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Kurzfassung 

Die Luft- und Raumfahrtindustrie strebt nach einem Optimum zwischen Nachhaltigkeit, 

Kosten und Effizienz. In diesem Kontext hat sich die additive Fertigung durch die angebo-

tene konstruktive Flexibilität als disruptive Technologie etabliert. Jüngere Forschung hat 

nachgewiesen, dass das Leichtbaupotential lasttragender struktureller Komponenten 

durch diese Technologie signifikant erweitert werden kann. Trotz möglicher Verringerun-

gen von Masse und Materialverbrauch, die durch topologieoptimierte Strukturen erreicht 

werden können, hindern in den meisten Fälle der Herstellungs- und Nachbearbeitungs-

aufwand die additive Fertigung daran, eine wettbewerbsfähige Alternative zu den her-

kömmlichen Herstellungsverfahren zu sein. Tatsächlich wird die additive Fertigung oft im 

Rahmen vom Rapid Prototyping angewendet, während ihr Einsatz in der Serienproduk-

tion, aufgrund hoher Kosten und Fertigungszeiten, noch eingeschränkt ist. 

 

Eine erhöhte Wettbewerbsfähigkeit kann durch die Realisierung innovativer Strukturen, 

die anhand der additiven Fertigung hergestellt werden können, erreicht werden. Auf der 

Mesoskala bieten additiv gefertigte zelluläre Strukturen und insbesondere Gitterstruktu-

ren zusätzliche Designfreiheit und somit neue Konstruktionsmöglichkeiten, die durch kon-

ventionelle Verfahren nicht realisierbar sind. Neben dem erhöhten Leichtbaupotential kön-

nen zelluläre Strukturen die Fertigungszeit drastisch reduzieren und die additive Ferti-

gung hinsichtlich Time-to-Market ökonomisch rentabler machen. Dennoch finden Git-

terstrukturen nur eingeschränkte Anwendungen in der Serienproduktion und werden der-

zeit noch nicht in lasttragenden Leichtbaukomponenten angewendet. Dies liegt an einer 

fehlenden Standardisierung auf mehreren Ebenen, vom Initialdesign bis hin zur Produkt-

zertifizierung, was der Hauptgrund ist, warum das volle Potential solcher Strukturen noch 

nicht genutzt wird. 

 

Diese Arbeit betrachtet die konzeptuellen und herstellungsbedingten Herausforderungen 

der Implementierung von Gitterstrukturen in Leichtbaukomponenten. Im ersten Teil die-

ser Arbeit werden Konzepte für eine Krafteinleitung ohne lokale Spannungserhöhung an 

den Schnittstellen zwischen Vollkörper und Gitterstrukturen und zwischen Gitterzellen 

entwickelt und numerisch verifiziert. Im zweiten Teil dieser Arbeit werden sowohl die 

zuverlässige additive Fertigung von Gitterstrukturen im Sub-Millimeter Bereich im Rah-

men des selektiven Strahlschmelzens als auch Ansätze für deren Implementierung in Voll-

körperteilen untersucht. Einblicke in den Einfluss der Fertigung auf die strukturelle Integ-

rität von Gitterstrukturen und deren mechanischen Eigenschaften werden im Rahmen der 

experimentellen Validierung der entwickelten Konzepte gegeben. 

 

Die vorliegende Arbeit schlägt ein Rahmenwerk für eine standardisierte Konzipierung und 

zuverlässige Herstellung von Zugproben für die Charakterisierung mechanischer Eigen-

schaften von Gitterstrukturen vor. Demnach kann dieser Beitrag als erster Meilenstein auf 

dem Weg zu einfachen Designrichtlinien über die Implementierung von Gitterstrukturen 
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in Leichtbaukomponenten in der täglichen Ingenieurpraxis betrachtet werden. Die entwi-

ckelten Konzepte sind nicht spezifisch auf das untersuchte AlSi10Mg Pulvermaterial zuge-

schnitten und sind somit auf weitere Materialklassen übertragbar. 
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Abstract 

The aerospace industry strives for an optimum between sustainability, cost and resource 

efficiency. In this frame, additive manufacturing has established itself as a disruptive tech-

nology by offering increased constructive flexibility. Recent research demonstrated that 

the lightweight potential of load-carrying structural components could be further en-

hanced using this technology. Despite the reduction of weight and resource consumption 

that can be achieved through topology optimised structures, the efforts involved in both 

manufacturing and post-processing hinder in most cases additive manufacturing at being 

a competitive contender against conventional manufacturing processes. As a matter of 

fact, additive manufacturing is often employed for rapid prototyping while its use in serial 

production is rather restrained due to high costs and production times. 

 

An improved competitiveness can be achieved with the realisation of innovative structures 

through additive manufacturing. At the meso-scale, additively manufactured cellular 

structures and, in particular, lattice structures offer supplementary design freedom and, 

thus, new engineering opportunities that cannot be realised by conventional means of 

manufacturing. In addition to the increased lightweight potential they offer, cellular struc-

tures can drastically reduce the printing time and therefore make additive manufacturing 

more viable in terms of Time-to-Market. However, lattice structures find restricted fields 

of application for serial production and are still not implemented into load-carrying light-

weight components. This is due to lacks of standard on several levels, from the initial 

design to the final product certification, which hold back exploiting their potential. 

 

This work explores the challenges met by the implementation of lattice structures into bulk 

parts from both design and manufacturing points of view. In the first part of this work, 

concepts for load introduction designs avoiding local stress concentration at both lattice-

to-bulk and lattice-to-lattice interfaces are developed and numerically verified. In the sec-

ond part of this work, the reliable additive manufacturing of sub-millimetre lattice struc-

tures in the framework of laser powder-bed fusion and manufacturing approaches for their 

implementation into bulk parts are investigated. Insights into the influence of manufac-

turing on the structural integrity of lattice structures and their inherent mechanical prop-

erties are provided in the frame of experimental validations as well. 

 

The present work proposes a framework for both standardised design and reliable manu-

facturing of test specimens for the mechanical characterisation of lattice structures under 

tensile loading. Furthermore, this contribution can be considered as a first milestone to-

wards straightforward design guidelines on the implementation of lattice structures in 

lightweight components for daily engineering practice since the developed concepts are 

not specific and therefore not restricted to the employed AlSi10Mg powder material. 
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1 Introduction 

 

1.1 Motivation 

The sixth assessment report of the Intergovernmental Panel on Climate Change documents 

thoroughly human-induced climate change and justifies increasing concerns. The emis-

sions of greenhouse gases, primarily carbon dioxide and methane from fossil fuels, further 

accelerate global warming and have far-reaching consequences for human beings and na-

ture [1]. For example, according to the World Health Organization, an annual amount of 

4.2 million deaths worldwide is reported to be caused by ambient air pollution and 96 % 

of European urban residents were exposed to a harmful concentration of particulate mat-

ter in 2020 [2]. It has been estimated that current emissions need to be reduced by 45 % 

by 2030 and reach net zero by 2050 to slow down climate change [3]. The industrial 

manufacturing sector is directly affected by this environmental challenge since rising tem-

peratures have been attributed to industrial practices, which account for about 15 % of 

global energy consumption and for roughly 35–40 % of global material consumption [4]. 

Both scarcity of natural resources and resultant ecological impact cannot be ignored any-

more and future industrial development is deemed to lean towards global sustainability 

and eco-friendly manufacturing. This means that the industry does not only have to 

achieve its economic goals but also to commit safeguarding the environment through a 

reduction of resource consumption all over the product life cycle [5]. This applies espe-

cially to the aerospace industry, where numerous technical and economic objectives such 

as functional performance, lead time reduction or cost management may appear to be 

contradictory to each other [6]. 

Lightweight design can contribute to achieving this goal by significant mass reduc-

tions while simultaneously maintaining the required mechanical performance [6, 7]. As a 

consequence, the fuel consumption in non-stationary applications in fields such as aero-

space and automotive industries can be indirectly reduced [8]. As a matter of fact, 30 % 

weight saving results in more than 10 % fuel efficiency improvement in the example of 

the Boeing 787 aircraft [9]. 

 

The additive manufacturing technology is a prime example and a driving force of new 

directions taken by mechanical engineering in the field of lightweight design. Over the 

past decades, it has established itself as a disruptive technology [4, 10, 11]. The main 

advantage of additive manufacturing resides in the unique component complexity availa-

ble without increasing manufacturing costs due to the reduction of material usage com-

pared to conventional manufacturing technologies [5, 6]. These typical traits are known 

under the concepts of individualisation and complexity for free [12, 13]. Additive manufac-

turing offers the possibility to produce components that cannot be realised by conventional 

manufacturing processes [14]. In some cases, an increase of both productivity and quality 

can be achieved. For example, integrating close contour channels into additively manufac-
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tured injection moulding heads leads to a 15% cycle-time-reduction compared to conven-

tionally manufactured heads while a more homogeneous temperature distribution is ob-

tained, reducing warping in the produced plastic parts [15]. In the production of lighter 

components, additive manufacturing enables merging several lightweight concepts in the 

development phase of a part or a component. Typical examples are, on the one hand, the 

replacement of standard steel belts by additively manufactured titanium ones which ena-

bles 55 % mass saving per part i.e., 72.5 kg per aircraft, which ends up in 2 M€ fuel econ-

omy [16], and, on the other hand, additively manufactured aircraft brackets that bring 

upon 30 % weight-saving due to the reduction of parts number through the notable ab-

sence of fasteners while offering a plug-and-play solution [17]. 

 

Thanks to its nature of employing material only where it is needed, additive manufacturing 

naturally opens the door to load-driven design via topology optimisation [18], which is 

therefore offered to play a major role in the process chain [19] in the framework of opti-

misation of tooling [20] or end-product as in the above-mentioned examples. That is why 

additive manufacturing has the potential to take a non-negligible place in a manufacturing 

landscape motivated by the ecological responsibility of engineers to use fewer amounts of 

resources and diminish the produced emissions of machines throughout their life cycles 

[21, 22]. However, despite a revenue growth in service and products of 19.5 % in 2021 

[23] and the increasing involvement of end-part products in the portfolio of additive man-

ufacturing companies (from 10 % of the production in 2019 [24] to 33.7 % in 2022 [23]), 

additively manufactured end-parts are not well-established in the industrial landscape yet 

and the tools available to assess their sustainability are still to be adapted to the life cycle 

of additive manufacturing [5, 24, 25]. The common point of the manifold drawbacks of 

additive manufacturing for serial production is its rentability [23]. The main issues here 

are the operating costs for a rather low time-to-market compared to conventional means 

of manufacturing. Reasons for this can be found in build rates, process-dependent part 

quality [26] and consequent certification issues [6] as well as manufacturing restrictions 

[27] and needed post-processing steps. As indicated in the Wohlers Report, complexity for 

free is a myth [23, 28]. The question is then, how can the technology become economically 

competitive compared to other manufacturing technologies? 

 

The first answer provided by recent research lies in the full control of the additive manu-

facturing process. Exhausting the potential of additive manufacturing can only be achieved 

by a complete understanding of the relationships between a product and its manufacturing 

process [29]. An extensive and certainly expensive but necessary process parameter opti-

misation can overcome or, at least, alleviate the challenges inherent to manufacturing re-

strictions and, thus, to reduce post processing steps [26]. Moreover, build rates can be 

increased while maintaining good part quality. Several examples can be found in the frame 

of additive manufacturing by means of Laser Beam Powder-Bed Fusion (LB-PBF). Buch-

binder showed that build rates can be increased by 400 % by changing laser power, hatch 

distance and scanning speed while achieving part densities of 99.5 % [22]. Furthermore, 

Metelkova et al. could increase the productivity by 840 % by means of laser defocus [30] 
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and Sow et al. obtained moderate built rate increase up to 50 % with changes in the beam 

diameter for comparable bulk part density [31]. Moreover, Großmann et al. showed that 

controlling the melt pool width, which depends on material and process parameters, leads 

to either high precision or increased build rates with the help of dimensionless numbers 

validated by Yang et al., who demonstrated in their work that scaling laws have the po-

tential to become effective tools in the framework of industrial resource-efficient additive 

manufacturing [32, 33]. 

 

“When modern man builds large load-bearing structures he uses dense solids: steel, concrete, 

glass. When nature does the same, she generally uses cellular materials: wood, bone, coral. 

There must be good reasons for it”. 

M.F. Ashby [34] 

 

The aforementioned compatibility between additive manufacturing and topology optimi-

sation in mechanical engineering is not only restricted to the load-driven design that char-

acterises the so-called bionic structures but pushes also towards more specific and direct 

inspiration from nature through biomimicry [35, 36]. Among the evolutionary topology 

optimised load-bearing features found in nature, wood, coral or bones are often cited as 

ultimate lightweight engineering features [34]. The latter consists of an external shell, 

called compacta, preventing the functionality of the medullar cavity from outer damages. 

In between an inner filigree structure of varying density, the spongiosa, ensures a proper 

load distribution [37]. 

Additive manufacturing enables the realisation of such complex structures thanks 

to multi-scale manufacturing. At the meso-scale, additively manufactured cellular struc-

tures and, in particular lattice structures as one of their sub-categories, offer an extreme 

degree of lightweight design that cannot be reached by conventional means of manufac-

turing [38, 39]. These highly periodic structures not only provide some of the highest 

mechanical strength and stiffness relatively to their weight or volume [40] but also prom-

ise to reduce the build rates up to 80 % [41], which results in material, time and energy 

saving during their fabrication and all along the product life cycle. Furthermore, the direct 

relationship between geometry and mechanical properties enables engineers to predict 

their mechanical properties by means of analytical models [42, 43]. In the frame of struc-

tural design, the variety of available representative unit cells opens the doors of an even 

more efficient and load-driven design through a predictable tailoring of their mechanical 

specific properties, which in turns offers to expand and fill gaps in the material property 

space [44]. 

 

The future of lattice structures shines bright in many industrial fields such as aerospace 

[6] or medicine [45]. These structures can reveal themselves as game changer for different 

applications like fatigue [46], energy absorption [47], crashworthiness [48], or dynamic 

impact [49]. However, when it comes to their involvement into structural parts, lattice 

structures are often integrated as in-fill for lightweighting or thermal exchanger rather 

than for mechanical purposes [39, 50]. Similar to additively manufactured end-products 
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issued from mechanical engineering, which are involved in secondary structures only [6, 

14], the deployment of lattice structures in primary and, thus, safety relevant structures 

has still not reached high technology readiness level. It remains at the level of “trends” 

[48] or “perspectives” [49].  

The implementation of lattice structures into lightweight load-bearing components 

requires complex hierarchical structures, as is the case for natural structures [45]. Based 

on the example of bone structures, lattice structures have the potential to replicate its 

working principle and, thus, let arise a new generation of lightweight structures [51]. This 

raises the questions of both load introduction and load path monitoring while designing 

lightweight components with integrated lattice structures. One of the most promising ap-

proach is the use of gradient lattice structures [51, 52]. However, the development of 

complex graded structures occurs exclusively though computationally expensive numeri-

cal topology optimisation algorithms [18, 51] and therefore leads to case specific opti-

mised solutions, which compromises a desirable systematic methodology. 

 

In the framework of LB-PBF, the integration of lattice structures into lightweight compo-

nents pose not only design but also manufacturing challenges due to the absence of con-

crete guidelines and disparate knowledge, which is highlighted by the lack of systematic 

reporting of the chosen manufacturing approaches, especially at small scale [50, 53]. As 

for bulk material, the emergence of defects can strongly impact both geometric accuracy 

and mechanical performance and, thus, hampers the establishment of reliable and robust 

design and manufacturing methods [46, 54]. These variations may lead to imperfect ge-

ometries and material connections that alter the loading conditions and, thus, influence 

the overall mechanical performance of lattice structures [46]. This issue prevents from 

integrating lattice structures into serial parts and explains the low number of industrial 

use cases [39].  

The absence of standards even reaches the mechanical characterisation of lattice 

structures [55], which leads to a high diversity of sample design and manufacturing ap-

proaches, and, to a greater extent, may jeopardise the certification process of lightweight 

load-bearing components with integrated lattice structures [6, 56]. Engineers have the 

need for straight-forward and convenient approaches to generate a comprehensive design 

of additively manufactured lightweight components utilising their full potential. To derive 

such approaches and create accurate and repeatable output, reproducible design and man-

ufacturing methods specific to additively manufactured lattice structures need to be de-

veloped, from which general rules for their integration into load-bearing components can 

be extracted and established. 

1.2 Scope of this work 

This work takes place in the conceptional framework of laser-driven lightweight design in-

itiated by my former colleague Alexander Großmann [57] that has been further developed 

at the institute. This vision consists in the melt pool controlled additive manufacturing of 
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macro-scale topology optimised parts with implemented meso-scale lattice structures for 

simultaneous quality and productivity increases. This multi-scale design for additive manu-

facturing therefore combines the two aforementioned solutions of process control and cel-

lular structures in order to address the concerns on the competitiveness of additive man-

ufacturing by exploiting the correlation between robust design concepts, deep process con-

trol and predictable mechanical properties. 

 

The aim of this work is to propose simple and generic approaches that could offer practi-

tioners, designers, and researchers straightforward guidelines specific to lattice structures 

in order to rapidly design robust lightweight structures, e.g. sandwich panels with embed-

ded lattice structures in aircraft primary structures, without requiring any specific back-

ground knowledge. The practical example of testing specimens for the mechanical charac-

terisation of cubic truss lattice structures under tensile loading is employed as recurring 

theme throughout this thesis, where corresponding design methodologies for a normalised 

sample design and reliable manufacturing are investigated. To a further extent, this work 

opens the door to general design guidelines and certification methods and, therefore, to 

exhaust the potential of additive manufacturing in lightweight structural design. 

 

Chapter 1 introduces both framework and motivation of this work. Chapter 2 sets up the 

employed background knowledge and develops identified challenges in the context of the 

implementation of lattice structures into load-bearing lightweight components with the 

precise example of tensile test specimens. Chapter 3 describes the methodology employed 

in the different investigation stages. Chapter 4 deals with developed material independent 

design concepts and their numerical verification. It is divided into three sub-chapters. The 

first two sub-chapters investigate the load introduction at the interface between bulk ma-

terial and lattice structure. Two distinct solutions for a transition region are proposed: on 

the one hand, the structural grading of lattice unit cells and, on the other hand, a topology-

optimised transition region avoiding high samples potentially involved by structural grad-

ing. The third part of chapter 4 covers the transition between single lattice unit cells. Here, 

particular attention is given to the junction centre of lattice struts since identified as the 

most critical area in terms of design induced notches in truss-based lattice structures. 

Chapter 5 deals, on the one hand, with the reliable AlSi10Mg LB-PBF manufacturing of 

sub-millimetre lattice structures and, on the other hand, with the realisation of the inter-

face between bulk material and lattice structure through different manufacturing ap-

proaches. Chapter 6 develops the experimental validation of the developed concept by 

means of mechanical testing as well as assessments on the structural integrity of the man-

ufactured structures. Based on the obtained results, the relevance of the proposed design 

solutions is evaluated in a benchmark analysis. Chapter 7 provides a summary of the 

achieved milestones while addressing the different challenges encountered throughout the 

realisation of this work, from which further research needs are deduced. The discussion is 

extended to the transferability to other structures and to potential guidelines or design 

rules for the reliable implementation of additively manufactured lattice structures into 

lightweight component as well.
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2 Background 

This chapter reflects the current state of the art and sets the framework of the present 

work by providing background knowledge on additive manufacturing with focus on the 

LB-PBF of metal parts, load-driven design and lattice structures. Current technological 

challenges met by the implementation of lattice structures in lightweight load-bearing 

structures are highlighted and research needs are extracted. 

2.1 Additive manufacturing 

Additive manufacturing, also commonly called 3D-printing or, to a lesser extent, generative 

manufacturing, is a manufacturing process that has been given different names in the past. 

Terms that were historically employed include additive fabrication, additive processes, ad-

ditive techniques, additive layer manufacturing, layer manufacturing, solid freeform fabrica-

tion, and freeform fabrication [58]. Additive manufacturing belongs to the category of pri-

mary shaping manufacturing processes, which consists in the creation of a product from 

shapeless material such as powder or fluid [59]. In the industrial landscape, additive man-

ufacturing is listed among the three manufacturing pillars [60]. It is characterised by the 

layer-wise addition of raw material, which is bound to a given shape by energy input, and 

differs from subtractive manufacturing such as boring, turning or milling, where the end 

geometry is obtained from semi-finished products through material removal, or from form-

ative production processes like casting or forging, where the end geometry follows the 

conservation of volume while being produced. 

 

Additive manufacturing encompasses different technologies using a broad bandwidth of 

materials and, thus, products yielding distinctive properties [61]. The numerous additive 

manufacturing process variants differ in the type of the employed raw material, the type 

of energy input and the layer binding approach [28, 62]. They are divided into seven 

processes according to the DIN ISO EN/ASTM 52900 standard: binder jetting, directed 

energy deposition, material extrusion, material jetting, powder-bed fusion, sheet lamina-

tion, and VAT photopolymerization [58, 63]. Independently from the employed technolo-

gies, the additive manufacturing process can be divided into three stages: pre-process, in-

process and post-process [62]. During pre-processing, hard- and software preparative op-

erations such as the digital definition of the part end geometry are undertaken. Post-pro-

cess operations are conducted after the in-process stage, i.e., manufacturing. They mostly 

consist in separating the additively manufactured part from the system, where a prime 

example is the removal of support structures. 

 

The antecedents of the concept of additive manufacturing are manifold and can be found 

in the ancient past with examples of the construction of pyramids or cathedrals, the first 

three-dimensional topology maps or even layered cakes [28, 63]. One well-spread mile-

stone in the pre-history of additive manufacturing is the three-dimensional recording and 
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reproduction of François Willème, who recorded his silhouette by means of 24 cameras 

under different angles and created a physical three-dimensional model of himself [64]. 

The additive manufacturing technology really ignited in the early 1980s with the develop-

ment of computers, lasers and electronical controlling systems [65]. In 1984, Charles 

(Chuck) Hull developed stereolithography as the first manufacturing process. Further pa-

tented additive technologies followed [65]. However, a significant industrial expansion of 

additive manufacturing can only be seen from the 2000s on, thanks to the rapid techno-

logical development of machine and computer components [66]. 

Nowadays, additive manufacturing is applied in several industries thanks to its 

layer-wise approach that enables a theoretically limitless design freedom and, thus, flexi-

bility and versatility. Application-specific designed structures with tailored properties can 

be generated. They are comparably impossible to manufacture by means of subtractive or 

formative processes on similar economic basis [21, 67]. Tailored designs based on opti-

mised geometries as an integral product can not only offer similar or significant higher 

mechanical performance but also a simplification of the process chain through a reduction 

of the number of parts or tooling, and manufacturing steps involved in comparison to 

classical construction methods [29, 68]. These traits are widely known as the concepts of 

individualisation for free and complexity for free. These concepts, schematically shown in 

Figure 1, are particularly relevant for the lightweight industry, where weight, mechanical 

performance and, most importantly, costs are the driving selection criteria. Depending on 

the involvement of additive manufacturing in the process chain, these advantages are em-

ployed in the framework of rapid manufacturing for an end product or rapid prototyping 

for intermediary development stages [13, 60]. However, the main challenge of the addi-

tive manufacturing technology lies in achieving serial production maturity while account-

ing for manufacturing approach dependencies i.e., reliable and reproducible provision of 

subsequently mechanically loaded parts with little rework; the latter being a time and cost 

consuming factor [69]. 

 

  

Figure 1: Advantages of additive manufacturing in terms of industrial application as compared to 

conventional manufacturing. 
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2.1.1 Laser beam powder-bed fusion 

From the different processes that have arisen over the last decades, Powder-Bed Fusion 

(PBF) based processes have become the most dominating additive manufacturing technol-

ogy in the framework of the industrial production of metal parts [28, 63]. The main ad-

vantage of PBF processes lies in the pre-alloyed state of the employed powder material 

[70] that allows producing parts of similar or even higher density and mechanical proper-

ties compared to raw base material or conventionally machined parts [12]. While alloys 

such as steel-, titanium- or aluminium-based alloys are commonly employed [61], current 

research focuses on the development of new PBF-compatible compositions for potentially 

better properties or different applications [71]. 

 

Among the three major PBF sub-categories Selective Laser Sintering (SLS), Electron Beam 

Melting (EBM), and Laser Beam Powder-Bed Fusion (LB-PBF), which was also known as 

Selective Laser Melting (SLM) before standardisation [58], the latter is the most widely 

employed process [66, 72]. LB-PBF consists in the layer-wise two-dimensional local melt-

ing of metal powder particles by a laser source to create a three-dimensional solid part 

[67]. Figure 2 shows a sketch of a LB-PBF setup. A portion of the feedstock, which is stored 

in the feed region, is repeatedly conveyed with a coater to the powder bed in the build space 

along different build cycles until the part is completely printed. Any excess of powder is 

collected in the overflow region [58]. Typical layer thicknesses range between 30 µm and 

100 µm [66]. The build chamber is sealed hermetically and flowed by inert gas, e.g. argon, 

order to avoid contamination and oxidation of the employed powder [73]. Moreover, the 

build platform can be held at a specified temperature to avoid temperature gradients and 

resultant eigenstresses in the final part [12, 69]. 

 

 

Figure 2: Example of LB-PBF setup. 

 

As mentioned in section 2.1, the LB-PBF workflow consists of three stages and is depicted 

in Figure 3 [62]. 
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Its specific pre-processing stage is divided into two sub-stages. The one stage con-

sists in a physical pre-processing that takes place to condition the printing environment. 

Main steps in the machine preparation are managing the powder feedstock, adjusting both 

build platform height and temperature as well as inert gas flowing. The other stage deals 

with digital pre-processing. It starts with the preparation of a facet model made of approx-

imated surfaces of the part to be printed, which is specifically necessary from machine 

specific software. This boundary model can be obtained by either a Computer Aided De-

sign (CAD) model issued from commercial software or by reverse engineering, e.g., by 

optical scanning methods such as Computer Tomography (CT). In the first case, the three-

dimensional CAD model is reduced to a facet model by polygonization or triangulation. 

The most employed format of such model is the Standard Tessellation Language (STL) 

format. Then comes the preparation of the manufacturing approach. Firstly, the part to be 

printed is positioned and oriented in the virtual build space while designed and, if neces-

sary, process- and design-specific support structures have to be applied. Secondly, the vir-

tual part and its supports are distributed into layers along the height of the build space in 

a process that is commonly called slicing. Finally, the identified process strategies and pa-

rameters are assigned. The in-process stage takes places, the part is printed in a layer-wise 

manner described above and the process stops until the part is completely manufactured.  

LB-PBF specific post-processing starts with the removal from the machine of the 

built platform with the additively manufactured part on it and is further divided into two 

sub-stages too. On the one hand, preparative steps for the next print such as machine 

cleaning or powder recycling need to be performed. On the other hand, part specific ac-

tions need to be undertaken. Among them, separation from the build platform, powder 

and support structures removal and part-specific finishing operations, which are out of the 

scope of the additive manufacturing process chain but can account for the main production 

costs of the part [12]. 

 

  

Figure 3: Schematic example of the LP-PBF workflow in the framework of the additive manufactur-

ing of an injection moulding tool head [15]. 
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2.1.2 Manufacturing approaches 

In this section, LB-PBF manufacturing approaches are described with the representative 

example of truss lattice struts with cylindrical blank as in the VDI3405 norm [74]. 

 

Within the LP-PBF workflow described in the previous section, the two digital pre-pro-

cessing sub-stages that are part positioning and manufacturing strategy assignment are 

decisive for manufacturing time, part quality and properties. Part positioning on the build 

platform, as depicted in Figure 4, is described by two angles. On the one hand, the azimuth 

angle Φ is defined as the part inclination relative to the coater i.e., powder application 

direction, on the build platform (xy-plane). An azimuth angle of 0° corresponds to a part 

aligned with the coating direction (x-axis) while 90° stands for a part perpendicular to the 

coater direction (y-axis). On the other hand, the polar angle Θ is defined as the inclination 

of the part in relation to the build direction (z-axis). A polar angle of 90° corresponds to 

an upright part while 0° stands for a horizontally printed part [74]. Moreover, inde-

pendently from the part inclination, the so-called up- and down-skin areas can be identi-

fied. They correspond to the part surfaces oriented up- or downwards, respectively [27]. 

 

 

Figure 4: Positioning on the build platform according to [27, 74]. 

 

Three exposure strategies are available in the frame of LB-PBF manufacturing, each of 

them having its own dimensionality and corresponding features. The best-known strategy, 

namely the hatch exposure strategy, consists of a two-dimensional scanning strategy made 

of assembled single melt tracks, which can vary between 130 µm and 250 µm [32]. It is 

suited for the additive manufacturing of massive bulk parts. Another exposure strategy is 

the contour exposure strategy, which consists of a one-dimensional scanning of the contour 

lines of a given part. This strategy is not only employed for an in-situ finishing of big parts 

such as improving their surface roughness [75] but is also suited for the additive manu-

facturing of small features with circular cross-sections such as truss lattice structures. Non-

hollow struts of diameters ranging from 220µm to 500µm can be printed [76, 77]. The 

least known and least employed strategy is the point exposure strategy, which can be de-

scribed as a dimensionless scanning approach. It enables the manufacturing of extremely 
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thin-walled features with wall thicknesses below 200 µm [77-79]. However, this strategy 

is not standard in every commercial machine or software [77]. In this case, workarounds 

using either contour or hatch exposure strategies are mandatory to reach thicknesses in a 

similar order of magnitude. The standard manufacturing approach for commercial ma-

chines is a combined exposure made of one hatch exposure followed by two successive 

contour exposures with scanning paths offset from each other. 

 

In daily practice, the AM software end-user is confronted with a variety of input parame-

ters, from which the most relevant ones are shown in Figure 5 for one given manufacturing 

layer. Among them, the most important parameters are directly linked with the energy 

source, i.e., the laser. These are the laser beam diameter 𝑑𝐿, the laser scanning speed 𝑣 and 

the laser power 𝑃. With further material constants, they directly influence the melt pool 

width 𝑏 specific to each exposure strategy [32]. Another melt pool sizing feature is the 

layer thickness 𝑙𝑠, which is employed by the AM software to assign parameters to both up- 

and downskin areas. These parameters are generally different from the ones assigned the 

inner region. Furthermore, the outer part contour to be exposed is obtained by considering 

both beam offset 𝑏𝑜 and outer CAD contour or, in the context of trusses, as-designed diam-

eter 𝑡𝐶𝐴𝐷. The assignment of exposure vectors directly depends on both hatch distance 

𝑑ℎand the number of hatch vectors 𝑛ℎ. Two successive hatch layers are generally rotated 

by an angle θℎ to tackle the fact that the hatch exposure strategy leads to two distinct 

diameters for one given manufacturing layer. As mentioned in section 2.1.1, global tem-

perature gradients can be influenced by the build platform temperature  𝑇𝑏𝑝. Another way 

to alleviate these temperature gradients is to assign specific pattern strategies governed to 

the hatch exposure. Figure 6 depicts the example of the standard AM strategy for com-

monly employed separation patterns of the hatch vectors for one given manufacturing 

layer. Alternative pattern, such as stripe and checker-board, offer shorter scanning vectors 

governed by the hatch stripe width 𝑑𝑠. This results in a more homogenous local tempera-

ture redistribution of the exposed area and a subsequent reduction of the local tempera-

ture gradient [75]. 

 

  

Figure 5: LB-PBF exposure strategies and most relevant parameters for a given layer. 
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Figure 6: Hatch separation patterns in the context of standard exposure (double contour + hatch) 

for a given layer. 

 

A commonly employed fast sizing criterion for the printability of additively manufactured 

parts is the energy density formulation. Depending on the size and strategy of the con-

cerned feature, the energy density is expressed as volumetric energy density (Eq.1) or is 

reduced to either a surface (Eq.2) or a line energy (Eq.3) density in the case of thin-walled 

features [28, 80, 81]. However, these expressions neglect the influence of laser-material 

interactions on the resulting properties as well as machine dependencies [57, 82]. 

 

𝐸𝑉 =
𝑃

𝑣𝑙𝑠𝑑ℎ
 (1) 

𝐸𝑎 =
𝑃

𝑣𝑙𝑠
 (2) 

𝐸𝑙 =
𝑃

𝑣
 (3) 

2.1.3 Influences and consequences 

The quality of LB-PBF manufactured parts has manifold influencing factors that are com-

monly depicted in an Ishikawa (or fishbone) diagram. These influencing factors are gen-

erally organised into the following categories: user, pre-process, part, machine, material 

processing and post-processing [82, 83]. This section is restricted to the direct impact of 

the manufacturing approaches and process parameters described in the previous section. 

The involved phenomena and their impact on additively manufactured structures at dif-

ferent scales are introduced. 

 

Process parameters do not only influence productivity through built rates [22, 30, 31] but 

also strongly impact part properties, where process-induced defects such as porosity or 

surface roughness play a major role in the deterioration of their structural integrity and, 

thus, their mechanical performance [54]. Furthermore, the manufacturability of LB-PBF 

metal parts depends on process parameters as well [70]. The manufacturability is gener-

ally mapped by so-called process windows based on the most influential parameters such 

as laser power and scanning speed. Figure 7 shows an example of process window in the 

framework of manufacturability investigations on lattice structures performed by 
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Großmann et al. [76]. These process windows are material and machine specific and, thus, 

require extensive experimental campaigns [84-88]. 

 

 

Figure 7: Process window at the example of the processability of lattice structures by means of 

contour exposure strategy [76]. 

 

The processability of LB-PBF metal parts is driven by the melt pool. This key feature is 

directly linked to the process parameters since it depends on both energy input and result-

ing temperature. It is responsible for distinct phenomena. 

The balling phenomenon occurs when the molten material fails to wet the underly-

ing substrate and conglomerates due to surface tension [84]. At high energy density input 

(top left corner of the process window of Figure 7), balling follows material swelling, which 

is defined as the rise of molten solid material above the plane of powder distribution and 

hints at overheating [70, 89]. Powder particles conglomerate into either ellipsoidal or 

spherical particles depending on the length-to-width ratio of the melt pool. The aggrega-

tion of powder particles creates denudation zones surrounding the melt track [70, 90]. This 

kind of balling is more likely to be observed at the contours of LB-PBF parts because ma-

terial swelling jeopardises their manufacturing before balling. At low energy input (bottom 

right corner of the process window of Figure 7), balling is associated to both melt track 

discontinuity and plateau Rayleigh instability. The latter is defined as capillary instability 

of the melt pool aiming at the reduction of surface energy [91, 92] and can induce lack-

of-fusion pores i.e., unmolten powder particles trapped between melt regions, between 

layers [93]. Balling is further responsible for geometric inaccuracies such as waviness or 

surface roughness, which add up to the natural volume reduction during the transition from 

liquid to solid phase. These potential interlayer connection issues and, in the worst cases, 

manufacturability issues explain the boundaries of established process windows. 

The melt pool influences the heat conduction mode [94]. Two convection modes 

schematically depicted in Figure 8 can be observed, depending on the ratio between the 

melt pool depth and its width. The first mode is called conductive mode and is described 

by a melt pool depth less than half of its width. This mode is rarely observed since the low 
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energy input it involves may not be enough to melt powder particles, which would then 

simply absorb it. The second heat conduction mode, in which the majority of investigated 

melt pools in literature fall, is called keyhole [87, 95]. It is characterised by a melt pool 

depth much higher than its width. According to Khairallah et al., keyhole formation can 

be explained by the interaction between two intimately coupled phenomena, the recoil 

force from the laser impulse and the surface tension issued from local temperature gradi-

ents between the melt pool centre and its borders [91, 96]. The high local energy input of 

the laser impulse creates a topological depression similar to a keyhole due to high recoil 

pressure. The high temperatures trigger metal evaporation and, thus, the development of 

a vapor cavity that enhances laser absorption [94, 95]. The Marangoni effect takes place: 

the surface tension drives the melt flow from the hot laser spot toward the cold rear. This 

effect creates spattering as liquid metal with low viscosity is ejected away from the surface. 

In this configuration, two different kinds of denudation zones leading to lack-of-fusion 

pores and partially molten particles take place depending on the inert gas pressure. At 

high pressure, adjacent particles and spatters are attracted by the Bernoulli effect induced 

by the recoiled metal vapor and create denudation zones in the vicinity of the melt pool, 

whereas they are ejected from the melt pool under low gas pressure [97]. Upon cooling, 

the surface tension increases and overcomes the recoil effect, which was keeping the de-

pression open [91, 94]. Keyhole dimensions, temperature gradients and corresponding 

melt pool turbulence are proportional to the energy input density [96]. High energy input 

tends to lead to deep keyholes and may involve an abrupt collapse of the cavity material, 

creating so-called keyhole pores [91, 94]. 

 

 

Figure 8: Schematic representation of heat conduction modes in LB-PBF. 

 

The different pore formation phenomena explain that different gas particles such as inert 

gas [98], hydrogen [98, 99] or vaporised metal [84] can be enclosed. Beside the melt pool, 

porosity emergence is directly related to manufacturing approaches and, in particular, to 

hatch distances (Figure 5), rotation angles and scanning patterns (Figure 6) [93, 100, 

101]. The term of overlapped areas i.e., repeatedly or constantly exposed areas, is often 

used. Literature has proven that the overlap has a non-negligible influence on porosity. For 
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example, Yadroistev et al. [102] and Han et al. [103] stated that reducing the hatch dis-

tance, i.e., increasing the overlap for similar line energy, results in increased keyhole po-

rosity while using a too wide hatch distance, thus, the absence of overlap, increases the 

number of lack-of-fusion pores [93].  

Moreover, manufacturing strategies not only result in local temperature gradients 

at melt pool scale but also in temperature gradients at both layer and part scales. These 

temperature gradients occur upon cooling and are directed towards the build platform as 

the colder spot with respect to the exposed layer. They depend on energy input, build 

platform temperature, employed material and part geometry. They are due to the differ-

ence in heat conduction between powder and bulk material, meaning that the current 

scanning path and already exposed paths i.e., surrounding structures, impact the mechan-

ical properties of LB-PBF manufactured parts [22, 93]. 

 

Melt pool and temperature gradients affect the solidification process upon cooling. For 

different alloys, process parameters have been identified as the dominant factors for the 

melt pool solidification front, the evolution of microstructure, the resulting grain morphol-

ogy and, thus, macro-scale part properties [86, 104-106]. For example, it is possible to 

directly influence properties by establishing strongly anisotropic microstructures with 

grains of increased size oriented in the direction parallel to the build direction, which leads 

to a decrease of mechanical properties [107, 108]. Solidification is not only governed by 

the cooling rate but also by the direction of the temperature gradient, which, in turn, 

depends on the melt pool shape, part geometry and part inclination. A notable example is 

the strong dependency of both temperature gradient direction and consequent texturing 

on wall-thickness [109, 110] in a phenomenon that can be called miniaturisation [111, 

112] (Figure 9). Consequently, the influence of both design and exposure strategy is non-

negligible as well. Functionally graded microstructures offer further promising insights on 

laser-driven part properties for different applications such as tailored properties [113] or 

part labelling [114]. 

 

 

Figure 9: Schematic example of the miniaturisation effect, in which increasing texture and elon-

gated grain size along the build direction can be observed for decreasing wall thickness [111, 112]. 
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Another effect of temperature gradients is the presence of thermally induced residual 

stresses or eigenstresses i.e., inner part constraints not originated by the application of ex-

ternal force, in LB-PBF manufactured parts. They originate from thermal strain differences 

between top layer and substrate material, which can be made of one or more layers. The 

top layer experiences thermal strains upon powder melting and cooling. During the cool-

ing phase, occurring material shrinkage induces bending stresses (Figure 10). Therefore, 

residual stresses depend on material properties, surrounding temperature and tempera-

ture gradient [80,84]. They further depend on scanning vectors and scanning patterns. 

Residual stresses are aligned with the scanning direction, creating a non-uniform aniso-

tropic stress field in which temperature oscillates with a frequency dependent on the scan-

ning vector length: the local temperature is inverse proportional to the scanning path 

length [84, 115, 116]. Here again, this effect can be emphasised by differences in heat 

conduction of surrounding structures or the presence of pores in sublayers and, thus, is 

closely related to the part design. It predominantly occurs when large areas are melted 

due to higher cooling times or when thin-walled parts, small cross-sections, and part bor-

ders with inclined or overhanging downskin surfaces are subject to high local temperature 

[117, 118]. The latter case is generally accompanied by particle aggregation and, in par-

ticular, leads to the formation of dross due to the aforementioned melt pool phenomena 

[119, 120]. 

If residual stresses exceed yield stress, plastic deformation takes place. They may 

induce the curl effect, which is defined as a geometric distortion characterised by a warping 

of the upper substrate surface as shown in Figure 10. This effect is likely to occur in the 

framework of AlSi10Mg LB-PBF because of the high shrinkage ratio of its melt pool during 

solidification [93]. When the deformation is higher than the layer thickness, it comes to a 

collision with the coater. This is particularly the case at high energy density input com-

bined with material swelling [22, 121]. In the case of multiple local exposure distributed 

in a time frame sufficient for intermittent cooling, the concerned layers are subject to a 

local fatigue cycle prone to crack initiation and delamination. This adds up to with the 

detrimental effects of pores and surface roughness on the fatigue life of LB-PBF parts [46, 

122]. Therefore, temperature gradients can lead to damage in the finished part or to the 

abortion of the entire manufacturing process, which in turn may lead to significant finan-

cial losses. 

 

 
Figure 10: Schematic example of the formation of residual stresses responsible for the curl effect. 
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Part design not only plays a major role in shaping temperature gradients and the subse-

quent solidification process but also involves the creation of overhangs in the frame of 

digital pre-processing (Figure 3). Overhanging or downward facing areas belong to the ex-

treme case of downskin areas since they are characterised by a polar angle of 0° combined 

with an abrupt change in design due to bore holes or a shaft. During slicing the CAD model 

of the part to be additively manufactured is fragmented into layers with respect to the 

build direction, as already mentioned in section 2.1.1. This triggers the so-called staircase 

effect (Figure 11), which manifests itself in discontinuous contours depending on the layer 

thickness [27]. A higher layer thickness leads to a bigger staircase effect, which increases 

the overhanging surface. The staircase effect leads practically to all aforementioned issues 

(particle aggregation, dross formation, surface roughness, curling, swelling…) since the 

melt pool depth is generally higher than the layer thickness and, thus, heat conduction 

issues are emphasised [67, 117, 123]. 

 

 

Figure 11: Schematic example of the staircase effect in a bore hole with the difference between as-

designed and as-built parts. 

2.1.4 Towards controlling process dependencies 

As reported in the previous section, process dependent induced defects lead to a part qual-

ity deterioration and a subsequent decrease of mechanical performance and, thus, describe 

a major issue for serial production competitiveness. This section covers the developed so-

lutions to tackle process dependencies, from established and commercialised industrial 

measures to recent research topics. 

 

The most widely-known and established solutions as part of the additive manufacturing 

workflow (Figure 3) are, on the one hand, the use of support structures and, on the other 

hand, part post-processing.  

Support structures are described as temporary design features in an additively man-

ufactured part. They are attached to downskin areas below a critical polar angle Θ𝑐𝑟𝑖𝑡 and 

directed towards the build platform or adjacent design parts. Their main role is to keep 

the molten material from sinking into the powder bed underneath by fixing the part on 

the building platform and to avoid, or at least reduce, thermal gradients through the pro-
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vided additional heat transfer, compensating residual stresses and all aforementioned in-

duced effects [27, 124]. Several support structure configurations of different dimension-

ality are available in commercial LB-PBF software. Among them, the so-called block sup-

port i.e., a three-dimensional shell-like support, is the most widely employed because of 

its versatility, ease of use and capacity to cover large areas. Although the concept of sup-

port structures is well established, recent research shows interest in the role of support 

features and their influence on both heat transfer behaviour and mechanical properties of 

additively manufactured parts for a better efficiency [125-127]. As a matter of fact, sup-

ports are seen as technological restriction due to the involved supplementary volume, the 

reduced part accessibility and the supplementary efforts in post-processing they involve, 

i.e., more resources, time and, therefore, higher costs [12, 60, 69].  

