refer 

to the moduli and stresses based on the cross-sectional area of the total structure’s extents, and not on 

the actual area of the material. Therefore, the distinction is made between the material’s actual 

properties, i.e. its Young’s modulus �� and yield strength σ�, and the structure’s apparent properties 

such as its apparent modulus �∗ and apparent yield strength ��∗. One of the most important 

characteristics of cellular structures is their relative density �∗/ ��. It is defined as the structure’s 

density �∗  (denoted by the volume of its total extents, not the volume actually occupied by  
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material) divided by the density of its 

constitutive material ��. A related characteristic is 

the porosity defined as 1 − �∗/ ��. While the cell 

size has a small effect on the overall mechanical 

properties, the structure’s relative density has a 

much larger influence. At constant cell size, cell 

walls thicken with increasing relative density and 

above a ratio of 0.3, the cellular structure is better 

described by considering it to be a porous solid 

(Gibson & Ashby, 1997). Below this ratio, it is 

strongly influenced by its cellular composition and 

is then considered to be a metamaterial (Surjadi et 

al., 2019). Its cell shape, orientation, and its cell 

edge and face connectivity contribute to the 

overall mechanical behaviour (Hössinger-Kalteis 

et al., 2021). 

In compression, a foam’s response exhibits 

three distinct phases which begin with a linear 

elastic phase, followed by a long plateau phase 

with little or no stress increase, and a densification 

phase as soon as the foam cells are nearly fully 

compacted (Altenbach & Öchsner, 2010; Gibson 

& Ashby, 1997; Hilyard & Cunningham, 1994). 

Distinctions occur depending on the base 

material’s properties, i.e. whether it is elastomeric, 

elastic-plastic or brittle, but the primary behaviour 

is similar. The linear elastic phase is described 

with identical laws for elastomeric, elastic-plastic 

and brittle materials. Its derivative is the foam’s 

apparent elastic modulus �∗, similarly to bulk 

materials in tension or compression. For both 

tensile and compressive loads, the main 

deformation mode is cell edge and wall bending as 

shown in Figure 2.6 to Figure 2.9. The 

descriptions provided here are based on the 

skeleton cubic cell model which provides a decent approximation of both open-cell and closed-cell 

foams. Other models for different cell geometries are provided in (Hössinger-Kalteis et al., 2021). 

In this section, the equations developed by several research groups, then assembled and refined by 

Gibson & Ashby into a congruent model based on the relative density is given. Poisson’s ratios of 

different foamed materials ranges from 0.1-0.55 with an average value of 1/3 and is largely 

independent of the relative density (Gibson & Ashby, 1997). As described by (Kraynik & Warren, 

1994), a foam’s bulk modulus �∗ linearly relates to the relative density with: 

 
Figure 2.5: Compressive stress-strain response of 

elastomeric foam (top), an elastic-plastic foam (middle) 

and a brittle foam (bottom). (Gibson & Ashby, 1997) 
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 �∗
��

= �∗
9 ⋅ ��

 
 (1) 

 

In the case of open-cell foams with equal cell side lengths, the apparent Young’s modulus �∗ relates 

to the relative density with: 

 

 �∗
��

= �� ⋅ ��∗
 ��

�
�
 

 (2) 

 

The cell shape differences result in varying �� parameters, but the factor remains close to a value 

of 1. Similarly, for open-cell foams, the apparent shear modulus �∗ relates to the relative density with: 

 

 �∗
��

= �� ⋅ ��∗
 ��

�
�
 

 (3) 

 

Eq. (2) and (3) given by (Gibson & Ashby, 1997) are based on work by (Ko, 1965; Menges & 

Knipschild, 1975; Warren & Kraynik, 1988). Here, the constant �� includes the influence of different 

cell shape parameters and is generally close to a value of 3/8. The detailed description of closed-cell 

foams is more complex since membrane stresses and internal gas pressure must be considered. Here, 

the foam’s properties are defined as: 

 

 �∗
��

= �� ⋅ ��∗
 ��

�
�

+ ��′ ⋅ (1 − �) ⋅ �∗
 ��

 
 (4) 

 

The factor ��′ again relates to the exact cell composition. The constant � is the fraction of material 

contained within the cell’s edges, 1 − � is therefore the material fraction of the cell’s walls. Similarly, 

the structure’s shear modulus is defined as: 

 

 �∗
��

= �� ⋅ ��∗
 ��

�
�

+ ��′ ⋅ (1 − �) ⋅ �∗
 ��

 
 (5) 

 

Eq. (4) and (5) are based on work by (Christensen, 1986; Gent & Thomas, 1959, 1963; Green & 

Hoagland, 1985; Lederman, 1971; Maiti et al., 1984) and again refined by Gibson & Ashby. In practice, 

closed-cell foams produced from liquid material tend to have material accumulations at their cell edges 

and comparatively thin faces which do not significantly contribute to the total stiffness (Gibson & 
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Ashby, 1997). Therefore, the equations given for open-cell foams can be applied here as well within 

certain limits. 

 

 
Figure 2.6: Schematic composition of an 

open cell with equal edge lengths. Its cell 

extents are denoted by l and the edge 

thickness by t. (Gibson & Ashby, 1997) 

Figure 2.7: Deformation of open cell 

during the linear elastic phase. (Gibson & 

Ashby, 1997) 

 

  
Figure 2.8: Schematic composition of closed 

cell. (Gibson & Ashby, 1997) 

Figure 2.9: Deformation mode of a hexagonal closed cell in tension 

and compression with folds appearing on the cell wall. (Gibson & 

Ashby, 1997) 

 

Figure 2.10: Elastic buckling of 

an open cell. (Gibson & Ashby, 

1997) 

Figure 2.11: Plastic hinge 

formation of an open cell. (Gibson 

& Ashby, 1997) 

Figure 2.12: Plastic deformation of a 

closed cell. (Gibson & Ashby, 1997) 
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After the linear elastic portion, the stress response flattens and enters the plateau phase. Differences 

between the constitutive materials now begin to show in the response. Elastomeric foam cells buckle 

after the linear elastic portion (c.f. Figure 2.10) as the elastic plateau region begins. Below a relative 

density of 0.3, the stress ���∗  at which the intersection of both phases begins relates to the other foam 

properties with: 

 

 ���∗
��

≈ �� ⋅ ��∗
 ��

�
�
 

 (6) 

 

For elastomeric, closed-cell foams, the internal cell pressure �� and the ambient pressure � !" 

influence ���∗  as well. In artificial foams, both internal and ambient pressures are often identical, and 

this influence is more relevant in biological cellular structures where larger pressure differences can 

occur. This results in a rising stress response during the plateau phase due to increasing internal 

pressure as shown in Figure 2.5. Open-cell foams do not inherently show this stress rise. For closed-

cell foams, ���∗  is defined with: 

 

 ���∗
��

≈ �� ⋅ ��∗
 ��

�
�

+ �� − � !"
��

 
 (7) 

 

Eq. (6) and (7) stem from work by (Barma et al., 1978; Chan & Nakamura, 1969; Christensen, 

1986; Gent & Thomas, 1959; Menges & Knipschild, 1975) and were brought to a simpler form by 

Gibson & Ashby. 

Elastic-plastic base materials cause plastic yielding, i.e. the structure does not entirely recover its 

shape upon unloading as would be the case with elastomeric materials. Open-cell foams deform via 

plastic hinges at the cell corners (Gibson et al., 1982) as shown in Figure 2.11. The structure’s yield 

strength �#�∗  is defined with: 

 

 �#�∗
��

= �$ ⋅ ��∗
 ��

�
�/�

 
 (8) 

 

In closed-cell elastic-plastic foams, the influence of wall stretching is added to that of plastic hinges 

as shown in Figure 2.12. The formula is extended like before with the constants �$ and �$′ changing 

depending on the cell’s exact properties: 
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 �#�∗
��

= �$ ⋅ ��∗
 ��

�
�
� + �$′ ⋅ (1 − �) ⋅ �∗

 ��
 

 (9) 

 

Eq. (8) and (9) are based on (Gibson et al., 1982) and refined in (Gibson & Ashby, 1997). 

For brittle materials, the formulae are nearly identical to those describing the elastic-plastic 

behaviour. The crushing strength �&'∗ of a brittle open-cell foam is defined as: 

 �&'∗
�(�

= �) ⋅ ��∗
 ��

�
�/�

 
 (10) 

 

Here, �(� denotes the material’s flexural strength. For closed-cell foams, the crushing strength �&'∗  

is: 

 �&'∗
�(�

= �) ⋅ ��∗
 ��

�
�
� + �)′ ⋅ (1 − �) ⋅ �∗

 ��
 

 (11) 

 

Eq. (10) and (11) given in (Gibson & Ashby, 1997) are based on work by (Ashby, 1983; Kurauchi 

et al., 1984; Maiti et al., 1984; Morgan et al., 1981; Rusch, 1970). It is worth underlining that the 

relative density has a quadratic influence on elastomeric structure properties, while its influence is 

reduced to an exponent of 3/2 for elastic-plastic and brittle materials. 

At the end of the plateau phase, the densification regime is reached as the foam’s cells are nearly 

completely collapsed. The stress increases rapidly and is dominated by the elastic modulus of the solid 

material rather than the cellular structure, and to a lesser degree by the compressive behaviour of fluids 

trapped inside closed cells. Trapped gases naturally add a lower stress increase than liquids due to their 

compressibility. In case of open cell walls, the escaping fluid adds an additional time-dependent 

component to the response, however this becomes relevant only at high fluid viscosities or high strain 

rates. (Gibson & Ashby, 1997) The influence of the relative density can be seen in Figure 2.13, where 

examples of a compressive response of Expanded Polyurethane (EPU) and expanded polyethylene 

(EPE) are depicted. The increase of the relative density is clearly accompanied by increasing stress 

levels all throughout the three compression stages, along with an earlier densification onset. As worked 

out in (Gibson & Ashby, 1997), the densification strain *+ can be calculated by the same relation for 

both elastomeric and elastic-plastic materials: 

 

 *+ = 1 − 1.4 ⋅ �∗
 ��

 
 (12) 
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Figure 2.13: Compressive stress-strain response of expanded polyurethane (left) and polyethylene (right) foams at 

different densities (Gibson & Ashby, 1997). 

 

The tensile stress-strain response of foams differs to that observed in compressive load cases. At 

first, the response is linear in small strain regimes up to approximately 5%, and the apparent modulus 

�∗ is identical to the compressive modulus. In open-cell foams, the response is dominated by the 

bending of cell edges, whereas in closed-cell foams, the influence of face-stretching and internal gas 

pressure is added. Then follows a nonlinear elastic regime which is caused by the alignment of cell 

walls or edges with the force axis, as shown in Figure 2.14. (Gibson & Ashby, 1997) 

As described by (Warren & Kraynik, 1991), the structure’s tensile stress �∗ can be described with: 

 

 �∗
��

= 1.1 ⋅ ��∗
 ��

�
�

⋅ * + 3.74 ⋅ ��∗
 ��

�
�

⋅ *�

+ 0.0343 ⋅ ��∗
 ��

�
�

⋅ *� 

 (13) 

 

Once no additional alignment is possible, the stress-strain response is mainly determined by plastic 

yielding of the material. As stated by (Gibson & Ashby, 1997), it linearly relates to the relative density 

with: 

 

 �∗
��

≈ �∗
 ��

 
 (14) 
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Failure occurs once the material’s ultimate tensile strength is reached, and the fracture propagates 

one cell at a time throughout the foam as shown in Figure 2.15. The tensile test response of Polyvinyl 

Chloride (PVC) foams of increasing densities are depicted in Figure 2.16 next to their compressive 

stress response for easier visualization of their behaviour differences. 

 

  
Figure 2.14: Example of edge alignment in hexagonal unit cell at 

increasing tensile strains, adapted from (Gibson & Ashby, 1997). 

 

Figure 2.15: Crack propagation through open-

cell foam structure caused by tensile load 

(Gibson & Ashby, 1997). 

 

 
Figure 2.16: Tensile and compressive stress response of PVC foam at different 

densities. (Walter et al., 2009) 

 

Finally, the energy absorption W of cellular structures per unit volume in compression over the 

strain ε is given by: 
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4

�
 

 (15) 

 

With the properties of stochastic foam structures adequately described, the section continues with 

the descriptions of surface-based and graph-based lattices. 

 

2.1.2 Surface-Based Lattices 

A subcategory of cellular structures are surface-based lattices. They possess regular, repeating unit 

cells composed of walls akin to closed-cell foams. Honeycomb structures such as those shown in 

Figure 2.1 (top) and Figure 2.17 (left and middle) can be thought of as extruded sections with the cells 

being closed only in two dimensions, while the third is open. On the other hand, they may also be 

composed of angled, straight surface sections arranged in a closed-cell structure, such as shown in 

Figure 2.17 (right). 

 
Figure 2.17: Examples of surface-based unit cells: (a) triangular honeycomb, (b) hexagonal 

honeycomb, (c) Face-Centred Cubic. 

 

 
Figure 2.18: Examples of TPMS unit cells: (a) Gyroid, (b) Schwarz, (c) 

Diamond, (d) Lidinoid, (e) SplitP, (f) Neovius. 
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Another subcategory of surface-based lattices are the Triply Periodic Minimal Surfaces (TPMS) 

which are intensely researched in recent scientific literature. Examples of TPMS unit cells are shown 

in Figure 2.18. They are based on mathematical formulae which locally minimize the surface area and 

possess zero mean curvature at any point (Maskery et al., 2018). The resulting smooth shape with no 

sharp corners entails favourable stress distributions without any concentrations in the main structure 

as shown in Figure 2.19. For example, the equation for the Gyroid structure as given by (J. Feng et al., 

2022) is: 

 

 sin(89:) ⋅ cos(8�=) + sin(8>?) ⋅ cos(89:)
+ sin(8�=) ⋅ cos(8>?) = � 

 (16) 

 

Equation (16) refers to cartesian coordinates, but the lattices can also be defined for cylindrical or 

spherical systems, providing other lattice patterns. Adding scalar fields to the equation (i.e. altering C) 

can result in constant or locally varying thickness changes, while frequency modulation of the function 

parameters 8@ allows control over the number of unit cells per axis. In addition, their mathematical 

description also allows for smooth transitions between unit cell types as shown in Figure 2.20. 

   
Figure 2.19: Von Mises stress distribution of a 

Gyroid TPMS lattice in compression, adapted from 

(Al-Ketan et al., 2020). 

Figure 2.20: TPMS lattice with smooth transition from 

Gyroid to Schwarz Primitive lattice type. (Maskery et al., 

2018) 

 

The existence of TPMS lattices is not restricted to the mathematical domain, but they also occur in 

biological environments. For example, wing scales of the callophrys rubi butterfly possess a Gyroid 

structure (Gan et al., 2016; L. Han & Che, 2018) as shown in Figure 2.21, and Diamond structures can 

be found in the exoskeleton scales of the lamprocyphus augustus weevil (L. Han & Che, 2018) as 

depicted in Figure 2.22. 
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Figure 2.21: Gyroid lattice structure in butterfly wing 

scales, adapted from (Gan et al., 2016). 

Figure 2.22: Diamond lattice structure found in weevil 

scales. (L. Han & Che, 2018) 

 

The TPMS lattices possess useful properties for certain engineering purposes. Although the 

structures do not find wide-spread use yet, numerous studies investigate their potential applications in 

a wide array of domains. Most TPMS types have open unit cells and the useful property of dividing 

the occupied space into two separate volumes. They are therefore well-fit for use as heat exchangers 

as demonstrated by (Röver et al., 2023) and (Qureshi et al., 2021). Other use cases include the 

absorption of sound (W. Yang et al., 2020) or microwaves (Y. Feng et al., 2021), chemical 

microreactors (Baena-Moreno et al., 2021), compressive energy absorption (Maskery, Aboulkhair, et 

al., 2017), porous scaffolds for the growth of engineered bone tissue (Lehder et al., 2021) and implants 

(Zhu et al., 2019). 

Due to their cellular composition, the physical properties of TPMS lattices can also be described 

by the equations for foams given in the previous section as corroborated by (Al-Ketan et al., 2020; X. 

Chen et al., 2022; Gibson & Ashby, 1997; Maskery et al., 2018; Qiu et al., 2023). Their behaviour both 

in tension and compression matches that of foams rather well with minor distinctions. At low relative 

densities, their compressive stress-strain response shows a similar behaviour (see Figure 2.23 left). 

First, a linear regime is traversed until the cells start to plastically deform or crack, and the plateau 

phase begins. Depending on the cell size and relative density, the cell layers may collapse successively 

as visible from the subsequent stress peaks and drops in the plateau regime. As soon as all cells have 

completely collapsed, the densification regime dominated by the base material’s properties begins. At 

higher densities (Figure 2.23 right), the linear elastic portion becomes much more significant. Here, 

the plateau region is reached at a much higher stress, and cell layers cease to collapse successivle due 

to their increased wall thickness. The lattice then tends to fail more like a solid by cracking (Abueidda 

et al., 2019) and shear banding (X. Chen et al., 2022; Qiu et al., 2023). 

Similar to Eq. (16), both graph-based and surface-based lattice structures in compression are 

commonly evaluated by their specific energy absorption (SEA), which is the weight-normalized 

energy absorption (see (Ajdari et al., 2011; Habib et al., 2018; Maskery, Aboulkhair, et al., 2017; 

Tancogne-Dejean et al., 2016). It is a well-suited method to compare the performance of unit cell types 

and lattice structures of differing mass. 
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Figure 2.23: Compressive stress-strain response of cubic Gyroid structure made of PA2200 

with 4x4x4 unit cells at different relative density ratios from 7% to 46%, adapted from 

(Abueidda et al., 2019)). 

 

2.1.3 Graph-Based Lattices 

 The third category of cellular structures are 

graph-based (also called beam-based) lattices. 

They either consist of random beam arrangements 

such as Voronoi or tetrahedral lattices, which 

much resemble open-cell foams, or structured 

lattices with regularly distributed unit cells 

(Tamburrino et al., 2018). An example of a 

naturally occurring graph lattice structure is the 

skeleton of Radiolaria shown in Figure 2.24. In 

research, many different unit cells were 

developed from biological structures, crystal 

lattice structures or by combining multiple unit 

cell types into one (Helou & Kara, 2018), some of 

which are depicted in Figure 2.25. 

Other engineered unit cells allow specific motion behaviour such as twisting under load and freely 

definable Poisson ratios as discussed in (Surjadi et al., 2019). The Re-entrant unit cell falls into the 

category of auxetic structures, meaning that it possesses a negative Poisson ratio. It is essentially a 

hexagon whose top and bottom nodes are moved towards the face centre. When compressed, its free 

sides move towards the centre, letting it shrink in all dimensions. Auxetic structures can be especially 

performant in dynamic energy absorption applications due to this behaviour, such as in sports 

protection equipment (Z. Chen et al., 2020; Hou et al., 2018; Sanami et al., n.d.). 

 
Figure 2.24: Graph-based lattice structure in Radiolaria 

skeleton. (Radiolaria - Geology Is the Way, n.d.) 
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Figure 2.25: Selection of graph unit cells. First row: Simple Cubic, Body Centred Cubic, Face Centred Cubic, Diamond. 

Second row: Fluorite, Octet, Truncated Cube, Truncated Octahedron. Third row: Kelvin cell, Isotruss, Re-entrant, 

Weaire-Phelan. 

 

Stochastic graph lattice structures appear to be much more common in nature compared to regular 

ones, but both types are heavily researched in current studies. Similar to foams and surface-based 

lattices, they are well-suited for lightweight load-bearing applications and compressive energy 

absorption tasks (Nazir et al., 2019), with other uses including implants (Mahmoud & Elbestawi, 2017) 

with potential for improved osseo-integration (Y.-T. Wang & Hsu, 2023) and lightweight, breathable 

orthotics (Badini et al., 2023). Graph lattices can more reliably achieve lower relative densities than 

surface-based lattices due to their unit cell composition occupying less space. Consequently, the latter 

may be difficult to produce at a certain point since the potentially very thin wall thicknesses can 

become unmanageable for current manufacturing methods. 

Graph unit cells can be divided into stretch-dominated and bending-dominated types which behave 

differently in large strain compressive load cases. According to (Deshpande et al., 2001), the 

deformation type is determined by Maxwell’s rule defined as follows for two (17) and three (18) 

dimensions: 

 

 A = B − 2 ⋅ D + 3  (17) 

 A = B − 3 ⋅ D + 6  (18) 
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Here, b is the number of struts and j the number of joints. If M < 0, then the unit cell simply 

collapses under load in case of pin joints. It’s then considered a mechanism rather than a structure. In 

case of fixed joints, its struts are bent, hence the bending-dominated denomination. If M = 0, the cell 

is stretch-dominated as the cell cannot simply collapse even with freely rotating joints. The struts are 

mainly loaded in compression and tension even with fixed joints, hence stretch-dominated. If M > 0, 

then the cell is overconstrained. Self-stresses occur in an unloaded state stemming from slightly 

different strut lengths, the cell is also considered stretch-dominated. A visualization of the strut 

arrangement for 3D lattice cells is shown in Figure 2.26. A generalized formulation of Maxwell’s rule 

should be used for the overconstrained type, which is described by Deshpande et al. as: 

 

 B − 3 ⋅ D + 6 = F − G  (19) 

 

where s is the number of self-stress states and m the number of mechanisms. Their exact definitions 

and further information can be found in (Pellegrino & Calladine, 1986). A statically and kinematically 

determinate lattice exhibits s = m  = 0, but Maxwell’s rule only implies that s – m = 0 is required when 

b - 3j + 6 = 0, not that both s and m need to be zero. 

 

  
Figure 2.26: Maxwell’s rule for 3D unit cells: 

bending-dominated cell (left), stretching-dominated 

cell (middle) and overconstrained cell (right). 

(Tamburrino et al., 2018) 

Figure 2.27: Non-rigid (left) and rigid (right) infinite 2D 

lattices. (Deshpande et al., 2001) 

 

As described by Deshpande et al., Maxwell’s rule is a necessary but not sufficient condition when 

expanded to a network of cells, i.e. a lattice. Considering an infinitely large, pin-jointed lattice in two 

dimensions, the number of struts is b ≈ j × Z/2, where Z is the average number of struts per node. The 

study lays out that the value of Z needs to be four in the two-dimensional case and six in three 

dimensions in order for the lattice to be rigid. Figure 2.27 shows 2D lattices to visualize this concept. 

The unit cell of the first lattice would be considered bending-dominated, hence not rigid. Arranged in 

a network, however, Z is four and the Maxwell criterion is zero, indicating rigidity, but the lattice still 

can collapse since it allows one mechanism and one state of self-stress according to the authors. The 

second lattice with added diagonal struts in border cells also has a Z-value of four but does not allow 

either a mechanism or state of self-stress. 

In compression, graph lattices also show a very similar behaviour to foams and surface-based 

lattices (Choy et al., 2017; Ling et al., 2019; Xiao & Song, 2018; L. Yang et al., 2013) as can be seen 
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in Figure 2.28. At first a linear stress-response occurs, then a long plateau followed by a steep 

densification phase. Bending-dominated unit cell types differ from stretch-dominated ones, they 

possess a lower apparent elastic modulus �∗ as well as a lower apparent yield strength ��∗. 

 

 

Figure 2.28 Compressive stress-strain behaviour of 

stretch-dominated and bending-dominated lattices. 

(Tamburrino et al., 2018) 

Figure 2.29: Shear band formation in BCC lattice 

composed of Al-12Si. (Liu et al., 2021) 

 

The relative density also has a strong influence on failure mode, strength, and specific energy 

absorption similar to foams and surface-based lattices. The specific unit cell type also plays a 

significant role. Some permit an even, consecutive layer collapse behaviour very similar to the one 

seem from a TPMS structure in Figure 2.23 on the left. The influence of brittle base materials, certain 

lattice types and strut/node diameter combinations favour failure modes such as shear band formation 

as shown in Figure 2.29. Here, the layers do not collapse perpendicular to the compression direction, 

but diagonally across its cells. According to (Liu et al., 2021), the failure is initiated by stiff nodal 

connections due to material accumulation at the nodes, rendering the struts comparatively thin, and 

due to tensile cracks at stress concentrations in the struts. 

 

2.1.4 Functionally Graded Lattice Structures 

Functionally Graded Lattice Structures (shortened to FGLS) expand on regular lattice structures 

having uniform properties by locally varying their thickness, cell size, cell type, or other 

characteristics. Such lattice structures are commonly found in nature, where the local changes are 

dictated by an external condition such as a stress field. An example is the trabecular bone structure as 

depicted in Figure 2.30. Here, the cell size varies according to the local stress magnitude with smaller 

cell sizes (i.e. higher relative density) near the cortical bone as well as in high load areas near the 

femoral head. Larger cell sizes (i.e. lower relative density) are present in low load areas further away 

from the bone’s walls, and in low load areas. Additionally, the cell walls are oriented such that they 

follow the principal stresses’ directions for improved load bearing capacity. (J. Zhang et al., 2023) 

In use cases where foams and regular lattice structures show high performance, FGLS can 

outperform them even further. The principal reason is that FGLS have a more advantageous material 

distribution: material is present where it is needed and absent where it is not. Locally changing cell  
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 wall orientations can contribute to further 

improvements, as demonstrated by the 

trabecular bone structure described 

previously. Both properties render them very 

well-suited for low-weight structural 

applications, however they also excel in 

impact energy absorption tasks thanks to their 

compression behaviour. The compression 

starts occurring in low-density regions first 

and progresses throughout the structure 

towards increasing relative density regions. In 

some cases, the reaction force curve of graded 

lattices in compression is marked by 

noticeable peaks occurring in the plateau 

phase, indicating the consecutive collapse of 

the cell layers (Al-Saedi et al., 2018). Graded 

lattices show lower reaction forces in the 

beginning of the compression phase and 

higher overall energy absorption, both 

desirable properties for impact absorption 

applications (Niknam & Akbarzadeh, 2020). 

FGLS achieve higher stiffness-to-weight ratio 

and higher specific energy absorption levels in structural and impact energy absorption applications 

(Noronha et al., 2023). While the Gibson & Ashby model for describing uniform lattice structures is 

commonly used for graded lattices as well, refinements of the equations and assumptions are also a 

topic of research (Jalali et al., 2024). 

Researchers have begun implementing the concept in artificial structures through various 

approaches. Many make use of manual adaptations, focusing on the unit cell size or its wall and beam 

thickness as shown in Figure 2.31 and Figure 2.32. One can choose to alter the lattice’s relative density 

by changing only one option, or to keep it constant by altering both properties simultaneously. The 

property gradient can be defined manually setting a stepwise (Xiao & Song, 2018) or continuous 

property change (Al-Ketan et al., 2020) in one or multiple axes (J. Yang et al., 2022). Certain studies 

make use of Topology Optimization to alter the unit cell shape (Kazemi et al., 2020; C. Zhang et al., 

2021). Others apply Topology Optimization to achieve hierarchical, lattice-like structures with large 

size differences between neighbouring cells (Y. Han & Lu, 2018; W. Wang et al., 2023). Another 

avenue is to locally change the lattice’s unit cell composition as shown in Figure 2.33 (Pham et al., 

2019). 

 
Figure 2.30: Cross-section of a human femur showing solid 

cortical shell and trabecular, lattice-like bone structure with 

orientations and densities varying as function of local 

conditions. (Voo et al., 2004) 
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Figure 2.31: Stepwise density grading of graph lattice via unit cell height 

alteration. (Xiao & Song, 2018) 

 

 

 
Figure 2.32: Continuous grading of TPMS Gyroid lattice via thickness 

alteration (left) or cell size alteration (right). (Al-Ketan et al., 2020) 

 

 
Figure 2.33: Damage-resistant lattice containing varying unit cell types 

(Face-Centred Cubic (FCC) and Body-Centred Cubic (BCC)) separated 

into regions mimicking metallic crystals, adapted from (Pham et al., 2019b). 

 

Since uniform lattice structures offer good performance in compressive energy absorption tasks, 

numerous studies investigating the behaviour of graded lattices have been published as well. A large 

portion consider cuboid structures with manually applied thickness gradients in one or two axes (Ajdari 

et al., 2011; Bai et al., 2020; Choy et al., 2017; Daynes et al., 2017; Hou et al., 2018; Maskery, Hussey, 

et al., 2017; Niknam & Akbarzadeh, 2020; Rahman et al., 2021; Tao & Leu, 2016; Wu et al., 2018; J. 

Yang et al., 2022). Both in quasi-static and dynamic load cases, the lattice structures with thickness 

gradient generally achieve higher specific energy absorption levels than ungraded lattices. Fewer 
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publications on the influence of unit cell height gradients are available. An example is provided by 

(Xiao & Song, 2018), where the authors investigate two cuboid lattice structures with a stepwise (c.f. 

Figure 2.31) and continuous layer height change in quasi-static and high-speed dynamic compressive 

load tests. Both times, the graded structures significantly outperformed the uniform ones. In 

(Khosroshahi et al., 2018) and (Khosroshahi et al., 2019), the authors introduced a conformal lattice 

into a spherical helmet shape as energy absorption device. Different configurations of Simple Cubic 

and Tetrahedral unit cells with varying layer numbers are studied in combination with a cell size 

gradient as depicted in Figure 2.34. The simulative assessments indicate that lattice configurations 

with low relative density may achieve lower peak accelerations than an Expanded Polystyrene liner. 

 

Figure 2.34: Drop test setup of simplified helmet geometry with size graded lattice liner. (Khosroshahi et al., 2018) 

 

More elaborate property gradients can be achieved by optimization routines. Researchers 

frequently have to rely on custom-written scripts interfacing with the respective simulation solvers 

since most commercial solutions do not offer sufficient lattice optimization options, as will be laid out 

in section 2.3. For example, the structural, fluid transport and thermal performance of a heat exchanger 

with a graph lattice was optimized in 2D and 3D by (Takezawa et al., 2019) through local alteration of 

the strut thickness (c.f. Figure 2.35). In the investigation by (Dong et al., 2020), the stiffness of a lattice 

structure with solid skin is maximized in Altair OptiStruct via beam thickness alterations. A free-size 

optimization method is developed and applied to a TPMS lattice by (Simsek et al., 2021) to exclude 

resonance frequencies in a certain spectrum (c.f. Figure 2.36). The lattice strut size and their nodal 

position are locally optimized via the procedure developed by (W. Chen et al., 2018) to maximize the 

lattice’s stiffness in various structural load cases. Similar optimization approaches are pursued by 

(Daynes et al., 2017; Fernandes & Tamijani, 2021; Li et al., 2020; Wu et al., 2019) through custom 

optimization routines as depicted in Figure 2.37 and Figure 2.38. 
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Figure 2.35: Pressure, velocity, and temperature in lattice heat exchanger after 

optimization, adapted from (Takezawa et al., 2019). 

 

 
Figure 2.36: Relative density, voxel representation and mesh 

representation of TPMS lattice after optimization, adapted from 

(Simsek et al., 2021). 

 

   
Figure 2.37: Optimisation of strut-based 

lattice in a three-point bending case 

with beams following principal stress 

directions, adapted from (Daynes et al., 

2017). 

Figure 2.38: Anisotropic 

lattice graded in unsupported 

bending load case, adapted 

from (Li et al., 2020). 

Figure 2.39: Compliance-based 

optimization result of L-shaped bracket 

(Fernandes & Tamijani, 2021). 



2. Fundamentals & State of the Art 
 

 
26 

Considering the fact that lattice structures are very well-suited for compressive energy absorption 

tasks, few studies have explored their optimal configuration. For instance, one study by (Gorguluarslan 

et al., 2021) carried out a strut size optimization of three lattices with three unit cell types under a static 

compressive load. A custom structural solver and optimization routine was developed by the authors 

to minimize the lattice’s compliance while constraining the total relative density, maximum stress, and 

strut diameters. The considered load case was chosen such that both the geometry and material can be 

considered to be linearly elastic. The optimized structures were then subjected to large-strain 

compression in a secondary load case. Here, a commercial explicit FEA solver was employed to take 

geometric and material nonlinearities into account. While the structures were not specifically 

optimized for this use case, increased energy absorption levels were observed in two out of three unit 

cell types, while the third showed decreased energy absorption capacities. 

In the publication by (Hou et al., 2018), a lattice structure is investigated in a dynamic, low-speed 

impact scenario. Its unit cells are parameterized and optimized for maximum energy absorption. The 

parameterization of the geometry permits the use of a commercial explicit FEA solver, since it is a 

built-in software capability. No external custom-written optimization scripts were therefore required. 

The results report that the optimized structure outperforms the uniform one, however both the unit cell 

height as well as the width were parameterized and altered. Hence the structure’s overall size and mass 

changed, and the results are not entirely comparable with the initial design. 

In summary, the range of applications and grading approaches is vast since FGLS deliver improved 

performance compared to conventional structures. Yet, the geometries considered in the reviewed 

studies tend to be simplistic and do not adequately represent the complexities encountered in common 

engineering parts. Regarding graded lattice structures in compression, it becomes clear that the 

reported improvements vary greatly. Materials, unit cell types, gradient styles, relative densities, and 

compression levels are not consistent between each study, and comparisons cannot readily be made. 

Since very few of those studies included lattice optimizations, the best-performing thickness gradient 

for each considered load case is mostly unknown, and potential performance increases remain largely 

unexplored. It is assumed that the comparatively low number of publications treating lattice 

optimizations is due to inadequate parameterization and optimization options available in commercial 

structural solvers. Circumventing the restrictions by building a custom solver in addition to the 

optimization routine itself is complex, as nonlinearities such as accurate elastic-plastic material 

behaviour and contact interactions are not trivial to implement. Applying a manual gradient is simple 

and already can provide decent improvements over ungraded lattices. This lessens the need for further 

investigations if the results are deemed sufficient at this point. 

 

2.1.5 Industry Applications of Functionally Graded Lattice Structures 

FGLS have yet to be implemented on a large scale in industrial settings, illustrating that they remain 

existent mostly in research domains rather than in actual applications. As will be laid out in section 

2.3, the main reason are software limitations hindering their effective design and optimisation, but 

advancements are made in recent times. A few examples of FGLS in appliances are presented here, 

with them partly being showcase parts or proofs of concept for software or AM machine 

manufacturers. The domain is rapidly evolving and numerous new appliances incorporating lattice 
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structures are regularly presented at industrial trade shows such as the annual Formnext trade show 

(Formnext - Hub for Additive Manufacturing, n.d.). 

The clothes manufacturer Adidas, in cooperation with the AM machine and materials producer 

Carbon 3D, presented shoe soles incorporating a graded lattice made of a resin and polyurethane blend 

(see Figure 2.40). Its goal was reducing the number of single parts for production, having precise 

control over its cushioning and movement behaviour, as well as improving its thermal and cleaning 

capabilities. (Carbon 3D Print Lattice Innovation — The Adidas Story, n.d.) 

Having switched from foam-based cushioning to 3D-printable polyurethane, the bicycle and 

components manufacturer Specialized developed a saddle incorporating graded lattice structures (c.f. 

Figure 2.41). The main goal was to reduce pressure at the rider’s contact points with the saddle, while 

simultaneously reducing the part’s weight and maintaining sufficient stiffness in non-contact areas. (S-

Works Romin EVO with Mirror, n.d.) 

  
Figure 2.40: Graded lattice in shoe sole by Adidas and 

Carbon 3D. (Carbon 3D Print Lattice Innovation — The 

Adidas Story, n.d.) 

Figure 2.41: Specialized Mirror saddle with size-graded 

lattice. (S-Works Romin EVO with Mirror, n.d.) 

 

A fuel-cooled oil cooler for aerospace applications was designed by HRL Laboratories using 

Computational Fluid Dynamics analysis. It is composed of high-performance, 3D-printable aluminium 

alloy to increase its internal surface area and heat transfer rate significantly compared to standard 

design methods (c.f. Figure 2.42). A locally varying Gyroid structure was chosen since TPMS lattices 

inherently separate the volume they occupy into two discrete domains. (How NTopology Was Used to 

Design, Analyze and Print a Fuel-Cooled Oil Cooler, n.d.) 

Cobra Aero designed a drone engine block incorporating a spatially varying lattice structure for 

air-cooling, replacing previously used external cooling fins (c.f. Figure 2.43). This step led to reduced 

manufacturing lead times, improved cooling capacity and part number reduction through 

consolidation. (Cobra Aero et al., 2020) 
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Figure 2.42: Heat exchanger with TPMS structure by 

HRL Laboratories. (How NTopology Was Used to 

Design, Analyze and Print a Fuel-Cooled Oil Cooler, 

n.d.) 

Figure 2.43: Cobra Aero drone engine 

block with lattice heat exchanger. (NTop 

Cross Section of a Drone Engine 

Cylinder Designed in NTop Platform by 

Cobra Aero - MANUFACTUR3D, n.d.) 

 

In the medical domain, 3D printed titanium implants have become a readily applied tool to replace 

and reinforce various bone structures or joints. Functionally graded lattices, providing locally 

controllable part porosity and compliance, are implemented to aid osseointegration and to adapt the 

implant’s behaviour to the patient’s individual needs (c.f. Figure 2.44). 

 
Figure 2.44: Titanium orthopaedic implant with 

controllable porosity and surface roughness to aid 

osseointegration. (Medical Additive Complex Structures - 

Titanium Complex Medical Structure Manufacturer, n.d.) 

 

2.1.6 Summary 

Cellular structures, i.e., foams and lattices, are ubiquitous in nature and can be subcategorized into 

randomly structured foams or lattices with regular composition. Their properties render them well-

suited for a wide range of tasks such as low weight load-bearing structures, fluid transport, heat 

exchange, filtering, impact energy absorption and others. Similarly, they are advantageous for 

engineering purposes with analogous goals in mind. The Gibson & Ashby model describes their 
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structural behaviour particularly well by relating their properties to the relative density. It is therefore 

often used for this purpose in research publications and literature. Advances in manufacturing methods 

have allowed the incorporation of property gradients as they are found in nature to achieve further 

performance improvements. Manually defined property gradients in lattice structures permit the 

detailed control over their local behaviour, resulting in tailor-made appliances. Both industrial 

applications and research publications on the topic make heavy use of this approach, but they do not 

make use the full potential of FGLS yet. Due to the lack of adequate interfaces and optimization options 

in commercial physical solver software, custom optimization scripts were commonly applied in 

publications in conjunction with simplified geometries. 

 

2.2 Additive Manufacturing Techniques 

Additive Manufacturing (commonly 

known as 3D printing) is a rapidly 

growing manufacturing domain spanning 

low volume and low-cost hobbyist usage 

up to large budget, large format industrial 

production of serial parts, including rocket 

nozzles and fuel tanks. Although AM 

started gaining the industry’s interest over 

the last 20 years, the main usage and 

innovation boost came after several 

patents expired between 2013 and 2015 

(3d Printer Patents | UpCounsel 2021, 

n.d.), giving rise to a multitude of new 

printer manufacturers, types, and scales. 

Its working principle sets it apart from the 

two traditional manufacturing techniques. 

Formative manufacturing is characterized 

by filling a mould with a liquid base 

material. After its solidification, the 

mould is removed, and the finished part 

can be extracted. In subtractive manufacturing, material is removed from a solid block whereas 

additive manufacturing does the opposite by adding material where necessary to produce a part. The 

majority of AM techniques operate by adding layers in a planar fashion, essentially being 2.5D 

printing, but non-planar printing is possible with specific movement instructions on common machines 

(Nisja et al., 2021) or with robotic arms (Puzatova et al., 2022). The additive techniques’ principles are 

depicted in Figure 2.45. 

AM technologies are classified according to their base material’s state with several differing 

subcategories. AM enables new dimensions of design freedom opened up in terms of shape, design 

iteration speed and ease of use (Diegel et al., 2019), making it a staple tool of engineering, electronics, 

biomedical and numerous other domains for prototyping as well as end-use parts (Bhatia & Sehgal, 

 
Figure 2.45: Manufacturing processes (top to bottom): formative, 

subtractive and additive, adapted from (Redwood et al., 2018) 
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2023). A short overview of the functional principles of additive manufacturing techniques deemed 

most suitable for this project shall be presented in the following section. 

The influences on an additively manufactured part’s geometric accuracy and its physical properties 

are numerous and include aspects such as the part’s digital representation, its mesh discretization, 

quality, base material storage, quality and age, process parameters relating to slicing and tool pathing, 

machine wear and maintenance, postprocessing steps such as support structure removal, sand blasting 

etc. A comprehensive range of influential parameters is represented in Figure 2.46 based on the Laser 

Powder Bed Fusion process. It provides an illustration of the range and number of steps that can 

influence the final part’s performance, and is mostly applicable to other AM processes as well. 

 

Figure 2.46: Ishikawa diagram of manufacturing parameters influencing a part’s quality. (Diegel et al., 2019) 

 

2.2.1 Preprocessing 

In order to prepare a part for additive manufacturing, it has to exist in a digital CAD file format 

first. It is converted from a boundary representation to a mesh representation wherein the body’s 

surfaces are approximated using triangular or rectangular elements. A finer mesh can represent curved 

surfaces more accurately with the trade-off of larger file sizes. The resulting file is commonly saved 

as STL, OBJ or 3MF file. It is then imported into a slicer software which splits the part into planar 

layers and defines the tool head’s path or laser lighting pattern, depending on the chosen manufacturing  
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type, before sending the file to the machine 

for production. Since additively built parts are 

successively produced with a finite height step, 

they are discretized and lose some of their 

geometrical fidelity. Smooth curves and angled 

sections are broken up into sections, resulting in 

a cross-section resembling stair steps as 

depicted in Figure 2.47. This step is common to 

all planar AM techniques. 

 

2.2.2 Fused Deposition Modelling 

As described by (Diegel et al., 2019), Fused Deposition Modelling (FDM) operates by melting 

thermoplastic material from a filament spool and extruding it through an extrusion head fitted with a 

heater cartridge and nozzle. The extrusion head and heated bed move relative to each other in the XY 

plane, following a path predetermined by a slicing software while the extruder fills the required surface 

areas with material. The first layer is laid down on a build plate, with the plate being lowered (or the 

extrusion head being raised) to lay down a new material layer on the previous one. The principle is 

depicted in Figure 2.48 and Figure 2.49. The nozzle orifice commonly has a diameter of 0.2mm-1mm 

with layer heights ranging from 0.05mm-0.8mm, usually 25-80% of the orifice diameter. Squishing 

the material into an oblong shape during extrusion, it ensures adequate layer adhesion and surface 

covering. The building process entails the risk of warping due to internal stress build up during cooling. 

Large parts tend to cool non-uniformly which cause the layers to curl upwards, possibly detaching the 

print from the build platform or causing a failure by delaminating. 

The manufacturing method also limits the feasible build angle, as the extruded material starts to 

lack support from the layer directly underneath. Most FDM printers manage a so-called overhang angle 

of 45° above which support structures are required for the print to succeed (Diegel et al., 2019). 

Overhangs perpendicular to the build plate and below a certain distance threshold can be directly 

bridged without support structures, but they require special care to be successful. Support structures 

need to be removed after finishing the printing process, hence they should not be surrounded by tight 

geometries or be fully enclosed. 

 
Figure 2.47: Stair-stepping resulting from discretized 

build process of Additive Manufacturing. (Diegel et al., 

2019) 
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Figure 2.48: Working principle of Fused Deposition Modelling printing process. 

(Redwood et al., 2018) 

 

 
Figure 2.49: Layer-wise part building process, adapted from (Redwood et al., 2018). 

 

Parts produced by FDM printers usually do not consist of solid material. The interior structure is 

occupied by porous infill, often in a uniform planar grid or triangle pattern to save on printing time 

and material (c.f. Figure 2.50). The manufacturing process entails that a new, hot layer is laid down on 

cold material, such that the layers are only held together by adhesion. This significantly lowers the 

tensile strength in the build direction, causing anisotropic material properties (Ahn et al., 2003). In 

addition, the oblong outer shape of a layer line creates a notch between each layer interface on the 

outer surface. The part orientation, layer filling pattern, infill type and density, top/bottom layer count 

and wall thickness play a significant role in determining a part’s final strength and its failure mode 

(Alvarez C. et al., 2016; Pandzic et al., 2019). In addition, polymers tend to absorb moisture during 

storage in ambient conditions, potentially degrading the material properties and lowering the print 

success rate. (Kim et al., 2016) 
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The material selection for FDM machines 

skews towards easy-to-use polymers such as 

Polylactic Acid (PLA), Polyethylene 

Terephthalate Glycol (PETG) or Acrylonitrile 

Butadiene Styrene (ABS) to easily produce 

visually-pleasing parts which do not require 

engineering-grade strength, heat and chemical 

resistance, or toughness. However, significant 

advances have been made to enable engineering 

grade materials with a wide range of properties to 

be printed on FDM machines as well, opening up 

the possibility to print Thermoplastic 

Polyurethane (TPU), Polycarbonate (PC), 

Polyether Ether Ketone (PEEK), Polyether Ketone 

Ketone (PEKK), Polyamide (PA), Polypropylene (PP), and variations thereof such as fibre-filled 

materials containing carbon or glass fibre strands. 

Certain manufacturers like Markforged (Markforged Homepage, n.d.) and Desktop Metal 

(Desktop Metal Homepage, n.d.) offer metal-filled filaments to be used in a closed ecosystem with a 

dedicated printer, debinding and sintering stations, in order to additively manufacture metal parts 

without the added complexity of Powder Bed Fusion technology. More information regarding the 

Metal X system can be found in the Addendum in section 7.6. Other materials, like BASF Ultrafuse 

(BASF Ultrafuse Metal Filaments, n.d.) or Virtual Foundry Filamet (The Virtual Foundry Filamet, 

n.d.) are printed on standard open source FDM machines, with debinding and sintering performed 

with any compatible setup. Alternatives to the material filament rolls are coming up as well, such as 

pellet-based printers with an extrusion screw (Pollen AM, n.d.), or high viscosity UV-reactive resin 

deposition and curing with printer setups that are otherwise identical to FDM machines (Massivit, 

n.d.). 

 

2.2.3 Light Polymerisation 

As described by (Diegel et al., 2019), light polymerisation techniques rely on directing an 

ultraviolet light source onto liquid resin and solidifying it in the process. The resins are thermoset 

polymers ranging from rubber-like flexible options to engineering grade strengths, with special 

variants such as ceramic- or metal-filled resins (Corbel et al., 2011). Light sources can be a directed 

laser whose path covers the required solid surface or an LCD screen illuminating the slice all at once. 

Both methods are called Stereolithography which is shortened to SL. Alternatively, a projector can be 

used as light source with the technique being referred to as Digital Light Processing (DLP). The 

techniques allow manufacturing comparatively small feature sizes, as the level of details is governed 

mostly by the size of the laser dot or screen pixel (Davoudinejad et al., 2018). Layer heights commonly 

range from 0.025mm-0.1mm. Resin printers often possess only one single movable axis raising and 

lowering the build plate into the resin vat, building the part hanging from the platform as shown in 

Figure 2.51. This motion stirs the resin between layer changes and detaches the cured layer from the 

FEP (Fluorinated Ethylene Propylene) film, which commonly constitutes the barrier between the liquid 

 
Figure 2.50: Examples of increasing infill densities 

with prismatic pattern. (Diegel et al., 2019) 
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resin and the light source. With Light Polymerization AM, parts are usually not built directly on the 

build plate but are raised and supported. For overhangs and detached material areas that are not yet 

connected to the remaining part, support structures are needed as well to successfully complete a print 

and prevent warping due to gravity. After completion, the part is washed in isopropyl alcohol to remove 

excess resin and cured with UV light until the material is fully hardened. 

 
Figure 2.51: Working principle of light polymerisation technique, adapted from 

(Redwood et al., 2018). 

 

2.2.4 Powder Bed Fusion 

Powder Bed Fusion (PBF) builds parts from granular material by selectively solidifying it across 

the exposed powder surface (Diegel et al., 2019). Its categories are subdivided depending on their 

solidification method and the material to which it is applied. The solidification can be accomplished 

by two main methods, either by melting the material via directed energy heating the powder, or by 

applying a liquid binding material. After each layer completion, the build plate is lowered and a new 

layer of powder is reapplied, restarting the cycle as depicted in Figure 2.52. The former process is 

carried out by applying energy via a laser in case of Selective Laser Melting (SLM) used for metals 

and ceramics (Yap et al., 2015), and Selective Laser Sintering (SLS) methods used for polymers 

(Kumar, 2003). Alternatively, an electron beam is used in case of the Electron Beam Melting (EBM) 

method, which is mainly used for metals (Körner, 2016). It sinters or completely melts the material in 

the targeted zone. The method using liquid binder material is generally known as Binder Jetting (BJ) 

and resembles the working principle of an office paper printer. A multi-nozzle head moves above the 

powder surface, applying binding liquid where required to fuse the powder in order to form a solid 

part (Ziaee & Crane, 2019). The powder is essentially selectively glued together. Binder jetting can be 

applied to polymer and metal materials; however, metal parts require an additional sintering step to 

fully solidify. 
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Figure 2.52: Working principle of laser-based powder bed fusion process, adapted 

from (Redwood et al., 2018). 

 

The Multi-Jet Fusion (MJF) process developed by Hewlett-Packard (HP) combines characteristics 

of the SLS and binder jetting methods. As described by (O’Connor et al., 2018), the powder material 

is doused with a fusing agent on the inside of the part, and a detailing agent applied to the part’s edges 

for improved surface quality. Applying heat energy solidifies the part and it is continued to be built 

layer by layer similar to other AM processes. Contrary to binder jetting, the material is not simply 

glued, but fused by polymerization which improves the achievable material properties. Its working 

principle is shown in Figure 2.53. 

 

Figure 2.53: Schematic depiction of the Multi Jet Fusion manufacturing process. (O’Connor et al., 2018) 

 

The different PBF technologies enable the production of relatively large part quantities with high 

accuracy, allowing the use of a large range of material options. They generally do not require the use 

of support structures since the parts are supported by their surrounding powder during the building 

process (Diegel et al., 2019). However, metal PBF methods may need anchor points to act as heat sinks 

and fixation spots to reduce thermal warping. 

A wide range of materials is available for the different PBF methods, and an overview is given by 

(Singh et al., 2020). A commonly used polymer is Polyamide in varying compositions and with 

optional supplements such as chopped carbon fibre for improved mechanical properties. Offering 

relatively easy printing, low thermal warping tendencies and versatile material properties, it is readily 

used for prototyping and end-use parts. Other options include flexible and rubberlike materials or 
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ceramics. Metals such as aluminium, stainless steel, titanium, tungsten along with precious metals can 

be processed as well. The size, cost and efforts involving pre- and postprocessing of PBF printing 

machines mostly prohibit their private use, making them almost exclusively accessible to businesses 

and research institutes (Diegel et al., 2019). 

 

2.2.5 Suitable Additive Manufacturing Methods for Lattice Geometries 

Manufacturing FGLS poses as much of a challenge as the computational design, and each 

manufacturing method’s characteristics must be considered along with detailed material behaviour 

modelling. Review studies examining the process of additively manufacturing lattice structures are 

given in (Helou & Kara, 2018; Seharing et al., 2020). 

The main issues in FDM printing that apply to all geometries are the need for support structures, 

material properties being strongly dependent on printing parameters, part anisotropy due to the 

manufacturing method, as well as the available material selection (Mohamed et al., 2015). Above 

certain threshold angles, support structures in and around the lattice are necessary for the print to 

succeed. They can be difficult or impossible to remove depending on the printed structure, causing 

some print jobs to become impractical on an extrusion machine. This holds true especially when 

manufacturing graph-based lattice structures irrespective of their surrounding geometry. Although 

adjustments to the printing angle relative to the lattice structure can lead to support-free lattices, this 

technique is not always feasible. On the other hand, TPMS lattices result in continuous printing 

surfaces after the slicing process and are generally self-supporting, they are thus much more forgiving 

during printing. As Mohamed et al. state, parameters such as part orientation, layer height, number of 

walls, top/floor layers, extrusion width, infill patterns and percentages strongly influence the material 

properties of the finished part. Polymer parts loaded in a perpendicular direction to the printing plane 

can lose up to half their ultimate tensile strength compared to parts loaded parallel to it (Ahn et al., 

2003). Metal parts see a noticeable dependence on directionality as well (Gong et al., 2019). They can 

exhibit significant surface defects stemming from geometrical discretization in the build direction, 

poor surface finish at support structure interfaces or overhangs, and holes caused by the Z seam, 

material retraction at layer changes or slicing inaccuracy. These defects can cause significant weak 

points in geometries exhibiting small feature sizes such as graph lattices and need to be accounted for 

during the design phase. 

Light Polymerisation processes share the need for support structures with extrusion techniques to 

a lesser degree, but their materials show much lower dependency on printing orientation 

(Shanmugasundaram et al., 2020). Low layer heights in combination with high resolutions in the XY 

plane allow for small feature sizes, high dimensional accuracy, and smooth surface finishes of printed 

parts. However, large parts with low rigidity can be distorted during prints due to their own weight and 

suction forces between the part and the transparent plastic film on the bottom of the resin vat. Drain 

holes are required to remove liquid resin trapped inside hollow parts to prevent cracks during the curing 

process, weakening the structure. Usually, latticed parts are completely solid and consequently do not 

need drain holes, but the UV light might not reach every spot of the lattice during the curing process. 

The process is generally well-suited to manufacture graph-based and surface-based lattices as long as 

they are open-cell. The machines tend to be restrictive in build size, offering only 80-150mm in X and 
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Y axes and 150-200mm in the Z axis. However, larger machines are coming to the market in increasing 

numbers. 

Powder Bed Fusion processes are widely used in industrial additive manufacturing processes as 

they possess significant advantages. A large material selection of many engineering polymers and 

metals can be used, and they do not require support structures as the part is held from all sides by the 

surrounding powder (Diegel et al., 2019). Metal parts need to be fused to a build surface with anchor 

structures being attached for heat dissipation and thermal warping prevention. On the other hand. 

polymer parts can be positioned almost arbitrarily in the build chamber, though some orientation 

guidelines need to be considered in order to prevent thermal warping and to achieve smooth surface 

finishes. PBF processes boast low layer heights and high XY resolutions, resulting in small printable 

feature sizes. Manufacturing hollow parts requires the use of drain holes to remove excess powder, 

which can be a laborious process. Polymer parts produced with PBF also possess anisotropic material 

properties, although to a lower extent than those produced with FDM. Metal parts generally show only 

little dependency on build orientation (Yap et al., 2015). Generally, PBF methods are well-suited for 

lattice structure manufacturing of graph-based and surface-based unit cell types, as long as they are 

open-cell. 

In conclusion, all three AM techniques can be used to produce lattice structures, but the optimal 

solution depends on the requirements at hand.  Fused Deposition Modelling offers low-cost 

productions, large build volumes as well as easy material handling and postprocessing, but can be 

limiting for graph-based lattices. In the special case of metal extrusion processes, special care during 

sintering and support structure removal must be applied to prevent warping, delamination and fracture. 

Light Polymerisation and Powder Bed Fusion processes offer the highest resolutions, the best surface 

finish and little to no support requirements, making them the preferred options among the three. Further 

considerations such as part size, minimum feature size, material requirements and the necessity for 

powder or resin evacuation holes decide between Light Polymerization and PBF methods. 

 

2.2.6 Summary 

Choosing an appropriate Additive Manufacturing method for lattice structures depends on 

numerous factors pertaining to the required material, the specific method, and the targeted lattice type. 

The lattice’s density additionally influences the part’s manufacturability since thin features or difficult 

material evacuation paths can exclude certain manufacturing methods. The appropriate options must 

therefore be analysed for each application individually. A decision matrix ranking the relevant AM 

method properties regarding the production of lattice structures is given in Table 2.1. As can be seen 

by the total marks of each method, the results are rather close. Each method’s strengths and weaknesses 

therefore have to be considered for the case at hand. 
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Table 2.1: Decision matrix ranking the different Additive Manufacturing properties for the production of lattice structures 

with rankings of 1 = worst and 5 = best. 

Property FDM Light Polymerization PBF 

Accuracy 3 5 4 

Minimum feature size 3 5 4 

Material selection 4 3 5 

Support requirement 3 4 5 

Excess material evacuation 5 3 2 

Material anisotropy 2 4 4 

Build size 5 2 4 

Surface quality 2 5 4 

Total 27 31 32 

 

2.3 Lattice Design and Simulation Software 

Before the emergence of adequate design software, lattice design and optimization was commonly 

carried out via custom-written scripts. It allows for design and optimization freedom as well as efficient 

execution of large-scale optimization of abstracted lattice geometries. On the other hand, handling and 

exporting the resulting lattices for production remains a nontrivial task. Several examples of studies 

relying on scripting of the lattice generation or optimization are given in section 2.1.2-2.1.4. When 

using conventional CAD software, lattices must usually be generated manually, severely limiting their 

potential. Parametric design and grading of the lattice’s thickness is generally feasible with this 

approach, however due to the boundary representation method used in CAD software, subsequent 

modifications to its size or other properties are prone to failure and may be unfeasible. Redesigning 

the lattice from the beginning or omitting some features, like radii between beams, might be necessary 

to succeed. Recent feature additions to CAD software (e.g. in PTC Creo (PTC Creo, n.d.)) allow 

implementing simple, regular lattices with a thickness gradient in the design phase, but other variables 

such as cell size or mixed types are not available. Rhinoceros 3D (Rhino3D, n.d.) makes use of its 

parametric plugin Grasshopper, offering a large array of control options which allow for more 

advanced lattice design options. Simulation suites such as Ansys SpaceClaim (Ansys Spaceclaim, n.d.) 

with its Mechanical solver (Ansys Mechanical, n.d.) and Altair OptiStruct (Altair OptiStruct, n.d.) also 

strive to break into the domain by offering lattice optimization functionalities, but they remain limited 

in their use. For instance, Figure 1.2 shown in the introduction section depicts a bracket after a lattice 

optimization performed with OptiStruct, however there is no possibility to extract the geometry for 

production without purchasing a license of Materialise 3-matic (Materialise 3-Matic, n.d.). A non-

exhaustive overview of reviewed options for digital lattice design in an engineering context is listed in 

Table 2.2. 
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Table 2.2: Overview of reviewed software options for lattice generation. Ratings:  = basic,  = fair,  = good. 

Software Lattice 

design 

Simulation 

options 

Export 

options 

Altair Inspire Structure (Altair Inspire, n.d.) 
   

Autodesk Fusion 360 (Autodesk Fusion 360, n.d.) 
   

Altair OptiStruct (Altair OptiStruct, n.d.) 
   

Altair Sulis (Altair Sulis, n.d.) 
   

Ansys Spaceclaim (Ansys Spaceclaim, n.d.) & Mechanical 

(Ansys Mechanical, n.d.) 
   

Autodesk Meshmixer (Meshmixer, n.d.) 
   

Autodesk Netfabb (Autodesk Netfabb, n.d.) 
   

Autodesk Within Medical (Autodesk Within Medical, n.d.) 
   

Materialise 3-matic (Materialise 3-Matic, n.d.) 
   

nTop (NTop, n.d.) 
   

PTC Creo (PTC Creo, n.d.) 
   

Rhinoceros 3D (Rhino3D, n.d.) & Grasshoper (Grasshopper, 

n.d.) 
   

Simpleware CAD (Simpleware CAD, n.d.) 
   

 

Lattice design suites such as nTop, Altair Sulis and Altair Inspire increasingly move towards using 

implicit body representation techniques. nTop is among the first software suites in the lattice design 

realm opting for this route, with the initial release in 2015 (then called nToplogy Essentials). Others 

follow suit, such as Altair Sulis (released in 2020 as Gen3D), Altair Inspire introducing implicit body 

generation with its version 2023.0 release, and Fusion 360 with their support for implicit body import 

for additive and subtractive manufacturing preprocessing planned for release in early 2024. 

The implicit modelling method is an alternative approach to digital 3D body representation in 

engineering and computer graphics environments. Traditional CAD software suites utilize a boundary 

representation method, i.e. surfaces, vertices and splines define the outer bounds of a volume body. 

While this allows for quick and efficient creation of simple geometries by combining primitive bodies, 

revolutions, extrusions etc., it is severely limiting in some domains. Operations such as filleting at 

overlapping edges, fixing duplicate edges, Boolean operations, morphing, hollowing, and many other 

examples can pose insurmountable problems for a CAD software suite. Implicit design approaches 

lattices with a mathematics-based method instead of relying on vectors, edges, vertices and surfaces. 

The implicit representation treats bodies as signed distance functions, where the boundaries of a body 

have zero value, the inside of the body’s domain is a negative scalar field decreasing linearly to the 

centre, and the outside a positive scalar field increasing linearly as depicted in Figure 2.54 on the left 

(Allen, 2019). Using this approach, operations such as scaling a body can be as simple as adding a 

constant value to the body’s implicit function as shown in Figure 2.55. 
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Figure 2.54: Implicit representation of a body with local 

values F as function of the pints P’s position on the 

inside, outside and on the body’s border. (Allen, 2019) 

Figure 2.55: Implicit scaling operation achieved by 

adding a constant value to the implicit function. (Allen, 

2019) 

 

The concept is further explained with Figure 2.56. The left side depicts a rectangle created with 

the boundary representation method, i.e. four corner nodes connected by four lines, whereas the right 

image shows its implicit representation. The borders are delimited by the two functions :� − 4 < 0 

and =� − 1 < 0. A point inside both regions is thus inside the rectangle if both conditions are met. One 

possible implicit function fulfilling these criteria can be I(:, =) = max {:� − 4, =� − 1}. Any 

volumetric body or operation can be expressed mathematically this way, enabling quick and versatile 

geometry manipulation: integrating varying lattices in a body, shelling, smoothing, perforating, 

texturing, Boolean operations etc. The processes are nearly unbreakable, unlike the boundary 

representation method which struggles with complex operations on intricate geometries. They are also 

field-driven, meaning that properties can be defined as a function of stress, position, temperature, or 

user-defined function to gain more control over the design. 

Figure 2.56:Boundary representation of a 2D rectangle (left) and its implicit representation (right), adapted from 

(Allen, 2019). 

 

Of the options listed in Table 2.2, nTop is the most versatile and offers the most comprehensive set 

of options. At the start of the thesis, it was the only viable solution and therefore chosen for the projects 

at hand. An example demonstrating the power of implicit modelling is nTop’s ability to control the 

lattice properties introduced in a cantilever beam under a bending load as shown in Figure 2.57. The 

beam geometry is replaced by a lattice structure, and its von Mises stress field is used to drive a Simple 
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Cubic lattice’s local thickness – high stress regions are assigned a larger diameter, low stress regions a 

lower diameter. The assignment is based on a mapping function requiring upper and lower thickness 

limits. A second example depicts how the stress field can drive the local beam thickness in conjunction 

with the cell size of a Voronoi lattice using the same approach. 

 

Figure 2.57: Examples of applying a functionally graded lattice to a cantilever beam. 

 

While this gives the user a wide range of control, the process is not an optimization but rather a 

manual alteration of the lattice’s properties. A mapping function must be defined to translate a stress 

value to a lattice thickness or cell size value. An nTop update in April 2023 introduced the option of 

performing true optimizations of 1D graph lattices via the material density field gained from a 

Topology Optimization. The feature is still in the beta phase as of December 2023. 

Several options for performing FE analyses of the devised lattice structures are available. nTop 

features an FE module of its own offering analyses of linear static structural cases, buckling, modal, 

or thermal investigations. However, dynamic analyses or nonlinearities such as contact or material 

plasticity are not available, severely limiting its utility for complex models and load cases. It further 

offers the option of lattice homogenization. The directional stiffness of a unit cell is determined via an 

FE analysis and applied to a complete lattice structure of the same unit cell type. Each unit cell can 

then be represented by a single anisotropic hexahedral element replacing multiple beam, shell, or solid 

elements, thereby greatly reducing the required computational efforts. Examples of the directional 

stiffness representation of a few unit cells are depicted in Figure 2.58. This approach cannot consider 

any nonlinearities either. The consequence is therefore the necessity to export the lattice geometries 

for use with adequate FE solvers. 
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Figure 2.58: Examples of unit cells and their equivalent, homogenized 

directional stiffness properties, adapted from (Johnathan, 2020). 

 

Preparing lattice geometries for FE analyses requires a potent preprocessor such as Altair 

HyperMesh due to the intricate meshes. Extensive corrective mesh operations are often required to 

remedy intersections and element quality issues of 2D and 3D meshes exported from nTop. Altair’s 

solvers OptiStruct and RADIOSS were chosen to be used for simulating the models produced during 

this project due to their extensive capabilities, along with HyperStudy for the optimization procedure. 

Other FE suites could have been utilized as well, but Altair’s suite was already available to the 

university at the start of the project. 

One of the main hinderances of dealing with lattice geometries is the file exchange between 

software packages. While handling geometries inside of nTop is generally simple, the file formats to 

import and export results are limited. Importing well-defined solid geometries in nTop as STEP, IGES 

or any other popular CAD file format poses no problem. However, it suffices that the body is only 

described as closed surface and not as a solid for the workflow to break down. Conversely, exporting 

a lattice geometry as CAD file is practically not feasible except for very simple bodies. The conversion 

process from an implicit body to a description based on vertices, lines, splines, and surfaces is complex 

and fragile. The only viable options for higher complexities are either to export the geometries as 

surface based meshes (such as STL, OBJ, PLY) or FE meshes containing shell, beam and/or solid 

elements. Meshed geometries usually require significant clean-up before they can be remeshed or run 

with external FE solvers and are difficult to alter in case of geometry changes. Whenever applicable, 

a simpler exchange method can be achieved by exclusively using beam and shell elements. Thin-

walled TPMS lattices can readily be represented using shell elements, whereas thick-walled TPMS 

structures can be exported as hollow shell elements and filled with solid elements later in the 

preprocessor. Beam-based lattices can be exported using the relatively new 3MF file format 

specifically developed for this task. It is intended to include more information than STL while also 

being structured in a simplified manner to enable a more streamlined connection between geometry 

creation tools and additive manufacturing. It can represent 1D beam elements in addition to triangular 
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and quadrilateral elements for surface descriptions, but it is not yet supported by FE preprocessors 

such as HyperMesh. 

Beam-based lattices with uniform thickness distribution can be exported as 1D FE beam mesh, 

allowing easy handling. However, beam lattices with non-uniform thicknesses can only be exported 

from nTop via their own LTCX file format that is not supported elsewhere. Fortunately, it is merely an 

XML file in ASCII format and thus human-readable. During the course of the thesis projects, a script 

was written in MATLAB to convert the LTXC file to an input file for OptiStruct. It offers the choice 

of sorting the diameter values into a fixed number of bins to reduce the amount of element properties 

required, or to keep all of them (see Addendum, section 7.1). This specific script was written with the 

optimization approach of the beam lattice in mind, which is described in the publication in section 4.1. 

Here, the lattice splitting was performed in nTop, so the size adaptation after the optimization step 

could be performed there before exporting the STL file for manufacturing. 

On the other hand, a subsequent project required to reimport the lattice to nTop after its 

optimization in Altair RADIOSS. Here, the lattice splitting is performed in HyperMesh after the lattice 

was exported from nTop. A second MATLAB script was therefore devised (see Addendum, section 

7.2). It reads the RADIOSS input file used for the optimization and outputs several LTCX files, each 

containing one region of the split lattice. It can then be reassembled in nTop and thickened according 

to the optimization results. The lattice splitting is in principle also entirely feasible in nTop. However, 

the script was written with the idea in mind that mesh morphing would be applied during the 

optimization studies, too. The resulting morphed lattice could not have been replicated accurately in 

nTop, thus importing the simulation results to nTop was deemed necessary. The aforementioned project 

is found in section 4.6. 

In any case, reimporting results back to nTop or adapting an existing lattice in nTop is a mandatory 

step. It is not yet possible with simple means such as first-party tools to create an STL file from 1D FE 

beam elements for additive manufacturing. Although FE meshes can be imported directly to nTop, it 

does not allow any manipulation or extraction of the mesh for further steps. 
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3 Research Methodology & Objectives 
In this chapter, the research goals are refined based on the conducted literature review and 

identified gaps. Subsequently, the proposed research methodology is presented including key research 

questions. The scope of the research is outlined and ultimately, the proposed lattice optimization 

method is outlined. 

 

3.1 Research Objectives 

As laid out in Chapter 2, numerous research papers about lattice structures focus on suitable 

materials, manufacturing methods, lattice types, bioinspired and newly created unit cell geometries, 

and application domains. The studies agree that lattice structures are advantageous in numerous tasks, 

and that graded lattices can outperform uniform lattices at equal weight. However, publications tend 

to concentrate on simplified geometries such as cubes in compression or cantilever beams under 

bending loads in standard test conditions. These approaches do not necessarily represent the complex 

geometries and load cases experienced by mechanical parts as found in the automotive or aerospace 

domains. Furthermore, lattice property gradients are commonly applied manually. They rarely deviate 

from the option of changing the unit cell height or thickness either linearly or in stepwise intervals. If 

optimization routines are used to alter local lattice properties, they frequently make use of custom-

written optimization scripts. These routines heavily involve the user and are not in line with 

engineering workflow requirements regarding flexibility, usability, and results extraction. The aim of 

this thesis is therefore to efficiently implement FGLS in mechanical parts under consideration of 

engineering requirements. The research gaps are summarized in Table 3.1. 

Table 3.1: Research gaps determined from literature research. 

Research Gaps 

RG1: Potential performance gains of engineering parts with FGLS are largely unexplored, so far 

mostly synthetic tests of simple geometries were studied. 

RG2: No optimization method for arbitrary goals and physics is available that is compatible with 

engineering tools and restrictions, such as FEA tools and manufacturing methods. 

RG3: FGLS are advantageous for impact energy absorption tasks, but very few studies researched 

their optimal thickness distribution. 

 

The project’s aim is to enable and simplify the implementation of FGLS in mechanical designs. 

More exactly, in designs with a realistic level of complexity as found in the industry. Four objectives 

emerge from this aim. First, a generalized workflow shall be developed that allows the efficient design, 

optimization, and manufacturing of FGLS using existing engineering tools whenever possible. This 

entails that adequate design and simulation tools must be determined. Next, the parts need to be 

assessed via means of simulative and physical testing to assess their performance. The parts evidently 

must be physically produced to do so, hence adequate AM production methods and materials have to 

be determined. The manufacturing methods available in the AM laboratory of the University of 

Luxembourg should preferably be used to allow fast design iterations and full control over the 

production settings. Table 3.2 summarizes the four research objectives. 
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Table 3.2: Objectives guiding the research direction. 

Research Objectives 

RO1: Find software suites capable of designing, simulating, and optimizing lattice structures. 

RO2: Develop an optimization method compatible with common simulation suites. 

RO3: Perform simulative and experimental assessments of the optimized lattice structures. 

RO4: Find an adequate AM method and material selection for production of the lattice structures. 

 

3.2 Research Methodology 

The research methodology encompasses multiple steps guided by the research objectives as shown 

in Figure 3.1. The task begins with a thorough literature research determining the general properties 

of lattice structures, current research topics, adequate use cases, available software, and knowledge 

gaps. This information is assembled and assessed to decide on potential avenues. Material tests are 

performed to obtain detailed information about their properties, aiding in building accurate simulative 

models. Simultaneously, their suitability for lattice production can be partly assessed. The developed 

optimization method is applied to implement FGLS in two real-world applications. Their performance 

is assessed via simulative and physical testing. As laid out in Chapter 2, lattice structures excel in 

lightweight structural tasks and compressive energy absorption applications. Therefore, the appliances 

considered in this thesis adhere to the same categories. 

 

Figure 3.1: Primary and secondary research methodology steps. 

 

The results of the thesis facilitate the transition of FGLS from a research novelty to a usable and 

valuable concept employed in engineering appliances. It does so by providing answers to the following 

leading research question: 

Literature 

Research

•Lattice properties, use cases

•Current research topics

•Optimization approaches

•Knowledge gaps

Development 

of Method

•Use of existing simulation software

•Diverse physics and optimization goals

•Robustness, manufacturability

Simulation + 

Optimization

•Application

•Design exploration

•Unit cell performance investigations

•Optimization approach variations

Manufacturing 

+ Testing

•Material tests

•Physical part tests

•Performance assessment
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Table 3.3: Leading research question derived from research gaps. 

Leading Research Question 

RQ1: How can FGLS be designed and optimized in mechanical parts with consideration of 

engineering requirements? 

 

The aforementioned engineering requirements are modelled after industry requirements, where 

ease of use, flexibility and time constraints are major decision factors. The following aspects are 

guiding the method’s properties: 

 Compatibility with existing engineering software 

 Possibility to simulate wide range of nonlinear physical phenomena (structural, thermal, 
fluid dynamics…) and optimization goals 

 Simple geometry extraction to ensure and facilitate manufacturing 

 Robust and repeatable workflow structure for fast design iterations? 

 Creation of conformal lattice gradients for improved performance 

 As little need for custom scripting as possible 

 

From the leading research question and these requirements spring the supplemental research 

questions listed in Table 3.4: 

Table 3.4: Supplemental research questions originating from application requirements. 

Supplemental Research Questions 

RQ2: How well do FGLS perform in realistic mechanical appliances? 

RQ3: How can FGLS be modelled and simulated adequately? 

RQ4: How can the computational effort of lattice optimization studies be reduced? 

RQ5: Which unit cell types are suitable for the considered tasks? 

 

Two applications, chosen to play to the strengths of FGLS in lightweight structural and energy 

absorption tasks, demonstrate the design and optimization approach. The first is a hollow bicycle crank 

arm, shown in Figure 3.2, fitted with a lattice structure optimized for maximum rigidity. The second 

application revolves around a bicycle helmet, shown in Figure 3.3, equipped with an energy-absorbing 

lattice replacing the commonly used foam liner. The lattice’s thickness is optimized to reduce the 

wearer’s injury risk as much as possible. The applications are chosen since they stem from an 

approachable domain familiar to a wide range of people. In addition, their size and targeted choice of 

materials allow to manufacture them locally entirely or partially. An auxiliary study explores the 

optimal thickness distribution of a cuboid lattice (c.f. Figure 3.4). in large strain compression to achieve 

the highest specific energy absorption. Its findings support the investigation of the lattice helmet 

model. Two material investigations are conducted to provide the required data for the simulations. The 

respective publications are included in Chapter 4, and an overview summarizing which paper answers 

which research question is provided in Table 3.5. 
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Figure 3.2: Bicycle crank arm geometry used for first 

investigation. 

Figure 3.3: Bicycle helmet geometry used for second 

investigation. 

 

 

Figure 3.4: Cuboid lattice structures in compression used for auxiliary investigation. 

 

Table 3.5: Overview of publication connections to research questions. 

      

(Decker et al., 

2020) 

(Kedziora et 

al., 2022) 

(Kedziora et 

al., 2023) 

(Decker et al., 

2023) 

(Decker & 

Kedziora, 

2023a) 

(Decker & 

Kedziora, 

2023b) 

RQ1, RQ2, 

RQ3, RQ5 

RQ3 RQ1, RQ2, 

RQ3 

RQ3 RQ1, RQ3, 

RQ4 

RQ1, RQ2 

RQ4, RQ5 

 

3.3 Scope 

This thesis focuses on the creation of a lattice design, optimization, and manufacturing workflow 

suitable for engineering purposes, along with the improvement and assessment of appliances 

containing functionally graded lattice structures. It therefore requires a holistic approach covering the 

entire process from design inception, geometry creation, lattice type selection and evaluation, FEA 
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modelling, optimization method, material selection, manufacturing method, and physical testing. The 

selectable variety of material, method, appliance, and technique combinations is exceedingly vast, 

therefore a low-level investigation on each one’s specific aspects or detailed behaviours is not feasible 

within this frame. Rather, a high-level view of the design chain with two applied examples is targeted 

to achieve the presented goal. 

 

3.4 Lattice Optimization Method & Application 

The proposed method aims to offer true spatial optimization for lattice structures regardless of the 

optimization goal or use case. Simultaneously, it retains the versatility and usability of engineering 

methods by allowing the consideration of complex modelling features (e.g. crash modelling, material 

failure, buckling) and ensuring the possibility to extract the results for production. It makes use of 

established simulation and optimization tools to remain versatile. For demonstration purposes, the 

simulation suite Altair HyperWorks with its structural solvers OptiStruct (implicit solver for non-

/linear static and dynamic models) and RADIOSS (explicit solver for highly nonlinear dynamic models 

of short duration) are used in conjunction with their general optimization suite HyperStudy. The 

simulation tools are generally interchangeable with any other appropriate contender. 

First, a short overview of finite element representation and their property handling by solvers must 

be laid out. After having chosen a suitable part for consideration and creating its accompanying lattice 

in nTop, it is exported in a file format readable for structural simulation solvers for the model setup. 

Different geometrical discretization methods are possible for geometries. Thick-wall geometries that 

are roughly the same size in every dimension are generally modelled by solid elements (see Figure 

3.7). Thin-wall geometries with large spans in two dimensions and a thin third dimension are 

represented by shell elements (see Figure 3.6 and surface lattice in Figure 3.8), while geometries that 

are thin in two dimensions and large in the third can be modelled via beam elements (see Figure 3.5 

and the strut lattice Figure 3.9). Surface lattices are usually thin enough to be modelled by shell 

elements, while strut lattices are best modelled by beam elements. Solid elements can generally be 

used for these purposes as well, but due to the complexity of the geometry, a very large number of 

elements must be used, which increases computational efforts. Furthermore, solid elements do not lend 

themselves well to the optimization procedure presented in this project, as will be evident later. 

 

 

Figure 3.5: Beam element without (left) and with thickness property representation (right). 
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Figure 3.6: Shell element representation without thickness representation (left) and with discrete thickness steps (right). 

The colours of the elements in the right image correspond to their respective property collector, underlining that they 

have different thickness properties. 

 

Solid elements do not possess such a thickness property, but rather discretize the geometry entirely 

by their shape. Consequently, they cannot be used with this approach. In principle, shape optimization 

of the element nodes on the outside of a lattice part could achieve the same, but this is also impractical 

in many regards. 

  
Figure 3.7: Thick body of a bicycle crank arm 

modelled with solid tetrahedral elements. 

Figure 3.8: Surface lattice represented by shell elements 

(green), with the thicker surrounding body being modelled 

with solid elements. 

 

Figure 3.9: Graph lattice represented by beam elements. 

 

Beam and shell elements simplify the original geometry they intend to model by reducing the real 

dimensions of a part. Shell elements model plate-like geometries only by their middle surface since 

these elements themselves do not possess any thickness. Similarly, beam elements represent long and 

slender structures like a pole only by its middle axis, such that it is reduced to a line. Both element 

types are assigned a thickness property that is a separate entity from the element. The beam elements 

additionally require a cross-section property defining information about their shape (circular, 

quadratic, hexagonal etc.). Elements with the same properties are grouped together, each group having 

only one thickness value. This entails that there can be no continuous thickness variation in a part 
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modelled by these element types, only discrete steps. While continuous thickness variations can be 

approached in principle by applying many small steps, it quickly becomes impractical and should be 

avoided. 

With this in information mind, parts of the structure of a solver input file also must be explained. 

A solver input file is a human-readable text file containing all the information of a simulation model, 

such as the node coordinates, element connectivity, boundary conditions etc. An example of a beam 

element property assignment is shown in Figure 3.10, where the thickness value is marked in red. 

 

Figure 3.10: Beam element property section of input file, with the numerical value of thickness property marked in red 

(left) and its replacement variable definition (right). 

 

This input file can be passed to a general optimization program such as Altair HyperStudy. It is not 

restricted to working with a specific solver or program. It can handle any input file, call a solver or 

other program, run it, and read its output. In short, it takes complete and automatic control over the 

solver. In HyperStudy, the variables to be altered for a screening or optimization run are defined via 

the input file. Their numerical value is substituted by a placeholder (compare Figure 3.10 left and 

right), where HyperStudy replaces the original numerical value with a different one chosen by the 

optimization algorithm. HyperStudy then runs a multitude of simulations in a loop during which it 

reads and interprets the output variables defined by the user, alters the variables accordingly, runs them 

again and so on until the optimization goal is met. The goals and constraints can be defined almost 

arbitrarily depending on the physics at hand: maximum stiffness at a given weight, minimizing peak 

acceleration, maximum energy absorption during compressive loading, minimizing weight at a given 

stiffness, maximizing heat transfer, minimizing displacement during vibrations etc. 

Numerous optimization algorithms and approaches can be chosen based on the desired goals and 

requirements. Standard or global gradient-based response surface search methods, gradient-free 

methods such as the Genetic Algorithm, Multi-Objective Optimizations for treating opposing 

optimization goals and Design Exploration studies are available. One of the most useful tools to reduce 

computation time is the concept of Design of Experiment (DOE) studies together with response surface 

fit methods. In a DOE study, the model behaviour is observed and analysed by altering selected 

variables. Their values are specifically chosen such that the design space is adequately covered while 

limiting the amount of required solver runs. Additionally, the risk of confounding the effects of 

variables which change simultaneously is minimized. Each variable’s influence is assessed and 

quantified. Next, a response surface fit is built which approximates the actual model’s behaviour based 

on existing data. This response surface can then be used to optimize the model’s parameters instead of 

executing a multitude of solver runs. This allows to perform an optimization in seconds rather than 

hours or days, however a response surface fit can only be built if the model behaviour is reasonably 
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predictable. Highly nonlinear models are not always suitable, in which case it must be optimized by 

executing a solver run for each iteration. 

Now that the optimization route is established, the lattice geometry to be analysed must be prepared 

for spatial thickness altering. As mentioned, the thickness value of shell or beam elements can only be 

applied to groups of elements. Therefore, the lattice must be split into easily manageable chunks. The 

splitting operation can be performed by a simple manual separation of elements into different groups, 

either in Altair HyperMesh or in nTop. A second method is to split the lattice with the aid of a 

programming script and a field function. The procedure is demonstrated with the aid of three 

applications. The first is a bicycle crank arm optimized for maximum stiffness in a typical load case. 

The second is an auxiliary model of a lattice cube in large-strain compression. The third is a bicycle 

helmet optimized for minimum injury risk during a crash event. The optimization and lattice splitting 

method is applied to each with gradually increasing complexity levels. 

The first analysis treats the implementation and optimization of a graph lattice structure in a hollow 

bicycle crank arm with realistic geometry. Its thickness is optimized for maximum rigidity with 

consideration of stress and mass constraints (c.f. section 4.1). The initial investigation serves to test 

the methods’ suitability for the task, hence a simple manual splitting approach of the beam mesh 

performed in HyperMesh was chosen. The elements are grouped such that planar symmetry is 

inherently considered as indicated by their group colours. The investigation is continued and refined 

with the same crank geometry now incorporating a shell lattice (c.f. section 4.3). It is separated into 

discrete regions in HyperMesh through a TCL/TK script (see Addendum, section 7.4). A field function 

segregates the elements into bins following the expected stress field produced from the considered 

load case. The lattices resulting from these approaches are shown in Figure 3.11. 

 

 
Figure 3.11: Manual (top) and scripting-aided splitting (bottom) of lattice geometry. 

 

After having split the lattice in a suitable fashion, different options for their thickness values can 

be chosen. The simplest is to only define upper and lower thickness boundaries and let the optimization 

routine run its course, as was the case with the aforementioned study investigating the crank arm. 

While this potentially gives the best result, it also requires the highest amount of computational effort. 

Every single lattice group is treated as an optimization variable, and the thickness may take on any 

value in its range. An alternative is to restrict the thickness values to discrete values, i.e. dividing the 

thickness range into n steps. For example, the value may be allowed to change between 1mm and 2mm 

with steps of 0.05mm. To further reduce the number of optimization variables, one can make use of 
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any planar or cyclic symmetry present in the geometry as shown in Figure 3.11. The discrete regions 

can either be put in the same group in HyperMesh, or alternatively be linked in HyperStudy such that 

they are assigned the same thickness value. 

Linking different regions via a mathematical function can further reduce the number of 

optimization variables. One such example can be the linking of neighbouring lattice regions via a 

function taking into consideration their relative position. The thickness can then be defined as a linear, 

quadratic, power law, or other function such that only two or three optimization variables need to be 

considered. The computational efficiency can be greatly increased without sacrificing parts of the 

model complexity. This concept is explored in the second analysis (c.f. 4.5, where a cuboid lattice is 

split into ten separate regions. Each region’s thickness is controlled by a function where the 

independent variable is the lattice’s distance from the origin as depicted in Figure 3.12. The 

investigation serves as demonstration for an avenue to reduce computation time, and to explore the 

optimal thickness distribution of such a lattice in large-strain compression. The structure is optimized 

for maximum specific energy absorption, and its maximum weight is constrained to that of a uniform 

lattice for comparability. 

 
Figure 3.12: Regions of lattice structure being linked via mathematical 

function to reduce computational efforts during optimization. 

 

The last investigation assembles the previously acquired knowledge and applies it to a realistic 

bicycle helmet in a crash scenario. Replacing the commonly used foam liner, a conformal lattice is 

introduced as energy absorption device (c.f. section 4.6). It is split in HyperMesh via a TCL-TK script 

segregating the beam elements based on their distance from an ellipsoid surface (see Addendum, 

section 7.3) such that the splitting pattern resembles the helmet’s shape as shown in Figure 3.13. In 

addition, the lattice’s thickness distribution is governed by a quadratic function taking into account 

each lattice group’s distance from the model’s origin point. The thickness distribution is optimized 

such that the wearer’s injury risk is minimized. 
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Figure 3.13: Helmet with segregated lattice whose thickness is 

governed by a quadratic function. 

 

The method is summarized in the flowchart given in Figure 3.14. A CAD model is imported to 

nTop where it is hollowed and fitted with a lattice. The lattice is exported to HyperMesh as STL or FE 

mesh and prepared for the simulation. If the lattice was not already split in nTop, it is performed here. 

The lattice’s elements are grouped into their respective components and exported to a solver input file 

upon completion of the preprocessing step. It is imported into HyperStudy, the lattice’s thickness 

values are parameterized, and computational tasks such as DOE runs, potentially response surface fits, 

as well as optimization runs are performed. The results then have to be reassembled in nTop to create 

geometry files for manufacturing. If the lattice was initially split in nTop, the resulting lattice thickness 

values can simply be applied there. If the splitting was performed in HyperMesh, a conversion script 

is required to produce a lattice file readable by nTop. Afterwards, an STL file of the optimized 

geometry can be exported to a slicer of choice for manufacturing. 

The structure of nTop’s user interface allows a workflow resembling visual programming, where 

different design operations are linked by function blocks. In conjunction with template models built in 

nTop, HyperMesh, HyperStudy, and the conversion scripts for importing and exporting, most of the 

operations can be entirely automated. Very little user input is then required, for example to change the 

lattice type or density in nTop, to assign the correct components and FE properties in HyperMesh, and 

to parameterize the solver input files in HyperStudy. Different lattice designs can then be quickly 

iterated, simulated, and optimized. 



3. Research Methodology & Objectives 
 

 
54 

 

Figure 3.14: Flowchart outlining the optimization method and its components. 
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4 Publications 
The following section presents the publications produced during the course of the doctoral studies 

in chronological order. Each publication is preceded by a summary of its motivation, achievements, 

and advancements over existing literature. 

 

4.1 Graded Graph Lattice in a Bicycle Crank Arm 

This publication titled Practical Implementation of Functionally Graded Lattice Structures in a 

Bicycle Crank Arm (Decker et al., 2020) serves as a first test and demonstration of the devised 

workflow and lattice optimization method, which are expanded upon in subsequent projects. The 

literature review conducted at the initial stage of the doctoral studies (c.f. Chapter 2) revealed that the 

majority of publications in the lattice research space focused largely on investigations of synthetic tests 

with simplistic lattice-filled geometries or only concentrated on lattice optimisation procedures with 

no regard for manufacturing. Therefore, the aim was to expand on these studies by considering a 

realistic workflow from the CAD design stage, introduction of a lattice structure to the part, its 

optimisation with engineering tools, to the manufacturing of the physical part. 

The part and material choice was taken under consideration of the local manufacturing possibilities 

with the Markforged Metal X additive manufacturing system installed at the University of 

Luxembourg. It was not yet operational at the time of writing and publishing; the scope of the paper 

was thus limited to its simulative aspects. Material properties of 17-4 precipitation-hardened steel as 

reported by the manufacturer’s data sheet were utilized as no studies covering its tensile and fatigue 

properties were available at that time due to the system’s novelty. A bicycle crank arm was chosen for 

this study as it fits the Metal X’s build volume and sintering oven size. It is compared to a commercially 

available aluminium crank arm produced by Shimano (model FC-R450-453). Using an aluminium or 

titanium variant for production of the lattice crank would have been preferred for better comparability, 

but these options were not available for the Markforged system during the project’s course. 

The hollowed crank geometry was filled with every suitable lattice type available in nTop. Each 

model was simulated in a linear static load case following the EN ISO 4210-8 standard. The two best-

performing lattice types (Face-Centred Cubic and Re-entrant) were chosen for the optimization step 

based on their resulting crank displacement ranking. Before the optimization, the influence of the 

lattice’s orientation and cell size on the maximum displacement were investigated via manual 

alterations (see section 7.5 in the addendum for additional pictures) and applied. After having found 

the best combination, each lattice was manually split into separate, symmetric regions. The beam 

elements’ thickness parameters were then used as optimization variables in Altair HyperStudy and 

optimized for maximum stiffness with weight and stress restrictions. A Design of Experiment (DOE) 

study was executed to create a surface fit used for the optimization step to save on computational time. 

For validation of the model, the optimized geometries were meshed with solid elements and compared. 

As a result, the crank arms with optimized lattice structures achieved a 64% (Face-Centred Cubic) and 

67% (Re-entrant) higher stiffness-to-weight ratio than the aluminium crank arm. 

The author contributed to this paper by creating the optimization method, performing the design, 

analysis, and lattice optimization study, conducting data analysis and visualization, writing the original 

document draft, performing the review and editing, and presenting the work at the conference. 
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Abstract: Functionally graded lattice structures (FGLS) were studied thoroughly for the past years, mostly focusing on specific synthetic tests in 

the context of additive manufacturing while rarely being actually applied outside of this specific domain. This paper examines a way to practically 

implement them in a commonly used appliance and study their potential for its improvement. A bicycle crank arm was chosen for this purpose, and 
a solid aluminium reference model (Shimano FC-R450-453) is used as a performance baseline. The novel design is composed of a hollow body 

containing a beam-based, non-stochastic, functionally graded lattice structure and is planned to be manufactured on a Markforged Metal X system 

using 17-4 PH stainless steel. It aims to increase the total stiffness under EN ISO 4210-8 norm loading conditions compared to the reference model 
while limiting mass and stress values to acceptable degrees. Two crank arm variants, containing a face-centred cubic (FCC) and re-entrant auxetic 

lattice respectively, are optimised by locally altering their beam radii in eight separate regions. The displacement at the load application point is 

minimised using Altair OptiStruct and HyperStudy. The reference crank, weighing 213g, exhibits a deflection magnitude of 7.1mm in the most 
demanding load case while the newly designed and optimised versions only showed displacements of 2.52mm (FCC lattice, 340g) and 2.58mm 

(re-entrant lattice, 339g) respectively. In addition, the stress distribution was significantly enhanced compared to the reference model, as the latter 

would not pass the fatigue tests required by the norm. This demonstrates that FGLS, in combination with high-strength materials and additive 
manufacturing, can increase the performance of many parts, although in this case, with a trade-off in terms of its mass. In future projects, it might 
be considerably reduced by utilising alternative lattice types lattices or other materials while preserving the benefits of FGLS. 

Keywords: Additive Manufacturing, Functionally Graded Lattice Structures, Design Exploration, Finite Element Method, Cellular Structures 
 

 

1 Outline 

1.1 Introduction 

Additive manufacturing (AM) is being adopted rapidly across many 

scientific and industrial domains as it enables completely new 
design approaches, material blends, and manufacturing flexibility. 

It democratises manufacturing rendering it available to small 

businesses and, in the case of plastic AM machines, even to 
individual persons thanks to its easy accessibility and steadily 

decreasing costs. High-performance metals, ceramics, fiber 

reinforced plastics, and even biological materials fit for AM are 
researched heavily, gradually improving their properties and ease of 

use. Furthermore, novel artificial structures like cellular solids 

emerged mimicking light-weight, porous configurations commonly 
found in nature, e.g., in cancellous bone or fungi mushrooms. They 

can be constituted of beams or surface-based unit cells and were 

coined functionally graded lattice structures (FGLS) as they exhibit 
locally varying mechanical properties adapted to the requirements. 

They fall in the category of mechanical metamaterials, the behaviour 

of which is mostly defined by their structural layout rather than their 
base material. These can be tailored to exhibit specific 

characteristics like exceptionally high strength-to-weight ratio, 

energy absorption, negative Poisson's ratio [1] (in that case called 
auxetic structures), or negative thermal expansion coefficient [2]. 

Although many scientific analyses study the behaviour of FGLS and 

demonstrate their potential, they predominantly focus on synthetic 
assessments like vibration [3], impact [4], compression [5], or heat 

exchanging properties [6]. This situation makes reports on their 

implementation of real-world parts scarce, which this paper aims to 
remedy. Our hypothesis is that combining FGLS with high-

performance materials in a common mechanical appliance can 

significantly improve its performance compared to a generic solid 
counterpart produced by conventional manufacturing means. For 

this purpose, a bicycle crank arm was chosen. The aim is to design 

a crank arm fit for use on mountain bikes with a functionally graded 
lattice structure core surpassing the stiffness of a conventional crank 

arm. It is to be optimised for maximum stiffness while limiting stress 

and weight values to acceptable levels. The widespread use of 
bicycle cranks makes them an approachable demonstrator, and their 

size is suitable for the AM machine at hand: a Markforged Metal X 

system. 
 

1.2 State of the art 

While unit cells and their composition as FGLS currently are a 

vibrant research topic, their properties are largely investigated in an 

isolated manner rather than holistically and their industrial use is 
still a rare occurence. Comprehensive overviews are provided in [2], 

[7] and [8]. Custom-written code or elaborate, manual CAD 

operations are often used to generate specific lattices since only few 
software suites exist to handle the needs of researchers and 

engineers alike, mostly offering a limited number of options to 

manipulate lattice properties [7]. Relevant software suites like 
Autodesk Netfabb or Ansys SpaceClaim mainly offer basic lattice 

creation and modification tools with optional local density grading 

capabilities. A novel, more advanced approach is pursued by 
nTopology Platform providing significant advantages in terms of its 

lattice manipulation capabilities, ease of use and design iteration 

speed [9]. Industrial case studies show potential for improvement in 
performance and weight in various applications (see [10], [11], [12] 

and others). Lattice structures in additively manufactured parts also 

start to be applied in bicycling appliances. Some examples include 
polymer saddles [13], titanium crank arms with varying wall 

thicknesses [14], or frames consisting of steel or titanium lugs 

combined with carbon fiber reinforced polymer tubes [15]. The 
lattices used in these cases appear to be uniform in nature rather than 

functionally graded. 

 
2 Materials and Procedure 

2.1 Materials 

Inexpensively produced bicycle crank arms are commonly forged 
using 6061-T6 aluminium, as is assumed to be the case with the 

chosen Shimano crank model. The new crank design containing the 

lattice will, in a first iteration, be made of 17-4 PH stainless steel 
available for the Markforged Metal X system at hand. This choice 

was made as it was the only complete property dataset available for 

base materials provided by Markforged. Aluminium or titanium 
would have been the preferred material for this endeavour, but are 

not yet available for the Markforged Metal X system. The 

mechanical properties of 17-4 PH SS manufactured via SLM have 
been investigated thoroughly (see [16], [17]); however, at the time 

of writing and to the authors' knowledge, no independent studies 

confirming the material data provided by Markforged seem to be 
publicly available. Table 1 specifies the material properties used 

hereafter. 
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Property 17-4 PH SS 

 as sintered 

Aluminium 

6061-T6 

Ultimate Tensile Strength 

[MPa] 

1050 310 

0.2% Yield Strength 
[MPa] 

800 276 

Elongation at Break [%] 5 17 

Tensile Modulus [GPa] 140 68.9 

Density [g/cm³] 7.5 – 7.8* 2.7 

Poisson's ratio [/] 0.27** 0.33 

Table 1: Material data of Markforged 17-4 PH SS [18] and 

aluminium 6061-T6 [19]. *For FE models, a density of 7.8 

g/cm³ is chosen. **No Poisson's ratio is given by Markforged 

and is thus substituted by the value provided in [20]. 

2.2 Lattice design and optimisation procedure 

The solid aluminium crank arm model used for reference is a 

Shimano FC-R450/453, originally mounted to a Giant Anyroad 2 

bicycle from 2015. It was mainly chosen as its shape, partly 

resembling a C-beam, is typical for models produced at high volume 

and low cost. The crank models for this paper were designed in 

Autodesk Fusion 360, whereas the lattice structures are generated in 
nTopology Platform. It allows for fast lattice generation and 

manipulation as it does not rely on a boundary representation 

approach for bodies like traditional CAD software suites, but is 
based on mathematical functions [9]. To determine a suitable lattice 

structure, the new hollowed steel crank is analysed by replacing its 
void space with a non-stochastic, beam-based volume lattice and 

tracing its displacement magnitudes during a typical bicycling 

loading condition. The performance of each fitting lattice-type 
available in nTopology Platform is tested separately via the built-in 

FEA module. The script-like structure of its functionalities allows 

for quick design changes without repeating tasks like Boolean 
operations on bodies, meshing, or connecting nodes of solid and 

beam meshes manually for each design variant. Thus, these tests are 

exclusively conducted in nTopology Platform. In an initial 
approach, all lattices exhibit a uniform beam diameter, constant cell 

size and the lattice orientations coincide with the cartesian 

coordinate system at hand. The two stiffest lattices showing a weight 
reduction of at least 80% compared to the negative body, if it were 

wholly occupied by steel, are retained for further analyses. To gain 

a marginal weight advantage, their cell sizes are subsequently 
increased along the longitudinal (Y) crank axis as it is expected not 

to affect the stiffness drastically. Afterwards, the lattices are rotated 

about the Y-axis to determine the orientation offering the lowest 
total compliance. Subsequently, the lattices are partitioned into eight 

regions, the radii of which are individually optimised for minimal 

compliance using Altair HyperStudy. As a final verification step, the 
optimisation results are implemented on both crank arm variants 

fully discretised by solid elements. Instead of optimising every 

single beam diameter, as is feasible within Altair OptiStruct, only 
eight regions have been chosen. Postprocessing becomes very 

resource-intensive as the number of individual diameter values 

increases, it is, therefore, preferable to limit them to a sensible 
amount. In addition, exporting these results for actual manufacturing 

is only feasible with the third-party software Materialise 3-matic, 

which is not available to the authors at the moment of writing. 

 

3 Model Description 

3.1 CAD Models 

3.1.1 Aluminium crank model 

The digital replication of the available Shimano crank arm (see Fig. 

1) amounts to a weight of 213g, whereas the physical model weighs 
approximately 225g. For simplification purposes, the exact thread 

geometry for mounting the pedal as well as the spline joint geometry 

were neglected. Both are modelled as cylinders causing most of the 
weight difference between the real and replicated model. The 

surrogate cylinder diameter for the pedal mount thread is equal to 

12.954mm (0.51 inches), i.e., the chosen minor diameter of a 

9/16"x20 tpi UN 2B thread common for pedals. The diameter of the 

cylinder replacing the shaft mount spline is equal to 22mm, i.e., the 

outer diameter of the shaft geometry. The cylinder centres are 

170mm apart – a dimension commonly referred to as the crank 
length in cycling jargon. 

 

 

 
Fig. 1: Front and section view of aluminium crank model with its 

shaft bore (left side) and pedal bore (right side). 

3.1.2 Hollow steel crank model 

The new design follows the same dimensions and spacing for 

functional surfaces as the Shimano model, but is rendered hollow 
with a wall thickness of 1.6mm (cf. Fig. 2). It is assumed that lower 

values might compromise manufacturability; thus, a conservative 

approach is chosen. At the pedal and shaft mounting cylinder 
surfaces, the thickness is increased to 3mm for strength purposes 

resulting in a total mass of 276g. A negative body of the inner 

volume is created via Boolean subtraction in order to generate the 
volume lattice in nTopology Platform and to track the relative 

weight reduction. The negative body, weighing 604g, is sectioned 

into 8 regions for the purpose of generating separate beam sections 
for the optimisation procedure.  

 

 

 
Fig. 2: Front and section view of hollow steel crank model. 

3.1.3 Volume lattices 

The lattices selected for further analyses consist of re-entrant auxetic 

and face-centred cubic unit cells. Fig. 3 illustrates the volume 

lattices, replacing the negative body, with their sectioning and 
naming scheme after manual alterations were performed. The 

sectioning is carried out such that the lattices always remains 

symmetrical about the Y plane, meaning that sections on opposing 
sides of the lattice exhibit the same beam diameter. Thereby, the 

number of regions per lattice type to be optimised is kept at a 

manageable level. Since the lattice's spatial extent along the Z-axis 
is small compared to its other dimensions, sectioning is only 

performed along the X and Y axes. 

 
3.2 Load cases 

All crank models are loaded according to EN ISO 4210-8 for 
mountain bikes (see [21]). The forces are induced at a distance of 

65mm from the crank's outer surface simulating the cyclist's force 

acting on the pedal centre, termed point P. The shaft mounting 
cylinder is rigidly constrained to emulate the shaft connection. 

Load case 1 defines a force of 1500N acting perpendicularly to the 

horizontally positioned crank arm. According to the norm, a gear 
reduction between the smallest chain wheel (front) and the largest 

sprocket (rear) may be considered, which reduces the applied force 

proportionally. A gear ratio of 0.8 was chosen in this instance, 
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yielding a force of 1200N. Load cases 2 and 3 specify a force of 

1800N acting on the crank without considering any gear reductions, 

while the crank arm is rotated to angles of 45° and 30° to the 
horizontal plane, respectively. Although load cases 2 and 3 are 

intended as fatigue tests with 50.000 load cycles, they are conducted 

as static tests. Including a fatigue assessment would surpass the 
scope of this paper, and no fatigue data for 17-4 PH SS produced by 

this particular manufacturing method is available at the time of 

writing. 
 

3.3 FEA Models 

3.3.1 Model setup in nTopology Platform 

In order to create a suitable lattice structure, the negative crank body 

is replaced by a volume lattice. The hollow crank body is meshed 

using circa 298.000 second-order tetrahedral elements with an 

element edge length of 1mm, ensuring the presence of at least two 

elements across thin walls. The lattice is discretised by second-order 

one-dimensional beam elements without subdivisions, i.e. all lattice 
nodes are connected by one single beam element. To determine a 

suitable lattice configuration, the displacement response of the steel 

crank body is logged while its lattice properties are altered 
sequentially. All FE models are carried out as linear static analyses, 

no nonlinear geometrical or material behaviour is considered. Load 

case 1 is applied for this initial testing setup. Since the system 
behaviour remains entirely in the linear domain, its response to the 

lattice modifications is assumed to be qualitatively similar for the 

other two load cases and can, in consequence, be extrapolated. In 
order to connect the beam and solid meshes, all beam element nodes 

within a distance of 0.5mm to the solid body are coupled. 

 
3.3.2 Model setup in Altair OptiStruct 

Using HyperMesh, the aluminium crank model is meshed with 

485.000 second-order tetrahedral elements while the hollow steel 

crank body is discretised by approximately 328.000 second-order 

tetrahedral elements. Edge lengths range from 0.4mm to 2mm with 

at least two elements across thin solid walls. Identically to the 
models in nTopology Platform, the lattice meshes constitute of 

second-order beam elements with a circular cross-section and no 

subdivisions. They were exported to HyperMesh/OptiStruct by 
means of a custom MATLAB script directly converting them to an 

OptiStruct input file. All calculations are executed as linear static 

analyses as well. Regarding the boundary condition interfaces, the 
nodes on the shaft mounting cylinder surface are rigidly constrained 

(RBE2 connection) at its centre while the node at point P is coupled 

via an interpolating connection (RBE3), distributing the load to the 
nodes on the pedal mounting cylinder surface. In the case of the 

hollow crank models, all beam element nodes within a search 

distance of 2mm to the crank body are coupled to it by a tie contact. 