Part post-processing, although being often reduced to support removal, covers all 

necessary steps until the additively part is ready for employment. On the one hand, it 

includes actions related to the separation of the part from the LB-PBF system. These ac-

tions are related to the separation of the structure from the build platform or the removal 

of support structures and of residual powder. On the other hand, part-post processing 

consists of part finishing measures such as hot isostatic pressure (HIP), heat or chemical 

treatment for property homogenisation (e.g. reducing pore size), mechanical machining 

such as milling to fulfil tolerances, turning or surface treatments such as colouring or coat-

ing for an increased surface quality [128, 129, 130]. These various possibilities explain 

why post-processing costs are nowadays still the driving factor hindering the market com-

petitiveness of additively manufactured parts [23, 63]. It has to be noted that costs can be 

weighed in cost-effective approach consisting in reducing manufacturing efforts based on 

the efficiency of a post-processing step that would have been employed anyway. For ex-

ample, the machine time cost can be reduced by compensating an increased part porosity 

involved by higher build rates through HIP [131]. 

 

In the context of reducing supports and subsequent post-processing costs, the concept of 

design for additive manufacturing (DFAM) has been developed. It can be described as an 

AM-specific design approach accounting for process dependencies and consists in design 

measures that can be undertaken at early steps of the digital pre-processing workflow, 

namely at both CAD and part positioning levels according to Figure 3. DFAM is broadly 

established in the industrial landscape since standardised specific manufacturing re-

strictions and design rules based on research results are available for daily practice [27, 

124]. Typical design rules aim at reducing thermal gradients while minimising downksin 

areas and, thus, the amount of support structures. Two approaches are possible: keep the 

original design intact or perform a part redesign [125]. Both are therefore linked with the 

way parts are positioned and oriented.  

The main DFAM rules are briefly presented and illustrated in Figure 12 below. It is 

advised to avoid exposed areas that are either large or narrow. In the case of a part with 

one dimension much bigger than the other ones, it should be positioned so that a fatal 

collision with the coater (Φ ≠ 90°) or an issue with powder distribution (Φ ≠ 0°) are both 
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avoided while supports are minimised ( Θ ≠ 0°) or avoided as well (Θ ≥ Θ𝑐𝑟𝑖𝑡). In the typ-

ical study-case of bore holes, several alternatives to a drilling axis perpendicular to the 

build direction, and its involved support structures, are offered. Positioning the drilling 

axis parallel to the build direction not only avoids support structures but also significantly 

improves surface roughness due to the absence of the aforementioned staircase effect 

(Figure 11). If an alignment with the build direction is not possible, a redesign of the bore 

hole itself is recommended. If possible, the hole should be redesigned so that its diameter 

𝑑 remains below an effective bore hole diameter 𝑑𝑒𝑓𝑓, under which support structures can 

be avoided. Alternatively, redesigning the hole’s circular cross-section into an ellipse or 

droplet shaped one results in a support-free design as well by accounting for powder sink-

ing [67, 121]. The latter approach is widely known as compensation, which consists in a 

reverse engineering design accounting for process dependent geometric deviations in as-

built parts [132-134]. 

DFAM is therefore not only restricted to parts but is also applicable to support struc-

tures. Since the best support structure is the one which does not exist, the most cost-effec-

tive approach is to generate a support free design, i.e., self-supporting structures [135, 

136]. In the case of non-avoidable support structures, recent research proposes beam-like 

thin-walled support structures leaning towards cellular structures, and particularly lattice 

structures, as alternative to the aforementioned commercialised support structures [136-

139]. Even more recent trends lean towards the use of so-called contact-free support struc-

tures [140-142]. This approach consists in thermal support structures without direct con-

tact while being manufactured in the vicinity of the part. The main geometric variables 

are the downskin angle, the gap width and the thickness of the considered support. 

 

 

Figure 12: DFAM rules for part orientation, overhanging structures and bore holes in accordance 

with [67, 121]. 

 

However, DFAM proposes “only” general design guidelines while the influence of process 

parameters is only briefly mentioned. In the abovementioned DFAM examples, the critical 

polar angle Θ𝑐𝑟𝑖𝑡 is material and machine dependent. This is why norms only indicate a 

critical range from 30° to 45° [27, 124] based on literature for tolerable surface roughness 
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[136, 143]. Depending on material and parameters, narrower polar angles are possible 

but often at costs of decreased downskin surface quality [67, 121, 144, 145]. 

In a similar way to DFAM, manufacturing rules could theoretically be extracted from 

literature findings on the investigation of the influence of process parameters on both part 

quality and performance (see section 2.1.3). It is nowadays common knowledge that en-

hancing the temperature of the build platform can help reducing temperature gradients 

and, thus, warping [22, 72]. When it comes to critical features such as part borders, down-

skin areas or overhang, a reduction of the energy density helps reducing keyhole pore 

formation and particle aggregation [146, 147]. In this case, scanning patterns need to be 

adapted, too. In order to minimise the anisotropy and thermal stresses in one direction of 

the built part, shorter scanning vectors avoid temperature gradients in big areas [148, 149] 

while the assigned energy input density needs to be decreased at the scanning vector’s 

rotation centre [91] and the orientation of the melt track needs to be changed as much as 

possible [115]. The latter helps to further reduce lack-of fusion pores thanks to overlap-

ping regions [150]. This explains the commercially employed combination of a chess pat-

tern (Figure 6) and a hatch rotation angle of 67°, for which the same orientation is reiter-

ated only after 12060 layers [63]. The correct overlap between melt pools issued from 

scanning paths needs to be considered as well [119, 150]. In the case of overhanging 

areas, so-called transition layers with optimised parameters can achieve parts with lesser 

or no supports [149]. For example, Cloots et al. showed that 20 critical downskin layers 

with adapted process parameters only require local point support of 2 mm distance [144]. 

Furthermore, it is possible to once again expose the already exposed area to homogenise 

both powder bed and cooling rates for denser material and enhanced mechanical proper-

ties. This leads to material re-melting, more homogeneous hardness and reduction of both 

lack-of-fusion and, in a lesser extent, keyhole pores [151]. This explains the widespread 

use of the standard combination of hatch and double contour exposures. The part is 

hatched in the beginning, then a first contour exposure is applied to reduce particle ag-

gregation and, finally, a second contour of lesser energy density and different offset is 

employed to guarantee a smooth transition in terms of porosities and local properties at 

the interface between the first two exposures. 

However, these manufacturing rules may be contradictory to each other since they 

aim at fulfilling the opposite needs of an energy input high enough to properly melt metal 

powder, i.e., avoiding lack-of-fusion, without generating instabilities i.e., keyhole pores, 

dross, and thermal gradients, induced by too high energy input. This explains the role of 

process windows, the first intuitive tools for finding optimal parameters for better pro-

cessability. It therefore remains in the hands of the end-user to decide on the use-case 

specific manufacturing strategy, based on part requirements, critical design features, pa-

rameters and costs. This involves of course supplementary research and development costs 

due to the broad parameter space offered by the additive manufacturing technology [26]. 

 

In order to control these various dependencies, holistic multi-scale predictive models are in 

the focus of current research [18]. These models rely on the concept of physical and digital 

twins [152-154]. 
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In the frame of additive manufacturing, the physical twin consists in a heuristic da-

tabase related to the employed machine and manufacturing strategy as well as to the con-

sidered part. Gathered data are issued from in-situ monitoring, which is generally per-

formed with sensors or optical and thermal cameras [155-157], and part monitoring using 

destructive or non-destructive testing [54]. Gathered data are hence ranging from the 

nano-scale (melt pool, solidification, texture, local mechanical properties) to the macro-

scale (porosity, roughness, part mechanical properties). 

Its counterpart, the digital twin, is defined as a virtual equivalent recreated from 

initial CAD models or non-destructive test data. Based on the data obtained from the phys-

ical twin and modelling approaches at different scales, from melt pool and solidification 

modelling to macro-scale mechanical simulation, so-called multi-scale surrogate models are 

generated [26, 158]. These data-driven models are the core of the digital twin concept 

since they offer an approximation of parameter-structure-properties correlations that takes 

the complete additive manufacturing workflow into account. Combined with multi-objec-

tive optimisation, optimal part-specific manufacturing approaches can be identified [18]. 

Furthermore, employing machine learning approaches based on artificial neuronal net-

works allow a real-time adaptation of the manufacturing strategy through an interaction 

between live monitoring and property predictions [26, 159]. This enables the detection 

and correction of present or upcoming build failures during manufacturing. Recent litera-

ture provides the examples of crack mitigation in LB-PBF parts [160], fatigue properties 

improvement of stainless-steel parts [161] or even the applicability to thin-walled struc-

tures such as multi-material metamaterial [162]. 

 

One major drawback of holistic multi-scale models is their computational costs and the 

size of generated data. The two ways current research is proposing to foster the computa-

tional efficiency of such models while maintaining their efficiency are reduced-order models 

and scaling laws. 

Reduced-order modelling consists in a simplification of the mathematical model em-

ployed in the framework of numerical simulations. The most known approach is homoge-

nisation, which consists in a part-scale mapping of approximated meso-scale properties 

that are smeared into volume elements [16]. Due to the multi-physics involved by additive 

manufacturing, the most promising reduced-order modelling approach to achieve compu-

tational efficiency is, here again, machine learning [18]. 

Scaling laws offer a simplified framework to predict process property correlations. 

They rely on dimensionless numbers and offer an excellent compromise between reliability 

and accuracy [57, 164]. Several scaling laws can be found in literature. They quantify 

either process phenomena such as melt pool width [32, 33, 165] and melt pool depth 

[165], or their consequences such as warping [166] or porosities [164, 167 168]. Their 

diversity can be once again explained by the broad parameter space offered by the additive 

manufacturing technology. Therefore, their efficiency and consequent relevance highly 

depend on both considered variables and resulting benefits for end-users.  

 



 

 

2  Background 23 

According to the current state of research, it can be concluded that the most promising 

way to foster the economic competitiveness, the sustainability and the reliability of addi-

tively manufactured parts is to combine models, machine learning and scaling laws. Based 

on holistic multi-scale predictive models, machine learning algorithms could extract the 

most influencing variables from parameter-structure-properties correlations and combine 

them into easy-to-handle dimensionless scaling laws for industrial use [167]. 

2.2 Load-driven design in additive manufacturing 

Due to the nature of employing material only where it is necessary as described in section 

2.1, the additive manufacturing technology unlocks an immense potential for new appli-

cations that have not, or only with extreme effort, been possible to manufacture with clas-

sical methods. It opens the door to mechanical designs directly inspired from nature and 

has therefore set a milestone with regard to lightweight engineering. 

 

This section first explains in which extent natural evolution is a key-enabler for load-driven 

design. Then, its implementation into industrial process development is described and the 

resulting benefits are illustrated with selected industrial examples. Finally, the main pillar 

of load-driven design, namely topology optimisation (TO), is introduced and its role in 

exploiting the full potential of additively manufactured lightweight structures is discussed. 

2.2.1 Bionic design 

Nature has always been a source of inspiration for inventors, designers or engineers. Years 

of evolution led to creative processes such as natural selection, recombination and muta-

tion that produced optimised complex structures adapted to the needs of an organism in 

a given external environment [169]. Bio-inspired designs have been employed in a wide 

range of fields such as medicine, sport, or aeronautics [35, 47]. To mimic and enhance 

these designs, the field of bionics researches nature’s examples and tries to derive manu-

facturable designs for technical products by transferring the observed principles [170]. On 

the one hand, the growing interest for bio-inspired structures aligns with the need for 

preserving natural resources in the current ecological context, and, on the other hand, the 

emergence of the additive manufacturing technology. As a matter of fact, the number of 

bio-inspired grants, research and patents increased by five time since 2000 [171], starting 

point of the industrial expansion of additive manufacturing (see section 2.1). 

 

Natural structures offer remarkable lightweight design features resulting in high specific 

mechanical properties, i.e. properties related to their mass, such as the combination of low 

density and high energy absorption capacities [34, 47]. A prominent example in the re-

gime of bionics is the human bone, which main grow paths align with the principal direc-

tions of endured stresses [172, 173]. Furthermore, smooth transitions between functional 

areas, e.g. the head of the femoral bone, can be considered as design features issued from 
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a natural shape optimisation to prevent from notch stresses and therefore to increase their 

fatigue life [174, 175]. This kind of design is called load-driven or generative since material 

is placed where needed to sustain any applied constraints. In the field of lightweight en-

gineering, the term bionic design is commonly employed instead, although no direct bio-

logical input is present [35]. 

 

Aiming at reducing the amount of mechanically unsolicited material is of utmost im-

portance from both engineering and economical points of view. Consequently, the com-

patibility between additive manufacturing and bio-inspired structures is natural [35, 176]. 

Figure 13 provides an example of bio-mimicry enabled by additive manufacturing with the 

extreme lightweight example of an additively manufactured maple seed of total weight of 

about 0.2 g after coating. The corresponding investigation not only pushes the limits of a 

commercial LB-PBF system to its lower limits in terms of least reliably manufacturable wall 

thickness (approx. 100 µm) but also demonstrates the flying ability of the additively man-

ufactured seed. In their work, Großmann et al. speculated on a potential upscale of this 

design for an improved flight performance of lightweight rotor wings and reduced fuel 

consumption [79]. 

 

 

Figure 13: Bio-inspired example of extreme lightweight structures enabled by AM. From left to 

right: maple seed in nature, design principles and manufactured part [79]. 

2.2.2 Bionic design and product development 

In order to achieve these bio-inspired structures, the industrial process chain and, in par-

ticular, the product development process need to be adapted. The main concept behind 

the product development process for bio-inspired structures remains the same as for other 

industrialised products. It consists of the three main stages that are the establishment of a 

product requirement list, the search for design solutions, and the verification of the final 

design [177]. The main difference lies in the depth of interaction between each stage. 

While the design development process for conventionally manufactured products can be 

represented by means of plain sequential diagrams, the product development process in 

additive manufacturing needs to account for more than one “design for X” [178]. The man-

ifold influences of additive manufacturing force rethinking conventional design to comply 

to manufacturing restrictions (see sections 2.1.2 and 2.1.4). The additive design process 

is nowadays highly simulation-driven, with topology optimisation (see section 2.2.3) as its 

most cost-effective approach [35, 63]. 
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Generative design involves a generative process chain. This leads to specific phases provid-

ing different possible design scenarios, emphasising the highly interactive and iterative 

nature of this process [179]. For example, the added value of the additive manufacturing 

process needs to be checked at several process steps, in particular for its lightweight po-

tential and rentability [121, 179]. Several models for cost analysis are available in the 

literature [65, 121, 180, 181]. The influencing factors are related to the different stages 

of the considered additive manufacturing process (see section 2.1.1) and can be related to 

the part, e.g. build time per batch, consumables, post processing, or to the AM system, e.g. 

utilisation rate, maintenance or repair costs. 

The different phases of the product development process of additively manufac-

tured bio-inspired parts are depicted in Figure 14 [19, 182]. The first step in designing 

additively manufactured bio-inspired structures is the concept phase, which consists in de-

scribing the component needed with the help of a requirement list. For each requirement, 

design solutions are proposed. They can stem from concept researches by means of screen-

ing, catalogue and morphological box [183] or holistic data (see section 2.1.4). Subse-

quently, a first design draft is proposed during the design phase. In case topology optimi-

sation is employed at this step, the requirement list is translated into boundary conditions 

or optimisation objectives (see section 2.2.3). A pool of solutions is generated and design 

features are derived from the obtained shapes, resulting in different designs and various 

manufacturing scenarios. Then comes the analysis phase, which consists in evaluating the 

proposed design for its performance, compliance with the additive manufacturing process 

and its costs. The following optimisation phase consists of an iterative design enhancement 

of the design draft. It primarily takes places if the initial design does not fulfil requirements 

but can be employed to exhaust the AM-potential of the part as well. Different levels of re-

design are possible, from local design change after parametric analysis to new design based 

on alternative designs and manufacturing scenarios issued, for example, from topology 

optimisation. As mentioned above, the optimisation phase can include already available 

data from existing parts such as CT scans or test results [63]. Furthermore, it is possible 

to exploit and include process parameter dependency, e.g. by using scaling laws [79]. 

Design, analysis and optimisation phases are reiterated until the proposed design meets 

all requirements and, thus, leads to the final design. 

 

Figure 14: Product development process of additively manufactured bio-inspired parts, in accord-

ance with [19, 182]. 
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Figure 15 illustrates examples of industrial use-cases employing additively manufactured 

parts issued from optimised bio-inspired design as well as their main benefits, which can-

not be achieved by optimising the conventional part. 

The part on the left hand-side comes from the injection moulding industry and is 

employed in the manufacturing process for thermoplastic parts with complex geometries 

[15]. This additively manufactured injection moulding tool head consists of an innovative 

helix-shaped close contour cooling system replacing conventionally drilled cooling baffles. 

Close contour cooling is a direct inspiration of the thermal management system as found 

in nature, e.g. blood vessels [184]. The final design of internal cooling channels stems 

from shape optimisation and parametric studies. In the frame of a comparative study with 

conventionally manufactured injection moulding tools, the additively manufactured part 

brings two major advantages. On the one hand, the quality of manufactured thermoplastic 

parts is increased as warping is reduced thanks to a 24 % decrease of the peak temperature 

along with a reduction by 77 % of the standard deviation of the temperature distribution 

within the part. On the other hand, an increased productivity is achieved through a reduc-

tion of the cooling time by 24 %, which leads to a reduction of the complete cycle time by 

15 %. In a fictional example employing values close to the real case (mass of the moulded 

part 70 g, material costs 2.50 €/kg, revenue per part 0.50 €), a non-negligible yearly rev-

enue increase of 42 k€ was estimated considering only one machine. 

The middle example covers a typical bracket as used in the aerospace industry [17, 

185]. The bionic design of this part (section 2.2.1) was achieved by topology optimisation. 

The main benefits of combining topology optimisation and additive manufacturing in this 

example are a plug-and-play solution, i.e. a conservation of the functional interfaces with 

other components, and a reduction of the number of components from thirty to a single 

one. The latter results in an integral design, enabling a reduction of the manufacturing 

time by 90 % and, at the same time, a weight reduction of 30 %. 

The example on the right hand-side deals with the bionic design of a rivet tool as 

used in the automotive industry [20, 186], for which topology optimisation was employed 

as well. In this example, a 21 % weight saving was achieved in parallel to a reduction by 

11 % of the critical dimensioning stress. Furthermore, the reduction of material waste was 

estimated to be higher than 98 % when compared to subtractive manufacturing. 

 

  

Figure 15: Benefits of additively manufactured optimised bio-inspired parts. From left to right: in-

dustrial use cases of an injection moulding head [15], a parking bracket [17, 185] and a riveting 

tool [20, 186]. 
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2.2.3 Bionic design and topology optimisation 

Optimisation is a process aiming at bringing the best possible added-value to components 

in a given system so that this system is able to fulfil a given targeted functionality under 

given constraints. Depending on the relevance of one considered component with respect 

to this given functionality, its potential may not be fully exhausted [187]. Optimisation 

algorithms are employed to solve a wide range of multi-physics problems spanning from 

basic structural mechanics to fluid dynamics, heat transfer, photonics, acoustics, or elec-

tromagnetism. 

From the perspective of structural design, optimisation is an active field of research 

that can propose new counterintuitive designs [188, 189]. There are different levels of 

structural optimisation occurring at different scales. Part sizing, or dimensioning, consists 

in changing local design variables in a defined part, generally geometric dimensions such 

as wall thickness, in the framework of parametric studies. Part-scale design modifications 

can occur employing shape optimisation, which aims at a reduction of stress concentrations 

and results in smoother contour avoiding sharp edges. Topology optimisation (TO) can 

completely change the appearance of a part and, thus, has been recognised as one of the 

most powerful design tools since the pioneering works of Bendsøe and Kikuchi [16] and 

of Rozvany et al. [190]. Topology optimisation seeks the best material distribution within 

a design domain, the design space, while extremising a given performance criterion, called 

objective, and fulfilling a set of constraints, i.e., restrictions of design variables and boundary 

conditions (BCs). Resulting designs range from discrete grid-like structures to continuum 

structures [187, 188, 191]. The iterative nature of topology optimisation makes it an en-

abler of generative design in a process analogous to biological evolution (see section 

2.2.1), i.e. with an improvement in every iteration [35, 63]. 

 

According to Yago et al. [189], there are two main categories of TO. On the one hand, 

probabilistic methods based on trial-and-error schemes, e.g. genetic or ant colony algo-

rithm, and, on the other hand, mathematical methods relying on gradient computation. 

The latter category is the most widespread due to the exponential dependence of compu-

tational costs on the number of unknowns involved by the former. 

The most established methods among gradient computation based TO approaches 

are density-based approaches. In this kind of approach, TO is performed by distributing 

continuously varying materials in a discretised design space to comply with objective func-

tion and explicit BCs. The elements within the discretised design space are assigned one 

of the two following distinct states: full and void. This results in a black and white pixel- 

or voxel-like representation of the optimised volume, for two- and three-dimensional 

cases, respectively [192-194]. 

Most of density-based approaches rely on the homogenisation theory introduced by 

Bendsøe and Kikuchi [16]. Rozvany et al. describe homogenisation as the process of re-

placing an inhomogeneous structural element, containing an infinite number of disconti-

nuities in material or geometric properties by a homogeneous continuum element [190]. 
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This enables employing classical linear elasticity and therefore drastically simplifies calcu-

lations [195, 196]. 

In the framework of TO employing homogenisation, varying densities are allocated 

to discrete elements according to the optimisation objective [197]. In order to assign ele-

ments of intermediate densities one of the two aforementioned status, several approaches 

are possible. The Solid Isotropic Material with Penalisation (SIMP) method introduces an 

exponential penalty function of varying potency to create a physically interpretable mate-

rial distribution. Different topologically optimised structures can be extracted depending 

on the obtained density mapping. Further design solutions can be obtained after regulari-

sation schemes such as density filtering, leaving room to interpretation and engineering 

judgment [188, 189, 196]. The Bi-directional Evolutionary Structural Optimisation (BESO) 

method, which is also known as Soft Kill Option (SKO), offers topology or shape optimisa-

tion by mimicking the principle of bone growth [175, 182]. It relies on a simple heuristic 

criterion, generally stress-based, to gradually remove inefficient material. Elements below 

a determined threshold are considered as not contributing to the load carrying behaviour 

of the structure and, thus, are eliminated [189, 198, 199]. 

Alternative to density-based approaches, level-set approaches belong to the main-

stream of employed TO. In this kind of approach, an implicit description of boundaries 

implicitly defined by a scalar function, called level-set function, is used to parametrise the 

geometry. The structural boundary of the design is represented by so-called zero level iso-

contour (or iso-surface) of the level-set function [200-202]. The evolving structural bound-

aries involved by level-set methods allow a convenient treatment of topological changes 

since they do not involve mesh-dependent spatial oscillations of the interface geometry 

such as staircasing (similar to slicing as described in section 2.1.3). This results in optimal 

designs with sharp and smooth edges, avoiding elements of intermediate densities in-

volved by density-based approaches [189, 191, 194]. 

The efficiency of the abovementioned main topology optimisation approaches was 

compared in the framework of a study performed by Yago et al. [189]. Although level-set 

approaches lead to better accuracy in the vicinity of the boundaries, involving less post-

processing to smooth design, they involve higher computational costs. Density-based ap-

proaches allow to obtain more complex structure while the SIMP approach is slightly more 

effective. Furthermore, BESO approaches encounter difficulties in obtaining convergent 

solutions. In the framework of lightweight engineering, an optimal distribution of material 

is more important than looking for the most suitable surface. This explains why SIMP has 

become the most popular topology optimisation and been embedded in commercial soft-

ware to solve engineering problems. As mentioned in section 2.2.2, the generated forms 

and shape can barely be manufactured by conventional technologies. Therefore, TO can 

be used to its full industrial potential only in combination with the additive manufacturing 

technology [203, 204]. 

 

In the framework of additive manufacturing, structural TO can be leveraged for various 

optimisation objectives and restrictions [18, 203]. In order to generate AM compliant ro-

bust designs (see section 2.1.4), optimisation approaches take manufacturing restrictions 
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into account by incorporating build orientation and support structure into the optimisation 

process [205]. Overhanging surfaces can be reduced [206, 207], support structures can 

be optimised [138, 208, 209] or even erased in the framework of self-supporting parts 

[210]. It is further possible to avoid cavities in which powder can be trapped [211] or to 

account for the manufacturing process itself, with the optimisation of machine-linked pro-

cess variables (see section 2.1.3) such as the deposition path of the material [212] or 

control of the microstructure via process parameters [213]. 

Recent research aims at exploiting the fact that density-based approaches enable to 

optimise simultaneously the topology and the geometry of grid-type structures [193] in 

order to exhaust the lightweight potential of topology optimised structures to its greatest 

extent [203, 213]. With the combined emergent trends of bionic design, bio mimicry and 

additive manufacturing, distance is nowadays taken with the initial vision of aiming at a 

removal of porous regions [190], allowing the generation of grey-scale pattern enabled by 

elements of intermediate densities instead of purely black and white ones [192]. These 

elements of intermediate densities can be interpreted as representative volume elements 

(RVEs) idealising representative unit cells (RUCs) of a given cellular structure (see section 

2.3) of corresponding density [51, 214, 215]. The most intuitive case is to idealise the unit 

cell as homogeneous continuum element and, thus, to exploit the homogenisation process 

at its full potential [195, 216]. 

However, this approach raises length scale issues because of the influence of the 

meso-scale design on the macroscopic response when the unit cell is homogenised. Current 

research tries to solve these issues by uncoupling the problem of combined material and 

layout optimisation as a local and a global problem [217], with approaches accounting for 

meso-scale effects [218] such as notch stresses [219] or anisotropic behaviour [220, 221]. 

This requires modelling and solving approaches at meso-scale such as de-homogenisation, 

which consists in translating back the homogeneous continuum element along with its 

surrounding boundary conditions [222]. This therefore creates the need for new product 

design methods [223] with implemented multi-scale topology optimisation methods [224, 

225] in combination with multi-physics multi-scale materials and process modelling [18] 

(see section 2.1.4). 

2.3 Lattice structures 

As highlighted in previous sections, the consideration of grid-like structures and grey scale 

topologies obtained by optimisation (see section 2.2.3) in the context of bionic design (see 

section 2.2.1) inevitably leads to cellular design features. Cellular structures of the most 

varied types and forms can be found almost everywhere in nature, e.g., wood, bone struc-

tures, or animal shells, and at different scales (nano-, meso- and macro-scales). Conse-

quently, the term of multi-scale metamaterials is often employed to describe cellular struc-

tures [34, 36, 47]. 
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This section deals with one subclass of cellular solids, lattice structures. The growing inter-

est for lattice structures is explained in general. Then, the structural design of lattice struc-

tures as considered in this work is introduced. Furthermore, the link between design and 

mechanical properties of lattice structures is demonstrated, based on which it is explained 

why tailoring their mechanical properties and employing structural grading can unleash 

their lightweight potential. Finally, additive manufacturing approaches and resulting pro-

cess induced defects are introduced as well. 

2.3.1 General notes 

According to Gibson, cellular solids consist of an assembly of cells with solid edges or faces, 

packed together so that they fill space, in which cells are described as an interconnected 

network of solid struts or plates. They are distributed in two main categories: stochastic, 

e.g. foam or sponge, or periodic, e.g. honeycomb (two-dimensional periodicity), lattice 

structures (three-dimensional periodicity). Cellular structures can further be categorised 

among open-cells or closed-cell depending on the shape of their representative unit cell 

(RUC), i.e., the interconnected network they are made of. They are characterised by their 

relative density �̅�, which is the ratio between their effective density 𝜌∗ and the density of 

their constituent solid material 𝜌𝑆 (Eq.4) [34, 42]. In the case of relative densities above 

30 %, cellular structures are no longer considered as such but as porous material. 

 

�̅� =
𝜌∗

𝜌𝑆
 (4) 

 

Over the past decades, the lightweight potential of cellular structures has been recognised 

as one of the most promising engineering features to design load-bearing structures since 

their properties may differ from those of their constituent base material [34, 226, 227]. 

Historically, the use of simple or natural cellular structures, such as cork and honeycomb 

structures, was one of the first steps into lightweight design [42]. More recently, despite 

the introduction of metallic foams in engineering fields [228], architected cellular lattice 

structures have been gaining increasing interest. They not only offer controllable superior 

specific properties [229], but also enable multi-functional design in the context of biomim-

icry, e.g. heat transfer and load-bearing, by exploiting real biological inputs [35, 36]. Fur-

thermore, they can even surpass natural functions with features not found in nature, e.g. 

tuneable compliant, chiral or auxetic behaviours [227]. 

Lattice structures find numerous applications in fields where high structural perfor-

mances are necessary, such as automotive and aerospace engineering [6, 53, 230]. One of 

the most interesting properties of lattice structures for engineering practice is the energy 

absorption capacity [47-49, 52]. Lattice structures can be employed in the mechanical 

design of wings [79, 231], turbine blades [232], car engine hood [233], anti-icing [234] 

or shielding systems [235]. They can be involved in the consolidation of parts as well, e.g. 

as a joint for interfaces between structures, leading to integral design solutions [236, 237]. 
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Lattice structures are also used in other applications as thermal or fluid exchangers [173, 

238-240], or for orthopaedic implants [241-243] thanks to their specific surface. 

 

Conventional methods of manufacturing of lattice structures, such as investment casting 

[226, 244], expanded metal sheet [245] and metallic wire assembly [246] have been pro-

gressively replaced by additive manufacturing. The promised design freedom (section 2.1) 

to mimic natural structures at different scales offers to realise a large number of shapes 

and topologies with much less effort and, thus, offers the possibility to generate lattice 

structures according to specific design requirements [38, 230, 247 248]. 

In the framework of additive manufacturing, lattice structures can drastically reduce 

the printing time in addition to the increased lightweight potential they offer and, conse-

quently, improve its competitiveness [38, 39, 40]. One major drawback of additively man-

ufactured products is their low time-to-market and high costs due to the high manufactur-

ing time. In the example of the riveting tool of section 2.2.2, an increase of both manufac-

turing costs and time of 164 % and 1,300 %, respectively, can be observed [20]. Employ-

ing lattice structures and, thus, reducing exposed surfaces thanks to their smaller cross-

sections would not only lead to lightweighting but also to improved build rates [41] as 

well as a further waste reduction [36, 50]. In this context, lattice structures can be em-

ployed as support structures as well [209]. 

2.3.2 Why truss-based lattice structures? 

According to Gibson’s definition (see section 2.3.1), lattice structures can be distributed in 

two subcategories: truss-based and plate-based lattice structures. Although plate-based lat-

tice structures and, in particular, triply periodic minimal surface (TPMS) lattice structures 

[229, 249] offer theoretical higher specific properties, truss-based lattice structures of cu-

bic periodicity are in the focus of the present work since they benefit from a well-estab-

lished scientific background knowledge. This offers more advantages in the establishment 

of systematic and general design rules, which can be backed by high degrees of compara-

bility and accuracy of results between theoretical properties, numerical simulation and 

experimental validation. 

 

Firstly, the direct relationship between geometry and mechanical properties (see section 

2.3.3) enables engineers to predict their mechanical properties by means of closed-formed 

analytical models employing for example, the beam theory [42, 43, 250]. Secondly, de-

spite its apparent simplicity, the conception of lattice structures is time-consuming and 

prone to errors for small scale features, which may result in geometric inaccuracy. Alt-

hough a broad panel of lattice structures are nowadays computed with the help of estab-

lished commercial software, modelling approaches for complex lattice structures are focus 

of current research [227, 251]. This is the case of the most promising plate-based lattice 

structures, TPMS lattice structures. TPMS lattice structures require mathematical formu-

lations that compromise the quality of explicit modelling methods, such as the non-uniform 

rational B-Splines (NURBS) method employed for truss-based lattice structures [252, 253]. 
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As alternative to B-spline, implicit modelling is employed for complex structures by means 

of level-set approaches similar to the ones employed in the framework of topology optimi-

sation [227, 254, 255] (see section 2.2.2). This saves a large amount of processing time 

and computational power, e.g. triangulating and repairing the facet model of complex 

geometries [256], but, in turn, may results in RUC specific modelling approaches [251, 

257, 258]. This explains the recent emergence of commercial or open-source software 

specialised in the creation of parts for additive manufacturing with specific features, own 

library and coding for lattice structures [227, 259-261]. Thirdly, similar argumentation 

can be used in terms of numerical simulation efforts. Finally, the additive manufacturing 

of truss-based lattice structures is better established (see section 2.3.4) than plate-based 

lattice structures, which offers a better database for benchmarking. 

2.3.3 Structural design of truss-based lattice structures 

The representative unit cells of truss-based lattice structures are directly inspired from the 

Bravais lattice concept as employed in crystallography [262]. Among the seven available 

crystallographic systems, lattices of cubic periodicity are commonly investigated due to the 

simplicity of the geometric relationships involved by the cubic system [247]. Among the 

three Bravais lattice cubic systems, the two commonly employed basis RUC are face-centred 

cubic fcc and body-centred cubic bcc lattices (Figure 16, left). The former consists of struts 

positioned diagonally with respect to the RUC faces while the latter is constituted of struts 

positioned diagonally with respect to the RUC centre of gravity. The corresponding strut 

inclination angles 𝛼 are 45° and 35.2°, respectively. Constituent of primitive Bravais lat-

tices, struts in the x- y- or z-directions are used as reinforcements in the respective corre-

sponding directions (Figure 16, bottom centre). Further strut combinations are possible, 

increasing the complexity of the RUC (Figure 16, right). 

 

 

Figure 16: Different kinds of lattice RUC as inspired from Bravais lattices. 

 

From a constructive point of view, the design space of the RUC can be seen as a cloud of 

nodes of different types: corner nodes, edge nodes, face nodes, and body nodes (Figure 
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17). Therefore, the region where struts join is commonly called the nodal region. This 

results in different representations of the same unit cell, which main advantage is to avoid 

representing partial struts at the RUC’s edges or faces. 

 

  

Figure 17: Example of different representations of the same unit cell (f2ccz). 

 

The aspect ratio 𝐴𝑅 (Eq.5) of a truss-based lattice structure is a slenderness ratio defined 

as the relationship of the cell size 𝑎 and the strut thickness 𝑡 of a given RUC (see Figure 

18, left). Its lower bound, the so-called critical AR, is achieved when the RUC not only 

stops being a framework, i.e., cannot be interpreted as a truss-based lattice structure. This 

happens when two neighbouring struts are so thick that their overlapping region takes up 

more than half of the RUC’s length [247], resulting in relative densities far above the limit 

of 30 % (see section 2.3.1 and Figure 22 and Figure 23). 

 

𝐴𝑅 =
𝑎

𝑡
 (5) 

 

 
Figure 18: From a representative unit cell to a lattice structure. 
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Lattice structures are obtained by tessellating the RUC [44] (see Figure 18, right). The 

total amount of RUCs within a lattice sample is denoted as shown in Eq.6, with 𝑛 being 

the number of RUCs in the x-, y- or z-directions, respectively. 

 

𝑛𝑅𝑈𝐶,𝑥  ×  𝑛𝑅𝑈𝐶,𝑦  ×  𝑛𝑅𝑈𝐶,𝑧 (6) 

2.3.4 Design dependent mechanical properties 

Truss-based lattice structures exhibit two distinct types of behaviour depending on the 

alignment of the struts with respect to the loading direction: a lattice structure exhibiting 

struts aligned with the loading direction is considered as stretching dominated while the 

absence of alignment with the loading direction leads to a bending-dominated behaviour 

[42]. 

 

In literature, the Maxwell number 𝑀 for three-dimensional trusses (Eq.7) is used as indi-

cator of the degree of compliance of a given RUC. It depends on the number of struts 𝑠 

and the number of nodes 𝑛 involved in the RUC. According to this criterion, 𝑀 < 0 corre-

sponds to a bending-dominated behaviour, whereas 𝑀 ≥ 0 means that the lattice structure 

is stretch-dominated [53, 247, 263]. However, this criterion is not sufficient to predict the 

mechanical behaviour of lattice RUC since it is purely based on geometric assessments 

and, thus, ignores the influence of the loading direction. As a result, the only lattice RUC 

denoted as stretching-dominated is f2bccxyz with 𝑀 = 5 [263]. In order to highlight this 

statement, Table 1 reports the Maxwell numbers obtained for different bending-dominated 

RUCs and their respective corresponding stretching-dominated counterpart according to 

the definition provided by Gibson [42]. Therefore, employing the Maxwell number is not 

advised. 

 

𝑀 = 𝑠 − 3𝑛 + 6 (7) 

 

Table 1: Maxwell number for truss-based lattice structures. 

Bending-dominated RUC 𝑴 Stretching-dominated equivalent RUC 𝑴 

fcc -2 fccz -7 

f2cc -14 f2ccz -10 

bcc -13 bccz -9 

f2bcc -9 f2bccz -5 

Figure 19 depicts typical stress-strain diagrams of both bending- and stretching dominated 

truss-based lattice structures under compressive load. Both are characterised by three re-

gions: the elastic region until yield strength identified by a first peak stress is reached, the 

plastic region identified by a so-called stress plateau, and a densification region recognizable 

through a sudden increase of stress. 

 



 

 

2  Background 35 

 

Figure 19: Schematic examples of bending- (left) and stretching-dominated (right) behaviours of 

lattice structures under compression loading. Recompiled from [264]. 

 

However, the diagrams in Figure 19 are not representative for a potential brittle as-built 

state. This is the case for additively manufactured lattice structures made of AlSi10Mg, 

which can only achieve this kind of ductile behaviour after heat treatment [265-267]. Fig-

ure 20 and Figure 21 show examples of stress-strain diagrams for bending- and stretching-

dominated lattice structures under compression loading, namely bcc and f2ccz, respec-

tively. In the as-built state, few to no plateau stress is observed. Abrupt brittle failures are 

present in both cases and, in the case of f2ccz, successive load bearing intervals correspond-

ing to new load redistribution within the lattice structure after each collapse [266, 267]. 

The curve corresponding to a heat treatment (𝑇 = 350°𝐶 for 2 h) for same AR highlights 

the improved ductility with higher achieved strains and the presence of a plateau stress. It 

can be noted that the peak stresses in f2ccz do not necessarily completely disappear [265]. 

 

 

Figure 20: Comparison of stress-strain diagrams for the bending-dominated bcc lattice structure 

under compression loading (AlSi10Mg). Recompiled from [265]. 
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Figure 21: Comparison of stress-strain diagrams for the stretching-dominated f2ccz lattice structure 

under compression loading (AlSi10Mg). Recompiled from [265]. 

 

Figure 20 and Figure 21 also provide a comparison of two different ARs (8.95 and 11.36) 

of the same lattice RUC. It can be observed that different properties are achieved. This is 

due to the fact that the properties of lattice structures are intimately linked to the config-

uration of their RUC [34]. Therefore, it is possible to tailor the mechanical properties of 

lattice structures through their topology (see section 2.3.1). The widely used power law 

describing the relationship between relative density 𝜌∗ 𝜌𝑆⁄  and a given specific property 

𝐾∗ 𝐾𝑆⁄  established the framework of the Gibson-Ashby model is shown in Eq.8 [42, 228, 

268]. 

 

𝐾∗

𝐾𝑆
= 𝐶 (

𝜌∗

𝜌𝑆
)

𝑡𝑒

 (8) 

 

Therein 𝐶 and 𝑡𝑒 are experimental variables. According to the model for open-celled alu-

minium foam in low relative density regions, 𝑡𝑒 = 1 corresponds to a stretching-domi-

nated behaviour while 𝑡𝑒 = 2 corresponds to a bending-dominated behaviour. 

 

The Gibson-Ashby model usually depicts property relationships in a logarithmic scale, 

which can be misleading regarding the decrease of properties. Figure 22 and Figure 23 

highlight the dependency of mechanical properties on the configuration of the RUC in a 

linear scale for bending- and stretching-dominated lattice structure representant, bcc and 

f2ccz, respectively. The correlations between aspect ratio, relative density and effective 

compressive stiffness 𝐸∗ were generated based on data extracted from the work of Souza 

et al. for the AlSi10Mg material [43]. In their work, Souza et al. obtained accurate calcu-

lations of both aspect ratio and relative density by a Monte Carlo analysis as well as ana-

lytical formulations of mechanical properties based on the Timoshenko beam theory. 

Moreover, both diagrams depicted in Figure 22 and Figure 23 account for the RUC specific 

critical aspect ratio (see section 2.3.3), the limit of cellular material corresponding to a 

relative density of 30 % (see section 2.3.1), and the limit of 𝐴𝑅 = 5, golden rule for slen-

derness ratio in lightweight design for which the simplification of beams for calculations 

is no longer valid [269]. 
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Figure 22: Correlations between aspect ratio, relative density and effective stiffness for the bend-

ing-dominated bcc lattice structure (AlSi10Mg). Recompiled from [43]. 

 
Figure 23: Correlations between aspect ratio, relative density and effective stiffness for the stretch-

ing-dominated f2ccz lattice structure (AlSi10Mg). Recompiled from [43]. 

 

In order to emphasise the importance of lightweight design, Figure 24 shows the light-

weight grade 𝐿∗ of truss-based lattice structures based on the data of Figure 22 and Figure 

23. The lightweight grade is calculated as the difference between normalised slopes of 

both effective stiffness and relative density for a given aspect ratio (Eq.9). The normalisa-

tion is performed with initial values 𝐾𝑖𝑛𝑖
∗  obtained at the limit of cellular material. A posi-

tive lightweight grade means that the gain in effective stiffness is higher that the gain in 

mass, i.e., leads to increased specific stiffness. This highlights the lightweight potential of 

lattice structures of aspect ratios higher than 5. However, above an aspect ratio of 10, the 

effective stiffness of the considered lattice structures starts to flatten at low level (see Fig-

ure 22 and Figure 23). It can be concluded from Figure 22, Figure 23 and Figure 24 that 

the area of interest for lightweight lattice structures is between aspect ratios of 5 and 10. 

 

𝐿∗ =
(𝐸𝑛

∗ − 𝐸𝑛−1
∗ ) 𝐸𝑖𝑛𝑖

∗⁄

(𝐴𝑅𝑛 − 𝐴𝑅𝑛−1) 𝐴𝑅𝑖𝑛𝑖⁄
−

(𝜌𝑛
∗ − 𝜌𝑛−1

∗ ) 𝜌𝑖𝑛𝑖
∗⁄

(𝐴𝑅𝑛 − 𝐴𝑅𝑛−1) 𝐴𝑅𝑖𝑛𝑖⁄
 (9) 
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Figure 24: Lightweight grade in truss-based bcc and f2ccz lattice structures. 

2.3.5 The potential of structural grading 

Functionally graded materials (FGMs) are defined by a spatial gradation in microstructure 

and/or composition in order to offer locally tailored properties [270]. According to Saleh 

et al., the scientific interest for FGM was raised in the early 1980s while dedicated research 

has been actually launched in the 1990s, thanks to the technological development of suit-

able manufacturing processes. Since then, the continuous increase in publications shows 

the potential of FGM and additive manufacturing is considered as a game changer for their 

industrial application [271]. 