All six degrees of freedom are tied to the movement of the contact 

master surface on the interior surface of the crank. The slave node 
adjustment algorithm is set to automatic mode and the contact 

discretisation type to node-to-surface. 

 
3.4 Numerical optimisation in Altair HyperStudy 

To determine the ideal local radii dimensions for the lattices to be 

analysed, both hollow crank models previously set up in OptiStruct 
are subjected to an optimisation analysis in Altair HyperStudy. In 

order to reduce the extent of this paper, only load case 2 is 

considered for the optimisation since it induces the highest 
displacement magnitude. For each of the two lattice variations, the 

beam radii are established as input variables, starting with a uniform 

radius of 0.5mm and an allowable continuous range of 0.4mm to 
1mm. These limits are chosen for ease of manufacturability and to 

prevent blending of thick beams at their junctions. Four output 

responses are defined: the maximum displacement magnitude at 

point P, the total mass, as well as stress values of the solid and beam 

meshes. To avoid taking outlier stress values into consideration, the 

mean von Mises stress value plus four times its standard deviation 
is defined as output response for both lattice and solid bodies. This 

approach ensures that approximately 99.9936% of all stress values 

fall inside the specified limit. In this particular case, the outlier 
values stem from physically not valid stresses caused by the contact 

interface between the lattice and solid body. A Design of 
Experiment (DOE) study is conducted using the Modified Extensible 

Lattice Sequence (MELS) method for design space exploration with 

50 runs as recommended by HyperStudy. In order to cut calculation 
time, a response surface using the Fit Automatically Selected by 

Training (FAST) option is then generated to feed into the subsequent 

optimisation. For the latter, the Global Response Search Method 
(GRSM) is used. The optimisation goal is to minimise the 

displacement magnitude, while the total mass is limited to 360g. 

This corresponds to an approximate mass increase of 30% compared 
to the hollow steel cranks mass without a lattice component. In 

addition, the stress responses are constrained to the desired upper 

bound of 320MPa, i.e., 40% of the yield strength as a conservative 
estimate of the materials' fatigue strength. Values of 400MPa are 

still deemed acceptable in postprocessing of the final models. For 

all optimisation constraints, the Standard Constraint Enforcement 
option is active accepting results within 0.5% of the specified limits. 

The optimised values based on the response surface are verified in 

OptiStruct as a blend of solid and beam elements before proceeding 
to the last step. 

 

3.5 Crank models fully discretised by solid elements 

In two final analyses, the crank bodies as well as the lattices are 

completely discretised by solid elements and simulated using Altair 

OptiStruct in order to check their performance when issues at the 
contact interfaces between beam and solid elements are eliminated. 

Following the optimisation step, the optimised beam radii values are 

applied to the lattices in nTopology Platform, which are then merged 
with the hollow crank body using a 0.25mm fillet at their 

boundaries. Surface meshes with 0.25mm element edge length are 

generated by voxelizing the resulting bodies. The voxel meshes are 

then smoothed, exported as STL files and remeshed in HyperMesh 

to reduce the element count while preserving acceptable element 

quality. Both model variants are subsequently discretised by 
approximately 3 million second-order tetrahedral elements. The 

load case and load step setups are identical to the previous models, 

but element quality checks are disabled as the geometrical 
complexity hinders high-quality tetrahedral meshing without a 

substantial time investment. 

 

Fig. 3a: Front and top views of re-entrant volume lattice. 

Fig. 3b: Front and top views of face-centred cubic volume lattice. 
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4 Results and discussion 
4.1 Solid aluminium crank 

The solid aluminium reference crank model calculated in OptiStruct 

shows the largest displacement magnitude of 7.11mm at point P for 

load case 2. Significant portions of the crank body show stress 
values above the fatigue strength of 6061-T6 aluminium, cf. Fig. 4. 

According to tests conducted in [22], its fatigue stress limit at 50.000 

load cycles amounts to approximately 185 MPa. Small regions even 
surpass its yield strength of 276 MPa. 

 

4.2 Steel crank 

4.2.1 Manual lattice alterations 

Note: The displacement values of a point on which the remote loads 

are applied cannot be probed in the software version of nTopology 
Platform used for this study. The values in the following subsection 

thus report the maximum displacement magnitudes of the crank 

body, not of point P. 
Starting out the lattice tests with load case 1 and a uniform unit cell 

with an edge length of 6mm, the re-entrant auxetic and face-centered 

cubic (FCC) lattices show the least amount of displacement while 
offering more than 80% weight reduction compared to the solid 

negative body. This is equivalent to a maximum lattice weight of 

120.8g providing a suitable starting point for further weight 
reduction during the subsequent optimisation process. Both the FCC 

and re-entrant crank variants show a total deflection of 0.712mm 

with a weight reduction of 84% and 81%, respectively. Evidently, 
the completely solid steel crank arm shows the lowest displacement 

of 0.255mm, whereas the variant without any inner structure 

exhibits the highest displacement at a value of 0.797mm. Testing 
shows that increasing the unit cell edge length in multiples of 6mm 

up to 30mm along the longitudinal axis offers marginal weight 

savings without significantly compromising the crank stiffness.The 
approach with 12mm longitudinal edge length is chosen for further 

procedure as greater values might influence manufacturability. 

Rotating the lattice about its Y-axis yielded the best results at an 
angle of -25 degrees for the re-entrant and -20 degrees for the FCC 

lattice. The displacement magnitude of the FCC crank variant drops 

to 0.69mm while it is reduced to 0.677mm for the re-entrant variant. 
In OptiStruct, these values translate to displacement magnitudes of 

0.667mm for the re-entrant crank variant and 0.686mm for the FCC 

crank variant, respectively. The displacement magnitude at the 
loading point P amounts to 1.57mm for both crank variants. 

 

4.2.2 Numerical optimisation results 

The initial and optimised system response values for local beam 

radii, displacement, stress and mass for both steel crank variants are 

detailed in Table 2. They are not based on the response surface, but 

on the verification models under consideration of load case 2 since 
it causes the greatest displacement values of all three load cases. All 

the design constraints are satisfied by the optimisation procedure, 

and although the solid and beam stress values of both models were 
slightly altered during the procedure, only partial improvements 

were achieved. 

 

4.2.3 Crank models fully discretised by solid elements 

The final displacement magnitudes are slightly lower in comparison 

to the previous models, amounting to 2.58mm for the re-entrant 
lattice crank variant and 2.52mm for the FCC lattice crank variant. 

Locations exhibiting high stress values generally coincide well with 

the previous results, though the stress concentration issues occurring 
at the contact interfaces naturally were eliminated. The upper stress 

limit of 320MPa is locally surpassed, specifically near the pedal and 

shaft bores models as displayed in Fig. for the crank variant with re-
entrant lattice. The high stress regions at the aforementioned 

locations are slightly less pronounced in the crank variant with the 

FCC lattice. Stresses in the re-entrant crank variant do not exceed 
400MPa except at locations with bad element connections at some 

beams junctions, which are due to the smoothing and remeshing 

procedure. Thus, they are not physically valid and can, therefore, be 
neglected. The FCC variant, on the other hand, displays three 

regions at beam junctions near the pedal mounting area where the 

von Mises stress values surpass 400MPa, reaching up to 490MPa as 
shown in Fig. 6. Both models show stress singularities at the edge 

of the boundary condition interface of the pedal mounting cylinder, 

which are physically not valid as well. The total crank weights 

System response Re-entrant 
 

FCC 

 Initial Final Initial Final 

Radius_bb [mm] 0.50 0.47 0.50 0.64 

Radius_o1 [mm] 0.50 0.52 0.50 0.54 

Radius_o2 [mm] 0.50 0.50 0.50 0.49 

Radius_o3 [mm] 0.50 0.43 0.50 0.43 

Radius_pedal [mm] 0.50 0.47 0.50 0.49 

Radius_m1 [mm] 0.50 0.41 0.50 0.40 

Radius_m2 [mm] 0.50 0.40 0.50 0.59 

Radius_m3 [mm] 0.50 0.46 0.50 0.40 

Displacement [mm] 2.59 2.61 2.57 2.55 

Solid stress [MPa] 311.7 313.5 309.8 307.9 

Beam stress [MPa] 248.5 261.8 221.7 223.2 

Mass [g] 369 357 355 360 

Table 2: System response values in load case 2 for both crank 

variants before and after optimization. 

Fig. 4: Von Mises stress distribution of aluminium crank for load condition 2. Red zones show stress values above fatigue strength. 
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amount to 339g for the re-entrant variant and 341g for the FCC 

variant. The weight differences to the previous models consisting of 
solid and beam elements are due to the fact that previously 

overlapping beam and solid elements are now merged. 

 
4.3 Test prints using FDM 

To assess whether the lattice structures are indeed manufacturable 

using AM, test prints were conducted on an Ultimaker 2 Extended+ 
FDM machine using the finalised version of the FCC crank variant. 

Prints using a 0.4mm nozzle and PLA filament showed significant 

stringing issues and poor beam surface quality at first, especially on 
their underside. Adjusting the part orientation almost vertically, 

lowering the print speed, enabling retraction and combing options 

and, most importantly, reducing the layer height to 0.06mm as well 
as using a 0.25mm nozzle amongst other minor adjustments netted 

acceptable results after approximately 80h of printing time as 

depicted in Fig. 7. Evidently, FDM and ADAM techniques are not 
entirely comparable and the results of these tests cannot be simply 

Fig. 5: Von Mises stress distribution of final crank version with re-entrant lattice. Stress values surpassing 320MPa are coloured in red. 

Fig. 6: Von Mises stress peaks of up to 490MPa at pedal bore of final crank variant with FCC lattice. Stress values surpassing 320MPa are 

coloured in red. 

Fig. 7: FDM test print of final crank variant with FCC lattice, accomplished on an Ultimaker 2 Extended+ using a 0.25mm nozzle and PLA 

filament. 

Stress peaks 

Stress peaks 
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extrapolated to the Markforged Metal X system. However, the 

material deposition method is quite similar and the tests might point 

to difficulties that might occur, especially concerning issues with 

printing orientation and the need for support structures which are 
inherently more pronounced in ADAM. 

 

4.4 Discussion 

The solid 6061-T6 aluminium crank model was digitally recreated 

and analysed under EN ISO 4210-8 load conditions. Afterwards, the 

performance of the redesigned hollow crank made of 17-4 PH steel 
containing an optimised functionally graded lattice structure was 

compared to the original one. Analysis of the original crank reveals 

significant structural flaws; large regions with stresses exceeding the 
material's fatigue strength with a displacement of 7.11mm at the 

load application point are formed in the most demanding load case. 

Some locations also surpass its yield strength and the crank arm 
would inevitably fail a real test. Following up with analyses of the 

hollow steel cranks, manual lattice manipulations conducted in 

nTopology Platform permitted a displacement value decrease of 

3.2% for the FCC crank variant and 5.2% for the re-entrant lattice, 

respectively. The subsequent optimisation step, utilising blends of 

solid and beam elements in the discretised models, did not succeed 
in further increasing the total stiffness but adapted the beam 

diameters to the local stresses. The final models, which were fully 

discretised by solid elements omitting the contact interfaces and 
beam elements, are able to slightly improve upon the displacement 

magnitudes and stress values. Merging the lattice and crank to a 
single body also reduced the weight of both variants to 

approximately 340g, undercutting the initial goal of 360g. 

Displacement values of both variants are further reduced to 2.58mm 
(re-entrant) and 2.52mm (FCC), respectively. Though the chosen 

stress limit of 320 MPa could not entirely be met, the crank variant 

with the re-entrant lattice did not surpass the secondary limit of 
400MPa. Small regions in the FCC lattice exhibited stresses of up 

to 490MPa which might become problematic during a fatigue test. 

In total, a displacement value decrease of approximately 65% was 
achieved compared to the aluminium crank, albeit at the detriment 

of a 59% weight increase. 

Prospective topics for future work encompass material property 
validation, physical printing in metal, testing and exploration of 

material alternatives like heat-treated stainless steel, titanium, or 

aluminium to reduce the crank weight. A conceivable alternative to 
all-metal models may be blends of metal lattices encased in carbon 

fibre shells such that a continuous fibre can be used. In addition, 

lattices based on triply periodic minimal surfaces (TPMS) will be 
analysed in the same context in an upcoming paper. Other potential 

topics include tapered beams as well as conformal or Voronoi 

lattices which better adapt to the geometries and can provide more 
control over local lattice properties. Their basis may be stress vector 

fields sourced from solid models to influence the exact beam 

orientation and thicknesses. Additionally, the drive-side crank arm 
with its direct chainwheel mount, as it is common on today's cranks, 

and a suitable shaft geometry will be designed for the concluding 

assembly and tests. 
 

 

5 Conclusions 

This paper shows the practical application of beam-based FGLS on 

a bicycle crank using a blend of manual adjustments and numerical 

optimisation methods. Theoretically, the implementation of 
functionally graded lattice structures in a crank arm in combination 

with high-performance materials can indeed significantly improve 

the stiffness of a common bicycle crank. This statement nonetheless 
holds limited validity. The material properties of 17-4 PH stainless 

steel produced using ADAM technology are not yet evaluated, and 

the physical model ultimately has to be tested to support these 
assertions. Its manufacturability is unexplored and might be 

hindered by software restrictions of Eiger.io, the preprocessor 

software provided by Markforged, since it prohibits user control 
over support structures at the time of writing. Furthermore, a more 

in-depth exploration of the initial lattice properties, like conformal 

lattices adapting to a body's surface, blends of different lattice types, 

cell sizes, or orientations mimicking crystal microstructures like in 

[23], might have yielded superior results. Future functionalities 
allowing more control over non-stochastic beam-based lattices to be 

added to nTopology Platform may provide further potential as well. 

Though nTopology Platform does offer a utility to create conformal 
lattices based on CAD faces, its capabilities are not yet sufficient to 

attain a suitable design with the complex geometry at hand. 
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4.2 Material Properties of Steel Produced with Metal FDM 

The publication titled Strength Properties of 316L and 17-4 PH Stainless Steel Produced with 

Additive Manufacturing (Kedziora et al., 2022) serves as continuation of the previous study. Two steel 

variants produced with metal FDM as well as two variants manufactured with SLM are investigated: 

Markforged 17-4 Precipitation Hardened (PH) stainless steel produced on the Metal X system and 

BASF Ultrafuse 316L stainless steel produced on an Intamsys Funmat HT are compared to two 316L 

stainless steel materials produced on an EOS M290 (with heat treatment) and Renishaw AM400, 

respectively. The metal FDM materials were chosen since they are potential candidates for local 

production of the crank model shown in the first publication. 

The samples’ printing orientation was defined to be parallel to the build direction such that loads 

occur in their weakest plane, therefore testing the worst-case loading scenario. The paper reports their 

properties in detail by investigating tensile strengths, fatigue properties, Charpy impact strengths, 

surface roughness and hardness measurements, and includes microscopy imagery. They are compared 

to a large array of literature results encompassing investigations of 17-4 PH and 316L steels produced 

with metal FDM, SLM, metal injection moulding (MIM) and wrought material. The paper expands on 

previous publications by performing a wide array of tests covering the metal FDM steel materials, and 

first reports on fatigue and impact tests. 

Aside from the much larger result deviations compared to their SLM counterparts, their reported 

fatigue and impact strengths indicate issues stemming from the production method itself that become 

clearly noticeable when loading the samples in their weakest orientation. Both materials produced with 

metal FDM do not reach the manufacturer’s stated strengths in the tests and exhibit very large result 

spreads. Markforged’s 17-4 material breaks at an average strain of 0.4% during tensile testing. Both 

the Markforged and BASF material were brittle to the point of not putting up any measurable resistance 

during the Charpy impact tests. Their fatigue strengths were also severely below the SLM material 

samples. The microscopy images of fractured samples after different tests show weak bonding between 

layers, potentially originating from incomplete sintering. Literature results investigating their density 

indicate the presence of sharp voids which stem from neighbouring oblong layer lines as well as high 

surface roughness, both acting as stress risers and severely affecting the samples’ fatigue strength. In 

contrast, none of these issues are present in the investigated SLM samples which show consistent test 

results with little deviations and fully melted material structure. 

Since the material compositions as well as the debinding and sintering methods used for metal 

FDM production are comparable to those utilized for MIM, a comparison based on literature results 

was compiled. It was established that using the metal FDM process results in higher material porosity, 

more pronounced anisotropy, and generally lower strengths. 

The author contributed to this paper by executing part of fatigue testing, performing data analysis 

and the literature review, and writing part of the original paper draft. 
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Abstract: The number of additive manufacturing methods and materials is growing rapidly, leaving

gaps in the knowledge of specific material properties. A relatively recent addition is the metal-filled

filament to be printed similarly to the fused filament fabrication (FFF) technology used for plastic

materials, but with additional debinding and sintering steps. While tensile, bending, and shear

properties of metals manufactured this way have been studied thoroughly, their fatigue properties

remain unexplored. Thus, the paper aims to determine the tensile, fatigue, and impact strengths of

Markforged 17-4 PH and BASF Ultrafuse 316L stainless steel to answer whether the metal FFF can be

used for structural parts safely with the current state of technology. They are compared to two 316L

variants manufactured via selective laser melting (SLM) and literature results. For extrusion-based

additive manufacturing methods, a significant decrease in tensile and fatigue strength is observed

compared to specimens manufactured via SLM. Defects created during the extrusion and by the

pathing scheme, causing a rough surface and internal voids to act as local stress risers, handle

the strength decrease. The findings cast doubt on whether the metal FFF technique can be safely

used for structural components; therefore, further developments are needed to reduce internal

material defects.

Keywords: additive manufacturing; Charpy impact energy; fatigue properties; tensile strength; BASF

Ultrafuse; Markforged

1. Introduction

Metal additive manufacturing (AM) is rapidly gaining adoption throughout engineer-
ing industries, with many research resources being directed at developing new methods
and usable material types. While powder bed fusion (PBF) methods such as selective
laser melting (SLM) [1] and binder jetting (BJ) are well-established due to the excellent
achievable part quality, they are also costly and complex in their use [2]. Advances were
made to enable metal AM with more straightforward approaches centered on material
extrusion methods using a filament containing polymer-metal blends similar to materials
used in metal injection molding (MIM) [2,3]. MIM is a traditional process for producing
high complexity parts in which powder metal mixed with binder material is shaped and
solidified using injection molding. Then, the parts are subjected to a binder removal step
(debinding), and finally, they are sintered to the full-density parts. On the other hand, the
metal extrusion printing method is similar to the well-established fused filament fabrication
(FFF) method [1,4] for polymers, also known as fused deposition modeling (FDM), with
subsequent debinding and sintering steps.

In the metal FFF technology, everything starts with a CAD model that is sent to slicer
software via a STereoLithography (STL) file. Next, the filament containing metal powder
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with polymer binder is deposited layer by layer through a nozzle onto the build plate
(green part). During the slicing step, the geometry is scaled by a specific factor to account
for part shrinkage during sintering. In the subsequent debinding step, the green state
part is immersed in a solvent to dissolve a portion of the binder, and the debinded part
is obtained (brown part). The debinding time is a function of cross-sectional area, wall
thickness, and infill density; that process can take several hours to days. A grey state part
is obtained after the total polymer removal by thermal debinding affected by a heating
strategy [5]. In the later sintering step, the grey part is sintered to a fully dense solid part
within an atmosphere of a specific gas mixture at a defined overpressure and a temperature
profile. The sintering process can take several hours with the parameters depending on the
sintered material.

The main benefits of the metal FFF technology are that it allows the creation of
complex parts without adding powder-release channels, meaning it does not require
removing unsintered, loose powder from internal cavities, and it is very cost-competitive [2].
Unfortunately, the technology also introduced constraints. Internal structures (infill) are
limited by minimum infill requirements due to the material strength of brown parts. The
used nozzle size determines the minimum part thickness, and the maximum thickness of
any part feature is limited to prevent excessive debinding times. Aspect ratios, defined as
the ratio of a feature’s maximum to minimum geometry, should be less than 8:1 [6].

Only some metal alloys are available for printing at the moment. Significant shrinkage
during the sintering process from 14% to 23% was reported [7], depending on printing
orientation and material. It was found that the material will exhibit anisotropic behavior [8]
and have a mesh of crack-like defects related to the printing orientation [9]. Printed parts
have significant porosity [3], causing low strength. In addition, a restriction on the size
of printing parts limits this technology; the printer’s area, furnace volume, and sintering
technology restrict the size [10].

Nevertheless, the metal extrusion AM method can help produce small parts with
closed-cell infill, creating lightweight components. Therefore, the mechanical properties of
common printable steel alloys (316L and 17-4 PH) can interest engineers and researchers.

The other AM method employed in the presented development is SLM technology.
Selective laser melting (SLM) is a unique technology that belongs to the powder bed fusion
(PBF) methods, producing objects with complex geometry from metal powders (typically
in a range of 30–50 µm) [11] with mechanical properties similar to bulk materials.

SLM requires that a 3D CAD model shall be created and sent to slicer software to
generate a code that controls the printer’s laser beam. The laser beam melts the powder
material layer line by line, the build plate is lowered, a subsequent powder layer is de-
posited onto the last layer, and the powder is melted again to build the part’s geometry.
These steps are repeated until almost fully dense parts are manufactured. The employed
materials can be metal powder alloys, including stainless steel, tool steel, cobalt-chromium
alloys, titanium, and aluminum.

The SLM process is controlled by processing parameters [12], such as laser power,
scanning speed, scan line spacing, layer thickness, scanning strategy, working atmosphere,
the temperature of the powder bed, and material-based input parameters.

The SLM technology is used to produce parts of complex geometric shapes, often
with thin walls allowing the creation of high-strength structural elements, inaccessible
for traditional mechanical manufacturing methods due to the geometric complexity. The
SLM technology can be used at all stages of product development, from design concepts to
low-volume production [12]. Dimension quality of the finished products is so high that the
subsequent mechanical finishing processing can be neglected in some cases.

As with every manufacturing method, SLM has some disadvantages. Porosity levels
can be an issue in applications where gas-tightness is crucial, for example, in high-pressure
valves where leakage through the wall is unacceptable. There are constraints on the
geometries of printed parts [13]; for example, the SLM method requires avoiding part
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overhanging with an angle limit of 45◦ with reference to the build platform. Often, final
parts require post-processing, such as de-powdering support removal and surface grinding.

It is important to recall an essential element to understand the test strength properties
of 3D printed specimens, that printed materials are anisotropic due to variation of build
orientations and used printing strategies [14,15]. Therefore, predefined build orientations
are typically used during printing, as shown in Figure 1, to compare different strength test
data. The presented orientation nomenclature is applied in the whole text of the article.

Figure 1. Printed specimen and predefined build orientations.

As outlined above, the SLM and metal FFF technologies are desirable to researchers
and engineers who want to create competitive next-generation products and further de-
velop the technology. Researchers need data on the strength of the printed materials to take
advantage of these brand-new printing technologies. The advantages of the metal FFF have
led to intense interest in the technology in the last years, with many studies investigating
the parts’ attainable mechanical properties. Extensive lists of references are presented in
Tables 10–12, with the literature test data. Unfortunately, fatigue test data are rare, and the
existing articles do not fully answer whether the metal FFF can be used for structural parts
safely with the current state of technology.

Therefore, the authors focus on proving the hypothesis that FFF-printed steel materials
have significantly worst structural properties than the same SLM-printed steel alloy, leading
to the further supposition that the metal FFF technique is currently not advisable as a
structural component in mechanical engineering.

In addition, the presented paper aims to fill an existing gap in the literature regarding
the fatigue properties of 316L and 17-4 PH stainless steel alloys produced by the metal
FFF method. So, a comparison of the mechanical properties, including strength param-
eters, hardness, roughness, and impact strength of materials produced in both ways, is
presented to prove our hypothesis and thereby determine the scope of possible applications
and contribute to the further development of FFF technology. The fatigue and impact
data are of particular interest, as these mainly determine the material’s applicability in
service conditions.

2. Materials and Methods

Two groups of specimens were built using the two aforementioned 3D printing tech-
nologies. Additionally, two SLM printers (EOS M290, Krailling, Germany, and Renishaw
AM 400, Wotton-under-Edge, UK) were used to print 316L stainless steel (Table 1). Two ma-
terials were selected for the metal FFF process due to their prevalence in the metal FFF
domain: BASF Ultrafuse 316L and Markforged 17-4 PH (Table 1). The BASF 316L speci-
mens were produced on an Intamsys Funmat HT printer with parameters shown in Table 2;
debinding and sintering took place in an external supplier as part of a service offered
by BASF. A catalytic debinding process was used in which green parts were exposed to
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gaseous nitric acid (HNO3) in a nitrogen atmosphere and heated. The sintering process
was performed in a pure hydrogen atmosphere, according to BASF.

Table 1. Chemical composition of printed materials, (weight) wt %.

Elements
EOS 316L 1 Renishaw 316L [16] 2 Ultrafuse BASF 316L [17] 17-4 PH [18]

Min Max Min Max Min Max Min Max

Fe balance balance balance balance
C - 0.03 - 0.03 - 0.07 - 0.07

Co - 0.1 - - - - - -
Cr 16 18 16 18 16 18.5 15 17.5
Cu - 0.075 - - - - 3.0 5.0
Mn - 2.0 - 2.0 - 2.0 - 1.0
Mo 2.0 3.0 2.0 3.0 2.0 2.5 - -
N - 0.01 - 0.01 - 0.11 - -

Nb - - - - - - 0.15 0.45
Ni 10 14 10 14 10 13 3.0 5.0
O - 0.1 - 0.1 - - - -
P - 0.04 - 0.045 - 0.045 - 0.04
Si - 1.0 - 1.0 - 1.0 - 1.0
S - 0.03 - 0.03 - 0.03 - 0.03

1 Data form AnyShape (https://any-shape.com/) based on a made test. 2 Data according to EN1.4404 Stainless
Steel (X2CrNiMo17-12-2).

Table 2. Printing settings for the BASF Ultrafuse 316L specimens.

Printing Parameter Value

Nozzle size, mm 0.4
Retraction distance, mm 0.5
Retraction speed, mm/s 45

Layer height, mm 0.15
Nozzle temperature, ◦C 250

Print bed temperature, ◦C 100
Chamber temperature, ◦C 100

Oversizing factors: X, Y, Z, % 21.35, 21.35, 26

The 17-4 PH specimens were manufactured using the Markforged Metal X system
with the settings shown in Table 3. The debinding and sintering processes were performed
in-house with the default parameters recommended by Markforged.

Table 3. Printing settings for the Markforged 17-4 PH specimens.

Printing Parameter Value

Nozzle size, mm 0.45
Layer height, mm 0.125

Print bed temperature, ◦C 115
Metal hotend temperature, ◦C 220

Chamber temperature, ◦C 48
Oversizing factors: X, Y, Z, % 19.5, 19.5, 20

A 100% infill was applied for both materials, although a different printing strategy was
employed because various slicers were used to generate the G-code. It is worth noting here
that the slicer Eiger (https://www.eiger.io/) of Markforged is very restricted in terms of
changing print parameters to ensure the best quality of printed parts; however, it introduces
significant limitations for users.

The 316L SLM steel specimens were printed on an EOS M 290 printer and a Renishaw
AM 400 printer with parameters presented in Table 4. All EOS M 290 specimens were

https://any-shape.com/
https://www.eiger.io/
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printed by AnyShape (https://any-shape.com/), and they applied a stress relief heat
treatment at 700 ◦C for two hours, a standard procedure for all their printed parts. The other
specimens were printed onsite at the University of Luxembourg and the Trier University of
Applied Sciences.

Table 4. SLM process parameters used on EOS M 290 and Renishaw AM 400 printer.

Printing Parameter EOS M 290 Renishaw AM 400

Layer height, µm 40 40
Laser power, W * 180

Focus Diameter, µm 100 70
Hatch distance, mm * 0.11

Shielding gas Argon Argon
Oxygen content, % * 0.15

* Data not provided by AnyShape (www.any-shape.com) due to their confidentiality.

The recommended manufacturing settings for fully dense parts were used for all
materials. All specimens were built vertically (ZX), the worst-case scenario for specimens in
tensile loading cases, especially for the metal FFF specimens [14]. For each type of test and
material, ten samples were used to balance the reliability of test results and the test costs.

Tensile testing followed the standard [19] using the tensile machine MTS 20/M with
a load cell of 100 kN. A constant elongation speed of 10 mm/min and a data sampling
frequency of 227 Hz were employed during all tests. The tests were conducted at an
ambient temperature of 23 ◦C. The flat dog bone specimens have an overall length of
110 mm, 38 mm gauge length, and 3 mm thickness, as shown in Figure 2.

μ

μ

 

Figure 2. Tensile specimen design according to the standard [19], units: mm.

Axial fatigue tests were performed following the standard [20], which involves metal-
lic materials fatigue testing axial force-controlled method with a stress ratio R = 0.1 and a
constant test frequency of 30 Hz. The tests were performed using an Instron 8872 universal
testing machine with a load cell of 25 kN. The tests were conducted at an ambient tempera-
ture of 23 ◦C. The specimens have a nominal gauge width of 6 mm, a thickness of 4 mm,
a gauge length of 24 mm and a nominal length of 144 mm, as shown in Figure 3.

https://any-shape.com/
www.any-shape.com
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Figure 3. Fatigue specimen design according to the standard [20], units: mm.

The surface roughness of the fatigue specimens was measured using the TESA Rugo-
surf 10 G roughness gauge. Measurements were made in the middle of the specimens and
in the longitudinal direction on the flat and side specimen surfaces. Two parameters of the
surface roughness were measured Ra and Rz.

The hardness of all fatigue specimens was measured using the HB Brinell 2.5/187.5
scale since the tested material was not surface hardened. A ball diameter of 2.5 mm was
used with a proof force of 1839 N and a proof time of 15 s [21]. The hardness test was
completed using an Instron Wolpert DIA-TESTOR 722 at the ambient temperature of 23 ◦C.
The ball diameter of 2.5 mm results in a relatively large imprint of 1.3 mm on the sample’s
surface, giving an average hardness result over the surface. The measurements were
performed after tests of the fatigue specimens. Both fractured parts of a specimen were
measured in the proximity of the fracture. Then, an average hardness value was calculated
for all specimens per the tested materials. Furthermore, due to the surface texture of the
printed specimens, small areas were ground manually such that the ball impression was
made visible, and the impression diameters were measured using a digital microscope in
two perpendicular directions.

Charpy impact tests were also performed for specimens printed in ZX orientation
(vertical) with a V notch, as shown in Figure 4. The test was performed according to the
standard [22] using AMSLER Pendelschlagwerk Typ RKP 450 at an ambient temperature
of 23 ◦C. Ten specimens of each material batch were analyzed. The impact occurred on the
surface lying on the opposite side of the incised notch.

Figure 4. Charpy specimen design with the V notch according to the standard [22], units: mm.
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3. Results

3.1. Tensile Tests

The tensile test results are summarized in Table 5 and Figure 5, and the envelope
stress–strain diagrams are shown in Figure 6. The metal FFF specimens do not achieve
the strength values specified by the filament manufacturers shown in Table 6. However, it
should be emphasized that for the case of 17-4 PH stainless steel, Markforged published
data only in (XY) build orientation, the most favorable one in the context of the strength.

Table 5. Results of tensile tests (mean ± standard deviation).

Parameters
Markforged

17-4 PH
BASF Ultrafuse

316L
EOS M 290
316L (HT)

Renishaw AM 400
316L

Yield strength, Re, MPa 441.0 ± 55.4 152.9 ± 61.3 375.2 ± 22.4 443.1 ± 15.7
Tensile strength, Rm, MPa 495.9 ± 77.0 314.0 ± 41.7 533.2 ± 1.1 570.8 ± 4.4
Elongation at break A, % 0.4 ± 0.1 10.2 ± 5.0 38.2 ± 0.1 38.4 ± 0.1
Young’s modulus, E, GPa 142 ± 65 160 ± 22 190 ± 18 129 ± 17

𝑅௘ , 𝑅௠ 𝐴𝐸

 

−

𝑅௠, 𝑅௘ , 𝐴 − −𝐸
ρ ≥

Figure 5. Results of tensile tests (mean with +/− standard deviation).
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𝑎௘ே, 

 

Figure 6. Envelope stress–strain curves (engineering stress versus engineering strain). Plots were

created based on performed tensile tests considering all specimens.

Table 6. Material properties as indicated by the manufacturer’s data sheets.

Markforged
17-4 PH (XY) 1 [18]

BASF Ultrafuse
316L (XY/ZX) [17]

EOS M 290
316L 2 (XY/ZX) [23]

Renishaw AM 400
316L (XY/ZX) [16]

Rm, MPa 800 251/234 530/470 547/494
Re, MPa 1050 561/521 640/540 676/624

A, % 5 53/36 40/54 43+/−2/35+/−8

E, GPa 140 - - 197/190

ρ, density g/cm3 7.44 7.85 ≥7.97 7.99
aeN , impact strength,

J/cm2 - 111/- - -

Hardness 30, HRC 128/128, HV10 - 198/208, HV0.5

1 No values for the Z direction are given by the manufacturer. 2 Values for as-built samples without heat treatment.

For 17-4 PH stainless steel, considerable standard deviations for all strength parameters
were obtained, and the large spread of the test results confirms Figure 6, where envelope
curves of the obtained material characteristics are present. It should be noted that the
spread of the curves is alarmingly large. The measured tensile strength of 441 MPa is much
lower than the expected value of 800 MPa. The 17-4 PH batch reached elongation at a break
of 0.4%, much lower than the value of 5% given by Markforged, with a significant standard
deviation of 0.1%. It means that the material was very brittle and had massive properties
spread. The material behavior was confirmed by studying the specimens after tests—they
did not have a necking portion, a characteristic deformation before a fracture for ductile
materials. The fracture of those specimens is characterized by delamination between the
printed layer (see Figure 7a–e), and that failure mechanism was consistent for all 17-4 PH
specimens. The fractures always happened between the printed layers (formed by printed
lines), with evidence that gaps (air voids) between the layers were present after sintering
(see Figure 7c–e).
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Figure 7. Fractures of tensile test 17-4 PH specimens presented as: (a) fractured specimens; (b) fracture

surface, left side (optical microscope image), specimen 286; (c) fracture surface, left side (SEM image),

specimen 286; (d) local delamination of a printed layer in the fracture, feature 1 (SEM image),

specimen 286; (e) local delamination of the printed layer, feature 2 (SEM image), specimen 286. The

samples have been numbered, which are visible in the figure. The letters L and R stand for the

left-hand and right-hand sides of the sample in the figure. A green check mark means the specimen

whose fracture faces were shown.

Likewise, the BASF Ultrafuse 316L specimens fractured at the low elongation at break
of 10.2% compared to a value of 36%, indicated by BASF (Table 6). The measured tensile
strength of 314 MPa is much lower than the expected value of 521 MPa.

The yield strength and elongation at break values show considerable standard devia-
tions, but the spread of the measured material characteristics is much smaller than for 17-4
PH specimens. The specimen fractures were typical for brittle material with a tiny necking
portion. Interestingly, the fracture mechanism was the same as for 17-4 PH steel, namely,
delamination of the printed layer, as shown in Figure 8. However, the phenomenon’s
intensity is less visible than for the 17-4 PH specimens.
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Figure 8. Fractures of tensile test BASF Ultrafuse 316L specimens presented as: (a) fractured speci-

mens; (b) optical microscope image of the fracture surfaces, specimen 217. The samples have been

numbered, which are visible in the figure. The letters L and R stand for the left-hand and right-hand

sides of the sample in the figure. A green check mark means the specimen whose fracture faces

were shown.

In contrast to the metal FFF specimens, the SLM samples show excellent consistency,
as seen from the material characteristics’ envelope curves and low standard deviations
(Figure 5). Both batches of specimens printed on EOS M 290 and AM 400 show slightly
lower strength than those published by the material suppliers (see Table 6). The measured
elongation at break of 38.4% for the AM 400 specimens is greater than a value of 35% given
by the printer manufacturer but in the specified tolerance. In contrast, the sample produced
on EOS M 290 shows the elongation at break of 38.2%, which is smaller than the published
value of 54%. It should be noted that the EOS M290 specimens were heat treated.

The SLM specimens show the typical ductile steel characteristic without an evident
yield strength, meaning without a plasticity range with strain hardening at constant stress
(Figure 6). The heat-treated material reveals lower strength than the material as printed
without increased ductility. The fracture surfaces of both batches confirm that the SLM
specimens presented typical indicators of the highly ductile materials during the tensile
test, namely, clearly visible necking of the specimens (see Figure 9a,b). Extensive plastic
deformation (necking) was observed in all SLM specimens before fracture.

 

μ
μ

μ μ
μ

μ

Ra, µm Rz, µmRa, µmRz, µm

Figure 9. Fractures of tensile test EOS M 290 316L (HT) specimens presented as: (a) fractured

specimens; (b) optical microscope image of the fracture surfaces, specimen 230. The samples have

been numbered, which are visible in the figure. The letters L and R stand for the left-hand and

right-hand sides of the sample in the figure. A green check mark means the specimen whose fracture

faces were shown.
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Table 5 reveals the significant difference in strength between the SLM and metal FFF
samples for 316L stainless steel. Regarding the ultimate tensile strength, the discrepancy
is 256.8 MPa to the detriment of the metal samples FFF. The same trend is observed for
the yield strength decreasing by 290.3 MPa. Significant differences can be observed in the
elongation at break; the reduction is 0.262 to the detriment of the metal FFF sample. So,
the structural performance of the SLM specimens exceeds the metal FFF specimens. Even
the theoretically stronger 17-4 PH steel showed lower strength when printed by the FFF
metal technique compared with 316L printed by the SLM method. Additionally, the 17-4
PH samples were exceptionally brittle compared to all 316L samples.

Returning to the relationship between the curves in Figure 6, it is evident that the 17-4
PH samples show a very large scatter in the stress–strain curves. In view of the observed
broken samples, it must be considered that we are dealing with the existence of partially
incompletely sintered material layers. That effect can also be seen for BASF Ultrafuse
specimens, but the level of the gaps between the layers is much smaller.

The best results were obtained for the SLM specimens, especially for EOS M 290 printer
with the heat treatment, where the spread between 10 stress–strain curves is negligible.
The rupture in the samples appears to be homogeneous in structure with very pronounced
plastic deformation before fracture, as shown in Figure 9. The same type of failure was
observed for all SLM specimens.

3.2. Roughness and Hardness Tests

Surface roughness results are presented by the two parameters Ra and Rz. Ra is the
arithmetic mean deviation of surface roughness value within a sampling length, and Rz
is the sum of the height of the tallest peak and the deepest valley of a profile within a
sampling length. Therefore, for Rz, extremes have a much more significant influence on the
final results than for Ra. Rz can be used to check whether the profile has protruding peaks
that might affect a part function, and Ra is meaningful for stochastic surface roughness of
machined parts.

Table 7 and Figure 10 illustrate the results of a measurement of the surface roughness
of the fatigue specimens. Two measurements were made on a flat and a side along the
sample. The measurements were in the center of the specimens. As shown in the table, the
results indicate that the metal FFF samples exhibit higher roughness values than their SLM
counterparts in both measurement locations. For the flat orientation, the SLM 316L samples
had approximately a mean Ra roughness of 4.1 µm, the BASF Ultrafuse 316L samples
reached a mean Ra of 7.3 µm, and the Markforged 17-4 PH batch had a mean Ra of 8.2 µm.
For the side orientation, the SLM 316L samples had a mean Ra of 4.8 µm, while the BASF
Ultrafuse batch had a mean Ra of 7.5 µm, and the Markforged 17-4 PH specimens were as
high as a mean Ra of 16.6 µm. The high Rz values of the FFF metal samples indicate that
high surface profile extremes characterized their surfaces.

Table 7. Average and standard deviation (mean ± standard deviation) of the surface roughness of

fatigue specimens.

Roughness
Measurement

Direction
Markforged

17-4 PH
BASF Ultrafuse

316L
EOS M 290
316L (HT)

Renishaw AM 400
316L

Ra,µm Flat, along a sample 8.15 ± 0.85 7.34 ± 1.02 4.05 ± 0.43 4.07 ± 0.79
Rz,µm Flat, along a sample 47.67 ± 5.64 43.09 ± 4.56 24.54 ± 2.95 25.51 ± 4.96
Ra,µm Side, along a sample 16.55 ± 1.22 7.49 ± 1.15 3.73 ± 0.38 5.78 ± 0.65
Rz,µm Side, along a sample 77.84 ± 9.12 46.23 ± 6.41 22.58 ±2.71 36.95 ± 3.55
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Figure 10. Results of roughness tests (mean ± standard deviation).

Table 8 contains the harnesses measurement of the fatigue specimens. The highest
hardness was measured for 17-4 PH samples with a mean of 261 HB and the lowest for BASF
Ultrafuse 316L samples with a mean of 126 HB. The most significant standard deviation of
17.4 HB for the ten samples tested was for 17-4 PH. The measured hardness values mean
that all materials are soft.

Table 8. Average and standard deviation (mean ± standard deviation) of the hardness of fatigue

specimens close to fractures.

HB 2.5/187.5
Markforged

17-4 PH
BASF Ultrafuse

316L
EOS M 290
316L (HT)

Renishaw AM400
316L

261 ± 17.4 126 ± 6.2 213 ± 9.7 217 ± 10.6

3.3. Fatigue Tests

The results of the fatigue tests are presented in Figure 11 as an S-N plot on a log-log
scale. The test results for all group specimens are at least highly correlated; in other words,
the data with their group closely resemble a power trendline. What is striking in this figure
is the curve for EOS M 290 samples. One test point (22,762,694 cycles; 341 MPa) deviates
significantly from the power trendline trend of the other points; this is due to an insufficient
number of test samples in the 1–2 million cycles range.
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Figure 11. S-N curves for tested specimens; cycling tensile test with R = 0.1. (Two specimens of

Ultrafuse 316L were broken in the grips, and their results were excluded.).

The graph shows that the greatest fatigue strength is for the SLM 316L specimens
printed on the EOS M 290 printer and then heat-treated, whereas the worst is for the BASF
Ultrafuse 316L specimens printed via the metal FFF method. The difference is significant;
for example, for 1 × 106 cycles, the difference is 87 MPa. What stands out in this figure
is the different curve slopes for those specimens. Interestingly, the slope of the SLM
316L specimens printed on the Renishaw AM 400 printer has a curve slope one order of
magnitude larger.

Further analysis of the roughness in Table 7 and Figure 10 reveals that the EOS M 290
316L specimens had the lowest average Ra roughness value of about 4 µm, while for BASF
Ultrafuse 316L, Ra was 7.5 µm. Furthermore, the hardness between those specimens was
also different, with 213 HB for the EOS M 290 batch and 126 HB for the BASF Ultrafuse
specimens see Table 8. Comparing the two results confirms the well-known tendency for
fatigue strength of materials to increase with decreasing roughness and increasing hardness.
The results also indicate that the lower fatigue strength for the Renishaw SLM specimens
is influenced by the mean Ra roughness value of 5.8 µm and lack of heat treatment after
printing which is usually made to remove internal residual stresses (stress relief) [24].

Looking at Figure 11, it is apparent that the 17-4 PH specimens have a low fatigue
strength compared with the tested SLM 316L specimens, which is a surprise considering
the tensile strength shown in Table 6. The most striking result to emerge from the data
in Table 7 is that very high Ra roughness of 16.6 µm measured on a side along with the
sample for the Markforged 17-4 PH specimens, which is 2.21 times greater than for the
BASF Ultrafuse ones. Such difference in the roughness directly influences the fatigue
strength results.

Further analysis of a fracture of the Markforged 17-4 PH specimens shows that the
fracture mechanism is based on delamination of the printed layers, as seen in Figure 12b,c.
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For the metal FFF specimens, beach (clamshell) marks were not observed on fatigue fracture
surfaces. Macroscopically, the fracture surface is flat with evidence of the printing layers’
delamination and perpendicular to the applied stress. The presented specimen does not
show necking; therefore, the fracture may be considered a brittle fatigue fracture. It is
incontestable that there were voids between the printer layers, which were sources of
crack initiations. All specimens from this group had the exact failure mechanism. An
analogous fracture mechanism was detected in the Ultrafuse 316L specimens but with less
evident delamination between the printed layers (see Figure 13). Those specimens had
an almost imperceptible necking part. Furthermore, it should be noted that the fatigue
fracture surfaces for all metal FFF specimens are like the tensile test failure surfaces.

Turning to the experimental evidence on the SLM fatigue specimens (Figures 14 and 15),
the fatigue fractures are not flat looking at them macroscopically. They have a flat portion
perpendicular to the applied stress and the other part with a very expressive necking. The
flat parts originated during fatigue cycles–fatigue zone Af, and the other part Ac is the
remaining material fractured catastrophically (final fracture). The ratio between those areas
depends on the applied stress level. If the ratio, A f /Ac < 1 it is a case of the fracture
in the low cycle fatigue regime, whereas when the ratio, A f /Ac ≥ 1 is the fracture in
a high cycle fatigue regime [25]. As seen in the Renishaw AM400 specimen, the ratio
A f /Ac = 3.62 corresponds to 1,492,546 cycles, whereas for the EOS M 290 specimen, the
ratio is 1.13, corresponding to 392,641 cycles.

Figure 12. Fatigue fractures of Markforged 17-4 PH samples: presented as: (a) fractured specimens

during the fatigue test; (b) fracture surface (SEM image), left side, specimen 642, at 4770 cycles; (c) top

view of fracture surface (SEM image), left side, specimen 642, at 4770 cycles. The samples have been

numbered, which are visible in the figure. The letters L and R stand for the left-hand and right-hand

sides of the sample in the figure. A green check mark means the specimen whose fracture faces

were shown.
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1

1

3.62

Figure 13. Fatigue fractures of BASF Ultrafuse 316L samples presented as: (a) fractured specimens

during the fatigue test; (b) fracture surface (SEM image), left side, specimen 604, at 44,058 cycles.

The samples have been numbered, which are visible in the figure. The letters L and R stand for the

left-hand and right-hand sides of the sample in the figure. A green check mark means the specimen

whose fracture faces were shown.

Additionally, beach (clamshell) marks were not observed on fatigue fracture surfaces.
One must remember that the non-occurrence of beach markings means continuous crack
growth during load cycling, which is common in fatigue tests of samples at constant
load amplitudes. Therefore, while it is reasonable in many cases to identify fatigue as a
cause of failure based on beach markings on the fracture face, this should not always be
completed [25]. Due to the lack of beach marks, it is challenging to recognize the location
of the crack origin; however, on closer analysis of the fatigue fracture face, it is possible to
approximate the crack origin based on the radial groove pattern.

For both groups of the SLM specimens, the described failure mechanism was observed,
as one can see in Figures 14 and 15. One difference between the two is the noticeably larger
necking part for the EOS M 290 samples than for the Renishaw AM400 316L samples, apart
from the apparent discrepancy between the test stress levels in the presented specimens
that manifests itself in different values of the ratio A f /Ac.
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Figure 14. Fatigue fractures of Renishaw AM400 316L samples presented as: (a) fractured specimens

during the fatigue tests; (b) fracture surface (SEM image), left side, specimen 620, at 1,492,546 cycles;

(c) fracture surface (SEM image), right side, specimen 620, at 1,492,546 cycles. The samples have been

numbered, which are visible in the figure. The letters L and R stand for the left-hand and right-hand

sides of the sample in the figure. A green check mark means the specimen whose fracture faces

were shown.

 
Figure 15. Fatigue fractures of Renishaw EOS M 290 316L samples: (a) fractured EOS M 290 316L

specimens during the fatigue tests; (b) fracture surface (SEM image), left side, specimen 631, at

392,641 cycles; (c) fracture surface (SEM image), right side, specimen 631, at 392,641 cycles. The

samples have been numbered, which are visible in the figure. The letters L and R stand for the

left-hand and right-hand sides of the sample in the figure. A green check mark means the specimen

whose fracture faces were shown.
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3.4. Charpy Test

The metal FFF specimens of both steel types failed to generate an unmeasurable impact
resistance; hence, no results can be reported. The fractures were confined to the printing
plane, indicating poor inter-layer bonding. Some portions of the adjacent layer (printing
lines) experienced sufficient cohesive strength to be not detached from their original layer.
No apparent plastic deformation of the cross-section is visible. One can see a distinct
printing pattern on fracture surfaces (Figure 16).

Figure 16. Fractured faces of the Charpy test metal FFF specimens presented as: (a) fractured surface

(SEM image) of Ultrafuse BASF 316L specimen; (b) fractured surface (SEM image) of Markforged

17-4 PH specimen.

In contrast, the SLM specimens showed significant resistance and ductility, indicating
good layer bonding. The absorbed impact energy was 202 J (standard deviation: 16.4 J) for
the Renishaw specimens and 223 J (standard deviation: 17.3 J) for the EOS specimens. The
samples demonstrated fractures with large plastic deformations and rough surfaces (see
Figure 17).

 

μ
μ

Figure 17. Fractures of Charpy test EOS M 290 specimens presented as: (a) fractured Charpy EOS M

290 specimens; (b) fracture surface (optical microscope image) of the EOS M 290 316L, specimen 436.

The samples have been numbered, which are visible in the figure. The letters L and R stand for the

left-hand and right-hand sides of the sample in the figure. A green check mark means the specimen

whose fracture faces were shown.

4. Discussion

4.1. Test Results

The presented test data support the hypothesis that the metal FFF printed steel ma-
terials (316L alloy) have a significantly lower structural performance than the same steel
alloy printed using the SLM method. A yield strength reduction of 59% compared to
the heat-treated material was determined, and a 65% reduction in comparison with the
non-heat-treated material. A drop in the tensile strength of 41% is observed compared
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to the heat-treated material and 45% to the non-heat-treated one. The same trend can be
seen for the elongation at break. The reduction is 73% compared to heat-treated and non-
heat-treated materials, meaning that the material printed via the metal FFF loses ductility
significantly due to insufficient bonding of the printed layers observed after a fracture.

Another important discovery is that the fatigue strength for the FFF and SLM spec-
imens of 316L stainless steel differs significantly. For example, for 1 × 106 cycles, the
discrepancy is 56% between the metal FFF and heat-treated specimens and 34% compared
to the non-heat-treated one, to the detriment of the metal FFF process. What is surprising
is that the proposed heat treatment drastically improves the fatigue strength of the SLM
specimens. Looking at surface roughness in Table 7, one can see that the metal FFF 316L
specimens had a maximum Ra of 7.5 µm and the SLM specimens had a maximum Ra of
5.8 µm. This greater roughness led to a lower fatigue life as well.

The current study found a significant difference in the repeatability of test results to the
detriment of the metal FFF technology. The low repeatability for the metal FFF specimens
can be seen particularly evident in Figure 6 with the maximum and minimum enveloped
curves of the material characteristics and in Table 5, looking at the standard deviations.
This finding is valid for all metal FFF specimens.

The most unexpected finding is that the internal defects (voids) between the printed
material layers formed by the printed lines determined the strength of the metal FFF
samples so severely. The authors expected that effect but not to the measured extent. The
phenomenon (delamination of the printed layers caused by air gaps between the extruded
lines [7,14,26] while loading) is striking in all test types carried out and for all specimens.
This was most evident in the Charpy tests, where no results could be obtained due to the
specimens’ negligible impact resistance (Table 9). For the SLM specimens, this problem did
not exist. Consequently, the greatest energy absorption was measured for the Renishaw
AM 400 samples at 223.3 J, which is 9.4% more than for the EOS M 290 specimens, and both
sample groups showed typical fracture for ductile materials with large plastic deformation,
as revealed in Figure 17.