In the context of load-driven design enabled by the tailoring of additively manufac-

tured lattice structures and by topology optimisation (see sections 2.2.1, 2.2.3 and 2.3.4), 

structural grading appears like a natural solution. As for all load-driven design features, 

numerous examples of structural grading approaches can be found in nature, e.g. bamboo 

trees or human bones [35, 36, 271]. In the example of the bone discussed in the introduc-

tion chapter, the total bone weight consists of 75 % compacta, i.e. bulk material, and of 

25 % structurally graded spongiosa, which makes up to 10% of the total human body 

weight (against 40 % for muscles) [272, 273]. Inspired from this example, medical im-

plants adapted to the patient’s need are made of graded lattice structures [45, 50, 274]. 

Therefore, a structural grading of truss-based lattice structures can be employed as light-

weight design solution for load introduction problems, as highlighted by the precursor 

works on frame structures of Rankine [275], Maxwell [276, 277]and Michell [278]. 

More recent works demonstrate the applicability of structural grading and their re-

sulting enhanced lightweight potential [51, 52, 214]. The results obtained in the frame-

work of these investigations are promising as far as lightweight design is concerned. De-

pending on the structural grading approaches, great improvements in mechanical proper-

ties have been observed compared to uniformly distributed unit-cell of equivalent relative 

density. Grading approaches involving one or more RUCs have already been investigated 

[279-282] and showed an increase of 80 % of the energy absorption capacity [283] or 
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drastic improvement of the fatigue life [284]. Saldívar et al. proved that employing func-

tional grading in the framework of bio-inspired hard-soft interfaces leads to mechanical 

strengths approaching the upper theoretical limit and to an improvement in toughness up 

to 50 % [285]. 

 

The different approaches employed for the structural grading of additively manufactured 

lattice structures are depicted in Figure 25. The most widely used approach is a structural 

grading over the wall thickness or, in the context of truss-based RUCs, over the strut thick-

ness 𝑡. The majority of examples found in literature consider a constant strut thickness 

within the RUC [279, 286-288] while continuous grading approaches are less investigated 

[281]. This is due, on the one hand, to the novelty of such approaches and, on the other 

hand, to the ease of computing, which enables straightforward design and manufacturing 

to assess the potential of such structures. Alternatively, structural grading can be achieved 

by varying the cell size 𝑎 [230, 289] or a combination of RUC [290, 291]. Again, these 

grading approaches are less employed due to the compatibility conditions at the RUC’s 

boundaries, restricting the design freedom and, in the case of the latter, leaving potentially 

unexploited material. Furthermore, Bai et al. have proven in the framework of a compar-

ative study that a structural grading of the strut diameter yields superior energy absorption 

capacities compared to the other approaches while avoiding critical strength and stability 

issues of the thinnest and, thus, weakest struts [292]. 

More complex structures can be achieved by combining the aforementioned ap-

proaches, i.e. combining structurally graded RUCs, under the condition that material is 

aligned to the main load path [293]. A typical example of smart design employing this 

approach lies in exploiting the constructive vision of a RUC being a cloud of nodes (see 

Figure 17) to derive different RUCs from a basis one, assuming that the absence of a strut 

is equivalent to a structural grading of 𝑡 = 0 mm (Figure 25, right) [294, 295]. Doing so 

enables load path monitoring and offers promising applications in the context of load in-

troductions. In order to realise structurally graded structures of higher order of complexity, 

topology optimisation is typically employed and coupled with sigmoid formulations to ful-

fil compatibility conditions at the RUC’s boundaries [282, 291]. 

 

 

Figure 25: Structural grading approaches. From left to right: initial representative unit cell, struc-

tural grading over t, structural grading over a, cell combination. 



 

40 2  Background 

2.3.6 Additive manufacturing of truss-based lattice structures 

The manufacturability of lattice structures at sub-millimetre range is of utmost interest 

because it reveals itself as a decisive sizing feature for lattice structures. As the smallest 

manufactured feature in lightweight components, the smallest manufacturable lattice strut 

thickness sets the lowest cell size for a unit cell of given relative density and, thus, the 

lower limit of the design space for targeted specific properties. 

Table 2 sums up strut thickness ranges as reported in the available literature dealing 

with the LB-PBF manufacturing of lattice structures. This table solely accounts for their 

manufacturability for the different exposure strategies introduced in section 2.1.2, ignor-

ing considerations on resulting quality or printing time. The standard manufacturing ap-

proach consisting of a hatch exposure followed by two contour exposures (Figure 6) pro-

vides stable manufacturing down to strut thicknesses of about 900 µm [296-298]. Depend-

ing on machine and used material, this lower limit can be further reduced to 400 µm [77, 

279 280, 299-302]. This proves that the standard exposure strategy was developed for the 

effective manufacturing of massive bulk parts and is not necessarily suited for submillime-

tre thin-walled structures [41, 303]. Alternative combinations of exposure strategies lead-

ing to reliable manufacturing of lattice structures ranging between 500 µm to 1 mm are 

the multiple contour exposure [301, 304] and the combination of contour and single-track 

exposures [298, 305]. For strut thicknesses below 500 µm, single manufacturing ap-

proaches (Figure 5) have to be employed. The contour exposure delivers lattice structures 

of good surface quality with thicknesses often ranging between 200 µm and 450 µm [41, 

76, 301]. Strut thicknesses of similar range of order can be achieved by the hatch exposure 

too, but at cost of geometric accuracy [306]. In the domain of low-resolution LB-PBF man-

ufacturing, i.e. for thicknesses below 250 µm, the point exposure is employed and can 

produce lattice structures of thicknesses ranging from 100 µm to 500 µm [77-79]. In the 

case manufacturing by means of point exposure is not available as standard [77], both 

contour and hatch exposures can theoretically be employed under the condition of per-

forming workarounds. For example, the hatch exposure can be employed at all scales un-

der the condition of manipulating the number of hatch vectors. In the context of low-scale 

manufacturing, the hatch exposure can be reduced to a single-track exposure, which leads 

to thicknesses between 100 µm and 250 µm [32]. 

 

Table 2: Manufacturability ranges of lattice structures for different exposure strategies based on 

literature findings. Range have been simplified for clarity. 

Exposure type 𝒕 < 𝟐𝟓𝟎µ𝒎 𝟐𝟓𝟎µ𝒎 < 𝒕 < 𝟓𝟎𝟎µ𝒎 𝟓𝟎𝟎µ𝒎 < 𝒕 < 𝟏𝒎𝒎 𝒕 ≥ 𝟏𝒎𝒎 

Point ✓ ✓   

Contour ✓* ✓   

Hatch ✓* ✓ ✓ ✓ 

Multiple contour   ✓ ✓ 

Contour + hatch   ✓ ✓ 

Double contour + hatch   ✓ ✓ 

*workaround 
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Recent research focuses on the reliable manufacturing of lattice structures as non-optimal 

process parameters lead to defects that have detrimental impact on the mechanical behav-

iour of lattice structures, especially at large deformations [46, 307, 308]. It has been 

shown for different materials that the mechanical performance of lattice structures is in-

trinsically linked with their structural integrity [296-299, 309-311]. As for the additive 

manufacturing of bulk material, appropriate process windows have to be established for 

the selected manufacturing strategy [76, 296, 312, 313] (Figure 7). 

In the context of lattice structures, the role of phenomena involved by AM and the 

impact of their resulting defects (see section 2.1.3) are emphasised due to their higher 

relative dimensionality at meso-scale. Both topology and dimensions of lattice structures 

involve a supplementary amount of surrounding less conductive powder, which in turn 

leads to magnified heat conduction issues and, thus, temperature gradients. Furthermore, 

the small cross-sections involved by lattice structures may lead to reduced time intervals 

between melting of two layers, which results in strongly directed heat flux. Therefore, 

thin-walled specific effects such as miniaturisation (Figure 9) cannot be neglected [109-

112, 314, 315, 316]. Furthermore, resulting texture depend on the employed manufactur-

ing strategy. Figure 26, left, shows exemplarily the texture obtained after employing the 

contour exposure strategy. Melt pool instabilities induced by strong heat flux not only 

result in texturing issues but also in a significant increase of eigenstresses and porosities 

(Figure 26, centre) as well as deviations from the initial design (Figure 26, right). The 

latter is the most-widely reported issue in the literature. Geometric inaccuracies at strut 

level are the absence of roundness of the strut’s cross section, surface roughness, strut di-

ameter variation, strut diameter difference, and strut waviness [263, 296, 298, 304, 317-

319]. Extreme deviations may lead to local strut failures or may even destroy the complete 

lattice during manufacturing. 

 

 
Figure 26: Defects in truss-based lattice structures manufactured by contour exposure: texturing 

(left), geometric inaccuracies (centre) and porosities (right). Recompiled from [265, 320]. 
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The topology of lattice structures, i.e. their RUC, contains critical areas, i.e. areas more 

likely to be subject to defects. These are inclined struts and the nodal area (see section 

2.1.4). Independently from the build layout, most lattice structures exhibit at least one 

type of strut in their RUC, which inclination lies in the range of order of the critical down-

skin angle. Downskin areas are especially subject to porosities, surface roughness and dif-

ferent textures as highlighted in section 2.1.3 [305, 306, 321-324]. Therefore, investigat-

ing only vertical struts is not representative of the whole lattice structure. The nodal area 

is the most complex feature in a truss-based RUC since the generation of defects in this 

area is further influenced by surrounding struts and, ultimately, other RUCs. This results 

in potentially different local texturing [322, 324], a drastic local porosity increase [76], 

necking of surrounding struts [76], or other geometric inaccuracies such as the deviation 

of its centre of gravity [317, 325]. 

 

It can be concluded here that defects impact the complete product process chain of addi-

tively lattice structures. Firstly, they do not allow to consider lattice as a perfect truss 

framework anymore or may lead to different load carrying diameters, which prevents from 

predicting effective properties and, thus, robust designs. Then, defects hamper the reliable 

realisation of potentially robust designs. Finally, they may lead to sub-optimal parts, which 

in turn prevent their competitiveness in spite of their promising properties. 

2.4 Research needs 

2.4.1 Identified challenges 

As explained throughout the previous sections, the nature of additively manufactured 

products and the means used to exploit their potential lead to specific solutions, whose 

relevance is questioned at each stage of the process chain. Therefore, the specific efforts 

required by both manufacturing and post-processing stages prevent this technology from 

being a competitive contender against conventional manufacturing processes, despite the 

possible reductions of weight and resource consumption. As a matter of fact, additive man-

ufacturing is often employed for rapid prototyping and rapid manufacturing or complex 

applications with small batch size while its use in serial production is rather limited [50, 

53]. 

The main concern is related to the process dependent performance of additively 

manufactured components due to the large parameter space offered by additive manufac-

turing. This impacts all stages of the process chain, from design and manufacturing ap-

proaches to part certification. This aspect highlights the prevailing lack of control over the 

additive manufacturing technology, being a major roadblock to its widespread use [6, 14, 

56]. It can be deduced that complexity for free is a myth [23, 28]. This degree of complexity 

further results in comparability issues between case-specific design solutions and, thus, 

results in a lack of harmonised standards at every level. Individualisation is not free either. 
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This statement is particularly true for lattice structures. Although they may offer reduced 

printing time, the knowledge gathered around them is not as deep as for bulk material. 

Despite extensive research for more than a decade, the literature on the relationships be-

tween process parameters, microstructure and mechanical properties of lattice structures 

is still fragmented due to issues involved by their length scale. 

Due to the current issues encountered for bulk materials, lattice structures are not 

in industrial focus as they still require extensive and expensive research, a hindering argu-

ment for profit-based companies. Consequently, lattice structures are employed in indus-

trial structural parts in the case of a straight-forward integration with standard parame-

ters, under the condition to bring immediate benefits without further improvements. Lat-

tice structures are often integrated as in-fill for lightweight purposes or thermal exchang-

ers rather than for mechanical purposes [39, 50]. In the worst case, they are implemented 

as fancy item for eye-catching in a nice-to-have showcase product issued from rapid pro-

totyping. When it comes to their involvement into structural parts, lattice structures are 

only involved in secondary, i.e. non-safety relevant, structures such as topology optimised 

brackets [6, 14, 53]. Similar to additively manufactured end-products issued from me-

chanical engineering, the deployment of lattice structures in primary structures has still 

not reached high technology readiness level [48, 49]. 

As for bulk material, the main challenge lies in understanding and predicting the 

mechanical performance of additively manufactured lattice structures. Such input is of 

utmost importance for daily engineering practice since it could open the door to a laser-

driven lightweight design. This concept relies on the control over the manufacturing defects 

in a given structure, based on property tailoring and reliable predictions of the mechanical 

performance. For example, it can be speculated that the undesired roughness [46], if tai-

lored so that no fatigue issues are encountered, could be beneficial to the implementation 

of lattice structures as design features in bone implants. 

The mechanical performance of lattice structures can be predicted by analytical de-

scriptions based on beam theories [43, 250, 268, 326, 327], holistic modelling employing 

semi-empirical probabilistic finite element models [312, 317, 325, 328-330] resulting in 

design approaches accounting for process induced defects [331-333], or scaling law using 

dimensionless numbers specific to lattice structures [32, 79, 167]. However, each ap-

proach has its own downsides. Available analytical models are still rarely applied since 

they are subject to relatively high deviations from experiments. This is due to the fact that 

modelling assumptions do not systematically consider manufacturing defects or rely on 

slender structures [43, 326, 334] and, thus, do not address the reliability and reproduci-

bility issues raised by process dependencies. Up to 300 % deviation could be observed for 

lattice structures of aspect ratio lower than 5 [269], whereas higher aspect ratio lead to 

10 % and 20 % deviation from analytical values in the best cases of compression and ten-

sion loading, respectively [43, 326]. Scaling laws depend on input parameter variables 

and influencing parameters, which implies either initial knowledge on the most influenc-

ing parameters or educated guesses. The lack of available holistic models with reasonable 

computing effort hampers the implementation and optimisation of lattice structures at 
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industrial level. Moreover, the still low number of expensive and time-consuming empiri-

cal investigations for other cases than compression [46, 55, 286] further challenges the 

establishment of lattice structures in a precise niche of technical products. 

The intricate problematic of meso-scale parameter-structure-properties correlations 

leads to missing specific standardisation procedures towards design and certification 

guidelines geared towards lattice structures. The absence of standardised characterisation 

and failure criteria highlights the very limited understanding of the impact of microstruc-

tural effects on the macroscopic mechanical behaviour and, more particularly, on the stiff-

ness of lattice structures. It is the role of current research to find straightforward and effi-

cient design rules, universal design criteria, and reliable and reproducible manufacturing 

approaches gathering the different length scales involved in additively manufactured com-

ponents with implemented lattice structures in order to provide a framework that allows 

the development of optimal metamaterial for a specific application and, thus, to exhaust 

their lightweight potential to its greatest extent [335, 336]. 

2.4.2 The example of tensile specimen 

The reliable mechanical characterisation of the mechanical properties of additively manu-

factured lattice structures is crucial to assess the influence of process parameters on their 

mechanical properties and, thus, to identify a precise niche of technical products. After 

numerous investigations of their compression behaviour, an interest for their properties 

under tensile loading arises as the question of their fatigue properties is raised [46]. How-

ever, tensile tests are scarcely investigated because of the higher complexity of the sample 

design of tensile specimens [53, 77]. No norm nor publication covers a systematic and 

standardised tensile testing guideline for additively manufactured lattice structures. A 

norm on the tensile testing of metallic cellular materials does exist but was developed in 

the frame of the mechanical testing of honeycomb structures [337]. Therefore, it does not 

address any explicit methodological specimen design for the reliable and reproducible 

characterisation of additively manufactured lattice structures. 

Designing tensile specimen has been recognised as a “considerable challenge” [46] 

with, in particular, the difficulties encountered by the present edge effects that hinder 

failure at the centre of the considered samples. In the case of an inappropriate design, a 

local stress concentration occurs at the transition between lattice and bulk material needed 

for the connection to the testing machine, which results in an undesirable fracture at this 

location [338, 339]. The aforementioned absence of standards leads to a big room for 

interpretation and, thus, a high diversity of sample design and manufacturing approaches, 

which are still in current research’s focus.  

 

The history of the main features in tensile specimen design found in the currently available 

literature allow to retrace their evolution and to witness the growing awareness on the 

need to mitigate the edge effect. Very first tensile specimens dealt with lattice structures 

of cubic periodicity consisting of rectangular or quadratic cross-sections, i.e. a description 

of their configuration in the cartesian coordinate system as shown in Eq.6. Initial tensile 
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specimen designs consisted of a straightforward application of a bulk part onto the inves-

tigated lattice structure for the connection to the test rig [77, 247, 338-341]. These designs 

were further developed with the presence of a transition region as first issues with stress 

concentrations were encountered [300, 329, 342-344]. Parallel to this development, lat-

tice structures of circular cross-sections, i.e. structure configurations defined in a polar 

coordinate system, were developed to directly mitigate edge effects for straightforward 

designs [345, 346] and samples with a transition region [286, 347, 348]. It can be noted 

that all the aforementioned references employ the same unit cell for both the transition 

and investigated regions as advised by Bai [292] (see section 2.3.5) while other load in-

troduction configurations remain theoretically possible. 

However, the diversity of tensile specimen, especially in size, and the lack of corre-

sponding justification of such designs do not contribute to the proper comparability and 

transferability of results between the reported investigations [46, 55]. This results in un-

reliable holistic databases. Moreover, despite the noticeable growing awareness for size 

and edge effects, it is not guaranteed that the proposed solutions offer a pure tensile stress 

state and, thus, that the investigated cells are representative for the investigated lattice 

RUC in continuum, i.e. that theoretical tensile properties can be retrieved. 

 

The lack of systematic development and concrete design guidelines is further emphasised 

by the lack of justification for the chosen manufacturing approaches [46, 50, 53]. Chal-

lenges at two specific levels can be identified. 

On the one hand, the transition between bulk part and lattice structure is not only 

a considerable challenge in terms of design but also regarding its realisation because of 

manufacturing restrictions specific to LB-PBF [124]. Both parameter and inclination de-

pendencies of the manufacturability of both lattice struts [299¸303, 311, 349] and bulk 

parts [145, 247, 350] add up to the initial design issues implied by the cross-section 

change at the bulk-to-lattice interface [338]. As a matter of fact, a cross-section change 

does not only result in local stress concentrations but also in inhomogeneous temperature 

gradients and, thus, in manufacturing issues linked with heat dissipation and eigenstresses 

[144¸247]. The available literature on test samples and sandwich structures involving lat-

tice structures develops two main design approaches: integral and modular designs. Mod-

ular designs can be found in the standard for tensile testing of metallic cellular materials 

[337], which aligns with the standard for sandwich structures made of honeycomb cores 

[351]. The bulk part is manufactured separately from the lattice structure and, as for hon-

eycomb cores, both parts are bonded to each other [247, 339, 352]. While this approach 

overcomes most of the DFAM challenges, the effectiveness of the employed load introduc-

tion has still to be questioned. Integral designs consist in printing the sample monolithi-

cally. The easiest approach is to print the bulk part (or skin) vertically, i.e. parallel to the 

build direction [247, 324, 353, 354]. In order to account for the inclination dependency 

of the manufacturability of both lattice and skin, the sample can be inclined [345, 347, 

355]. However, this measure may require support structures and subsequent machining. 

Literature reports different cases of horizontally printed skin panels of sandwich structures 

with lattice cores. Nevertheless, all of them rely on the same principle without explicitly 
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mentioning it: lattice structures are employed as support structure of the skin. To over-

come manufacturability issues, DFAM compliant design features such as cones can be em-

ployed in order to increase the manufacturing surface. They can be used as space filler 

[77, 356] or as load introduction feature, considering them as a special case of structural 

grading. In the case of classical structural grading, lattice structures are graded either over 

the cell length [247] or over the strut diameter [293, 300, 344, 348] as described in section 

2.3.5. If lattice structures are dense enough or their diameters are big enough to offer a 

smooth temperature gradient, the overhanging area can be successfully printed without 

structural grading [338, 357, 358]. In some cases, an overlay of one or two layers between 

lattice structure and skin ensures good connection at the interface [77, 324]. Other sources 

report parameter and/or scanning strategy optimisation of transition layers (see section 

2.1.4), i.e. the first skin layers in the vicinity of the interface [77, 144, 349, 350]. Precise 

indications about the reasons for the chosen design and printing approaches are rarely 

provided and manufacturability issues with corresponding workarounds are not systemat-

ically mentioned. This shows that manufacturing is rather a background information for 

current research reporting, which hampers the development of robust approaches and 

guidelines for reliable and reproducible manufacturing of lattice structures implemented 

into bulk parts. 

On the other hand, design and manufacturing challenges are posed at lattice level, 

especially in the case of structural grading. The aforementioned references employing 

structural grading consider either a straightforward and arbitrary grading, in most cases a 

single grading aligned with the loading direction, or complex configurations issued from 

numerical topology optimisation algorithms, which therefore lead to case specific opti-

mised solutions [221, 359-363]. In both cases, the low comparability with other design 

solutions compromises desirable normalised design rules. Another design issue concerns 

the transition between unit cells. While recent research focuses on the influence of process 

parameters on the mechanical behaviour of truss-based lattice structures, less attention is 

given to geometric notches issued from sharp edges induced by the structural design. The 

nodal area is not only critical for manufacturing (see section 2.3.6) but also for design 

[328, 364-366] since they lead to fatigue issues that may even be present after using op-

timisation routines [360, 367, 368]. Notches often appear for big changes in cross-sections 

as is the case for tree branches under different loading scenarios [174, 175]. Avoiding 

design notches is by definition a form optimisation task, which is mainly addressed by the 

single universal solution of a form or shape optimisation by means of circular fillet radius 

in literature [134, 328, 344, 347, 366, 369]. General construction guidelines allowing 

further complex shapes for this particular case are not available while load case specific 

optimisation solutions can always be developed [370]. 

Depending on the targeted manufacturing scale, lattice struts can be realised in dif-

ferent ways (see section 2.3.6). However, the lack of systematic reporting often prevents 

from comparability studies in this case too. While straightforward manufacturing guide-

lines are desirable for the reliable and reproducible manufacturing of lattice structures, 

the reasons for the chosen printing approach are not explained in spite of raised manufac-
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turability issues. In most cases, one single manufacturing strategy is considered. It is sup-

posed that, when the manufacturing strategy is not reported in research papers, the stand-

ard approach is used. Although current research tries to raise the question of the right 

scanning strategy and design guidelines for small scale features [76, 78, 298, 301, 303, 

304, 316, 331, 371], parameter variations without strategy change are commonly explored 

while comparisons of strategies do not include parameter optimisation. This statement is 

particularly surprising knowing that the manufacturability of downskin surfaces depends 

on both parameters employed and part design, and that DFAM rules for bulk material not 

necessarily applicable to the specific case of lattice structures [299, 311, 349] (see sections 

2.1.3 and 2.1.4). 
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3 Methods 

This chapter describes the methodology employed in the different investigation stages of 

this work. Firstly, the investigated unit cells and the sample design for tensile specimen 

developed to address the issues raised in section 2.4.2 are introduced. Secondly, theoreti-

cal and numerical approaches as employed for the verification of the proposed designs 

(see chapter 4) are described. Finally, both manufacturing and experimental frameworks 

are introduced in the context of the subsequent validation of the proposed designs (see 

chapters 5 and 6, respectively). Further details specific to each investigation are described 

in the corresponding chapters. All generated data and created scripts are available at the 

institute on demand. 

3.1 Design 

In this work, explicit modelling is employed (see section2.3.2). All relevant features were 

manually created and parametrised using the CAD software package Siemens NX12. The 

parametrisation of lattice structures enables the simple and fast variation of their design 

as described in section 2.3.3 and, thus, of their mechanical properties (see section 2.3.4). 

3.1.1 Considered unit cells 

In order to limit the scope of the investigations, the body-centred cubic RUC bcc and the 

double-face-centred cubic RUC with vertical reinforcements f2ccz were selected as the rep-

resentative of both bending-dominated and stretching-dominated categories of truss lat-

tice structures, respectively (Figure 27). The former yields high fatigue [345] and high 

energy absorption [39, 46, 247] properties despite its low specific stiffness when compared 

to other lattice RUCs. Furthermore, bcc lattice structures exhibit the highest nodal stress 

concentration among truss-based lattice structures [296], shorter build time [279] and 

their isotropic behaviour [43] facilitates modelling approaches based on homogenisation 

thanks to their strut configuration. The f2ccz RUC exhibits the highest specific stiffness and 

the highest specific strength compared to other truss-based lattice structures and is there-

fore frequently examined in the literature [43, 77, 296]. 

The representation of the selected unit cells was chosen so that the strut junctions 

are located in the centre of their upper and lower faces, i.e. no half or quarter struts are 

present. This simplifies numerical simulations and ensures reliable manufacturing. 

The lowest investigated aspect ratio of the considered RUCs is 𝐴𝑅 = 6. This enables 

to remain in the vicinity of the lightweight limit of 𝐴𝑅 = 5 (Figure 24) even after a struc-

tural grading based on strut diameter variation and, thus, guarantees the validity of the 

employed beam theory (see section 3.2.1). The lowest investigated aspect ratio of the con-

sidered RUCs is 𝐴𝑅 = 10 as upper limit of realistic use-cases for load carrying components. 
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Figure 27: Selected unit cells. 

3.1.2 Tensile sample design 

Figure 28 depicts the principle of the proposed tensile specimen design. It furthermore 

highlights the comparability to existing norms for bulk materials. The two norms used for 

comparison purposes are the norm for the determination of plastics tensile properties 

[372] and the norm for tensile testing of metallic materials [373]. The proposed tensile 

specimen design consists of three distinct zones: the target region, in which the desired 

homogeneous tensile stress state is to be ensured for the specific unit cell under investiga-

tion, the bulk region, which stands for the sample bulk grip area that is used for the primary 

load introduction, and the transition region, which acts as a design space to guarantee a 

homogeneous tensile stress state at its interface to the target region. The quadratic cross-

section of the bulk region in the xy-plane is directly extracted from the cubic periodicity 

of the selected unit cells. While the sample dimensions are based on units of length in the 

existing norms for bulk materials, dimensions based on lattice structures rely on the num-

ber of unit cells in each direction, which indirectly leads to final samples dimensions 

through the size of the unit cell (see section 2.3.3). 

 

  

Figure 28: Proposed tensile specimen design (top) and comparison with sample design for bulk 

material (bottom). Recompiled from sample 1B [372]. 
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The aspect ratio of the specimen (𝐴𝑅𝑠) is introduced (Eq.10). It describes the slenderness 

of the sample through the relationship between the number of RUCs in the vertical, i.e. 

loading direction, 𝑛𝑅𝑈𝐶,𝑧, and the number of RUCs in the transverse directions, 𝑛𝑅𝑈𝐶,𝑥. 

 

 𝐴𝑅𝑠 =
𝑛𝑅𝑈𝐶,𝑧

𝑛𝑅𝑈𝐶,𝑥
 (10) 

 

3.2 Modelling 

This work focuses on the elastic domain as both design and sizing of the majority of load-

bearing parts are meant to withstand loads without entering the plastic domain, with ex-

ception of energy absorption purposes. Therefore, both geometrical and material lineari-

ties are assumed as only static calculations are performed. 

 

The analytical model is coded in MATLAB while numerical simulations employ the soft-

ware packages ABAQUS CAE 2017 and Altair Hyperworks v14.0. Topology optimisation 

analyses were performed using the software the Optistruct solver from the software pack-

age Altair Hyperworks v14.0. Model generation, post processing and plot generation were 

monitored using MATLAB and PYTHON scripts. 

3.2.1 Analytical model 

The analytical model developed by Souza et al. [43] is used for comparison purposes in 

the framework of the predictability of the mechanical properties of lattice structures. More-

over, the analytical yield strength is used to determine the limit of the elastic domain to 

assess elastic properties in the framework of experimental investigations. 

It determines the theoretical relationship between aspect ratio, strut diameter, and 

mechanical properties of a given cellular structure, whereby the cell struts are considered 

as Timoshenko beams [374]. Furthermore, this model relies on a Monte Carlo density 

integration for a precise estimation of the relative density of the considered lattice struc-

tures. 

The analytical model consists of a strain energy-based homogenisation scheme in 

the linear elastic domain [16]. The RUC is idealised as an ideally homogeneous orthotropic 

RVE, whose macroscopic strain energy density is determined through an integration of 

microscopic stresses and strains throughout its complete volume. In order to assess the 

effective elastic properties, the cell geometry is parametrised and the structural periodicity 

is granted through the application of periodic boundary conditions. By means of the 

Castigliano’s 2nd theorem and local transformation matrices, the macroscopic strains and 

stresses can be deducted based on the displacements and forces applied to the RVE. 

Young’s moduli and Poisson’s ratios can be obtained as scalar from the uniaxial load case, 

where a single axial unitary load is considered. The shear modulus is extracted from six 
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load cases (three normal stresses and three shear stresses) to account for the assumed 

orthotropic behaviour of the cellular material. The yield strength is then derived from 

maximum applied loads. 

3.2.2 Numerical simulations 

Although different software packages were employed to fulfil different purposes, they rely 

on similar modelling approaches. 

1D beam finite elements were employed for a direct comparison with the analytical 

model described above and for load path monitoring in the context of load introduction. 

3D finite elements were employed in case details on the local stress distribution in a given 

structure were required or in case design features need to be extracted in the framework 

of topology optimisation. 

In the present work, numerical simulations cover two length scales of the structure 

(Figure 29). The finite element model consists of either a single RUC or a lattice structure. 

In the latter case, lattice structures can be idealised as an eighth model thanks to symmetry 

considerations. To do so, applied boundary conditions were defined according to the com-

patibility conditions involved by the symmetry planes. In all cases, the load introduction 

occurs at the top section of the modelled structures. In the framework of numerical inves-

tigations, it is assumed that the load introduction from the bulk region into the transition 

region is homogeneously distributed over the bulk grip material surface (see Figure 28). 

The reported results diagrams exploit the symmetry of lattice structures too. Two-

dimensional plots of selected view cuts are sufficient to offer a representative assessment 

of the whole structure. 

 

 

Figure 29: Two modelling scales: representative unit cell (left), lattice structure under symmetry 

conditions (right). 

3.3 Manufacturing 

The software packages Materialize Magics v23.1 and EOS PRINT v2.6 were employed in 

the framework of digital pre-processing (Figure 3). All investigated specimens were pro-

duced in AlSi10Mg by an EOS M290 laser powder bed fusion system equipped with a Yb-
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fibre laser of an 80 µm beam diameter. The AlSi10Mg powder [375] was identified as 

ideal for research in additively manufactured lightweight design because of its low density 

compared to other metallic alloys and its relative low costs compared to other alloys. Direct 

post-processing steps consisted of the separation of samples from the build platform. To 

do so, the initially designed lattice structures were assigned supplementary sacrificial lay-

ers in the build direction, which were sawn off and subsequently grinded with tools espe-

cially manufactured for this purpose (Figure 30). There were two types of grinding tools: 

a grinding tool of variable size machined so that its walls are moveable and different lattice 

structures can be clamped by a holder, and additively manufactured tools of fixed size 

employed in the case of high number of samples of the same size for comparable grinding. 

 

 

Figure 30: Grinding tools for lattice structures: tool of variable size (left) and tool of fixed size 

(right). 

3.4 Experimental setup 

The experimental setup is divided into two parts: the assessment of the mechanical prop-

erties of additively manufactured lattice structures and their structural integrity. In the 

present work, mechanical testing, density measurement and optical microscopy are 

deemed sufficient to effectively provide clues on the potential and challenges of lattice 

structures for load-bearing applications as this work focuses on the elastic domain (see 

section 3.2). Therefore, post-processing methods such as heat treatment [264, 265] or 

investigations by means of CT [311, 320] and EBSD [265] as performed in other studies 

were not performed and the manufactured samples were investigated in their as-built 

state. Defects can be considered as stochastically distributed and can be therefore expected 

to have a less to insignificant impact on the elastic properties compared to their geometric 

configuration [265, 317, 329, 330, 376]. 
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3.4.1 Mechanical testing 

Mechanical investigations were performed using a Zwick/Roell Z100 testing machine. Uni-

axial static compression tests were conducted in accordance with the corresponding Ger-

man engineering norm DIN50134 [377] while uniaxial tensile tests were carried out ac-

cording to the standard DIN 50099 [337] (Figure 31, a & b). 

 

In the case of compression loading investigations, the determination of the plateau stress 

deviated from the standard, similarly to Großmann et al. [76] and Weidmann et al. [378]. 

This is due to the brittleness of the AlSi10Mg alloy in its as-built state, which yields a 

stochastic mechanical behaviour after reaching the compressive failure strain (Figure 20 

and Figure 21). The calculation of the plateau stress 𝑅𝑝𝑙𝑡, which is assessed through a 

preliminary test, is based on the first maximum compressive strength 𝑅𝑒𝐻 corresponding 

to the first local maximum in the stress-strain curve (Eq.11). The effective Young’s modu-

lus is determined within the advised range between 20 % and 70 % of 𝑅𝑝𝑙𝑡, conformly to 

the norm. In all cases, the stiffness of both machine and load introduction were considered 

by correcting the measured displacement of the crosshead (Figure 31, c). 

 

𝑅𝑝𝑙𝑡 =
1

2
𝑅𝑒𝐻 (11) 

 

 

Figure 31: Mechanical testing setup: compression (a), tension (b), stiffness investigation for com-

pression loading (c). 
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3.4.2 Density measurements 

Archimedean density measurements were carried out based on the German engineering 

norm DIN 3369 [379] to assess the presence of process-induced porosities. The effective 

density of the lattice structure 𝜌∗ is obtained by measuring the mass difference between 

two measures, 𝑚𝑚𝑒𝑎𝑠𝑢𝑟𝑒1 and 𝑚𝑚𝑒𝑎𝑠𝑢𝑟𝑒2, accounting for the density of water 𝜌𝑤𝑎𝑡𝑒𝑟 and 

the ambient temperature. Data for 𝜌𝑤𝑎𝑡𝑒𝑟 was taken from [380]. The corresponding rela-

tive density is calculated according to Eq.4 and Eq.12 with an assumed solid density 𝜌𝑆 =

2.67 𝑔 𝑐𝑚3⁄  [375]. A Sartorius 1702 scale ranging from 0 g to 200 g with a precision of 

0.1 mg was employed (Figure 32, a). 

 

𝜌∗ =
𝑚𝑚𝑒𝑎𝑠𝑢𝑟𝑒1 ∙ 𝜌𝑤𝑎𝑡𝑒𝑟

𝑚𝑚𝑒𝑎𝑠𝑢𝑟𝑒1 − 𝑚𝑚𝑒𝑎𝑠𝑢𝑟𝑒2
 

 

(12) 

 

Before density measurements, lattice samples are cleaned from aggregated powder in an 

ultrasonic bath (Figure 32, b) and then embedded in distilled water. A combination of two 

methods, one chemical and one physical, is employed to eliminate air bubbles entrapped 

in the water surrounding the specimens. Detergent droplets are used for their ability to 

break hydrogen bonds of water and, thus, to reduce the surface tension, which allows to 

release entrapped air bubbles. Since this approach does not guarantee to eliminate all the 

air bubbles, a vacuum desiccator (Figure 32, c) is used as well. 

 

  
Figure 32: Archimedean density measurements: setup (a), ultrasonic bath (b) and vacuum desicca-

tor (c). 
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3.4.3 Geometric accuracy 

All investigated specimens for structural integrity were analysed with a ZEISS Axioskop A1 

HAL 100 microscope and subsequent pictures were recorded with an AxioCam ICc5 cam-

era.  

 

Investigations were performed at several scales: at strut scale, at single RUC scale, for 

small lattice samples (less than 4 RUCs), or for large lattice samples (more than 5 RUCs). 

The design of test specimens for both strut and single RUCs scales deployed in the frame-

work of this work is inspired from the German norm on test features for limiting geometric 

elements [381]. It consists of an inclinable pot, in which the structure to be analysed is 

embedded in epoxy resin (LY556/HY917/DY070 [382]). The excess of resin is turned 

(Figure 33). This design enables high productivity while remaining adaptable to the need 

of specific investigations, e.g. number of struts per pot. Grinding tools manufactured by a 

filament printer were employed for the investigation of lattice structures of different scales 

for productivity reasons as well. No resin embedment is required for lattice structures of 

strut diameters above 300 µm. 

 

  

Figure 33: Test specimens for optical microscopy. 

 

Samples were grinded with sandpaper of grit ranging from 240 to 1200 depending on the 

level of details required. Based on the orientation of lattice samples, two main grinding 

planes were identified. The horizontal plane offers a view-cut of the lattice structures per-

pendicular to the build direction, whereas the vertical plane provides an insight of their 

structural integrity in a cross-section parallel to the build direction. The former can be 

investigated at all scales while the latter can only be investigated at lattice scale. 
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Recorded pictures were analysed by a self-coded MATLAB script developed to realise a 

systematic and comparable assessment of the quality of the manufactured lattice samples 

throughout this work. Its first step consists in a pre-processing of the grinding pictures 

using a pixel-based grey-scale threshold in order to identify the strut’s contour (Figure 34, 

c & f). 

 

 

Figure 34: Grinding approach: vertical (a) and horizontal (d) planes, picture examples (b, e) and 

pre-processing (c, f). 

 

Horizontal grinding pictures (Figure 34, d & e) provide information about strut roundness 

and diameter. They are both assessed by comparing the area of an equivalent diameter of 

the obtained cross-sections to an ideal strut. The circularity measure 𝐶 evaluates the round-

ness of a given cross-section (Eq.13) by comparing its cross-section area 𝐴 to the perimeter 

𝑝. The value 𝐶 = 1 stands for an ideal circle while 𝐶 = 0 indicates the absence of a circular 

pattern. This approach is applicable to diagonal struts as well since the strut diameter 

corresponds theoretically to the minor axis of the elliptical cross-section. In that case, the 

four inclined struts are considered and the results are averaged. In the case of f2ccz, only 

the roundness of the vertical struts is assessed since these struts are the load bearing fea-

ture of a stretching-dominated unit cell [279, 296]. 

 

𝐶 =
4 ∗ 𝐴 ∗ 𝜋

𝑝2
     𝐶 ∈ [0,1] (13) 

 

After pre-processing the vertical grinding pictures (Figure 34, b & c), a contour function is 

applied to the upper and lower strut borders, 𝑘(𝑥𝑖)𝑢𝑝 and 𝑘(𝑥𝑖)𝑑𝑜𝑤𝑛 respectively. To do 

so, single struts are isolated independently from their inclination angle and rotated so that 

they align with the horizontal axis of the picture. Thanks to the contour function, a direct 

assessment of the discrete diameter 𝑡(𝑥𝑖) (Eq.14), the maximum diameter difference 𝑡𝑑𝑖𝑓𝑓 

(Eq.15) and the diameter variation along the strut 𝑡𝑣𝑎𝑟 (Eq.16) is possible. Moreover, the 

strut waviness 𝑊, which stands for the deviation from an ideal straight line, can be evalu-

ated by assessing the standard deviation of the strut average line issued from both contour 

functions (Eq.17). 
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𝑡(𝑥𝑖) = 𝑘(𝑥𝑖)𝑑𝑜𝑤𝑛 − 𝑘(𝑥𝑖)𝑢𝑝 (14) 

𝑡𝑑𝑖𝑓𝑓 = 𝑚𝑎𝑥(𝑡(𝑥𝑖)) − 𝑚𝑖𝑛 (𝑡(𝑥𝑖)) (15) 

𝑡𝑣𝑎𝑟 = 𝑠𝑡𝑑[𝑡(𝑥𝑖)] (16) 

𝑊 = 𝑠𝑡𝑑 [𝑘(𝑥𝑖)𝑢𝑝 +
𝑘(𝑥𝑖)𝑑𝑜𝑤𝑛

2
] (17) 

 

The surface roughness 𝑅𝑎 from both upper and lower profiles along the strut length 𝐿 can 

be extracted from the contour function by means of a high-pass filter that separates the 

waviness from the roughness (Eq.18). The different profiles enable measuring both up- 

and downskin roughnesses. 

 

𝑅𝑎 =
1

𝐿
∗ ∑|𝑘(𝑥)ℎ𝑖𝑔ℎ𝑝𝑎𝑠𝑠𝑒𝑑|

𝐿

0

 (18) 
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4 Design Concepts 

This chapter deals with the material independent design concepts developed and their 

numerical verification. The first two sub-sections propose to solve the load introduction 

challenge encountered by lattice tensile specimen designs in two distinct ways: designing 

the transition region by means of either structural grading (section 4.1) or a topology-

optimised bulk structure (section 4.2). The last sub-section, section 4.3, handles the prob-

lematic of the transition between single lattice unit cells and, in particular, of the nodal 

area. 

 

In order to perform numerical simulations, arbitrary material properties were used. The 

material properties of the solid base material are assumed isotropic in all employed mod-

els. They are based on the values of the additively printed AlSi10Mg solid material that 

can be found in the literature. The relevant material properties employed in the framework 

of linear static calculations are a Young’s modulus of AlSi10Mg bulk material in the build 

direction 𝐸𝑆 of 70 GPa [375] and a Poisson’s ratio 𝜐 of 0.32 [383]. 

4.1 Load introduction via structural grading 

This section develops and proposes a design guideline for tensile test specimens of truss-

based cubic lattice structures using a functional grading. This design guideline and corre-

sponding methodology deliver a standardised process for the reliable and reproducible 

assessment of lattice structure properties without any influence of the specimen design on 

the considered lattice structures. 

 

While the RUCs employed for the initial development of the sample design methodology 

are, as mentioned in section 3.1.1, f2ccz and bcc, their respective stretching- and bending-

dominated counterparts, namely f2cc and bccz, are used to assess on the transferability of 

the developed approach. 

 

In the framework of this investigation, performing a heuristic stress optimisation was iden-

tified as the most effective way to set up a reliable grading. On the one hand, running a 

numerical optimisation for a high variety of sample configurations in terms of unit cell 

type and size would involve tremendous hardware capacities and/or time. On the other 

hand, two main challenges have been identified for the classical analytical optimisation: 

describing the sample quality within a single function for which its first derivation leads 

to extremal values and not to zero points, and defining a termination criterion for optimal 

parameters. This involves that the optimal values may not be reached by heuristic means 

for the proposed functional grading because the necessary conditions can be reached by 

an unideal configuration. 
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Although calculations are performed for an eighth model (see section 3.1.1), all figures of 

this section are displayed for one half of the sample in order to facilitate reading and 

assessing the grading quality. In order to facilitate reading and assessing the grading qual-

ity, results are visualised in contour plot diagrams with a common colour scale and a com-

monly used heat plot. Note that intermediate contour line values of result plots may not 

be fully readable but are not considered as obstacles in the sample quality assessment. 

4.1.1 Principle 

Figure 35 provides a complete overview of the design principle of the proposed tensile 

specimen. The design of the transition region consists of a structural grading over the strut 

diameter of the same RUC as present in the target region. Other approaches would not 

only restrict design freedom (section 2.3.5) but may also enforce predetermined failure 

locations. Furthermore, a variation of 𝑡 involves significantly less supplementary design, 

modelling and manufacturing efforts than any other measure. Since the main load paths 

are of interest, the strut thickness is kept constant within each single RUC to facilitate 

modelling and post-processing as well. 

 

 

Figure 35: Grading principle shown for the half sample length. 

 

The proposed grading approach is described by a function that factorises the strut thick-

ness of the investigated unit cell 𝑡 based on the as-designed thickness 𝑡0 (Eq.19) with re-

spect to a local cartesian coordinate system set in the middle of the sample’s longitudinal 

direction. 
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 𝑡(𝑥∗, 𝑦∗, 𝑧∗) = 𝑡0 ∙ 𝑓𝑔𝑟𝑎𝑑
𝑆𝐶𝐹 (𝑥∗, 𝑦∗, 𝑧∗) (19) 

 

Where 𝑥∗, 𝑦∗ and 𝑧∗ are the discrete spatial coordinates of the considered unit cell within 

the transition region in the x, y and z-directions, respectively. 

 

The grading function (Eq.20) consists of a combination of a grading function in the plane 

perpendicular to the loading direction 𝑓𝑔𝑟𝑎𝑑,𝑥𝑦(𝑥∗, 𝑦∗) (Eq.21), a grading function in the 

loading, here vertical, direction 𝑓𝑔𝑟𝑎𝑑,𝑧(𝑧∗) (Eq.22), and a stress concentration factor (SCF) 

𝑆𝐶𝐹. Similar to Eq.8, power laws are employed for the definition of the grading functions. 

 

𝑓𝑔𝑟𝑎𝑑
𝑆𝐶𝐹 (𝑥∗, 𝑦∗, 𝑧∗) = 𝑆𝐶𝐹 ∙ [1 + 𝑓𝑔𝑟𝑎𝑑,𝑥𝑦(𝑥∗, 𝑦∗) ∙ 𝑓𝑔𝑟𝑎𝑑,𝑧(𝑧∗)] (20) 

 

Therein, 𝑓𝑔𝑟𝑎𝑑,𝑥𝑦(𝑥∗, 𝑦∗) varies from its start value at the centre of the sample 𝑥∗, 𝑦∗ =

𝑛𝑅𝑈𝐶,𝑥,𝑦/2 to its end value reached at the borders of the sample with 𝑥∗ = 𝑥0 or 𝑥∗ = 𝑛𝑅𝑈𝐶,𝑥 

and 𝑦∗ = 𝑦0 or 𝑦∗ = 𝑛𝑅𝑈𝐶,𝑦. 

 

The formulation of 𝑓𝑔𝑟𝑎𝑑,𝑥𝑦(𝑥∗, 𝑦∗) exploits the symmetry of the quadratic cross section of 

the proposed sample design (see Figure 28). The function 𝑚𝑖𝑛 (𝑥∗, 𝑦∗) is implemented to 

enable the transferability of the unidimensional grading function into a two-dimensional 

space. The quantity 𝐴𝑥𝑦 describes the maximal strut thickness since leading to the maxi-

mum grading factor while 𝐵𝑥𝑦 for the minimum strut thickness for 𝑧∗ = 𝑛𝑅𝑈𝐶,𝑧/2. 

 

The function 𝑓𝑔𝑟𝑎𝑑(𝑧∗) is designed such that it is initiated at the centre of the interface 

between the ungraded and graded cells (𝑧∗ = 𝑧0) and grows until its maximum value at 

the centre of interface between the transition region and the bulk region (𝑧∗ = 𝑛𝑅𝑈𝐶,𝑧/2). 

Hence, the start and end values corresponding to the grading boundaries in the vertical 

directions are 𝐴𝑧 = 0 for 𝑧∗ = 𝑧0 and 𝐵𝑧 = 1 for 𝑧∗ = 𝑛𝑅𝑈𝐶,𝑧/2. 

 

The quantities 𝐶𝑥𝑦 and 𝐶𝑧 describe the variation of the strut thickness in their respective 

directions, wherein 𝐶𝑥𝑦 is minimal for 𝑥∗, 𝑦∗ = 𝑛𝑅𝑈𝐶,𝑥,𝑦/2 and maximal for 𝑥∗ = 𝑥0 or 𝑥∗ =

𝑛𝑅𝑈𝐶,𝑥 and 𝑦∗ = 𝑦0 or 𝑦∗ = 𝑛𝑅𝑈𝐶,𝑦. The quantity 𝐶𝑧 is minimal for 𝑧∗ = 𝑧0 and maximal for 

𝑧∗ = 𝑛𝑅𝑈𝐶,𝑧/2. 

 

𝑓𝑔𝑟𝑎𝑑(𝑥∗, 𝑦∗) = 𝐴𝑥𝑦 + (𝐵𝑥𝑦 − 𝐴𝑥𝑦) ∙ (
𝑚𝑖𝑛 (𝑥∗, 𝑦∗) − 𝑥0

∗

𝑛𝑅𝑈𝐶,𝑥/2 − 𝑥0
∗ )

𝐶𝑥𝑦

 (21) 

𝑓𝑔𝑟𝑎𝑑(𝑧∗) = (
𝑧∗ − 𝑧0

∗

𝑛𝑅𝑈𝐶,𝑧/2 − 𝑧0
∗)

𝐶𝑧

 (22) 
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The presence of a SCF is justified by the fact that edge effect issues are expected to have a 

restrained influence only on the RUC located at the edge of the sample, i.e. for 𝑥∗, 𝑦∗ =

𝑥0, 𝑦0. It is therefore assumed that the edge effect is specific to the sample shape and size, 

and cannot be solved by the grading formulations described above. Hence, the SCF is as-

signed a value of 1 for all other RUCS than the ones at the sample’s corners (Eq.23 and 

Eq.24). 

 

𝑆𝐶𝐹(𝑚𝑖𝑛(𝑥∗, 𝑦∗) = 𝑥0
∗, 𝑧∗ = 𝑛𝑅𝑈𝐶,𝑧/2) > 1 (23) 

𝑆𝐶𝐹(𝑚𝑖𝑛(𝑥∗, 𝑦∗) ≠ 𝑥0
∗, 𝑧∗) = 𝑆𝐶𝐹(𝑚𝑖𝑛(𝑥∗, 𝑦∗) = 𝑥0

∗, 𝑧∗ ≠ 𝑛𝑅𝑈𝐶,𝑧/2) = 1 (24) 

4.1.2 Design methodology 

The methodology delivers a standardised process for the reliable and reproducible assess-

ment of lattice structure properties as it enables a systematic identification of the grading 

parameters 𝑧0, 𝐴𝑥𝑦 , 𝐵𝑥𝑦, 𝐶𝑥𝑦, and 𝐶𝑧  independently from the considered unit cells. The 

proposed design methodology relies on observations of both stress and uniaxiality states 

of the ungraded sample, RUC-specific load paths and assumptions on load equilibrium. As 

the stress concentration due to the edge effect is not assumed as RUC-specific, the SCF 

cannot be inferred from the stress state of the ungraded sample and, thus, can only be 

determined after a first analysis of the graded structure and implemented to locally fulfil 

the evaluation criteria defined below. 

 

The transition region is assumed constant in the plane perpendicular to the loading direc-

tion. The assumed load equilibrium (Eq.25), when combined with the grading definition 

(Eq.19) and the trivial relationship between stress and forces (Eq.26), leads to a straight-

forward relationship between the stress state and strut thicknesses (Eq.27), as depicted in 

Figure 36. This relationship between the stress distribution and strut thickness reflects the 

correlation between both ungraded and graded sample configurations and, thus, enables 

the identification of the grading parameters by considering the square root of the normal-

ised stress distribution in the sample. 

 

𝐹0 = 𝐹 (25) 

𝜎𝑉𝑀,0
∗ ∙

𝑡0
2

4
= 𝜎𝑉𝑀

∗ (𝑥∗, 𝑦∗, 𝑧∗) ∙
𝑡2

4
 (26) 

√
𝜎𝑉𝑀

∗ (𝑥∗, 𝑦∗, 𝑧∗)

𝜎𝑉𝑀,0
∗ =

𝑡

𝑡0
 (27) 
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Figure 36: Relationship between grading function, stress and strut thicknesses. 

 

In order to identify load paths in the ungraded sample, the concept of undisturbed region 

is introduced to determine the quality criteria of all samples. The undisturbed region cor-

responds to a region of the lattice structure in its ungraded state, in which all defined 

design quality criteria are fulfilled in a plane perpendicular to the loading direction at a 

given height. Therefore, the undisturbed region can be assimilated to an ideal target region 

and is employed. In this work and the following examples, an undisturbed region consist-

ing of at least two cell layers in the vertical direction of the ungraded half sample were 

identified as sufficient for the grading parameters identification. 

 

In order to achieve a universal applicability of the proposed approach, the stress distribu-

tion in each sample has to be normalised. To do so, a reference 𝜎𝑉𝑀,𝑅
∗  has to be systemati-

cally identified as well. Normalising the stress distribution enables the identification of 

local maximum and minimum stresses along the RUC-specific relevant stress paths leads, 

independently from the given AR or sample dimensions. Typical relevant stress path loca-

tions in each truss-based lattice sample are assumed to be located along the edge (e.g. 

𝑥∗, 𝑦∗ = 𝑥0, 𝑦0 ), the centre (𝑥∗, 𝑦∗ = 𝑛𝑅𝑈𝐶,𝑥,𝑦/2) and the centre of any face (e.g. 𝑥∗ =

𝑥0, 𝑦∗ = 𝑛𝑅𝑈𝐶,𝑥,𝑦/2). 

 

While the grading formulation was introduced as starting from the interface between the 

ungraded and graded cells (𝑧∗ = 𝑧0), the identification of grading parameters starts from 

the maximum strut thickness, which is ruled by the parameter 𝐴𝑥𝑦, and ends in the trans-

versal plane in which the reference value 𝜎𝑉𝑀,𝑅
∗  is identified. Eq.28 and Eq.29 highlight 

two remarkable points of the grading principle depicted in Figure 35 that are decisive for 

the identification of grading parameters, namely 𝐴𝑥𝑦 and 𝐵𝑥𝑦, respectively. 
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𝑓𝑔𝑟𝑎𝑑(𝑥∗, 𝑦∗ = 𝑥0, 𝑦0, 𝑧∗ = 𝑛𝑅𝑈𝐶,𝑧/2) = 1 + 𝐴𝑥𝑦  (28) 

𝑓𝑔𝑟𝑎𝑑(𝑥∗, 𝑦∗ = 𝑛𝑅𝑈𝐶,𝑥,𝑦/2, 𝑦0, 𝑧∗ = 𝑛𝑅𝑈𝐶,𝑧/2) = 1 + 𝐵𝑥𝑦 (29) 

Evaluation criteria 

In order to determine optimal grading variables, assessing the grading quality is essential. 

To do so, three measures and corresponding evaluation criteria based on already available 

justification methods for bulk materials [384, 385] were developed in order to describe 

the nature of the loading state in the investigated lattice structures and to assess for devi-

ations from an ideal tensile state. Since it is assumed that an ideal state will never be 

reached by any physical sample, a tolerance range for acceptable deviations of 1% has 

been determined after a side study that is described in appendix B.  

 

The uniaxiality measure ℎ𝐹,𝑢𝑛𝑖𝑎𝑥
∗  (Eq.30) describes the loading path direction within the 

sample. This measure is employed to determine the number of graded cells in the loading 

direction. Due to the potentially different strut diameters after grading, this number is 

based on the relationship between the discrete forces acting onto each upper and lower 

face of the RUC. The force in the loading direction 𝐹𝑧 and the resulting force in the plane 

perpendicular to the loading direction √𝐹𝑥
2 + 𝐹𝑦

2 are therefore considered. Since an ideal 

tensile loading state shall lead to ℎ𝐹,𝑢𝑛𝑖𝑎𝑥
∗ = 0, an uniaxiality criterion (Eq.31) is intro-

duced to ensure a purely tensile loading of the lattice sample at the interface between 

ungraded and graded cells located at 𝑧∗ = 𝑧0
∗. 

 

ℎ𝐹,𝑢𝑛𝑖𝑎𝑥
∗ (𝑥∗, 𝑦∗, 𝑧∗) =

√𝐹𝑥(𝑥∗, 𝑦∗, 𝑧∗)2 + 𝐹𝑦(𝑥∗, 𝑦∗, 𝑧∗)2

𝐹𝑧(𝑥∗, 𝑦∗, 𝑧∗)
 (30) 

ℎ𝐹,𝑢𝑛𝑖𝑎𝑥
∗ (𝑥∗, 𝑦∗, 𝑧∗ ≤ 𝑧0

∗) ≤ 0.01 (31) 

 

The stress homogeneity measure ℎ𝜎,𝑚𝑖𝑠𝑒𝑠
∗  (Eq.32) describes the stress distribution within 

the sample. This measure is employed to identify stress concentrations. This number is 

based on the deviations between the maximum effective von Mises stress of each discrete 

RUC and the nominal effective von Mises stress 𝜎𝑉𝑀,0
∗  of the target region. Since an ideal 

stress state shall ensure a homogeneous and maximal stress state in the target region, a 

first stress homogeneity criterion leading to ℎ𝜎,𝑚𝑖𝑠𝑒𝑠
∗ = 0 for 𝑧∗ = 𝑧0

∗ is introduced (Eq.33). 

Furthermore, an ideal sample design shall ensure that stresses within the transition region 

are always smaller than the ones in the target region in order to avoid effects such as 

yielding or specimen failure in the transition region. A second stress homogeneity criterion 

is therefore introduced (Eq.34). Given the stress homogeneity measure from Eq.32, when 

combined with the fact that 𝑡 ≥ 𝑡0  (see Eq.19), this criterion shall lead to a negative 

ℎ𝜎,𝑚𝑖𝑠𝑒𝑠
∗  in the transition region, i.e. between 𝑧∗ = 𝑧0

∗ and 𝑧∗ = 𝑛𝑅𝑈𝐶,𝑧/2. 
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ℎ𝜎,𝑚𝑖𝑠𝑒𝑠
∗ =

𝜎𝑉𝑀
∗ (𝑥∗, 𝑦∗, 𝑧∗) − 𝜎𝑉𝑀,0

∗

𝜎𝑉𝑀,0
∗  (32) 

−0.01 ≤ ℎ𝜎,𝑚𝑖𝑠𝑒𝑠
∗ (𝑥∗, 𝑦∗, 𝑧∗ = 𝑧0

∗) ≤ 0 (33) 

ℎ𝜎,𝑚𝑖𝑠𝑒𝑠
∗ (𝑥∗, 𝑦∗, 𝑧∗ > 𝑧0

∗) ≤ 0 (34) 

 

The strain homogeneity measure ℎ𝜖,𝑎𝑛𝑎
∗  (Eq.35) describes the strain distribution within the 

sample. This measure enables identifying deformation gradients due to potential transver-

sal contraction as wells as assessing on the predictability of lattice structures. This number 

is based on the deviations between the local effective strain of each discrete RUC and the 

nominal effective strain 𝜖𝑧𝑧,0
∗  of the target region. The latter is based on the load equilib-

rium and is derived from the constitutive law using the theoretical stiffness 𝐸𝑎𝑛𝑎
∗  obtained 

from the employed analytical model described in section 3.2.1 (Eq.36). Due to the poten-

tially different strut diameters after grading, the effective nominal stress 𝜎𝑧𝑧,0
∗  is derived 

from the resulting applied force in the (vertical) loading direction 𝐹𝑧,0  and the nominal 

cross-section of the lattice structure (Eq.37). Strain criteria are introduced to ensure a 

homogeneous strain state and that strains within the transition region are always smaller 

than the ones in the target region. An ideal homogeneous strain state shall avoid specimen 

failure or plastic deformation in the transition region. Similar to the stress criteria, ℎ𝜖,𝑎𝑛𝑎
∗ =

0 in the target region (Eq.38) and ℎ𝜖,𝑎𝑛𝑎
∗  shall be negative in the transition region (Eq.39). 

 

ℎ𝜖,𝑎𝑛𝑎
∗ =

𝜖𝑧𝑧
∗ (𝑥∗, 𝑦∗, 𝑧∗) − 𝜖𝑧𝑧,0

∗

𝜖𝑧𝑧,0
∗  (35) 

𝜖𝑧𝑧,0
∗ =

𝜎𝑧𝑧,0
∗

𝐸𝑎𝑛𝑎
∗

 (36) 

𝜎𝑧𝑧,0
∗ =

𝐹𝑧,0

𝑛𝑅𝑈𝐶,𝑥 ∙ 𝑛𝑅𝑈𝐶,𝑦 ∙ 𝑎2
 (37) 

ℎ𝜖,𝑎𝑛𝑎
∗ (𝑥∗, 𝑦∗, 𝑧∗ > 𝑧0

∗) ≤ 0 (38) 

−0.01 ≤ ℎ𝜖,𝑎𝑛𝑎
∗ (𝑥∗, 𝑦∗, 𝑧∗ = 𝑧0

∗) ≤ 0 (39) 

Grading parameters for the stretching-dominated f2ccz and bccz structures 

A common grading parameter identification method was identified for the two investi-

gated stretching-dominated lattice structures. The used stress paths are depicted in Figure 

37 and Figure 38 for the bccz structure exemplarily. The first characteristic feature to be 

identified is the maximum stress within the ungraded sample, edge effect neglected 

(Figure 37¸1). The load distribution within the graded sample can be predicted by consid-

ering the grading formulation, which foresees a diameter increase at the outer corners of 

the sample at the interface between the bulk region and the transition region, and the 

stretching-dominated behaviour of the RUCs. In a graded sample, the maximum load will 
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start at the sample’s edge and will reach the target region along the vertical struts since 

they are aligned with the loading direction. Hence, two statements can be drawn from this 

consideration: on the one hand, the reference value 𝜎𝑉𝑀,𝑅
∗  (Figure 37, R) is located at the 

edge of the transversal plane corresponding to the maximum stress in the ungraded state. 

On the other hand, the stress path for the identification of the maximum thickness grading 

parameter 𝐴𝑥𝑦 is located at the edge (𝑥∗, 𝑦∗ = 𝑥0, 𝑦0) as well. This path starts from a local 

minimum stress (Figure 38, 2) and ends at a local maximum stress. However, the grading 

value corresponding to 𝐴𝑥𝑦  (Figure 37, A) cannot be directly extracted because of the 

stress concentration due to the edge effect, which is not considered to be representative of 

the RUC’s specific mechanical behaviour. Assuming the local influence of the edge effect, 

the grading value is extracted using a linear extrapolation of the stresses from the local 

minimum (Figure 38, 2) until 𝑧∗ =
𝑛𝑅𝑈𝐶,𝑧

2
− 1  (Figure 37, 3).The extrapolation is per-

formed with a second order polynomial because of the square root relationship between 

stresses and strut thicknesses (Eq.27). The obtained value 𝑓𝑔𝑟𝑎𝑑
𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙𝑎𝑡𝑒𝑑

 is used to extract 

𝐴𝑥𝑦 (Eq.40). 

 

𝐴𝑥𝑦 = 𝑓𝑔𝑟𝑎𝑑
𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙𝑎𝑡𝑒𝑑 − 1 (40) 

 

From the grading formulation and the previous statements, it can be deduced that the 

stress path for the identification of 𝐵𝑥𝑦 is located at the sample’s center. Furthermore, since 

𝐵𝑥𝑦 stands indirectly for the minimum strut thickness at the same level of grading param-

eter 𝐴𝑥𝑦, 𝐵𝑥𝑦 is located at the height equivalent to the maximum non-extrapolated value 

from the selected load path for the identification of 𝐴𝑥𝑦 (Figure 37, B). In that case, the 

value of 𝑓𝑔𝑟𝑎𝑑 is used to extract 𝐵𝑥𝑦 directly (Eq.41). 

 

𝐵𝑥𝑦 = √
𝜎𝑉𝑀

∗ (𝑥∗ = 𝑛𝑅𝑈𝐶,𝑥/2, 𝑦∗ = 𝑛𝑅𝑈𝐶,𝑦/2, 𝑧∗ =
𝑛𝑅𝑈𝐶,𝑧

2 − 1)

𝜎𝑉𝑀,0
∗ − 1 (41) 

 

The identification path of the grading parameter 𝐶𝑥𝑦 can be described by starting from the 

identification path of 𝐵𝑥𝑦 (Figure 37, B) and ending at the identification path of 𝐴𝑥𝑦. Due 

to the cubic symmetry of the investigated RUCs, the ending point of this identification path 

can be picked along one of the directions of the plane transversal to the loading direction 

(Figure 37, 4). Analogous to the grading formulation, the stress distribution along this 

path is described by a power law (Eq.42), from which 𝐶𝑥𝑦 is extracted by considering from 

the inverse stress distribution (Eq.43). 

 

𝑓(𝜎𝑉𝑀
∗ (𝑥∗, 𝑦∗, 𝑧∗)) = 𝑎𝑥𝑏𝑥𝑦  (42) 
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𝐶𝑥𝑦  = 1 − 𝑏𝐶𝑥𝑦 (43) 

 

According to the grading formulation, the identification path of the grading parameter 𝐶𝑧 

is located along the identification path of 𝐵𝑥𝑦, starts from the path’s local maximum stress 

(Figure 38, 1) and ends at the path’s local minimum stress (Figure 38, B). Analogous to 

𝐶𝑥𝑦 , 𝐶𝑧  is extracted from the power law formulation of the inverse stress distribution 

(Eq.44). 

 

𝐶𝑧  = 1 − 𝑏𝐶𝑧  (44) 

 

 

Figure 37: Grading parameters identification: principle for bccz / f2ccz. 

 

 

Figure 38: Grading parameters identification: example of bccz. 

Grading parameters for the body-centred, bending-dominated structure bcc 

No common grading parameters identification method was identified for the two investi-

gated bending-dominated lattice structures. The used stress paths for the bcc structure are 

depicted in Figure 39 and Figure 40. The identified method for bcc is very similar to the 
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one of the stretching-dominated structures and differs in the following points. In a graded 

sample, the main load path will start at the sample’s edge and will reach the target region 

along the body-centred diagonal struts and lead, as for the stretching-dominated samples, 

to a reference value 𝜎𝑉𝑀,𝑅
∗  (Figure 39, R) located at the sample’s edge. The reference point 

is identified by means of a local minimum stress (Figure 40, 1) below the overall maximum 

stress (Figure 40, 2) along a stress path that is located at the sample’s centre. Thus, the 

grading parameter 𝐴𝑥𝑦 is identified along this path as well (Figure 39, A), and the identi-

fication path of 𝐵𝑥𝑦 is consequently located at the sample’s edge (Figure 39, B). Contrarily 

to the stretching-dominated structures, local minimum (Figure 40, 1) and maximum 

(Figure 40, 2) stresses of the 𝐴𝑥𝑦 path can be identified directly, but an extrapolation until 

the interface with the bulk region is required to obtain the final grading parameter. The 

identification of grading parameters 𝐵𝑥𝑦, 𝐶𝑥𝑦  and 𝐶𝑧 is based on the same principle as for 

the stretching-dominated structures with the exception of the starting and ending values 

of 𝐶𝑧, which are extracted from the local maximum (Figure 39, R) and local minimum 

(Figure 39, 4) stresses of the identification path of 𝐵𝑥𝑦. Eq.40 to Eq.44 are therefore ap-

plicable to this configuration. 

 

 

Figure 39: Grading parameters identification: principle for bcc. 

 

 

Figure 40: Grading parameters identification: example of bcc. 
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Grading parameters for the face-centred, bending-dominated structure f2cc 

The used stress paths for the f2cc structure are depicted in Figure 41 and Figure 42. The 

identified method for f2cc can be described as a similar but slightly more complicated case 

than the bcc one and differs in the following points. In a graded sample, the maximum 

load will start at the sample’s edge and will reach the target region along the face-centred 

diagonal struts and lead, as for both stretching-dominated and bcc samples, to a reference 

value 𝜎𝑉𝑀,𝑅
∗  (Figure 41, R) located at the sample’s edge. The main difference lies in the 

identification of grading parameter 𝐴𝑥𝑦, which takes place at the centre of one of the sam-

ple’s external faces. As for the bcc identification method, the stress path starts from a local 

minimum stress (Figure 42, 2), ends at the local maximum stress (Figure 42, 3) and is 

then extrapolated to the top of the sample (Figure 42, A). The identification of grading 

parameters 𝐵𝑥𝑦, 𝐶𝑥𝑦  and 𝐶𝑧 is based on the same principle as for the bcc structure. Eq.40 

to Eq.44 are therefore applicable to this configuration too. 

 

 

Figure 41: Grading parameters identification: principle of f2cc. 

 

 

Figure 42: Grading parameters identification: example for f2cc. 
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Size of grading region 

A common identification method was identified for the size of the grading region of the 

investigated lattice structures. While the grading parameters are inferred from the stress 

state within the sample, the number of graded cells in the transition region 𝑛𝑅𝑈𝐶,𝑧
𝑇𝑟,𝑔

 can be 

identified from the uniaxiality criterion of the ungraded state. Since the grading formula-

tion optimises only the stress distribution, it can be assumed that the uniaxiality criterion 

of a graded sample will necessarily be fulfilled if the corresponding ungraded sample al-

ready fulfils the same criterion. The number of graded cells in the transition region is 

defined by the number of RUCs in the loading directions needed to fulfil the uniaxiality 

criterion (Eq.31) in the afore-defined relevant stress paths while being located below the 

maximum stress concentration typical of the considered RUC. Figure 43 and Figure 44 

depict application examples for different configurations of bccz and bcc structures, respec-

tively. 

 

 

Figure 43: Size of graded region (bccz). 

 

 

Figure 44: Size of graded region (bcc). 
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4.1.3 Results 

The numerical investigation was performed with the software package ABAQUS CAE 2017. 

As mentioned in section 3.2.2, the sample is idealised as an eighth model thanks to sym-

metry considerations. The truss lattice structures were modelled with 3-node quadratic 

Timoshenko beam elements B32 [386]. After a sensitivity analysis, a mesh of 30 elements 

per strut was selected in order to achieve less than 1 % deviation in stresses compared to 

a much finer mesh. The boundary conditions applied to the nodes located at the sample 

interface were defined according to the compatibility conditions. A homogeneous defor-

mation is applied to the nodes of the upper sample surface. 

 

The model generation and calculation were monitored using a PYTHON script while a 

MATLAB script dealt with the plot generation. The resulting forces and displacements were 

directly extracted from the upper and lower nodes of each RUC. The von Mises stresses of 

each bulk element were directly extracted using the MISESMAX field output request in 

order to account for all integration points within the whole beam cross-section of each 

strut [386]. The local effective strain 𝜖𝑧𝑧
∗ (𝑥∗, 𝑦∗, 𝑧∗) is obtained from the linear interpola-

tion of nodal displacements in the loading (vertical) direction 𝑤(𝑥∗, 𝑦∗, 𝑧∗) with respect of 

the two neighbouring cells. Since the sample borders 𝑧∗ = 𝑧0
∗ and 𝑧∗ = 𝑛𝑅𝑈𝐶,𝑧/2 only have 

one neighbouring RUC, the second derivation of the nodal displacement at the border is 

used [387]. 

 

Considering both tolerance range (see section 4.1.2) and aforementioned sensitivity anal-

ysis, different final quality ranges are set. A sample design will be considered as appropri-

ate for the mechanical characterisation of tensile properties of lattice structures if, on the 

one hand, the stress criterion yields remains under 2 % deviations from an ideal state and, 

on the other hand, deviations observed of both uniaxiality and strain criteria remain below 

1 % since forces and displacements extracted from a FE model converge more rapidly than 

stresses. 

 

Note that for the sake of brevity only sufficient and representative results are reported in 

diagonally cut views in this section. Please refer to the appendix B for complementary 

data. 

Variation of the aspect ratio of the specimen 

Ungraded samples were varied according to their 𝐴𝑅𝑠 (Eq.10) in order to identify a poten-

tial size effect that was assessed for another cellular structure class, the honeycomb cores 

[388, 389]. Design guidelines extracted from the norm for tensile testing of metallic cel-

lular materials [337] recommend 10 RUCs in each direction as well as an ARS between 

1.5 and 2. Based on these recommendations, bcc and f2ccz configurations for samples con-

sisting of 10 RUCs in the plane transversal to the loading direction were investigated for 

ARS varying from 1 to 4. Results are reported from Figure 45 to Figure 47 and from Figure 

48 to Figure 50, respectively. 
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As for honeycomb structures, a size effect can be identified since the defined criteria are 

fulfilled only after reaching a certain 𝐴𝑅𝑠, being 4 for both investigated RUCs. This means 

that a pure tensile loading (ℎ𝐹,𝑢𝑛𝑖𝑎𝑥
∗ ), analytical values (ℎ𝜖,𝑎𝑛𝑎

∗ ), a homogeneous stress state 

(ℎ𝜎,𝑚𝑖𝑠𝑒𝑠
∗ ) and therefore the comparability with analytical models can only be retrieved for 

a defined sample size. This analysis justifies the undisturbed region as employed in the 

grading approach. 

 

 

Figure 45: Sample quality results: bcc 10x10x10 AR10 ungraded (diagonal). 

 

 

Figure 46: Sample quality results: bcc 10x10x20 AR10 ungraded (diagonal). 

 

 

Figure 47: Sample quality results: bcc 10x10x40 AR10 ungraded (diagonal). 
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Figure 48: Sample quality results: f2ccz 10x10x10 AR10 ungraded (diagonal). 

 

 

Figure 49: Sample quality results: f2ccz 10x10x20 AR10 ungraded (diagonal). 

 

 

Figure 50: Sample quality results: f2ccz 10x10x40 AR10 ungraded (diagonal). 

Ungraded vs graded configurations 

The results obtained for sample designs with and without structural grading are compared. 

In order to highlight the general validity of the grading approach, both sample size and 

AR (Eq.5) were varied while the ARS was kept constant, under the condition that an un-

disturbed region is guaranteed. The identified 𝐴𝑅𝑠 leading to an undisturbed region are, 



 

74 4  Design Concepts 

on the one hand, 4 for the bcc (Figure 51), f2ccz (Figure 52) and bccz (Figure 53) unit cells 

and, on the other hand, 6 for the f2cc (Figure 54) unit cell. The difference in the 𝐴𝑅𝑠 values 

is rooted in the differences in the main load paths used to reach the target region that are 

specific to each unit cell type, as already depicted in the section dedicated to the identifi-

cation of grading parameters. The sample size was varied by changing the number of the 

unit cells used in the plane transversal to the loading direction from 8 to 12 RUCs. While 

8 RUCs stand for the least number of cells required by the grading approach, 12 RUCs 

have been identified as upper bound in order to maintain a reasonable size of the sample. 

However, f2cc and bccz samples with 12 RUCs in the plane transversal to the loading di-

rection were not investigated in the framework of the verification of the proposed grading 

approach. 

 

Ungraded samples results plots are reported from Figure 51 to Figure 54. Similarities be-

tween the generated plots can be observed (bcc: Figure 47 and Figure 51; f2ccz: Figure 

50 and Figure 52). These are due to the normalisation of stress values performed in the 

grading approach. Therefore, it can be concluded that the load distribution among the 

sample is unit cell specific and that the plots for one configuration are representative for 

other ARs and sample size. 

 

It can be further noticed that extending the sample size only does not make the sample 

eligible for reliable characterisation of tensile properties of lattice structures according to 

the developed criteria. This is mainly due to the absence of a transition region. Firstly 

because of the abrupt change in stiffness, or cross section, at the interface between the 

bulk region and the target region that leads to a stress concentration responsible for an 

abrupt failure at the end of the load introduction and therefore may not yield the real 

failure behaviour of an ideal lattice structure, which is in line with early experimental 

observations [338]. Secondly, a pure tensile loading state is only achieved after a certain 

number of cell planes below the bulk region. Besides, the presence of another stress peak 

at the sample’s centre and, in some cases, external faces could be a further source of issues 

for a reliable characterisation. This unit cell specific feature is not necessarily located in 

an area where tensile loading is guaranteed, for bending-dominated structures at least 

(Figure 51, Figure 54).  

 

The graded counterparts of the ungraded configurations are reported from Figure 55 to 

Figure 58, respectively. All graded configurations lead to fully fulfilled criteria in all cases. 

The variety of specimens shows that the method can reliably lead to grading parameters 

that can be employed for the design of tensile test specimens, which are expected to fail 

in the target region under pure tension. This verifies the grading approach although no 

common SCF in terms of sample size or unit cell type can be identified (see appendix B). 

 



 

 

4  Design Concepts 75 

 

Figure 51: Sample quality results: bcc 8x8x32 AR6 ungraded (diagonal). 

 

 

Figure 52: Sample quality results: f2ccz 12x12x48 AR8 ungraded (diagonal). 

 

 

Figure 53: Sample quality results: bccz 8x8x32 AR8 ungraded (diagonal). 
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Figure 54: Sample quality results: f2cc 8x8x48 AR8 ungraded (diagonal). 

 

Figure 55: Sample quality results: bcc 8x8x32 AR6 graded (diagonal). 

 

 

Figure 56: Sample quality results: f2ccz 10x10x40 AR10 graded (diagonal). 
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Figure 57: Sample quality results: bccz 8x8x32 AR8 graded (diagonal). 

 

 

Figure 58: Sample quality results: f2cc 8x8x48 AR8 graded (diagonal). 

Size of the transition region 

Similar to the undisturbed area, the size of the transition region defined as the height for 

which the design quality criteria are fulfilled. Table 3 and Table 4 sum up the number of 

graded and ungraded cells as well as the total number of cells required for the transition 

region according to the proposed grading approach. 

 

Although the number of graded cells can be systematically identified by looking at the 

ungraded sample, the complete size of the transition region cannot be fully predicted. The 

difference between the number of graded cells and the final size of the transition region 

can be explained by the still present edge effect, which has not been cleared but rather 

reduced to a negligible amount. This effect is noticeable from Figure 55 to Figure 58, 

where the stress criterion converges slower at the sample’s corner than at its centre. There-

fore, ungraded cells are required in the transition region to act as buffer. 

 

It is further noticeable, that face- and body-centred cells yield different convergence rates 

of the developed strain and stress criteria at the sample’s corners. Moreover, these conver-

gence rates do not seem to be influenced by vertical struts, i.e. reinforcement in the loading 

direction. It can be deduced that the convergence rates directly depend on the effective 
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shear moduli of each ungraded URC employed as buffer. When calculated as a function of 

the aspect ratio, the effective shear moduli prove to be independent from vertical rein-

forcement ([43], Fig. 16). Besides the effective shear moduli of body-centred unit cells are 

higher than the ones of the face-centred unit cells ([43], Fig. 16). Therefore, as for the 

number of graded cells, the convergence of stresses is specific to each structure and de-

pends on the main load path. However, only the inclined struts play a role concerning the 

required number of ungraded cells. It can be concluded that the nature of the RUC has an 

influence on the design of the transition region. 

 

Table 3: Size of transition region (bcc & f2ccz). 

𝐀𝐑 
Sample 

size 

bcc f2ccz 

Graded cells Ungraded cells Total size Graded cells Ungraded cells Total size 

6 

8x8x32 8 1 9 9 3 12 

10x10x40 10 1 11 11 5 16 

12x12x48 12 1 13 13 6 19 

8 

8x8x32 8 1 9 9 3 12 

10x10x40 10 1 11 12 4 16 

12x12x48 12 1 13 13 6 19 

10 

8x8x32 8 1 9 9 3 12 

10x10x40 10 1 11 12 4 16 

12x12x48 12 1 13 14 5 19 

 

Table 4: Size of transition region (bccz & f2cc). 

𝐀𝐑 
Sample 

size 

bccz *f2cc 

Graded 

cells 

Ungraded 

cells 

Total 

size 

Graded 

cells 

Ungraded 

cells 

Total 

size 

6 

8x8x32 

(8x8x48*) 
8 1 9 11 3 14 

10x10x40 

(10x10x60*) 
10 1 11 15 3 18 

8 

8x8x32 

(8x8x48*) 
8 1 9 12 3 15 

10x10x40 

(10x10x60*) 
10 1 11 15 4 19 

10 

8x8x32 

(8x8x48*) 
8 1 9 12 3 15 

10x10x40 

(10x10x60*) 
10 1 11 15 4 19 

 

Size of the target region 

Once the size of the transition region is set, all further ungraded cells are considered as 

part of the target region. Once a uniaxial state is reached, varying the target region and, 
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thus, the final sample size without impacting its performance is possible with the devel-

oped approach. Figure 59 and Figure 60 provide an example based on the graded sample 

of Figure 57 with respective size increase and reduction. 

 

 

Figure 59: Sample quality results: bccz 10x10x28 AR10 graded (diagonal). 

 

 

Figure 60: Sample quality results: bccz 10x10x44 AR10 graded (diagonal). 

4.1.4 Discussion 

The challenges highlighted by this investigation explain why all reported tensile experi-

ments found in the literature reflect the only configuration they investigate on and are not 

eligible for further comparison. These are mainly due to the absence of a transition region 

or arbitrary design, which do not necessarily guarantee the absence of edge effect and a 

pure tensile loading state at the same time. Moreover, local design solutions such as local 

reinforcement by means of local grading at the sample’s edge or first cell layer(s), e.g. by 

means of pillar [77] or epoxy resin [352], are expected not to solve the load introduction 

problem but rather shift it to a further cell layer.  

 

In the framework of this investigation, both validity and transferability of the approach 

was proven for 4 RUCs, verifying the potential of structural grading for load path moni-

toring. Moreover, this approach covers any combinations of cell size and thickness leading 

to one of the investigated ARs and, thus, would yield the same grading parameters since 
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the calculations were performed in the linear elastic domain. Therefore, it is expected that 

both provided design and methodologies are valid for at least all other truss-based lattice 

structures of AR higher than 5. 

 

This means that design features aligned to existing norms can be developed (Figure 28). 

The transition region can be considered a load introduction region made of ungraded and 

graded cells, for which grading parameters can systematically be identified from the un-

graded state. Compared to the bulk material sample, they stand for the parallel length 

before the gauge and the transition region, respectively. The target region is equivalent to 

the gauge region of the bulk material sample. However, lattice structures specific rules 

need to be identified for a detailed sample design. Since the sample size shall be as small 

as possible, considering 8 RUCs in the plane perpendicular to the loading direction is ad-

vised if working with the proposed approach. Nevertheless, to align with existing norms 

[337], considering 10 RUCs would also be possible with this approach. Although no com-

mon SCF in terms of sample size or unit cell type could be identified, harmonising the 

SCFs for a sample size could be possible. In this case, the influence of the local increase in 

strut thickness shall remain local and not lead to any stress peak at the transition to neigh-

bouring cells due to load redistribution. Alternatively, a stress concentration factor specific 

to a given sample size can be considered. Depending on the cell type, both sample slen-

derness ratio and number of ungraded cells in the transition region can be determined, 

too. As potential design rule concerning the number of ungraded cells in the transition 

region, it can be stated that body-centred unit cells, i.e. bcc and bccz, need only one cell 

layer as buffer while face-centred cells, i.e. f2cc and f2ccz, required a number of buffer 

layers corresponding to at most 𝑛𝑅𝑈𝐶,𝑥,𝑦/2. No specific size of the target region is proposed 

at this stage since it will mainly depend on the target of experimental campaigns. 

 

To a further extent, the introduced configuration independent representativity of the nor-

malised plots for one given RUC hints at the possibility of identifying structure specific 

global rules that could lead towards general design guidelines for lattice structures for 

different load cases. However, observed unit cell specific features means that a potential 

design guideline shall at some point differentiate stretching-dominated structures from the 

bending-dominated ones.  

 

The main drawbacks of this approach are linked to the limits of the beam theory. In the 

case of structural grading of lattice structure of 𝐴𝑅 = 6, few unit cells see their AR drop 

below the limit of 5 (see appendix B). The most critical ones are close to be considered as 

porous bulk material, with relative densities close to 30 % (Figure 22 and Figure 23). 

However, these values are directly linked to the SCF, which is considered local and, thus, 

is assumed not to falsify the results. Other deviations in the range of order of 5 are con-

sidered as acceptable. Other challenges encountered by this approach are local stress con-

centrations at the transition between cells involved by thickness changes, the high sample 

size and their manufacturing as raised in section 2.4.2. These points are addressed further 

sections of this work (sections 4.3, 4.2 and 5, respectively). 
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4.2 Load introduction via bulk part modification 

The aim of this investigation is to propose an alternative design solution to the structural 

grading developed in section 4.1 that avoids high samples it may involve. To achieve this, 

a novel approach combining topology optimisation, numerical design of experiment and 

correlation analysis is employed. As different design solutions can be expected because of 

the differences in the mechanical behaviour of bending and stretching dominated RUCs 

(see section 2.3.4), the main challenge lies in finding a design that is applicable to all RUC 

types. Innovative design guidelines geared towards simple, efficient and universal sample 

design are derived and compared to the literature. In addition, recommendations on the 

most influencing optimisation variables are offered for further investigations.  

 

For the sake of keeping focus on design solutions and their evaluation, chapters dedicated 

to details on the ranges of the investigated optimisation variables, the analysis methodol-

ogy and the corresponding results are listed in appendix A. 

4.2.1 Design methodology 

Firstly, an extensive parameter study is conducted to determine the most influential and 

thus purposeful optimisation variables and variable ranges using numerical design of ex-

periment (DoE) and correlation analyses. Secondly, topology optimisation calculations are 

performed based on the identified variables. Resulting design solutions are then evaluated 

with finite element analyses. Then, recurring features driving the topology-optimised de-

sign space are extracted from the load case specific results (see section 2.2.3) and inter-

preted into structural elements. Finally, a generic sample design is proposed and numeri-

cally investigated as well. 

 

Topology optimisation and subsequent finite element analyses are performed using the 

software package Altair Hypermesh v14.0 and the Optistruct solver. The DoE evaluations 

are monitored using a MATLAB script, while a PYTHON script deals with the result post-

processing and plot generation.  

 

The employed numerical model is schematically shown Figure 61. As mentioned in section 

3.2.2, the sample is idealised as an eighth model with only target and transition regions. 

The transition region depicted in Figure 28 is defined as design space, which is para-

metrised so that the lattice sample with and without transition region can be investigated.  

 

Restrictions and objective function are assigned to the identified critical areas of the tensile 

specimen design. The first critical area is located at the interface between transition and 

target regions, where load introduction and edge effects take place. Based on preliminary 

results and the ones from section 4.2.2, this constraint region covers two-thirds of the first 

lattice layer after the design space. The second critical area is defined at the sample’s cen-

tre, where failure shall ideally occur. Preliminary investigations have shown that only the 
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lowest half of the unit cells within the middle layer (nodal area excluded) are relevant to 

obtain coherent results without regional ambiguity. 

 

In order to obtain a precise mapping of the load distribution and corresponding stress 

concentration, a three-dimensional continuum model with second-order tetrahedra ele-

ments is employed [390]. A fine auto-meshing procedure is preferred over a detailed 

mapped meshing approach in order to reduce the configuration specific modelling efforts. 

After a convergence study, the mesh element size is set as 0.2 times the strut diameter. 

This enables the detection of not only the principal stress maxima but also local sub-max-

ima throughout the struts of a single unit cell. 

 

 

Figure 61: Topology optimisation setup. 

 

Among the parameters and control cards available in Altair Hypermesh, the following var-

iables have been identified influencing topology optimisation results and, thus, relevant 

for the investigation. They are categorised as follows: geometric variables, modelling var-

iables and optimisation variables. The investigated geometric variables are the aspect ratio 

𝐴𝑅, the number of RUCs in the xy-plane of the target region 𝑛𝑅𝑈𝐶,𝑥𝑦, the number of RUCs 

in the z-direction 𝑛𝑅𝑈𝐶,𝑧 of the target region and the height of the transition region ℎ𝐷. The 

only modelling variable investigated, 𝑙𝑜𝑎𝑑 𝑡𝑦𝑝𝑒, is related the idealisation of the load in-

troduction. The following topology optimisation variables have been selected as relevant 

for the identification of small-scale features. The volume fraction 𝑉𝑓 determines the re-

maining material infill of the design space and can, therefore, influence the topology to-

wards thinner structure layouts. The minimum and maximum member size variables, re-

spectively 𝑚𝑚𝑖𝑛𝑚𝑒𝑚 and 𝑚𝑚𝑎𝑥𝑚𝑒𝑚, enable the elimination of either too slender or too large 

features in order to reach feasible design proposals. They are adapted to the strut diameter 

as the thinnest structural element. In Optistruct, the parameter 𝐷𝐼𝑆𝐶𝑅𝐸𝑇𝐸 facilitates the 

density assignment penalty factor 𝑝 in the frame of the Solid Isotropic Material with Pe-

nalisation (SIMP) optimisation approach [390]. It influences the tendency for elements in 

a topology optimisation to converge to a material density of 0 or 1, i.e., the tendency to 

assign material or not for a given element stiffness (see section 2.2.3). Similar to the pen-

alty factor, the 𝑇𝑂𝑃𝐷𝐼𝑆𝐶 parameter can aid in the discretisation of the elements to pro-
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duce further discrete results, i.e., it increases the probability of proposing filigree struc-

tures. In the framework of this investigation, the 𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡/𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 variable is defined 

as a combination of the applied constraints and targeted optimisation objectives. 