Table 9. Average and standard deviation (mean ± standard deviation) of measured impact energy.

Markforged
17-4 PH, J

BASF Ultrafuse
316L, J

EOS M 290
316L (HT), J

Renishaw AM 400
316L, J

Not measurably small Not measurably small 202.4 ± 17.3 223.3 ± 18.0

The degrading effect of high roughness on fatigue strength properties is well known,
so roughness control is crucial for structural components. This is also reflected in the
standard [20], listing the roughness as a factor influencing fatigue test results. For this
reason, our fatigue test samples were also subjected to the roughness test.

The current study found that the surface Ra roughness for the metal FFF 316L speci-
mens is much greater than for the SLM specimens, with a maximum measured difference
of 101%. Moreover, the surface roughness can vary much between the metal FFF printers.
For example, for the Markforged specimens, the roughness measured on the side of the
specimens and along a sample was Ra = 16.6 µm, and for the BASF Ultrafuse samples,
only 7.5 µm. A possible explanation for this might be those different printing parameters,
printing strategies, and filaments. An example of the surface texture of the specimen can
be seen in Figure 7c. A high value of Rz for those FFF specimens confirms the presence of
high extremes (peaks and valleys) on their surfaces.

The most surprising aspect of the roughness data is a significant difference in the
roughness for the Markforged 17-4 PH specimens depending on the measurement locations.
The measurement performed on a flat, along a sample, gives a mean Ra of 8.2 µm but on
the side, along a sample, gives a mean Ra of 16.6 µm. An explanation for this might be
the type of filament properties used and the printing strategy. The build orientation may
also come into play, as thin and tall structures tend to wobble during printing as they are
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dragged sideways by the lateral forces exerted by the nozzle, resulting in an uneven surface
structure. The drag forces may vary drastically depending on the layer height, material
properties, and printing speed.

The very high roughness of the metal FFF samples means that the fracture initiation
occurs very quickly, which translates into reduced fatigue strength. This trend is seen in
our test results.

The tests made for 17-4 PH stainless steel printed using the metal FFF confirms all find-
ings for the metal FFF 316L samples. The material is very brittle with low strength caused
by the presence of internal defects (Figure 7)—voids between the printed layers, which is
more evident than for 316L. Those defects also cause low fatigue strength (Figure 12). Due
to the randomness of the printed layer delamination, the material’s properties have varied
greatly, as shown in Figure 6—the large scatter taken up by the minimum and maximum
envelope curves. Thus, the most prominent finding to emerge from the test results is that
applying the metal FFF technology for structural parts is risky now, but the technology still
offers a high potential for further development in the direction of reducing the internal
defects of the printed parts.

Contrary to expectations, this study shows a significant difference between the E-
modulus for the SLM specimens printed using the different printers (see Table 5). The
measured E-modulus for the EOS M290 specimens was 160 GPa, which was 19% greater
than for the AM 400 specimens. The heat treatment of the first samples could explain a
slight difference, but the 19% variation is unusual. One would have to focus on determining
the modulus precisely and see what causes such a significant difference in results. The
authors presume that a discrepancy in porosity can explain the observed effect. Another
difficulty is the limited literature data on the E-modulus with which a comparison can be
made (Table 10).

Table 10. Overview of tensile properties for 316L stainless steel produced using metal FFF, SLM

and MIM.

Method
Infill, Print Direction

%
Build Orientation,

Notes
Porosity 7

%

Re

MPa
Rm

MPa
A

%
E

GPa
Source

FFF 100 XY - 251 561 53 - [17]
FFF 100 ZX - 234 521 36 - [17]
FFF 100 1 XY - 148 444 43 157 [27]
FFF 100 ZX - 114 206 13 117 [27]
FFF 100 XY 1.5 167 465 31 152 [28]
FFF 100 2 XY 8.2 - 421 43 - [7]

FFF 100 2 ZX 7.3 - 107 2.5 - [7]

FFF 100 2 XZ 8.5 - 356 28 - [7]

MIM N/A - 5.3 6 175 6 520 6 50 6 - [29]
MIM N/A water atomized 4 170 460 29 - [30]
MIM N/A gas atomized 2 205 560 58 - [30]
MIM N/A - 2 6 180 6 520 6 40 6 185 6 [31]
SLM 100 XZ 2 412 577 35 139 [32]
SLM 100 ZX 2 365 469 17 78 [32]
SLM 100 XY 0.7 500 630 39 - [33]
SLM 100 ZX 0.7 500 625 47 - [33]
SLM 100 3 ZX 2.3 512 622 20 - [34]

SLM 100 3 XY 2.3 430 509 12 - [34]

SLM 100 4 ZX 1.9 536 668 25 - [34]

SLM 100 4 XY 1.9 449 528 12 - [34]

SLM 100 5 XY - 320 574 50 180 [35]
Wrought N/A hot rolled - 241 621 59 185 [35]

1 Full density strategy [3]; 2 rectilinear infill pattern [15]; 3 single melt pattern [16]; 4 checkerboard melt pattern [16];
5 print in the Y-direction; 6 typical values; 7 porosity is defined as (1—relative density). Where: Re¯yield strength,
Rm¯tensile strength, A—elongation at break, E—Young’s modulus.
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4.2. Comparison with Literature

4.2.1. Tensile Test Considerations

Comparing results from metal FFF and MIM specimens is particularly interesting,
as the base material composition and the debinding methods are similar [4]. The tables
(Tables 10 and 11) show that the printed materials are anisotropic and have lower strength
and E-modulus than MIM materials. The elongations at break measured in ZX builds orien-
tation show that the printed material is much more brittle than MIM. This phenomenon is
explained in the metal FFF technology by the presence of structural defects perpendicular
to the layer direction (Z) [4]. The authors [7] deduced that the bead’s orientation perpen-
dicular to the layer direction (Z) increased the average metal particle distance in the layer
direction, which could also cause the higher linear shrinkage in this direction. Additionally,
if the metal particle distances between those layers are too large, it would cause voids
after the sintering process. During tensile tests, these voids oriented perpendicularly to the
tensile direction act as stress concentrations leading to poor mechanical properties. For the
SLM process, it can be explained that weak interfacial layers for vertically built samples
are parallel to cracks, providing more accessible paths for shear bands coalescence and
void growth under tension loading than horizontally built ones [36]. Additionally, it has
been reported that specimens fabricated in the vertical direction typically contain extensive
porosity compared to horizontal directions [37]. Therefore, the presented investigation fo-
cuses on analyzing the built-in ZX direction specimens, making a conservative assessment
of the mechanical properties of the printed materials.

As it can be seen from the presented literature data, the porosities of the specimens
produced by metal FFF are greater than those created by SLM, which can be one of the
elements causing the much lower strength of the metal FFF specimens. An unfavorable
shape of structural defects and their distribution in the samples reduce the mechanical
properties of the FFF samples. As reported [26], the existence of pores showed a significant
impact on tensile fatigue strength because large pore-induced voids that contain subcracks
near the surface of the sample contribute to the fast failure of the tensile fatigue specimen.

The reported literature data shows that for 316L steel, the best tensile strength results
are achievable for SLM in XY build orientation with a slightly lower value of 561 MPa,
than for wrought material with 621 MPa, although the largest elongation at the break is
reported for the wrought material at 59%. The tendency for the 17-4 PH stainless steel is
different in the relevant literature. The highest tensile strength of 1068 MPa (without heat
treatment) is stated for metal FFF in the XY build orientation, similar to SLM and wrought
material, while the greatest elongation at the break is reported for the SLM sample at 61%.
However, the elongation at break for all metal FFF samples is much lower than for other
specimens. The lowest strength values with minimum elongation at break are reported
for high porosity samples for both materials. The literature data for both materials reveal
that MIM specimens show closer strength results to metal FFF specimens, although MIM
specimens are more ductile and have high E-modulus comparable with wrought material.
The tensile test results of 316L specimens manufactured with SLM show higher yield and
tensile strengths than their metal FFF counterparts, while for the 17-4 PH specimens, the
yield strength is comparable with the SLM and MIM samples and much lower than for the
wrought material.

The variation in the physical properties of the specimens produced by different tech-
nology sections can be explained in terms of microstructures developed in the considered
manufacturing processes [35]. The microstructure is a very broad concept and includes
porosity, pore shape, crack density, dislocation density, grain size, etc. Due to a massive
variety of microstructures between those specimens, particularly in porosity and type of
internal structural defects, a significant difference in strength is observed.
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Table 11. Overview of tensile properties for 17-4 PH stainless steel produced using metal FFF, SLM

and MIM.

Method
Infill, Print Direction

%
Build Orientation,

Notes
Porosity

%
Re

MPa
Rm

MPa
A

%
E

GPa
Source

FFF 100 1 XY 9.8 443 497 0.79 108 [27]

FFF 100 1 ZX - 412 494 0.95 103 [27]

FFF 100 2 XY 2.7 604 776 7.7 176 [38]

FFF 100 2 XY 2.7 605 776 5.9 176 [38]

FFF 100 4 XY aligned in Y 6.5 5 580 794 2.7 128 [39]

FFF 100 4 XY aligned in X 6.5 5 600 795 3.2 131 [39]

FFF 100 4 ZX 6.5 5 647 701 0.76 134 [39]

FFF 100 4 XY - 688 1068 4.97 138 [9]

FFF 100 4 XZ - 650 815 0.86 189 [9]

FFF 100 4 ZX - 615 727 0.98 131 [9]
FFF 100 XY 1.4 746 1034 4.9 176 [40]
FFF 100 XZ 2.6 689 978 4.2 163 [40]
FFF 100 ZX 2.3 668 745 0.8 159 [40]
FFF 100 4 XY 4 800 1050 5 140 [18]

FFF 100 4 XY/H900 4 1100 1250 6 170 [18]
MIM N/A Heat-treated 4 965 1140 12 - [41]
MIM N/A 1038 ◦C @0.5 h - 992 1018 13.4 199 [42]
MIM N/A H900 - 1387 1414 12.5 223 [42]
MIM N/A As sintered 3.2 730 3 900 3 6 3 - [29]

MIM N/A H900 3.2 965 3 1070 3 6 3 - [29]
SLM N/A ZX - 830 887 61 133 [43]
SLM N/A ZX/H900 - 1050 1117 17 189 [43]
SLM N/A XZ - 493 1058 19 - [44]
SLM N/A XY/650 ◦C @1 h - 428 1281 15 - [44]
SLM N/A XY - 535 1029 18 - [44]
SLM N/A ZX - 494 979 18 - [44]
SLM N/A ZX/650 ◦C @1 h - 483 1298 15 - [44]
SLM N/A XY - 635 1048 9.8 - [36]
SLM N/A ZX - 635 942 4 - [36]

Wrought N/A - - 980 1060 8 200 [45]
Wrought N/A - - 1000 1103 5 - [20]

1 Closed triangular cell path [3]; 2 printed in ZX and XY; 3 typical values; 4 metal X Markforged pathing
arrangements [39]; 5 maximum porosity as a percentage of the area [39]. HXXX—means age-hardening treatment
at XXX ◦F for 4 h air quenching.

The test results (Figure 6 and Table 5) are in accord with recent studies (Tables 10 and 11),
indicating that the materials 316L and 17-4 PH printed using the metal FFF process have
much lower strength in the context of yield and tensile strength than the material printed
using the SLM method. The elongation at break results also supports previous research,
which shows a significant reduction of ductility of the material printed by the metal FFF
method due to internal defects and porosity. In contrast, the elongation at the break of 0.4%
revealed in the 17-4 PH stainless steel study is lower than those found in the literature,
but within the range of values presented by other authors. The obtained test results of the
E-modulus for the metal FFF specimens do not differ much from the literature data.

Consistent with the literature, the material printed using the SLM method shows excellent
mechanical properties, which can be compared with wrought material (Tables 5, 10 and 11).
The obtained strength properties are in a range reported by other authors.

4.2.2. Fatigue Test Considerations

An overview of the fatigue properties of 316L and 17-4 PH alloys is provided in
Table 12. The fatigue behavior of the materials as wrought and from the metal FFF and SLM
manufacturing methods has been evaluated thoroughly, but studies investigating fatigue
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of MIM 17-4 PH appear to be rare in the literature. Moreover, differing manufacturing,
post-processing, and testing conditions render direct comparisons difficult.

No study has investigated the fatigue properties of 17-4 PH stainless steel produced
using the metal FFF method. Only one paper concerning fatigue testing of BASF Ultrafuse
316L (metal FFF) at three tensile stress levels is available at the time of writing, in which
the endurance limit is determined to lie between 80–100 MPa at R = 0.1 [26]. The authors
indicate the build direction XY of the specimens with a porosity value of 4.4%. They
explained these low tensile fatigue strength results as partially due to the unmachined
rough surface that facilitates the fast crack creation as well as the existence of internal pores.
Indeed, as-built metal FFF specimens exhibit a higher surface roughness as built than SLM
and MIM specimens [2,31,35].

Similarly, the porosity is typically the greatest for metal FFF than SLM and MIM, as
seen in Table 12. Porosity and roughness data induce that the best results for the endurance
limit are achieved for wrought material for both analyzed alloys. As can also be seen in the
presented overview, the heat treatment significantly increases the endurance limit for SLM
and wrought specimens.

In summary, comparing all the mentioned studies, it is apparent that these significant
variations of the mechanical properties are a function of the printing parameters, which con-
firms the finding from [53]. It can be concluded that the fatigue performance of 3D printed
parts depends on the quality of the microstructural morphology, which is driven by poros-
ity, distribution of pores and defects, and their shapes. The resulting material imperfections
depend on the printing parameters and the used material. Therefore, wrought material
performed the best in reviewed articles (minimum defects), with the machined/HIPed SLM
specimens being close. Hot Isostatic Pressing (HIP) post-treatment is an exciting method to
reduce porosity. It improves the mechanical properties and microstructure [53] of the 3D
printed parts by applying high isostatic gas pressure at elevated temperatures.

Table 12. Overview of high cycle fatigue properties for 316L and 17-4 PH stainless steels.

Alloy Method
Infill

%
Surface/Porosity

%
Build Orientation,

Notes
Max Stress

MPa
Life

Cycles
R Source

316L FFF 100 as sintered/4.4 XY 80 1 * 1.0 × 106 0.1 [26]

316L FFF 100 as sintered/4.4 XY 100 1 1.04 × 105 0.1 [26]

316L FFF 100 as sintered/4.4 XY 120 1 1.05 × 104 0.1 [26]

316L MIM - as produced/4 water atomized 90 1 * 3.32 × 106 0.1 [30]

316L MIM - as produced/2 gas atomized 135 1 * 1.0 × 107 0.1 [30]

316L SLM - Rz < 0.2 µm H900 280 1 3.0 × 106 −1 [46]

316L wrought - Rz < 0.2 µm 1100 ◦C, water 210 1 * 1.0 × 107 −1 [46]

316L wrought - Polished - 438 2 1.0 × 107 −1 [47]

316L wrought - Ra = 0.2 µm 1038 ◦C, air 220 1 * 1.0 × 106 −1 [48]

316L wrought - Ra = 0.2 µm 1038 ◦C, air 165 1 * 2.0 × 107 0.1 [48]

17-4 MIM - as sintered/4 H1000 414 2 * 1.0 × 107 −1 [49]

17-4 MIM - as sintered/2 H1000, HIP 448 2 * 1.0 × 107 −1 [49]

17-4 SLM 100 Ra < 0.7 µm ZX 225 1 1.5 × 105 −1 [50]

17-4 SLM 100 Ra < 0.7 µm ZX/H900 280 1 * 1.0 × 106 −1 [50]

17-4 SLM 100 Ra = 8.38 µm ZX/CA-H1025 311 1 * 1.0 × 107 −1 [51]

17-4 SLM 100 Ra = 0.015 µm ZX/CA-H1025 480 1 * 1.0 × 107 −1 [51]

17-4 SLM 100 Ra = 0.013 µm ZX/CA-H1025 541 1 1.266 × 106 −1 [51]

17-4 SLM 100 Ra = 0.011 µm ZX/HIP 560 1 5.0 × 106 −1 [51]

17-4 SLM 100 as produced ZX 271 1 * 5.0 × 108 −1 [52]

17-4 SLM 100 as produced ZX/HIP 243 1 * 5.0 × 108 −1 [52]

17-4 SLM 100 Machined ZX 340 1 * 5.0 × 108 −1 [52]

17-4 wrought N/A as produced H900 355 1 * 5.0 × 108 −1 [52]

17-4 wrought N/A Ra = 0.01 µm H1025 750 1 8.91 × 105 −1 [51]

1 Tensile fatigue test. 2 Rotating beam fatigue tests, * runout fatigue test—a test specimen that just will not fail in
the given amount of time. HXXX—means age-hardening treatment at XXX ◦F for 4 h air quenching.
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The existing limited literature data do not allow a direct comparison of the test results
obtained for metal FFF and SLM samples. The problem is a lack of literature data or
different test and material conditions. However, as can be seen, the results obtained for
SLM samples (Figure 11) do not differ significantly from those observed by other authors
(Table 12). The test results also show the tendency to increase fatigue strength with heat
treatment or surface roughness reduction, similar to the literature data.

4.3. Final Assessment

The presented study focused only on two materials, so that the comparisons may be
somewhat limited. However, the whole spectrum of tests was conducted for ten specimens
per test and per material. This approach gives confidence to the obtained results. To
produce specimens, the authors used two different printers per the employed technologies
to see an influence of a particular printer. To enhance the outcome of the analysis, it
would be beneficial to add the measurement of the porosity by employing CT (computed
tomography) scanning of the specimens so the internal defects can be seen and assessed.
Unfortunately, this was not possible for the presented project.

The presented results and observations support our hypothesis that FFF-printed steel
materials have significantly worse structural properties than the same SLM-printed steel
alloy. The main reason for this is the variability of the material properties and the meager
impact resistance caused by the characteristics of the metal FFF technology. The findings
cast some doubt on whether the metal FFF technique can currently be safely used for
structural components. In this case, a better solution is to use SLM technology instead.

5. Conclusions

This study aimed to evaluate the properties of the material (BASF Ultrafuse 316L
stainless steel) printed using the FFF method and to compare it with the material produced
through SLM. Additionally, 17-4 PH stainless steel specimens made via the metal FFF
additive manufacturing (Markforged Metal X) were tested to determine the mechanical
properties.

The findings clearly indicate that due to the low repeatability of material properties,
and low impact resistance, we currently do not recommend using the metal FFF method to
produce any structural parts.

Material printed using the SLM method shows excellent mechanical properties, which
can be compared with wrought material. We recommend applying a heat treatment for
the SLM parts after printing to improve fatigue resistance. Moreover, the static strength
parameters of 316L stainless steel printed via the SLM technique are surprisingly repeatable.

The findings indicate that further development of the metal FFF technology is required
to improve the connection between the extruded lines by eliminating air gaps during
printing and optimizing the sintering process. Those gaps are a cause of inferior mechanical
properties, especially evident in the printed orientation ZX. In the case of 316L stainless
steel, a yield strength reduction of 59% compared with the SLM heat-treated specimens and
65% with the non-heat-treated specimens was determined. A tensile strength drop of 41%
was measured with the heat-treated samples and 45% with the non-heat-treated samples.

Fatigue strength of 316L is lower for the metal FFF specimens than for the SLM ones;
for 1 × 106 cycles, the discrepancy is 34% between the metal FFF and SLM non-heat-treated
specimens. For the SLM heat-treated specimens, the difference is more significant and
reaches the value of 56%.

Additionally, the scattering of tensile test results of the metal FFF specimens is sub-
stantial due to the randomness of the occurrence of internal defects. Furthermore, those
defects cause the metal FFF specimens to have no measurable Charpy impact resistance
when printed in ZX orientation.

The strength results are abysmal for 17-4 PH stainless steel, where internal defects
make the material weak (low static and fatigue strength) and very brittle, with significantly
varying material properties caused by internal defects.
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The mean Ra surface roughness of 7.4 µm of the 316L FFF specimens was more
significant than the SLM specimens, with a mean Ra of 4.4 µm. The Markforged 17-4 PH
specimens had a maximum mean Ra roughness of 16.6 µm. Moreover, a significant Ra
roughness difference was observed depending on measurement locations ranging from
8.2 µm to 16.6 µm, most probably caused by printing parameters and the build orientation.
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Abbreviations

AM Additive manufacturing

BJ Binder jetting

CAD Computer-aided design

CT Computed tomography

FDM Fused deposition modeling

FFF Fused filament fabrication

HIP Hot isostatic pressing

MIM Metal injection molding

PBF Powder bed fusion

SEM Scanning electron microscope

SLM Selective laser melting
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4.3 Graded Shell Lattice in a Bicycle Crank Arm 

The publication titled Application of Functionally Graded Shell Lattice as Infill in Additive 

Manufacturing (Kedziora et al., 2023) builds on the first paper which described the implementation 

and optimization procedure of a functionally graded graph lattice structure in a bicycle crank arm. 

Now, the method is refined and expanded upon by incorporating a lattice splitting method based on 

scripting. The resulting separation closely matches expected stress field of the crank under a bending 

load. Furthermore, after obtaining detailed material properties from the preceding tests, the structure’s 

manufacturability is considered more strictly during the design phase. Two Gyroid shell lattices with 

differing unit cell sizes are investigated. Similar to the original investigation, a DOE study is 

performed, and its resulting model behaviour is approximated by a response surface fit. The fit is then 

used for the Multi-Objective Optimization (MOO) approach to reduce the required computation time. 

The MOO study minimizes the crank’s displacement and its mass while respecting a stress limit. Since 

the MOO approach gives a set of solutions, one result with an adequate deflection value and lattice 

thickness was chosen. The lowest acceptable lattice thickness value was chosen to be 0.5mm such that 

it remains manufacturable with the Markforged Metal X system. The part’s mass limit is identical to 

the one imposed in the first investigation, i.e. 360g. The optimized Gyroid lattice model reaches the 

highest stiffness-to-mass ratio of all the investigated crank models incorporating a graph or surface 

lattice structure. It is greatly outperforming the aluminium crank arm with a relative improvement of 

almost 110%. At the same time, it is also able to respect the imposed stress limitation as opposed to 

the aluminium model. 

A prototype was produced with the Markforged Metal X system to prove its manufacturability after 

Markforged enabled the possibility to manually manipulate support structure settings in Eiger.io (see 

section 7.6). Although the prototype showed no visible cracks on its external surface, its weight 

indicated manufacturing issues. At 344g, it only reached 89% of its expected mass. Numerous voids 

were noted on the internal Gyroid lattice structure where its overhangs surpassed a certain angle, 

rendering the structure not fully solid. The slicer’s restrictions delayed the production significantly, 

and at this stage the project had to progress to subsequent tasks. The prototype was therefore not 

physically tested. Nevertheless, the study proved the feasibility of implementing, designing, and 

optimizing a functionally graded lattice structure in a mechanical part while considering engineering 

constraints. Additional prototype pictures produced with different materials can be found in section 

7.7 of the Addendum. 

The author contributed to this paper through the development of the concept and methodology in 

conjunction with Slawomir Kedziora, as well as by reviewing the original manuscript draft. 
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Abstract: The significance of lightweight designs has become increasingly paramount due to the
growing demand for sustainability. Consequently, this study aims to demonstrate the potential of
utilising a functionally graded lattice as an infill structure in designing an additively manufactured
bicycle crank arm to achieve construction lightness. The authors seek to determine whether function-
ally graded lattice structures can be effectively implemented and explore their potential real-world
applications. Two aspects determine their realisations: the lack of adequate design and analysis
methods and the limitations of existing additive manufacturing technology. To this end, the authors
employed a relatively simple crank arm and design exploration methods for structural analysis. This
approach facilitated the efficient identification of the optimal solution. A prototype was subsequently
developed using fused filament fabrication for metals, enabling the production of a crank arm with
the optimised infill. As a result, the authors developed a lightweight and manufacturable crank
arm showing a new design and analysis method implementable in similar additively manufactured
elements. The percentage increase of a stiffness-to-mass ratio of 109.6% was achieved compared to
the initial design. The findings suggest that the functionally graded infill based on the lattice shell
improves structural lightness and can be manufactured.

Keywords: functionally graded lattice structure; infill; design exploration; finite element method;
bicycle crank arm; additive manufacturing

1. Introduction

The significance of lightweight designs has become increasingly paramount due to
the growing demand for sustainability. Consequently, this study aims to demonstrate the
potential of utilising a functionally graded lattice as an infill structure in designing an
additively manufactured bicycle crank arm to achieve construction lightness. The bicycle
crank arm (Figure 1) is a part where lightness is essential and self-evident since the vehicle
is powered by human muscle power, and minimal energy input is desired.

With this publication, the authors aim to demonstrate that designing and manufactur-
ing parts with optimised internal infills as a functionally graded shell structure using metal
Fused Filament Fabrication (FFF) technology is possible. Such a solution does not currently
exist, and its creation could contribute to the further development of this new printing
technology. In addition, the authors want to prove that this can significantly improve
the structural lightness of the fabricated parts. Thus, the authors’ efforts were principally
targeted at answering the following questions:

• How to represent the geometry of a 3D printed object with a functionally graded
infill efficiently?

• How to identify an optimal design among many viable options, and how to include
manufacturing constraints?

• Does the developed part fulfil functional requirements?
• How to validate its structural performance theoretically?
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• Is manufacturing the part with a functionally graded infill feasible with the metal
FFF technology?

Figure 1. CAD model of crank arm created based on Shimano FC-R450/453 crank arm.

To answer these questions accurately, the authors conducted the entire process of
designing and analysing a new part for specific loads, including manufacturing constraints,
and then created a prototype. In order to achieve this, three elements must be in place: prac-
tical design tools, a structural analysis methodology and a reliable manufacturing method.
These three components form an inseparable process that aims to create a lightweight crank
arm with an optimised functionally graded shell lattice as the infill.

Thus, this project’s primary outcome is a robust design and simulation process for ad-
ditive manufacturing targeting the metal FFF method with the infill as functionally graded
lattices. The metal FFF is often called the Material Extrusion Method (MEX). It characterises
that wire-shaped metal-containing plastic (filament) is plasticised in a nozzle and selectively
put locally layer by layer, building a 3D part, which is washed and sintered, receiving a
finished metal part [1]. A main benefit of the metal FFF technology in the project’s context
goal is the possibility of creating parts without adding powder-release channels for loose
powder from internal cavities, as required in powder bed fusion processes.

Any internal structure of the 3D printed objects, called an infill, was an optimised item.
The infill usually has regular structures determined in slicing software as a total volume
percentage. The infill structures determine the mechanical properties of the printed parts
and impact the printing process [2]. More material in the infill leads to a more robust but
heavier object and extends the print time.

As the infill, very promising structures are shell-based lattices because of their stiffness,
strength, and printability, supported by the literature review. Therefore, the authors
implemented one in the crank arm. Many researchers have been working on the mechanical
responses of the lattice structures in recent years [3–9]. However, their projects have focused
mostly on specimens or simple parts with basic load cases—compression and/or tension.
Unfortunately, attempts were missing to show how to benefit from those structures as
the infill in functional parts with complex stress states that cannot be simplified to only
tension or compression. The shown work fills this gap by demonstrating a real part’s
investigation/optimisation process. As a result, the authors used a Gyroid shell lattice
for the internal functionally graded infill, mainly considering its stress concentration-free
characteristic, sufficient stiffness, and printability.
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It should also be noted that there are solutions where an open lattice is a part of the
structure. The paper’s authors [10] show this structure with the example of a suspension
arm analysed using lattice structure optimisation. They concluded that strength improve-
ment and weight reduction could be reached using various types of lattice structure and
topology optimisation.

Further, the article text presents the background research to explain the applied
methodology and to present the status quo. Next, in the Section 2, the analysis method
is described with the level of detail required to reproduce the analyses. The authors
also present assumptions that were made, models, and material properties, giving all data.
Subsequently, in the Sections 3 and 4, obtained results and comparison with existing designs
highlight the achieved improvements. Findings are discussed, focusing on structural
performance, part lightness, and the developed method. Lastly, the authors summarised
the work in the Section 5 and proposed further directions for the planned investigations.

1.1. Lightweight Constructions

Lightweight constructions are characterised by low material density and unique meth-
ods of shaping and specific manufacturing, and all are implemented to achieve maximum
stiffness at a given weight and strength. Lightweight and ultra-light structures are critical
due to reducing machines’ energy consumption and sustainability. The main obstacle to the
increased use of lightweight parts is cost pressure in individual industrial sectors [11–13].
However, the future of creating new lightweight products looks very encouraging because
of the increasing demand for such products in the last few years. This trend is fostered by
the rapidly developing new additive manufacturing production technology.

Understanding natural structures is fundamental to designing lightweight designs
effectively. In nature, lightweight objects have been ubiquitous for millions of years and
have improved over time due to the evolutionary process. Natural creative processes
based on the efficient use of resources have built structures unrivalled for us in many
ways. For instance, in the bones of living beings, there is a mechanism causing the bone
structure to grow primarily in locations with high cycling strain and disappear where
the strain is low [14]—that remodelling occurs in bone mass and architecture because of
stimuli obtained from its mechanical environment. That mechanism creates structures with
different densities depending on external loads. Plants have also developed lightweight
structures through natural evolution; bamboo is an excellent example. The bamboo stem
has an optimal solution for strength and stability in specific environmental conditions.
Bamboo is a nature-designed functionally graded material because the fibres’ volume
fraction increases radially from the inner to the bamboo stem’s outer surface [15].

However, engineers can achieve structural lightness through a variety of techniques:
lightweight and high-strength materials, new design and analysis methods, and modified
or new manufacturing technology. The decision on which strategy to use depends on
various aspects of the specific development needs. This project aimed to mimic nature in
design (biomimicry) by using exploration methods in the design phase and the metal FFF
in manufacturing.

1.2. Additive Manufacturing

Additive Manufacturing (AM) processes give engineers the most design freedom and
produce physical objects from a computer model with few design restrictions, depositing
layer-by-layer material systematically until the whole object is created without any shaping
tools. AM technologies have several methods: binder jetting, directed energy deposi-
tion, material extrusion, material jetting, powder bed fusion, sheet lamination, and vat
polymerisation. A brief review of the entire AM technology can be found in the article [16].

A specific metal AM technology was chosen for the project: metal fused filament
fabrication (FFF). This technology allows us to maximise benefits from the optimised
internal lattice structure. The primary advantage of this approach is that it facilitates the
generation of intricate infill patterns without necessitating the incorporation of power-
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release channels. This obviates the need to extract unsintered, loose powder from internal
cavities created by the internal structures. Most significantly, this method is highly cost-
competitive [1].

This process belongs to the extrusion method, and it is based on a standard FFF
method for polymers, also known as Fused Deposition Modelling (FDM). In this method,
metal powder bound in plastic is printed layer by layer into the object’s shape. The object
size is scaled up to compensate for shrinkage during sintering. At that stage, the printed
part is soft and brittle (green part). The printed part can then go through a washing stage
to remove the binder or directly to the sintering process. Finally, the object is sintered
in a furnace to fuse the metal powder into solid metal. The metal part is created as the
process’s results and can be post-processed like any other metal part. The technology is
still in development, and some issues exist, such as print size restriction, support structure
requirements, available materials and the printed object strength [17].

1.3. Infill as Functionally Graded Structure

Functionally Graded Materials (FGMs) are materials endowed with spatial variations
in the physical properties and chemical compositions, which act as functional qualities.
The FGM idea was proposed in the 1980s by Japanese researchers [18], who developed
a new class of composite materials for aerospace applications dealing with very high-
temperature gradients. FGMs can be artificially created or formed by natural evolution.
The examples of bones and bamboo show natural functionally graded materials [15].
Designed FGMs are used nowadays in different industries: machinery [19], medicine
(implants) [20], aerospace [19], etc. FGMs are very often cellular materials, which include
foams and lattices. Their cellular characteristic can be observed differently depending on
the scale: nano (1 A–1 µm), micro (0.1 µm–1 mm), and meso (0.1–10 mm). In the presented
work, the internal structure—the infill has functionally graded properties through the
variable thickness. However, their variations are on a millimetres scale, and therefore it
would be better to name them Functionally Graded Structures (FGS) [7] instead of FGMs.
Using mesoscale is determined by the current capability of metal (FFF) technology.

Designing functionally graded structures requires complex optimisation methods with
considerable effort because of a high dimensionality of a model representation causing high
computational costs [21]. However, as shown in [21,22], it is feasible to design and create
functionally graded materials efficiently. The authors showed in the article [21] the novel
general structural optimisation method—the particle swarm optimisation (PSO), a nature-
inspired optimiser, for parts with functionally graded material properties. Their numerical
simulations presented that the proposed approach is practical, flexible, and computationally
efficient for FGM optimisation problems. The developed optimiser outperformed a classical
mathematical programming-based optimiser, and the proposed approach is applicable to
FGM objects with 2D and 3D geometries and any heterogeneous feature tree structure as a
model of FGM variations. In the book [22], the authors give an excellent overview of FGM
detailed material mechanics, modelling, applications, and manufacturing methods.

In the research area of FGS, there is a recent article [23] in which the authors propose
a new approach for generating bone-like porous structures. The paper proposes a novel
formulation for generating porous structures based on structural optimisation considering
the optimum design from a mechanical perspective and analysing it through detailed
parameter studies. The method is an extended voxel-wise topology optimisation algorithm,
which maximises the mechanical stiffness by optimising the distribution of a given amount
of material in a specified design domain under a given set of external loads. The authors
successfully show the optimised 2D and 3D infill, including a manufacturing constraint—a
minimum feature size. The authors did not focus on manufacturing constraints such as
overhangs, avoidance, and closed voids containing unsintered powder occurring in the
process of Selective Laser Sintering (SLS) for plastic materials. The work showed that it is
possible to generate the optimised infill for bone-like structures in conjunction with SLS
printing technology.
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The next exciting work related to the presented project is the article [2], wherein the
authors investigated numerically and tested 2D and 3D biologically inspired infill patterns
in cylindrical tubes. The infills were defined in a geometrical form of Gyroid, Schwarz D,
and Schwarz P surfaces. The authors found that 2D (honeycomb) infills, such as rectangular
or hexagonal lattices, are unsuitable for structural applications with complex 3D geometry
because of the resulting imposed anisotropy. In the case of loaded and supported classical
structural elements (when a 2D infill pattern is aligned with the principal stress orientation),
2D infills may outperform 3D infills. The authors also proposed optimising the local infill
density based on the actual stress fields and performance requirements, modifying an infill
wall thickness to achieve uniformly distributed stress. That idea was similarly realised in
the presented work, showing that it is feasible for metal FFF printing. Inspired by these
articles, we used a general, robust and affordable method of analysis of the functionally
graded infill of the crank arm, namely design exploration.

1.4. Design Exploration

Design Exploration (DE) or Design Space Exploration (DSE) [24] is a computer-assisted
approach to arriving at an optimal design solution. Design space exploration must be per-
formed carefully because a large complex system may admit millions, sometimes billions, of
design alternatives. Therefore, a manual approach to DSE is unachievable. It comprises the
following elements: a representation of design space, an analysis equipped with computer-
assisted techniques for discovering potential design candidates, and an exploration method
for exploring many design candidates [25]. Therefore, various procedures are included
in the design exploration; they are the design of experiments (representation), response
surface modelling with optimisation (analysis), and data mining (exploration method).
These tools enable us to explore, understand, and improve the design before a conceptual
phase of product development. The authors used the DE for the presented problem to
obtain a set of optimal designs. The implementation of DE is described fully in Section 2.6
to avoid limitations here.

1.5. Lattice Types

Various researchers have investigated different types of lattices/cellular materials
and their applications, including structural components [26], energy absorption [27], heat
exchange [28], and biomaterials [20]. In the context of application in lightweight structures,
it is known that the best option for lightweight constructions is to use stretching-governed
lattice structures (strut-lattice types) based on Maxwell’s stability criterion [29,30]. The nec-
essary condition for strut-lattice systems to be stretching-dominated lies within the connec-
tivity that the structure’s unit cell satisfies Maxwell’s criterion for static determinacy [29].
The stretching-governed structures are expected to be about three times as strong as the
bending-governed ones [29]. As shown in [29], the deformation of most foams, whether
open or closed cells, is bending-dominated.

The presented investigation work was preceded by an analysis of strut-lattice imple-
mentation in the identical crank arm, as presented in the article [31]. This article shows the
practical application of beam-based functionally graded lattice structures using a blend of
manual adjustments and numerical optimisation methods similar to those presented in
the current work. Theoretically, the conclusions were that implementing the functionally
graded lattice structures (strut-lattice) in the crank arm, combined with high-performance
materials, significantly improves the typical bicycle’s stiffness crank arm. However, the
result holds limited validity due to the uncertain material properties of stainless steel
17–4 PH produced via 3D printing technology.

The article [2] is an example where the authors analysed the infill as a Triply Periodic
Minimal Surface (TPMS) in the form of Gyroid, Schwarz D, and Schwarz P surfaces. They
are minimal 3D surfaces, meaning a surface that locally minimises its area and has a mean
curvature equal to zero at every point [2]. TPMS structures are periodic, continuous, non-
self-intersecting, and infinite. Some of these surfaces are known enough to have names
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associated with them, such as Schwarz primitive, Schwarz diamond, Schwarz hexagonal,
Schwarz crossed of parallels, Neovius, and Gyroid.

The Gyroid surface and shell lattices based on the Gyroid structure were discovered
by Schoen [32]. The 3D model of the TPMS Gyroid surface geometry can be described
using the following expression Equation (1).

cos(ω · x) · sin(ω · z) + cos(ω · y) · sin(ω · x) + cos(ω · z) · sin(ω · y) = t (1)

where x, and y are spatial coordinates, ω = 2π/l, l is the unit cell’s length, and t is the level
parameter of the isosurface, which can effectively control the relative density of the gyroid
surface [32].

A Gyroid-based structure characterises low-stress concentrations due to zero mean
curvature (no joints or discontinuities exist) [33]. Moreover, it has no planes of symme-
try and no embedded straight lines, which is beneficial when filling complex geometry
regions. Moreover, as shown in [34], the Gyroid infill is nearly isotropic, simplifying its
implementation into design and optimisation workflows. Low anisotropy under com-
pression of the Gyroid infill structure was also confirmed by [35]. Moreover, it was noted
that the inner Gyroid structure and pattern are more relevant than the material used to
build the structural part. In recent years, TPMS-based lattices have been proposed for
various engineering applications: body implants, functionally graded structural lattices,
heat exchangers and lightweight structures for mechanical components [36]. Furthermore,
functional grading TPMS lattice can be used with a proper design to mimic the structure of
natural systems [37,38]. Therefore, we assumed that the Gyroid lattice infill is an excellent
choice for a 3D-printed infill of complex lightweight parts.

1.6. Crank Arm Design and Analysis

The crank arm design was a topic for various authors. They have used it for investiga-
tions with Finite Element Analysis (FEA) and structural optimisation [39–42]. Most of the
time, the crank arms had a standard form known from the daily usage of bicycles. However,
one can see an innovative crank arm design for additive manufacturing in [40] designed
using topology optimisation to maximise stiffness at minimum mass by employing a finite
element method. In the context of manufacturing, crack arms are primarily designed for
forging and casting for purely economic reasons. However, for high-tech applications,
they are made of carbon fibre composites. Materials for the crank arm are typical for
lightweight structures, such as aluminium alloys, high-strength steel alloys, carbon fibre
composites, and titanium. Nonetheless, bicycle crank arms are manufactured mainly of
aluminium, fibre composite, and steel alloys. Material selection depends on bike types,
targeted customer groups’ applications, and manufacturing costs. Due to the variety of
materials, the stiffness-to-weight ratio of the cranks is highly variable.

2. Materials and Methods

2.1. Analysis Method

Several tools to design 3D models exist, but not all can effectively create components
with a lattice structure, mainly because of a lack of robust lattice generation methods and
their proper representation in existing CAD systems. The manual process of building
lattice models using existing CAD software is always very cumbersome. However, the
software—nTopology (nTop), version 3.45.4. [43] can give some freedom in the design of
the lattices, but exporting to CAD can be done only via mesh formats such as the Standard
Triangle Language (STL) format, which is very inconvenient for further integration with
other solids. We selected nTop software for the project since it has all the needed lattice
generation capability and a sufficient interface to export the lattice model. However, due
to the limitations of the simulation and optimisation routines implemented in the version
of nTop software available at the time, our optimisation problem could not be performed
in nTop. Therefore, Altair HyperMesh and HyperStudy software and programming were
employed. The developed process is presented graphically as the flowchart in Figure 2.
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The design process started with creating a 3D CAD model; then, a Gyroid infill lattice was
created employing nTop. Next, a shell body and the generated infill were served to build a
finite element model in HyperMesh. After that, the FEA model was an input for the design
exploration (DE) module, resulting in an optimum design of the lattice infill according to a
defined optimisation problem. In the last step, the infill as the optimum graded lattice and
the shell body were combined into one solid body using HyperMesh and nTop, resulting in
an STL file of the print-ready model.

Figure 2. Flowchart of design method of the crank arm with the graded lattice infill.

In order to compare the results of the optimised design with reference models, addi-
tional FEA models were analysed. So, four models were built using the same loads and
boundary conditions as in the case study. These reference objects were a hollow crank
arm model with no infill and two models from a previous publication [31], which have
the exact dimensions as the optimised one but two different infills made of a Face-Centred
Cubic (FCC) and (Re-entrant) strut-lattice and as well as the original Shimano FC-R450/453
geometry model made of aluminium.

2.2. Loading and Assessment Criteria

Typical loading of the crank arms coming from pedalling is dominated by bending in
two perpendicular planes and torsion. The loading is standardised by an ISO standard [44],
and for design purposes, it is split into two loading groups—two fatigue load cases.
Depending on the bicycle application, a vertical force of 1300 N or 1800 N is required
by that standard with minimum test cycles of 100,000 or 50,000. The load is applied on a
pedal with an offset of 65 mm from the outboard face of the crank arm. The direction of the
crank arm with respect to the horizontal plane is 30◦ or 45◦ depending on the load case,
as shown in Figure 3. The greatest fatigue force of 1800 N of the 45◦ load case is defined



Materials 2023, 16, 4401 8 of 25

for mountain and racing bicycles with cycling requirements of 50,000 and 100,000 cycles,
respectively. For the 30◦ load case, only a force of 1800 N is required with 50,000 cycles.
The obligatory load values of the standard appear conservative compared to the test data
shown in the article [45]—a 34-year-old healthy man can generate during 2 min on a bicycle
power of 200 W with a rotational crank speed of 50 rpm. Therefore, he generates a torque
of 38.2 Nm and considering the crank arm length of 170 mm, it translates to the force at
the pedal of 225 N. The observed significant difference in the forces can be explained by
the desire to ensure safety under all conditions, for example, when the force is applied
dynamically by jumping on the pedal. In the presented work, only one fatigue load at 45◦

(Figure 3) with a maximum force of 1800 N is analysed since it is the most severe case for
this crank arm.

Figure 3. Load configurations defined by the standard [43].

Detailed fatigue analysis can significantly complicate the whole design exploration
process, causing the optimisation results to be incorrect because of a mesh-sensitive fatigue
model and difficulty in result interpretation. Moreover, the fatigue endurance of a printed
object significantly depends on the printing process parameters [17]. Consequently, a
simplified assessment criterion was defined by a von Mises stress limit of stainless steel
17–4 PH of 360 MPa. The authors accepted that the chosen limit of von Mises stress is
sufficient, considering the printed material strength [17] and the fact that the infill has
extra small fillets of 0.35 mm that were not present in the FEA models because their
implementation was practically impossible due to the complexity of the infill geometry.
Nevertheless, fillets were applied in the stage of the infill assembly with the crank arm
body in nTop software for printing preparation.

2.3. Infill as Surface-Lattice Structures

The selected lattice structure is the Gyroid TPMS with two different cell sizes:
10 × 10 × 10 mm (X, Y, Z) and 18 × 8 × 10 mm (Figure 4). The authors used the shell lattice
with two unit cell sizes and varying thicknesses. As a result, optimal spatially varying
shell lattice structure thickness was found to create the functionally graded infill. The cell
size has been chosen to achieve a self-supporting infill structure and avoid closing the cell
because of its size in the printed element. As a rule of thumb, an overhang that extends at a
45◦ angle requires extra support to make it possible to print the structure. Reorientation of
the printed object during printing can help to minimise the overhangs. Nevertheless, the
proposed infill ensured a print without extra internal support. Unfortunately, the cell size
selection limits possible design candidates for the infill.
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Figure 4. Internal shell-lattice as gyroid surface: (a) 10 × 10 × 10 mm lattice (X, Y, Z);
(b) 18 × 8 × 10 mm lattice.

The initial thickness pattern was identical for both lattice types. The pattern
Equation (2) was selected based on the assumption that the crank arm must be sym-
metric and cantilever bending with torsion is the dominant loading. The defined pattern
corresponds approximately to the stress distribution during pure bending. Generally,
any thickness pattern is possible, but the choice limits potential solutions. The pattern
distribution is displayed in Figure 5. The thickness variability has been limited to 8 design
variables to minimise the computational time. The thickness parameters were obtained
by dividing a thickness range specified by Equation (2) into eight groups, and the aver-
age group thickness was assigned to all group elements. Each variable had a continuous
allowable range of variation of 0.5–1.5 mm. The minimum thickness was driven by the
resolution of a 3D printer nozzle, while the maximum thickness was restricted by the desire
to achieve a recognisable post-print structure of the lattice infill. Too small a cell size could
cause a complete closing of the space in the cells in some parts of the infill where maximum
thickness could be required.

The initial thickness distribution function shown in Figure 5 is defined as follows by
the equation:

T(x, y) = 0.685 − 0.001 · x + (0.003 − 3.331 · 10−5
· x + 1.172 · 10−7

· x2) · y2 (2)

where x, and y are spatial coordinates and T(x, y)-thickness distribution in mm.
The crank arm design was chosen to be a shell body with a thickness of 1.6 mm with

the presented functionally graded infill. The shell body thickness was selected, considering
that a printer nozzle size for metal FFF technology can be 0.4–0.6 mm. A thinner wall
can cause manufacturing problems with the proper representation of the wall thickness.
A thicker wall can lead to an unwanted increase in the mass of the printed object.
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Figure 5. Initial 2D distribution of thickness of shell-lattice, design variables based on Equation (2)
and then discretised in 8 groups.

2.4. Manufacturing Constraints

Manufacturing constraints can depend on the specific metal FFF technology. Currently,
there are some available commercial solutions; the first one is Markforged with Metal X
system [46], the second one is BASF with Ultrafuse material [47], the third one is Virtual
Foundry [48], and the last one is Desktop Metal Studio System [49]. In the presented project,
the Markforged Metal X system was used to produce a prototype part, and consequently,
the following manufacturing constraints need to be considered in the design process:

• The material strength of the green parts determines the required support structure
and limits the possible types of internal shell lattice structures.

• The sintering process limits the size of the printed parts and forces to use of sup-
port structures.

• The printed material and nozzle size determine the minimum thickness of a printed object.
• Metal X technology offers only some materials to print: 17–4 PH stainless steel,

H13 tool steel, A2 tool steel, D2 tool steel, Inconel 625, and copper, whereas 316L
stainless steel, titanium Ti6Al4V and aluminium are not yet available for this system.

• A substantial shrinkage after sintering reached approximately 20%, varying in a small
range depending on part sizes.

• The material is characterised by high porosity because of the specific production process.
• Materials show strength anisotropy determined by a part orientation during printing.

For the presented project, the authors selected a filament developed by Markforged,
stainless steel 17–4 PH (version 2), offering theoretically sufficient strength. As mentioned,
bicycle crank arms are manufactured mainly of aluminium, fibre composite, and steel
alloys. Therefore, the material selection does not seem unusual for the application.

2.5. 3D Printing, Debinding and Sintering Parameters

The crank arm made of 17–4 PH (version 2) stainless steel was manufactured using the
Markforged Metal X system (printing time of 2 d 4 h) with the settings shown in Table 1.

Table 1. Printing settings for the Markforged 17–4 PH (version 2) filament.

Printing Parameters Value

Nozzle size, mm 0.4
Layer height, mm 0.125

Print bed temperature, ◦C 115
Metal hotend temperature, ◦C 220

Chamber temperature, ◦C 48
Oversizing factors: X, Y, Z, % 19.5, 19.5, 20

The debinding and sintering processes were done in-house with the default parameters
developed by Markforged [47]. The Wash-1, a solvent-based debinding system with Opteon
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SF-79 liquid, was utilised for debinding the green part for 1 d 8 h. For the sintering, Sinter 1,
a tube furnace was employed to produce the 3D-printed crank arm.

2.6. Design Exploration

The design exploration methodology was employed to find the best possible configu-
ration by modifying the design variables in a design space. The DE analysis was conducted
using Altair HyperStudy software [50], the Altair OptiStruct [51]—a finite element solver,
Multiobjective Optimisation (MOO) [52], and other auxiliary tools for data analysis. To be-
gin this process, eight design variables—the lattice shell thickness pattern were selected, as
shown in Figure 5, based on the distribution described by Equation (2). Those variables
and other parameters were implemented in an input file of the OptiStruct solver via its
parameterisation that allows an optimisation process. Once the finite element model and
the design variables were established, design objectives were defined as the crank’s mass
and its maximum displacement. We decided to use MOO, minimising the objectives with a
design constraint defined as von Mises stress of 360 MPa. Since we had set it as multiob-
jective optimisation with two contradictory objectives to minimise the total mass and the
maximum deformation, the design exploration gave not one but a set of optimal solutions.

Once the DE model was set up, a Design of Experiments (DOE) study was employed
as prerequisite steps for an approximation stage, fitting a predictive mathematical model to
the data to create a response surface model approximation (Figure 2). The DOE study’s
objective was to distribute the design points uniformly in the design space to feed them
into a fitting method to predict the model behaviour accurately. The Modified Extensible
Lattice Sequences (MELS) method [53] was employed for the DOE studies. MELS is a
quasi-random sequence designed to distribute the design points in space, minimising
clumps and voids evenly, and is based on extensible lattice sequences [54]. The fitting
process used the Fit Automatically Selected by Training (FAST) method [53], automatically
building the best-fitting functions by testing all implemented methods. Then, instead of
finite element analysis, that built approximation was utilised to shorten the optimisation
process time, avoiding typical problems with limited computation resources. Following
appropriate procedures, the multiobjective optimisation step was employed. The Global
Response Search Method (GRSM) [53] was used for optimisation. The algorithm generates
a few designs, including global sampling, to ensure the right balance of local and global
search capability. The response surface is updated with the newly generated designs to
improve the model fit. Afterwards, response surface-based optimisation is conducted.
As a result of the described process, the non-dominated solutions (Pareto-optimal set) are
determined. Here is where the entire analysis process ends, and the optimum solutions
were selected, considering other factors that could not be considered during the DE process,
such as manufacturing constraints.

2.7. Finite Element Model

We built a crank arm finite element model using two elements: second-order
10-node tetrahedron elements and first-order shell quad elements (Figure 6). The Op-
tiStruct solver was employed to analyse the developed model. Since the deformation of the
part is expected to be small with stress below the yield strength, the FE analysis is linear,
allowing for a shorter optimisation time. However, the model linearity does not limit the
generality of the proposed method in any way. The shell model of the internal lattice infill
allowed us to parametrise the models required for the design exploration phase. Contact
elements connect the external solid elements with the shell elements of the infill (Figure 6).
The initial lattice thickness distribution was defined, as illustrated in Figure 5, applying
eight design variables (shell element thickness). For that purpose, a TCL/TK script was
developed that assigns a particular thickness to the shell elements with a defined number
of the variables based on Equation (2). The reduced number of parameters contributed to
the simplicity when optimising and generating a final STL model. However, increasing the
variables at the cost of additional modelling complexity is possible.
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Figure 6. Analysed FE models with 10 × 10 × 10 mm (X, Y, Z) shell-lattice, view of solid and
shell elements.