4.2.2 Results 

In the framework of this investigation, the quality of the load introduction is evaluated by 

assessing the distribution of von-Mises stresses 𝜎𝑉𝑀 within the lattice sample. Coloured 

scatter plots are used to display the local stress distribution. The element stresses are pro-

jected onto representative two-dimensional diagonal view cuts. Given the three-dimen-

sional nature of the elements and the model size, overlapping points exist. In order to keep 

the maxima visible, the elements are sorted for their respective stress. This ensures the 

visualisation of the local notch stress increase. An overview of the global stress distribution 

is provided by underlaid contour plots and two side plots representing the direction axes 

of the considered view cut. Results are displayed in a quarter of sample, wherein the top 

right corner corresponds to the sample’s edge. 

Samples without transition region 

Figure 62 and Figure 63 display the stress distribution within the bcc and f2ccz lattice 

samples, respectively. In both cases, the global maxima are observed in the top outer cor-

ner. The bcc sample exhibits local maxima at the topmost elements and around the middle 

distance from the top of the unit cells (Figure 62). The topmost elements in the f2ccz sam-

ple show the highest stress values as well as two additional local maxima in the vertical 

strut of the unit cell (Figure 63). In this representation, these two distinct local maxima 

are located on the topmost layer and below at the inner side half a unit cell from the top 

are visible. In both structures, the local stress concentrations can be observed in the vicinity 

of the nodal areas, especially in the sample’s centre. However, the order of magnitude of 

these stress constraints is lower than the ones at the edges. As noted in section 4.1, this 

means that the structure will be more likely to fail at the corners due to edge effects and, 

thus, could falsify test results. Moreover, it is visible that these stresses appear at the sur-

face of the struts that endure the highest strain through bending. The localisation of these 

stress concentrations justifies the area covered for the application of the optimisation con-

straints and objectives at the sample’s top region, as described in section 4.2.1. 
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Figure 62: Sample without transition region: Von-Mises stress distribution in a bcc 8x8x8 lattice 

structure (diagonal). 

 

 
Figure 63: Sample without transition region: Von-Mises stress distribution in a f2ccz 8x8x8 lattice 

structure (diagonal). 
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Design features 

Although the obtained topologies are all different, similarities can be ascertained and com-

mon design features applicable to both the bcc and f2ccz lattice structures can be identified. 

To establish the final design draft, the collected results are compiled into key design fea-

tures. Three main key features were identified in the framework of this study. They are 

summed up in Figure 64, which shows samples exhibiting all the typical features for the 

bcc and f2ccz, respectively sample 4 (Figure 64, a) and sample 10 (Figure 64, b). Please 

refer to appendix A for the corresponding sample run configuration. 

 

 
Figure 64: Optimised design space: bcc sample 4 (a) and f2ccz sample 10 (b). 

 

The first identified key design feature is the presence of pillar-like structures. They were 

identified at the connection to the unit cells for bcc samples 4, 5, 8, 11 and 15 and for f2ccz 

samples 4, 8, 9, 10 and 12. The strut-based RUCs favour the pillar-like connections to 

introduce tensile stresses. These pillar-like structures follow the loading direction in the 

top connection region and ensure a direct load transfer, as described by Mattheck [175]. 

Then, the pillar shapes depend on the investigated lattice structure because of the differ-

ences in the unit-cell-specific load paths (see also section 4.1). As can be expected, a direct 

pillar connection for the stretching-dominated f2ccz lattice structure is generated. The ver-

tical struts are aligned with the loading direction and contribute to the main load path. 

This design principle for tensile-load-optimised structures can also be found in other con-

texts for test specimens as it enables a more uniaxial load introduction [391, 392]. For the 

bcc structure, the pillars are inclined, especially in the regions close to the sample’s corner, 

for the load redistribution and load introduction into the bending-dominated lattice struc-

ture. This leads to non-circular cross-sections. A potentially ideal design feature for load 

introduction in inclined struts should have an elliptical cross-section at the connection 

with the lattice. 

 

The second identified key design feature is the transition from a quadratic cross-section, 

which is automatically implied by the unit cells, into an intermediate concentric cross-sec-

tion. This cross-section can be described as circular in the specific frame of this investiga-

tion due to the applied symmetry. The best examples were found in bcc samples 3, 4, 8, 

10, 11, 12 and 15 and f2ccz samples 3, 9, 10 and 15. It should be noted that, due to the 

modelling approach (see section 3.2.2), symmetric topology results may be obtained as 
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well as separating structures. Preliminary studies have shown few qualitative differences 

between the full and fourth models for significantly different computing times. This means 

that a potential symmetric outcome is not due to the modelling approach. The pillar-like 

structure is not clearly pronounced for all the bcc samples. This stems from the absence of 

vertical struts. In the case of the absence of pillars, the lattice top is connected via a web-

like structure. Web-like connections can enable a larger vertical strain through bending 

and, thus, tend to follow a concentric pattern. In some cases, both pillar and web-like 

structures are combined. Although this may speak against intuition, since this shape does 

not comply with the cubic unit cell design, it can easily be understood when considering 

the results for samples without a transition region (Figure 62 and Figure 63). Circular 

cross-sections do not exhibit sharp edges and, thus, stress concentrations. A transition from 

a quadratic cross-section to a circular one can reduce the edge effects and is therefore 

beneficial for the design. This finding can be compared with the full circular design of 

some tensile specimen attempts listed by Benedetti et al. [46]. Moreover, independent 

from the identified structural element, the circular-shaped pattern shows variable diame-

ters, especially in the vicinity of the lattice structures. Thick structures are observed close 

to the bulk region, while smaller features are observed close to the target region, with the 

diameters sometimes being smaller than the one of the lattice struts themselves. This 

means that the stress distribution is not even, and the structurally graded features should 

be regarded to avoid local stress concentrations. This feature can be considered as the 

most important design feature for a potential draft, since the concepts of both concentric 

pattern and structural grading can be retrieved in the grading formulation of section 4.1. 

 

The third and final identified key design feature is linked with the previous point, as is 

deals with the absence of a direct connection in the corners in the vicinity of the connection 

with the lattice structures. Representative examples are bcc samples 4, 10 and 13 and 

f2ccz samples 3, 9, 10, 13 and 14. This feature is directly linked with the avoidance of 

edge effects. The locking of transverse strain results in a necking of the sample and a local 

stress concentration at the sample’s corners (Figure 65, in line with the experimental ob-

servations of Gümrük et al. [339]). An elastic deformation at the connection with the lat-

tice structure needs to be enabled to remedy this effect. Interestingly, design solutions 

proposing this feature yield the best results in terms of stress distribution independently 

from the design height. Therefore, it can be concluded that a large transition region is not 

required to achieve optimised specimen characteristics. This provides a real advantage in 

comparison to a load introduction made of graded lattice structures. This third key design 

aspect is partially achieved by the pillar connection, as these structures can bend trans-

versely. On the one hand, the outward inclination of the pillars observed in the bcc samples 

contributes to overcoming the absence of material at the sample’s corner and, on the other 

hand, the longer pillar structures that can be locally identified offer larger deflections in a 

transverse direction in order to achieve more compliance. At this point, it can be deduced 

that all three features back each other up and it is, therefore, not meaningful to consider 

them separately. 
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Figure 65: Sample without transition region: displacement in the x-direction of bcc (a) and f2ccz (b) 

lattice structures (front). 

Design proposal 

Based on the identified features, a design proposal is made. The developed concept shown 

in Figure 66 is applicable to both f2ccz and bcc lattice structures. It takes manufacturing 

restrictions into account so that no supporting structures are required and no direct ad-

justments to the lattice need to be made. The DoE analysis (appendix A) hints at wide 

samples and, based on the observation of the design space height, allows for a narrow 

transition region. The smallest investigated design space corresponding to a half of the 

unit cells is therefore used. This avoids unnecessarily high samples and, therefore, reduces 

the manufacturing time, which does not contradict the parameter trend observed in the 

DoE. The design of the transition region is notched at its edges above the target region. 

This results in a more compliant structure that enables larger strains at the corners and, 

thus, reduces the stress peaks. This design measure can be assimilated into the widely 

spread relief notch method [393]. The notch is angled so that a new stress maximum 

inside the transition design is avoided. While this concept can be used for machine con-

nections of either quadratic or circular cross-sections, the upper half of the transition re-

gion is directly influenced by the machine connection. In the case of a quadratic cross-

section, the intermediate cross-section in the notch root presents a scalene octahedron 

(Figure 66, a) whereas a straightforward design is possible for a circular cross-section 

(Figure 66, c). The selected angles comply with the well-known critical inclination angle 

of 45° for additively manufactured parts. Two solutions for the interface between the tar-

get and transition regions are proposed. The first one involves excluding material spaces 

to create pillar- or alcove-like structures (Figure 66, b) as found in construction, e.g. in the 

architectural design of churches. A good design alternative lies in the use of cones (Figure 

66, c) as structural elements for proper load introduction, which can be seen as graded 

pillars. This solution further offers the additional advantages of being compliant with 

DFAM approaches (see section 2.1.4) and providing better manufacturability, although 
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cones have been used as space fillers rather than load introduction features [247]. The 

proof of manufacturability is provided in Figure 66, d. 

 

  

Figure 66: Design proposal: quadratic machine connection (a) with alcoves (b), circular machine 

connection with cones (c) and proof of manufacturability (d). 

 

In the framework of this investigation, numerical verification analyses of both load intro-

duction alternatives are performed for both the f2ccz and bcc lattice structures. As most 

DFAM compliant and, thus, promising solution, only the results of the design proposal 

with cones as load introduction feature are reported. Nevertheless, the observations listed 

below are valid for the design proposal with alcoves too. Figure 67 and Figure 68 show 

the stress distribution for the bcc and f2ccz lattice structures, respectively. The stress dis-

tributions clearly show an effective stress reduction on the top corners in both cases. No 

maxima are present in the sample’s upper region, the transition region included. A stress 

increase towards the sample’s centre is achieved for both lattice structures, although it is 

more pronounced for the f2ccz lattice, with a distinct global maximum in the centre section. 

The bcc maxima are distributed along the z-direction but produce a more even stress dis-

tribution in the xy-plane. The deformed shapes hint at the higher compliance of the struc-

ture in the corners. These observations prove that the design proposal successfully fulfils 

its purpose. 
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Figure 67: Design proposal (cones): Von-Mises stress distribution in a bcc lattice structure (diago-

nal). 

 

 
Figure 68: Design proposal (cones): Von-Mises stress distribution in a f2ccz lattice structure (diago-

nal). 
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4.2.3 Discussion 

Despite the number of samples run and the potential inaccuracy of the mesh or conver-

gence problems, the derived topologies of the DoE study present structural aspects that 

can be rebuilt in CAD models. Although the topologies themselves do not provide a direct 

design draft for a standardisation, they present characteristics beneficial to tensile load 

introduction that can support generic design rules. In the investigated cases, a shift in the 

stress concentration maximum from the corner to the lattice centre is observed and a mit-

igation of the stresses in the top corner is achieved. Therefore, the targeted goals concern-

ing stress distribution can be successfully addressed with the proposed design measures. 

However, the current design cannot solve local stress concentrations within the lattice 

structure, as local peak stresses are still present at the strut junctions. This point is ad-

dressed in section 4.3. 

 

As the sample design stems from observations of repetitive features, alternative design 

proposals can emerge from the observed features (compliant edges, rounded cross-section, 

pillar or web-like connection). This design proposal exhibits similarities with the different 

tensile specimen geometries reported in recent literature (see section 2.4.2). This can be 

explained by the presence of some of the identified key features, including compliant 

edges, a rounded cross-section and a pillar connection. Among all the reported designs, 

adding a flat dog bone bulk region at the extremities of the lattice structure seems to be 

the least suitable design, since it can be interpreted as a sample without a transition region. 

This automatically implies that the sample design does not offer compliant edges and the 

edge effect will take place, although uniaxial loading is ensured by the design. Hence, the 

sample will be more likely to fail at the interface between bulk material and lattice struc-

ture, especially in the case of recommended large samples. A sample geometry with 

threaded ends corresponds to the notched design of the current proposal. In that case, the 

design has to be DFAM compliant (see section 2.1.1). As demonstrated in section 4.1, a 

load introduction made of lattice structures requires a load introduction design that de-

pends on the lattice type. This requires investigating the load paths and leads to higher 

samples than the current design proposal. Furthermore, this RUC dependence raises the 

question of their representativity and comparability of cylindrical samples. Although they 

automatically comply with the recommendations concerning rounded cross-sections, their 

coordinate system differs with the ones of truss-based RUC (see section 2.3.3). 

 

None of the reported samples gather all these driving design features at the same time. 

Alternative load introduction design with different homogeneous load introduction fea-

tures, e.g. pillars or cones, have been separately investigated. The results showed that the 

stress concentration problem is only shifted in the best case. This highlights that the design 

needs to encompass simultaneously all the presented key features. In this regard, the most 

promising alternative sample design seems to be the one reported by Dallago et al. [345] 

since the cylindrical sample design with threaded ends exhibits pillar-like structures as a 

transition region too. However, the sample design needs to be further parametrised as it 

has to be ensured that the edges are compliant enough to reliably relocate failure to the 
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sample’s centre. Other design solutions consider a non-uniform shape on the part of the 

transition region. A combination of a compliant transition region and graded lattice struc-

tures could represent another reliable solution in terms of load introduction. However, 

this would involve more design variables and, therefore, render the design less viable and 

universal. Furthermore, the results show that a grading of the features in the transition 

region is not mandatory at this stage of design maturity. Still, this point represents a fur-

ther optimisation possibility of the current design proposal. 

 

It is highly expected that this promising design concept can be transferred to other lattice 

structures based on cubic unit cells (strut-based and non-strut-based). Further transfera-

bility towards non-cubic lattice unit cells is feasible as far as the samples without transition 

regions display similar issues in terms of stress concentrations. In the case of deviating 

challenges, first insights into relevant topology optimisation variable have been provided. 

A foundation for normative design and corresponding methodology is given. 

4.3 Transition between unit cells 

This section handles the effect of geometrically induced notches in truss-based lattice 

structures. As highlighted in section 2.4.2, notches appear at cross-section changes and in 

the vicinity of sharp edges. In the case of truss-based lattice structures, design notches can 

be observed at the interface between single strut and nodal area and result in in high local 

stress concentration (see section 4.2.2). Supplementary notch stresses are present within 

single struts as well if they are modelled at the RUC’s border (Figure 17). These design 

notches are present in ungraded configurations and emphasised in the case of structural 

grading (Figure 69). Getting rid of these design notches shall increase the mechanical 

performance of truss-based lattice structures. In this regard, notch stress reduction meth-

ods are investigated to derive simple design rules aiming at recommendations for potential 

design guidelines. 

 

 

Figure 69: Design notches example in truss-based lattice structures. 

 

While the chosen circular fillet radius solution inarguably offers to exhaust the load-bear-

ing potential of truss-based lattice structures [219, 253, 344, 369], the available literature 
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for notch optimisation demonstrates that alternative design solutions yield higher effi-

ciency in the reduction of local peak stresses. Some of the most prominent historic stress 

concentration reduction approaches were developed for the case of flexural hinge shapes. 

Among them, the Baud shape is a mathematical shape inspired from fluid dynamic [394] 

while the Thum-Bautz shape, an empirical shape developed for cases where the Baud fillet 

is not effective [395]. Graphical approaches such as the parabolic Grodzinski shape [396] 

enable more pragmatic hands-on applications. Zelenika et al. demonstrated that the cir-

cular fillet shape is far less compliant than prismatic, wedge or elliptical shapes. For ex-

ample, it is subjected to 26 % more stresses than the Thum-Bautz shape [397]. Therefore, 

the static performance of original RUC designs is compared to different notch reduction 

methods. While the first selected method considers the standard design solution of a cir-

cular fillet radius, two alternative notch stress optimisation methods inspired from two-

dimensional shape optimisation approaches adapted to lattice structures are proposed. In 

the framework of the numerical verification of these chosen design approaches, different 

configurations are investigated under static compression loading. 

4.3.1 Design methodology 

Selected design methods 

The Fillet Radius Method (FRM) consists in implementing the well-established fillet radius 

onto the unit cell tangent to the strut edges in order to avoid notches. A schematic example 

of the FRM with a constant radius is provided in Figure 70. 

 

 

Figure 70: The Fillet Radius Method applied to a bcc lattice structure. 

 

The Pocket Calculator Method (PCM) was developed in framework of the notch stress re-

duction in a stepped bar of diameter 𝐷𝑖 subject to tension loading. The principle of this 

method lies in the compensation of the lateral force 𝐹𝑄, which induces notch stresses, by 

the tangential force 𝐹𝑇 issued from local nominal stress by optimising the cross-sectional 

area of the shaft [398]. The principle is depicted in Figure 71, a. The angle 𝛼𝑖 describes 

the angle between the first path of the multi-linearised PCM curve at its starting inflexion 
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point. Each sharp angle determines an inflexion point. Depending on an empirically de-

termined start angle 𝛼1 and support angle 𝛼0 = 0°, the tangential force 𝐹𝑇
𝑖  and the lateral 

force 𝐹𝑄
𝑖  can be calculated. The rate of change of 𝛼 and the subsequent amount of seg-

ments s can thus be assessed to achieve an optimal stress distribution. The two-dimen-

sional shape of the PCM curve is determined using the Eq.45 and Eq.46, issued from [398]. 

 

𝐷𝑖+1 = 𝐷𝑖 + 2𝑠 sin (∑ 𝛼𝑘

𝑖

𝑘=0

) (45) 

𝛼𝑖+1 = 2 arcsin (

𝐷𝑖+1

𝐷𝑖
cos(∑ 𝛼𝑘

𝑖−1
𝑘=0 ) (1 + 2 sin (

𝛼𝑖

2 )) − cos (∑ 𝛼𝑘
𝑖
𝑘=0 )

2 cos(∑ 𝛼𝑘
𝑖
𝑘=0 )

) (46) 

 

The Tensile Triangle Method (TTM) is directly inspired from shapes observed in nature 

such as tree or bones and was developed to reduce the computational time of computer 

aided shape optimisation and leads to shapes comparable to the PCM [399]. The sharp 

corner of a part is successively bridged with isosceles triangles (Figure 71, b) until a 

smooth transition is achieved. The optimal trade-off between mass increase and stress re-

duction is achieved for three triangles [400]. 

 

 
Figure 71: Pocket Calculator Method applied to a stepped bar with rotational symmetry under 

uniaxial tensile load (a) and Tensile Triangle Method applied to a rectangular notch with 3 tensile 

triangles (b). Based on and recompiled from [398] and [399]. 

Application to lattice structures 

These methods were extended to the three-dimensional space for the application on the 

considered truss lattice structures. As mentioned in section 3.1, explicit modelling employ-

ing B-splines [252, 253] was used in the framework of the manual parametrisation of the 
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lattice design (see section 2.3.2). It has to be noted that, although existing functionalities 

in CAD programs allow the direct implementation of the FRM on lattice structures using a 

built-in fillet function, a manual construction that bypasses the size limitation of the fillet 

radius was implemented for consistency and comparison purposes. 

 

For the sake of comparability between the selected notch reduction methods, all the de-

scribed methods will be further assigned a constant curvature radius. In the case of PCM 

and TTM, the equivalent curvature radius corresponds to a constant radius at the angle 

bisector deployed by the FRM (see below). The bcc unit cell is described by one curvature 

radius 𝑟1, whereas the f2ccz configuration is described by two curvature radii 𝑟1 and 𝑟2. In 

order to facilitate generating any required configuration and to identify potential design 

rules, the equivalent curvature radii have been parameterised depending on the modelled 

strut thickness 𝑡. To do so, the curvature factors 𝛾 and 𝜗 are introduced. Figure 72 displays 

exemplarily both bcc and f2ccz RUCs in ungraded configurations. Eq.47 and Eq.48 show 

the corresponding curvature radius parametrisation. In the case of structural grading 

(Figure 73), the lattice structure is factorised since, similarly to section 4.1, only the same 

RUCs are considered. A scaling factor 𝑓 describing the grading factor is applied to the ini-

tial strut thickness 𝑡𝑟𝑒𝑓  (Eq.49). The curvature factors are scaled by the same factor 

(Eq.50) as it is assumed that the efficiency of the employed notch reduction approaches is 

not size-dependent. 

 

𝑟1 = 𝛾 ∙ 𝑡 (47) 

𝑟2 = 𝜃 ∙ 𝑡 (48) 

𝑡𝑔𝑟𝑎𝑑𝑒𝑑 = 𝑓 ∙ 𝑡𝑟𝑒𝑓 (49) 

𝑟𝑔𝑟𝑎𝑑𝑒𝑑 = 𝛾 ∙ 𝑓 ∙ 𝑡𝑟𝑒𝑓 (50) 

 

 

Figure 72: Curvature radius in ungraded configurations: bcc (a) and f2ccz (b). 
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Figure 73: Curvature radius parametrisation in graded configurations. 

 

The 2D curves of each aforementioned notch stress reduction methods are applied onto 

the nodal area of the unit cell. Depending on the unit cell configuration, the angle φ be-

tween each neighbouring strut varies. For the bcc unit cell, curves are constructed for the 

109° and 70.53° angles while the f2ccz unit cell needs curves for the 45°, 60°, 90° and 120° 

angles as depicted in Figure 74. 

 

 

Figure 74: Angle selection for curve generation: bcc (a) & f2ccz (b). 

 

In order to be able to apply both PCM and TTM to the investigated unit cells, the bisection 

method as introduced by Mattheck is employed [399]. This method, initially developed 

for the TTM, consists in halving the considered φ angle and in applying twice the notch 

stress reduction method starting from the angle bisector. The bisection method is applied 

for the PCM curve too by considering a maximum angle αmax = 90° − φ/2, so that no in-

flection point is present at the intersection point of the PCM curve and the angle bisector. 

The PCM segment creation of both bcc and f2ccz cells is initiated at one of the curve’s edges 

with a starting angle 𝛼1 = 3°, an angle identified due to its wide applicability [398]. Both 

TTM and PCM curves are then smoothed using cubic splines. A construction example for 
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𝜑 = 70.53° is shown in Figure 75 for all considered methods. Construction lines are rep-

resented as dashed curves and the points A and B stand for the starting and ending points 

of the curves generated by PCM and TTM, respectively. 

 

 

Figure 75: Bisection of φ angle: example of φ = 70.53° in a bcc unit cell for FRM (a), PCM (b) & TTM 

(c). 

 

The transformation from the generated 2D curves into 3D solid is realised by constructing 

continuous surfaces using the curves and the unit cells themselves as boundary conditions 

(Figure 76, a and c). In the case of structural grading, an additional spline is used to ac-

count for the offset induced by thickness differences (Figure 69). The surfaces are then 

sewn together, creating an intermediate body for the nodal area Figure 77. Depending on 

the location of the interface, various bodies of different degree of complexity, i.e. number 

of manual splines to be created, are generated. Subsequently, these bodies are merged to 

surrounding lattice structures to obtain the new local design (Figure 76, b and d). 

 

  

Figure 76: Construction procedure: from splines of (a) bcc & (c) f2ccz to RUC volumes (b) of bcc & 

(d) f2ccz. 
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Figure 77: Generated nodal bodies: f2ccz (left) and bcc (right). 

4.3.2 Results 

The numerical investigation was performed with ABAQUS CAE 2017. The modelling ap-

proach covers the equivalent of a single RUC and depicted in Figure 78, Figure 79 and 

Figure 80, for ungraded bcc lattice structures, ungraded f2ccz lattice structures and struc-

tural grading scenarios, respectively. Ungraded configurations were modelled as described 

by section 3.1.1, Figure 27, for consistency with previous design studies (see sections 4.1 

and 4.2). In the case of graded configurations, two halves of different grading factors are 

represented. Doing so guarantees the analysis of the nodal area without interferences from 

boundary conditions. Although different types of nodal areas are available for the stretch-

ing-dominated f2ccz RUC (Figure 77), investigating the nodal area in the vicinity of vertical 

struts is deemed sufficient to assess on the effectiveness of stress reduction methods in the 

case of structural grading. As its vertical strut is aligned with the loading direction, it is 

expected to carry almost exclusively the complete load, leaving inclined struts not involved 

into the structural load-bearing behaviour in the elastic range [296] (Figure 63 and Figure 

68). Independently from the RUC’s representation, a homogeneous unitary displacement 

at its upper cross section is applied while its lower cross section is clamped. The modelled 

lattice structures were meshed using solid tetrahedron elements with 10-nodes and quad-

ratic interpolation with local and global seed sizes respectively assigned to the nodal area 

and the lattice struts. The local seed size of both modelled unit cells yields 0.02 mm while 

the global seed size of the bcc unit cell (0.05 mm) differs from the one of the f2ccz unit cell 

(0.03 mm). 
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Figure 78: Modelling of bcc cells (ungraded): isometric view (a), top view (b), side view (c), nodal 

area (d). 

 

 

Figure 79: Modelling of f2ccz cells (ungraded): isometric view (a), top view (b), side view (c), nodal 

area (d). 



 

 

4  Design Concepts 99 

 
Figure 80: Modelling of graded cells in isometric view: boundary conditions for bcc (a) and f2ccz (b), 

meshing for bcc (c) and f2ccz (d). 

 

Notch stresses are identified by means of stress concentration factors 𝐾𝑡. These factors are 

extracted from the von-Mises stress distribution within the unit cell along a given path. 

They can be expressed in the form given by Eq.51, where 𝜎𝑉𝑀,𝑚𝑎𝑥 is the peak stress and 

𝜎𝑉𝑀,𝑚𝑒𝑎𝑛 the mean stress of an undisturbed area [401] while 𝑥 = 0 and 𝑥 = λ correspond 

to both extremity of the stress path. In order to allow a quantitative comparison between 

the employed notch stress reduction methods at similar equivalent curvature radius, the 

lightweight grade 𝐿 (Eq.52) is introduced. It accounts for the supplementary mass in-

volved as it is described by the inverse of the specific stress concentration factor and the 

relative density �̅� of the considered unit cell. In order to establish a comparison with the 

initial, i.e. notched, design, the normalised lightweight grade 𝐿∗ is introduced (Eq.53). 

Therefore, the optimal configuration reflects an improvement of the mechanical properties 

that outgrows the disadvantage brought by the additional mass due to a given curvature. 

 

𝐾𝑡 =
𝜎𝑉𝑀,𝑚𝑎𝑥 

𝜎𝑉𝑀,𝑚𝑒𝑎𝑛
=

𝑚𝑎𝑥(𝜎(𝑥))

𝜎𝑉𝑀,𝑚𝑒𝑎𝑛
, 𝑥 𝜖[0, 𝜆] (51) 

𝐿 = (𝐾𝑡 × �̅�)−1 (52) 

𝐿∗ =
𝐿(𝑡, 𝛾) 

𝐿𝑟𝑒𝑓(𝑡𝑟𝑒𝑓 , 𝛾 = 0 )
 (53) 

 

Different load paths are considered for the assessment of 𝜎𝑉𝑀,𝑚𝑒𝑎𝑛 and 𝜎𝑉𝑀,𝑚𝑎𝑥 because of 

the RUC dependency of the stress state of each investigated configuration. The selected 
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load path for bending-dominated bcc unit cells starts and ends at two strut halves respec-

tively located at the upper and lower halves of the unit cell (Figure 81, a and c). Due to 

the homogeneous load distribution in the bcc RUC [296] (Figure 62 and Figure 67), the 

nominal 𝜎𝑉𝑀,𝑚𝑒𝑎𝑛 is assessed at the cross section corresponding to the minimum von-Mises 

stress within this load path. The load path of the ungraded stretching-dominated f2ccz 

configuration accounts for the aforementioned considerations on the load carrying role of 

the vertical strut. It therefore starts from the strut half of an inclined strut and ends at the 

middle point of the vertical strut of the unit cell (Figure 81, b) and 𝜎𝑉𝑀,𝑚𝑒𝑎𝑛 is extracted 

from the minimum mean nominal von-Mises stress of the vertical strut. As different grad-

ing scenarios are investigated, the graded f2ccz configuration takes several load paths into 

account. Two load paths similar to the ungraded f2ccz configuration are defined in both 

upper and lower halves of the model as the stress concentration is expected in the vicinity 

of one of the two vertical struts while the last load path is defined similarly to the ungraded 

bcc configuration to assess for potential load redistribution (Figure 81, d). 

 

   

Figure 81: Load path for stress concentration factor assessment: ungraded configurations of bcc 

(a) and f2ccz (b), graded configurations of bcc (c) and f2ccz (d). 
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Ungraded configurations 

Figure 82 shows the results obtained for the numerical analysis of bcc cells of 100 µm and 

370 µm diameter. The corresponding curvature factors and corresponding lightweight 

grades are reported in Table 5. It can be noticed that for the 100 µm diameter cells, the 

optimal lightweight grade was obtained for PCM and outperforms FRM and TTM by 17 % 

and 12 % respectively, whereas FRM outperforms PCM and TTM by 7 % and 10 %, re-

spectively, at 370 µm. 

 

Figure 82: Lightweight grade as function of the curvature radius (bcc). 

 

Table 5: Optimal configuration (𝑅2) of bcc. 

𝒕 

[µm] 

FRM PCM TTM 

𝜸 𝑳∗ 𝜸 𝑳∗ 𝜸 𝑳∗ 

100 0.8 1.71 1.1 2.00 0.9 1.78 

370 0.8 3.22 0.9 3.00 0.9 2.92 

 

Figure 83 and Figure 84 and display different stress concentration factors and their varia-

tion for the selected notch stress reduction approaches exemplarily for 𝑡 = 370 µm, respec-

tively. The initial notched design is compared to, on the one hand, a minimal equivalent 

curvature radius 𝑅1 (𝛾 = 0.135) and, on the other hand, the optimal equivalent curvature 

radius identified in Table 5 above. Figure 83 highlights that the different 𝐾𝑡 rapidly de-

crease from an initial value of 𝐾𝑡 = 17.7 to reach an asymsptotic value of 𝐾𝑡 = 5 from 𝛾 =

0.7 on. From Figure 84 it can be noticed that the peak stress occurs for 𝑥 𝜆⁄ = 0.5, which 

can be expected since the nodal area is located in the middle of the normalised selected 

path. A decrease of the peak stress is already observed for the small curvature radius 𝑅1, 

while 𝑅2 offers a more drastic stress reduction with a smooth load redistribution (Figure 

85). FRM offers the most homogeneous distribution. 
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Figure 83: Stress concentration factor as function of the curvature radius (bcc). 

 

 

Figure 84: Stress concentration distribution (bcc). 

 

 

Figure 85 : Stress plots for initial (left) and optimal bcc configuration (right). 
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In the case of the f2ccz unit cell, two radii have to be varied (Figure 72). During the nu-

merical investigation, it has been noticed that the stress concentration is redistributed to 

diagonal struts for low values of 𝜃. Figure 86 demonstrates that the stress peak at the 

junction of diagonal struts increases drastically as 𝛾 gets larger, leading to a plateau of 𝐾t 

at 𝛾 = 0.3 or above. Figure 87 illustrates this load redistribution with examples for 𝜃 =

0.135 and 𝜃 = 0.5. The origin of the plateau lies in the fact that the selected load path does 

not cover the junction between diagonal struts (Figure 81). 

 

To prevent the effect of stress redistribution, 𝜃 = 0.5 is kept constant for further investiga-

tions. This value may not lead to an optimal stress concentration at the junction of diago-

nal struts, but it offers a sufficient load reduction so that the nominal stress is hardly af-

fected by different values of 𝜃. The maximum difference in nominal stress among the dif-

ferent models at 𝛾 = 0.5 is 0.6 %. Thus, it can be ensured that the stress concentration 

always occurs at junctions involving vertical struts. 

 

 

Figure 86: Stress concentration factors variation (f2ccz). 

 

 

Figure 87: Stress redistribution for 𝜃 variation (f2ccz). 
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Figure 88 shows the results obtained for the numerical analysis of bcc cells of 100 µm and 

370 µm diameter. The corresponding curvature radii and corresponding lightweight 

grades are reported in Table 6. It can be noticed that PCM outperforms FRM and TTM for 

both strut diameters, reducing specific notch stresses by about 16 % for both approaches 

at 100 µm, and being better by 20 % and 10 %, respectively, at 370 µm. 

 

Figure 88: Lightweight grade as function of the curvature radius (f2ccz). 

 

Table 6: Optimal configuration (𝑅2) of f2ccz. 

𝒕 

[µm] 

FRM PCM TTM 

𝜸 𝑳∗ 𝜸 𝑳∗ 𝜸 𝑳∗ 

100 1.0 1.89 0.5 2.19 0.6 1.89 

370 0.6 1.84 0.5 2.21 0.3 2.01 

 

Figure 89 and Figure 90 display different stress concentration factors and their variation 

for the selected notch stress reduction approaches exemplarily for 𝑡 = 370 µm. The maxi-

mum stress concentration factor 𝐾𝑡 for optimal configuration is shown in Table 6 above. 

Contrary to the bcc unit cell, only the optimal equivalent curvature radius of each notch 

stress reduction method is plotted in Figure 90 for better readability. While the decrease 

of 𝐾𝑡 was rapid for bcc (Figure 83), the employed methods yield different efficiency in 

reducing the initial value of 𝐾𝑡 = 2.25 (Figure 89). Although TTM tends more rapidly to 

converge to an asymptote at about 𝐾𝑡 = 1.3  from 𝛾 = 0.3, it offers less effective stress re-

duction than PCM (asymptote by 𝐾𝑡 = 1.2 for 𝛾 = 0.5). FRM tends to converge to a value 

of 𝐾𝑡 = 1.3 as well but, according to Figure 88, the gain in mass will surpass the benefit of 

stress reduction. Figure 90 shows that the initial f2ccz peak stress is located at 𝑥 𝜆⁄ =
1

2
∙

arccos(45°),  which is due to the selected load path (Figure 81). It can be noticed that the 

stress concentration is not only reduced but the peak stress is redistributed into two sepa-

rate smaller peak stresses (Figure 91). 
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Figure 89: Stress concentration factor as function of the curvature radius (f2ccz). 

 

 

Figure 90: Stress concentration distribution (f2ccz). 

 

 

Figure 91: Stress plots for initial (top) and optimal f2ccz configuration (bottom). 
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Graded configurations 

Issues have been encountered during the preparation of the numerical investigation of 

graded lattice structures. Convergence issues occurred while generating the CAD models 

of the different configurations. These convergence issues stem from nodal shift or incom-

plete splines (Figure 92, a) and led to connection errors, modifying the sewn surfaces. 

These inaccuracies in the generated surfaces resulted in defects such as gaps (Figure 92, 

b) or hollow structures (Figure 92, c). In the best cases, workaround operations such as a 

modifying slightly the curvature radius, correcting nodes manually, or implementing tran-

sition nodes could bypass these issues. In the worst cases, unification operations of nodal 

bodies (Figure 77) and lattice structures led to defective bodies (Figure 92, d & e). This 

was the case for both bcc TTM and f2ccz PCM configurations, for which systematic errors 

could not solved. Furthermore, in the case of successful workaround, meshing issues have 

been encountered too. These issues demonstrate the limits of explicit modelling. They are 

due to the high number of manual splines in a small area. In comparison to the investiga-

tion of ungraded configurations above, a higher number of manual splines are involved 

for the parametrisation of the CAD model. For the only nodal area shown in Figure 81, 6 

manual splines are required by the graded model while only 2 splines are required for the 

ungraded one for bcc RUCs as symmetry is exploited through patterning or mirroring op-

erations. The f2ccz RUCs show a higher degree of complexity with 5 and 8 splines required 

for both ungraded and graded models, respectively. In addition to that come the corrective 

splines accounting for the differences in thicknesses (see section 4.3.1). 

 

Despite the aforementioned issues and the resulting restricted number of possible investi-

gations, the results generated are sufficient to identify trends and assess on design rules. 

The investigated configurations and the related results are listed in appendix A. The initial 

diameter of 370 µm is varied from 300 µm to 500 µm, which corresponds to grading fac-

tors the range of order of the design developed in section 4.1 (see also section 5.1 and 

6.3). Only the RUC located in the upper half of the model is varied, as shown in Figure 

80. The curvature radius range is based on the optimal ranges of the modellable configu-

rations of each RUC. Therefore, it was varied from 0.25 to 1.50 for bcc, corresponding to 

the PCM optimal range PCM (Figure 82) and from 0.07 to 0.41 for f2ccz, standing for the 

best TTM results (Figure 88). In order to reduce the modelling efforts, the same curvature 

radius has been considered for all angles in the vicinity of the considered nodal area 

(Figure 74). Furthermore, the curvature radius is assigned the same grading factor 𝑓 as 

the strut diameter as mentioned in section 4.3.1. 



 

 

4  Design Concepts 107 

 
Figure 92: Modelling issues encountered: nodal shift and deterioration of the surface (a), gap (b), 

hollow body (c), defects (d, e). 

 

The observations made during the investigation of bcc configurations are made first. In 

bcc lattice structures, the mean stress 𝜎𝑉𝑀,𝑚𝑒𝑎𝑛 is proportional to both grading factor 𝑓 

and curvature radius 𝛾. The higher standard deviations in mean stress were obtained for 

a variation of the curvature radius, which means that it is more impacting than grading as 

far as the general stress state of the structure is concerned. Bcc lattice structures are more 

solicited at increased curvature radius as it offers more material aligned to the loading 

direction, enabling a smoother load distribution. Similar trends are visible for the peak 

stress 𝜎𝑉𝑀,𝑚𝑎𝑥 located at the strut’s junction. It is proportional to both 𝑓 and 𝛾 too with 

exception of the smallest investigated 𝛾 of FRM, which tends to be similar to the initial 

unnotched design. A variation of 𝛾 leads to lower deviation in 𝜎𝑉𝑀,𝑚𝑎𝑥 than a variation of 

𝑓. This means that the grading factor influences the notch stress level, whereas the curva-

ture radius can be considered as a correction factor to decrease it. The stress concentration 

factors 𝐾𝑡 show an almost symmetrical result distribution among the investigated config-

urations. Therefore, the notch reduction methods have similar effectiveness regardless 

from the grading direction, i.e. thinning or thickening, meaning that only the grading fac-

tors can be regarded. This was expected as linear static calculations are employed to in-

vestigate on symmetrical structures. The best results were obtained for ungraded configu-

rations (𝑓 = 1.00) and moderate grading factors (𝑓 = 0.90, 1.10) while higher grading fac-

tors create higher deviations. 𝐾𝑡 is inverse proportional to 𝛾. The best results were ob-

tained from 𝛾 = 0.7 on. The normalised lightweight grade 𝐿∗ shows similar trends with the 

best results obtained for ungraded configurations and moderately thinner struts. While the 

former implies that a structural grading is not always the best option, the latter can be 

explained by the comparable efficiency of the stress reduction method (𝐾𝑡) for lighter 

structures. Optimal values of 𝐿∗ were obtained for values of 𝛾 between 0.7 and 1.1 These 
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results are in line with the ones of the previous investigations and highlight the compara-

bility between graded and ungraded configurations. Furthermore, PCM delivers results 

than FRM for all investigated bcc configurations, even for ungraded cases. Differences in 

the representation of the RUC could explain that this result is not completely in line with 

the previous investigation. 

 

In f2ccz lattice structures, load path 1 (on the graded side) and load path 3 (on the un-

graded side) are comparable to each other, as can be expected from the modelling philos-

ophy (Figure 81). Both mean stress 𝜎𝑉𝑀,𝑚𝑒𝑎𝑛 and peak stress 𝜎𝑉𝑀,𝑚𝑎𝑥 correlate the grading 

factor 𝑓. The thinner side will always experience the highest stresses as similar loads are 

applied for reduced cross-sections. Both load paths yield a proportional correlation with 

the curvature radius 𝛾. As for bcc configurations, the smallest investigated 𝛾 tends to re-

flect the stress state in the initial notched design and, thus, displays higher 𝜎𝑉𝑀,𝑚𝑎𝑥. A 

variation of 𝛾 leads to lower deviation in 𝜎𝑉𝑀,𝑚𝑒𝑎𝑛 and 𝜎𝑉𝑀,𝑚𝑎𝑥 than a variation of 𝑓. This 

means that the grading factor influences the notch stress level, whereas the curvature ra-

dius can be considered as a correction factor to decrease it. It has to be highlighted that a 

shift of the peak stress towards inclined struts has been observed for configurations of low 

𝛾. This hints at a load redistribution similar to the ungraded case (Figure 86, Figure 87). 

Notch stress reduction methods are not in these areas for comparable load introduction 

(see Figure 80 and Figure 81) and, thus, the stress peaks in these areas are ignored for 

this analysis. 𝐾𝑡 is inverse proportional to 𝛾. The best results were obtained from 𝛾 = 0.20 

on, independently from grading factors. The best results for the normalised lightweight 

grade 𝐿∗ were obtained for ungraded configurations (𝑓 = 1.00) and thinner struts (𝑓 <

1.00). Similar to bcc, this result is logical. For TTM, the optimal values of 𝐿∗ were obtained 

for 𝛾 between 0.20 and 0.41 while FRM results imply that the optimal lightweight grade 

is not reached for the investigated interval. TTM delivers results than FRM for all investi-

gated f2ccz configurations. These results are in line with the one of the previous investiga-

tions and highlight the comparability between graded and ungraded configurations. 

 

The load path 2 in f2ccz configurations deals with the 120° angle of the considered nodal 

area (Figure 74) and delivers further interesting results. Without surprise, 𝜎𝑉𝑀,𝑚𝑒𝑎𝑛  and 

𝜎𝑉𝑀,𝑚𝑎𝑥 are proportional to 𝑓 and 𝛾. 𝜎𝑉𝑀,𝑚𝑒𝑎𝑛 is always lower than the mean stress in the 

vertical struts (other load paths) due to the relationships between respective cross-sections. 

Although 𝜎𝑉𝑀,𝑚𝑎𝑥 is relatively uncritical for all graded configurations, it is interesting to 

notice that ungraded configurations yield peak stresses comparable to other load paths for 

equivalent curvature radius. Similar to the discussion above, load redistribution scenarios 

explain this statement. 𝐾𝑡 is inverse proportional to 𝛾. The best results were obtained from 

𝛾 = 0.41 on. Similar trends are observed for 𝐿∗. This means that the optimal lightweight 

grade is not reached for the investigated interval. FRM yields better results than TTM for 

all investigated configurations, which hints at different local design solutions. Moreover, 

the most relevant case, namely the ungraded configuration, leads to sub-optimal values 

for both criteria. This means that a separate curvature radius shall be assigned, similar to 

Figure 72. Considering that the load path is located in the vicinity of bending-dominated 
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struts, into which stress is redirected (see above), and that the angle between struts is in 

the same range of order as the one of the bcc RUC (Figure 74), it can be concluded that 

the design solution is similar to the ungraded bcc configurations. This hypothesis is further 

supported by the trend observed for 𝐿∗ Table 5, as optimum values are obtained for cur-

vature radius of about 𝛾 = 0.8. 