2.7.1. Load and Boundary Conditions

As we described earlier, only the load case of the fatigue at the crank arm location
of 45◦, with a maximum force of 1800 N, is analysed since it is the most severe case for
the designed crank arm. The force was applied using the distributing type 3 rigid body
element (RBE3), and the crank arm was fixed using the RBE2 element, as stated in Figure 7.
The drive (independent) node of the RBE2 element was created in the centroid of the
large hole used to fix the crank arm onto the shaft. All degrees of freedom of that node
were fixed.

The force offset of 65 mm from the outboard face of the crank arm was used to simulate
a realistic load condition; the force was assumed to be applied to the middle of a pedal.

Figure 7. Load and boundary conditions.

2.7.2. Contact

The solid and shell elements are connected via contact elements; all degrees of freedom
of nodes of both element types are bounded via a contact penalty algorithm. The Freeze
contact interface is used, which enforces zero relative motion on the contact surface, and
the rotations at the slave node are matched to the rotations of the master patch. The Freeze
contact type is predefined in the OptiStruct solver as one of the offered contact types.

2.7.3. Materials of Models

The mechanical properties of 17–4 PH (version 1) stainless steel as printed are presented
in Table 2. The data come from the Markforged document [55] and the articles [17,56], where
the properties have been experimentally verified, and as we can see in these publications,
the 17–4 PH steel is very brittle as printed with varying strength caused by material defects.
In the article [17], the authors argue that applying the metal FFF technology for structural
parts is risky. Even so, the choice of FFF metal technology for the current project is enforced,
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as it allows parts to be manufactured without trapped metal powder inside the infill.
The technology still offers a high potential for further development.

Table 2. Material properties reported in the literature for 17–4 PH (version 1) as sintered.

Parameters [16] [54] [55]

Print direction ZX (Upright) XY (Flat) XZ (On Edge)
Young’s modulus, GPa 142 140 189

Poisson’ ratio - 0.272 -
Tensile strength, MPa 496 1050 815
Yield strength, MPa 441 800 650

Elongation at break, % 0.4 5 0.86
Density, g/cm3 - 7.44 -

Hardness 261 HB 30 HRC -

Seeing the large spread of material properties and existing anisotropy of material
caused by the printing, we decided to select the properties shown in Table 3 for our
research and used a linear isotropic material. Additionally, one of the reference models
was the original Shimano FC-R450/453, made of a precipitation-hardened aluminium alloy,
and its properties are listed in Table 3.

Table 3. Material properties used in the analysis.

Parameters
Stainless Steel 17–4 PH

(As-Sintered)
Aluminium 6061–T6

Young’s modulus, GPa 170 69
Poisson’ ratio 0.27 0.33

Stress limit, MPa 360 -
Density, g/cm3 7.44 2.7

3. Results

3.1. Design Exploration

The output of the design exploration step is shown in Figure 8. A Pareto plot shows
the sets of optimum designs for the defined constraints and objectives. The figure compares
the results obtained from the analysis of the two models analysed of the shell-lattice types.
The two curves obtained are linear, with Pearson’s R coefficient being adequately −0.9986
and −0.9995 for 18 × 8 × 10 mm and 10 × 10 × 10 mm curves, and offset from each other.
The curve for the 18 × 8 × 10 mm lattice is shifted to the left of the 10 × 10 × 10 mm lattice
curve. The figure shows that the solution with lattice 18 × 8 × 10 mm performs better
regarding the stiffness-to-mass ratio. The difference between both lattice types is significant
and reduces with the mass decrease since both curves have a different slope. The curve
slope of the 18 × 8 × 10 mm lattice is smaller than the second lattice. Looking at Figure 8,
it is apparent that there are many different possible solutions; however, the printability
without internal support and the print resolution limit the possible design candidates.

The minimum mass of 348.3 g was obtained for the constant thickness of the lattice
of 0.5 mm for the lattice 18 × 8 × 10 mm with a maximum displacement of 1.985 mm.
Unfortunately, this solution is not the best for manufacturing reasons and print quality; as
explained, 0.5 mm thickness is difficult to achieve for the infill during printing. Including
the part oversizing because of the post-sintering shrinkage, the wall of 0.5 mm needs to be
printed as 0.6 mm. The nozzle size utilised in the experiment was 0.4 mm. Consequently,
printing lines with thicknesses that deviate from multiples of the standard line width of
0.4 mm, as defined by the Markforged preprocessor, deteriorate part quality due to poor
material connectivity at the point where lines merge. As a result, selecting a structure
with a slightly thicker minimum wall thickness to mitigate these line interface issues is a
more prudent approach. This would also increase rigidity and facilitate the manufacturing
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process of the arm. Thus, to prototype the arm, the authors choose the design that is
marked in Figure 8—iteration 61. The selected design has a mass of 385.8 g with a resulting
displacement of 1.9 mm. We showed the thickness distribution of the selected solution
(iter. 61) in Figure 9a, and in this design candidate, the region of the critical thickness of
0.5 mm is greatly reduced. Considering technological limitations, this distribution was
slightly adjusted to the printing prototypes (Figure 9b).

Figure 8. Pareto-optimal set of solutions.

Figure 9. Thickness distribution of shell-lattice of infill: (a) thickness of selected optimum design
iter. 61; (b) thickness defined for printed prototypes.

The general thickness distribution is not surprising—it follows approximately a bend-
ing stress map in a cantilever beam. However, a specific local perturbation in the distri-
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bution is unexpected around the large hole: a sudden decrease in thickness in the lattice’s
outer layers and a renewed increase.

3.2. Optimum Solution

Comparing the mass of the analysed crank arms results in Figure 10 and Table 4, the
chosen design with shell lattice has 1.81 times greater mass than the reference design and
slightly more than the crank arm with the strut-lattices having that ratio of 1.67. It should
be remembered that the reference arm (Shimano FC-R450/543) is made of aluminium, and
the others are made of stainless steel. Therefore, the obtained ratio of 1.81 is a reasonably
good result compared to the specific density ratio of 2.8 between steel and aluminium.
The authors added the mass of the hollowed arm with a wall thickness of 1.6 mm, having a
ratio of 1.25. However, it must be remembered that the hollowed construction does not
meet the criteria for maximum permissible von Mises stresses of 360 MPa.

Figure 10. Mass comparison between designs.

Table 4. Results of analysed designs.

Design Material Mass, g
Displacement,

mm
Stiffness,

N/mm
Stiffness-to-Mass,

106
· (1/s2)

Shimano FC-R450/453 6061–T6 213.4 7.20 250.2 1.172
Strut-lattice (re-entrant) 17–4 PH 357.0 2.61 689.7 1.927

Strut-lattice (FCC) 17–4 PH 360.0 2.55 705.9 1.961
18 × 8 × 10 mm (Iter. 61) 17–4 PH 385.8 * 1.90 947.4 2.456

Hollowed, 1.6 mm 17–4 PH 267.3 2.37 760.5 2.845

* The printed crank arm had 343.8 g.

More exciting results are shown in Figure 11 and Table 4, where the stiffness-to-mass
ratio is presented for the same structures. Here, we see that the developed arm with the
surface lattice is by far the best in this category, which also respects the stress restriction.
The ratio reaches a value of 2.10 compared to the design with the strut-lattices of 1.67,
including the reference design of 1. The best overall solution for 2.43 is the hollow design,
but it should be remembered that it is excluded because of unacceptable stress levels.
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Figure 11. Stiffness-to-mass ratio comparison between designs.

Figure 12 presents the magnitude of displacement of the selected arm design under a
defined load, as the evidence shows that the load is dominated by bending in two planes
and torsion. For the structural assessment, the maximum displacement of the node at the
pedal centre (load application point) was considered.

Figure 12. Magnitude of displacements (mm) selected optimal design, iter. 61.

Figure 13 displays the von Mises stress in the crank arm’s internal shell lattice for
the selected optimal configuration. As can be seen, the stress level is below the defined
stress limit of 360 MPa. The results are plotted from the shell elements’ external layers
(top and bottom). The maximum stress is located around the small hole in the crank arm.
There, the load is applied through the RBE3 element. The maximum stress position is not
surprising; they should typically be expected around the fixation and the load location.
This effect can also be seen in Figures 14 and 15 on the arm’s external surface close to the
hole used to assemble a pedal. That stress concentration shows the level of von Mises
stresses below 333 MPa.



Materials 2023, 16, 4401 17 of 25

Figure 13. Maximum von Mises stress (MPa) for selected optimal design at maximum load, view 1, iter. 61.

Figure 14. Maximum von Mises stress (MPa) for selected optimal design at maximum load, view 2, iter. 61.

Figure 15. Maximum von Mises stress (MPa) for selected optimal design at maximum load, view 3, iter 61.

Figure 13 shows that the maximum stress of 333.5 MPa is in the arm’s shell part inside
the cavity on the radius. The stress level is acceptable, but it is evident that local geometry
modifications can reduce the stress in future investigations.
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The arm’s fixation looks very well designed, the stress level is relatively low, and the
design does not need to be modified. The stress level is below 333.5 MPa, and the maximum
is located in the radius of the external surface Figure 16. The maximum stress localisation
is fully explainable and expected due to how it is fixed and the load type. In reality, lower
stresses are expected because the used boundary conditions are simplified, resulting in
stiffening the places where the loads have been applied. That effect translates into higher
stresses and is created directly by the RBE2 element, which adds locally infinite stiffness to
a structure.

Figure 16. Maximum von Mises stress (MPa) for selected optimal design at maximum load, view 4, iter. 61.

3.3. Prototype

Complex geometry requires many elements to represent the print model properly;
therefore, the size of the generated STL file (inter. 61) was huge, about 600 MB. Finally, it was
possible to handle the file without significant difficulties. A part of the generated STL model
is shown in Figure 17; it reflects the complex internal geometry of the developed infill.

Figure 17. Internal structures, iter. 61, STL model (part of the whole model).

The sintered crank arm (Figure 18d) had a mass of 343.8 g and no visible cracks on
its external surfaces. The green part and the sintered one had a typical surface roughness
determined by layer-by-layer material deposition of the metal FFF technology, as shown in
Figure 18. Interestingly, the measured mass of 343.8 g of the crank arm represented only
89% of the 3D model’s mass of 385.8 g, and an explanation of this will be provided later in
the article.
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Figure 18. Prototype of the crank arm, iter. 61: (a) model with support and raft structures; (b) green
part; (c) sintered part with support structure; (d) sintered part.

The printing and sintering process achieved the crank arm’s desired external dimen-
sions, as shown in Figure 19. The external surface of the part has a typical metal FFF
technology texture caused by the distribution of material layers while printing.

Figure 19. Views of the printed and sintered crank arm (iter. 61).

Additionally, the infill structures showed the same typical texture of metal FFF parts.
However, the infill was not represented entirely correctly; Figure 20a–c shows that un-
sintered and missing layers caused gaps in the infill, occurring randomly throughout its
volume.
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Figure 20. Views of the sintered cut crank arm (iter. 61) showing the internal structure: (a) whole
cut section; (b) view of the infill marked by the red rectangle, (c) view of the infill marked by the
blue rectangle.

4. Discussion

It was hypothesised that the functionally graded internal shell lattice could be imple-
mented in real mechanical parts and that the applications could benefit from increased
stiffness-to-mass ratios. The literature shows that many works are devoted to specimens
rather than geometrically complex parts. The presented work shows that it is feasible
to design the functionally graded lattice as the infill in the crank arm using the metal
FFF technology and existing engineering tools. A novel design and analysis method is
proposed. In detail, the authors show how to efficiently represent the crank arm’s geometry
with the functionally graded infill and how to search the design space for the optimum
design. Finally, the optimum configuration was selected considering the manufacturing
requirements from the sets of optimum designs for the defined constraints and objectives
represented by the Pareto plot in Figure 8. The results show that a satisfactory outcome
regarding the stiffness-to-mass ratio is possible. In the presented work, that ratio is much
better than the existing reference design (Table 4). A percentage increase of 109.6% was
achieved, although the lattice cell was chosen to meet the manufacturing requirements
(overhangs and visible lattice structure after sintering). Theoretically, there is room for
improvement by selecting a more appropriate cell grid and thickness distribution, but this
requires developing a new sophisticated selection strategy that must include aspects of a
chosen manufacturing method.

The authors believe the chosen stress limit of 360 MPa for optimisation is appropriate
for the given loads and considering the project’s objectives. The structural performance
of the optimised crank arm was accomplished based on the finite element method for
the simplified model without the small fillets in the infill, which makes the assessment
more conservative. As the developed finite element model showed, a theoretical assess-
ment of the structural performance of the mechanical elements, such as a crank arm
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with the graded internal infill, is feasible. However, because of the considerable strength
variability caused by internal material defects shown in work [17], there should be no
illusion that metal FFF technology can currently be applied to functional parts. It is hoped
that further development into improving the material strength of parts produced by the
metal FFF printing process will enable their application. It is particularly important when
applied to crank arms, as failures due to fatigue fractures of crank arms can occur in
bicycles [57,58]. It is crucial to ensure a safe design, as failure can cause serious injury to
the cyclist. Thus, it can be concluded that the designed crank arm currently does not fulfil
functional requirements because of safety concerns.

The most important result of the work was the original elaborated method of the
structure’s design with functionally graded lattice structures. The proposed method can
adapt to any structure, boundary conditions, and manufacturing constraints. Design
exploration and finite element analysis together can be excellent tools for that problem,
as shown in the article. Unluckily, the procedure is required to assume a pattern of the
lattice cell distribution; however, it enables us to consider the manufacturing constraints.
Additionally, the initial distribution of the lattice thicknesses is recommended to reduce the
number of design variables to accelerate optimisation. A dream method would be a design
exploration procedure containing a mechanism that gives a graded distribution of grid
cells with variable thickness with no initial constraints. It is conceivable that a field defined
by an equation, point cloud, or a stress gradient could guide the grid cell size distribution
and variable thickness and consider manufacturing constraints. The authors believe it is
currently impossible or unnecessary to create such a method; that is confirmed because no
one has shown such a working solution for a complex three-dimensional part.

The following important outcome of the project is testing the limits of the metal FFF
additive technology. Unexpectedly, the most complicated part of the project was additive
manufacturing. Although printing technology opens up space to create complex structures,
there are still areas where further development is necessary. The crank arm’s example
with the complex infill shows the technical limitations of the technology. Here, we can
start pointing out the obstacles. Firstly, slicing software cannot always cope with huge
data sets. As shown in the project, the STL file format forced the handling of huge model
files of hundreds of megabytes for complex geometry parts. Secondly, slicing software is
often limiting in its ability to modify support structures manually. For instance, it auto-
generates a predefined support structure that needs to be manually changed, which can
be very difficult for complex geometry. Thirdly, the metal FFF technology limits printing
thin-walled infill structures due to the current material properties and the nozzle size.

An example can be seen in Figure 20, where the defects are observed. Most likely,
the faults were caused by the localised material collapse while printing because of the
filament properties and insufficient support of the complex thin-walled infill. The last main
obstacle is the maximum size of printed objects, often limited to 160 × 130 × 300 mm by
Markforged, Metal-X Sinter-2 oven. That constraint is caused mainly by sintering process
capabilities. Manufacturing larger objects is workable, but problems during the sintering
process are expected. As shown in the paper, the printing time is also an issue because it
can be long for parts with thin-walled internal structures reaching dozens of hours. As an
example of the difficulties, it is noteworthy that it took the authors about a year to print the
prototype shown in Figure 19, and only the latest version of the slicer software Eiger.io [59]
and version 2 of 17–4 PH filament made printing possible with shown quality in Figure 20.

As was mentioned, we noticed a significant variation between the masses of the model
and the actual printed and sintered parts by 11%. The pure porosity present in the sintered
part cannot explain its magnitude. The maximum observed porosity in the metal FFF
technology is 6.5% based on the review presented in [17]. Therefore, additional factors
must contribute to the mass difference. So, the discrepancy is caused by the inappropriate
geometric representation of the internal lattice in the prototype (Figure 20). Thus, the
shown manufacturing faults contribute to the observed difference. Unfortunately, a precise
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measurement of the infill geometry in the sintered part is unrealistic, so no proof of
measurement results can be provided.

Root causes of the observed manufacturing faults of the infill structure are determined
by insufficient infill support, the minimum thickness of the infill, and the filament material
strength. The orientation of the infill lattice and its size can be optimised using, for example,
multi-objective optimisation similar to those proposed by the authors [60], who successfully
showed the method to determine the build orientation in the SLM process automatically.
The other parameters required, unfortunately, more profound modifications of metal FFF
technology. Thus, it can be concluded that manufacturing the part with a functionally
graded infill is feasible in the metal FFF technology; however, the selections of the structure
infill type and its minimum thickness are crucial for a successful print.

5. Conclusions

This study aimed to demonstrate the feasibility of designing and manufacturing parts
with optimised internal infills in the form of a functionally graded shell lattice structure
using metal FFF technology. The results indicate that this approach significantly enhances
the structural lightness of the fabricated part. The study suggests that using functionally
graded lattices based on shell structures as the infill can significantly improve the stiffness-
to-mass ratio within a defined stress limit. In this case, a percentage increase of 109.6%
was achieved. This supports the idea that mimicking natural materials with functionally
graded lattice structures can benefit parts. The presented analysis method shows that it is
feasible to identify an optimal design of the graded infill among many viable options with
manufacturing constraints. A detailed structural assessment method for the optimised
crank arm was also presented. This study proves that the existing technology software,
analysis methods, and hardware are developed satisfactorily to support the design process.
The evidence suggests that designing the structures with functionally graded lattices is
feasible for complex parts, and an example of the methodology was shown. Nonetheless,
further advancements in metal FFF technology are necessary because several limitations
were encountered while implementing the functionally graded lattice in the design. The re-
strictions concern additive manufacturing and its technical limitations in software and
hardware. The most critical ones concerning 3D printing and sintering complex infill parts
are the minimum wall thickness, the maximum part size, and filament materials.

More broadly, development is needed to improve three elements in the future:

• Firstly, work is required to improve the metal FFF technology for printing thin-walled
internal structures, with issues relating to nozzle size, printing parameters and printer
control algorithms.

• Secondly, improvements are required in metallic filament materials for the metal FFF
technology to enhance printability and reduction of post-sintered internal defects,
thereby increasing the strength.

• Thirdly, it is recommended to develop methods for generating field-controlled lattice
structures and integration in CAD systems that enhance design optimisation and
exploration, opening up space for new types of high-performance parts.

Due to the significant strength variability caused by internal material defects shown
in the article [17] and possible manufacturing imperfections shown in the presented work,
we do not recommend using metal FFF technology for functional parts at this time.

The primary study’s strength is the presentation of the in-depth design process of
those structures supported by a shown case study of the crank arm and an identification of
the current boundaries of metal FFF technology. Thus, the work contributes to the existing
design knowledge for additive manufacturing technology by providing detailed design,
simulation, and manufacturing methods.
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FEA Finite Element Analysis
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4.4 Strength Properties of PBF and SLA Materials 

The publication titled Comparison of strength properties of common Powder Bed Fusion and 

Stereolithography materials (Decker et al., 2023) investigates the material properties of four materials 

manufacturable with two AM methods potentially suitable for producing FGLS in compressive energy 

absorption tasks, such as for a helmet. The materials and manufacturing methods were chosen since 

they are either available locally or at nearby suppliers, and theoretically provide adequate properties 

and build volumes for producing an entire helmet geometry. Formlabs Clear and Tough 2000 resins 

produced on a Formlabs Form 2 stereolithography printer are examined, along with PA12 produced on 

a Sinterit Lisa Pro SLS printer as well as PA12 produced on a HP MJF machine. The choices are 

intended to represent lower cost, commonly available material and manufacturing choices (Formlabs 

Clear, Sinterit PA12) as well as higher grade materials and manufacturing methods (Formlabs Tough 

2000, HP MJF PA12). 

The paper analyses the materials’ density, tensile properties, Charpy impact strengths, Poisson’s 

ratio determination of the cured resins by Digital Image Correlation (DIC), and fatigue properties of 

one resin type as well as one PA12 type. Similar to the previous publication, the samples were printed 

in parallel to the build direction and loaded in their weakest plane to emulate the worst-case scenario. 

A detailed overview of the material candidates was deemed necessary to progress with subsequent 

projects where precise knowledge of their stiffness and tensile behaviour was required. The study 

expands on related publications by determining the density, impact strength and Poisson’s ratio for 

both resin materials as well as fatigue properties of the Tough 2000 resin, which were previously 

neither reported by papers nor by the manufacturer. 

The author contributed to this paper by deciding on the test battery and setup, manufacturing of 

test samples, performing the tensile and fatigue tests, and executing the Digital Image Correlation 

study to determine the materials’ Poisson’s ratios. Further, the author performed the data analysis and 

visualization, wrote the paper draft, and edited it according to reviewer feedback, and presented the 

results at the conference. 
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Abstract. This paper serves as basis for subsequent studies investigating a potential material and 

manufacturing method selection for producing lattice structures to be used as energy absorption 

device, such as in novel wearable protective gear. Four additively manufactured plastics from two 

additive manufacturing methods are examined in detail. Polyamide 12 specimens produced on two 

Powder Bed Fusion (PBF) machines are compared against specimens produced on a 

stereolithography (SLA) printer using a standard and an engineering-grade resin. A comprehensive 

analysis of their mechanical properties is presented by measuring their densities as well as tensile, 

fatigue, and impact properties. In addition, Poisson’s ratio of the resin materials is estimated using 

Digital Image Correlation (DIC). 

Introduction 

Additive manufacturing (AM) allows the creation of complex structures such as three-dimensional 

lattice structures exhibiting high stiffness-to-weight ratio for light-weighting applications [1]–[3], 

substantial specific energy absorption capabilities in quasi-static or dynamic compression for 

protective use cases [4]–[6], including specific or even negative Poisson ratios of the structure 

[7]–[9], or increased heat transfer for cooling applications thanks to large surface areas and guided 

fluid flow [10]–[12]. Uniform lattice structures are able to perform exceptionally well in a variety of 

tasks, but the concept can be taken further by altering their structural properties non-uniformly to fit 

certain needs exactly. So-called functionally graded lattice structures (FGLS) can be tailored for a 

specific goal, introducing locally varying properties such as strut thickness, cell size, cell type or cell 

orientation. The choice of application and optimisation goals may be defined almost arbitrarily, 

adapting the structure for optimal specific energy absorption [13], heat transfer [14], the 

stiffness-to-weight ratio [15] or even the combined optimisation of structural, fluid flow and heat 

transfer capabilities [16]. 
Like graded foams, FGLS were shown to perform exceptionally well when used as compressive 

energy absorption devices, surpassing lattices with uniform properties in terms of specific energy 
absorption capabilities [13], [17-21]. They have thus the potential to be implemented as conformal 
protective liners in wearable gear or padding of sensitive equipment, where uniform expanded foam 
structures were used previously. Apart from the lattice’s geometrical properties, the choice of base 
material greatly influences its energy absorption properties, as ductile or brittle material behaviour 
results in vastly different cushioning behaviour [22]. Therefore, it is essential to possess exact 
material data for detailed studies. 

As for the manufacturing of lattice structures, all three major plastics AM methods can be used in 
conjunction with a vast array of material types, but not all are equally appropriate for this task. Fused 
Deposition Modelling (FDM) is able to handle surface-based lattices such as Gyroids with relative 
ease but requires extensive support structures for thin beam-based lattice structures. 
Stereolithography (SLA) can more easily produce fine structures, such as beam-based lattices, 
without requiring extensive support structures, though some are almost always required.  On the other 
hand, parts made via Powder Bed Fusion (PBF) methods often can completely forgo support 
structures as the parts are constantly supported by the surrounding powder during the build process. 
Therefore, the SLA and PBF technologies are the methods of choice for this paper and the subsequent 
studies. 
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Both methods offer vast arrays of printer and material selections covering different application, 

cost, and property categories. For the PBF systems, Polyamide 12 (PA12) was chosen due to its 

suitable processability and suitable material properties. Samples from an HP Multi-Jet Fusion (MJF) 

machine and a Sinterit Lisa Pro Selective Laser Sintering (SLS) are compared to contrast results from 

two commonly used PBF systems. The Sinterit machine and its PA12 powder are mostly targeted 

towards small runs of visual prototypes and non-functional parts, whereas the HP systems and their 

PA12 material are commonly used for small to medium batch production of functional prototypes and 

end-use parts as evidenced by the material data provided by the manufacturers (see Table 1). As for 

SLA printing technology, the Formlabs resin and machine line-up were chosen. Their resins are 

similarly divided into material categories designated for functional and visual purposes, respectively, 

with the standard resins sharing similar properties apart from their colouration [23]. The standard 

Clear V4 resin was chosen to be compared to the Tough 2000 V1 engineering-grade resin, which is 

intended to mimic ABS plastic in its properties [24]. 

The authors plan to examine the properties and optimisation approaches of beam-based FGLS 

further in subsequent studies, for which this paper is intended to provide detailed material data. The 

results are compared to the manufacturers’ indications and data from current literature. 

Methods and Materials 

Materials and Sample Preparation. The Formlabs resin and Sinterit PA12 samples were prepared 

locally, while the HP PA12 samples were produced by a third-party facility. The Sinterit samples 

were produced with a Lisa Pro machine using a layer height of 0.125mm, whereas the HP MJF 

machine applied its standard layer height of 0.08mm. The fresh Sinterit Smooth PA12 powder was 

mixed with previously used material as required by the manufacturer (see [25]). 

As for the SLA parts, both the standard Formlabs Clear V4 and Formlabs Tough 2000 V1 resins 

are printed on a Formlabs Form 2 printer with a layer height of 0.05mm. The subsequent curing step 

was performed under the recommended conditions specified by Formlabs (see [23], [24]). All 

specimens were printed with their longitudinal axis oriented in parallel to the build direction to load 

the parts in their weakest plane, taking into consideration their anisotropy introduced by the 

manufacturing process. The build orientation is not as impactful for SLA samples as compared to 

SLS due to the polymerisation process during printing, but still significant [26], [27]. 

As indicated by their manufacturers, material properties are summarised in Table 1. To determine 

the actual material densities, the dimensions and weights of all bending test samples were measured 

three times each with a micrometre screw (thickness, width), a digital caliper (length) and a Kern 

precision scale, respectively. 

 

Table 1. Material properties as given in the manufacturer’s material data sheets. 

 HP PA12a [28] Sinterit PA12b 

[25] 

Formlabs Clear 

[23] 

Formlabs Tough 

2000 [24] 

E [MPa] 1800 1470 2800 2200 

Ef  [MPa] 1730 1160 2200 1900 

σUTS [MPa] 48 32 65 46 

εmax [%] 15 10 6.2 48 

ρ [kg/m³] 1.01 0.92 - - 

Impact strength 3.5 [kJ/m²] 

(Izod, notched) 

16 [kJ/m²] 

(Charpy, 

unnotched) 

16 [J/m] (Izod, 

notched) 

40 / 715 [J/m] 

(Izod, notched / 

unnotched  

Flexural strength 

[MPa] 

70 47 - 65 

aValues given for samples oriented in Z-direction. bNo printing orientation was indicated. 
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Tensile Test and Secant Moduli. The tensile tests were carried out following EN ISO 527 1 on a 

Form + Test UP 5E universal testing machine with a total of five specimens per material type. A 

constant speed of 1mm/min was applied, which translates to 1.78%/min initial strain rate. Force and 

grip displacement are logged and used for engineering stress and strain calculation. Since the grip 

distance of this machine is relatively short, specimen type 1BA, as defined by EN ISO 527 2 was 

chosen (see Fig. 1). Per material, the secant modulus of the sample with the largest ultimate strain is 

derived from the engineering stress and strain values. The load cell’s sampling rate was set to 3kHz 

with subsequent downsampling to 30Hz for postprocessing of the data. 

 

 
Fig. 1. Dimensions of tensile EN ISO 527-2 1BA test specimen. 

 

Poisson’s Ratio Determination. Poisson’s ratio of one specimen per resin type was approximated 

using separate tensile test samples. Poisson’s ratio of PBF-based PA12 parts is known and was found 

to be approximately 0.4 [29], [30], hence no measurements of these materials were performed in this 

study. 

A series of high-resolution photographs taken with a Nikon D700 at ten-second intervals were 

analysed via the Digital Image Correlation (DIC) tool nCorr for Matlab. The strain rate was set to 

0.2mm/min to permit ample time for handling the camera setup. Strains between 0.3% and 1.5% were 

captured as outlined in EN ISO 527. A fine speckle pattern was applied to the specimens’ sides via an 

aerosol paint can. Black colour was utilised on the Clear specimens and white on the Tough 2000 

specimens to improve the contrast for the pattern recognition algorithm (see Fig. 2). 

Since the local strain results are available digitally, the ratio was determined at several points in the 

region of interest. In total, a grid of 20 sample points in horizontal and 100 sample points in a vertical 

direction was analysed for each picture and subsequently averaged, permitting a more precise 

estimate. 

 
Fig. 2. Black speckle pattern on Clear resin sample (left) 

and white speckle pattern on Tough 2000 sample (right). 
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Charpy Impact Test. The Charpy impact strength of eight specimens per material was examined 

following EN ISO 179 1 with an impact energy of 5J. The specimens were unnotched, 80mm by 4mm 

by 10mm in dimension and oriented in the edgewise position such that the hammer strikes the side 

with 4mm thickness. 

Fatigue Test. Fatigue testing of one material from the PBF and SLA categories was completed. 

The choice fell on the toughest material per category as determined by the Charpy impact tests. The 

fatigue tests followed ASTM D638 14 using Type I specimens (see Fig. 3). A stress ratio R of 0.1 was 

defined, with a minimum of five stress levels and two specimens per level. 

 

 
Fig. 3. Dimensions of the ASTM D638 Type I fatigue test specimen. 

Results 

Density measurement. Measurements showed that the samples of HP PA12 and Formlabs Clear 

resin were more consistent than the other two material samples. The dimensions of the Sinterit 

specimens differed strongly from the nominal dimensions and showed the highest standard 

deviations. Especially their width overshoots the nominal value considerably. The relatively large 

length deviation of the Formlabs Tough 2000 test pieces seems to stem from a resin build-up and 

bulging of the first layers. This could have been caused by the lateral movement of the tank during 

printing, sloshing resin on top of the first layers. Protrusions at the support structures’ contact points 

also remained at this spot but were avoided during measurements. Light warping was present along 

their longitudinal axes, curling the samples along their broad edge. All these flaws were far less 

pronounced on the Clear resin samples. The measured densities of Formlabs Clear and Tough 2000 

were 1.16 g/cm³ and 1.17g/cm³, respectively. The HP samples achieved 0.94g/cm³, and the Sinterit 

samples 0.98g/cm³. All dimensions, mass and density measurements are given in Table 2. 

 

Table 2. Measured dimensions, weights and densities. 

 HP PA12 Sinterit PA12 Formlabs 

Clear 

Formlabs 

Tough 2000 

Thickness [mm] 4.07 4.36 3.99 3.98 

Width [mm] 10.14 10.14 9.95 9.99 

Length [mm] 80.19 79.62 80.28 80.69 

Mass [g] 3.11 3.45 3.71 3.78 

Measured density 

[g/cm³] 
0.94 0.98 1.16 1.17 

 

Tensile Test. The Formlabs Clear resin samples reached the highest ultimate tensile strength 

(UTS) with 62.3MPa on average at a maximum strain of 7.2%. The largest average strain was 

achieved by the Formlabs Tough 2000 material with 36% at a UTS of 38MPa. Both PA12 materials 

showed relatively low ultimate strains, with the HP samples reaching 42.7MPa at 6.2% and their 

Sinterit counterparts only 22.7MPa at 2% strain on average. Samples from the SLA printer showed 

relatively little inconsistency in their tensile properties compared to the SLS PA12 samples. Only the 
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Tough 2000 specimens showed high ductility and visible necking at the failure section, the other 

material samples broke in a brittle manner. The test results are shown as box plots in Figures 4 and 5. 

 

  

Fig. 4. Ultimate tensile strengths of the tested 

samples. 

Fig. 5. Strains at break of the tested samples. 

 

Secant Modulus. The secant moduli based on the material sample with the largest maximum 

strains are shown in Fig. 6. At 0.1% strain, the Formlabs Tough 2000 sample’s secant modulus is 

approximately 1260MPa, followed by the HP PA12 sample with 1480MPa, then Sinterit PA12 with 

1555MPa and lastly, the Formlabs Clear sample with 1905MPa. The Sinterit PA12 material exhibits a 

modulus reduction to 1280MPa at 1% strain compared to its value at 0.1% strain, whereas the other 

three samples show vastly smaller decreases at this point. 
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Fig. 6. Secant moduli of the most ductile sample per material type. 

 

Poisson’s Ratio Determination. Since unphysical values and fluctuations occurred during the 

evaluation of the initial stretching range, these results are discarded, and the average Poisson ratio is 

determined in the range between 0.85%-1.5% strain, i.e. within the last ten pictures of the series. The 

estimated Poisson’s ratio of the Formlabs Tough 2000 material settled at approx. 0.39, with the ratio 

for the Clear samples remaining around 0.33. Figures 7 and 8 display the average Poisson ratio 

evolution in the stretching phase as well as the local ratios calculated from the last picture at 1.5% 

strain. 
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Fig. 7. Top: Evolution of Poisson’s ratio of the 

Formlabs Clear sample over strain range. 

Bottom: Local Poisson ratio of the last picture 

in the series at 1.5% strain, calculated at 

20×100 points. 

Fig. 8. Top: Evolution of Poisson’s ratio of the 

Formlabs Tough 2000 sample over strain 

range. Bottom: Local Poisson ratio of the last 

picture in the series at 1.5% strain, calculated 

at 20×100 points. 
 

Charpy Impact Test. The Formlabs Tough 2000 resin showed the highest average impact energy 

absorption capabilities with 63.4kJ/m², but also a large standard deviation of ±33.1kJ/m² with a 

minimum test result of 4.85kJ/m² and a maximum 113.7kJ/m². Next follow, with their average values 

listed in descending order, HP PA12 (19.9kJ/m²), Sinterit PA12 (10.3kJ/m²) and lastly, the Formlabs 

Clear samples (3.45kJ/m²). The last exhibited meagre impact resistance, and no test sample absorbed 

more than 10% of the impact energy. All specimens showed complete failure after the test, and no 

partial failures occurred. The test results are displayed as a box plot in Fig. 9. 
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Fig. 9. Charpy impact strength test results. 

 

Fatigue Test. From the S-N plot in Fig. 10, it is visible that the HP PA12 samples exhibit a higher 

fatigue strength level over the entire testing domain with a shallower slope of the fit line, meaning a 

lower fatigue strength drop over the cycle range. Approximate fatigue strengths of 26MPa for the HP 

PA12 samples and 17MPa for the Formlabs Tough 2000 samples at 1×105 cycles can be estimated 

from the graph. No clear endurance limit can be derived from the data. 

Of the HP PA12 samples, one reached 1,9 million cycles, with another overshooting two million 

cycles, at which point the test was stopped. As for the Formlabs Tough 2000 samples, one broke near 

the clamping area, and one reached a million cycles, marking the end of the fatigue tests as the results 

were deemed expressive enough at this point. These four samples were excluded from the fit line 

calculation but are still included in Fig. 10.  
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Fig. 10. S-N plot and fit lines of HP PA12 and Formlabs Tough 2000 

fatigue samples. Excluded samples were not used in the fit line 

calculation, and runout samples are marked with an arrow. 

Summary & Discussion 

The Sinterit samples with an average density of 0.98g/cm³ proved to be 6.5% denser than their 

nominal value of 0.92g/cm³. Tensile test results of specimens printed in an upright fashion 

(longitudinal axis oriented along Z) shown in [31] support the findings of this paper, determining an 

average UTS of 17.1MPa and 6% strain at break and slightly more ductile material behaviour. PA12 

samples from the HP MJF machine achieved a density of 0.94g/cm³, which is 6.9% less dense than 

indicated by the manufacturer. Compared to findings of average ultimate tensile strengths of 

49.6MPa at 14.8% ultimate strain in [32], the tensile properties determined in this study are 

marginally lower. This could possibly be due to the samples’ lower density, indicating issues with the 

powder’s moisture content, the manufacturing process etc. 

Although the HP PA12 samples reached an average UTS that was fairly close to the 

manufacturer’s indication, the maximum strain reached only 41% of the indicated value for samples 

oriented along the Z-axis. The Sinterit PA12 samples also fell short of the tensile properties indicated 

by the manufacturers, reaching only an average UTS of 22.7MPa at 2% strain as compared to 32MPa 

and 10% strain specified by the data sheet. 

The Clear resin tensile test results remained close to the manufacturer’s data sheet indications and 

the findings by Cosmi et al. in [27] but surpassed those determined by Riccio et al. in [33]. The Tough 

2000 resin’s UTS and strain at break values fell short of the data sheet indications and those reported 

in the study by Riccio et al. previously mentioned. Its secant modulus was significantly lower than 

expected, measuring 1160MPa instead of 1900MPa given in the datasheet. Through digital image 

correlation, Poisson’s ratio of the Clear and Tough 2000 resin was estimated to be 0.33 and 0.39, 

respectively. Additionally, the Clear resin’s density was measured to be 1.16g/cm³, and the Tough 

2000’s density 1.17g/cm³. Both the Poisson’s ratio, the densities of the resin specimens and the 

fatigue behaviour of the Tough 2000 resin appeared to be not available in current papers. Hence the 

authors they have filled in a knowledge gap about these materials. More precise measurements of the 
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samples’ Poisson’s ratio, stresses, strains, and tensile moduli could have been achieved by using an 

extensometer during tensile testing; however, none was available to the authors at the time of writing. 

Except for the Sinterit PA12, the Charpy test results cannot be compared directly to the data sheets 

as they applied several different testing methods. Sinterit’s PA12 material reached an average impact 

strength of 10.3kJ/m² in this study, a noticeably lower value than the 16kJ/m² indicated by Sinterit. 

Through the Charpy test, the two toughest materials were shown to be the Tough 2000 resin and HP’s 

PA12. As such, they were subjected to fatigue testing, during which the Tough 2000 resin and HP 

PA12 exhibited approximate strengths of 17MPa and 26MPA at 1×105 cycles, respectively. Another 

study treating MJF-fabricated PA12 by Avanzini et al. determined a fatigue strength of 27.7MPa at 

1×106 cycles. No study considering the fatigue behaviour of the Tough 2000 resin seems to be 

available at the time of writing; thus, no comparison can be made. 
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4.5 Optimization of a Graded Lattice Structure in Compression 

In this publication titled Local Thickness Optimization of Functionally Graded Lattice Structures 

in Compression (Decker & Kedziora, 2023a), the method proposed and demonstrated in the previous 

papers is applied to a cuboid lattice structure in compression. During literature review, it was noted 

that numerous studies investigated lattices in compression with and without thickness gradients, but 

very few seemed to explore their optimal material distribution. The studied structures mostly 

incorporated manually applied thickness gradients, therefore this investigation explores its optimal 

material distribution. The preceding demonstrations of the method presented in this thesis allowed for 

the lattice’s thickness to be altered independently and on a continuous range. Here, the method is 

refined by linking the lattice regions’ thickness by a mathematical function using its distance from the 

origin as independent variable. The structures are optimized for maximum specific energy absorption 

while retaining a mass limit equivalent to the uniform lattice’s weight. The optimization routine is then 

forced to redistribute the mass where beneficial instead of merely increasing the lattice’s diameter all 

throughout to reach the optimization goal. Using a function to link the regions allows for reducing the 

number of optimization variables from ten to three, greatly reducing the computational efforts. Two 

lattice types composed of Simple Cubic and Isotruss unit cells made of PA12 produced on a HP MJF 

printer are explored. Their behaviour while subjected to three different thickness distribution functions 

is investigated, then one approach per lattice type is produced and physically validated. 

The optimization is performed with the Global Response Surface Method (GRSM) algorithm after 

a DOE run was executed. Contrary to the previous optimization studies, the models at hand are highly 

nonlinear and could therefore not benefit from a response surface fit approach to reduce the 

computation time during the optimization step. The simulative assessments predict an increase in 

specific energy absorption of up to 29% for the optimized Simple Cubic lattice structure, whereas the 

improvements were only marginal with a 5% increase in case of the Isotruss lattice. Creating the 

correlation between simulations and physical tests proved to be difficult as thickness deviations 

influenced the results. Measurements indicated that struts turn out too thin when the manufacturing 

method’s limits are approached. Additionally, the buckling strength of the Simple Cubic lattices was 

severely overestimated in the FEA models since their idealized representations does not consider 

material or geometry imperfections. As soon as the root causes of the deviations were found and 

mitigated, the simulation results aligned well with the tests. Furthermore, weight differences between 

the FEA models, nTop models and physical samples resulted in specific energy absorption deviations. 

However, considering the non-normalized energy absorption values demonstrates the modelling 

approach’s ability to recreate the physical behaviour adequately, as do the comparisons of the reaction 

force curves. Repeating the models under consideration of the additional knowledge was not feasible 

due to time restrictions. Results of the mesh morphing studies and lattices produced with Formlabs 

Tough 2000 resin that were omitted from the publication text can be found in the Addendum in section 

7.8.  

The author contributed to this paper through the development of the concept and methodology to 

optimize the lattice structures, deciding on the test setup, manufacturing the test samples, performing 

the physical compression tests as well as the simulations and optimizations. Further, the author 

performed the data analysis and visualization, wrote the original paper manuscript, and edited it based 

on reviewer comments.  
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Abstract: This paper presents a new method for optimizing the thickness distribution of a functionally

graded lattice structure. It links the thickness of discrete lattice regions via mathematical functions,

reducing the required number of optimization variables while being applicable to highly nonlinear

models and arbitrary optimization goals. This study demonstrates the method’s functionality by

altering the local thickness of a lattice structure in compression, optimizing the structure’s specific

energy absorption at constant weight. The simulation results suggest significant improvement

potential for the investigated Simple Cubic lattice, but less so for the Isotruss variant. The energy

absorption levels of the physical test results closely agree with the simulations; however, great

care must be taken to accurately capture material and geometry deviations stemming from the

manufacturing process. The proposed method can be applied to other lattice structures or goals

and could be useful in a wide range of applications where the optimization of lightweight and

high-performance structures is required.

Keywords: functionally graded lattice structure; finite element analysis; optimization

1. Introduction

1.1. Functionally Graded Lattice Structures

The constant need for greater sustainability in production environments and the
minimisation of resource usage has forced researchers and manufacturers to explore new
design approaches. One of the resulting concepts is structures containing locally varying
properties of their structure, for instance, their material composition [1]. These so-called
functionally graded materials (FGMs) are designed such that their thermal, structural, vi-
brational, or other functions can be controlled or optimized. Common applications of FGMs
are found in thermal insulation tasks involving metal–ceramic composite materials [2], for
example, to improve the heat insulation of bolted joints [3]. A subcategory of FGMs is
functionally graded lattice structures (FGLSs), which are macroscopic cellular structures
containing a locally varying porosity gradient as a function of external factors such as
stress or temperature. Their concept stems from structures that can commonly be found in
nature [4], where the available material is intended to be optimally distributed, minimizing
resource usage. The use of and research on FGLSs has been greatly accelerated by additive
manufacturing (AM) since it readily allows for the production of such intricate designs.

Cellular structures are characterized by the porous composition of cells enclosed by
edges or walls, and their exterior dimensions can cover relatively large spans while being
lightweight at the same time. Naturally occurring cellular structures have evolved to
fulfil various functions such as filtering, insulation, fluid transportation, load-carrying,
weight reduction, and other tasks that are equally relevant for numerous engineering
applications. They can be composed of vastly different materials and are found on several
length scales, such as corals, honeycombs, sponges, cork, wood, and cancellous bone.
In industrial settings, artificial cellular structures find use as filters, thermal or sound
insulators, lightweight load-bearing elements, or protective liners for a wide variety of tasks.
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Cellular structures are categorized according to their three-dimensional composition,
regularity, and unit cell type. Planar cellular structures are generally referred to as honey-
combs even if they do not contain the characteristic hexagonal pattern known from beehives.
Three-dimensional structures characterized by a stochastic distribution of cell walls and
sizes composed of open or closed polyhedra are categorized as foams. On the other hand,
non-stochastic (i.e., regular, repeating) three-dimensional structures are classified as lattices.
The smallest repeating entity of a lattice is the unit cell, which can be composed of struts
or surfaces. Strut-based (also called graph-based) unit cells are categorized into bending-
dominated and stretching-dominated types depending on their connectivity state at the
corner nodes. Surface-based unit cells are divided into three-dimensional honeycombs and
triply periodic minimal surface (TPMS) cells. TPMS lattices possess the useful property of
dividing the occupied space into two separate volumes, rendering them especially suited
for use as heat exchangers.

Lattice structures behave much like expanded foam materials under compressive
loads. Their performance during the compressive phase is strongly influenced by the
relative density, ρrel = ρ∗/ρs, where ρ∗ is the apparent density of the cellular structure as
determined by its external volume and total mass, and ρs is the density of the base material.
A structure’s porosity is, therefore, defined as 1 − ρrel . Structures with a relative density of
less than 30% are considered to be cellular, whereas they are considered to behave more
like solids with isolated pores above this threshold [5]. In compression, foams exhibit an
initially linear elastic regime wherein the response is governed by cell wall bending or
stretching, depending on the cell morphology. The initial part of the stress–strain curve
is the linear elastic phase; its derivative is defined as the apparent Young’s modulus, E∗.
It is followed by a long collapse plateau at nearly constant (in the case of elastic–plastic
materials) or slowly rising (in the case of elastomeric materials) stress until full densification
is reached. Elastic–brittle materials cause a sharp stress decrease after the linear regime;
the plateau is characterized by stress fluctuations caused by the successive brittle failure of
the cells. Ductile materials show a smoother transition after the linear elastic regime with
few or no fluctuations in the plateau phase. Both brittle and ductile material types may
show successive layer collapses during the plateau phase, which is recognizable by its large,
low-frequency force fluctuations. The long progression of the plateau phase permits large
kinetic energy absorption potential that renders foams and lattice structures well suited for
use as protection devices for sensitive electronics, wearable padding for sports purposes,
etc. Lastly, densification is reached at the end of the plateau regime when opposing cell
walls come into contact. The compressive response is then governed by the properties of
the base material.

Lattice structures share the described characteristics with foamed materials; however,
the lattice’s unit cell category can further influence their compressive response in different
manners. Bending-dominated unit cell types (see Figure 1a) collapse early on because of
the formation of compliant plastic hinges, causing a relatively smooth transition to the
plateau regime (Figure 1b). On the other hand, stretching-dominated types yield later and
more abruptly because of rupturing or buckling struts, causing a higher force peak at the
end of the linear elastic regime and a sharp drop to the plateau regime stress level. The
lattice categories are further subdivided into many different cell types such as the Simple
Cubic (SC) cell, Face-Centred Cubic, Body-Centred Cubic, Fluorite, Diamond, Kelvin, Re-
entrant, Weaire–Phelan, and combinations or alterations thereof. Although the unit cell
type evidently influences the structural response of a lattice, its impact is noticeably smaller
compared with the choice of base material, relative density, and unit cell category.

Lattice structures can be readily adapted to improve their performance or to specifically
tailor them as needed. Such modifications can include strut thickness optimizations [6],
bidirectional cell size grading [7], unit cells designed via topology optimization [8], combi-
nations of differing unit cell sizes in honeycombs [9], unit cell type and orientation changes
mimicking crystal grain structures [10], corner node movements allowing lattice struts to
follow principal stresses [11], combining unit cell types [12], related methods such as using
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topology optimization with certain constraints to achieve fine lattice-like structures [13],
and many others.
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Figure 1. (a) Examples of bending-dominated (left) and stretching-dominated (right) unit cell cate-

gories; (b) schematic reaction force development of compressed lattice composed of ductile material

with stretching-dominated cells (solid line), bending-dominated cells (dashed line) and a brittle lattice

exhibiting sequential layer collapse (dotted line). Three distinct regions are visible—(1) linear elastic

part, (2) plateau region, (3) densification.

1.2. Functionally Graded Lattice Structures Incorporating a Thickness Gradient under
Compressive Loads

An easily controlled grading variable is the thickness of strut-based lattices while the
cell type and size are kept constant. Several publications have considered the thickness-
grading styles of lattices in quasi-static or dynamic compressive load cases and noted
potential performance improvements compared with uniform lattices of the same relative
density. Niknam et al. [14] studied six different lattice types at 50% porosity made of
Formlabs Elastic 50 A resin in quasi-static compression, comparing them with four linearly
varying thickness distributions along a single axis. The lattices were loaded along or
perpendicular to the gradient direction to assess potential differences. They concluded that
the uniform lattices were mostly capable of higher stress levels and absorbing more energy
than the graded lattices at low compression strains; however, this trend was reversed
at higher compressive strain levels. Furthermore, applying a gradient perpendicular to
the loading direction appeared to outperform a parallel gradient in most of the model
configurations. The performance of lattices under compressive loads is commonly assessed
via specific energy absorption (SEA), a measurement dividing the absorbed compressive
energy by the structure’s mass.

Ajdari et al. [15] investigated a two-dimensional hexagonal aluminium honeycomb at
5% relative density under dynamic compression. At low speeds, the uniform configuration
showed the largest energy absorption and the graded variants the lowest. During high-
velocity compression, differences in behaviour start to occur at different compression
stages. Up to 25% compression, a positive gradient with more mass located near the
moving plate shows significantly increased energy absorption compared with the inverted
gradient, while the uniform distribution’s absorption level is nearly the average of the
graded lattices’ performance. At approximately 55% compression, all graded lattices have
reached comparable energy absorption levels only to diverge again at higher compression
levels. Between 60 and 80% compression, lattices with a negative gradient (less mass
near the moving plate) show the greatest energy absorption capabilities. The same study
also considered a honeycomb Voronoi lattice structure in the same load case, and similar
findings were reported.

Maskery et al. [16] studied two cuboid lattice structures at a relative density of 19%
made of polyamide 12 produced with a Selective Laser Sintering (SLS) machine. A constant
gradient was applied to BCC and BCCz lattices (which are BCC unit cells with addi-
tional vertical struts) along the compression direction. In quasi-static compression, the
uniform lattice structures exhibit long, flat plastic plateaus, whereas the graded structures
show pronounced sequential layer collapses. Both types of graded structures outper-
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formed the uniform counterparts vastly with 80% (BCC) and 114% (BCCz) higher specific
energy absorption.

In a similar study by Maskery et al. [17], a BCC lattice structure made of Al-Si10-Mg
produced via Selective Laser Melting (SLM) with heat treatment was tested under quasi-
static compression. A relative density of 22% was set for both the uniform lattice and a
linearly changing thickness distribution. The graded lattice showed a slight increase in SEA
of approximately 10%. A uniform, non-heat-treated specimen failed because of shear band
formation and large-scale diagonal failure in the early compression stages with 10% strain.
This was accompanied by the near-total loss of load-bearing capacity until the densification
stage began.

Choy et al. [18] studied two lattice structures produced with SLM using grade 23 Ti-6Al-4V
in quasi-static compression. The lattices included an identical linear thickness change along
the compression direction and were designed with high average relative densities of 29%
for the cubic lattice and 48% for the hexagonal honeycomb lattice. The reported specific
energy absorption of up to 50% strain was 40% lower for the cubic lattice and 10% higher for
the hexagonal lattice. Upon rotating the lattice geometries by 90 degrees, with the thickness
gradient applied to the compression direction, the graded cubic and hexagonal lattices
showed increased absorption capabilities of 68% and 19% compared with the uniform
lattices, respectively.

A study by Tao et al. [19] considered a TPMS lattice made of 304 L stainless steel
produced with Selective Laser Melting. Five different continuous, linear thickness changes
oriented along the compression direction were examined. The relative density was kept
constant at approx. 56% for all specimens. The experimental verification of two thickness
gradient choices showed nearly identical load–displacement curves and did not allow for a
clear ordering of their specific energy absorption capabilities.