4.3.3 Discussion 

The results demonstrate the potential of the selected notch reduction methods. As the 

stress is more homogenously distributed for increased sizes of fillet curvature, the ability 

of the specimen to resist deformation is increased too. However, the fillet curvature shall 

not be indefinitely increased. Firstly, the stress reduction shall be weighed with the addi-

tional mass involved by a radius. Secondly, newly formed sharp edges may occur after 

load redistribution on the fillet perpendicular to the notches increase stress concentration 

(Figure 91). These new stress concentrations could eventually outgrow the intended notch 

stress reduction at the fillet and render the new design obsolete. 

 

It was discovered that the load-bearing nature of the struts influences the effectiveness of 

notch reduction methods and, thus, the optimal shape of nodal areas. Both PCM and TTM 

are more effective in the vicinity of stretch dominated struts. This can be explained by the 

fact that these methods were developed for stepped bars [400]. These two notch reduction 

methods are particularly effective for lattice structures with extremely thin struts since 

they can be idealised as perfect truss structures with reduced nodal areas. The theoretically 

better performance of PCM and TTM methods compared to FRM for f2ccz and bcc at small 

scale can be explained through the approach they follow. TTM being a simplified graphical 

approach of PCM, it will always result in at most equivalent stress concentration reduction 

and therefore lead to at best similar mechanical gain in performance. FRM is more effec-

tive for nodal areas surrounded by bending-dominated struts. This can be explained by the 

homogeneous stress distribution they experience [296] as they are not aligned with the 

load direction and, thus, by more complex loading in the nodal area. 

 

From the observed trends, design rules can be extracted. In order to separate different use 

cases, the relationship between then loading direction and the bisector angle (Figure 75) 

is used. Due to its circular shape, FRM is adapted to symmetrical configurations. These 

configurations are found for nodal areas directly surrounded by bending-dominated struts 

(bcc, f2ccz load path 2) of ungraded lattice structures. In this case, the structure is consid-

ered as locally perfectly bending-dominated since the bisector angle is perpendicular to 

the loading direction. In the case of a structural grading, the bisector angle loses its per-

pendicularity with respect to the loading direction and FRM is less effective than 

PCM/TTM. In the practical example of f2ccz load path 2, it can be stated that a broader 

angle between struts as well as a high distance between the load path and the strut’s in-

flexion point help FRM being a good contender to PCM/TTM even in the case of structural 

grading. In the context of lightweight design, curvature radius ranging between three 
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quarter to one full strut thickness are advised. In other cases, employing PCM/TTM is 

advised. These methods are effective for sharp angles in the vicinity of the loading direc-

tion, which is a typical design feature of stretching-dominated truss-based lattice struc-

tures (see section 2.3.3). The relationship between the loading direction and the bisector 

angle results from the asymmetrical loading and explains the need for elliptical or pris-

matic shapes to reduce notch stresses. Recommended values of curvature radius for light-

weight design range from one fourth to one half of strut thickness. Independently from 

the chosen notch reduction approach, the increase in effective mean stress within the lat-

tice structure shall be considered. A structural grading of low grading factor is preferred 

to keep comparable mean and notch stresses. As demonstrated in section 4.1, sudden 

drops in stiffness are not beneficial for structurally graded lattice designs. In the frame-

work of this investigation, grading factors of 10 % ensure smooth load stress distribution. 

 

These design rules demonstrate that it is possible to avoid case-specific topology optimi-

sation solutions. As they are strut type and angle dependent and not RUC specific, the 

transferability potential to other truss-based lattice structures is deemed extremely high. 

Furthermore, the presented results show that analysing ungraded configurations is suffi-

cient to identify general design principles as they are representative for graded configura-

tions too. This statement regards only the most critical stresses but is worth further inves-

tigations because of its potential for rapid dimensioning. This would involve investigating 

other angles (Figure 74) as other areas could become critical in the case of load redistri-

bution. Influencing the load distribution highlights the potential of such local approaches 

for load path monitoring as well. According to the design rules discussed above, it is ex-

pected that FRM works better for the other angles present in bcc (70.5°) and f2ccz (60° 

and 90°) in the ungraded case since all surrounding struts are bending-dominated.  

 

Further design rules may be identified by means of shape or local topology optimisation. 

In this case, the methodology developed in section 4.2 can be employed. Extracting struc-

tural elements, design features or graphical approaches from optimisation results is in line 

with the philosophy of the literature reported at the beginning of section 4.3.  

 

Another important topic is to solve modelling issues and to reduce the modelling efforts. 

In the case of explicit modelling, constantly graded RUCs are the most promising option 

since they can offer a constant diameter in the vicinity of the nodal area and, thus, reduce 

the number of specific splines to be created. Mathematical approaches and level set func-

tions are the best alternative. The complex curvature involved by notch reduction methods 

make truss-based lattice structures locally similar to plate- or surface-based RUCs, for 

which explicit modelling is not viable anymore. This explains the encountered modelling 

issues throughout this investigation.
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5 Realisation 

This chapter deals with the reliable additive manufacturing of design features developed 

in chapter 4. As highlighted in section 2.4.2, the lack of manufacturing rules is explained 

by fragmented literature findings that are not directly transferable due to machine and 

process dependencies. The manufacturability of lattice structures at sub-millimetre range 

is explored in section 5.1 in order to identify the smallest reliably manufacturable strut 

diameters with a commercial LB-PBF system and AlSi10Mg powder and, thus, to avoid 

high samples that may be involved in the special example of structural grading (see section 

4.1). Section 5.2 deals with the realisation of the transition between bulk part and lattice 

structure. Integral and modular design solutions are explored. 

5.1 Reliable manufacturing of submillimetre graded lattice structures 

The manufacturing approaches described in section 2.1.2 are investigated. Firstly, the 

basic exposure strategies depicted in Figure 5 are explored, namely the point (section 

5.1.1), the contour (section 5.1.2) and the hatch (section 5.1.3) exposure strategies. Sec-

ondly, combined exposure strategies are investigated in section 5.1.4 and are compared 

to the standard exposure combination. Finally, the limitations of each proposed manufac-

turing approaches are discussed. For the sake of brevity, only the most relevant data high-

lighting systematic trends are reported. Corresponding data are listed in tables of appendix 

E. 

 

Each exposure strategy investigation is divided into two main parts. In the first step, the 

manufacturability of vertical single struts is investigated for as-designed diameters below 

1 mm. A strut height ℎ𝑠𝑡𝑟𝑢𝑡 of 5 mm representative of the RUC cell size 𝑎 was chosen. This 

value aligns with the manufacturability ranges of lattice structures as found in literature 

(see section 2.3.6) for the investigated aspect ratios (see section 3.1.1). It covers the lowest 

bound of 500 µm for 𝐴𝑅 = 10 and corresponds to 1 mm strut thickness for 𝐴𝑅 = 5 (see 

Eq.5). Each exposure strategy and corresponding parameter combination were held con-

stant and three samples were considered. In the second step, lattice structures are manu-

factured with selected parameters. Equivalent diameter and roundness values of both sin-

gle struts and lattice structures are estimated by means of horizontal grinding pictures 

(Figure 34, d & e). In the case of f2ccz lattice structures, only the quality of vertical struts 

is analysed as they are the load-bearing feature of the corresponding RUC (see chapter 4). 

The results obtained are compared to each other to assess the representativity of struts for 

lattice structures. Please refer to section 3.3 and to section 3.4.3 for details on the manu-

facturing and the determination of diameter and roundness, respectively. 

 

While the point exposure has its specific process window [79], other combinations are 

based on comparable laser power 𝑃 and laser scanning speed 𝑣. In order to ensure good 
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manufacturability, the process window established by Großmann et al. [76] is taken as 

basis for the variation of both hatch and contour exposure strategies. The investigated 

combinations of 𝑃 and 𝑣 are shown in Figure 93. Following parameters are held constant: 

a laser beam diameter 𝑑𝐿 of 80 µm, a layer thickness 𝑙𝑠 of 30 µm, a build platform tem-

perature 𝑇𝑏𝑝 of 125°C and an internal differential pressure for inert gas flow of 0.55 mbar. 

 

 

Figure 93: Investigated laser power and scanning speed for hatch and contour exposure variations. 

Recompiled from [76]. 

5.1.1 Point exposure strategy 

The realisation of single struts by means of the point exposure strategy requires specific 

pre-processing operations because this exposure strategy is not available as standard ex-

posure strategy in the employed version of the EOS PRINT software. In order to be assigned 

a point exposure, a part has to be defined as support structure. To do so, the part shall not 

be designed as closed volume but as a slender shell body, i.e. with a high ratio between its 

width 𝑏𝑝,𝐶𝐴𝐷 and length 𝑙𝑝,𝐶𝐴𝐷, along which the scanning path goes as shown in Figure 94. 

Moreover, the STL file name has to contain the standard file name ending of a support 

part. In the case of another file name, the standard exposure strategy is automatically 

assigned and the contour exposure is applied due to the dimensions of the designed shell 

part. Furthermore, it has been experienced that the contour exposure strategy was auto-

matically assigned to models of shell width of 100 µm too. In this case, it is not possible 

to assign the support exposure strategy back. 
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Figure 94: CAD modelling for the point exposure strategy. 

 

In the framework of this investigation 𝑏𝑝,𝐶𝐴𝐷  was set to 5 µm and 𝑙𝑝,𝐶𝐴𝐷  ranged from 

125 µm to 300 µm. Both laser power and scanning speed values were extracted from the 

data issued from the investigation on the point exposure performed by Großmann et al. 

[79]. These values were selected so that the estimated melt pool width is in the same range 

of order of the shell length to obtain high roundness. Therefore, different line energy den-

sities 𝐸𝑙 (Eq.3) were considered for varying 𝑙𝑝,𝐶𝐴𝐷. 

 

Figure 95 shows exemplarily the quality of single struts obtained by the point exposure 

strategy for the investigated scanning lengths. While the shape of the thinnest struts hints 

at the direction of the scanning vector, the influence of particle aggregation is visible. Since 

the script employed for the analysis of grinding pictures is based on surface equivalent 

diameters (see section 3.4.3), data issued from the investigation from Großmann et al. 

[79] are reported in Figure 96 as well. These are issued from manual analyses at light 

microscope that ignored aggregated particles. 

 

In both analyses, the obtained strut thicknesses follow similar trends, ranging between 

170 µm and 300 µm, to match similar values at higher 𝑙𝑝,𝐶𝐴𝐷 . This means that the influence 

of particle aggregation on the results obtained by the employed script is negligible from 

thicknesses of about 280 µm on. The high standard deviations in the results of grinding 

pictures at low 𝑙𝑝,𝐶𝐴𝐷 (AppendixTable E-1) highlight the particle aggregation phenomenon 

while the low standard deviations obtained for higher 𝑙𝑝,𝐶𝐴𝐷 hint at its systematic nature. 

This statement is further supported by the different circularity values obtained in the cor-

responding ranges. The average circularity obtained for 𝑙𝑝,𝐶𝐴𝐷 = 300 µm is 0.53, with a 

maximum value of 0.70 emphasising the excellent roundness obtained when the particle 

aggregation is negligible, as it can be interpreted from Figure 95. According to EOS data, 

the AlSi10Mg powder is made of particles of diameter from 25 µm to 70 µm [375]. It can 

be deduced that the employed script yields accurate results from this range on and that 

the targeted strut thickness shall be at least 4 times higher than the particle size of the 

employed powder for good accuracy. 
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Figure 95: Single struts cross-sections (point exposure, single struts). 

 

 

Figure 96: Resulting strut diameters (point exposure, single struts). 

 

Lattice structures made of 3x3x3 RUCs of a cell width of 3 mm were printed as a proof of 

manufacturability for values of 𝑙𝑝,𝐶𝐴𝐷 starting from 175 µm. The only lattice structures 

without defects were obtained for 𝑙𝑝,𝐶𝐴𝐷 = 300 µm. Furthermore, it has to be mentioned 

that only f2ccz lattice structures could be printed as issues were encountered while import-

ing the STL files for the bcc lattice structures into the EOS PRINT software, which could 

not read them. It is here supposed that the support parts are meant to have at least one 

vertical feature. Therefore, deeper investigations concerning the point exposure strategy 

were not performed. 

5.1.2 Contour exposure strategy 

The contour exposure strategy consists in designing a smaller strut diameter than the tar-

get one (see Figure 5). For one given manufacturing layer, the required input parameters 

for the contour strategy lead to a single diameter. The extremities of the diameter formed 

by the scanning path of the contour exposure can be expressed as an equivalent hatch 
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distance 𝑑ℎ,𝑐 (Eq.54). As mentioned in section 2.1.2, this value depends on both beam off-

set 𝑏𝑜 and as-designed diameter 𝑡𝐶𝐴𝐷. The theoretical contour diameter 𝑡𝑐,𝑐𝑎𝑙𝑐 can be ex-

pressed using Eq.55 if the melt pool width of the single contour exposure 𝑏𝑆𝐶𝐸 is known. 

As highlighted by Großmann et al., the melt pool dimensions depend on the shape of the 

scanning path and, thus, the melt pool width of a single-track exposure cannot be used 

[79]. In the case of inclined struts, the theoretical strut diameter corresponds to the minor 

axis of its elliptical cross-section, as mentioned in section 3.4.3. Moreover, the repeatedly 

exposed areas can be described by the overlap measure 𝑂𝐿 (Eq.56). 

 

𝑑ℎ,𝑐 = 𝑡𝐶𝐴𝐷 − 2 ∙ 𝑏𝑜 (54) 

𝑡𝑐,𝑐𝑎𝑙𝑐 = 𝑡𝐶𝐴𝐷 − 2 ∙ 𝑏𝑜 + 𝑏𝑆𝐶𝐸 (55) 

𝑂𝐿 = 1 − 𝑑ℎ,𝑐 𝑏𝑆𝐶𝐸⁄  (56) 

 

Figure 97 shows the resulting single strut diameters obtained after varying the beam offset, 

which is defined in the AM software, and the as-designed diameter, which is directly read 

from the STL file, for equivalent hatch distances 𝑑ℎ,𝑐 up to 1 mm. In this example, the 

lowest as-designed diameter was set to 300 µm due to the limit of strut number per grind-

ing pot (see section 3.4). As expected, the results are consistent with each other, which 

validates Eq.55. Implementing a beam offset can further decrease the hatch distance. 

Moreover, it was noticed that vectors are not assigned anymore to CAD diameters of 25 µm 

without beam offset while it was possible to further decrease this limit to an equivalent 

hatch distance of 5 µm with supplementary beam offset. 

 

   

Figure 97: As-built diameters for hatch distance and beam offset variation for 𝑃 = 250W and 𝑣 =

3500mm/s (contour exposure, single struts). 

 

Among all investigated configurations, the lowest strut diameters reach the range of order 

of 290 µm with CAD variation and 270 µm with supplementary beam offset. Figure 98 
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depicts the typical trends of single strut diameter and circularity values with respect to the 

equivalent hatch distance 𝑑ℎ,𝑐. These trends have been observed for all manufactured sin-

gle struts from the aforementioned lower limit on. As hollow struts can be formed, inner 

and outer diameters are differentiated. Figure 99 is extracted from Figure 98 and provides 

a more detailed trend of the inner strut diameter. Figure 100 shows examples single struts’ 

cross section for each identified region. Changing the input parameters, i.e. laser power 

and/or scanning speed, only slightly shifts the curve (see Figure 97 for comparison). Four 

main regions can be identified. At low equivalent hatch distance, full struts of high circu-

larity (around 0.70) corresponding to the pictures of Figure 7 are manufactured. As for 

the point exposure strategy, high standard deviations in thickness or circularity mean that 

particle aggregation occurs since cross-sections of high geometric accuracy can be achieved 

as shown in Figure 100, 1. However, the equivalent diameters do not linearly correlate 

with the equivalent hatch distance, which can be explained by high overlap values. There-

fore, Eq.55 cannot be employed and the scaling law of Großmann et al. [32] is advised. 

From equivalent hatch distances corresponding to low or no overlap on, the circularity of 

the manufactured struts starts decreasing (Figure 98 and Figure 100, 2) while the strut 

diameters start fluctuating and, in some cases, describe a local plateau (Figure 97). This 

phenomenon is still observed after the strut becomes hollow (Figure 98 and Figure 100, 

3). Although the strut diameter starts increasing linearly, the circularity fluctuates further 

until the wall thickness of the hollow struts stabilises (Figure 98, Figure 100 and Figure 

99, 4) and reaches values between 0.50 and 0.60. From this moment on, the melt pool 

width can be measured and Eq.55 is able to predict theoretical strut diameters of accepta-

ble range of error (less than 10 %) and, thus, can be employed in the context of a prelim-

inary selection of manufacturing parameters. Although the recorded pictures of stabilised 

hollow struts (Figure 100, 4) hint at a better inner circularity, this trend is not visible from 

the data. This is due to an agglomeration of partially melted particles. Moreover, an offset 

of the centre line of the hollow strut towards the strut’s centre was observed by confronting 

it to the initial scanning path (Figure 101). 

 

 

Figure 98: Diameter and circularity for 𝑃 = 200W and 𝑣 = 2500mm/s (contour exposure, single 

struts). 
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Figure 99: Inner diameter of hollow struts for 𝑃 = 200W and 𝑣 = 2500mm/s (contour exposure, 

single struts). Excerpt from Figure 98. 

 

 

Figure 100: Struts cross-sections for the different regions observed (contour exposure, singe struts). 

 

The instabilities in of both full and hollow strut regions and the offset from the scanning 

line can be explained by melt pool interactions and the surface tension resulting from local 

temperature gradients, i.e. the Marangoni effect (see section 2.1.3). In the case of the 

contour exposure strategy, the surface tension drives the melt flow from the hot laser spot 

toward the cold centre and leads to a contraction of the melt pool. That is why the transi-

tion regime from full strut to hollow is prone to particle aggregation. Although partially 

molten particle or leftovers of strut defects that were stuck in the hollow strut and came 

to the surface after resin embedment is not excluded, similar observations were made by 

Vrána et al. [402]. 
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Figure 101: Offset of strut diameter (contour exposure, single struts). 

 

The manufacturability range of lattice structures manufactured with the contour exposure 

strategy was investigated for equivalent hatch distances below the stable range of hollow 

struts since full struts are in focus. Lattice structures were reliably manufactured from 

diameters of 300 µm on. Figure 102 reports the results for f2ccz and bcc lattice structures 

of cell size of 3 mm manufactured by various combinations of laser power and scanning 

speed with respect to the equivalent hatch distance 𝑑ℎ,𝑐. Please refer to appendix E for 

details on the employed parameter sets. It can be noticed that lattice structures could not 

be printed for equivalent hatch distances corresponding to the region of instable full struts 

(Figure 98, 2). This corresponds to a thickness range between 450 µm and 550 µm. Lattice 

structures were reliably manufactured again after this range, which is in line with litera-

ture findings (see section 2.3.6). Furthermore, the observed circularity values were slightly 

lower than the ones of single struts (Figure 98) with values oscillating between 0.35 and 

0.50. 

 

 
Figure 102: Manufacturability range for different parameter sets (contour exposure, lattice struc-

tures). 

 

Figure 103 displays the different strut diameters obtained for single strut, single RUC and 

lattice structures with respect to the equivalent hatch distance 𝑑ℎ,𝑐. In the full strut region, 
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strut diameters of lattice structures are higher than the ones of single struts. The similar 

values obtained for the only lattice printed in the hollow region suppose that single struts 

are representative of lattice structures in this case. While manufacturability issues can be 

identified for lattice structures, single f2ccz RUCs could be printed and they follow the 

same trends as single struts. 

 

 

Figure 103: Representativity investigation of single struts for 𝑃 = 250W and 𝑣 = 2500mm/s (con-

tour exposure). 

 

An explanation to this trend can be found by investigating the nodal area. Figure 104 

shows the scanning path as displayed by the AM software for a f2ccz RUC in the vicinity of 

its nodal area for problematic equivalent hatch distances. Several overlaps can be noticed 

at the strut junctions, which result in locally increased energy density. As a lattice structure 

is made of a tessellation of RUCs, these overlaps occur more often in a lattice structure 

than in a single strut or single RUC. Overlapped areas are negligible for smaller hatch 

distances because they are either narrow or not present at all. No influence of the build 

platform temperature on the manufacturing quality of lattice structures was observed. 

Therefore, the issues encountered by lattice structures manufactured with the contour ex-

posure strategy cannot be solved directly. Please refer to appendix E for more details. 

 

 

Figure 104: Scanning path in the vicinity of nodal area (contour exposure). 
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5.1.3 Hatch exposure strategy 

Contrary to the contour exposure strategy, the designed lattice struts align with the target 

diameters (see Figure 5). For one given manufacturing layer, the hatch exposure strategy 

leads to two distinct diameters. The diameter 𝑡ℎ1,𝑐𝑎𝑙𝑐 is directed along the scanning vectors 

and can be expressed by considering the melt pool width of a single track 𝑏𝑆𝑇𝐸 and the 

parameters that define the initial cross section to be exposed, namely the beam offset 𝑏𝑜 

and the as-designed diameter 𝑡𝐶𝐴𝐷 (Eq.57). The second hatch diameter 𝑡ℎ2,𝑐𝑎𝑙𝑐 is perpen-

dicular to the scanning vectors and depends on the number of hatch vectors 𝑛𝐻, the hatch 

distance 𝑑ℎ (Eq.58) and 𝑏𝑆𝑇𝐸. The repeatedly exposed areas form an ellipse, whose main 

axes depend on the input parameters of the aforementioned hatch diameters. While the 

length of the overlap area, which is aligned with 𝑡ℎ1,𝑐𝑎𝑙𝑐, is driven by all variables and 

depends on the vector assignment of the AM software, its maximal width, which is aligned 

with 𝑡ℎ2,𝑐𝑎𝑙𝑐, can be calculated using the overlap measure 𝑂𝐿 established for the contour 

exposure strategy (Eq.59). As a matter of fact, the contour exposure strategy can be con-

sidered as a special case of the hatch exposure strategy which consists of two hatch vectors 

placed at both extremities of the radius formed by the scanning path. The contour diameter 

can be expressed using either Eq.57 or Eq.58 since both hatch diameters become equiva-

lent to each other for 𝑛𝐻 = 2. Consequently, the overlap area becomes circular and its 

aspect ratio, i.e. its ratio between length and width, is 1. 

 

𝑡ℎ1,𝑐𝑎𝑙𝑐 = 𝑡𝐶𝐴𝐷 − 2 ∙ 𝑏𝑜 + 𝑏𝑆𝑇𝐸 (57) 

𝑡ℎ2,𝑐𝑎𝑙𝑐 = (𝑛𝐻 − 1) ∙ 𝑑ℎ + 𝑏𝑆𝑇𝐸 (58) 

𝑂𝐿 = 1 − 𝑑ℎ 𝑏𝑆𝑇𝐸⁄  (59) 

 

Figure 105 provides examples of the resulting strut quality of different parameter combi-

nations for a rotation angle between hatch vectors of two successive layers θℎ of 90°. A 

bad parameter selection leads to lack of fusion pores or inaccurate cross-sections. 

 

 
Figure 105: Effect of parameter variation on strut quality (hatch exposure). 
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To reduce the number of samples in the framework of this investigation, the values of 𝑑ℎ 

and 𝑏𝑜 were selected for the representative line energy 𝐸𝑙 (Eq.3) so that the connection 

between melt tracks is ensured. The standard rotation angle between two layers of 67° 

was kept constant. The hatch exposure strategy was assigned without separation patterns 

(Figure 6) to ensure the continuity of hatch vectors at small scale. The selected values of 

𝑑ℎ are derived from the formulation of the multiple track exposure width 𝑑𝑀𝑇𝐸 specific to 

AlSi10Mg as used by Großmann in the early development of his scaling law [57]. This 

formulation takes the interaction between scanning paths into account. Its validity range 

was selected to ensure connection between single melt tracks and, at the same time, to 

avoid keyhole porosity. The values of 𝑏𝑜 were identified in the framework of preliminary 

studies on the accuracy of the selected parameter combinations. The selection criterion is 

the lowest average difference between as-designed and as-built strut diameters to avoid 

any supplementary corrective beam offsets or any modifications of the CAD model to 

match the target diameter. Please refer to appendix E for more details. 

 

Figure 106 reports the diameters of single struts achieved for different parameter combi-

nations. Please refer to appendix E for details on the employed parameter sets. As ex-

pected, a linear correlation between as-built diameter and as-designed diameters is ob-

served. All struts were reliably manufactured from strut diameters in the range of order of 

220 µm. 

 

 

Figure 106: Diameter trends for struts (hatch exposure, single struts). 

 

Figure 107 shows the results for circularity values for one representative example. Two 

types of results are displayed: discrete values and averaged values for each hatch vector. 

Although the exact way hatch vectors are assigned in the employed AM software is un-

known, it is possible to calculate an arithmetic value of 𝑛𝐻 with Eq.58. Figure 107 reports 

rounded experimental arithmetic values 𝑛𝐻,𝑐𝑎𝑙𝑐 obtained from reverse engineering based 

on the as-built diameters. Similar to the point exposure strategy (see section 5.1.1), issues 

were encountered for the estimation of circularity for diameters below 280 µm. Therefore, 
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the corresponding values are not reported. It can be observed that, for an increasing num-

ber of hatch vectors, the circularity decreases from values between 0.50 and 0.60 to values 

around 0.40. The number of hatch vectors for the stabilisation of circularity varies between 

5 and 7 depending on the selected parameter combination and is proportional to the over-

lap value. It can be concluded that, for connected melting tracks, the roundness is more 

impacted by particle aggregation, which is due to repeated overlapped areas, than by a 

restricted number of hatch vectors, which deviates from a perfect circle. 

 

 

Figure 107 Circularity of struts for 𝑃 = 250W, 𝑣 = 2000mm/s, 𝑏𝑜 = 29.1µm and 𝑑ℎ = 136.2µm 

(hatch exposure, single struts). 

 

Table 7 reports the manufacturability results of f2ccz lattice structures for different param-

eter combinations. The deviations between strut diameters of lattice structures and single 

struts are in the range of order of the standard deviations. A slight decrease of circularity 

is observed for lattice structures. This can be explained by the presence of surrounding 

struts and, similar to the contour exposure strategy (see section 5.1.2), the influence of 

the nodal area. Therefore, it can be stated that single struts are representative of struts in 

lattice structures far from the nodal area under the condition of connection between melt 

tracks. Moreover, it was noticed that considering 25 % of the melt pool width of a single 

track 𝑏𝑆𝑇𝐸 for both values of 𝑑ℎ and 𝑏𝑜 leads to a good compromise between manufactur-

ing precision and predictability of the strut diameter using Eq.57 and Eq.58. Please refer 

to appendix E for more details. 
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Table 7: Manufacturability results (hatch exposure, lattice structures). 

𝒕𝑪𝑨𝑫 
[μm] 

𝒂 
[mm] 

𝑨𝑹 
[-] 

𝑷 
[W] 

𝒗 
[mm/s] 

𝑬𝒍 
[J/m] 

𝒃𝒐 
[µm] 

𝒅𝒉 
[μm] 

𝒕 
[µm] 

𝒕 − 𝒕𝑪𝑨𝑫 
[µm] 

𝒕𝑳𝒂𝒕𝒕𝒊𝒄𝒆 − 𝒕𝑺𝒕𝒓𝒖𝒕 
[µm] 

𝑪 

[-] 

400 4.25 10.1 250 2000 125.0 29.1 104.0 420.6 20.6 -10.3 0.35 

400 4.25 10.5 250 2000 125.0 38.9 104.0 403.0 3.0 -5.4 0.24 

350 3.00 8.2 250 2000 125.0 29.1 136.2 363.9 13.9 -4.5 0.33 

400 4.25 10.9 250 2000 125.0 29.1 136.2 391.0 -9.0 -17.2 0.47 

400 4.25 11.0 250 2000 125.0 38.9 136.2 384.8 -15.2 -20.9 0.34 

400 4.25 11.2 250 2000 125.0 29.1 156.0 380.7 -19.3 -9.9 0.38 

400 4.25 11.1 250 2000 125.0 38.9 156.0 382.0 -18.0 -8.9 0.36 

 

Additional investigations demonstrated that it was possible to simultaneously decrease the 

limit of the lowest printable strut diameter and to increase the circularity of lattice struc-

tures by modifying the rotation angle between two successive hatch vectors. Literature 

reports melt pool depths of about three times the employed layer thickness of 30 µm [103, 

349]. As few hatch vectors are assigned to struts of diameters below 500 µm (Figure 107) 

and, similar to single layers, a certain overlap between successive layers is required to 

ensure connection between melt tracks, it was supposed that the standard hatch rotation 

angle of 67° may not be optimal as it aims at reducing the frequency of overlap of hatch 

vectors of the same orientation (see section 2.1.4). Table 8 reports the manufacturability 

of f2ccz and bcc lattice structures for a rotation angle of 90°, i.e. an overlap of hatch vectors 

every two layers. The parameter combination of Table 7 leading to the best accuracy 

( 𝑡 − 𝑡𝐶𝐴𝐷 ) was selected. All lattice structures were successfully manufactured inde-

pendently from azimuth angles (Figure 4), which were varied from 0° to 45°. It has to be 

noted that lattice structures of as-designed diameter of 140 µm could have been printed 

but they were too frail to be removed from the build platform without damage. Both pre-

dictability of diameters and representativity of single struts are given for this parameter 

set too. The lesser roundness of bcc lattice structures is due to the inclination angle of their 

struts (see section 2.3.3), which leads to bigger downskin areas and, thus, makes them 

prone to particle aggregation (see section 2.1.3). Please refer to appendix E for more de-

tails. 

 

Table 8: Manufacturability results of f2ccz and bcc lattice structures manufactured for 𝑃 = 250W, 

𝑣 = 2000mm/s, 𝑏𝑜 = 38.9µm, 𝑑ℎ = 104µm and 𝜃ℎ = 90° (hatch exposure, lattice structures). 

Lattice 
𝒕𝑪𝑨𝑫 
[μm] 

𝒂 [mm] 
𝒕 [µm] 𝑨𝑹 [-] 𝒕 − 𝒕𝑪𝑨𝑫 [µm] 𝑪 [-] 

Min Max Mean Max 𝒕 Max StdDev Mean 

f2ccz 200-475 
3.0 222.4 13.5 17.5±13.0 40.6 24.3 0.51±0.09 

3.5 218.9 16.0 11.2±11.1 18.9 15.9 0.54±0.10 

bcc 155-290 
3.0 187.2 16.0 38.1±18.9 49.8 26.2 0.35±0.09 

3.5 187.2 18.7 35.0±18.6 45.5 22.2 0.27±0.08 
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5.1.4 Combination of exposure strategies 

The investigated combinations between basic exposure strategies are the contour-hatch, 

the multiple contour and the multiple contour-hatch combinations. The point exposure 

strategy is not explored because of its lack of compatibility with other exposures, namely 

different pre-processing steps and a restricted printability range (see section 5.1.1). As it 

is not possible to assign different parameter sets specific to each hatch vector without 

splitting the as-designed part, the core exposure strategy of combinations is the contour 

exposure strategy. Consequently, the condition for the combination of exposure strategies 

is the presence of hollow struts. Therefore, each domain specific to single contour exposure 

strategy (see section 5.1.2) is depicted in the reported diagrams. As the relevant investi-

gation range starts in the unstable hollow strut domain, no results concerning the stable 

region of full struts (Figure 98, 1) are reported. In the framework of this investigation, the 

order of combination sequences and the overlap between melt tracks of basic strategies 

were investigated. For a better comparability of the manufacturing accuracy of each expo-

sure combination, corrective offsets were implemented so that the outer as-built contour 

diameter matches the as-designed diameter. 

 

Figure 108 and Figure 109 show the results obtained for the contour-hatch exposure com-

bination (CH) regarding strut diameter and strut circularity for overlap values of 0 % (OL 

0 %), 25 % (OL 25 %), 50 % (OL 50 %), 100 % (OL 100 %), and -25 % (OL -25 %), re-

spectively. Additionally, the results obtained for a single contour exposure (C) of the same 

parameter set are depicted as well for comparison. Figure 110 shows examples of single 

struts’ cross section for each identified region of each configuration. 

 

 

Figure 108: Representative diameter trends for struts with different overlap (contour-hatch com-

bination, single struts). 
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Figure 109: Representative circularity trends for struts with different overlap (contour-hatch com-

bination, single struts). 

 

Changing the energy input, i.e. laser power and scanning speed, influences the quality of 

manufacturing but the identified trends stay the same. Overall, a good match with the 

target diameter (differences below 20 µm) is observed and starting with the outer contour 

increases the roundness. Manufacturability issues occurred in the unstable hollow region 

of single contour, corresponding to diameters between 600 µm and 800 µm (Figure 108 

and Figure 109, 3). The fluctuating values of both diameter and circularity hint at instable 

interactions between melt tracks and, in the case of successful manufacturing, increased 

particle aggregation. In other areas, both diameter and circularity trends align with the 

trends and range of order of the governing single exposure strategies, which can be iden-

tified with the achieved circularity values. For an overlap of 100 %, the strut is completely 

re-melted. The manufacturing accuracy is driven by the hatch exposure strategy because 

it yields the worst circularity, whereas it has few to no influence for lesser overlap values. 

The opposite overlap values (-25 % and 0 %) behave similar to a single contour but they 

exhibit a lack of connection between melt tracks, i.e. lack of fusion porosity. This phenom-

enon has been observed for some of the big strut diameters manufactured with an overlap 

of 25 % as well. The best results in terms of manufacturability and accuracy were achieved 

for an overlap of 50 %. Therefore, it can be concluded that the best manufacturing results 

are achieved for overlap values between 25 % and 50 %. This is in line with the observa-

tion of literature [32, 402]. Lattice structures of cell width of 3 mm were printed as a proof 

of manufacturability. The obtained strut diameters are in line with the ones of the single 

struts only considering the hollow strut domain of the single contour exposure strategy. 

Similar to single contour, a lower roundness compared to single struts was observed for 

lattice structures. 
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Figure 110: Cross-sections for different overlap values (contour-hatch combination, single struts). 

 

Figure 111 and Figure 112 show the results obtained for the multiple contour exposure 

combination regarding strut diameter and strut circularity, respectively. Double contour 

exposures (2C) were investigated for overlap values of 0 % (OL 0 %), 25 % (OL 25 %) 

and 50 % (OL 50 %) according to the findings of the contour-hatch exposure combination 

(see above). Both triple contour (3C) and quadruple contour (4C) exposures were inves-

tigated as a proof of iterability for one overlap value only. Hollow struts are reported as 

well (hollow). In order to maintain the efforts involved by the multiple contour exposure 

combination in a realistic range, both laser power and scanning speed were kept constant 

for each selected parameter set. Additionally, the results obtained for a single contour 

exposure (C) of the same parameter set are depicted as well for comparison. Figure 113 

shows examples of single struts’ cross section for each identified region of each configura-

tion. 

 

 

Figure 111: Representative diameter trends for struts with different overlap (multiple contour com-

bination, single struts). 
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Figure 112: Representative circularity trends for struts with different overlap (multiple contour 

combination, single struts). 

 

Overall, a good, but lesser than for contour-hatch, match with the target diameter is ob-

served and starting with the outer contour increases the roundness. Manufacturability is-

sues occurred for double contour exposures in the unstable hollow region of single contour 

(Figure 111 and Figure 112, 2 and 3), corresponding to diameters between 600 µm and 

650 µm. The fluctuating values of both diameter and circularity hint at instable interac-

tions between contour melt tracks and, in the case of successful manufacturing, increased 

particle aggregation. Moreover, a supplementary drop in circularity and deviations from 

the single contour diameter were observed. Similar to a single contour, they correspond 

to the formation of hollow struts (Figure 113) and, thus, stand for an unstable hollow 

region. This secondary hollow region is responsible for further manufacturing issues ob-

served for other multiple contour combinations (Figure 111 and Figure 112, 3 and 4): 

between 650 µm and 740 µm for the triple contour exposure and between 630 µm and 

770 µm for the quadruple contour exposure. These ranges are not consistent with each 

other since different overlap values have been employed to remain under the upper limit 

of the investigated target diameter range of 1 mm. This means that the manufacturing 

ranges depend on energy input parameters and beam offset. In other areas, diameter and 

circularity trends align with the trends and range of order of the single contour exposure 

strategy. As for the contour-hatch exposure combination, an overlap value of 0 % leads to 

a lack of connection between melt tracks. In the unstable range of single contour hollow 

struts (Figure 111 and Figure 112, 3), no significant difference between the overlap values 

of 25 % and 50 % were observed. Lattice structures of cell width of 3 mm were printed as 

a proof of manufacturability. The obtained strut diameters are in line with the ones of the 

single struts only considering the hollow strut domain of the single contour exposure strat-

egy. Similar to single contour, a lower roundness compared to single struts was observed 

for lattice structures. 
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Figure 113: Cross-sections for different overlap values (multiple contour combination, single struts). 

 

Figure 114 shows the results obtained for the double contour-hatch exposure combination 

(2CH). Additionally, the results obtained for both single contour (C) and double contour 

(2C) exposures of the same parameter set are depicted as well for comparison Since its 

realisation follows the same principle of both contour-hatch and double contour exposure 

combinations, only one parameter combination based on an overlap of 25 % and an initial 

outer exposure was investigated as a proof of manufacturability. The lowest manufactur-

able diameters correspond to the manufacturability range of the double contour exposure. 

The comparability with single contour is given as well. Good manufacturing accuracy was 

achieved with an average difference of 12.5 µm from the target diameter and a circularity 

of 0.63. 

 

 

Figure 114: Representative diameter trends for struts with different overlap (multiple contour-

hatch combination, single struts). 

 

Figure 115 shows the manufacturing quality of the standard exposure strategy. Please note 

that the standard parameters are not reported in this work since they are part of non-
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disclosed data of a commercial product. The standard strategy consists of a double con-

tour-hatch exposure combination starting with the hatch exposure. Therefore, a direct 

comparison with the results depicted in Figure 114 is possible. Similar to Figure 114, man-

ufacturing issues were encountered for diameters below 500 µm due to interactions be-

tween melt tracks. A single contour can be recognised from the few manufactured struts 

in this range. Struts could be manufactured reliably from about 600 µm on. However, their 

quality in the submillimetre range can be qualified as poor compared to the previous re-

sults. The high amount of aggregated particles hints at excessive energy input and is re-

sponsible for low circularity values (average of 0.24±0.06) and subsequent deviations 

from the target diameter. It can be concluded that, in line with literature [41, 303], this 

parameter set is not suited for thin-walled structures. 

 

 

Figure 115: Cross-sections for different as-built diameters (standard parameter set, single struts). 

5.1.5 Summary and discussion 

Different manufacturing approaches lead to different manufacturability ranges and man-

ufacturing quality. The driving parameters are the energy input, in this example the laser 

power and the scanning speed (Eq.3), hatch distances and beam offsets. The latter allows 

adjusting the as-built diameters to match the as-designed ones. Alternatively, compensa-

tion approaches can be employed by considering the deviations between as-built and as-

designed diameters [132-134]. 

 

While the point exposure strategy allows the reliable manufacturing of extremely thin-

walled structures (below 300 µm) of good roundness, it has to be considered a special 

strategy because of its lack of compatibility with other exposure strategies. Adapting the 

offsets and input parameters of both contour and hatch exposure strategies lead to strut 

diameters in a similar range of order. The hatch exposure strategy has no upper limit in 

terms of manufacturable strut diameters. It is not only governed by the aforementioned 

input parameters but also by the number of hatch vectors and their rotation angle between 

two consecutive layers. These supplementary variables strongly influence the strut’s 

roundness. The single contour exposure strategy exhibits better roundness than the hatch 

exposure strategy. However, it is restricted to diameters up to about 500 µm before be-

coming hollow and, thus, needs to be combined with other exposure strategies for the 

realisation of full struts. In the case of combinations of exposure strategies, the exposure 

strategy defining the outer diameter governs the manufacturing quality. Moreover, the 
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overlap of melt tracks at the transition between exposure strategies governs the manufac-

turability. Overlap values between 25 % and 50 % consistently lead to melt track connec-

tion. 

 

The choice of the exposure strategy and corresponding parameters depends on the range 

of order of the diameters to be printed. In the framework of AlSi10Mg LB-PBF, lattice 

structures with strut diameters below 150 µm are prone to damage. Therefore, they need 

to be either surrounded by protecting structures or avoided. For the specific case of graded 

lattice structures manufactured by a strategy consisting of at least one contour exposure, 

manufacturing issues occur for diameters below 600 µm at both strut and lattice structure 

scales. They are due to the overlap between melt tracks, especially in the vicinity of the 

nodal area. Since the as-built strut diameter depends on the contour equivalent hatch dis-

tance (Eq.55), it can be deduced that the manufacturability of lattice structures further 

depends on the cell size. This means that, for a given parameter set, varying the aspect 

ratio may lead to manufacturing issues. One solution to increase the printability of LB-PBF 

graded lattice structures would be to assign parameters specific to each region, i.e. struts 

or nodal area. Moreover, different parameters shall be assigned for different inclination 

angles too [311]. This approach can be considered as a grading of input parameters. How-

ever, it involves tremendous pre-processing efforts in the actual state of the employed AM 

software. For simplicity, a homogeneous parameter set needs to be identified. This ex-

plains why only one single parameter set is employed in the reported literature (see sec-

tions 2.3.6 and 2.4.2). In this case, compromises regarding the value of some input pa-

rameters such as the beam offset need to be made, which unavoidably lead to deviations 

from as-designed diameters. 

 

The geometrical considerations of both laser path and melt pool width of each exposure 

strategy (Eq.54 to Eq.59) can be employed for a parameter selection in the context of a 

pre-sizing phase as they can at least predict the range of order of the as-built diameters. 

For more accurate diameter predictions, it is advised to employ dimensionless numbers as 

the interaction between melt pool tracks is specific to each manufacturing approach. Sim-

ilar to Großmann et al. [32], scaling laws valid for materials other than AlSi10Mg can be 

derived from these numbers as the encountered issues are not material specific. They could 

even cover a much wider parameter space with, for example, the ratio between layer thick-

ness and powder particle size to identify parameter combinations simultaneously offering 

high build rates and good manufacturing accuracy. 

 

It has to be noted that this investigation deals with the manufacturability of lattice struc-

tures only while offering a first insight in their quality. Only strut diameter and circularity 

were considered. These two measures highly depend on the particle aggregation origi-

nated by melt pool interactions. The influence of the manufacturing quality on the me-

chanical properties of lattice structures was not covered. Aggregated particles lead to notch 

stresses and may even contribute to increase the load-bearing behaviour of the manufac-

tured lattice structures as they offer to increase the strut’s cross-sections. Moreover, further 
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phenomena influencing the mechanical performance of additively manufactured parts 

such as porosity and local texturing, which are distinguishable on Figure 105, Figure 110, 

Figure 113 and Figure 115, were not covered either (see sections 2.1.3 and 2.3.6). 

5.2 Reliable manufacturing of the lattice-to-bulk transition 

The approaches and parameter selection were specifically developed for the realisation of 

the tensile specimen design developed in section 4.1 and investigated in section 6.3. In 

order to cover the worst-case scenario of a horizontal overhang, this investigation aims at 

printing vertical samples, which corresponds to a polar angle Θ of 90° (see section 2.1.2). 

Although all the successfully printed lattice structure configurations reported section 5.1 

can be investigated, ungraded lattice structures of strut diameter of 370 µm and cell width 

of 3 mm were selected as they corresponded to the initially planned configuration of the 

target region. For consistency with section 5.1, the initial temperature of the build plat-

form was set to 125°C. As for the design solutions of section 4.1, the strut junctions of the 

selected RUCs are located in the centre of their upper and lower faces (see section 3.1.1). 

Section 5.2.1 handles integral design solutions, which consist of monolithic additively 

manufactured samples, and section 5.2.2 proposes a modular design in order to overcome 

the encountered manufacturing issues. 

5.2.1 Integral design 

The aim followed by the proposed integral design solutions is the development of a 

straightforward manufacturing approach based on a single parameter set and on a design 

without support structures other than the lattice struts themselves. Figure 116 depicts 

schematically the specimens employed in the framework of this investigation. A shell layer 

of initially 300 µm had to be manufactured on lattice structures initially made of 4x4x4 

RUCs. In the case of successful manufacturing, the size of the investigated specimen was 

increased until the dimensions required by the design solutions of section 4.1 were 

reached. In order to reduce curling at the specimen’s edges (see section 2.1.3), the shell 

layer was designed so that it covers the complete cross-sections of the lattice structures 

without generating overhanging structures. In order to reduce the investigation efforts, 

only laser power and scanning speed were varied. The standard layer thickness of 30 µm 

and the standard hatch distance of 190 µm were kept constant. In order to avoid melt pool 

instabilities issued from overlapped areas within the shell layer, no hatch separation pat-

tern was used (Figure 6). 
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Figure 116: Design principle of the test specimens (example for f2ccz). 

 

Figure 117 shows the methodology employed to assess on the manufacturability of the 

lattice-to-bulk interface. The shell layer of the test specimens can be distributed into sev-

eral panels 𝑃𝑖, which are supported by and, thus, separated from lattice struts at the inter-

faces 𝐼𝐹𝑖 (Figure 117, a). The analysis methodology consists of two stages. In the first step, 

an optical evaluation of the manufactured specimens is performed for both up- and down-

skin shell surfaces of each panel and for each interface. As no perfect structures were ex-

pected, the manufactured specimens were evaluated according to the presence of anoma-

lies, i.e. defects such as holes, lack of connection between shell and lattice struts or obvi-

ously high geometric deviations (Figure 117, b). Selection criteria for a consistent manu-

facturability are a homogeneous shell without obvious particle aggregation or porosities 

and a continuous connection between shell and lattice struts for all interfaces. The speci-

mens exhibiting obvious defects were excluded. In the second step, the dimensional accu-

racy of the shell layers of the remaining specimens was investigated in order to assess for 

the influence of powder sinking or particle aggregation. The minimum and maximum shell 

thicknesses of each panel were measured (Figure 117, c) and confronted to the as-de-

signed shell thickness. 

 

 

Figure 117: Methodology for assessing the manufacturability of the lattice-to-bulk transition. 
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Manufacturability of f2ccz lattice structures 

Figure 118 reports the manufacturability results obtained for the specimens with 4x4x4 

f2ccz lattice structures. All depicted ranges lead to a reliable lattice-to-bulk interface. The 

only difference between a good and very good manufacturability is based on the averaged 

thickness deviations of each as-built shell with respect to the as-designed shell. The devi-

ations from the as-designed shell thickness are in the range of order of 200 µm. Detailed 

results are not reported though, as manufacturing accuracy was not in the focus of this 

investigation. 

 

 
Figure 118: Manufacturability of the lattice-to-bulk transition (f2ccz). 

 

Figure 119 reports pictures of each manufactured shell layer recorded by the optical mon-

itoring camera of the employed AM machine. The contrast of these pictures was not mod-

ified for comparability between manufactured layers and with the results obtained for the 

bcc lattice structures (Figure 122). Their low resolution is explained by the fact that the 

whole build space is recorded by the camera. In spite of this low resolution, different 

phases can be identified. The first phase is decisive for the manufacturability of the shell 

layers and is therefore called the critical phase. For all successfully manufactured shells, 

10 critical layers were observed. This critical phase is followed by a stabilisation phase, in 

which the local overheating identified by brighter areas is reduced, and by a stable build 

phase.  

 

The combination of laser power of 315 W and scanning speed of 1700 mm/s (Figure 118, 

specimens 11) was selected because it yielded the lowest deviations in shell thickness 

(about 180 µm) compared to the as-designed shell. The test samples in the foreground of 

Figure 120 were printed with this parameter and demonstrate its applicability to higher 

samples, larger surfaces and different lattice parameters. It has to be noted that the tem-

perature of the build platform had to be increased to 190°C in the case of very high samples 
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to avoid eigenstresses issued from temperature gradients between the upper bulk part of 

the sample and the surrounding powder. 

 

 

Figure 119: Live monitoring pictures of the manufacturing of the shell layers (f2ccz). 

 

 
Figure 120: Examples of manufactured samples (f2ccz). 

Manufacturability of bcc lattice structures 

Figure 121 reports the manufacturability results obtained for the bcc lattice structures at 

different specimen dimensions. For 4x4x4 lattice structures, the manufacturability range 

is similar to the one of f2ccz lattice structures (Figure 118). However, increasing the lattice 
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dimensions to 8x8x8 leads to a shift of this manufacturability range towards lower energy 

input densities, i.e. to the right-hand side of the process window. It was impossible to 

manufacture 8x8x20 specimens without observing a collision with the coater. Neither in-

creasing the temperature of the build platform 𝑇𝑏 nor changing the shell inclination rela-

tive to the coater, i.e. the azimuth angle Φ (Figure 4), could improve their manufactura-

bility. 

 

 
Figure 121: Manufacturability of the lattice-to-bulk transition (bcc). 

 

For all successfully manufactured shells, the number of critical layers varied between 20 

and 30, which was only observable after an increase of the as-designed layer thickness. 

Figure 122 reports pictures of each manufactured shell layer of 4x4x4 bcc lattice structures 

recorded by the optical monitoring camera of the employed AM machine. For comparison 

purposes with Figure 119, only the first 10 shell layers are displayed. Compared to the 

f2ccz specimens, the observed higher brightness hints at much higher local temperatures 

in the shell layers. 

 

 

Figure 122: Live monitoring pictures of the manufacturing of the shell layers (bcc). Same parameter 

and the same format as Figure 119 for comparison purposes. 
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Figure 123 shows the different specimens manufactured in the framework of this investi-

gation. The most promising result is located on the right-hand side. This sample consists 

of a locally graded lattice layer at the interface with the shell to redistribute the tempera-

ture present in the shell layers. Although a collision with the coater occurred after 18 layers 

(visible on the top left hand-side of the sample), this solution offers a significant increase 

of the specimen manufacturability compared to other samples (visible in the background). 

 

 
Figure 123: Examples of manufactured samples (bcc). 

 

Based on these observations, further design solutions inspired from the findings of section 

4.2 were investigated. The proposed alternative monolithic design solutions for bcc lattice 

structures involves both structural grading and cones, which can be interpreted as contin-

uously graded vertical struts of high grading factor. In this part of the investigation, the 

parameter variation depicted in Figure 124 was performed. The cones were modelled 

based on the cross-section corresponding to the nodal area of the lattice structure. Their 

height ℎ𝑐𝑜𝑛𝑒 was parametrised according to the cell size 𝑎. In order to avoid overlap be-

tween the cones of different RUCs, each cone was limited by cutting planes corresponding 

to the limits of the RUC it is placed on. 

 

 

Figure 124: Design principle of the employed cones. 
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Suitable manufacturing parameters for the realisation of the cones were investigated on 

8x8x1 specimens. In order to align with the designs investigated in section 6.3, RUCs of 

cell width of 3.5 mm were considered. Due to the manufacturing issues encountered, only 

the graded configuration of samples of aspect ratio of 6 was investigated. This configura-

tion exhibits the highest strut diameters and, thus, is considered as the best-case scenario 

regarding the thermal conduction from the shell layer to the lattice structure. Different 

combinations of parameter sets for cones and shells layer were explored: the standard 

parameter set, the parameter set identified for f2ccz specimens (Figure 118, sample 11), 

one of the parameter sets leading to the best results of 8x8x20 bcc specimens (Figure 121), 

and one of the parameter sets used for the realisation of lattice structures (see section 5.1). 

The best results were obtained for the parameter set of the f2ccz specimens for both cones 

and shell layers (Figure 125). After an increase of the specimen height to 4 RUCs in the 

build direction, reliable manufacturability was observed for a cone height corresponding 

to one fourth of the cell size only. While local collisions with the coater were observed for 

smaller cones down to one tenth of the cell size, material swelling occurred for higher 

cones. 

 

 
Figure 125: Manufacturability of the shell layers for varied cone height (bcc, cones). 

 

Figure 126 shows the proof of concept of the manufacturability of a bcc tensile specimen 

with a graded load introduction as designed in section 4.1 and cones of a height corre-

sponding to one fourth of the cell size. The parameter set identified for the f2ccz specimens 

was employed. It can be further noted that f2ccz lattice structures were employed as sup-

port structure. 

 

 

Figure 126: Examples of manufactured samples (bcc, cones). 



 

138 5  Realisation 

5.2.2 Modular design 

In order to overcome the manufacturing issues encountered by the bcc samples, a modular 

design was developed. This modular design consists in separating the lattice structure, 

including both transition and target regions, from the bulk region (Figure 127, b). Alt-

hough this concept was developed for the special case of the bcc RUCs, it is applicable to 

any other kind of RUC. In order to assemble the different modules, both bulk regions are 

pocketed to accommodate in the lattice structure, whose height is increased in accordance 

with the height of the pocket. The lattice structure is embedded in epoxy resin. A form fit 

shaft was designed in the case of a lack of adhesion between the resin and the pocket’s 

walls to ensure that the stiffness of the resulting load introduction does not falsify the 

results of the mechanical investigation. Details on the pocket design are provided in ap-

pendix F. The modular samples can be easily differentiated from the monolithic ones 

(Figure 127, a) with the overhanging surfaces at the sample’s sides. In this work, all bcc 

samples were manufactured using a hybrid approach combining both sample concepts, 

which enables a reduction of the manufacturing steps. This hybrid approach consists of an 

AM compliant monolithic module made of one bulk region and the lattice structure on it, 

and of a separated pocketed bulk region (Figure 127, c). Figure 128 shows the different 

manufacturing steps involved by the selected manufacturing approach. Both modules are 

manufactured separately (Figure 128, a). In order to ensure the verticality of each sample, 

six samples symmetrically distributed over the build platform are manufactured simulta-

neously. The pockets of the hollow bulk module are filled with resin (Figure 128, b). The 

exact quantity of required resin can be estimated by geometrical considerations detailed 

in appendix F. Both build platforms are assembled (Figure 128, c) and, once the resin has 

cured, the samples are sawn off manually thanks to the lattice structures employed as 

support. 

 

 

Figure 127: Differences between integral (a), modular (b) and hybrid (c) design approaches. 

 



 

 

5  Realisation 139 

 

Figure 128: Manufacturing steps: separate manufacturing (a), resin preparation (b) and assembly 

(c). 

5.2.3 Discussion 

This investigation demonstrates that it is possible to find a single parameter set for the 

reliable additive manufacturing of horizontal surfaces with AlSi10Mg powder. This param-

eter set may not be optimal in terms of porosity and geometrical accuracy but fulfils its 

purpose. RUCs containing vertical lattice struts were successfully used as punctual support 

structures of 3.5 mm of distance, enabling an easy part removal and few entrapped pow-

der particles compared to the standard support structures. However, for RUCs deprived 

from vertical struts like the bcc RUC, heat conduction issues occurred and led to curling 

or even swelling. Similarities with the stress distributions observed in chapter 4 can be 

observed as vertical struts offer the heat flow a direct connection to the built platform and 

the heat accumulation is located at the shell’s borders. In the latter case, the heat jam 

created is similar to the edge effects. Therefore, a structural grading is able to not only 

homogenise the stress distribution but also the heat flow. It is supposed that a minimum 

diameter is required for the lattice struts to acts as a heat sink, reducing the universality 

of this solution. It is assumed that the heat conduction issues encountered for the bcc RUC 

are valid for all bending-dominated truss-based lattice structures printed vertically and, to 

a greater extent, to all structures without vertical connections to the build platform. 

 

Among the available alternative solutions, grading the input parameters and optimising 

the scanning strategy in the first shell layers as reported in the literature [77, 144, 349, 
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350] are regarded as too extensive and specific to the machine and the powder material 

employed. In this regard, developing dimensionless numbers dedicated to that phenome-

non is highly relevant. It is expected that the heat conductivity capacity depends on the 

volumetric energy input and on the RUC through the support area it offers as well as 

through the inclination angles of its struts. The roles of the temperature of the build plat-

form and the surrounding powder need to be quantified as well. However, this is not in 

focus of the present work. The proposed modular approach offers a simple and universal 

basis for efficient design and can therefore be regarded as a cost- and time efficient solu-

tion that has to be deepened in future investigations. 
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6 Concept validation 

This chapter deals with the experimental validation of the concept developed in chapter 4 

as well as assessments on the structural integrity of the manufactured structures. Section 

6.1 wants to provide a first insight on the impact of the manufacturing strategy on possible 

defect generation, i.e. if defects are prone to be triggered by a specific strategy or param-

eter combination. While both elastic and plastic domains are covered, particular attention 

will be given to the obtained effective stiffnesses as it was assumed in section 3.4 that 

defects have few to no influence on the elastic properties. Section 6.2 deals with the ex-

perimental validation of the notch reduction methods described in section 4.3. Section 6.3 

deals with the experimental validation of the tensile specimen design based on a transition 

region made of graded lattice structures proposed in section 4.1. The tensile specimen 

design based on topology optimised bulk material proposed in section 4.2 is only briefly 

discussed in the framework of a proof-of-concept study as further parameter studies are 

required to reach design maturity. Details on both manufacturing and experimental setup 

are given in sections 3.3 and 3.4, respectively. 

6.1 Influence of defects 

In the framework of this investigation, lattice structures of cell size of 3 mm with the same 

target diameter (370 µm) are obtained through different exposure strategies and param-

eter combinations. Qualitative and quantitative assessments on defects such as strut diam-

eter variation or roughness are made while the mechanical performance of lattice struc-

tures with different levels of deviation with the target design are compared. Since the same 

target strut diameter has to be manufactured for comparison purposes, it is assumed that 

the temperature gradients experienced by the investigated samples are similar to each 

other [112] (see section 2.3.6). Based on observations made for different contour ap-

proaches [265], a local texturing due to miniaturisation is expected to have low to no 

influence on the quasi-static mechanical behaviour of lattice structures. It is therefore as-

sumed that texture analyses are not required for this study. 

 

In order to contemplate the influence of process-induced defects on the static compression 

behaviour of the investigated lattice structures, configurations issued from a combination 

of strategy parameters leading to either high or low deviations are considered in order to 

offer a fair comparison between the employed manufacturing approaches. In order to com-

pare the influence of manufacturing parameters, nine points per exposure type have been 

selected (Figure 129) so that they offer three comparable points in terms of either laser 

power, scanning speed or line energy (Eq.3). The investigated combination of scanning 

speed and laser power are annotated according to their respective position within the pro-

cess window. Laser power values are indicated first. High values are located on the top 

(T) of the process window, average values in its middle (M), and low values on its bottom 

(B). Scanning speed values follow. High values are located on the right hand-side of the 
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process window (R), average values in its middle (M), and low values on its left hand-side 

(L). Parameters which are held constant are the designed diameter (100 µm and 370 µm 

for contour and hatch, respectively), the layer thickness (30 µm), the laser beam diameter 

(80 µm), the build platform temperature (125°C) and the rotation angle of hatch vectors 

between two successive layers (67°). 

 

 

Figure 129: Investigated laser power and scanning speed combinations for both exposure strate-

gies. Recompiled from [76]. Laser power abbreviations: T (top), M (middle), B (bottom). Scanning 

speed abbreviations: L (left), M (middle), R (right). 

 

This study is divided into two parts. During the first part of the present work, preliminary 

investigations were performed onto 3x3x3 lattice structures in order to reduce the manu-

facturing efforts during the identification of parameters leading to the target diameter. For 

all the eighteen investigated configurations, three printed samples stochastically distrib-

uted on the platform were analysed microscopically at three statistical points each. The 

second part deals with the main investigation, which includes microscopic analysis as well 

as porosity analysis and mechanical testing. Lattice structures made of 10x10x15 RUCs 

were employed in the framework of the main investigation. In order to maintain an effec-

tive workload in the scope of this investigation, parameter combinations have been se-

lected. On the one hand, the selection criterion for the hatch exposure is the achieved 

roundness of the lattice struts and, on the other hand, the contour exposure parameter 

sets were selected according to the roughness of the struts since a higher roundness is 

expected for this exposure strategy. In the main investigation, seven samples of each con-

figuration stochastically distributed on the platform were manufactured. One sample was 

used for optical microscopy while the remaining six samples were dedicated to Archime-

dean density measurement and mechanical testing. For preliminary compression tests, a 

constant strain rate of 0.45 s−1 was used. During the main investigation, a constant strain 

rate of 0.045 s−1 was used. The sample for optical microscopy was grinded at two different 

horizontal planes: one at low height (𝑛𝑅𝑈𝐶,𝑧 = 3) to verify the compliance with preliminary 
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studies, and one at a higher position (𝑛𝑅𝑈𝐶,𝑧 = 9) in order to investigate on a potential 

influence of the build height on the lattice structure quality. Vertical grinding pictures 

were made at three different heights and all possible strut inclination angles were consid-

ered. The microscopic analysis was performed for at least nine statistical points for each 

data entry of each configuration. 

6.1.1 Results 

For the sake of brevity, only the outcomes of the main investigation are shown in this 

section. The selected hatch (H) and contour (C) parameter sets from the process window 

of Figure 129 are shown in Table 9. Among the investigated parameter sets depicted in 

Figure 129, the contour MM parameter set describes a combination of laser power and 

scanning speed of medium range, which corresponds to a line energy input of medium 

range as well. According to the results of the preliminary investigations, it yields the best 

contour roughness. In turn, the worst contour roughness was obtained for the TR param-

eter set, which is described by high laser power and high scanning speed, and corresponds 

to a low line energy input. The selected hatch parameter sets are hatch ML and hatch MR. 

According to preliminary investigations, they exhibit the best and worst hatch roundness, 

respectively. While both of them stand for a medium laser power, they correspond to low 

and high scanning speed, respectively. Besides, hatch MR corresponds to a low line energy 

input comparable to contour TR. Hatch ML displays the highest line energy input among 

all four selected parameter sets. In order to facilitate reading the reported tables through-

out this section, the results from the parameters leading to the worst results of each selec-

tion criterion have been assigned a grey background. 

 

Table 9: Selected parameter sets for the main investigation. 

Exposure Set Criterion 
𝒕𝑪𝑨𝑫 
[μm] 

𝑷 
[W] 

𝒗 
[mm/s] 

𝑬𝒍 
[J/m] 

𝒃𝒐 
[μm] 

𝒏𝒉 
[-] 

𝒅𝒉 
[μm] 

𝑶𝑳 
[%] 

𝒕 
[µm] 

C MM 𝑅𝑎+ 100 250 2500 100.0 -19.0 N/A 138.0 3.5 363.4±5.4 

C TR 𝑅𝑎− 100 300 3500 85.7 -10.3 N/A 120.6 8.8 369.2±4.3 

H ML 𝐶+ 370 250 2000 125.0 29.1 3 136.2 15.0 379.2±7.6 

H MR 𝐶− 370 250 3000 83.3 26.5 3 155.6 -19.4 371.3±10.6 

 

The very first observations made are of optical nature. As can be seen in Figure 130 (a), 

lattice structures printed with the contour exposure can be differentiated from the hatch 

ones by their brightness: the contour lattice structures appear to be much brighter. Fur-

thermore, manufacturing difficulties have been encountered for the hatch samples. For 

hatch MR, f2ccz lattice structures were not reliably printable while bcc lattice structures 

display some local defects (Figure 130, b). Therefore, the mechanical investigations of 

hatch MR f2ccz lattice structures could not be carried out. However, the microscopic anal-

ysis was performed on sample rests. Concerning hatch ML, only few local defects were 

detected for f2ccz lattice structures and bcc samples did not exhibit defects at all. 
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Figure 130: Observations on printed lattice structures: brightness difference (a) and manufacturing 

issues for the MR hatch parameter set (b). 

 

Table 10 sums up the results obtained from horizontal grinding pictures at two different 

heights (𝑛𝑅𝑈𝐶,𝑧 = 3 and 𝑛𝑅𝑈𝐶,𝑧 = 9) for the selected hatch (H) and contour (C) parameter 

sets. The printed equivalent diameters yield good accuracy when compared to the target 

diameter of 370 µm with deviations around 10 µm at most, which are in the same range 

of order of the standard deviations. The hatch exposure has the best accuracy while the 

contour exposure exhibits a lower standard deviation. Except for contour TR at low height, 

no noticeable dependency of the diameter accuracy on the inclination angle or on the build 

height was observed since diameter differences between f2ccz and bcc lattice structures 

remain in the range of order of the assessed standard deviations. Although the presented 

results for optical microscopy were performed on a single sample, they are compliant with 

the values obtained in the frame of the preliminary studies (e.g. f2ccz diameter of Table 10 

vs. Table 9) and, thus, representative of the structure for the given parameter combination. 

The roundness results are in line with the expectations since contour yields better results 

than hatch. Only the best roundness obtained for hatch (ML) is in the range of order of 

the worst contour roundness (TR). A decrease of the roundness for the inclined bcc struts 

can observed, especially at higher positions in the lattice structure. 

 

Table 10: Microscopic analysis results (horizontal grind). 

Exposure RUC Set 
𝒕 [µm] 𝑪 [-] 

𝒏𝑹𝑼𝑪,𝒛 = 𝟑 𝒏𝑹𝑼𝑪,𝒛 = 𝟗 𝒏𝑹𝑼𝑪,𝒛 = 𝟑 𝒏𝑹𝑼𝑪,𝒛 = 𝟗 

C bcc MM 363.2±3.6 361.8±3.1 0.66±0.04 0.36±0.06 

C f2ccz MM 359.4±4.7 360.8±6.8 0.70±0.11 0.74±0.05 

C bcc TR 357.4±5.5 371.9±7.2 0.56±0.08 0.40±0.09 

C f2ccz TR 372.1±8.7 372.2±6.1 0.67±0.11 0.70±0.08 

H bcc ML 371.1±10.5 381.0±6.5 0.42±0.05 0.28±0.05 

H f2ccz ML 377.1±9.6 383.7±17.4 0.50±0.09 0.51±0.07 

H bcc MR 364.8±11.9 373.3±11.0 0.34±0.04 0.22±0.02 

H f2ccz MR 364.5±9.7 358.7±14.6 0.42±0.07 0.41±0.09 

 

Table 11 sums up the roughness results obtained by vertical grinding pictures. The contour 

exposure offers an overall lower roughness than the hatch exposure, in particular for the 

maximum roughness. The main difference between both contour parameter sets is the 
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lesser roughness deviation between up- and downskin surfaces, which backs up the pa-

rameter selection described in Table 9. While contour exposure exhibits a clear relation-

ship between downskin roughness and inclination angle, a similar trend cannot be identi-

fied for hatch exposure. However, different ranges of order are obtained for both hatch 

ML and hatch MR. 

 

Table 11: Microscopic analysis results (vertical grind, roughness). 

Exposure RUC Set 
Strut angle 

[°] 

𝑹𝒂 

[µm] 

𝑹𝒂,𝒖𝒑 

[µm] 

𝑹𝒂,𝒖𝒑
𝒎𝒂𝒙 

[µm] 

𝑹𝒂,𝒅𝒐𝒘𝒏 

[µm] 

𝑹𝒂,𝒅𝒐𝒘𝒏
𝒎𝒂𝒙  

[µm] 

C bcc MM 35 0.76±0.09 0.67±0.13 11.22±4.63 0.84±0.14 13.70±5.56 

C f2ccz MM 45 0.71±0.11 0.54±0.10 8.37±3.42 0.87±0.24 15.54±8.26 

C f2ccz MM 90 0.70±0.14 0.66±0.12 12.44±8.15 0.75±0.24 10.28±4.67 

C bcc TR 35 0.95±0.21 0.75±0.25 14.95±13.03 1.16±0.36 35.20±14.74 

C f2ccz TR 45 0.91±0.25 0.83±0.26 12.05±5.92 1.00±0.38 23.71±14.43 

C f2ccz TR 90 0.74±0.09 0.76±0.16 13.54±6.61 0.72±0.16 13.32±7.91 

H bcc ML 35 1.17±0.25 1.03±0.27 27.25±18.10 1.31±0.34 28.79±13.82 

H f2ccz ML 45 1.27±0.24 1.09±0.32 24.24±13.21 1.44±0.32 39.21±16.76 

H f2ccz ML 90 1.38±0.18 1.37±0.23 25.70±8.64 1.39±0.26 27.43±8.89 

H bcc MR 35 1.83±0.47 1.72±0.61 49.36±27.75 1.94±0.45 47.59±17.30 

H f2ccz MR 45 1.79±0.35 1.76±0.41 50.66±17.39 1.83±0.47 45.77±17.88 

H f2ccz MR 90 1.76±0.30 1.83±0.46 51.19±24.33 1.69±0.15 42.47±9.91 

 

Table 12 sums up the remaining results obtained from vertical grinding pictures. Similar 

to the roughness results, the contour exposure yields better results than the hatch expo-

sure. Moreover, it can be noticed that, apart from the waviness results, the input parame-

ters influence the manufacturing accuracy when comparing the parameter sets of the same 

exposure strategy (e.g. contour MM vs. contour TR). Both hatch and contour exposure 

exhibit a dependency towards the strut inclination angle with exception of contour wavi-

ness. 

 

Table 12: Microscopic analysis results (vertical grind, other measures). 

Exposure RUC Set 
Strut angle 

[°] 

𝒕𝒅𝒊𝒇𝒇  

[µm] 

𝒕𝒗𝒂𝒓  
[µm] 

𝑾  
[µm] 

C bcc MM 35 65.33±12.79 13.20±2.02 18.81±4.16 

C f2ccz MM 45 69.17±13.75 13.76±2.05 16.88±3.78 

C f2ccz MM 90 53.36±13.78 10.07±2.63 12.04±3.13 

C bcc TR 35 98.99±20.69 21.69±4.02 18.64±4.23 

C f2ccz TR 45 90.72±22.27 20.15±5.67 17.85±4.80 

C f2ccz TR 90 56.27±20.56 10.22±3.20 12.98±3.29 

H bcc ML 35 146.88±33.83 35.71±10.90 21.68±4.66 

H f2ccz ML 45 151.85±28.24 32.78±8.05 26.98±6.30 

H f2ccz ML 90 118.20±27.76 26.22±6.19 20.28±2.75 

H bcc MR 35 196.68±42.74 42.91±6.02 32.30±5.50 

H f2ccz MR 45 173.04±32.63 39.15±7.25 32.28±6.08 

H f2ccz MR 90 138.35±24.26 29.03±5.38 30.16±5.39 
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Table 13 sums up the results of the Archimedean density measurement. The overall 

achieved densities are around 99 % or above. The hatch exposure leads to denser lattice 

structures than the contour exposure. During this investigation, pores were often to be 

seen in the vicinity of the strut average line for contour struts (Figure 131). Contrarily to 

Delroisse et al. [305], Sairaiji et al. [304] or Dong et al. [321], no obvious aggregation of 

pores has been observed in the downskin part of inclined struts. No dependency of density 

towards strut inclination angle or strut number can be observed with the present results. 

For both exposure strategies, the lowest densities were achieved for higher overlap values, 

namely contour TR and hatch MR (see Table 9), and correspond to the lowest line ener-

gies. 

 

Table 13: Density results. 

Exposure RUC Set 
𝝆∗ 

[%] 

C bcc MM 99.23±0.51 

C f2ccz MM 99.23±0.12 

C bcc TR 99.03±0.18 

C f2ccz TR 98.85±0.14 

H bcc ML 99.62±0.09 

H f2ccz ML 99.77±0.02 

H bcc MR 99.53±0.26 

H f2ccz MR N/A 

 

 

Figure 131: Example of pore close in a contour strut. 

 

The following mechanical properties were assessed during compression tests and reported 

in Table 14: the effective stiffness, 𝐸∗ the yield stress 𝑅𝑒𝐻 and the yield strain 𝐴𝑒𝐻. For each 

investigated unit cell, no differences between manufacturing approaches were observed. 

Typical shear band failures corresponding to the respective unit cell configuration as re-

ported in literature [39] were observed. The best mechanical properties were obtained for 

the contour parameter set with the worst results in terms of structural accuracy, namely 

contour TR. Hatch ML, which exhibits significantly worse structural accuracy, demon-

strates a similar mechanical performance despite local defects, yield strain excepted. Hatch 

MR bcc lattice structures deliver the worst results due to the presence of defects (Figure 

130). The assessed lattice stiffnesses were compared to the analytical stiffness 𝐸𝑎𝑛𝑎,𝑡
∗  based 
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on the model of Souza et al. [43] (see section 3.2.1). Tolerance ranges were calculated 

considering both achieved diameter and standard deviations respective to each investi-

gated configuration reported in Table 10. It can be observed that the stiffnesses of f2ccz 

lattice structures match the tolerance ranges. However, the stiffness of contour TR samples 

is ranked in the upper range of analytical stiffness, whereas hatch ML and contour MM 

lean towards its lower boundary. Moreover, apart from hatch MR, the experimental stiff-

nesses of bcc lattice structures are above the analytical ones. 

 

Table 14: Compression tests results. 

Exposure RUC Set 
𝑹𝒆𝑯  

[MPa] 
𝑨𝒆𝑯  
[%] 

𝑬∗  
[MPa] 

𝑬𝒂𝒏𝒂,𝒕
∗   

[MPa] 

𝑬𝒂𝒏𝒂
∗   

[MPa] 

Contour bcc MM 1.36±0.07 10.28±0.15 55.2±2.9 38.8 [37.3; 40.3] 

Contour bcc TR 1.73±0.07 11.29±0.20 72.5±3.9 36.5 [34.3; 38.6] 

Hatch bcc ML 1.75±0.03 8.66±0.21 69.0±1.4 42.2 [37.7; 47.1] 

Hatch bcc MR 0.93±0.02 7.80±0.44 35.5±0.6 39.5 [34.7; 44.7] 

Contour f2ccz MM 5.63±0.48 3.02±0.44 853.3±41.6 877.2 [852.5; 902.2] 

Contour f2ccz TR 6.42±0.12 3.38±0.11 979.9±37.6 946.7 [898.7; 996.2] 

Hatch f2ccz ML 6.40±0.35 2.89±0.21 932.8±50.6 974.5 [920.7; 1030] 

Hatch f2ccz MR N/A N/A N/A N/A [853.3; 958.2] 

6.1.2 Discussion 

This investigation demonstrates that it is possible to print lattice structures of a given tar-

get design by using different exposure strategies and parameter combinations. However, 

the manufactured structures are not equivalent to each other, having their own particu-

larities. 

 

First of all, manufacturing issues that did not occur at small scale (3x3x3) have been en-

countered for the hatch exposure. These issues are due to the vector assignment in the 

employed commercial software suite. In the ideal case, hatch vectors are assigned sym-

metrically distributed on the strut cross-section. However, vectors are assigned to the de-

sign space defined by the build platform. This leads to a position dependency of the vector 

assignment (Figure 132, a). The absence of a symmetric pattern implies that the rotation 

centre of hatch vectors is not located in the strut cross-section. As a consequence, hatch 

vectors between two 𝑙𝑛 and 𝑙𝑛+1 are not concentric to each other and the cross-section is 

not consistently exposed (Figure 132, b). This means that the employed commercial soft-

ware was not initially developed for the additive manufacturing of small-scale features. 
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Figure 132: Issues encountered with hatch vectors – location dependency (a) and position shift 

between two layers (b). 

 

When successfully manufactured, hatch samples exhibit more geometric deviations but are 

denser than contour ones. As already highlighted in section 5.1, the contour exposure 

strategy offers better roundness and surface roughness in a more consistent way, with low 

standard deviations even for inclined struts. However, some observations are against ex-

pectations and findings from literature. On the one hand, the worst contour lattice in terms 

of geometric accuracy yields the best mechanical results and, on the other hand, hatch 

samples can exhibit mechanical properties such as stiffness or yield strength in a range of 

order similar to the best contour samples. Sairaiji et al., for example, observed that contour 

samples could achieve a higher compressive failure strength than the hatch ones [304]. 

Liu et al. [317] and Li et al. [328] identified the diameter difference as responsible for the 

differences in yield stresses. The lower yield strain reached by hatch samples follows the 

trend of the work from Cao et al., who identified a relationship between strut thickness 

variation and energy absorption [319]. However, this statement cannot be confirmed in 

the framework of this study because the local defects of hatch lattice structures may have 

played a non-negligible role.  

 

The differences between the manufactured samples can be explained by the influence of 

the melt pool and the specificities of each exposure strategy as highlighted in sections 2.3.6 

and 5.1. The scanning paths are specific to each exposure strategy and, thus, interact dif-

ferently with the melt pool. The lesser geometric accuracy of the hatch exposure can be 

explained through the synergy between melt pool depth, layer thickness and vector rota-

tion angle between two layers. The hatch parameter set of higher line energy (ML) yields 

a better accuracy than the one with lower line energy (MR). Since the melt pool depth 

decreases for lower energy input, especially for higher scanning speed [103, 349], it can 

be stated that a higher melt pool depth seems beneficial for geometric accuracy by hatch. 

This can be explained by the local re-melting of aggregated particles that takes place if 
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hatch vectors are aligned to each other after a number of layers corresponding at most to 

the melt pool depth. In the contrary case, free or even overhanging surfaces are created 

and can therefore lead to roughness in the range of order of one or more powder particles. 

It can therefore be deduced that the rotation angle between two hatch layers hampers a 

local re-melting of aggregated particles if not adjusted to the melt pool depth. This hy-

pothesis is supported by the afore-discussed printability issues of hatch samples, for which 

the standard vector rotation angle of 67° was maintained. Since hatch vectors located at 

the vicinity of the strut borders are affected, it can be further deduced that the beam offset 

plays a non-negligible role on the mechanical behaviour of lattice structures, too. In con-

trary to hatch exposure, contour exposure offers the same scanning path independently 

from the layer thickness and, thus, does not require any rotation angle. This enables a 

more constant and homogeneous re-melting of aggregated particles, which improves 

roughness and explains the observed differences in brightness with hatch samples. The 

contour parameter set of lower line energy (MM) yields a better accuracy than the one 

with higher line energy (TR). This means that a narrow melt pool is beneficial for geomet-

ric accuracy by contour, which is in line with the observations from Vrána et al. [301] and 

Großmann et al. [76]. However, the same sources state that a higher energy input leads 

to less dense structures [76, 301], which is not verified here. In the present results, a 

higher line energy does not correlate with the presence of pores for both hatch and contour 

exposure strategies. Lattice structures with the least pores were obtained for hatch ML, 

which corresponds to the highest investigated energy input, whereas contour TR is the 

least dense of all configurations despite lower line energy. This can be explained with one 

decisive feature: the overlap. 

 

Literature has proven that, for both exposure strategies, the overlap has a non-negligible 

influence on porosity. Yadroistev et al. [102] and Han et al. [103] stated that reducing the 

hatch distance, i.e. increasing the overlap for similar line energy, results in increased po-

rosity. This aligns with the results of this investigation. Großmann et al. worked at fixed 

CAD diameter [76] and, thus, higher energy input automatically resulted in bigger over-

lapped surfaces. Vrána et al. identified an ideal overlap for AlSi10Mg lattice structures 

between 25 % and 40 %, with excellent porosity results for 35 % [298, 301]. It has to be 

further noted that, in the framework of this investigation, obtained pores tend to be due 

to keyholing rather than lack-of-fusion (see section 2.1.3). An increased number of Key-

hole pores is typical of instable melt pool behaviour and takes place for big overlap, e.g. 

contour TR, while lack-of-fusion pores occur when two melt tracks lie too far from each 

other, e.g. hatch MR. Furthermore, the overlap also explains the better accuracy of hatch 

ML when compared with hatch MR since enabling local re-melting. This is in line with the 

discussion about the melt pool depth and vector assignments above, and highlights the 

influence of the hatch distance on the geometric accuracy as well. 

 

The results of the mechanical investigation prove that, when there is little or no overlap, 

the stiffness tends to be governed by the smallest load carrying diameter and, thus, that 

local particle adhesion does not contribute to the global load carrying behaviour of the 
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lattice structure. This is the case for hatch ML and contour MM f2ccz as well as hatch MR 

bcc lattice structures, whose assessed effective stiffnesses are comparable to the lower tol-

erance range of analytical stiffnesses. Once again, the discussion about the melt pool depth 

and vector assignments suggests that the rotation angle between two hatch layers nega-

tively impacts the load carrying behaviour of the structure. In the case of a non-negligible 

overlap, an increase of the stiffness is observed. This is the case for contour TR f2ccz lattice 

structures and for all bcc lattice structures except hatch MR. The stiffness of contour TR 

f2ccz lattice structures meets the highest analytical stiffness while the stiffnesses of all bcc 

lattice structures are way above the analytical ones. It can be consequently stated that the 

influence of overlap is proportional to the strut inclination. This is due to the proportion-

ally higher overlapped area in an inclined bcc strut because of its elliptical cross-section. 

Sos et al. [265] showed that overlapped areas of AlSi10Mg contour lattice structures ex-

hibit different texturing and, thus, yields locally higher stiffnesses. Although this observa-

tion was made for heat-treated samples, it can be assumed that similar texture is obtained 

for as-built brittle samples. The role of the overlap in the global load carrying behaviour 

of additively manufactured lattice structures is therefore demonstrated. It is further de-

duced that the overlap in struts located in the main load path is the most relevant for the 

static load case. The only difference in the best mechanical performance between hatch 

and contour lies in the failure strain. Here, it can be speculated that one constantly exposed 

bigger area (contour) is more beneficial to the deformed state, e.g. for better energy ab-

sorption, than evenly distributed local overlapped areas (hatch). However, once again, the 

local defects of the hatch lattice structures may have played a non-negligible role. Further-

more, it can be stated that, for the same target diameter, the hypothesis of comparable 

texturing is not valid. Local texturing is process parameter dependent and it has a non-

negligible impact on the global mechanical properties of additively manufactured lattice 

structures. 

6.2 Transition between unit cells 

Due to the issues encountered with the design of graded configurations, only ungraded 

lattice structures are investigated. In the framework of the experimental investigation, 5 

samples of each considered configuration were investigated. As for the numerical part, the 

initial unit cell configurations are compared to, on the one hand, a minimum equivalent 

curvature radius 𝑅1 (𝛾 = 0.135) and, on the other hand, the identified optimal equivalent 

curvature radius 𝑅2 (Table 5, Table 6). The value 𝜗 = 0.5 is considered for the investiga-

tion of the f2ccz unit cell as well. The challenges of accurately manufacturing the proposed 

shapes at a small scale are identified and the relevance of design notches is compared to 

the influence of manufacturing defects. 

 

All the relevant manufacturing data are listed in Table 15. AlSi10Mg lattice structures 

consisting of 10x10x10 RUCs were additively manufactured. The cell size of the RUCs is 

3 mm and their target diameter 370 µm, leading to an aspect ratio of 8.1. This enables 
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investigating high aspect ratios for reasonable sample size and, thus, manufacturing time. 

In order to prevent from a potential influence of the manufacturing parameters on the 

mechanical properties of the investigated specimens, a constant parameter set based on 

the contour exposure strategy leading to excellent manufacturing accuracy was selected 

(see sections 5.1 and 6.1). The employed manufacturing parameter set led to an average 

as-built strut diameter of 370 ± 13 µm for four printed samples of the fourteen investi-

gated configurations (three statistical points minimum). Density measurements were per-

formed for all manufactured samples. One supplementary sample of each specimen was 

grinded in order to measure the obtained strut diameters and observe the nodal area. 

Pictures of the cross section at half strut depth were obtained by grinding the lattice di-

rectly. In the framework of compressive tests, a constant strain rate of 2 × 10−3 s−1 was 

used for the preliminary test. During the main compression test, a constant strain rate of 

10−3 s−1 was used until the first maximum compressive strength and, after the first speci-

men failure, a constant strain rate of 10−2𝑠−1 was used until 40 % of the total strain was 

reached. The stiffness of the machine was considered by correcting the measured displace-

ment of the crosshead. Further details on both manufacturing and experimental setup are 

given in sections 3.3 and 3.4, respectively. 

 

Table 15: Manufacturing parameters (cell transition investigation). 

Process parameter Value Unit 

Cell size 3 mm 

Unit cells per direction 10x10x10 -- 

Base CAD diameter 100 µm 

Scanning strategy Contour exposure -- 

Laser power 250 W  

Laser scanning speed 2500 mm/s  

Laser beam diameter 80 µm  

Layer thickness 30 µm 

Build platform temperature 125 °C 

6.2.1 Results 

The results obtained for the bcc unit cell are shown in Figure 133, Figure 134 and Figure 

135. The brittle behaviour of as-built AlSi10Mg can be identified in the stress-strain curves 

of Figure 133 by the absence of a plateau stress and the consecutive stress peaks standing 

for sequential load redistribution and consecutive failure (see section 2.3.4). An overall 

increase in effective Young’s moduli estimated by means of hysteresis at 𝑅2 compared to 

𝑅1 can be identified, while 𝑅1 do not offer significant improvement compared to the initial 

configuration (Figure 134). A similar trend is observed from both first maximum compres-

sive strength and energy absorption per unit volume until compressive failure (Figure 

135). However, the values for FRM at 𝑅2 are slightly lower than what could be expected. 

A trend between the relative material density of the specimens and the size of the fillet 

curvature cannot be established (Figure 134). 
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Figure 133: Experimental results (bcc): stress strain curve. 

 

 

Figure 134: Experimental results (bcc): density (left) & Young modulus (right). 

 

 

Figure 135: Experimental results (bcc): first maximum compressive strength (left) & energy absorp-

tion (right). 

 

The results obtained for the f2ccz unit cell are shown in Figure 136, Figure 137 and Figure 

138. Similar to the bcc structures, a brittle behaviour can be observed for f2ccz cells too 

(Figure 136). Unlike the numerical results for bcc, no significant trend for increasing 
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equivalent curvature radius can be identified. Only slight improvements from the original 

configuration in terms of effective stiffness and energy absorption can be noticed. Com-

pared to bcc specimens, the f2ccz samples have a lower relative material density. 

 

 

Figure 136: Experimental results (f2ccz): stress strain curve. 

 

 

Figure 137: Experimental results (f2ccz): density (left) & Young modulus (right). 

 

 

Figure 138: Experimental results (f2ccz): first maximum compressive strength (left) & energy absorp-

tion (right). 
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In order to provide more arguments for discussion, Figure 139 and Figure 140 offer an 

insight into the manufacturing quality of the bcc and f2ccz lattice structures, respectively. 

Overall, it can be observed that lateral fillets were better built than those at both up- and 

down-skin areas. A significant change in shape is only noticeable for bcc at 𝑅2, with a 

visible increase in the fillet curvature size (Figure 139, right). Apart from an apparent 

slightly smoother transition at the up-skin area of 𝑅2, clear differences between f2ccz unit 

cells are not distinguishable. Compared to the bcc samples, a lateral bottlenecking of the 

nodal area of f2ccz cells can be identified. 

 

 

Figure 139: Manufacturing quality (bcc): initial configuration (left), FRM at 𝑅1 (centre) and PCM at 

𝑅2 (right). 

 

 

Figure 140: Manufacturing quality (f2ccz): initial configuration (left), FRM at 𝑅1 (centre) and PCM 

at 𝑅2 (right). 