Bai et al. [20] compared a BCC lattice with uniform and nonlinearly changing thickness.
Additionally, a variant with non-uniform unit cell height was considered. The specimens
had an average relative density of approx. 18%, were manufactured via SLS using PA2200,
and were compressed in a quasi-static manner. In a strain range of up to 55%, both the
uniform lattice and the one with non-uniform cell height showed an almost linear increase
in specific energy absorption, with the latter being slightly higher. The thickness-graded
lattice exhibited far lower SEA during most of the compression procedure, but its SEA
curve grew approx. cubically and reached a performance level almost equal to the uniform
and size-graded variants at their respective final strain values.

1.3. Motivation, Aim, and Scope

Upon reviewing the studies summarized in the previous section, it becomes evident
that graded lattices possess greater energy absorption potential than uniform structures
with identical weights. The achievable performance improvements reported by the consid-
ered studies differ strongly because of the various combinations of grading styles, lattice
types, compression speeds, materials, relative densities, and levels of compressive strain.
Seemingly no study has investigated a method of finding an ideal thickness gradient
through optimization for the considered load case, lattice type, and material choice. Only
manually specified gradients that closely adhered to linearly changing thicknesses have
been investigated. Therefore, this investigation aims to expand on previous studies and to
find an optimal thickness distribution for the chosen lattice structure in a compressive load
case, potentially enhancing a multitude of applications.

To render the proposed optimization procedure compatible with current finite element
analysis (FEA) solvers, the model must be separated into discrete regions, each possessing
an element thickness property that can be altered separately. However, using every single
thickness property as a separate optimization variable would result in unmanageable com-
putation times. The lattice’s thickness distribution is, therefore, governed by a predefined
mathematical function to reduce the number of optimization variables and to enable an
efficient optimization process with FEA. The method’s utility is not limited to this specific
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load case or structure. It may be adapted to arbitrary goals and geometries as long as 1D or
2D elements are used for the lattice’s geometrical discretization.

Two graph unit cell types (bending-dominated versus stretching-dominated) are exam-
ined in a compressive load case to assess their performance differences and improvement
potential. Three thickness-grading styles are proposed, and the best-performing option is
physically tested. Surface-based lattices are not investigated in this publication. Only a
limited number of lattice and material options can be considered here; the investigation is,
therefore, not intended to provide a universally valid gradient recommendation. Rather,
the proposed optimization approach should be used to efficiently explore the improvement
potential of other lattice configurations, materials, and load cases.

2. Materials and Methods

2.1. Geometry

A cuboid lattice geometry is created in nTop, a design program specifically focused
on lattice structures using an implicit body approach [21]. The structures are filled with
Simple Cubic and Isotruss unit cells, as depicted in Figure 2. They are considered for this
study to represent examples of a bending-dominated type and a stretching-dominated type,
respectively. The centres of the cube’s edge nodes are spaced 50 mm apart, and it contains
five unit cells per axis, as shown in Figure 3. The models possess a uniform cell size of
10 mm per axis and a constant thickness of 1.3 mm. The total extents of the lattices are,
therefore, increased to 51.3 mm per axis.
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                   Figure 2. (a) Simple Cubic and (b) Isotruss unit cells.
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Figure 3. (a) Simple Cubic and (b) Isotruss lattice structures with unit cells of 10 mm edge length.

The cubes possess equal external dimensions of 51.3 mm per axis, the centres of their corner nodes

are distanced 50 mm apart.

2.2. Material Parameters and Sample Manufacturing

The test geometries were manufactured with High Reusability Polyamide 12 (PA12)
created by HP and produced with an HP Multi Jet Fusion (MJF) machine [22] by an
external supplier. A standard layer height of 0.080 mm is applied, and samples are oriented
such that their build direction is equal to the loading direction, as indicated by the red
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arrow in Figure 4. Each sample is built within a protective structure to reduce potential
damage occurring during the standard postprocessing step of sandblasting to remove
excess powder.
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Figure 4. Printed sample next to its protective cage, necessary during postprocessing with sand-

blasting. The part’s build direction is identical to the load direction and is marked by a red arrow.

Table 1 and Figure 5 summarize the experimentally determined physical properties
from tensile testing. A bilinear stress–strain curve was constructed (Figure 5b) based
on the averaged results from five test samples (Figure 5a; see [23]). All samples were
manufactured with their longitudinal axis oriented in parallel to the build direction to
consider the worst-case loading scenario, wherein the load acts perpendicularly to the
weakest plane. A Poisson ratio of 0.4 for as-built PA12 from Power Bed Fusion (PBF)
machines is used [24]. The friction coefficient of PA12 in short-duration contact with steel
is assumed to be 0.33 (c.f. [25]) and 0.4 in self-contact (c.f. [26]).

Table 1. Average material properties of HP PA12.

Physical Properties of HP PA12

Secant modulus at 0.1% strain 1480 MPa
Poisson’s ratio 0.4 (from [24])

Density 0.94 g/cm3

Ultimate tensile strength 50.6 MPa
Offset yield strength, Rp0.2% 29.6 MPa
Engineering strain at break 5.1%
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Figure 5. (a) Stress–strain data obtained from tensile testing. (b) Averaged, piece-wise linear true

stress–strain data used for FEA modelling.
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2.3. Finite Element Model and Optimization Setup

2.3.1. The Finite Element Model Setup

The explicit FEA solver Altair RADIOSS version 2021.2 [27] is used for the simulation
series. Altair’s FEA preprocessor HyperMesh [28] is used to prepare and set up the models.
A stationary rigid steel plate below the lattice cube acts as a foundation with a second
rigid plate compressing it at a constant speed of 1000 mm/s from the top, as depicted in
Figure 6. The velocity was chosen such that no inertial effects occur in the model, while the
computation completes quickly enough for an acceptable total duration when executed
several hundred times during the optimization. The moving plate does not have any
rotational degrees of freedom and is restricted to move only on the vertical axis. The cube
is compressed by 25 mm (or 50%) during a run time of 25 milliseconds. The minimum time
step is limited to 0.15 microseconds to keep mass scaling significantly below 1%. Contact
between beam elements is realised with a TYPE11 line contact, whereas contact between the
rigid plates and the lattice body is set up with a TYPE7 general penalty contact. The latter
has a constant gap factor such that the plates always touch the lattice body in an identical
fashion independently of the beam element thickness. To avoid any artificial movement
restrictions from the cube, no additional boundary conditions are imposed on it. Coulomb
friction is applied between all parts with the friction coefficients listed in Section 2.2. The
moving plate’s reaction force is traced at 20 kHz to accurately assess SEA performance
during the optimization runs.
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Figure 6. FEA model setup showing the Simple Cubic (a) and Isotruss (b) lattice structures discretized

with 1D elements between the two steel plates. The lower plate is stationary and rigidly fixed, while

the top plate moves downwards at 1000 mm/s for 25 ms.

The lattice geometry is represented by 1D beam elements since this enables the easy
manipulation of their thickness properties, a requirement for the proposed thickness
grading method. Each strut of the lattice is split into 10 beam elements (see detail in
Figure 7), ensuring that buckling can be captured adequately. Full geometric nonlinearities
are considered; integrated beam elements (P18_INT_BEAM) with a circular cross-section
and four integration points per section are utilized. An isotropic piecewise linear elastic–
plastic material law (LAW36) is applied to model the nonlinear material behaviour. Strain
rate effects are not considered since only data at one single strain rate are available to
the authors.

By default, the piecewise linear elastic–plastic law extrapolates the stress–strain curve
linearly beyond the given strain range, which can result in overly stiff geometry in the
post-failure strain region. Therefore, an alternative approach must be found. In Altair
RADIOSS, material failure in integrated beam elements can be considered by applying a
simple element deletion method when the first principal strain in an element’s integration
point reaches the material’s failure strain. However, this results in severely underpredicted
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reaction forces and is, therefore, not used. An alternative to this would be a gradual,
linear stress reduction to zero in elements exceeding the failure strain, but RADIOSS’
implementation for integrated beam elements is faulty and not in a functioning state. Other
failure models for beam elements are not available in RADIOSS. A different approach must
be considered, which is why the stress–strain curve was continued at the ultimate tensile
stress level. This avoids a further reaction force increase but adds to the overall compressive
energy absorption of the geometry during the simulation. This is considered to be the best
compromise of the given options.
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Figure 7. Splitting and linking of the lattice geometry. The graph on the right schematically shows the

stepwise thickness distribution linked to mathematical functions that can be defined arbitrarily. The

detail on the left side shows the subdivision of the beam into ten beam elements for increased accuracy.

2.3.2. Splitting and Linking of the Lattice

After the FEA model is set up in HyperMesh, the lattice is split into ten separate,
equidistant regions along its height, as marked by the colours in Figure 7. The region
identifier numbering scheme starts from T1 at the top of the lattice to T10 at the bottom.
Each region possesses a single thickness attribute, and every layer of the unit cells is split
in half. The RADIOSS solver input file is then exported for the subsequent steps.

Altair HyperStudy v.2021.2, a general optimization suite able to control and assess
virtually any executable calculation software and its outputs [29], is used to link the separate
lattice regions, control their thickness, and perform the optimizations. The procedure
demonstrated here makes use of the fact that the thickness assignment of idealized 1D and
2D elements is achieved by providing a single thickness value in the solver input file. A
section describing the beam element properties of a RADIOSS v.2021.2 input file is shown
in Figure 8a. It contains information about its cross-section; iteration point distribution;
and, among other things, the element group’s radius assignment marked by a red rectangle.
HyperStudy allows to parameterize it, as shown in Figure 8b, and it can then be altered
freely for parameter studies or optimization runs.
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Figure 8. Beam element property definition of a RADIOSS model input file with its thickness

property marked in red (a) and the same section after parameterization of the thickness value in

HyperStudy (b).



Appl. Sci. 2023, 13, 12969 9 of 20

Upon importing the input file into HyperStudy, it is parameterized by defining each
thickness property as an optimization variable. However, performing optimization runs
with ten separate variables would require significant computational resources. Therefore,
the thickness parameters are linked by a mathematical function using the lattice’s height
as an independent variable. The lattice’s origin point is located at the top layer, while the
height is assessed at the lower edge of each region (at 5 mm, 10 mm, etc.), as indicated by
the arrows in Figure 7. Three different functions are considered:

Linear law : T(h) = a ∗ |h + c|+ b (1)

Quadratic law : T(h) = a ∗ (h + c)2 + b (2)

Power law : T(h) = a ∗ hc + b (3)

The linear law (Equation (1)) was chosen to add to the investigations reviewed in
Section 1.2, which also considered linear thickness progressions and demonstrated signifi-
cant performance improvements. It is defined such that it can include an inflexion point
via the insertion of the absolute value function. The quadratic law (Equation (2)) follows a
similar approach but is intended to provide larger thickness differences between regions
than the linear law to investigate any potential differences. Both functions include a scaling
factor, a; a constant factor, b; and a shifting factor, c, allowing the inflexion point to be
altered. The limits of the shifting parameter, c, allow the inflexion point to be moved out-
side of the considered range, which also permits purely increasing or decreasing thickness
progression. The power law (Equation (3)) makes identical use of the a and b parameters,
but the c parameter acts as an exponent in this case. It is set up symmetrically with respect
to the middle plane (i.e., T1 is equal to T10, T2 is equal to T9, etc.) to prevent extreme
thickness values at the upper and lower regions. The linear and quadratic laws possess no
such inherent symmetry. The power law was added to investigate the performance of a
thickness distribution similar to what occurs in pomelo skin, where the cell walls are very
thick and close to the outer edges while decreasing to a near-constant level in between [30].
Since pomelo fruits fall from heights of up to 10 m to the ground without fracturing, this
indicates that this approach may possess high energy absorption capabilities.

In each approach, the number of optimization variables is decreased from ten to
three, reducing the computational effort for finding an optimum distribution drastically.
Generally, the laws linking the discrete regions may be arbitrarily chosen, and independent
variables other than the height can be considered.

2.3.3. Thickness Optimization Procedure

The goal is to maximize and compare the specific energy absorption capabilities of
each approach while restricting the mass of the geometry to a constant value. SEA is defined
as the integral of the transient reaction force, FR, at the moving plate over its travelled
distance, s, normalized by the structure’s mass, m0, as shown in Equation (4).

SEA =
1

m0

∫ s

0
FR(a, b, c, s)ds (4)

The goal is, therefore, the maximization of SEA by altering the parameters a, b, and c
as expressed by Equation (5). Their limits, provided in Table 2, are chosen such that a broad
design space is covered to permit numerous explorable combinations. More important
than these limits are the constraints imposed on each region’s minimum and maximum
radiuses, which can lie between 0.4 and 1 mm. The lower bound ensures reasonable
manufacturability, while the upper bound leaves sufficient space between their outer edges
such that the lattice is not entirely compressed at the chosen compression level.

max
a,b,c

(SEA) (5)
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Table 2. Optimization variable limits. N.B.: The limits and functions determine the element’s radius,

not its diameter.

a b c

Linear law ±0.02 ±4 ±200
Quadratic law ±0.001 ±1 ±50

Power law ±2 ±2 ±2

A mass limit is imposed to prevent the optimization algorithm from simply increasing
the thickness endlessly to fulfil the maximization goal and to keep the relative density
constant, ensuring comparability between models. It is equal to each reference lattice’s
mass with a 1.3 mm uniform beam diameter, which is the thickness of the uniform lattice
structures to which the optimized ones are compared. The standard constraint enforcement
of HyperStudy is enabled, which considers a constraint violation of 0.5% acceptable,
reducing the required optimization iterations. The mass is only parsed once in the initial
step of the simulation to avoid any influence of mass scaling that may occur during
the simulation.

A Design of Experiment (DOE) study using the Modifiable Extensible Lattice Sequence
(MELS; see [31]) approach is run first with 50 iterations to explore the design space and
provide initial sampling points for the optimization procedure. It is then relayed into the
optimization run, which employs the Global Response Search Method (GRSM; see [32])
algorithm with an upper limit of 500 iterations. The GRSM algorithm is a gradient-based
optimization method that uses a response surface fit with global sampling to increase
the probability of finding the global optimum. Its fundamental principle is represented
schematically in Figure 9. The exact methodology is proprietary and not available to the
public; therefore, no further information can be provided here.
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Figure 9. Fundamental principle of the GRSM optimization algorithm, recreated based on [32].

2.4. Physical Testing

The results of the base models and optimized models are verified by compressing the
lattice structures on a universal testing machine, a Form + Test UP 5E. Given its movement
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speed limits, the compression velocity of 1000 mm/s used in the simulation models cannot
be applied in the physical tests and is thus lowered to 1 mm/s.

3. Results

3.1. Physical Test of Uniform Lattice Structures

A comparison of weights reported from the FEA model, the nTopology model, and the
physical measurements is reported in Table 3. The Simple Cubic lattice FEA model has a
mass of 6.7 g, whereas the Isotruss lattice FEA model has a mass of 22.2 g. It is worth noting
that the FEA models do not accurately capture overlapping beams at their connecting nodes;
therefore, their weights are slightly higher than those of the actual geometry reported in
nTopology or from physical weighing. The reported mass in nTopology amounts to 6.2 g
for the Simple Cubic lattice with a relative density of 5% and 19.0 g for the Isotruss lattice
with a relative density of 15%.

Table 3. Weights of the investigated geometries as reported with the FEA model, the nTop model,

and their physical sample weights.

Simple Cubic Lattice Isotruss Lattice

FEA model weight (g) 6.74 22.22
nTop model weight (g) 6.2 19.0

Actual weights (g) 5.9/6.0/5.7 20.0/18.7/20.3
Average of actual weights (g) 5.86 19.67

Figure 10a depicts compression test results for the three Simple Cubic lattice samples
versus the FEA model, plotted as the moving plate’s reaction force versus its displacement.
The experimental reaction force curves clearly show a linear elastic region up to the first
layer collapse beginning at 400–450 N, after which, the force fluctuates in a plateau region
at a level of approximately 200 N. The plateau region is characterized by two layer collapses
at a displacement of 10 mm and 17.5 mm. The FEA model’s reaction force greatly surpasses
that of the experimental tests up to the initial layer collapse, reaching 1273 N. Beyond
its linear elastic region, the plateau phase of the FEA model coincides well with the
experimental results both quantitatively and qualitatively, but it does not adequately
capture the reaction force peak caused by the layer collapse at the 10 mm mark. The
increased buckling strength of the FEA model is explained by its flawless geometry and
material composition. It contains no deviations in the geometry and material composition
found in physical parts, artificially increasing the buckling strength of the structure. To
test this statement, the model was also simulated after introducing random deviations
to the elements’ nodal positions. Figure 11 compares the base model with two versions
with random nodal deviations of up to 0.1 mm and 0.2 mm, respectively. The force peak is
markedly reduced and approaches the level seen from the test samples, while the plateau
regions remain comparable but slightly elevated. Their energy absorption values amount
to approximately 5.9 J for both variants. The potential material property deviations of the
FEA model were not explored in this context.

Figure 10b shows the experimental and simulative results of the Isotruss lattice models.
The peak reaction forces of the linear elastic region of the experimental curves range from
3420 N to 3950 N, while the FEA model reaches 3215 N. The ensuing plateau region
of test sample 1 is marked by two clearly discernible force peaks caused by sequential
layer collapse. As for test sample 2, the same region shows a much smaller reaction force
fluctuation range, remaining close to 2250 N. Test sample 3 shows total brittle failure
immediately after the linear elastic region, at which point, it completely loses its load-
bearing capacity until the compression plate contacts the structure again and reaches a
reaction force level similar to the other test samples during the plateau phase.

The FEA model peaks at 3220 N at the end of the linear elastic region and, in the
plateau region, closely follows the force fluctuations observed for samples 1 and 2. The most
noticeable difference between experiment and simulation is the failure mode that occurred,
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which is not directly visible by observing the plots. All the samples first experienced
a beginning layer collapse in the top and bottom lattice layers, which was also present
in the FEA model. While the latter continued exclusively via consecutive layer collapse
over the course of the compression, the physical samples failed through shear banding in
addition to layer collapse. According to Liu et al. [33], shear band formation is favoured by
material concentrations around a lattice’s nodes rather than its struts. Given the geometrical
discretization at nodes during meshing (see Figure 12) and deviations stemming from the
manufacturing technique, differences from the target thickness that cause this behaviour
can occur. Despite this difference in behaviour, the reaction force levels were fairly aligned
throughout the whole procedure.
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Figure 10. (a) Reaction force versus displacement plots of the Simple Cubic lattice tests and simula-

tions with uniform geometry. (b) Reaction force versus displacement plots of the Isotruss lattice tests

and simulations with uniform geometry.

                     
 

 
                           

                         

     
     

                             
                           

       

                             
                             

                 

 
         

                           
               
               
                 

               
             

 

Figure 11. Comparison of the Simple Cubic lattice’s FEA model reaction force with models incorpo-

rating random node position deviations of up to 0.1 mm and 0.2 mm.
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Figure 12. Geometrical deviation from the target caused by the meshing procedure used to export the

geometry (a); FE representation of cylindrical beam elements overlapping at nodes (b); and printed

lattice geometry (c).

Note that the result curves from the simulations are shown after filtering with an
SAE J211/1 filter, but the numerical values were calculated based on nonfiltered results.
Reaction force curves from the test samples were not subject to filtering.

The sequences of images in Figures 13 and 14 depict the experimental behaviours of the
structures compared with their Finite Element models. After surpassing the linear elastic
phase, the uniform Simple Cubic lattice sample exhibits buckling beams in the second and
last layers from the bottom. To compensate for the reduced height availability, the entire
section is shifted forward. In the FE model, there is a more localized layer shift where only
one section of horizontally oriented beams moves sideways because of buckling.

                     
 

   

   

 

 

(a)  (b) 

                           
                                       Figure 13. Comparison of structural behaviour between physical testing of the Simple Cubic lattice

(sample 1) (a) and its FEA model (b) at identical plate displacements of 2.5 mm, 10 mm, and 20 mm.
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Figure 14. Comparison of structural behaviour between physical testing of the Isotruss lattice

(sample 1) (a) and its FEA model (b) at identical plate displacements of 2.5 mm, 10 mm, and 20 mm.

Similar to the physical test sample, the Isotruss FEA model displays the most signifi-
cant buckling response in the lowest and uppermost cell layers, where the corner beams
bend outward more than in other layers. The FEA model then shows a complete layer
collapse in the middle section first, while the physical model fails because of shear banding
throughout the entire structure.

Table 4 summarizes the total absorbed energy per sample and its specific energy
absorption attained during the compression test. The Simple Cubic lattice’s SEA value, as
determined using the FEA model, lies 14.9% above the average results obtained from the
physical tests. This is explained by the significantly higher force peak during the linear
elastic region of the compression procedure, as shown in Figure 10a On the other hand, the
SEA performance values of samples 1 and 2 of the Isotruss lattices are 1% and 12% higher
than those predicted with the FEA model, whereas sample 3 only reaches 75% because of
its complete loss of load-bearing capacity during the test.

The absorbed energy levels are overestimated by the FE models compared with the
averaged values of both lattice types. In the case of the SC lattice, this can be explained by
the increased buckling strength of the FEA model since the remaining part of the curve
coincides very well with the test results. If only samples 1 and 2 of the Isotruss lattice test are
considered, and the third sample is discarded as an outlier, their average energy absorption
amounts to 57.2 J, which comes within 8% of the value predicted by the FEA model.
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Table 4. Total absorbed energy and specific energy absorption (SEA) values of the Simple Cubic and

Isotruss lattice structures with uniform beam diameters. Sample 3 of the Isotruss model is considered

an outlier and marked by a star (*).

Simple Cubic Lattice Isotruss Lattice

Absorbed Energy (J) Weight (g) SEA (J/kg) Absorbed Energy (J) Weight (g) SEA (J/kg)

Sample 1 4.6 5.9 777 56.2 20.0 2809

Sample 2 5.2 6.0 866 58.2 18.7 3114

Sample 3 4.6 5.7 810 42.3 * 20.3 2084

Avg. samples 4.8 5.9 818 52.2 19.7 2669

Simulated 6.3 6.74 940 61.8 22.22 2780

3.2. FEA Optimization Results

SEA values resulting from the optimization runs are summarized in Table 5; their
thickness distributions are displayed in Figure 15. For the Simple Cubic lattice, the thickness
value curve of the linear law approach shows an inflexion point between the T3 and T4
regions, situating the thickest part of the lattice in its upper half. The thickness values
do not deviate strongly from the initial distribution, varying from 1.4 mm at its thickest
part to 1.2 mm at its thinnest. The quadratic law approach shows a much larger spread,
with a thickness of 1.05 mm in the first region, 1.6 mm in the middle, and 0.82 mm in the
last region. Given its definition, the power law approach shows a symmetric thickness
distribution, with the thinnest regions situated in the middle section of the lattice. Here, the
outer regions’ diameters increase to 1.32 mm and reduce to 1.26 mm in the middle section.
They remain 3.4% below the mass limit, while the other approaches make full use of it. All
three approaches attain significant SEA value improvement predictions, with the linear
law approach reaching a 29% increase over the uniform lattice. On the other hand, the
same thickness optimization approaches yield only marginal changes in the Isotruss lattice
structure. The quadratic law approach allows for a 5.1% increase in SEA, while the power
law approach yields a slightly negative result.

Table 5. Total absorbed energy and specific energy absorption (SEA) values of the Simple Cubic and

Isotruss lattice structures with uniform beam diameter.

Grading Approach
Simple Cubic Lattice Isotruss Lattice

Absorbed Energy (J) Weight (g) SEA (J/kg) Absorbed Energy (J) Weight (g) SEA (J/kg)

Baseline value 6.3 6.74 g 940 61.8 22.22 g 2780

Linear law 8.1 6.71 g 1213 (+29.0%) 62.6 22.20 g 2819 (+1.4%)

Quadratic law 8.2 6.74 g 1210 (+28.7%) 65.1 22.27 g 2921 (+5.1%)

Power law 7.2 6.51 g 1105 (+17.5%) 61.7 22.23 g 2775 (−0.2%)

The reaction force evolutions of each lattice type and optimisation strategy plotted
versus the displacements of the compression plate are plotted in Figure 16. It appears that
the maximal response force levels for the Simple Cubic lattice structure reach values that are
comparable to those of the uniform base model. Only the quadratic thickness distribution
approach model peaks at a much lower level. The increase in energy absorption is caused
by a considerably greater mean reaction force level in the plateau phase for all thickness
optimisation techniques. It becomes visible when comparing the plateau regions of the
linear and quadratic law approaches that the linear law approach gains the majority of the
absorbed energy in the first half, up to a displacement of 12.5 mm, while the quadratic law
approach gains it in the second.

All of the Isotruss models’ reaction force curves peak in the linear elastic phase at
about 3000 N to 3250 N of force. The force levels of the thickness optimisation methods
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then move through a trough that descends to 1500 N–1750 N before fluctuating around
2500 N.
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Figure 15. Diameter values of Simple Cubic (a) and Isotruss (b) lattices after optimization (T1: bottom,

T10: top).
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Figure 16. Reaction force versus compression plate displacement of the optimized Simple Cubic

lattice geometries (a) and the Isotruss lattice geometries (b) compared with results from the uniform

lattice structures.

The linear and quadratic thickness distribution approaches yield nearly identical
improvements for the Simple Cubic lattice, whereas the quadratic distribution law performs
better than the others in the case of the Isotruss lattice structure. It is chosen for the
optimization step of the study.

3.3. Physical Test Results of Optimized Lattices

The reaction force plots of the optimized lattices from the physical tests are shown
in Figure 17 with their respective results from the simulations. The Simple Cubic lattice
samples again show lower force peaks compared with the simulations, analogously to
the samples with uniform thickness discussed previously. The Simple Cubic lattice FEA
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model sufficiently predicts when force peaks from sequential layer collapse will occur but
produces significantly higher reaction forces. The Isotruss lattice FEA model underestimates
the achieved force peaks slightly but remains close to the plateau force seen in the later
stages of the compression test.
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Figure 17. Reaction force versus compression plate displacement of the Simple Cubic lattice geome-

tries (a) and the Isotruss lattice geometries (b) with the quadratic thickness optimization approach.

All of the models’ absorbed energies and SEA values are listed in Table 6. The lattice
samples all weigh considerably less than what was assumed in the FEA model, which
impacts their SEA performance positively. The absorbed energy of the Simple Cubic lattice
simulation is nearly twice as large as that of the test samples, as can be estimated from the
corresponding graph in Figure 17a, where the FEA model predicts a large initial force peak
and then consistently overestimates the force level greatly. Thickness measurements of the
samples revealed that their diameters were 0.1–0.2 mm lower than expected in regions with
a required thickness under 1 mm. The simulation was repeated with uniform diameter
reductions of 0.1 mm and 0.2 mm. The results are shown in Figure 18, and a much closer fit
is apparent. Their absorbed energies were 4.7 J and 3.4 J for 0.1 mm and 0.2 mm thickness
reductions. The SEA performance amounted to 796 J/kg with a 0.1 mm reduction and
690 J/kg with a 0.2 mm reduction. The former model reaches energy absorption and SEA
levels that are comparable to the samples’ average, indicating that the negative thickness
deviation is at the root of the performance difference.

Table 6. Total absorbed energy and specific energy absorption (SEA) values of the Simple Cubic and

Isotruss lattice samples after optimization with the quadratic thickness distribution approach.

Simple Cubic Lattice Isotruss Lattice

Absorbed Energy (J) Weight (g) SEA (J/kg) Absorbed Energy (J) Weight (g) SEA (J/kg)

Sample 1 4.7 6.0 784 61.5 18.8 3269

Sample 2 3.9 5.4 719 58.8 18.9 3109

Sample 3 4.4 5.8 752 73.9 20.3 3939

Avg. samples 4.1 5.7 752 64.7 19.3 3439

Simulated 8.2 6.74 1210 65.1 22.27 2921
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Figure 18. Comparison of optimised Simple Cubic FEA model with quadratic thickness distribution

and 0.1 mm constant diameter reduction vs. the test samples.

The Isotruss lattice samples achieve 17.7% higher SEA values than those predicted with
their FE models. However, focusing on their non-normalized absorbed energies alone, their
differences are significantly smaller and only amount to 1% and 4%. The disparities in SEA
levels, therefore, stem from the differing sample weights compared with FE model weights.

3.4. Discussion of the Results

Difficulties arise when correlating FEA models with physical test results, highlighting
the challenges that occur when simulating additively manufactured lattice structures.
Parts exhibit material and geometry imperfections that are challenging to account for in
advance, and their influence can result in vastly different model behaviour. The tensile
properties of the tested material samples varied significantly, with ultimate tensile strengths
ranging from 32 MPa to 51 MPa and maximum strains ranging from 3.5% to 11%. Using
their average properties might not necessarily be transferrable to a different batch of
samples from a later date or be transferrable to singular samples. Printing orientation also
influences the final part properties, as the undersides of surfaces exhibit higher porosity
than those of the top surfaces, and tolerances vary depending on features being oriented
horizontally, vertically, or at any angle in between. While samples were all manufactured
with identical orientations, angled structures can differ from their horizontally or vertically
oriented counterparts in the same sample, influencing its global response in FEA models.
Moreover, possible geometrical deviations such as warping, material accumulation at lattice
nodes due to discretization from meshing the geometry, and feature size tolerances from
sandblasting during postprocessing and when nearing the production method’s limits
exacerbate accurate modelling even further. The buckling response of the investigated
unit cell types reacts very sensitively to any imperfections occurring in test samples, as
evidenced by these findings.

Beyond these issues, the assumptions regarding the general setup of the FEA models
were confirmed to be adequate and accurate for the models, as evidenced by our results.
Models with the necessary changes applied to them closely matched both the reaction force
curves of the test samples and the accumulated average energy absorption values. The
specific energy absorption reported from the FEA models was slightly underestimated since
the reported sample weights were overestimated because of overlapping beam elements
at unit cell corner nodes. This can be corrected by using the non-normalized absorbed
energy of the lattice instead of SEA while still limiting the structure’s maximum weight
and calculating the SEA value based on the physical sample weights. The choice of using
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SEA as the optimization metric was made to allow the study to also explore lower lattice
weights, but the optimizer mostly operated above or very close to the upper limit and did
not significantly venture in the opposite direction.

4. Summary and Discussion

A method of optimizing lattice structures was demonstrated and tested for maximum
specific energy absorption in compressive load cases. The method links the thicknesses
of discrete lattice regions via three different mathematical functions using the physical
height as the independent variable. The number of required optimization variables is
reduced from one per single lattice region to a total of three, thus reducing the required
computation time significantly. The method can be used for highly nonlinear simulations
and arbitrary optimization goals. The simulations predict a large improvement potential for
the Simple Cubic lattice structure when using the proposed linear and quadratic thickness
distribution approaches. The optimization simulations of the Isotruss lattice yielded only
minute changes.

Although the improvements anticipated from the initial FEA optimizations were not
fully realized during physical testing, the results became remarkably close after addressing
the deviations. Thus, the authors are confident that the optimization method and the FEA
modelling approach are reliable and can produce the expected results when manufacturing
constraints are respected.

Improvements to the study can be achieved by exploring different graph and surface
unit cell types, relative densities, and material options, as they can result in vastly different
optimization potentials compared with the ones presented. Avoiding graph lattice types
prone to buckling could facilitate the correlation of tests and FEA models, as they are highly
sensitive to a multitude of factors that are difficult to control. Furthermore, avoiding feature
sizes approaching the manufacturing method’s limits is advisable to mitigate feature sizes
that significantly deviate from the target. Moreover, other optimization goals and lattice
topologies, such as surface-based lattices, should be explored using this method.
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4.6 Optimizing the Thickness of a Graded Lattice in a Bicycle Helmet 

This study titled Optimizing the Thickness of Functionally Graded Lattice Structures for High-

Performance Energy Absorption: A Case Study based on a Bicycle Helmet (Decker & Kedziora, 2023b, 

in review) focuses on implementing a functionally graded lattice in a bicycle helmet. It replaces the 

commonly used foam liner which absorbs the impact energy during a crash. It assembles the 

knowledge gained from the previous publications achieved during the research project. The 

optimization method’s versatility is demonstrated by altering the lattice such that the modified Head 

Injury Criterion HIC(d) is minimized. 

Reviewing existing literature shows that only few comparable studies were performed. The 

relevant ones focus on a small number of lattice types, exclusively perform simulative studies, examine 

only simplified helmet geometries or sections of it, and do not perform any lattice optimization to 

improve the helmet’s performance. The presented study improves on all of these points while 

additionally considering the manufacturing of a complete helmet fit for testing.  

Fourteen graph lattice types with a uniform thickness of 1.0mm are implemented in a realistic 

helmet geometry and compared to commercially available foam helmets. The worst-performing lattice 

type is chosen to be optimized similarly to the previous publication. Its lattice is split adhering to the 

helmet’s shape with a TCL/TK script (found in the Addendum, section 7.3), and its local thickness 

values are linked via a quadratic function whose parameters are optimized such that the injury risk 

occurring during a crash is minimized. The resulting helmet is manufactured in one piece using PA12 

produced with a HP MJF printer and is physically tested in accordance with EN 1078. To assess its 

performance, it is compared to an FEA model of the same helmet geometry with an EPS60 foam liner, 

as well as physical tests of five commercially available mountain bike helmets incorporating foam 

liners. 

The physical tests of the helmets with foam liner yield peak acceleration results ranging from 149G 

to 205G, and HIC(d) values from 782 to 1244. The FEA model of the foam helmet predicts a peak 

acceleration of 189G and a HIC(d) level of 1445. The identical helmet geometry incorporating different 

lattice types yields much lower values. The acceleration reaches between 95G and 154G, while the 

HIC(d) values range from 493 to 701 with exception of one model. The model with Re-entrant lattice 

structure is unable to cushion the head adequately upon impact and is entirely compressed, resulting 

in a peak acceleration of 293G and a HIC(d) value of 1325. It was chosen to traverse the optimization 

procedure as the other models were already close to the manufacturing process’ smallest 

manufacturable feature size limit. Optimizing the other lattices’ thickness would mean reducing the 

1mm thin beams further, entailing consistency issues. 

The Re-entrant lattice’s thickness was therefore increased to 1.5mm as an adequate starting point 

for the optimizer. Its thickness is linked via a quadratic function to reduce the amount of optimization 

variables similar to the method employed in the previous publication. It can be altered on continuous 

thickness range of 1mm to 2.5mm. A DOE study consisting of 50 runs exploring the design space is 

performed and relayed into the optimization study using the GRSM method with 250 runs. The model’s 

peak acceleration is improved from 166G to 137G, and its HIC(d) value is reduced from 913 to 716 

approaching the performance levels of the helmet models with uniform lattice variants using a 1mm 

diameter. 
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Abstract: This study explores the potential of Functionally Graded Lattice Structures (FGLS) pro-

duced with Additive Manufacturing (AM) in impact energy absorption tasks, particularly as pro-

tective liners in bicycle helmets. Fifteen conformal, strut-based lattices are implemented in a realistic 

mountain bike helmet. They are simulated in a standardized impact scenario in accordance with 

EN 1078. A lattice optimization method locally altering its thickness is applied to improve one 

model, which undergoes physical testing and is compared to simulation results. The study ad-

dresses limitations in prior research, emphasizing manufacturability in an AM context, lattice type 

exploration, comparability, and numerical modeling choices. The findings provide insights into lat-

tice structures' performance in helmets, emphasizing careful design and optimization for effective 

impact energy absorption. 

Keywords: Functionally Graded Lattice Structures, Finite Element Analysis, Helmet, Optimization, 

Additive Manufacturing 

 

1. Introduction 

Additive Manufacturing (AM) has allowed the effective production of complex ge-

ometries such as lattice structures which are increasingly present in various fields [1-3]. 

They are composed of unit cells, the smallest repeating entity consisting of surfaces or 

struts. Examples of regular, strut-based lattices are shown in Figure 1. Graph lattice struc-

tures are subcategorized into bending-dominated and stretching-dominated types de-

pending on their strut connectivity state. When considering the cells shown in Figure 2 as 

struts with freely rotating joints under vertical loads, the bending-dominated cell would 

simply collapse, whereas the stretching-dominated one would be able to resist the loads. 

Like a truss, its struts would carry a tensile or compressive axial force, while the bending-

dominated cell could carry none. Transferring this load scenario to cells with rigid joints, 

the bending-dominated cell’s struts would be deformed through bending while the 

stretching-dominated one would be deformed by the compressive and tensile forces [4]. 

It is thus significantly stiffer and stronger than a bending-dominated cell, a behavior 

which also transfers over to entire lattice structures under compressive loads [5]. 

Due to their comparable cellular composition, lattice structures behave similarly to 

foams [6] and can be described by the model established by Gibson and Ashby [7], 

wherein numerous lattice properties can be directly related to its relative density. It is 

defined as a structure’s apparent density�∗ divided by the density of its constituent ma-

terial �. It strongly influences a lattice structure’s apparent Young’s modulus, shear mod-

ulus, elastic strength, yield strength, and densification strain at which a lattice is entirely 

compacted. Other characteristics such as the cell size, type, orientation also influence its 

response, but do not take on the same importance as the relative density. It is therefore 
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one of the most important characteristics pertaining to a lattice’s composition, along with 

its base material. 

 

  

(a) (b) 

Figure 1: Example of regular lattice structures with Simple Cubic (a) and Truncated Cube (b) unit 

cells. 

  

(a) (b) 

Figure 2: Bending-dominated (a) and stretching-dominated (b) unit cell types (recreated from [4]). 

 

Regular lattice structures possess a uniform composition, i.e. their cell size, type, ori-

entation, and thickness does not change throughout the geometry. Due to their similarities 

with expanded foam materials, they also excel in compressive energy absorption tasks [8-

11] enabling their potential use as protective structures in sports equipment [12] or bump-

ers in automotive applications [13]. In this use case, ungraded lattice structures demon-

strate excellent energy absorption performance at very low weight and material usage. 

Auxetic unit cell types such as the Re-entrant cell are especially intriguing in this scenario. 

They possess a negative Poisson ratio and contract upon compression [12-15], however 

they tend to have a low stiffness [16]. 

When a lattice structure exhibits local composition changes, it is categorized as a 

Functionally Graded Lattice Structure (FGLS). Redistributing the structure’s material to 

where it is needed can greatly improve its performance. The property gradient may be 

defined manually during the design stage such as shown in Figure 3, in which the struc-

ture’s strut thickness changes linearly with its height. Other composition changes can in-

volve the lattice type, the unit cell size or its orientation [17-19]. Most notably, for lattices 

in compressive load cases, manual beam or wall thickness alterations are a common grad-

ing method due to their easy implementation [20-26]. 

Advanced approaches permit the creation of gradients based on optimization rou-

tines as function of external factors like structural loads, fluid flow, or heat flow, and are 
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at the center of many research studies. Numerous methods emerged, such as topology 

optimizations of the unit cell itself [27-30], topology optimization mixed with hierarchical 

alterations of the lattice [31], optimization of unit cell position and orientation as a func-

tion of isostatic stress lines [32], [33] amongst others. Such property changes can yield 

performance improvements like reducing a part’s weight at a given stiffness [34], enhanc-

ing thermal conductivity [35-37], or enhancing sound absorption [38]. 

 

 

Figure 3: Functionally graded lattice structure with linearly changing strut thickness. 

 

Since lattice structures perform well in impact energy absorption tasks, several re-

search groups investigated the potential use of lattice structures as a replacement for pro-

tective foam liners in helmets. Leng et al. summarized current related trends in bicycle 

helmet development [39], among which are commercially available helmets incorporating 

honeycomb lattice structures: Bontrager [40] helmets with WaveCel technology [41], 

Koroyd structures [42] being licensed to several bicycle manufacturers, and HEXR hel-

mets [43] using an additively manufactured hexagonal structure. Bliven et al. tested the 

WaveCel technology in an oblique impact scenario [44] and compared it with a control 

helmet model with a standard foam liner, as well as one helmet variant with Multi-direc-

tional Impact Protection System (MIPS) technology allowing for relative shearing motion 

between the helmet’s shell and liner, reducing rotational accelerations of the head. The 

helmet variant with the WaveCel honeycomb structure surpassed the others regarding 

protection against both translational and rotational acceleration. Soe et al. performed sim-

ulative comparisons of a simplified helmet geometry with foam liners versus thermo-

plastic elastomeric lattice liners of differing relative densities and composed of Simple 

Cubic unit cells [45]. The investigation concluded that the studied TPE lattice structures 

all greatly reduced peak linear accelerations and increased the impact time, overall low-

ering the potential for injury significantly. Khosroshahi et al. performed simulative com-

parisons between helmet models with an expanded polystyrene (EPS) liner and versions 

incorporating two lattice types made of polyamide, each with a uniform and graded cell 

size distribution [46]. Their findings indicate that the lattices with lower relative densities 

possessed greater specific energy absorption capacity and that they better succeeded in 

dissipating impact energy. The investigated lattice configurations with size grading per-

formed better than the EPS liner and non-graded lattice variants. It is stated in the publi-

cation that the main advantage of lattice structures lies in a greater area contributing to 

the impact energy absorption as compared to EPS foam. Naderi et al. studied simulative 

models of a helicopter helmet geometry combining expanded polyurethane foam and an 

arrowhead auxetic lattice in the same liner [47]. Several foam and lattice material options 

were investigated, revealing that each combination of the hybrid liner provided greater 

protection than a unibody foam liner. Nasim et al. explored the performance of three dif-

ferent uniform lattice types which were additively manufactured with polyamide 12 and 

incorporated into a protective liner for a motorcycle helmet [48]. Simulative and physical 
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testing showed greatly increased protection by some lattice types compared to EPS liners, 

while others fell short. They also demonstrated that a lattice’s energy absorption capabil-

ity during a quasi-static compression test is not necessarily an adequate predictor for its 

performance during an impact test. 

As demonstrated by these publications, lattices can indeed provide sufficient protec-

tion when used in helmets. The authors of this paper therefore aim to further investigate 

this topic by expanding on certain aspects. Fourteen strut-based types of lattices that 

closely conform to a realistic mountain bike helmet geometry are simulated in a standard-

ized impact test scenario and compared to commercially available foam helmets. In addi-

tion, a lattice optimization method proposed in a previous study by the authors (see [49]) 

is applied to improve the performance of one lattice type. It is subjected to physical testing 

and compared to the simulation results. This study aims to address issues of the afore-

mentioned studies regarding feasibility in an AM context, weight, limited exploration of 

lattice types, comparability between lattices of differing relative densities, and numerical 

modelling choices. More specifically, Khosroshahi et al. studied only two lattice types 

with two configurations in a simulative approach without physical testing. While the 

study by Soe et al. investigated different lattice densities, only one unit cell type was used. 

Additionally, the head and helmet geometries were simplified to a sphere impacting a 

small lattice section, potentially missing effects observed in more realistic geometries. No 

physical tests of the lattice structures were performed by them, only material testing and 

simulative studies of the impact scenario. Similarly, Nasim et al. investigated only part of 

the helmet geometry, albeit with a realistic dummy head model both in simulations and 

in physical testing. Their choice was due to meshing of the lattice with tetrahedral ele-

ments, causing a considerable simulation duration and potential numerical instabilities 

stemming from severe element distortion. Choosing to create the lattice structure using 

traditional CAD software drastically limits the potential for easily iterating various lattice 

designs and types. This is overcome by utilizing nTop [50], a specialized software de-

signed specifically for the creation of lattice structures. Another issue seen in the afore-

mentioned papers is the comparability of the investigated lattices, as they possess differ-

ing relative density values which causes vastly different behavior. The authors of this pa-

per therefore intend to mitigate these issues in the presented work. 

 

2. Materials and Methods 

2.1. Procedure and Goal 

This study is a continuation of previous work by the authors where a generalized 

workflow for the optimization of FGLS was established (c.f. [49], [51], [52]). These studies 

focused on two different approaches to demonstrate the method’s versatility: two studies 

investigated the stiffness maximization of a bicycle crank with weight and manufactura-

bility constraints, whereas one study explored the optimal thickness distribution of lat-

tices in compression at identical weights, maximizing their specific energy absorption ca-

pability. The current study continues this work by developing and enhancing a bicycle 

helmet by introducing a FGLS instead of the conventional protective foam liner. The de-

sign approaches are assessed through structural simulations and physical testing to eval-

uate their relative performance. Additionally, to gain insights into the market landscape, 

tests are conducted on a range of commercially available helmets in accordance with cur-

rent standards. One helmet design is simulated using a foam liner and fourteen types of 

lattice structures to compare their relative performance. The design is further improved 

by optimizing the thickness of the lattice liner at a local level governed by a mathematical 

equation to reduce computational demands. Further, the simulations are complemented 

by physical tests. 
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2.2. Performance metric and test standard 

The crash event utilized in this study adheres to the EN 1078 standard for bicycle 

helmet testing [53]. A drop from a height of 1.5m, equivalent to an impact speed of 5.4m/s 

onto a flat anvil, is outlined as test scenario. It dictates that the peak acceleration magni-

tude is not allowed to exceed 250G to meet the standard’s requirements, however it does 

not take into account the acceleration duration or its progression. Therefore, the modified 

Head Injury Criterion HIC(d) [54] is used here to assess each helmet’s performance as it 

considers characteristics of the complete acceleration history. The standard HIC is defined 

as: 

 

��� = max(��,��) �(�� − ��) ∙ � 1�� − �� � �(�)����
��

��.�� (1)

 

where a(t) is the head’s acceleration magnitude measured in multiples of Earth’s ac-

celeration constant G (9.81m/s²), while the start and end times �� and �� are the optimi-

zation variables to be modified such that the function reaches its maximum value. The 

HIC was initially designed for assessing dummy head accelerations attached to dummy 

bodies in automotive test environments. To account for the behavior of unconnected 

dummy heads, the modified head injury criterion HIC(d) was introduced to allow for 

equal comparisons between both [54]. It is defined as: 

 

���(�) = 0.75446 ∙ ��� + 166.4 (2)

 

The HIC(d) values can be correlated to the Abbreviated Injury Scale (AIS) indicating 

the probability of suffering six different levels of traumatic injury [55]. For example, an 

HIC value of 1000 relates to a 50% probability of experiencing a moderate head injury 

(AIS-3) and 15% for a severe injury (AIS-4). 

 

2.3. Test stand and data acquisition setup 

A test stand was designed and built for the purpose of conducting impact tests in 

accordance with EN 1078. It includes a steel base weighing 500kg as well as a sled guided 

on linear rails allowing the head to fall freely from varying heights. The helmeted dummy 

head can be positioned at various angles on the sled. A steel anvil with a diameter of 

130mm and interchangeable faces is used to represent the impact surface, however only a 

flat surface is used in this study. An electromagnet holds the sled in position and releases 

it upon a button trigger. A TE Connectivity 633 inertial measurement unit [52] with six 

degrees of freedom is mounted on the head’s cone to log the occurring accelerations. The 

sensor has the capacity to measure translational accelerations up to ±500G and rotational 

velocities up to ±12,000 deg/s. Signals are registered at a frequency of 51.2kHz and filtered 

with an SAE J211/1 filter (CFC 1000). 

 

2.4. Tests of commercially available mountain bike helmets 

To provide a performance reference, five commercially available foam helmet models 

(see Table 1) were tested following EN 1078. The tests were performed externally by 

SQLab GmbH [56] and provided to the authors for this study. 
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Table 1: List of commercially available foam helmet models used for comparison. 

Manufacturer Model 

6D ATB 1T 

IXS Trail AS 

Smith ForeFront 

Specialized Ambush 

Sweet Protection Bushwhacker 

 

2.5 Software 

The study relies on a multitude of software suites for the lattice design, geometry 

preparation for simulation purposes, the simulation itself, and preparation of the results 

for Additive Manufacturing. The lattice design is performed in nTop (version 4.6, [50]), a 

software specifically designed for the creation of complex lattice structures. It does not 

rely on the boundary representation method usually employed by Computer Aided De-

sign (CAD) software. It is based on connected surfaces, vertices, vectors, splines etc. to 

characterize bodies [57]. nTop makes use of Signed Distance Functions, defining geome-

tries by a set of mathematical functions that are easily controllable by parameter variation 

[58]. This allows for versatile and quick design iterations of highly complex geometries 

such as these lattices. nTop enables exporting these structures to data formats usable for 

engineering purposes such as surface meshes (STL, OBJ formats) or meshes for Finite El-

ement Analysis (FEA) solvers containing 1D beam, 2D shell, or 3D solid elements. 

The workflow is continued in Altair HyperMesh (version 2021.2, [59]), a general pre-

processor for FEA solvers, in which the remaining model is meshed, boundary conditions 

are applied, and solver settings are defined. It is also used to split the lattice in separate 

regions for their thickness optimization, as described later. The solver used in this inves-

tigation is Altair RADIOSS (version 2021.2, [60]), an explicit FEA solver for calculating 

highly nonlinear structural models involving contact, large deformations, and material 

failure. During the optimization studies, RADIOSS is controlled by Altair HyperStudy 

(version 2021.2, [61]), a general optimization suite able to evaluate a model’s output re-

sponses and to vary its parameters accordingly. After optimization, a custom MATLAB 

[62] script extracts the individual lattice regions from the solver input file and translates 

them into the LTXC data format, which is native to nTop. Here, they are reassembled into 

a single geometry, and an STL mesh is extracted for Additive Manufacturing. 

 

2.6. Helmet and dummy head geometry 

The helmet geometry shown in Figure 4 used in this study was supplied by SQLab 

GmbH [56]. It exhibits typical features of commercially available bicycle helmets such as 

a polymer shell and a single foam liner with ventilation holes. The foam liner’s thickness 

varies locally, transitioning from 30mm at the front, to 32mm at the top, 30mm towards 

the rear, and 20mm on its sides. The design is simplified for the purpose of simulation and 

does not include common features such as a head harness or pads to enhance comfort. 

In accordance with EN 1078 regulations for bicycle helmet testing, the dummy head 

(c.f. Figure 5) chosen for the study is in compliance with the EN 960 standard [63]. It is 

composed of AZ91 cast magnesium and weighs 4.7kg (size J, 575mm circumference). It 

represents approximately the 50th centile head size of a sample of British male adults with 

a height of 180cm [64]. The head features a magnesium dome which allows for the place-

ment of an acceleration sensor at the center of mass. A modal analysis was conducted to 

verify that the lowest eigenfrequency of the head assembly is above 2000Hz, and therefore 

meets the EN 1078 requirement. 
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(a) (b) 

Figure 4: Foam helmet geometry (a) and its section view (b). 

 

  

(a) (b) 

Figure 5: Side view (a) and section view (b) of the cast magnesium dummy head in compliance with 

EN 960, with its inner cone for sensor mounting and the local coordinate system. 

 

2.7. Lattice design procedure and lattice types 

To prepare the helmet geometry for utilization in nTop and to introduce a lattice 

structure, the first step is to separate the helmet's outer and inner surfaces. Faces on their 

borders are removed to create an open lattice that facilitates the removal of excess powder 

after manufacturing. A conformal unit cell map is created by generating quadrilateral el-

ements on the helmet’s inner surface which are extended towards the outer surface. The 

resulting conformal map can be filled with unit cells to create a congruent lattice structure 

as shown in Figure 6. The lattice’s size is controlled by altering the dimensions of the 

quadrilateral mesh and by the amount of cell layers extruded outwards. A symmetry con-

straint is applied to ensure an identical lattice composition of the left and right model 

halves. To fill the ridge near the back of the helmet, the lattice map needs to extend beyond 

the actual helmet geometry. The lattice is then trimmed to be contained entirely within 

the helmet's volume. While the lattice structure resulting from this approach closely fol-

lows the helmet’s shape and possesses an approximately constant number of cell layers in 

radial direction between both surfaces, it also entails that the unit cell height varies with 

the helmet’s thickness Finally, for manufacturing purposes, a detailed mesh of the merged 

shell and lattice components is generated, resulting in a unibody design. 
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(a)  (b) (c) 

Figure 6: Lattice creation process: (a) Quadrilateral mesh formed on the inner helmet surface from 

which a cell map is extruded towards the outer surface; (b) Section view of conformal unit cell map 

extruded from the inner to the outer helmet surface; (c) Section view of the unified shell and lattice 

helmet geometry. 

 

Twelve suitable regular graph unit cell types available within nTop (shown in Figure 

7) are explored, as well as two pseudo-stochastic lattice varieties (Tetrahedral and Dual 

lattices) to assess each type’s performance. The regular graph unit cells are composed 

identically in all three planes except for the Re-entrant unit cell, which is therefore inves-

tigated in two different orientations. Surface-based lattices such as honeycombs and Tri-

ply Periodic Minimal Surfaces (TPMS) are not considered in this study as they do not 

adequately allow the removal of excess powder after manufacturing without adding nu-

merous evacuation holes to the structure. 

 

     
(a) (b) (c) (d) (e) 

     
(f) (g) (h) (i) (j) 

     
(k) (l) (m) (n) (o) 

Figure 7: Graph lattice types utilized in this study. (a) Simple Cubic, (b) Body Centered Cubic, (c) 

Face Centered Cubic, (d) Diamond, (e) Fluorite, (f) Octet, (g) Truncated Cube, (h) Truncated Octa-

hedron, (i) Kelvin cell, (j) Isotruss, (k) Re-entrant in orientation A, (l) Re-entrant in orientation B, 

(m) Weaire-Phelan, (n) Tetrahedral lattice, (o) Dual lattice. 
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2.8. Manufacturing 

The lattice helmet’s structure is entirely made from polyamide 12 (PA12) produced 

on an HP Multi-Jet Fusion (MJF) machine [65]. It was chosen since powder-bed based AM 

methods lend themselves well to the production of complex structures such as lattices, 

and the material possesses adequate physical properties. The unibody design eliminates 

potential issues stemming from gluing or otherwise attaching separately produced parts. 

The default layer height of 0.08mm is applied, and the geometry oriented as shown in 

Figure 8 for production. 

 

 

Figure 8: Helmet build orientation during manufacturing. 

 

Measurements taken of several lattice structures produced during the investigation 

indicated that their diameters deviated from the expected values. A test geometry was 

therefore manufactured to investigate the occurring differences as a function of the beam 

diameter and orientation. It consists of a cuboid geometry with an Isotruss lattice and a 

linearly varying thickness ranging from 0.7mm to 2mm. The geometry and its build di-

rection during manufacturing are shown in Figure 9. It has external dimensions of 

80mm × 80mm × 160mm and a 45° twist along its longitudinal axis. 

 

Figure 9: Test lattice for measuring thickness deviations at different orientations and positions, build 

direction marked with red arrow. 
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2.9. Materials 

Two sets of materials are required for the simulative models, one for the foam helmet 

model and one for the helmet models including lattices. The foam helmet is assumed to 

be composed of materials commonly used for mountain bike helmets: a 0.5mm polycar-

bonate (PC) shell and an expanded polystyrene foam liner with a density of approxi-

mately 60kg/m³ (EPS60). Four stress-strain curves of EPS60 at various strain rates were 

obtained from Ouellet et al. (c.f. [66]). The material data for PC used here was obtained by 

Cao et al. (c.f. [67]). Its Young’s modulus and offset yield strength were estimated from 

the stress-strain data provided in their publication. The stress-strain curves of EPS60 and 

PC are depicted in Figure 10 and assembled in Table 2. To secure the helmet to the dummy 

head, a chin strap intended to resemble woven high-density polyethylene (HDPE) fibers 

is added to the FEA model. Its material properties are of lesser importance for this study 

and are estimated from commonly found values. The dummy head is composed of cast 

Mg AZ91 and the properties available on MatWeb were used [68]. 

The physical characteristics of the HP PA12 material were determined through ex-

perimental assessments in a previous study by the authors (c.f. [69]). Tensile test speci-

mens were subjected to loads perpendicular to their build direction in order to stress the 

components in their weakest plane, simulating the most critical loading scenario. The re-

sulting properties are given in Table 2 and Figure 10. They are used as reference data for 

the Johnson-Cook material law parameter approximation as discussed in section 2.11. 

Friction assumes a significant role in this study due to the multitude of contact inter-

actions that take place during the impact simulations. They involve lattice beams contact-

ing one another and the helmet’s shells, the outer shell colliding with the steel anvil, and 

the magnesium head impacting the inner shell or the foam liner. The friction coefficients 

used in this study are listed in Table 3 For values lacking a source indication, estimations 

were required as the data was not available in existing literature. 

 

  

(a) (b) 

Figure 10: Curves utilized for material modelling: (a) Modified engineering stress-strain data of 

EPS60 in compression at varying strain rates, data adapted from [66]; (b) True tensile stress-strain 

plots of Polycarbonate (data from [67]) and Polyamide 12; (data from [69]). 
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Table 2: Material properties used in the simulations. 

Property PA12 PC EPS60 HDPE fibers Mg AZ91 

E [MPa] 1480 1900 6 1000 45000 

ρ [g/cm³] 0.94 1.22 0.061 0.95 1.80 

ν [-] 0.4 0.36 0.05 0.46 0.35 &' [MPa] 29.6 51 - - - ()*� [%] 6 18 - - - &+,- [MPa] 53.7 80.1 - - - 

 

Table 3: Dry friction coefficients of contact pairs. 

Material A Material B Friction coefficient 

PA12 
PA12 0.4 [70] 

Mg AZ91 0.2 

Mg AZ91 
EPS60 0.3 

HDPE fibers 0.2 

Steel 
PA12 0.33 [71] 

PC 0.2 [72] 

 

2.10. FEA model setup 

During the drop test simulation, the steel anvil is modelled by a circular rigid shell 

surface with a diameter of 130mm as shown in Figure 11. The helmet is positioned within 

2mm to the rigid surface such that no initial penetration is present and only a negligible 

amount of time is spent in free fall. The assembly is assigned an initial velocity of 5.4m/s 

in accordance with the standard as well as a gravitational acceleration load of 9.81m/s². 

The dummy head assembly, consisting of the head itself and the sensor cone, is modelled 

as a rigid part. Tetrahedral elements are used to mesh the head, while the cone is meshed 

by shell elements. The sensor is modelled by a concentrated mass of 50g at its center of 

mass and rigidly connected to the cone. And the time history of values, such as the head’s 

acceleration, is probed at this node. 

 

 

Figure 11: FE model of the helmet with lattice liner and anvil. 

 

A general contact interface with penalty formulation (TYPE7 [73]) between the 

dummy head and the EPS foam component or the PA12 shell is defined, respectively. 

The chin strap is modelled by shell elements with reduced integration (QEPH type 

[74]), a thickness of 2mm, linear elastic material behavior and a single integration point 
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through its thickness such that it behaves like woven tissue. It is attached to the sides of 

the outer shell via a tie constraint and interacts with the helmet and dummy head through 

another TYPE7 general contact interface. 

The foam liner of the conventional helmet is modelled via 6mm large second order 

tetrahedral elements. The small strain formulation is used in conjunction with self-contact 

of the foam elements to improve the solving stability and to prevent sudden element col-

lapse. The relatively large element size is also intended to prevent element collapse upon 

encountering large compressive strains. A viscoelastic tabulated foam material model 

(LAW70 [75]) is used with the four strain-rate dependent stress-strain curves shown in 

Figure 10. Strain rate smoothing is activated, and stresses are interpolated by the solver 

between the provided curves. The last curve is copied and reinserted with a strain rate of 

10000/s to prevent the solver from extrapolating beyond the available data. In addition, 

the curves had to be slightly modified such that they no longer cross each other, as this 

would lead to numerical instabilities. 

The 0.5mm thick polycarbonate shell is modelled by a quad-dominant mesh with 

5mm edge length and 5 integration points across its thickness. An isotropic tabulated elas-

tic-plastic material law (LAW36 [76]) is used to model the stress-strain curve depicted in 

Figure 10. The fully integrated four-node element type (QBAT [77]) is employed using the 

large strain formulation with the possibility of switching to the small strain formulation 

for improved numerical stability. 

As for the lattice helmet model, the anvil, dummy head, sensor, and chin strap are 

modelled in an identical manner. The inner and outer shells of the lattice helmet are dis-

cretized with a fully integrated QBAT quad-dominant shell mesh having an edge length 

of 3mm, a thickness of 1mm, five integration points across the thickness, with considera-

tion of full geometric nonlinearities, and with the possibility to switch to the small strain 

formulation if required for stability purposes. The PA12 parts are modelled by the iso-

tropic elastic-plastic Johnson-Cook material model (LAW2 [78]) with consideration of 

strain rate effects. Material failure of the PA12 parts is modelled via element deletion when 

the principal stress reaches the maximum allowable plastic strain in any of an element’s 

integration points. 

The lattice consists of first order integrated beam elements based on the Timoshenko 

theory with a circular cross-section (TYPE18 INT_BEAM [79]). They are usable for short 

beam cases and possess four integration points. A tie contact interface (TYPE2 [80]) con-

nects the shell and beam elements within a search distance of 2mm between nodes. The 

lattice’s struts were subdivided in nTop based on the total length between lattice nodes 

before being exported. Nodes within a distance of less than 1mm are merged, eliminating 

the connecting strut. Struts with a length of up to 3mm were not subdivided and are mod-

elled by a single beam element. Struts having a length between 3mm and 6mm were split 

once, being modelled by two beam elements, and any strut longer than 6mm is modelled 

by three beam elements. This way, a minimum beam element length of 1mm is ensured 

and longer struts can capture buckling thanks to the subdivision. Contact interactions be-

tween beam elements are enabled via an edge-to-edge contact interface (TYPE11 [81]) 

which takes individual thickness values of each element into account. 

A total run time of 15ms was applied to entirely capture the entire impact event hav-

ing a duration of approximately 10ms. The minimum time step is defined to be 0.5µs for 

the foam model and 0.25µs for the lattice models with a scaling factor of 0.9 to limit mass 

scaling to a minimum. Time history files are updated at 200kHz for a total of 3000 data 

points per run. 

 

2.11. Johnson-Cook material parameter optimization 

As discussed in section 2.9., the material data of PA12 given in Table 2 was obtained 

from quasi-static tensile tests. The impact scenario considered in this study is highly dy-

namic and strain rate effects on the material properties become relevant, hence the data 
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cannot be used as is. Since no physical properties of PA12 produced with MJF over a wide 

range of strain rates could be found in literature, an approximation based on the available 

data is performed. The Johnson-Cook material model is therefore chosen since it considers 

the strain rate effect on the stress level based on parameters obtained at a reference strain 

rate, i.e. the tensile test data. It calculates the stress σ as: 

 

& = (. + / ∙ (0 1) ∙ (1 + 2 ∙ 34 (5(65 ) (3)

 

with the yield stress A, the plastic hardening parameter B, the true plastic strain (0, 

the hardening exponent n, the strain rate coefficient c, the current strain rate (5 and the 

reference strain rate (65  at which the base parameters were determined. RADIOSS offers 

a simplified input method which is used in this study. Then the parameters A, B and n are 

calculated based on the yield stress &7, the ultimate tensile strength &+,- and the engi-

neering strain at the ultimate tensile strength (+,- obtained from tensile tests. The mate-

rial law’s implementation in RADIOSS supports the option of considering the influence 

of strain rate on the maximum stress & 89:, which is also applied here. It is calculated as: 

 

& 89: = & 89:,6 ∙ (1 + 2 ∙ 34 (5(65 ) (4)

 

With the available material data and the Johnson-Cook law, a preliminary investiga-

tion is performed to find adequate variable values. A helmet incorporating a Truncated 

Cube lattice liner with a uniform thickness of 1.5mm was manufactured and physically 

tested to correlate it with the simulation results using the Johnson-Cook material law. To 

find approximate material parameter values, an optimization study was set up with Hy-

perStudy to minimize the difference between the acceleration curves obtained from the 

simulation and the physical test. The optimization variables were chosen to be Young’s 

modulus E, the strain rate parameter c, the maximum plastic strain (089: and the maxi-

mum stress & 89:,6 defining the plateau of the stress-strain curve at the reference strain 

rate (65 . The latter is 2.8∙10-4/s, the standard strain rate of an ISO 527-2 tensile test using a 

1BA specimen [82]. Young's modulus was defined as an optimization variable because it 

is significantly influenced by the strain rate in the case of polymeric materials such as 

PA12. A Design of Experiment (DOE) run with 50 iterations using the Modifiable Exten-

sible Lattice Sequence method (MELS [83]) was performed first. It is then relayed into an 

optimization study using the Global Response Search Method algorithm (GRSM [84]), a 

gradient-based global optimization method, with a maximum of 150 iterations. The opti-

mization study aims to minimize the difference between the acceleration curves of the 

simulation model and the physical results, yielding approximated material parameters. 

 

2.12. Simulations of helmet models with uniform lattice thickness 

Preliminary simulations using the parameters obtained from the material parameter 

optimization study indicated that a relative density of 7% is a suitable starting point for 

this impact scenario. With an identical beam thickness, different unit cell types occupy 

varying volume fractions. The relative density target is therefore met by altering the num-

ber of unit cell layers between the two surfaces, along with the number of quadratic ele-

ments on the inner surface that are extruded outwards. These settings were chosen such 

that the unit cells were approximately equally sized in all three dimensions. 

A uniform diameter of 1mm is used for all of the lattice types shown in Figure 7, 

however an exception was made for the tetrahedral lattice. It required a 0.95mm beam 

diameter to meet the relative density target. This adjustment was necessary because nTop 

offers limited control over the 3D mesh generation, leaving only the option of modifying 
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the diameter. The relative density target was satisfied within a ±0.2% deviation for all lat-

tices, which corresponds to an average lattice weight of 132g. The inner and outer shells 

are assigned a thickness of 1mm and weigh a combined 146g. The average total helmet 

weight therefore amounts to 278g which is comparable to conventional bicycle foam hel-

mets. 

 

2.10. Lattice splitting and thickness optimization procedure 

In conventional FEA programs, each component containing 1D beam or 2D shell el-

ements requires a separate thickness property assignment. Therefore, to assign different 

thickness values to each of the lattice components, the structure first has to be split into 

discrete regions. To achieve a separation conforming to the helmet’s shape, an ellipsoidal 

surface function was established that approximates the inner surface of the helmet: 

 

;< =105>� + < ?80>� + < A105>� − 1 = 0 (5)

 

A TCL/TK script [85] was devised and executed in HyperMesh to segregate the beam 

elements in equidistant steps based on their distance to this surface. It bins the elements 

into a user-defined number of separate components based on each element’s averaged 

nodal position. Element groups containing only few elements are manually merged with 

their larger neighbors afterwards. Figure 12 shows the separate, color-coded lattice groups 

after the separating process into eight bins. Six components are present at the top of the 

helmet to allow sufficient control over the thickness changes. 

 

 
(a)  (b) 

Figure 12: Side section view (a) and front section view (b) of the eight color-coded lattice compo-

nents, denoted T1-T8 from innermost to outermost region. 

 

The model is then imported into HyperStudy where the thickness value of each lat-

tice component is parameterized. Each component’s numerical thickness value T in the 

solver input file is defined as a variable. Their values are then linked by a quadratic func-

tion of the form: 

 

B(�, C, 2, D) = � ∙ (D + 2)� + C (6)
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where r is the radial distance magnitude from the helmet’s origin to the innermost 

edge of each respective layer. The parameters a, b and c are defined as optimization vari-

ables, thus omitting the need to optimize every thickness property value separately. This 

effectively decreases the amount of optimization variables from eight to three and reduces 

the calculation efforts greatly. The choice of the function is inspired by the pomelo fruit. 

It can endure falls from heights of 10 meters unharmed thanks to its shell having a similar 

distribution with greater cell density near its edges and lower density in-between [86]. 

This approach was also part of a previous investigation of the authors, where the optimal 

material distribution of a cuboid lattice in compression following various functions was 

investigated [38]. The function and its independent variable can generally take any arbi-

trary form. 

The variables are subject to a uniform distribution and their ranges listed in Table 4. 

Additionally, the diameters are only allowed to be changed on a continuous range from 

1mm to 2.5mm. A DOE study with 50 runs is performed first to explore the design space 

using the MELS method to distribute data points across the design space. It is fed into the 

subsequent optimization run to provide an initial solution surface to the GRSM optimiza-

tion method, which is permitted a maximum of 250 runs. The HIC(d) value is to be mini-

mized with no other constraints being imposed on the optimizer, apart from the ones 

mentioned. The worst-performing helmet model is subjected to the optimization proce-

dure, further reasoning for this choice is given in section 3.2.3. 

Table 4: Optimization variable bounds and their initial values 

Variable Lower bound Initial value Upper bound 

a −1×10−3 data 1×10−3 

b −2 1 2 

c −145 0 0 

 

 

3. Results 

3.1. Results of helmets with foam liner 

Among the five assessed models, three (6D, IXS, and Smith) exhibit peak acceleration 

levels exceeding 200G and HIC(d) values surpassing 1000 as outlined in Figure 13. These 

helmet models show impact durations ranging from 6ms to 8ms. In contrast, the Sweet 

Protection model demonstrates a notably lower peak acceleration of 149.3G and an HIC(d) 

value of 782.4, with a slightly prolonged impact duration of 10ms. The Specialized Am-

bush helmet model lies in-between, with a peak acceleration of 181.6G and an HIC(d) 

value of 943.3. As for the simulated helmet geometry, it registers the highest HIC(d) value 

at 1445.0, accompanied by a peak acceleration of 188.0G. The elevated HIC(d) value stems 

from consistently high acceleration levels combined with an extended impact duration of 

around 10ms. Assessing the results from the physical drop tests and the simulated model, 

it can be concluded that the chosen material assumptions are adequate, and a comparison 

with models containing a lattice liner can be established. Figure 14 depicts the stress con-

tour plots of the foam liner at the 5ms time mark when the peak acceleration occurs. The 

foam liner is compressed from its original thickness of 32mm at the uppermost point of 

the dummy head to 13.6mm during the impact, a compressive strain of 57.5%. 
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(a) (b) 

Figure 13: (a) Acceleration magnitude progression of foam helmets during drop test; (b) Peak accel-

eration and HIC(d) values of the foam helmets during drop test. 

 

  

(a) (b) 

Figure 14: Foam helmet geometry with stress contour plots at the 5ms time mark: von Mises stress 

(a) and signed von Mises stress (b) showing equivalent tensile and compressive stresses. 

 

 

3.2. Results of helmets with lattice liner 

3.2.1. Results of material parameter approximation 

The helmet geometry incorporating a Truncated Cube lattice with a 1.5mm beam di-

ameter was analyzed in the material parameter optimization study. It resulted in Young’s 

modulus value E of 2003MPa, a maximum plastic strain value (089: of 7.64%, a strain rate 

coefficient c of 0.048, and a maximum stress & 89:,6 of 78.6MPa. These properties translate 

to the more commonly used Johnson-Cook parameters A = 29.7MPa, B = 35.2MPa and 

n = 0.129. While the strain at break commonly decreases with increased strain rate, the 

optimization procedure predicts that it is larger than determined by the tensile tests. It is 

still within a plausible range as the manufacturer’s data sheet states maximum strains of 

15-20% [87]. A part’s property deviations may be caused by differing manufacturing or 

post-processing conditions, as well as loading conditions and manufacturing orientations. 
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The simulated acceleration curve closely resembles the test results as shown in Figure 

15. The curve’s slope and peak acceleration levels exhibit strong similarity. The physical 

test curve has a fluctuating and slowly declining acceleration magnitude after the impact 

(8ms time mark), which is not visible in the simulation’s acceleration curve. It is likely 

caused by vibrations of the magnesium cone onto which the acceleration sensor is fas-

tened (visible in Figure 5). Since this part is assumed to be a rigid body in the FEA model, 

the same behavior cannot occur here. Peak strain rates of over 4000/s are observed in the 

elements of the outer shell, with large-scale levels around 1000/s shortly before and after 

the peak acceleration time stamp. 

 

Figure 15: Acceleration magnitude of the lattice helmet model with optimized material curve (or-

ange) versus the physical test (blue). 

 

3.2.2. Results of helmet model simulations with uniform beam diameter 

The helmets incorporating a lattice liner with uniform thickness were simulated with 

the Johnson-Cook material parameters determined from the preceding optimization run. 

Their peak acceleration magnitudes and HIC(d) results are depicted in Figure 16, along 

with the foam helmet FEA model results. The findings range from 95G and an HIC(d) 

level of 493.8 achieved by the Octet lattice model to 293.5G and an HIC(d) level of 1325.3 

reached by the Re-entrant model. On average, the peak acceleration reaches 134.5G, and 

the HIC(d) value is 662.6. 

At the chosen configuration and with the assumed material properties, every helmet 

variant with a lattice liner outperforms the previously tested helmets with a foam liner 

with the exception of the model with the Re-entrant unit cell in orientation A. It is entirely 

compressed and fails to sufficiently support the head during impact. Other helmet models 

were approaching the maximum liner compression capacity and were nearly bottoming 

out, but achieved very low acceleration and HIC(d) values). 
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Figure 16: Peak acceleration magnitudes and HIC(d) values of the investigated lattice types. 

 

3.2.3. Results of lattice optimization procedure 

The Re-entrant lattice type in orientation A is chosen for the subsequent optimization 

study as a demonstration for the presented method for two reasons. Firstly, beams with 

diameters significantly below 1mm are difficult to produce reliably with the chosen man-

ufacturing method. It was noted during preliminary investigations that thin beams 

showed negative diameter deviations of up to 0.2mm depending on their orientation and 

their target thickness, which impacts their load bearing capacity significantly. The feature 

size is at the lower end of the feasibility of this manufacturing process, and the sandblast-

ing step for evacuating loose powder after printing can remove further material, causing 

reduced structural integrity. Choosing any of the other lattice types for optimization 

would only result in diameter reductions since their impact absorption capacity was not 

yet completely exhausted, reducing beam diameters to regions in which producibility be-

comes an issue. Since the Re-entrant lattice helmet model completely failed in the simula-

tion, its lattice diameter can only be increased by the optimizer for acceptable perfor-

mance, avoiding geometrical accuracy issues stemming from production and postpro-

cessing. Secondly, choosing a lattice type with good or even the best performance such as 

the Octet lattice could only yield small or no improvements since it may already operate 

close to its optimum. Therefore, choosing the worst-performing type is considered to be a 

better option for demonstrating the method’s capabilities. Since a strut diameter of 1mm 

was insufficient for the Re-entrant lattice, it was increased to 1.5mm to establish a suitable 

starting point for the optimization. 

The reference model attains a maximum acceleration of 165.7G and a HIC(d) value 

of 913 with a uniform diameter of 1.5mm. After the optimization procedure, the HIC(d) 

value was improved to 716.0 and the peak acceleration decreased to 136.6G. The acceler-

ation curves of both FEA models with uniform and optimized lattice thicknesses are 

shown in Figure 17. The optimized model’s liner experienced a compression of 66%, re-

ducing the distance between the inner and outer shell from 32mm to 10.8mm. Since its 

capacity is not entirely exhausted, a larger number of optimization iterations could possi-

bly improve the helmet’s performance further. The resulting optimized lattice structure is 

shown in Figure 18 (a). The optimization variables’ final values are a = 9.63×10-4, b = 0.61 

and c = −128.8; the resulting thickness distribution is displayed in Figure 18 (b). The 
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diameter changes from approximately 1.9mm in the innermost lattice group (T1) to 1.2mm 

in the middle group (T5) and 1.7mm in the outermost group (T8).  

 

 

Figure 17: Acceleration curves of unoptimized Re-entrant (orientation A) lattice helmet model with 

1.5mm uniform thickness (blue) and model with optimized thickness (red) 

 

  

(a) (b) 

Figure 18: (a) Section cut of the Re-entrant helmet geometry with optimized lattice thickness; (b) 

Thickness distribution of optimized lattice liner (T1: innermost group, T8: outermost group) 

 

3.2.4. Lattice thickness measurements 

The beam diameters of the test structure shown in Figure 9 were assessed with cali-

pers at regular intervals, the measurements are depicted in Figure 19. “Flat” beams are 

oriented along the piece’s longitudinal axis, while “upright” beams are oriented in parallel 

to the thickness gradient and build direction. Both the beam orientation and target thick-

ness impact the actual thickness, and the deviations are primarily negative. Based on these 

findings, the deviations were averaged and an offset of +0.04mm was applied to beam 

diameters with a nominal value between 1.3-1.6mm, while diameters below 1.3mm had 

an offset of +0.08mmm applied to them before manufacturing the helmet samples. 
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Figure 19: Diameter deviations as measured at different orientations and thicknesses in the test lat-

tice geometry. 

 

3.2.5. Test results of helmet model with optimized lattice structure 

Two helmet specimens with the optimized lattice are manufactured and tested. The 

drop test results displayed in Figure 20 show that the first helmet sample is immediately 

fully compressed and provides no gradual cushioning, as a large amount of powder was 

present in the lattice structure. The acceleration magnitude reaches 591G, with the HIC(d) 

reaching a fatal level of 2933. Afterwards, a second helmet with several orifices with a 

10mm diameter (see Figure 22) for better powder removal was manufactured and tested. 

While its acceleration curve shows a gradual increase, the lattice is completely compacted 

at the 7ms mark, and the curve subsequently increases to 224G at the 8ms mark. Con-

trasting it to the curve obtained from the optimized FEA model, it is evident that the test 

model’s lattice has a significantly lower stiffness and is not able to absorb the impact in 

the expected manner. Its HIC(d) value reaches 778, which is comparable to the best-per-

forming foam helmet model (Sweet Protection Bushwhacker) tested in section 3.1 despite 

a higher peak acceleration. It performs noticeably better than its counterpart with a foam 

liner, which achieves an HIC(d) value of 1445. 

 

 

Figure 20: Acceleration curves of the FEA model with optimized Re-entrant lattice (orientation A) 

the curves of the two physical tests, and the curve of the best-performing foam helmet (Sweet Pro-

tection Bushwhacker). 
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3.2.6. Helmet sample examination after testing 

The first helmet sample weighs 661.8g, whereas it was expected to weigh 400g based 

on the nTop model geometry and the density determined during the material investiga-

tion by the authors (c.f. [69]). The second sample weighs 482.3g which is a significant im-

provement over the previous attempt, but still 20% heavier than anticipated. As can be 

deducted by the first test sample’s weight, a large amount of excess powder was trapped 

in the lattice despite great efforts to remove it during postprocessing using sandblasting 

and ultrasound baths. Figure 21 depicts the compacted powder at the impact site after 

testing, as well as the helmet geometry after it has been cut in half for closer examination. 

A large amount is adhering to the lattice structure all throughout the helmet. The affected 

areas are difficult to target during sandblasting from the outside without additional access 

holes. The powder removal orifices added to the second helmet sample were distributed 

over the inner helmet surface as shown in Figure 22 and yielded better results. 

 

  

(a) (b) 

Figure 21: First helmet model after testing: (a) Helmet test sample containing excess powder directly 

after impact test; (b) Helmet test sample containing excess powder cut open for examination after 

impact test. 

 

 

Figure 22: Second helmet test sample with added powder removal orifices. 
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The large amount of remaining powder in the first helmet sample prevented taking 

accurate thickness measurements, and additional sand blasting would have inadvertently 

reduced the lattice’s thickness further and influenced the results. Therefore, the resulting 

lattice thickness was measured using the second helmet sample after testing. With appli-

cation of the corrective measure, the beams assessed along the helmet ridge (see Figure 

23) were found to be 0.05mm thinner on average. The differences were more pronounced 

at the helmet’s front area with deviations of up to -0.11mm. Near the impact site, their 

diameters were closer to the target values. Measurements across the helmet ridge (see 

Figure 24) were found to have greater deviations of up to -0.17mm at the left and right 

measurement points. Yet, the average difference amounted to only +0.01mm since more 

than half of the measurements showed positive deviations. 

 

 
 

(a) (b) 

Figure 23: Thickness measurements along helmet ridge (a) and their measurement points (b). 

 

 

 

(a) (b) 

Figure 24: Thickness measurements perpendicular to helmet ridge (a) and their measurement points 

(b). 

 

4. Summary and Discussion 

The research presented here demonstrates the implementation of a conformal lattice 

structure into a realistic bicycle helmet design, adhering to engineering requirements such 

as adequate simulative modelling and manufacturing constraints. Fourteen suitable lat-

tice types are investigated, evaluating their performance using appropriate FEA model-

ling methods. This work represents an advancement over previous studies which 
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commonly focus on a small number of lattice types and the use of simplified helmet ge-

ometries. The lattices were analyzed at consistent relative densities, enabling better com-

parability of the different lattice type’s effectiveness. They are assessed together with the 

same helmet geometry possessing a foam lattice liner via simulation in addition to five 

commercially available helmets for a direct comparison. Further, the study demonstrates 

the use of an optimization approach able to alter the thickness of discrete lattice regions. 

The use of a unibody helmet design simplifies the production process by reducing time, 

steps, and materials. The workflow aligns with real-world engineering constraints such 

as lattice design, its optimization, appropriate FEA model representation, reassembly of 

the final geometry for manufacturing, and production limitations. However, the numer-

ous software packages and file conversions required for this workflow highlight the lack 

of a unifying tool combining or at least reducing the engineering steps. 

The FEA results suggest that the majority of the simulated lattice types may offer 

better protection compared to foam alternatives based on the assumed material parame-

ters. The lattice helmets demonstrate average peak acceleration values of 134.5G and 

HIC(d) levels of 662.6. The best model achieves a peak acceleration of only 95G and an 

HIC(d) level of 493.8. In contrast, the foam models exhibit an average peak acceleration of 

188.9G and an HIC(d) value of 1099.2, while the most effective model achieves a peak 

acceleration of 149.3G and an HIC(d) value of 782.4. The worst-performing lattice variant 

was chosen to be optimized. Its peak acceleration of 165.7G and HIC(d) value of 913.0 with 

the uniform, 1.5mm thick lattice were reduced to 136.6G and a HIC(d) level of 716.0. 

Manufacturing and material modelling issues encountered during the physical as-

sessments rendered the correlation of simulation results with the tests challenging. The 

measurements taken from the helmets and the test lattice revealed that the manufactured 

diameters are inconsistent, depend on the beam thickness and printing orientation, and 

tend to be smaller than targeted. Since the production was outsourced to a supplier, the 

authors had no direct control over manufacturing parameters, post-processing, or the pos-

sibility to adequately investigate the process outcomes with faster testing cycles. Addi-

tionally, the sand-blasting step required to remove excess powder after manufacturing is 

prone to produce deviations of the final geometry since it is a manual and difficult-to-

control procedure. Even small diameter deviations evidently may have a large influence 

on the results since a strut’s load-bearing capacity and stiffness directly depend on it. Fur-

ther, the base material exhibited strong deviations from the tensile strength and strain at 

break indicated by the manufacturer, as well as a significant spread among samples as 

seen during tensile testing. The thusly obtained parameters or those determined from cor-

relating the Johnson-Cook parameters with the single drop test may therefore not neces-

sarily be transferrable to samples from different production batches or machines. The is-

sues may be exacerbated at the high strain rates seen during this load case. Additionally, 

although the Johnson-Cook material parameters determined from the calibration study 

seem plausible, they may not accurately represent the material’s actual behavior. Tensile 

testing at higher strain rates would have been preferrable, permitting more precise mate-

rial parameter determination. Unfortunately, these tests could not be performed within 

the scope of this study due to time and budget limitations. 

The success of the test runs also depends on the successful removal of excess powder 

in the lattice structure. It adheres to the beams and decreases the available travel at which 

the lattice is fully compacted. Throughout the course of the investigation, two additional 

test series with helmets incorporating a tetrahedral lattice and truncated octahedron lat-

tice were carried out, but not included here. Despite not having additional powder evac-

uation orifices in the inner shell, they did not exhibit the same tendency to retain such a 

large amount of loose powder as these lattice types were much less intricate. Additional 

iterations of the design intended to adapt it to production constraints would likely aid in 

mitigating these issues, but budget and time limits prevented the authors from further 

pursuing this avenue. 
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Improvements to the study could be made in several manners, for example by choos-

ing a different FEA solver with more failure models as well as material models compatible 

with beam elements. RADIOSS’ implementation of simple element deletion does not dis-

cern between compressive and tensile stresses and cannot account for partial strut failure. 

Additionally, the investigated helmet model does not include any padding or head har-

ness which could further lower peak acceleration values. To avoid the accumulation of 

excess powder in certain areas, the helmet geometry could be produced without the inner 

shell such that the lattice is more easily reachable and cleanable. Opting for a multi-part 

approach instead of a unibody design would also offer more flexibility in terms of material 

choice and production methods. Manufacturing the lattice in parts and attaching it to the 

shell could enable more efficient cleaning of the lattice if produced with Powder Bed Fu-

sion methods. Alternatively, manufacturing the sections with resin-based stereolithogra-

phy (SLA) printers would circumvent the issues regarding powder removal entirely. They 

could potentially mitigate the thickness deviation issues as SLA printers provide very 

high manufacturing resolutions, provided that warping during printing and curing can 

be controlled. 

Additional insights could be gained by exploring more ductile materials such as pol-

ypropylene or thermoplastic elastomers since they are also manufacturable by MJF and 

provide potentially fitting or superior material properties. Using multiple lattice types in 

different regions such as the sides or rear of the helmet could improve local protection, as 

could opting for a multilayer approach with differing lattice types in the radial direction. 

Automating and controlling the entire design and optimization chain in HyperStudy by 

linking it with nTop command line interface and running a script controlling the FEA 

model setup in HyperMesh would enable a powerful procedure capable of autonomously 

exploring a much larger design space and fine-grained local control over the lattice, how-

ever significant computational power would be required. 
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The model’s physical drop tests results did not match the simulative assessments due to material 

modelling and manufacturing issues. Since no suitable material data covering high strain rates was 

available in literature and the necessary test equipment to obtain them was not accessible to the authors, 

a simulative material correlation was performed based on a drop test. Even though the resulting 

material parameters seem plausible, their validity is uncertain. In addition, the lattice geometry 

exhibited significant thickness deviations that vary depending on their printing orientation and target 

thickness. Even though a corrective thickness offset based on measurements was applied, the lattice 

incorporated in the helmet samples were still too thin. Comparing the acceleration curves of the 

simulation and test, it can be concluded that the lattice’s stiffness is overestimated by the FEA model. 

The test sample’s acceleration curve possesses a shallower slope followed by a sudden increase caused 

by complete compression of the lattice. Its acceleration peak of 224G is within the standard’s upper 

limit of 250G, and the HIC(d) level of 778 matches the best-performing foam helmet. 

The demonstrated lattice helmet is able to outperform four out of five tested helmets incorporating 

a conventional foam liner. Repeating the simulations and optimization with accurate material 

properties as well as better knowledge and control over the manufacturing method would most likely 

allow for further improvements. Despite the aforementioned limitations, this paper demonstrates that 

the implementation of a lattice structure in a realistic appliance is feasible, and that the optimization 

method leads to substantial improvements. Additional pictures of the tested helmet designs are shown 

in the Addendum in section 7.10. 

The author contributed to this paper by continuing to evolve the concept and methodology, 

designing the lattice structures used in the helmet, performing the simulations of the foam helmet 

model as well as the lattice helmets and their optimizations, and physically testing the resulting 

samples. Further, the author performed the data analysis and visualization, wrote the original draft of 

the manuscript, and performed edits based on reviewer comments.  
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5 Discussion 
This chapter provides answers to the research questions and critically discusses the results as well 

as the procedure presented in the thesis. 

 

5.1 Responses to Research Questions 

 RQ1: How to design and optimize FGLS for mechanical parts with consideration of 

engineering requirements? 

At the start of the doctoral project, nTop was the only viable option for designing complex lattice 

structures in a streamlined manner, offering sufficient manipulation and export options for engineering 

purposes. Normal CAD programs are not suitable for this task due to their limitation stemming from 

the boundary representation of geometries. While custom scripts or workflows in specialized software 

like Rhinoceros3D with the Grasshopper plugin can be used, the time and complexity drawbacks may 

significantly impact their usability in an industry setting. Engineering software manufacturers have 

recognized the demand for adequate software solutions. Consequently, big players such as Autodesk 

introduced the option to design basic graded lattices in Fusion 360 and will allow importing implicit 

bodies from nTop for production preprocessing in 2024. Likewise, Altair has introduced implicit body 

modelling in Inspire 2023.0 allowing the design, simulation, and optimization of lattice structures. 

More versatility and further software solutions are expected to follow in the future to satisfy the 

industry’s needs. 

File formats are still an issue and will likely be for the foreseeable future. STL is the de facto 

standard for geometries in the 3D printing domain, however efforts are made for slicers to accept nTop-

native files, STEP files or other mesh formats such as 3MF, but their adoption is not wide-spread yet. 

In the meantime, conversion scripts or workarounds involving several different file formats or software 

suites may be required. 

As for analysis and optimization, it was found that FE solvers offering a wide range of options and 

a sophisticated preprocessor like HyperMesh are required. Basic FEA solvers like the ones included in 

CAD software are insufficient, and advanced ones like Altair OptiStruct and RADIOSS, Ansys 

Mechanical and LS-Dyna, or Abaqus are required. Their optimization can be performed by 

parameterizable input files in general optimizers like HyperStudy or Ansys Design Explorer. 

The lattice optimization method proposed and demonstrated in this thesis (Decker et al., 2020; 

Decker & Kedziora, 2023b, 2023a; Kedziora et al., 2023) splits the lattice structure into discrete 

regions either via manual operations or a scripted routine for more advanced contours. It is making use 

of the fact that each lattice region’s thickness can easily be modified by changing a parameter of the 

1D or 2D finite element representation. The best choice of a specific type of optimization solver, such 

as the Adaptive Response Surface Method, Global Response Search Method, Genetic Algorithm, 

Sequential Quadratic Programming etc. strongly depends on the system behaviour and must be 

considered individually for each model. In the presented studies, the Global Response Search Method 

proved to be a reliable choice. Using template models in nTop, HyperMesh, HyperStudy, and scripts 

for file conversion permits quick design iterations where only few manual operations are required. 
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The production of lattice structures proved to be more challenging than their design and 

optimization despite the limitations of current software solutions. Additive Manufacturing is a 

comparatively new process with some subcategories being in need of maturity. In principle, all three 

of the dominant AM methods can produce lattice structures to varying degrees of size and accuracy. 

The properties and suitability of each one need to be assessed individually as they have differing 

strengths and weaknesses. Both metal and polymer PBF methods provide a good balance of large build 

volumes, geometrical freedom, high accuracy, and vast material selections. Polymer FDM boasts great 

ease of use, whereas metal FDM should be avoided entirely as evidenced by the difficulties 

surrounding the production of the crank arm. SLA provides very high levels of detail and smooth 

surface finishes. Metal PBF methods attain consistent material properties, whereas all three main AM 

methods for polymers show significant deviations that have to be accounted for in both the design and 

simulation of lattice structures. In addition, geometrical deviations as well as thermal warping quickly 

become relevant. Lattice structures are commonly composed of thin and tall features that are 

approaching the machine’s lower feasibility limits due to the nozzle or laser size. Great care must 

therefore be taken to avoid these issues wherever possible. 

 

 RQ2: How well do FGLS perform in realistic mechanical appliances? 

The literature review conducted at the beginning of the study suggests that the performance of 

mechanical parts may be increased significantly by the addition of FGLS given the right conditions. 

The projects presented here show that not every part may be well-suited to incorporate a lattice, 

considering the achieved improvements and manufacturing constraints. In retrospect, choosing the 

bicycle crank arm was suboptimal due to its geometry and the encountered manufacturing issues. The 

steel’s modulus, the crank’s shape and its solid skin already lend it significant rigidity. Hence, 

incorporating a lattice geometry provided no benefit compared to the hollow geometry in terms of the 

stiffness-to-weight ratios determined in (Decker et al., 2020; Kedziora et al., 2023). Nonetheless, the 

models surpassed the stiffness-to-weight ratio of the commercially available aluminium crank to which 

it was compared by 65% with graph lattices and 110% with a Gyroid lattice, respectively. In addition, 

the studies were able to adequately demonstrate the feasibility of incorporating FGLS in a realistic 

geometry, as well as showing the design and optimization method’s functionality. 

The helmet geometry considered in (Decker & Kedziora, 2023b) is a better demonstration of a 

suitable lattice implementation. Since the lattice occupies a large volume, its influence on the results 

is much more pronounced than that of the helmet’s shell. The tested model containing an optimized 

lattice structure performs better than four out of five conventional foam helmets and is on par with the 

best-performing model. In addition, it greatly improves upon the performance of the same helmet 

design incorporating a conventional foam liner. However, limitations regarding production and 

material data prevented correlating the simulations and test results. Therefore, it is assumed that the 

helmet’s performance can be further improved once these issues are mitigated. 
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 RQ3: How can FGLS be modelled and simulated adequately? 

Since the thesis studies lattice structures in the context of AM, each method’s limits and properties 

must be examined before the lattices can be reliably modelled numerically. The material investigations 

(Decker et al., 2023; Kedziora et al., 2022) conducted during this endeavour revealed that certain AM 

methods produce parts with a high degree of anisotropy and large material property spreads. The values 

determined from testing greatly deviated from the manufacturer’s data sheets, therefore independent 

testing is essential. Additionally, lattice structures tend to possess thin features that may border on the 

feasibility limits of some AM methods as determined during the presented studies (Decker & Kedziora, 

2023b, 2023a). These deviations have to be accounted for either by avoiding the use of thin features 

by altering the lattice properties, or by adding thickness corrections to the manufactured parts based 

on testing. However, applying reliable corrections is not trivial since the deviations depend on the 

part’s manufacturing orientation. 

Regarding Finite Element Analysis of structural applications, the most appropriate method to 

model lattices is to use 1D beam and 2D shell elements whenever feasible and to avoid 3D solid 

elements. First and foremost, the proposed optimization method is only compatible with 1D and 2D 

elements. Second, they greatly reduce a model’s complexity and improve the solver performance. 

Lattice structures tend to be very intricate, requiring great care during 3D solid element meshing to 

ensure acceptable element quality. Beam and shell elements significantly simplify the discretization 

step, but evidently require more attention in other domains. Element penetrations and intersections at 

contact or tie interfaces must be mitigated to prevent solver issues. If nonlinear phenomena such as 

yielding or buckling in graph unit cells need to be modelled, they must be discretized by a sufficient 

number of elements via beam subdivisions to be adequately captured. 3D solid elements can be 

considered for validation studies of models with simplified geometries, but it may not always be 

reasonable or even possible regarding preprocessing and solving efforts. For other applications such 

as Computational Fluid Dynamics studies, the use of 3D solid elements may be the only option. 

Capable preprocessors such as Altair HyperMesh along with adequate solvers offering advanced 

material models, contact interfaces etc. are recommended to set up and run FE lattice models. Using 

fully integrated first order elements or second order elements with full or reduced integration is 

encouraged, but the exact element type evidently depends on the load case and solver type at hand. 

 

 RQ4: How can the computational effort of lattice optimization studies be reduced? 

Reducing the computational cost can be approached from several angles. Common techniques 

applied in the domain of structural FE modelling make use of symmetry or submodelling such that 

only part of the model needs to be considered in an analysis. Other avenues include the simplification 

of geometrical features such as the removal holes and fillets, the use of first order elements instead of 

second order elements, using reduced integration elements, or simply to decrease the amount of used 

elements. Slowly moving processes models may be considered quasi-static to avoid using a dynamic 

implicit solver, reducing solving time. Models requiring the use of a dynamic explicit solver can benefit 

from larger element sizes and mass scaling to improve the solving time. Most of these options entail a 

decrease in fidelity, and their suitability must be assessed for each individual case. 
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Another avenue is to alter the optimization routine’s settings. In the presented projects, each 

optimization study was preceded by a DOE run to provide adequate starting points for the optimization 

algorithm. For models with only a moderately nonlinear response, the system behaviour can be 

approximated by a response surface fit based on the DOE data. It may subsequently be used for the 

optimization step instead of executing numerous runs of a full simulation to save a significant amount 

of time. In addition, instead of changing the optimization variables’ values on a continuous range, they 

may be bound to discrete ranges with a finite number of steps between their limits. Further, as 

demonstrated by the thesis’ proposed optimization method, the optimization variables can be linked 

by a mathematical function. Thus, the number of variables is greatly reduced, and the optimization 

solver requires vastly fewer runs. However, the solver’s chance of finding a global optimum is reduced 

this way and only a local optimum might be found. 

 

 RQ5: Which unit cell types are suitable for the considered tasks? 

The selection of suitable unit cell types depends on numerous aspects and has to be assessed 

individually for each application. It is influenced by the choice of manufacturing method, the targeted 

part behaviour, its relative density, base material etc. as shown in Figure 5.1. Certain criteria may be 

the dominant factors during the design phase and directly impact the choice of other lattice properties. 

As stated in (Gibson & Ashby, 1997), the unit cell types are not of primary importance for a lattice 

structure, but their relative density is the main influence. The lattice type is a secondary variable to be 

altered after having specified the performance criteria. Surface and beam lattices have differing, but 

overlapping application areas. When using common AM methods, surface lattices tend to require a 

higher relative density compared to graph lattices to ensure their manufacturability. The minimum 

manufacturable wall thickness partially dictates the lowest relative density level, but this can be 

counteracted within limits via the unit cell size. Thus, graph unit cell types are preferred for 

applications with low relative density, while both are suitable for medium to high relative density 

applications. Choosing higher relative densities is beneficial for the rigidity and strength load-bearing 

structures, while compressive energy absorption applications benefit from lower relative densities to 

prevent excessive stiffness. 
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Figure 5.1: Influences of application constraints on choice of unit cell type 

(Chatzigeorgiou et al., 2022) 

 

In structural applications, the composition of TPMS unit cells is beneficial for a part’s longevity. 

Their smooth surfaces are free of stress concentrations and thus improve the fatigue life as 

demonstrated by the results obtained in the studies on the crank arms (Decker et al., 2020; Kedziora et 

al., 2023). Additionally, the considered TPMS lattice provided a much greater stiffness-to-weight ratio 

at identical part weight compared to the graph lattices. While no further surface-based lattice types 

were assessed in this project, several graph unit cell types were considered. Comparing them at equal 

unit cell size and strut thickness (i.e. not at equal relative density), their lowest and highest stiffness-

to-mass ratios differ by 33%. Manufacturability was the decisive factor in choosing an adequate lattice 

type for production of the prototype. Producing a graph-based lattice crank prototype with SLM would 

have been a valid choice, but local manufacturing with metal FDM was preferred. Therefore, a surface-

based unit cell type was the only viable option since manufacturing graph-based unit cells of this size 

would not have been feasible with the Markforged Metal X system. 

As for the study revolving around the helmet (Decker & Kedziora, 2023b), graph-based unit cell 

types were chosen for two reasons. They permit the production of lattices with very low relative 

density, whereas TPMS or other surface-based lattice types entail higher densities at comparable cell 

size. As a lattice’s impact absorption properties greatly depend on its relative density, graph-based unit 

cells were the preferred choice to achieve an adequate balance of strut thickness and unit cell size. In 

addition, it was determined early in the project that a PBF method for polymer materials is the only 

adequate method capable of producing the entire helmet. Employing surface-based unit cells would 

have rendered removal of excess powder after printing practically impossible. Hence, graph-based unit 

cells were clearly better-suited for this project. At identical relative density, the modified Head Injury 

Criterion performance difference between the best-performing and worst-performing lattice types 

amounts to 43% One outlier model fails to sufficiently absorb the impact energy which results in a 

168% higher HIC(d) level compared to the best lattice type. Two of the considered graph lattice types 

were stochastic, i.e. randomly oriented and foam-like. Their performance was among the three best 

contenders in the considered impact scenario, and only one regular lattice type outperformed them. It 

is assumed that their uniform and quasi-isotropic properties played a considerable role in their relative 
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performance positioning. Further, the considered regular lattice types exhibit a noticeable degree of 

orthotropy which could be detrimental here. In principle, stochastic lattices are well-suited for 

localized size adaptations. It would be feasible to control its local density via the cell size and thickness 

parameters by linking its command line interface with Altair HyperStudy. The FE model setup could 

be automated with HyperMesh, and optimization studies could be run completely independent of 

manual intervention. Conversely, regular lattice unit cells usually are confined to rectangular or 

hexagonal shapes. Adapting them to regions with significant size changes is more challenging, as the 

unit cells must be stretched or truncated to follow the geometry. 

The graph-based lattice’s subcategorization into bending-dominated, stretching-dominated and 

overconstrained types becomes relevant in large strain compression cases such as the one investigated 

in (Decker & Kedziora, 2023a). Here, the uniform, bending-dominated lattice achieved only a third of 

the specific energy absorption (SEA) compared to the stretching-dominated lattice. On the other hand, 

the bending-dominated type achieved a much greater SEA improvement after the optimization. An 

increase of up to 29% was reached compared to a maximum increase of 5% with the stretching-

dominated lattice. While the limited scope of the study does not permit a general statement, it indicates 

at differences in performance and their potential improvement between them. 

 

5.2 Limitations 

The limitations regarding the design, modelling, optimization and production of FGLS that were 

encountered during the course of the thesis are assembled and discussed critically in this section. 

The optimization procedure is proven to be appropriate for engineering workflows and effective in 

fulfilling its task as demonstrated by the presented publications and projects. Establishing and refining 

it was relatively straight-forward thanks to the versatile lattice design software nTop and established 

FEA suites enabling complex model setup and solving. Conversely, the greatest hindrances tied to the 

workflow stemmed from material inconsistencies, manufacturing deviations and software limitations. 

Overall, processes involved significant manual input as soon as models had to be transferred from one 

step to the next, and a streamlined suite capable of handling everything is not yet available. 

As shown in the publication presented in section 4.2, metal FDM manufacturing possesses 

considerable limitations stemming from its extrusion-based process. It can be clearly seen that the test 

samples did not reach the values claimed by the respective manufacturer’s data sheets. Parts have high 

surface roughness values, high porosity with sharp voids, weak layer bonding, large deviations, and 

overall subpar material properties that severely limit their use. In addition, the process can only be 

reliably applied to small parts with comparatively low complexity which do not exceed 60mm per axis, 

with 100mm per axis being the upper recommended limit by the manufacturers. Even when the size 

restrictions were respected, parts frequently fractured during sintering or delaminated while printing. 

Numerous attempts of printing large parts such as the crank arm geometry resulted in failure. Opting 

for a Powder Bed Fusion method would have been the preferrable choice for producing the crank arm 

in retrospect. However, metal FDM was chosen in the initial project stage since it enables the on-site, 

low-cost production of the Gyroid lattice in the crank arm without the need for numerous powder 

release channels as required by PBF methods, which would compromise the geometry’s stiffness. The 

graph lattice investigated in the first publication would have been manufacturable by SLM with only 
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few powder evacuation holes, alas printing the intricate geometry was not feasible with the Markforged 

system. 

During the course of the projects involving polymer lattices, limitations of the chosen 

manufacturing methods became evident here as well. The publication involving their material 

investigation (see section 4.4) partly showed important result spreads occurring in samples of both 

resin-based and powder-based manufacturing methods, rendering reliable material behaviour 

predictions difficult. Since polymer part properties are strongly influenced by numerous external 

factors before, during and after production, singular parts from different production batches subjected 

to slightly different conditions may not be well-represented by the properties established from the tests. 

This was especially noticeable during the optimization of lattice cubes in compression described in 

section 4.5, when lattices produced with Formlabs Tough 2000 were to be correlated with the 

simulations based on material properties established from tests. No match could be established 

between the approaches, and it is assumed that the differing time spans between production and testing 

are at the root of the issue. Since the material is sensitive to ultraviolet light, it is continuously cured 

after printing when left exposed to ambient conditions, which causes material property changes over 

time. It was not possible to match the physical test results with the simulations using material properties 

obtained from tensile testing since their properties did not match. The lattice models using the Tough 

2000 material were therefore discarded. 

In addition to the material deviations, manufacturing issues of both PBF and SLA methods 

exacerbated the correlations further. Although the geometries possessed feature sizes above the 

manufacturers’ stated minimum feature sizes, thickness deviations and considerable warping occurred 

below certain beam diameters. Some could be mitigated by the use of more support structures in case 

of SLA printing or, in case of PBF, part cages protecting the geometry from excessive abrasion during 

post-processing with sandblasting. The improvements were limited or cancelled by the increased risk 

of breaking a thin beam during support structure removal. Certain lattice types implemented in the 

helmet geometry rendered excess powder removal increasingly difficult, up to the point that some 

models possessed a 60% higher weight than expected. Additional drainage holes had to be included 

for improved accessibility. Since powder handling was estimated to be an issue at the beginning of the 

project, test prints of a scaled-down version of the helmet geometry with a lattice liner were executed 

with Formlabs Form 2 SLA printers to circumvent it entirely. However, the geometry required the 

extensive use of support structures and still did not finish printing successfully. The outer shells, being 

large and thin, were prone to sagging and detaching. The support structures needed to reach far into 

the lattice structure to support the shells, which made their removal impossible without destroying the 

lattice. The lattice itself was not dense enough to fully support the shells during the print. Using PBF 

methods for producing the helmet geometry was therefore seen as the only choice for the full-scale 

geometry. 

Software limitations were encountered at different design steps. Although nTop permits exporting 

1D lattice geometries in various FE input file formats, it only does so for lattices with uniform 

thickness. A custom MATLAB script had to be devised to convert the nTop-native LTCX file format 

(based on XML), binning the beams into the desired number of separate groups, and writing them to 

OptiStruct’s input file format. It was initially intended to extend the script to also support converting 

tapered beam elements, but the script was not used extensively during the course of the thesis, and the 
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extension was not pursued. A TCL/TK script was developed to split a beam or shell lattice geometry 

in HyperMesh following an arbitrarily shaped 3D function, enabling a more refined splitting approach 

for the helmet geometry. Since the split lattice geometry also had to be transferred to nTop again after 

the optimization procedure in order to apply the resulting thickness distribution and to reassemble the 

entire geometry for printing, another MATLAB script was developed which translates the 

corresponding RADIOSS input file to separate LTCX files, each containing the corresponding graph 

lattice. It was primarily intended for transferring the resulting lattice after a mesh morphing 

optimization, however it proved to be useful for the lattices obtained from thickness optimizations as 

well. Additionally, software restrictions limiting the capability of the Metal X system halted the 

project’s progress for a significant time. Its closed source approach requires the use of their proprietary 

Eiger.io slicer software, which offered very limited print setting options at the time of the initial 

investigations. It supported a maximum geometry file size of 20MB which is extremely limiting 

considering that the crank mesh surpassed 600MB with only acceptable fidelity. Additionally, the slicer 

automatically and aggressively placed support structures beneath overhangs with no possibility for 

manual editing, rendering a successful print practically impossible. Several routes attempting to bypass 

this restriction were tried without success, such as using the Markforged material on an open-source 

Prusa i3 MK3 FDM printer. Another potential, yet unsuccessful avenue was to replace the entire 

support structure by ceramic release material and preventing its extrusion such that only the main 

structure is printed. The alternative choice was made to also explore the BASF Ultrafuse material’s 

properties since it can be manufactured with any slicer and FDM printer, hence why it was included in 

the material investigation shown in section 4.2. Printing tests of a lattice structure and multiple crank 

prototypes produced with both materials are shown in the Addendum in section 7.5. Small sections of 

the crank were successfully produced with BASF Ultrafuse 316L on a Prusa i3 MK3 FDM printer but 

attempts of printing the entire geometry failed often. Material accumulated around the nozzle during 

the extrusion, causing surface defects and clumps in the lattice structure This was mitigated by 

installing a wire brush at the printer’s side over which the nozzle was swiped after each layer finished. 

However, layer delamination occurred during printing or sintering due to inhomogeneous heat 

distribution causing internal stresses. Some of the attempts are found in the Addendum in section 7.7. 

Another software-related limitation concerned the chosen FEA solver, which became visible during 

the mesh morphing simulations of the PA12 Isotruss lattice mentioned in section 4.5. The results 

exhibited inconsistent and unrealistic buckling behaviour. While the exact cause remains unidentified, 

only switching to RADIOSS version 2022.3 from 2021.2, combined with a reduced compression 

speed, led to buckling behaviour that matched the observations during tests. Decreasing the speed in 

the older solver version did not produce a similar change. None of the other models exhibited a 

comparable dependence on movement speed and aligned well with the physical test results. 

Consequently, the mesh morphing studies were abandoned.  

Despite the complications encountered during these projects, manufacturers are aware of the 

limitations and the development of lattice design software is steadily advancing. The features of nTop 

are continuously expanded, allowing more geometry import and export options. For example, a 

cooperation with EOS enabled the direct import of nTop implicit geometry files in EOS’ slicer, entirely 

removing the need to convert the implicit body into a mesh or CAD file (Hong, n.d.). Similarly, an 

announced cooperation with Autodesk aims to enable the same functionality with Fusion 360 in 2024 

(Ozel, 2023).  
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6 Summary & Outlook 
This chapter summarizes the project results and proposes directions for potential future work. 

 

6.1 Summary 

The thesis provides an overview of current applications and limitations of functionally graded 

lattice structures (FGLS) as they are studied in scientific publications and applied in industrial contexts. 

FGLS have gained significant attention due to their wide range of applications and improvement 

potential compared to traditional appliances. However, their novelty comes with challenges, 

particularly in terms of design, optimization, and production methods as highlighted here. 

Numerous existing studies rely on customized scripts for lattice design and optimization, but these 

approaches may not be suitable for engineering workflows. They require geometries compatible with 

Computer-Aided Design (CAD), Finite Element Analysis (FEA) software, and manufacturing needs. 

Therefore, this thesis focuses on developing and demonstrating a workflow tailored for engineering 

purposes. Two appliances are fitted with lattice structures in order to test the practicality and limits of 

the process. The development of a versatile lattice optimization method capable of addressing diverse 

objectives is subsequently presented. The approach enables the use of nonlinear FE analyses, ensuring 

a robust simulative evaluation of lattice structures. The thesis also provides investigations on material 

properties, exploring suitable additive manufacturing techniques and material options. 

A steel bicycle crank arm geometry incorporating a lattice structure was designed as an initial trial 

of the developed optimization method. The first investigation focused on testing the performance of 

several different graph lattice types in the crank arm, two of which were chosen for the thickness 

optimization process (Decker et al., 2020). The load scenario follows the ISO 4210 standard. After 

manual splitting of the lattice into discrete regions with symmetry constraints, their thickness was 

altered such that the crank’s displacement was minimized while considering a mass limit in 

conjunction with a stress limit based on estimations extracted from the material’s data sheets. The 

study was limited to simulative modelling, as the manufacturing system (Markforged Metal X) was 

not yet operational. The primary investigation is carried out with a simplified, second order beam 

element representation of the graph lattice to simplify the analysis procedures. It is followed up with a 

validation simulation of the optimized lattice structure consisting entirely of second order tetrahedral 

elements, which confirms the results gained from the approach using 1D elements. While the 

optimization study does not achieve a significant stiffness increase of the crank arm, the lattice’s 

material is redistributed to its outer sections, improving its stress distribution. 

The subsequent two studies investigated the properties of materials produced with manufacturing 

methods that are potentially suitable for lattice structures. The first material study concentrates on 

examining the properties of Markforged 17-4 PH and BASF 316L produced with metal FDM. They 

are compared with two 316L SLM steel variants from EOS and Renishaw (Kedziora et al., 2022). The 

materials’ roughness, hardness, tensile properties, fatigue strength and Charpy impact strength was 

reported along with microscopy imagery of selected test samples. All the samples are tested in their 

worst-case loading scenario, where their potential anisotropy resulting from the production method is 

most relevant. The findings show that metal FDM samples are significantly weaker and show vastly 

increased deviations compared to their counterparts produced with SLM or Metal Injection Moulding 
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in every test. The strength decrease is especially noticeable during the fatigue and Charpy impact tests. 

The microscopy imagery of the metal FDM samples show incomplete layer bonding and voids, which 

negatively impact the material’s strength strongly. Conversely, the SLM test samples show full density, 

near-zero porosity, and consistent test results. The study is the first to present such an extensive 

investigation of Markforged and BASF steel produced with metal FDM, highlighting the issues 

stemming from the production method. 

The second material property investigation concentrates on common additive manufacturing 

methods for polymers (Decker et al., 2023). The goal is to establish knowledge about the materials’ 

behaviour for subsequent studies. Formlabs standard resin and Tough 2000 engineering grade resin 

material produced with SLA as well as two polyamide 12 variants produced with SLS (Sinterit) and 

MJF (HP) are examined and compared. Similar to the previous material investigation, the samples are 

all produced and loaded in their weakest orientation to emulate the worst-case scenario. The study is 

composed of tensile testing, fatigue testing of Formlabs Tough 2000 and HP PA12 materials, and 

Charpy impact testing. From these samples, the materials’ secant modulus and density are derived. 

Additionally, Poisson’s ratio of the resin test samples is determined via Digital Image Correlation 

(DIC). The study is the first to report the density, fatigue behaviour, and Poisson’s ratio of Formlabs 

resin materials, filling current research gaps. 

Based on the knowledge gained from the material investigations, the steel crank arm model was 

reanalysed with a more refined approach (Kedziora et al., 2023). It now incorporates a Gyroid lattice 

structure modelled with 2D shell elements, and a scripted lattice splitting method is used for creating 

conformal regions following the expected stress distribution. The design process respected the 

material’s limitations and production restrictions more closely, considering its actual fatigue strength 

and minimum producible feature size determined from testing. More refined design approaches are 

employed such as Design Exploration and Multi-Objective Optimization methods. With the optimized 

Gyroid lattice, the crank geometry achieved the highest stiffness-to-weight ratio of the investigated 

crank geometries. With a much smoother stress distribution in the lattice, it also respected the 

maximum allowable stress constraint. A prototype was produced successfully as a proof of concept. 

The thesis’ publications are continued by studying the application of the optimization method to 

two cubic lattice structures subjected to large compression. (Decker & Kedziora, 2023a). A Simple 

Cubic lattice as well as an Isotruss lattice produced with PA12 using MJF were examined. They are 

optimized for maximum specific energy absorption, and a mass limit equal to the uniform lattice’s 

mass was imposed. Their thickness distributions are constrained to follow three different mathematical 

functions to explore their performance: a linear, quadratic, and power law distribution, respectively. 

Linking the lattice’s thickness in such a manner reduces the computational effort greatly as only the 

function’s variables need to be altered instead of each of the separate lattice regions’ thickness value. 

Previous investigations reported in literature primarily focused on examining fixed, manually defined 

thickness changes of lattice structures in compressive load cases, often following linear patterns due 

to their simplicity of implementation. The current study therefore expands on these publications by 

exploring their optimal thickness distribution following different approaches. The results are validated 

by physical testing, correlating the simulative behaviour with its physical counterparts. The findings 

show that the improvement potential of energy absorption at identical weight can be significant, but it 

is not identical for different lattice types. The Simple Cubic lattice is found to achieve approximately 
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29% higher specific energy absorption after its optimization with the linear and quadratic thickness 

distribution approach, however the highest increase seen with the Isotruss lattice amounts to 5% after 

optimization when the quadratic thickness distribution is applied. The study also points out issues that 

arise when simulating and correlating lattice models exhibiting. In addition, geometrical deviations of 

thin features occurring at the manufacturing method’s limits were noted. 

The knowledge gained throughout the course of the projects was applied to a final project: a 

realistic bicycle helmet geometry including a conformal, optimized lattice structure. Few related 

scientific publications studying helmets incorporating lattice liners exist, providing investigations with 

limited scope. They examined a low amount of lattice types and commonly use simplified helmet 

geometries or only sections of it. Moreover, they do not consider optimizations of the utilized lattice 

structures. The presented study expands upon these publications by investigating a larger number of 

graph lattice types implemented in a complete and realistic helmet, and by optimizing one of them. 

The helmet was designed to be manufactured in a single part on a HP MJF printer using PA12. It was 

tested following the EN 1078 standard on a test stand designed and built for this purpose during this 

project. The lattice was split such that the discrete regions closely follow the helmet’s shape. The 

regions’ thickness values were linked via a quadratic function, reducing the amount of optimization 

variables. Its performance was evaluated based on the wearer’s injury risk during a standardized impact 

test, and the resulting helmet geometry was physically tested. First, fourteen graph lattice types with 

uniform thickness are implemented in the helmet geometry and evaluated via FE modelling. The worst-

performing lattice type was subjected to the optimization routine to improve its performance, a choice 

made to avoid the manufacturing method’s feature size limitations. It was physically tested to compare 

the findings with the simulation models. While an improvement over conventional helmets was not 

yet achieved due to material modelling shortcomings, the lattice helmet’s performance matched the 

best-performing foam helmet model and passed the standard’s requirements. Refined material testing 

would enable pursuing further improvements of the investigated lattice structure. 

 

6.2 Outlook 

This research serves as a starting point for additional evaluations and applications of the 

optimization methodology. The presented projects can be further refined, primarily by additional 

physical testing and by exploring other manufacturing options. Printing the crank arm with a PBF 

method would raise the level of attainable part quality and material properties compared to the Metal 

X system. The simulations and tests of the helmet model should be repeated after obtaining accurate 

material data covering the tensile behaviour at high strain rates. Moreover, changing the applied 

manufacturing method to a locally available alternative would greatly facilitate the material and part 

investigations. The influence of printing parameters on part accuracy and accurately producible lattice 

sizes could then be studied adequately. 

The thesis’ scope can be extended by including an automated optimization approach making use 

of nTop’s command line interface, allowing for more extended control over the latticing strategy. It 

would enable control over advanced features such as refined cell size control in local regions of 

stochastic lattices. Investigations involving different physical aspects, such as the optimization of heat 

transport and fluid dynamics of a heat sink, would constitute suitable studies for additional 

demonstration purposes. 
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7 Addendum 

7.1 MATLAB Conversion Code from LTCX to OptiStruct Input File 
clear all 
clc 
tic 
  
%ONLY LINEAR ELEMENTS 
%DO NOT REMOVE SPACES IN PRINTED OUTPUT 
%WRITE ORDER DOES NOT MATTER 
%IMPORT IN HM: CREATE COMPS BY HM COMMENTS 
  
property_name="prop"; 
beam_section_name="beamsec"; 
component_name="comp"; 
file_to_read='testlattice.ltcx'; 
  
converted_file=append(extractBefore(file_to_read,'.'),'_from_matlab.fem'); 
struct_raw_data=xml2struct(file_to_read); 
number_of_node_lines=numel(struct_raw_data(2).Children(2).Children); 
number_of_nodes=(number_of_node_lines-1)/2; 
G0=number_of_nodes+1; 
fprintf('Number of nodes = %d\n',number_of_nodes); 
beam_line_number=numel(struct_raw_data(2).Children(4).Children); 
number_of_beams=(beam_line_number-1)/2; 
fprintf('Number of beams = %d\n',number_of_beams); 
  
  
%HANDLE NODE DATA 
node_input_values=zeros(number_of_nodes,5); 
for i=2:2:number_of_node_lines 
    struct_input_nodes=struct2cell(struct_raw_data(2).Children(2).Children(i).Attributes); 
    sq=squeeze(struct_input_nodes); 
    temp_values=sq(2,:); 
    node_input_values(i/2,:)=str2double(temp_values); 
end 
  
  
%SPLIT STUFF 
node_radius=node_input_values(:,2); 
node_coords=node_input_values; node_coords(:,2)=[]; %split into radius vector and node ids+coordinates 
node_coords(:,1)=node_coords(:,1)+1; 
  
  
%HANDLE RADIUS DATA 
keep=1; 
radii_available=unique(node_radius); 
radii_chosen=radii_available(1:keep:end); %ELIMINATE THICKNESS VALUES AS NEEDED, ADD SORTING OF MISSING 

THICKNESSES 
% radii_chosen=round(radii_chosen,2); 
number_of_chosen_radii=length(radii_chosen); 
fprintf('Number of chosen radii = %d\n',number_of_chosen_radii); 
fprintf('Radii chosen = %f\n',radii_chosen); 
fprintf('Radii available = %f\n',radii_available); 
  
  
%HANDLE BEAM ELEMENTS 
beam_input_values=zeros(number_of_beams,3); 
for j=2:2:beam_line_number 
    struct_input_beams=struct2cell(struct_raw_data(2).Children(4).Children(j).Attributes); 
    sq=squeeze(struct_input_beams); 
    temp_values=sq(2,:); 
    beam_input_values(j/2,:)=str2double(temp_values); 
end 
beam_input_values=beam_input_values+1; 
  
  
%CREATE INPUT FILE 
fileID=fopen(converted_file, 'w'); 
fprintf(fileID,'$$CONVERTED FROM NTOP BEAM FILE TO OPTISTRUCT INPUT FILE\n\n'); 
fprintf(fileID,'BEGIN BULK\n'); 
  
  
%WRITE BEAM SECTION COLLECTOR 
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fprintf(fileID,'\n$HMNAME BEAMSECTCOLS           1"%s_col"\n',beam_section_name); 
  
  
%WRITE BEAMSECTIONS 
for k=1:number_of_chosen_radii 
    fprintf(fileID,'$HMNAME BEAMSECTS\n'); 
    fprintf(fileID,'$       %s       1"%s%d"\n',pad(num2str(k),8,'left'),beam_section_name,k); 
    fprintf(fileID,'$              2       7       1       0     1.0     1.0     0.0     0.0     0.0\n'); 
    fprintf(fileID,'$            0.0       1\n'); 
    fprintf(fileID,'$HMNAME BEAMSECTS  BEAMSECTIONSTANDARD        11       1       0Rod\n'); 
    fprintf(fileID,'$HMNAME BEAMSECTS  BEAMSECTIONSTANDARD  PARAMETERS  '); 
    fprintf(fileID,'%s%s    10.0    \n',pad(num2str(radii_chosen(k)),8,'left'),pad(num2str(radii_chosen(1)),8,'left')); 
    fprintf(fileID,'$HMNAME BEAMSECTS  END\n'); 
end 
  
  
%CREATE COMPONENTS 
for p=1:number_of_chosen_radii 
    fprintf(fileID,'$HMNAME COMP            %s"%s%d" %s "%s%d" 3 

\n',pad(num2str(p),8,'left'),component_name,p,pad(num2str(p),8,'left'),beam_section_name,p); 
    fprintf(fileID,'$HWCOLOR COMP           %s%s\n\n',pad(num2str(p),8,'left'),pad(num2str(p),8,'left')); 
end 
  
  
%WRITE PROPERTIES 
%PBEAM  PID     MID     A(A)    I1(A)   I2(A)   I12(A)  J(A)    NSM(A) 
%       C1(A)   C2(A)   D1(A)   D2(A)   E1(A)   E2(A)   F1(A)   F2(A) 
fprintf(fileID,'\n\n$$  PBEAM DATA\n$\n'); 
for o=1:number_of_chosen_radii 
    A(o)=pi*radii_chosen(o)^2; J(o)=0.5*pi*radii_chosen(o)^4; 
    I1(o)=0.25*pi*radii_chosen(o)^4; I2=I1; 
    o_string=pad(num2str(o),8,'left'); 
    fprintf(fileID,'$HMNAME PROP            %s"%s%d" 3\n',o_string,property_name,o); 
    fprintf(fileID,'$HWCOLOR PROP           %s%s\n',o_string,o_string); 
    fprintf(fileID,'$HMBEAMSEC PBEAMASSOC   %s%s\n',o_string,o_string); 
    fprintf(fileID,'PBEAM,%d,1,%f,%f,%f,0.0,%f,,\n',o,A(o),I1(o),I2(o),J(o)); 
    fprintf(fileID,'+,\n+,\n+,,,,,0.0,0.0,0.0,0.0,\n$\n'); 
end 
  
  
%CREATE MATERIAL 
% MAT1  MID E   G   NU  RHO A   TREF    GE 
%       ST  SC  SS 
fprintf(fileID,'$$  MAT1 DATA\n'); 
fprintf(fileID,'$HMNAME MAT 1,"material1",1\n$HWCOLOR MAT 1,1,\n'); 
fprintf(fileID,'MAT1,1,210000,,0.3,7.85E-9\n\n'); 
  
  
%WRITE GRID DATA 
% GRID  ID  CP  X1  X2  X3  CD  PS 
fprintf(fileID,'$$\n$$ GRID DATA\n$$\n'); 
fprintf(fileID,'GRID,%d,,%f,%f,%f,\n',node_coords'); 
fprintf(fileID,'GRID, %d,,0.1,0.1,0.1,\n',G0); 
fprintf(fileID,'\n\n\n'); 
  
  
%ASSIGN COLLECTOR IDS FOR BEAM ELEMENTS 
for k=1:number_of_beams 
    temp_node_id_A(k,1)=beam_input_values(k,2); %get NID1 for element end A 
    temp_node_id_B(k,1)=beam_input_values(k,3); %get NID2 for element end B 
    radius_A(k,1)=node_radius(temp_node_id_A(k)); 
    radius_B(k,1)=node_radius(temp_node_id_B(k)); 
    [min_value_A, min_index_A]=min(abs(radii_available-radius_A(k))); 
    [min_value_B, min_index_B]=min(abs(radii_available-radius_B(k))); 
    col_id_A(k,1)=min_index_A; 
    col_id_B(k,1)=min_index_B; 
end 
  
beams=[beam_input_values(:,1), col_id_A, beam_input_values(:,2), beam_input_values(:,3), ones([number_of_beams,1])*G0]; 
  
  
%WRITE CBEAM ELEMENTS 
% CBEAM EID PID GA  GB  X1/G0   X2  X3  OFFT 
%       PA  PB  W1A W2A W3A W1B W2B W3B 
fprintf(fileID,'$$\n$$ CBEAM ELEMENTS\n$$\n'); 
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fprintf(fileID,'CBEAM,%d,%d,%d,%d,%d,,,,\n',beams'); 
fprintf(fileID,'\n'); 
  
  
%HMMOVE 
for component_id=1:number_of_chosen_radii 
     
    for y=1:number_of_beams 
        if beams(y,2)==component_id 
            element_ids_in_component(y,component_id)=beams(y,1); 
        end 
    end 
    interm=nonzeros(element_ids_in_component(:,component_id)); 
    number_of_els_in_comp(component_id)=length(interm); 
    fprintf('Number of elements in component %d = %d\n',component_id,number_of_els_in_comp(component_id)); 
    fprintf(fileID,'\n$HMMOVE %s\n',pad(num2str(component_id),8,'left')); 
    fprintf(fileID,'$       %s%s%s%s%s%s%s%s%s\n',pad(string(interm),8,'left')); 
end 
  
%CHECK 
fprintf('Total number of moved elements = %d\nDifference to total number of elements = 

%d\n',sum(number_of_els_in_comp),number_of_beams-sum(number_of_els_in_comp)); 
  
%END 
fprintf(fileID,'\n\nENDDATA'); 
fclose('all'); 
toc 
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7.2 MATLAB Conversion Code from RADIOSS Input File to LTCX 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Convert .RAD to .LTCX %%%%%%%%%%%%%% 
%%% Author: Thierry Decker %%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%% 
clc 
clear all 
  
inFile = 'bcc_helmet_0000.rad'; 
fid = fopen(inFile); 
time=[]; 
inNode = false; 
inBeam = false; 
line = ''; 
comp=[]; 
linecounter = 0; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%% 
% File reading section following below provided by user bog in ComputerBase forum 
% https://www.computerbase.de/forum/threads/matlab-gemischte-textdatei-lesen-und-umformatieren.2039920/ 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%% 
  
tic 
%Finding /BEAMS and /NODES 
while ischar(line) 
    line = fgetl(fid); 
    linecounter = linecounter+1; 
    if length(line) <= 1 || line(1) == '#' % skipping comments, empty lines 
        continue; 
         
    elseif line(1) == '/' % handle node/beam starts 
        inNode = startsWith(line, '/NODE'); 
        inBeam = startsWith(line, '/BEAM/'); 
         
        if inBeam 
            comptemp = str2double(line(7:end)); 
        end 
         
        continue; 
         
    end 
     
    if inNode || inBeam % node/beam active? extract numbers 
        if inNode 
            val = [str2double(strtrim(line(1:10)))]; 
            for i = 11:20:length(line) 
                substr = line(i : i + 20 - 1); 
                val = [val, str2double(strtrim(substr))]; 
            end 
             
            if exist('nodesTable', 'var') == 0 
                nodesTable = val; 
            else 
                nodesTable = [nodesTable; val]; 
            end 
        elseif inBeam 
            comp = [comp; comptemp]; 
            val = []; 
            for i = 1:10:length(line) 
                substr = line(i : i + 10 - 1); 
                val = [val, str2double(strtrim(substr))]; 
            end 
            if exist('beamsTable', 'var') == 0 
                beamsTable = val; 
            else 
                beamsTable = [beamsTable; val]; 
            end 
        end 
    end 
end 
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fclose(fid); 
time=[time,toc]; 
  
%% Sort beams per comp, get unique nodes 
tic 
beamsTable(:,4) = comp; 
uniqueComps = unique(comp); 
uniqueNodes = unique(beamsTable(:,2:3)); 
nodesToWrite = zeros(length(uniqueNodes),4); 
  
for j = 1:length(uniqueNodes) 
    index = find(nodesTable(:,1) == uniqueNodes(j)); 
    nodesToWrite(j,:) = nodesTable(index,:); 
end 
beamsTable = sortrows(beamsTable,[4,1]); 
time=[time,toc]; 
  
%% Reassembling per comp 
for m = 1:length(uniqueComps) 
    beamsInComp = zeros(length(beamsTable),3); 
     
    tic 
    for n = 1:length(beamsTable) 
        if beamsTable(n,4) == uniqueComps(m) 
            beamsInComp(n,:) = beamsTable(n,1:3); 
        end 
    end 
     
    nodesInComp = nonzeros(unique(beamsInComp(:,2:3))); 
    beamsInComp = beamsInComp(any(beamsInComp,2),:); 
    fprintf('Nodes in comp %d: %d\nBeams in comp %d: %d\n\n', uniqueComps(m), length(nodesInComp), uniqueComps(m), 

length(beamsInComp)) 
    time=[time,toc]; 
     
    %add node coordinates to nodesInComp(2:4) 
    tic 
    for k = 1:length(nodesInComp) 
        index = find(nodesTable(:,1) == nodesInComp(k)); 
        nodesInComp(k,2:4) = nodesTable(index,2:4); 
    end 
    time=[time,toc]; 
     
     
    %Renumbering nodes starting from 1 per comp 
    tic 
    nodesRenumbered = [(0:length(nodesInComp)-1)', nodesInComp(:,2:4)]; 
    beamsRenumbered = (0:length(beamsInComp)-1)'; 
     
    node1 = zeros(length(beamsRenumbered),1); 
    node2 = node1; 
     
    for o = 1:length(beamsRenumbered) 
        node1(o) =  find(nodesInComp(:,1) == beamsInComp(o,2)); 
        node2(o) =  find(nodesInComp(:,1) == beamsInComp(o,3)); 
    end 
     
    beamsRenumbered = [beamsRenumbered, node1-1, node2-1]; 
    time=[time,toc]; 
     
    %% Writing 
    tic 
    fileName = strcat('comp',num2str(uniqueComps(m)),'.ltcx'); 
    fileID = fopen(fileName,'w'); 
    fprintf(fileID,'<?xml version="1.0" encoding="UTF-8"?>\n<!--comment-->\n<graph id="0" name="" units="mm" type="rnd">\n    

<nodegroup>\n'); 
    fprintf(fileID,'        <node id="%d" x="%6.14f" y="%6.14f" z="%6.14f"/>\n',nodesRenumbered'); 
    fprintf(fileID,'    </nodegroup>\n    <beamgroup>\n'); 
    fprintf(fileID,'        <beam id="%d" n1="%d" n2="%d"/>\n',beamsRenumbered'); 
    fprintf(fileID,'    </beamgroup>\n</graph>'); 
    fclose(fileID); 
    time=[time,toc]; 
end 
%% 
disp(sum(time))  
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7.3 Beam Lattice Splitting Script in TCL/TK 
##################################################################### 
# File      : Variable distribution of diameters of beam elements 
# Date      : April 30, 2022 
# Created by: Slawomir Kedziora 
# mail  :slawomir.kedziora@uni.lu 

##################################################################### 
# File      : Variable distribution of diameters of beam elements 
# Date      : April 26, 2022 
# Created by: Slawomir Kedziora 
# mail  : slawomir.kedziora@uni.lu  
# Purpose   : Variable diameters distribution for beam elements with a given 
#    : number of diameters. The procedure works for Radioss solver. 
###################################################################### 
if { [ namespace exists ::BeamByEquation ] } { 
 namespace delete ::BeamByEquation 
} 
namespace eval ::BeamByEquation { 
 # Global variables 
 # A number of bins of beam elements. 
 variable g_steps 12 
 # An equation of beam diameters, it must be abs(). It is valid only in a global coordinate system. 
 variable g_equation 0.005*(z*z+y*y+x*x+0.0001)**0.5 
 # A name of lattice components 
 variable g_compName "lattice" 
 # A name of lattice propeties 
 variable g_propName "prop_lattice" 
 # A name of material assigned for the lattice components.  
 variable g_matName  "PA_tab" 
} 
# 
###################################################################### 
# Procedure(Main)  
###################################################################### 
proc ::BeamByEquation::Main { } { 
  # Purpose: To define a variable diameter of beam elements based  
 # on a defined equation in a global coordinate system of a model. 
 # The beam elements are grouped in (g_step) components with the name of "lattice_*" . Each of the componets has  
 # defined propeties "prop_lattice_*) and material "PA_tab)". 
    # Args: None 
    # Returns: None 
    # Notes: 
 # 
  variable g_equation  
  set equation $g_equation 
  variable g_steps 
  set n_steps $g_steps 
  variable g_compName 
  set compName $g_compName 
  variable g_propName 
  set propName $g_propName 
  variable g_matName 
  set matName $g_matName 
  # 
  # Selection of beam elements of the lattice; they must be a type - bar2 and  
  # must be in the component "lattice". 
  #  
  *createmark elems 1 "by config"  bar2  
  *createmark elems 2 "by collector" $compName 
  *markintersection elems 1 elems 2 
  *createmark nodes 1 
  set elements [hm_getmark elems 1] 
  *clearmark elems 1 
  *clearmark elems 2 
  # 
  set propDiams {} 
  # 
 foreach elem $elements { 
     set location {} 
  set node1 [ hm_getentityvalue elements $elem node1.id 0] 
  set node2 [ hm_getentityvalue elements $elem node2.id 0] 
     # Calculation of a center of gravity of the each selected element. 
  set x1 [hm_getentityvalue nodes $node1 "x" 0] 
  set y1 [hm_getentityvalue nodes $node1 "y" 0] 
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  set z1 [hm_getentityvalue nodes $node1 "z" 0] 
  set x2 [hm_getentityvalue nodes $node2 "x" 0] 
  set y2 [hm_getentityvalue nodes $node2 "y" 0] 
  set z2 [hm_getentityvalue nodes $node2 "z" 0] 
  set x0 [ expr {($x1+$x2)/2.0} ] 
  set y0 [ expr {($y1+$y2)/2.0} ] 
  set z0 [ expr {($z1+$z2)/2.0} ] 
  lappend location $x0 
  lappend location $y0 
  lappend location $z0 
  # Calculation of a diameter for each element using the given equation.  
  set diam [ expr { 2.0*[ variable_radii $g_equation $location] } ] 
  set location {} 
  lappend propDiams $diam 
   }  
 # 
 # Sorting the elements in bins( containers). 
 # 
 set results [ bins $propDiams $n_steps ] 
 # 
 # Results organization 
 set propIndexs [ lindex $results 0 ] 
 set meanDiams  [ lindex $results 1 ] 
 # 
 # Preparation of a list with new beam element properties.  
 # An array to contains results - the array of lists; the index of the array is a bin number, 
 # and the array element is list of the elements with the defined diameter.  
 # The elements are save in elemBins(i), where i is the bin number counting from 0 <= i < n_steps. 
 # 
 set elemBins() {} 
 # 
 for { set i 0 } { $i < $n_steps } { incr i } { 
  set id_props [lsearch -all $propIndexs $i] 
  foreach id_prop $id_props { 
   lappend elemBins($i) [ list [lindex $elements $id_prop ] ] 
  }  
 } 
 #  
 # Creating properties of and components for the defined beam bins (containers). 
 # 
 set matsId [hm_getvalue mats name=$matName dataname=id ] 
 # 
 for { set i 0 } { $i < $n_steps } { incr i } { 
     set newIdProp [ expr { [ hm_latestentityid props ] + 1 } ] 
  set newIdComp [ expr { [ hm_latestentityid comps ] + 1 } ] 
  set newIdMat  [ expr { [ hm_latestentityid mats ]  + 1 } ] 
  # 
  set newNameProp [hm_getincrementalname props $propName -1 0 "_"] 
  set newNameComp [hm_getincrementalname comp $compName -1 0 "_"] 
  #   
  # Create a new properties and assign a new radius. 
  *createentity props cardimage=P18_INT_BEAM includeid=0 name=$newNameProp  
  *setvalue props id=$newIdProp STATUS=1 5158=2 
  *setvalue props id=$newIdProp STATUS=1 5152=4 
  *setvalue props id=$newIdProp STATUS=1 7250=3 
  # Radius 
  set radius [ expr {0.5*[ lindex $meanDiams [lsearch $propIndexs $i ] ] } ] 
  *setvalue props id=$newIdProp STATUS=1 4506=$radius 
  *setvalue props id=$newIdProp STATUS=0 4507=0.0 
  # 
  *createentity comps cardimage=Part includeid=0 name=$newNameComp 
  *setvalue comps id=$newIdComp STATUS=2 4358=0 
  *setvalue comps id=$newIdComp propertyid={ props $newIdProp } 
  *setvalue comps id=$newIdComp materialid={ mats $matsId } 
  # 
  # 
  # Move appropirate elements to new components according to the defined bins. 
  if [info exist elemBins($i)] { 
    eval *createmark elems 1 [join [ list $elemBins($i)] " "] 
   set NumOfElems [llength [hm_getmark elems 1]] 
   puts $NumOfElems 
   *movemark elems 1 $newNameComp 
   *clearmark elems 1 
  } 
 } 
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 # 
 unset elemBins  
 unset g_steps 
 unset g_equation 
 unset g_compName 
 unset g_propName 
 unset g_matName 
} 
###################################################################### 
# End (Main)  
###################################################################### 
 # 
 proc ::BeamByEquation::variable_radii {equation location } { 
 # Purpose: To calculate a diameter based on the equation given at a location x,y,z (location) 
    # Args: Two lists equation string and list of x y z coordinates of the location. 
    # Returns: list of calculated values of the beam radius for the given location x y z.  
    # Notes: None 
 # 
 set sequ [string map {x $x y $y z $z} $equation]  
 set x [lindex $location  0] 
 set y [lindex $location  1] 
 set z [lindex $location  2] 
 set result [ expr double($sequ) ]  
 return $result 
 } 
 # 
 proc ::BeamByEquation::bins { items nSteps } { 
 # Purpose: Creates nSteps bins of for items (list of diameters) with a constant value per the bin. 
    # Args: A list of items to group with based on a constant value, nSteps - a number of the bins. 
    # Returns: Two lists: the urpose: Creates a nSteps bins of for items (list of diameters) with a constant value per the bin. 
    # Args: A list of items to group with based on a constant value, nSteps - a number of the bins. 
    # Returns: Two lists: the first one contains the bin index (starting with 0) and 
 # the second one is the list with a new constant diameter value per the bin. 
    # Notes: The final constant value of the items per the bin is calculated as an average  
 # of the bin boundary values. 
 # Output: Two lists: 
 # 0 - the  list of the indexes of the bins (from 0 to the defined number of the bins). 
 # 1 - the  list of values of the defined diameters. 
 # 
 set max_items [tcl::mathfunc::max {*}$items] 
 set min_items [tcl::mathfunc::min {*}$items] 
 set delta_items [expr {($max_items-$min_items)/double($nSteps)}] 
 set index {} 
 set values {} 
 set results {} 
 set value 0.0 
 # 
 foreach item $items { 
  for { set j 0}  {$j < $nSteps} { incr j } { 
   if { $item >= [ expr { ($min_items + $delta_items*($j)) } ]} { 
    if { $item <= [ expr { $min_items + $delta_items*($j + 1)} ] } {    
    set value [ expr {(2.0*$min_items + $delta_items*(2.0*$j + 1.0))/2.0} ] 
    lappend index $j  
    lappend values  $value 
    break 
    }  
   } 
   set value 0.0 
  } 
 } 
 set results [list $index $values] 
 return  $results 
 } 
###################################################################### 
# Execute procedure 
###################################################################### 
::BeamByEquation::Main 
###################################################################### 
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7.4 Shell Lattice Splitting Script in TCL/TK 
##################################################################### 
# File      : Variable thickness of shell elements 
# Date      : April 11, 2020 
# Created by: Slawomir Kedziora 
# mail  : slawomir.kedziora@uni.lu  
# Purpose   : Variable thickness for shell elements with a selected  
#    : number of thickness. 
###################################################################### 
 
#catch { namespace delete thickByEquation } 
namespace eval ::thickByEquation { 
 # Global variables 
 variable g_steps 8; 
 # Limit of thickness value of shell elements 
 variable g_equation 0.685-(x*1.0e-3)+(y*y*3.0e-3)-(x*y*y*3.331e-5)+(x*x*y*y*1.172e-7) 
 # Equation defined in local or global coordinate system, it must be abs(). 
 variable g_localSystem 1; 
 # Coordinate system default global one - 0 
} 
###################################################################### 
# Procedure(main)  
###################################################################### 
proc ::thickByEquation::main { } { 
  # Purpose: To define a variable thickness of shell elements 
 # based on an defined equation.  
    # Args: Defined above 
    # Returns: None 
    # Notes: 
  
 #speed boost start 
 hm_commandfilestate 0 
 hm_blockerrormessages 1 
 hm_blockmessages 1 
 *entityhighlighting 0 
 hwbrowsermanager view flush false 
 variable g_equation  
 set equation $g_equation 
 variable g_steps 
 set n_steps $g_steps 
 variable g_localSystem 
 set localSystem $g_localSystem 
 set template_dir [hm_info -appinfo SPECIFIEDPATH TEMPLATES_DIR]; 
  
    *collectorcreateonly loadcols "temp_pressures" "" 57 
 *createmark elems 1 "by config" tria3 quad4 tria6 quad8 
 *createmark elems 2 "displayed" 
 *markintersection elems 1 elems 2 
 *createmark nodes 1 
 *pressuresonentity_function elements 1 1 0 0 0 1 30 1 0 0 0 "$equation" $localSystem  
 *createmark loads 1 "by colector" "temp_pressures" 
 set all_loads [hm_getmark loads 1] 
  
 set list_magnitude { } 
 foreach load $all_loads { 
  set magnitude [hm_getentityvalue loads $load "magnitude" 0] 
  lappend list_magnitude $magnitude 
 } 
 set maxMagnitude [ findmax $list_magnitude ] 
 set minMagnitude [ findmin $list_magnitude ] 
 # 
 set deltaMagnitude [expr { ($maxMagnitude-$minMagnitude)/double($n_steps) } ] 
 # for each load that is created create a property with its magnitude and assign it to the elements 
 foreach load $all_loads { 
  set element_id [hm_getentityvalue loads $load "element.id" 0]; 
  set magnitude [hm_getentityvalue loads $load "magnitude" 0]; 
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  for { set istep 1}  {$istep<=$n_steps} {incr istep} { 
   if { $magnitude >= [ expr { ($minMagnitude+$deltaMagnitude*($istep-1)) } ]} { 
    if { $magnitude <= [ expr { ($minMagnitude+$deltaMagnitude*$istep) } ] } { 
    set magnitude [ expr {(2.0*$minMagnitude+$deltaMagnitude*(2.0*$istep-1.0))/2.0} 
] 
    break 
    } 
   } 
  } 
  set magnitude [expr abs([format "%.2f" $magnitude])]; 
   
  if { [catch {*collectorcreateonly properties "pshell_$magnitude" "" 5}] } { 
  
   *createmark elements 1 $element_id 
   *propertyupdate elements 1 "pshell_$magnitude" 
    
   } else {  
   *createmark properties 1 "pshell_$magnitude" 
   *dictionaryload properties 1 "$template_dir/feoutput/nastran/general" "PSHELL"  
   *initializeattributes properties "pshell_$magnitude"  
   *createmark properties 1 "pshell_$magnitude" 
   set prop_id [hm_getmark props 1];  
   *attributeupdatedouble properties $prop_id 95 1 1 0 $magnitude  
   *createmark elements 1 $element_id 
   *propertyupdate elements 1 "pshell_$magnitude" 
   } 
  } 
 #speed boost end 
 *entityhighlighting 1 
 hm_commandfilestate 1 
 hm_blockerrormessages 0 
 hm_blockmessages 0 
 hwbrowsermanager view flush true 
 
 #cleanup pressures and property colors 
 *createmark props 1 "all" 
 *autocolorwithmark properties 1 
 *createmark loadcols 1 "temp_pressures" 
 *deletemark loadcols 1 
} 
 
 proc ::thickByEquation::findmax { items } { 
 # Purpose: To find a maximal element of the list (items) 
    # Args: list  items 
    # Returns: It gives the maximal element of the list 
    # Notes: None 
  set max -1e8 
  foreach i $items {  
   if { $i > $max } { 
   set max $i 
   } 
  } 
 return $max 
 } 
 proc ::thickByEquation::findmin { items } { 
 # Purpose: To find a minimal element of the list (items) 
    # Args: list  items 
    # Returns: It gives the minimal element of the list 
    # Notes: None 
  set min 1e8 
  foreach i $items {  
   if { $i < $min } { 
   set min $i 
   } 
  } 
 return $min 
 } 
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###################################################################### 
# Execute procedure 
###################################################################### 
::thickByEquation::main 
###################################################################### 
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7.5 Supplemental Content of Investigation on Graph Lattice in Crank Geometry 

 

Figure 7.1: Overview of all tested unit cell types used in the preliminary crank tests 

 

 

Figure 7.2: Influence of lattice rotation on crank displacement for both chosen types 
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Figure 7.3: Cross-section of von Mises stresses in validation model of crank with optimized FCC lattice 

 

 

Figure 7.4: Details of von Mises stress concentrations in validation model of crank with optimized FCC lattice 
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Figure 7.5: Cross-section of von Mises stresses in validation model of crank with optimized Re-entrant lattice 

 

 

Figure 7.6: Details of von Mises stress concentrations in validation model of crank with optimized Re-entrant 

lattice 
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7.6 Markforged Metal X System 

Markforged aims to provide a metal additive manufacturing ecosystem that's easier in 

handling and significantly cheaper than many of the powder bed fusion (PBF) based systems 

on the market. Where industrial selective laser melting (SLM) machines usually start at 

500.000$ and need a substantial amount of specific knowledge, time and security measures for 

powder handling and manufacturing, the Metal X system attempts to reduce this complexity as 

much as possible. The metal material is contained within a polymer binding material provided 

in the form of filament spools, similarly to polymer FDM printing methods. An additional 

filament spool containing a ceramic release material is required for printing. The ceramic acts 

as a separation layer between support structures and the actual parts. Prints are prepared for 

printing via Eiger.io, their proprietary pre-processor software, where most of the settings like 

upscaling to account for shrinkage, printing speed and temperatures etc. are fixed. It's a choice 

Markforged made to reduce any user input needed to improve success rates and quick turnover 

in an industrial setting. Filament rolls are exclusively offered by Markforged with options like 

17-4 precipitation hardened stainless steel, Inconel 625, H13, A2 and D2 tool steel, and copper. 

After a successful print, the so-called “green” part passes through a debinding step by 

immersing it in refrigerated Opteon SF79, an industrial liquid solvent, for a minimum of 12 

hours to remove most of the wax holding the metal particles. Subsequently, the part is in the 

"brown" state and ready to be sintered. The support structures and base raft can be removed 

relatively easily after sintering due to the ceramic release layer separating them from the part. 

A few taps with a hammer are needed to detach them. Finally, the part can be postprocessed 

like any other metal part. The system installed at the University of Luxembourg is depicted in 

Figure 7.7 

 

Figure 7.7: Markforged Metal X system installed at the University of Luxembourg with its sintering oven (left), 

washing station for chemical binder removal (middle) and the printer (right). Picture kindly provided by Rabie 

Hayder. 
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As previously mentioned, several avenues were tested to circumvent the system’s limitations. 

One such method was to circumvent the mandatory support placement restraint. Custom 

ceramic layers were added to the part, entirely replacing the original support structure. 

Subsequently, a few modifications need to be made to the printer. The ceramic release filament 

is to be removed while leaving a piece of it inside of the print head such that it activates the 

light barrier above the extruder, but is not gripped by the extruder gears. Lastly, the material 

jam detection feature has to be deactivated in the printer settings. With all of this done, the 

Metal X printer still travels along the original support structure being under the assumption that 

it's extruding ceramic material. 

 

Figure 7.8: Example of custom inserted ceramic release layer (orange), replacing the support structure in the 

crank model with gyroid lattice (white) 

 

Figure 7.9 shows a test piece intended to be printed on the Metal X machine using 17-4 PH 

SS filament and the previously explained method. This piece would pose a challenge even for 

a standard plastic FDM printer. Although the external dimensions only measure 50mm x 50mm 

x 20mm, Eiger.io estimated approximately four days of total printing time for this piece. An 

important portion of this time is spent in travel movements for the ceramic release layers, which 

occupy almost all of the non-metal volume inside the part's bounding box. As shown in Figure 

7.10, the Metal X printer did not complete the print. The TPMS-filled quadrants could be 

considered partially successful, however the strut-filled quadrants failed clearly. Significant 

stringing and under-extrusion is present in all four of the quadrants, with the tetrahedral lattice 

showing the worst outcome. Since the majority of the printing time is passed "printing" the 

ceramic release layers (i.e. the print head is only travelling, but not extruding), the print head 

handling the metal filament needs to stay heated at 220°C all the time and material starts oozing 

out of the nozzle, leaving drops and strings of material on the part. Since Eiger.io did not allow 

for setting changes to vary any relevant parameters at the time of testing, improvements were 

only possible once the restrictions were lifted. 
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Figure 7.9: Test piece for support bypassing with Face-

Centred Cubic lattice (left quadrant, 1mm thickness), 

Tetrahedral lattice (lower quadrant, 1mm thickness), 

Diamond TPMS (right quadrant, 1mm thickness) and 

Gyroid TPMS (upper quadrant, 2mm thickness) 

Figure 7.10: Aborted print of test piece due to 

significant stringing and under-extrusion in the 

beam lattice structures 

 

Until the limitations were bypassed, other routes such as printing the Markforged filament 

on an open-source FDM printer were explored. Only few special conditions need to be 

respected to recreate the necessary conditions for the material. Since the metal-containing 

filament material by Markforged is very brittle at room temperature, it easily breaks during 

print head travel movements when cold. The filament roll is therefore located in the upper part 

of the Metal X’s build chamber to minimise its bending radius while the print head is travelling, 

and it needs to be preheated to 60°C for 30 minutes before printing. The ceramic release 

material filament is much more flexible and does not need a preheating phase. A build plate 

temperature of 60°C and nozzle temperature of 220°C are required for printing 17-4 PH SS – 

conditions most printers can provide. Since the University of Luxembourg possesses multiple 

Prusa i3 MK3s printers as well as a heated chamber for one of them, testing it seemed 

straightforward. Unfortunately, the conditions were not ideal, as the height of the heated 

chamber was insufficient to place the filament spool at a sufficient height above the printer. 

Additionally, the chamber's heating element was faulty at the time of testing and could not 

reach a sufficient temperature level to replicate adequate conditions. Nonetheless, the process 

generally worked and is considered feasible. A hardened steel nozzle with 0.4mm orifice 

diameter, low printing speed of 15-20 mm/s and no part cooling were chosen to stay close to 

the original settings used on the Metal X printer. Figure 7.11 shows the first few layers of a 

calibration test cube with 24mm edge length (upscaled from 20mm edge length to account for 

shrinkage during sintering). It was interrupted due to constant filament breakage at the spool 

and material leaking out of the nozzle thread due to a faulty nozzle installation. 
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Figure 7.11: First few layers of Markforged 17-4 PH SS metal filament on a Prusa i3 Mk3s printer 
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7.7 Printing Tests of Crank with Lattice Geometry 

 

Figure 7.12: Prototype manufactured with the Markforged Metal X system, 17-4 PH SS and regular, triangular 

infill. 

 

 
Figure 7.13: Drooping extrusion lines on the underside of the crank 

manufactured on the Metal X system 

 

 

Figure 7.14: Section of crank model with functionally graded TPMS lattice printed with BASF Ultrafuse 316L 

(Part and image courtesy of Hochschule Trier) 
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Figure 7.15: Test print of BASF Ultrafuse 17-4 PH SS with cracks occurring during printing 

 

  

Figure 7.16: Crack happening during printing (left), fracture during removal of support structure (right) 

 

 

Figure 7.17: Degraded outer wall, probably due to retraction or Z-seam settings 
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Figure 7.18: Sintered BASF Ultrafuse 17-4 print with cracks caused by layer delamination during sintering 

 

 

Figure 7.19: Successful print with Markforged 17-4 PH SS 
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7.8 Omitted Results of Thickness Optimization in Cuboid Lattice Structure 

Figure 7.20: Simple Cubic lattice made of PA12 

with mesh morphing optimization, tests versus 

simulation 

Figure 7.21: Isotruss lattice made of PA12 with mesh 

morphing optimization, tests versus simulation 

 

 

Figure 7.22: Simulations of Simpe Cubic and Isotruss lattices made with Tough 2000 resin, FEA model 

optimization results 
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Figure 7.23: Simple Cubic lattice made with Tough 

2000 resin, base model, tests versus simulations 

Figure 7.24: Simple Cubic lattice made with Tough 

2000 resin, model with linear law thickness 

optimization, tests versus simulations 

 

Figure 7.25: Simple Cubic lattice made with Tough 

2000 resin, model with mesh morphing optimization, 

tests versus simulations 

Figure 7.26: Simple Cubic lattice made with Tough 

2000 resin, base model, tests versus simulations 
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Figure 7.27: Isotruss lattice made with Tough 2000 

resin, model with linear law thickness optimization, 

tests versus simulations 

Figure 7.28: Isotruss lattice made with Tough 2000 

resin, model with mesh morphing optimization, tests 

versus simulations 
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7.9 Test Stand for Helmet Drop Tests 

 

Figure 7.29: Helmet drop test stand 
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Figure 7.30: Cast AZ91 magnesium dummy head 

following EN 960 

Figure 7.31: TE Connectivity 633 acceleration and gyro 

sensor with six degrees of freedom with upper limits of 

±2000G translational acceleration and ±12.000°/s 

rotational velocity capacity 

 

  
Figure 7.32: Mikrotron Cube 7 high speed camera used 

for visual correlation with simulations 

Figure 7.33: HBM U10 12.5kN load cell placed 

below the anvil’s impact surface to log its 

reaction force 
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7.10 Helmet Geometry with Lattice Structure 

  

Figure 7.34: First prototype of lattice liner helmet printed with SLS in PA12 by GCL Technologies to check its 

manufacturability 

 

  

Figure 7.35: Helmet with Truncated Cube lattice at 1.5mm thickness used for material optimization study 
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Figure 7.36: Helmet with tetrahedral lattice with 

insufficient strut thickness 

Figure 7.37: Powder accumulation at impact site of 

optimized Reentrant lattice helmet 

 

  

Figure 7.38: Re-entrant lattice helmet cut open after test to check the excess powder distribution 

 

 

Figure 7.39: Re-entrant lattice helmet model with 

additional powder drainage holes 
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