6.2.2 Discussion 

As far as the bcc specimens are concerned, the experimental results confirm the numerical 

trends of section 4.3 and from literature [344, 366]. Despite potential manufacturing de-

fects, the notch reduction concepts can be validated. The stress concentration occurs in 

the inner lateral part of the strut junction (Figure 81 (a), Figure 85), which is the most 

reliably manufactured nodal feature of the bcc structures. 

 

However, the manufacturing defects seem to have a significantly higher influence on the 

mechanical properties of the f2ccz structures, which is in line with the observations made 

by Leary et al. [296]. Similar to Dallago et al. [347], applying notch reduction methods to 

f2ccz structures do help, just in a restricted manner. The reason for the limited impact of 
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notch reduction methods is the lack of visible geometric difference. This is mostly due to 

the staircase effect (see section 2.1.3) that hinders the differentiation of the already subtly 

different fillet shapes at the small scale. In the framework of this investigation, the rela-

tionship between the design space occupied by the implemented curvature radius is equiv-

alent to some layers of printed material only (Table 15). This results in difficulties for 

precise and accurate reproduction of the CAD geometries and, thus, hamper the effectivity 

of the developed approaches. 

 

Another potential contributor to inaccuracies is the instable melt pool behaviour in the 

nodal area, impacting the design space width 𝑤 as well. This instability is due to, on the 

one hand, the high of number of struts joining together in this area (e.g. up to 10 for f2ccz) 

and, on the other hand, on the employed manufacturing strategy (see section 2.3.6). This 

is in good agreement with the fact that bcc specimens have higher relative material density 

compared to the f2ccz ones since they have less struts joining at the nodal area. However, 

this effect cannot be quantified with current investigation data. No noticeable influence of 

curvature radius on porosity was identified, which means that it does not have a direct 

influence on the melt pool for the selected manufacturing parameters. 

 

Conclusively, it can be stated that the size of the fillet curvature plays a more significant 

role in determining the mechanical properties of the specimen compared to the influence 

of different notch optimisation methods used at such small scale. The experimental results 

of bcc FRM at 𝑅1 do not demonstrate the theoretical advantage over PCM or TTM which 

is explained by the geometric similarities due to manufacturing constraints. At larger scale, 

where the reliable manufacturability of fillet curvatures shall be ensured, the proposed 

design rules should follow the presented numerical results and considerably increase the 

mechanical properties as well [347]. 

6.3 Tensile specimen design 

Section 6.3.1 reports the investigation of the tensile specimen design employing the topol-

ogy-optimised bulk structure developed in section 4.2 while section 6.3.2 focuses on the 

structurally graded samples proposed in section 4.1. 

6.3.1 Load introduction via bulk part modification 

Due to the need for parametric studies to refine the design (section 4.2) and to the man-

ufacturing issues encountered for the reliable manufacturing of the lattice-to-bulk transi-

tion for high lattice structures (section 5.2), the validation of this design concept can only 

take place in the framework of a proof of concept study. 

 

The design proposal with samples suited for a machine connection of circular cross-section 

depicted in Figure 66, c and d, was investigated. Similar to section 6.2, ungraded lattice 
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structures were manufactured using a constant parameter set based on the contour expo-

sure strategy leading to excellent manufacturing accuracy was selected (see sections 5.1 

and 6.1). The investigated structures were 10×10×10 bcc and 10×10×12 f2ccz lattice 

structures, based on the considerations on the RUC-specific load paths as discussed in sec-

tion 4.1. The employed laser power, scanning speed and cell size are the same the ones 

listed in Table 15. The bulk region, including pillars, was assigned the parameter combi-

nation developed in the framework of the monolithic additively manufactured samples 

f2ccz lattice structures reported in section 5.2, i.e. the combination of laser power of 315 W 

and scanning speed of 1700 mm/s without hatch separation pattern while the standard 

hatch distance of 190 µm, was kept constant. Layer thickness and build plate temperature 

were held constant at 30 µm and 190°C, respectively. The tensile tests were carried out on 

a Schenk Trebel RM600 tensile tester at the Center for Structural Materials (MPA-IfW) of 

the Technical University Darmstadt. The test procedure was carried out according to the 

standard DIN 50099, which follows the concept of compression testing on cellular metals 

[337]. For each configuration, five samples were investigated. All of them showed similar 

behaviour and, thus, the reported samples in Figure 141 are representative for all the 

tensile test outcomes. 

 

No major imperfections resulting from the design were visible. Both lattice structures 

showed the typical fracture pattern of stretching- and bending-dominated lattice struc-

tures, respectively. Both displayed shear band failures, which developed after a load redis-

tribution into the lattice struts in the vicinity of the initially failed one. It was observed 

that the failure path of the f2ccz specimens failed at the interface to the transition area, 

while this was not the case for the bcc specimens. Similar to section 4.1, it can be supposed 

that the typical load and, therefore, failure paths depend on the unit cell considered. 

Therefore, to prevent a failure of the f2ccz lattice structure in the vicinity of the transition 

area, the aspect ratio of the tensile specimen should be increased. 

 

 

Figure 141: Failed specimens: f2ccz (a) and bcc (b). 
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6.3.2 Load introduction via structural grading 

In the framework of this investigation, a comparison between both analytical and experi-

mental stiffnesses of the investigated lattice structures in the as-built state is performed. 

Therefore, results others than stiffness and pictures of failure modes are not reported. 

Based on the experimental results, the effectiveness of the proposed sample design with a 

structurally graded load introduction is confronted to the one of the initial ungraded sam-

ple. 

 

In order to reduce the manufacturing efforts, only the RUCs employed for the initial de-

velopment of the sample design methodology of section 4.1 are investigated, i.e. f2ccz and 

bcc for aspect ratios of 6, 8 and 10. In order to keep the sample size as small as possible, 

lattice structures of 8 RUCs in the plane perpendicular to the loading direction were in-

vestigated as recommended in section 4.1.4. The chosen cell size was selected to offer a 

compromise between reliable manufacturing and sample size. As local defects were ob-

served for lattice structures of a cell size of 3 mm and an aspect ratio of 10 (involving strut 

diameters down to 220 µm), the cell size was changed to 3.5 mm. This results in graded 

lattice structures of strut diameters varying from 260 µm to 1 mm. The number of RUCs 

in the loading direction was limited to 26 in order to be able to produce the tensile samples 

in one go, i.e. without refilling the feed region (Figure 2). According to Table 3, this leads 

to bcc samples made of 9 RUC layers (8 graded and 1 ungraded cell layers) in the transi-

tion region and of 8 RUCs in the target region. The f2ccz samples consist of 12 RUC layers 

in the transition region (9 graded and 3 ungraded cell layers) and of 2 in the target area. 

According to Figure 59 and Figure 60, the smaller target region of the f2ccz samples do not 

impact the performance of the developed grading approach once the uniaxial state is 

reached. Supplementary data on the tensile specimen design are reported in appendix G. 

 

The investigated lattice structures were manufactured with the hatch parameter set re-

ported in Table 8 of section 5.1.4. In order to account for the platform position dependency 

of the vector assignment (Figure 132, a) and, thus, improve the manufacturing accuracy, 

the lattice structures were positioned so that the hatch vectors exhibit a 45° vector with 

the main axes of the ellipse of the inclined strut’s cross-sections (Figure 142, b). Doing so 

avoids the random assignment of one single vector (Figure 142, a). The bulk regions of 

both f2ccz and bcc were manufactured according to both integral and modular designs 

reported in section 5.2, respectively. For consistency, the parameters employed for the 

bulk region correspond to the one of the monolithic f2ccz samples. Layer thickness and 

build plate temperature were held constant at 30 µm and 190°C, respectively. In the frame-

work of tensile tests, a preliminary loading of 100 N was applied and a constant strain rate 

of 0.3 mm/s was used. At least three samples of each ungraded configuration and five 

samples of each graded configuration were investigated. Further details on both manufac-

turing and experimental setup are provided in sections 3.3 and 3.4, respectively. 
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Figure 142: Relative position of lattice structures with respect to hatch vectors: cross sections’ axes 

aligned with hatch vectors (a), 45° angle between cross-sections’ axes and hatch vectors (b). 

 

Figure 143, Figure 144 and Figure 145 show the failure modes observed for f2ccz un-

graded, f2ccz graded and bcc samples, respectively. For comparison purposes, both transi-

tion and target regions of the graded sample design are depicted as the samples’ upper 

parts are aligned. The regions with graded and ungraded cells are indicated as well. The 

ungraded f2ccz samples of aspect ratio of 6 show systematically, with five out of five sam-

ples, an almost flat failure in the vicinity of the bulk region (Figure 143, a and b). Manu-

facturing issues are excluded as failure occurred at the lower bulk region, which was man-

ufactured with direct supports, and even in the case of overlap between layers of the upper 

bulk region and of the lower lattice transition region. Samples of other aspect ratios exhibit 

the typical shear band along the diagonal struts (Figure 143, c to f). In most cases (nine 

out of twelve), it is visible that failure was initiated at the sample’s corner (Figure 143, c 

and e) while the other cases hint at a failure initiated in the middle of the plane perpen-

dicular to the loading direction (Figure 143, d and f ). However, none of the observed 

failures can be considered as located in the sample’s centre as far as the indicated target 

region is concerned. The f2ccz graded samples exhibit a systematic failure in the target 

region or its vicinity, which correspond to the ungraded cell region. The samples of aspect 

ratio of 6 hint at a systematic, with five out of five samples, failure initiation in the centre 

of the target region (Figure 144, a and b). Samples of other aspect ratios exhibit the typical 

shear band along the diagonal struts, eight out of ten starting from the sample’s edge 

(Figure 144, c and e) and the rest starting from the middle of the plane perpendicular to 

the loading direction (Figure 144, d and f). All the bcc samples exhibit the typical shear 

band along their inclined struts. While failure was initiated at the sample’s corners or its 

vicinity for all ungraded configurations, the graded configurations exhibit a systematic 

failure in the target region or its vicinity, which correspond to the ungraded cell region. 
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Figure 143: Typical tensile specimen failures (f2ccz, ungraded): AR6 (a, b), AR8 (c, d), AR10 (e, f). 

 

 

Figure 144: Typical tensile specimen failures (f2ccz, graded): AR6 (a, b), AR8 (c, d), AR10 (e, f). 
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Figure 145: Typical tensile specimen failures (bcc): AR6 ungraded (a), AR8 ungraded (b), AR10 un-

graded (c), AR6 graded (d), AR8 graded (e), AR10 graded (f). 

 

Figure 146 depicts typical stress-strain diagrams obtained for all investigated samples. 

Similar to the observation made by Rehme [247], a settling of the lattice cells can be 

observed. This settling depends on the investigated RUCs and its aspect ratio: it was ob-

served that the settling range is proportional to the aspect ratio while being narrower for 

bcc samples. No difference between the bcc bending- and f2ccz stretching- dominated were 

observed because of the brittle state of the as-built sample. Both crack initiation and prop-

agation are hardly distinguishable on the diagram although they were clearly audible 

while performing the tensile tests. From the tone that lattice struts made during rupture, 

it was deduced that the thinnest struts failed first. 

 

 

Figure 146: Schematic example of lattice structure behaviours under tensile loading. 

 



 

 

6  Concept validation 161 

The stiffness of each investigated sample is reported in Table 16 and Table 17. The re-

ported values account for the stiffness of the load introduction region as described in sec-

tion 3.4.1. Please refer to appendix G for more details. The stiffnesses of ungraded and 

graded configurations, respectively 𝐸𝑢
∗ and 𝐸𝑔

∗, are compared to different analytical values 

based on the model of Souza et al. [43] (see section 3.2.1). The used bulk material values 

are in line with the ones employed in chapter 4, i.e. a Young’s modulus of AlSi10Mg bulk 

material in the build direction 𝐸𝑆 of 70 GPa [375] and a Poisson’s ratio 𝜐 of 0.32 [383]. 

Due to the oversize effect observed for the employed parameter (see Table 8), the stiffness 

corresponding to the as-designed diameter 𝐸𝑎𝑛𝑎,𝐶𝐴𝐷
∗  is considered as the lower limit of the 

analytical stiffness range. The stiffness corresponding to the as-built diameter 𝐸𝑎𝑛𝑎,𝑡
∗  can 

be considered as the target stiffness. This value is based on both as-designed diameter and 

mean difference between as-designed and as build diameter 𝑡 − 𝑡𝐶𝐴𝐷 reported in Table 8. 

The upper limit of the analytical stiffness range 𝐸𝑎𝑛𝑎,𝑚𝑎𝑥
∗  considers the standard deviation 

of the difference between as-designed and as build diameter of the same table. The results 

obtained for the ungraded f2ccz samples yield stiffnesses below the analytical range while 

exhibiting high standard deviations. The stiffness values of graded samples of aspect ratios 

of 6 and 8 correspond to the target analytical stiffnesses. For samples of aspect ratio of 10, 

the experimental stiffnesses are below the analytical range. However, single stiffness val-

ues vary from 500 MPa to 581 MPa, meaning that one sample corresponds to the lower 

limit of the analytical range. The results of the bcc samples of both configurations show 

similar trends. The experimental stiffnesses of both graded and ungraded bcc samples are 

above the analytical range with exception of the ungraded sample of aspect ratio of 10. 

All values exhibit low standard deviations. It has to be noted that the successfully manu-

factured samples of a cell width of 3 mm were investigated as well in the framework of 

preparative works. The observed trends and obtained results are in line with the findings 

of the comparative analysis of samples of 3.5 mm width. This hints at the transferability 

potential of the developed design. 

 

Table 16: Tensile test results and comparison with theory (f2ccz). 

𝑨𝑹 

[-] 

𝑬𝒖
∗  

[MPa] 

𝑬𝒈
∗  

[MPa] 

𝑬𝒂𝒏𝒂,𝑪𝑨𝑫
∗  

[MPa] 

𝑬𝒂𝒏𝒂,𝒕
∗  

[MPa] 

𝑬𝒂𝒏𝒂,𝒎𝒂𝒙
∗  

[MPa] 

6 1747.7±120.8 1969.9±37.4 1833.9 1915.5 1998.7 

8 706.4±97.7 947.6±54.5 926.0 1017.9 1074.3 

10 423.4±52.8 529.6±33.9 590.0 635.2 677.9 

 

Table 17: Tensile test results and comparison with theory (bcc). 

𝑨𝑹 

[-] 

𝑬𝒖
∗  

[MPa] 

𝑬𝒈
∗  

[MPa] 

𝑬𝒂𝒏𝒂,𝑪𝑨𝑫
∗  

[MPa] 

𝑬𝒂𝒏𝒂,𝒕
∗  

[MPa] 

𝑬𝒂𝒏𝒂,𝒎𝒂𝒙
∗  

[MPa] 

6 227.2±4.1 288.1±0.7 133.4 166.5 186.3 

8 78.1±2.3 100.1±0.1 44.0 59.3 68.9 

10 30.8±0.9 40±0.5 18.4 26.7 32.1 
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6.3.3 Discussion 

As the tensile specimen design employing the topology-optimised bulk structure shall be 

considered as preliminary analysis yielding promising results and needs further iterations 

to reach maturity, the present discussion focuses on the results obtained for the structur-

ally graded specimen design. 

 

The functionality of the developed tensile specimen design employing structural grading 

is proven by comparing the graded samples to the ungraded ones. Although the observed 

failure modes follow the load path specific to each RUC as described in section 4.1.2, it is 

initiated at different positions depending on the location of the stress peak within the 

lattice structure. Figure 147 and Figure 148 confront the stress distribution of the numer-

ical simulation results reported in section 4.1.3 with the failed samples for both f2ccz and 

bcc configurations, respectively. Failure in ungraded samples can either be triggered at the 

sample’s edge in the vicinity of the transition between bulk and transition regions or in the 

middle of the plane perpendicular to the loading direction. The latter occurs only for f2ccz 

samples at a height that is not considered as belonging to the target region and where the 

inclined struts cross. This stress concentration corresponds to a uniaxial loading state (see 

Figure 52 for qualitative comparison). Although another stress concentration occurs for 

the bcc samples, no corresponding failure modes were observed. According to simulation 

results, a corresponding failure mode would not have been driven by pure tensile loading 

(see Figure 51 for qualitative comparison). Failure in graded samples occur systematically 

in the sample’s middle under pure tensile loading (see Figure 55 and Figure 56), which 

corresponds to the location of the maximum stress and to the ungraded cells region. 

 

 

Figure 147: Comparison between stress concentrations identified by FE simulations and failed sam-

ples (f2ccz). 
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Figure 148: Comparison between stress concentrations identified by FE simulations and failed sam-

ples (bcc). 

 

As far as the experimental stiffnesses of f2ccz samples are concerned, the ungraded f2ccz 

sample design is not able to retrieve analytical stiffnesses on a reliable basis while the 

graded f2ccz sample design yield excellent results. The deviations obtained for graded sam-

ples of aspect ratio of 10 can be explained by the lesser manufacturing quality for smaller 

diameters because particle aggregation is proportionally more impacting at smaller scale 

as discussed in section 5.1. This may lessen the efficiency of the grading approach as the 

diameter variations between two RUCs for AR10 (see appendix G) are in the same range 

of order as the observed diameter deviations (see Table 8). The results obtained can be 

further compared to the ML parameter listed in Table 9 of section 6.1.1 since it only differs 

from the employed parameter to manufacture lattice samples (see Table 8 of section 5.1.3) 

in the hatch distance. This only difference results in an overlap of hatch vectors of 15 % 

and 10 %, respectively. Table 14 reports an experimental stiffness of 932.8±50.6 MPa and 

an analytical stiffness of 974.5 MPa for lattice structures of aspect ratio of about 8.1 under 

compression loading while tensile specimens of AR8 yield an experimental stiffness of 

947.6±54.5 MPa and an analytical stiffness of 1017.9 MPa according to Table 16. These 

values are in similar ranges of order. 

 

The experimental stiffnesses of both sample designs are above the identified analytical 

stiffness range. Similar observations were made for the investigation of lattice structures 

under compression loading (see Table 14 of section 6.1.1) and the influence of the overlap 

on the stiffness of lattice structures was discussed in section 6.1.2. Since the number of 
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assigned hatch vectors is proportional to the as-designed diameter (see section 5.1.3), 

higher aspect ratios involve less hatch vectors and, thus, less overlapped areas. This ex-

plains that the underestimation of the experimental stiffness by the analytical stiffness 

decreases with increasing aspect ratio (Table 17). Similar to f2ccz samples, the results ob-

tained can be further compared to the ML parameter listed in Table 9 of section 6.1.1. 

Although the exact stiffnesses are not comparable since the differences in as-built diame-

ters lead to differences in the elliptical cross sections of the inclined bcc struts and, thus, 

different surfaces of overlapped areas, the range of order of the deviations in stiffness 

estimations can be compared. Table 18 gathers the results obtained for lattice structures 

of aspect ratio of about 8.1 under compression loading (Table 14) and the results of both 

graded and ungraded tensile specimens of AR8 (Table 17). The ratio between experi-

mental stiffnesses 𝐸𝑎𝑛𝑎,𝑚𝑎𝑥
∗  and the stiffnesses considering the as-built diameter with and 

without standard deviations, namely 𝐸𝑎𝑛𝑎,𝑚𝑎𝑥
∗  and 𝐸𝑎𝑛𝑎,𝑡

∗ , respectively, are confronted. It 

can be observed that the graded bcc tensile samples yield stiffness ratios comparable to 

compressive test results for similar overlap values. 

 

Table 18: Comparison of stiffness ratio for comparable parameter sets (bcc). 

Data 
𝑬∗  

[MPa] 

𝑬𝒂𝒏𝒂,𝒕
∗  

[MPa] 

𝑬𝒂𝒏𝒂,𝒎𝒂𝒙
∗  

[MPa] 

𝑬∗ 𝑬𝒂𝒏𝒂,𝒕
∗⁄  

[-] 

𝑬∗ 𝑬𝒂𝒏𝒂,𝒎𝒂𝒙
∗⁄  

[-] 

Table 17, ungraded 78.1 59.3 68.9 1.32 1.13 

Table 17, graded 100.1 59.3 68.9 1.69 1.45 

Table 14, ML 69 42.2 47.1 1.64 1.46 

 

It can be concluded that, with regards of the failure location, the comparability of the 

assessed experimental tensile stiffnesses with analytical values and, for comparable man-

ufacturing parameters, experimental compressive stiffnesses, the tensile specimen design 

based on a load introduction via structural grading developed in this work is able to sys-

tematically assess the mechanical properties of lattice structures in a reliable and repro-

ducible way and is thus recommended for future use in engineering practice. 

 

Furthermore, in the context of standardised tensile test procedure, the estimation of the 

stiffness needs to account for the RUC and size dependent settling phenomenon. Analo-

gous to traction ropes, the vertical struts of f2ccz lattice structures need to be aligned with 

the load direction to be under pure tensile loading, which requires higher strains than the 

bcc lattice structures, which exhibit a homogeneous stress distribution and are less stiff 

(see section 4.2). 
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7 Concluding remarks 

In this chapter, the findings of the present work regarding the implementation of lattice 

structures into load-bearing components are summarised and suggestions for future re-

search are formulated. 

7.1 Summary 

In the present work, the state-of-the-art regarding the reliable implementation of truss-

based lattice structures into load-bearing components was evaluated and deficiencies were 

exposed. Stress concentrations located at different interfaces have been identified as cru-

cial for their structural integrity and mechanical performance. Consequently, design solu-

tions were proposed, numerically verified and experimentally validated. 

Stress concentrations occur at the interface between bulk part and lattice structures 

due to high differences in stiffness, as highlighted by the edge effect observed at the ex-

ample of lattice structures under uniaxial tensile loading. To solve this load introduction 

issue, two load path monitoring solutions were proposed. The first approach consists in 

stiffening the lattice structure by means of structural grading. A grading formula and its 

corresponding design methodology were developed independent from the size of the con-

sidered lattice structure and its representative unit cell was proposed. It has to be high-

lighted that, in the framework of structural grading, working with the aspect ratio is more 

beneficial than with the relative density since it offers a direct link between strut thickness 

and stress state, which was exploited in the aforementioned design methodology. The sec-

ond approach consists in increasing the compliance of the bulk part. Topology optimisation 

was employed to identify typical features or, to a greater extent, structural elements lead-

ing to an efficient design. In the example of tensile specimens, the identified design fea-

tures are concentric-cross-sections and discrete load distribution elements such as pillar- 

or web-like structures aiming at avoiding edge effects. This approach led to smaller speci-

men design rather than employing structural grading. 

Other stress concentrations occur at the interface between different representative 

unit cells and, in particular, at strut junctions, i.e. nodal areas. Stress reduction methods 

inspired by literature were proposed to solve this issue. It was demonstrated, depending 

on the behaviour of the representative unit cells, that graphical and simplified approaches 

alternative to the universal circular fillet radius are beneficial in terms of lightweight. 

Bending-dominated lattice structures benefit from a fillet radius of circular shape ranging 

from one fourth to one half of the strut diameter while fillet radii of elliptical shape corre-

sponding to three quarters to one strut diameter yield better results for stretching-domi-

nated lattice structures. 

In all investigated cases, the symmetry of the representative unit cells was exploited 

and a high degree of transferability to other lattice structures was observed, enabling a 

scalable parametrised design. 
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However, it was observed that the effectivity of the proposed design solutions highly de-

pends on the manufacturing scale and corresponding approaches. In the framework of the 

manufacturing of submillimetre parts, the smallest manufacturing range does not neces-

sarily correspond to a reliable and reproducible manufacturing. Combined with other clas-

sical input parameters that are laser power and scanning speed, the ratio between particle 

size and layer thickness and the overlap between scanning paths strongly influence the 

melt pool and, thus, both manufacturing accuracy and predictability of the mechanical 

performance of lattice structures. Moreover, designed parts that are not directly linked to 

the build platform by means of vertical features exhibit heat conduction issues. This needs 

to be considered in the framework of integral design and monolithic components. Hybrid 

manufacturing approaches based on modular design and established manufacturing pro-

cesses have been identified as the most promising solution for the reliable implementation 

of truss-based lattice structures into load-bearing components. 

 

In spite of manufacturing influences, it was demonstrated in the framework of an extensive 

validation campaign that the developed structurally graded tensile specimen design leads 

to reliable and reproducible results that are comparable to analytical stiffnesses and stiff-

nesses values from compression tests. Moreover, an alignment of the developed design 

principles and employed test procedure with existing norms is possible. Therefore, in light 

of this example, the present work can be considered as a first milestone towards the me-

chanical characterisation of lattice structures for load cases others than pure compression. 

Furthermore, through the developed design rules and design measures, i.e. stress and 

strain criterion, this work can also be seen as a first step in the direction of the reliable 

establishment of lattice structures in a precise niche of technical products. 

7.2 Outlook 

Based on the literature review of chapter 2, the limits of the achieved work and the en-

countered challenges, three axes of development for the reliable implementation of lattice 

structures into load-bearing components and, to a greater extent, for AM in general are 

discussed. 

 

The first development axis is design for meso-scale AM. Design for AM rules need to be 

established at the meso-scale. In the particular case of lattice structures, it was observed 

that details of the developed design and corresponding methodology strongly depend on 

both loading direction and strut orientation of the considered representative unit cell. It is 

therefore of utmost interest to validate the developed design approaches for other RUCs 

and lattice structure types such as re-entrant, plate-based or interlocking lattice structures, 

for different materials or heat-treated samples, for different inclination angles, and for 

other load cases (one- or multi-dimensional, static and dynamic loading). Consequently, 

further evaluation criteria, e.g. buckling or yield, need to be developed. Particular atten-

tion should be paid to the nodal areas. The applicability of these principles to hollow struts 
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or sandwich structures with graded lattice cores for an increased lightweight grade and, 

especially in the framework of modular design, functional integration is recommended 

too. Grading approaches of higher complexity may be required. If so, a design solution 

encompassing structural grading, RUC combination and optimised bulk parts is advised. 

If topology or shape optimisations are unavoidable, it is recommended to try to identify 

recurring design features as proposed in the present work in order to establish simplified 

design rules. 

 

The second development axis is meso-scale AM process dependencies. Understanding 

the parameter-structure-performance correlation of meso-scale features is the key for reli-

able design and robust parts. Since the present work provides a first insight into that topic 

only, a concrete relationship between exposure strategy, process parameters, quality and 

performance of lattice structures is still to be unveiled. Standards for recommendations on 

manufacturing approaches and corresponding parameter sets need to be established to 

reach high quality parts at all scales. As the manufacturability of lattice structures and 

surrounding parts depends on the RUC as well, it is expected that these recommendations 

impact design rules as well (e.g. smallest manufacturable inclination angle or smallest cell 

size for powder removal). It is recommended to investigate the influence of the melt pool 

depth, of powder ageing, of the build platform temperature, of the type of coater, of the 

overlap between scanning paths, and of the ratio between particle size and layer thickness. 

For a complete understanding of the influence of exposure strategies and process param-

eters on the mechanical performance of lattice structures, it is advised to employ µCT-

scans in order to remedy the local recordings provided by grinding pictures and, thus, 

obtain a broad screening for the analysis of both pore and thickness distributions. Due to 

the supposedly strong influence of overlapped areas, texture analyses by means of SEM 

imaging, EBSD measurement or even nanoindentation are recommended as well.  

 

The third and last identified development axis is tools adapted to meso-scale AM. The 

commercial machine, software and equipment employed in the present work have shown 

their limits. While producers seek to increase the build space of their AM machines, the 

following practical needs have been identified: heating of the powder bed in the feed re-

gion, high-resolution in-situ monitoring systems, and a fully automatized physical pre-

process to reduce handling mistakes. These features may already be available for other 

machines on the market. As far as software is concerned, the main concern lies in the size 

of the data generated by CAD or AM tools. The implicit modelling of lattice structures and 

its compatibility with AM software need to be further explored. Moreover, AM software 

shall offer parameter assignment approaches adapted to small scale features in a genuine 

user interface in order to reduce the pre-processing efforts. In the conceptional framework 

of laser-driven lightweight design, AM software is linked to scaling laws or models dedicated 

to parameter-structure-performance correlations issued from the data and recommenda-

tions discussed in the previous paragraph by means of, for example, cloud manufacturing 

platforms. Feedback on both design and manufacturability (monolithic, modular) of the 
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loaded part could be implemented too when combining the design rules of the first devel-

opment axis with artificial intelligence. This shall enable end-users to find an optimum 

between high build rates, high manufacturing precision according to defined quality re-

strictions, and reduced efforts. 

 

Similar to the parameter-structure-performance correlation of additively manufactured 

parts, these three main axes of development are intrinsically linked with each other and, 

thus, require pluridisciplinary approaches. This list of potential research topics is therefore 

non-exhaustive. In spite of the concepts of individualisation and complexity for free, noth-

ing in life is free and AM is definitely no exception. 
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B Design: structural grading 

This section offers complementary data to the investigation of the structural grading re-

ported in section 4.1. 

Theoretical effective properties 

AppendixTable B-1 lists the used theoretical properties resulting from the analytical model 

of Souza et al. (see section 3.2.1) with the material properties of the solid base material 

described in chapter 4. The used effective properties are the aspect ratio 𝐴𝑅, the relative 

density �̅� and the effective Young’s modulus 𝐸𝑎𝑛𝑎
∗ . 

 

AppendixTable B-1: Theoretical effective properties. 

bcc  f2ccz  bccz  f2cc 

𝐀𝐑 �̅� 
𝑬𝒂𝒏𝒂

∗  

[MPa] 

 
𝐀𝐑 �̅� 

𝑬𝒂𝒏𝒂
∗  

[MPa] 

 
𝐀𝐑 �̅� 

𝑬𝒂𝒏𝒂
∗  

[MPa] 

 
𝐀𝐑 �̅� 

𝑬𝒂𝒏𝒂
∗  

[MPa] 

6 0.128 133  6 0.120 1834  6 0.144 1661  6 0.105 307 

8 0.075 44  8 0.071 963  8 0.085 903  8 0.062 104 

10 0.049 18  10 0.047 594  10 0.056 568  10 0.040 44 

6 0.128 133  6 0.120 1834  6 0.144 1661  6 0.105 307 

Determination of tolerance range 

The tolerance range is assessed based on the investigation of sample designs extracted 

from existing testing norms for conventional bulk materials. The selected designs are the 

sample type 1B from the testing norm for the determination of plastics tensile properties 

DIN EN ISO 527-3 [372] and the sample form 2 from the B1 table of the norm for tensile 

testing of metallic materials DIN EN ISO 6892-1 [373]. Both samples are compared to the 

tensile sample proposed by the norm for tensile testing of metallic cellular materials DIN 

50099 [337]. In order to enable a fair comparison at the gauge region between the differ-

ent sample designs, sample dimensions are scaled according to the normalised path 𝐿(𝑥), 

which is defined by the ratio between the gauge length 𝐿0 and the whole parallel length 𝐿1. 

Analogous to the lattice tensile specimen, the investigated samples are analysed according 

to sample quality criteria that are assessed at both the centre and the edge of the sample. 

The quality criterion ℎ𝑢𝑛𝑖𝑎𝑥, see Eq.30, describes the uniaxiality degree and is derived from 

the comparison between von Mises and principal stresses in the loading direction. The 

quality criterion ℎ𝜎, see Eq.32, describes the loading state of the sample and is derived 

from the comparison between local and half gauge length stresses. AppendixFigure B-1 

provides a schematic explanation of all relevant dimensions, while AppendixTable B-2 

gathers the relevant dimensions of the investigated samples. The analysis is performed 

using a 2D plate model of the samples using the software package ABAQUS CAE 2017. 
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AppendixFigure B-1: Sample dimensions. Recompiled from sample 1B [372]. 

 

AppendixTable B-2: Investigated sample dimensions. 

Dimensions [mm] DIN 50099 DIN 6892-1 DIN EN ISO 527 

b1 50 20 10 

b2 60 24 20 

r 5 20 60 

L0 83 100 50 

L1 100 120 60 

L 110 137 108 

l3 140 177 138 

L0 / L1 0.83 0.83 0.83 

L0 / b1 1.66 5 5 

The results depicted in AppendixFigure B-2 and AppendixFigure B-3 highlight a more 

rapid convergence of both quality criteria after reaching the gauge region (1) for samples 

extracted from the norms for tensile testing of conventional materials. On the one hand, 

this can be explained by the differences in radius requirements that have a major impact 

on the loading state. The smallest recommended radius by the DIN 50099 corresponds to 

10 % of the sample diameter, which is proportionally much smaller than the recommen-

dations of other norms. On the other hand, the smaller slenderness ratio 𝐿0/𝑏1 of DIN 

50099 with, in this example, 1.66 or 2 according to the norm recommendation, offers 

slower convergence along the normalised path and hints at potential issues in the defini-

tion of a gauge. Thus, DIN 50099 cannot be taken as basis and only norms for conventional 

materials are regarded. The arbitrary tolerance range for deviating from defined sample 

quality criteria is set to 1 % at the interface between the transition region and the target 

region. 
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AppendixFigure B-2: Uniaxiality criterion results. 

 

 

AppendixFigure B-3: Stress criterion results. 
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Grading parameters 

AppendixTable B-3 to AppendixTable B-6 provide the list of the systematically identified 

grading parameters for all the investigated configurations. 

 

AppendixTable B-3: Grading parameters (bcc). 

𝐀𝐑 Size 𝐀𝒙𝒚 𝐁𝒙𝒚 𝑪𝒙𝒚 𝐂𝒛 𝐒𝐂𝐅 

6 

8x8x32 0.343 -0.198 0.893 1.123 1.20 

10x10x40 0.395 -0.220 0.897 1.120 1.25 

12x12x48 0.423 -0.231 0.902 1.117 1.30 

8 

8x8x32 0.379 -0.236 0.875 1.146 1.20 

10x10x40 0.414 -0.254 0.887 1.141 1.25 

12x12x48 0.453 -0.262 0.894 1.138 1.30 

10 

8x8x32 0.395 -0.260 0.863 1.161 1.20 

10x10x40 0.426 -0.273 0.881 1.140 1.25 

12x12x48 0.460 -0.278 0.891 1.140 1.30 

 

AppendixTable B-4: Grading parameters (f2ccz). 

𝐀𝐑 Size 𝐀𝒙𝒚 𝐁𝒙𝒚 𝑪𝒙𝒚 𝐂𝒛 𝐒𝐂𝐅 

6 

8x8x32 0.379 -0.228 0.859 1.155 1.25 

10x10x40 0.400 -0.260 0.832 1.178 1.40 

12x12x48 0.466 -0.291 0.816 1.177 1.43 

8 

8x8x32 0.373 -0.248 0.844 1.170 1.25 

10x10x40 0.392 -0.283 0.820 1.195 1.40 

12x12x48 0.460 -0.315 0.806 1.194 1.43 

10 

8x8x32 0.358 -0.259 0.839 1.179 1.25 

10x10x40 0.378 -0.295 0.816 1.187 1.40 

12x12x48 0.445 -0.328 0.804 1.203 1.43 

 

AppendixTable B-5: Grading parameters (bccz). 

𝐀𝐑 Size 𝐀𝒙𝒚 𝐁𝒙𝒚 𝑪𝒙𝒚 𝐂𝒛 𝐒𝐂𝐅 

6 
8x8x32 0.212 -0.100 0.905 1.117 1.25 

10x10x40 0.250 -0.125 0.891 1.130 1.30 

8 
8x8x32 0.218 -0.104 0.902 1.124 1.25 

10x10x40 0.257 -0.130 0.887 1.137 1.30 

10 
8x8x32 0.243 -0.089 0.901 1.155 1.25 

10x10x40 0.258 -0.133 0.886 1.141 1.30 

 

AppendixTable B-6: Grading parameters (f2cc). 

𝐀𝐑 Size 𝐀𝒙𝒚 𝐁𝒙𝒚 𝑪𝒙𝒚 𝐂𝒛 𝐒𝐂𝐅 

6 
8x8x48 0.266 -0.059 1.085 1.011 1.30 

10x10x60 0.255 -0.065 1.055 1.112 1.50 

8 
8x8x48 0.351 -0.062 1.122 1.135 1.30 

10x10x60 0.337 -0.067 1.083 1.135 1.50 

10 
8x8x48 0.395 -0.060 1.155 1.151 1.30 

10x10x60 0.380 -0.063 1.110 1.151 1.50 
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Critical aspect ratio after grading 

AppendixTable B-7 and AppendixTable B-8 sum up the most critical ARs with SCF and the 

next critical AR without SCF for all the investigated configurations. The AR values below 

5 are marked with red font. 

 

AppendixTable B-7: ARs obtained after grading (bcc & f2ccz). 

𝐀𝐑  
(target) 

Sample size 
bcc f2ccz 

Crit. AR (SCF) Next crit. AR Crit. AR (SCF) Next crit. AR 

6 

8x8x32 3.72 4.63 3.48 4.53 

10x10x40 3.44 4.30 3.06 4.29 

12x12x48 3.24 4.22 2.86 4.09 

8 

8x8x32 4.83 5.80 4.66 5.83 

10x10x40 4.53 5.66 4.11 5.75 

12x12x48 4.23 5.51 3.83 5.48 

10 

8x8x32 5.97 7.17 5.89 7.36 

10x10x40 5.61 11.16 5.19 7.50 

12x12x48 5.27 6.85 4.84 6.92 

 

AppendixTable B-8: ARs obtained after grading (bccz & f2cc). 

𝐀𝐑  
(target) 

Sample size 
bccz *f2cc 

Crit. AR (SCF) Next crit. AR Crit. AR (SCF) Next crit. AR 

6 

8x8x32 

(8x8x48*) 
3.96 5.08 3.64 4.82 

10x10x40 

(10x10x60*) 
3.69 4.80 3.19 5.58 

8 

8x8x32 

(8x8x48*) 
5.25 5.42 4.55 5.92 

10x10x40 

(10x10x60*) 
4.90 6.99 3.99 7.88 

10 

8x8x32 

(8x8x48*) 
6.44 7.20 5.52 8.02 

10x10x40 

(10x10x60*) 
6.12 7.26 4.83 8.26 
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Upper corner stress values 

As a complement to the chosen graphical display of the results, AppendixTable B-9 and 

AppendixTable B-10 sum up the values obtained from the stress criterion at the sample’s 

upper corner ℎ𝜎,𝑚𝑖𝑠𝑒𝑠,𝑐𝑜𝑟𝑛𝑒𝑟
∗ , i.e. at the interface between bulk and transition regions. 

 

AppendixTable B-9: Stress criterion at the sample’s corner (bcc & f2ccz). 

𝒉𝝈,𝒎𝒊𝒔𝒆𝒔,𝒄𝒐𝒓𝒏𝒆𝒓
∗  bcc f2ccz 

𝐀𝐑 Sample size Ungraded Graded Ungraded Graded 

6 

8x8x32 0.69 0.01 0.89 -0.01 

10x10x40 0.87 0.00 1.10 -0.05 

12x12x48 1.04 0.01 1.31 -0.05 

8 

8x8x32 0.58 -0.02 0.78 0.00 

10x10x40 0.75 0.01 0.99 -0.03 

12x12x48 0.90 0.00 1.18 -0.02 

10 

8x8x32 0.50 -0.03 0.70 0.00 

10x10x40 0.65 0.00 0.90 -0.02 

12x12x48 0.73 0.00 1.09 0.00 

 

AppendixTable B-10: Stress criterion at the sample’s corner (bccz & f2cc). 

𝒉𝝈,𝒎𝒊𝒔𝒆𝒔,𝒄𝒐𝒓𝒏𝒆𝒓
∗  bcc f2ccz 

𝐀𝐑 Sample size Ungraded Graded Ungraded Graded 

6 

8x8x32 

(8x8x48*) 
0.63 -0.04 0.61 -0.01 

10x10x40 

(10x10x60*) 
0.77 -0.04 0.85 -0.02 

8 

8x8x32 

(8x8x48*) 
0.57 -0.06 0.50 -0.09 

10x10x40 

(10x10x60*) 
0.70 -0.06 0.73 -0.05 

10 

8x8x32 

(8x8x48*) 
0.53 -0.11 0.40 -0.12 

10x10x40 

(10x10x60*) 
0.65 -0.08 0.62 -0.05 

 

  



 

 

B  Design: structural grading 223 

Representativity of diagonal view cut 

AppendixFigure B-4 to AppendixFigure B-9 show one example of all cut views for the bcc 

RUCs in both ungraded and graded configurations. The following representative view cuts 

are selected for displaying results: front (𝑥∗ = 𝑥0), middle (𝑥∗ = 𝑛𝑅𝑈𝐶,𝑥,𝑦/2) and diagonal 

(from 𝑥∗, 𝑦∗ = 𝑥0, 𝑦0 to 𝑥∗, 𝑦∗ = 𝑛𝑅𝑈𝐶,𝑥,𝑦/2). This set of pictures proves the representativity 

of the diagonal view cut and, together with AppendixTable B-9 and AppendixTable B-10, 

ensures that no singularities are present. 

 

 

AppendixFigure B-4: Sample quality results: bcc 8x8x32 AR10 ungraded (diagonal). 

 

 

AppendixFigure B-5: Sample quality results: bcc 8x8x32 AR10 ungraded (front). 
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AppendixFigure B-6: Sample quality results: bcc 8x8x32 AR10 ungraded (middle). 

 

 

AppendixFigure B-7: Sample quality results: bcc 8x8x32 AR10 graded (diagonal). 

 

 

AppendixFigure B-8: Sample quality results: bcc 8x8x32 AR10 graded (front). 
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AppendixFigure B-9: Sample quality results: bcc 8x8x32 AR10 graded (middle). 

 

  



 

226 B  Design: structural grading 
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C Design: structural optimisation 

This section offers complementary data to the investigation of the topology optimised load 

introduction reported in section 4.2. 

Optimisation variable ranges 

The lower limit of the investigated aspect ratio 𝐴𝑅 considers both assumed limit between 

the lattice structure and porous material (see section 2.3.4) and critical aspect ratios with-

out SCF of AppendixTable B-7 and AppendixTable B-8 while its upper limit accounts for 

realistic and relevant lightweight use-cases as mentioned in section 3.1.1. 

 

4 ≤ 𝐴𝑅 ≤ 10 (C1) 

 

Both number of RUCs in the xy-plane of the target region 𝑛𝑅𝑈𝐶,𝑥𝑦 and number of RUCs in 

the z-direction 𝑛𝑅𝑈𝐶,𝑧 of the target region are based on the sample dimensions listed in the 

literature in order to cover different sample sizes (see section 2.4.2). 

 

6 ≤ 𝑛𝑅𝑈𝐶,𝑥𝑦 ≤ 16 (C2) 

8 ≤ 𝑛𝑅𝑈𝐶,𝑧 ≤ 24 (C3) 

 

The upper limit of the height of the transition region ℎ𝐷 has been set to reduce the sample 

height in comparison to a load introduction approach using graded lattice structures (see 

section 4.1). Its lower limit is deemed to propose a realistic converging design showing 

the first differences when compared with a configuration without a transition region. 

 

0.5 ∙ 𝑎 ≤ ℎ𝐷 ≤ 6 ∙ 𝑎 (C4) 

 

The first load introduction type 𝑙𝑜𝑎𝑑 𝑡𝑦𝑝𝑒 is an enforced displacement applied on the up-

per surface that is representative of real tensile tests. The applied displacement value is 

based on the range of displacement rates found in the literature for simulations and phys-

ical tests [55, 247, 286, 293, 352]. In the framework of this investigation, a displacement 

rate of 1 mm/min is chosen to justify the assumption of linear strain and, thus, not require 

non-linear simulations. This value is then translated into a quasi-static tensile load case, 

which leads to an enforced displacement of 1 mm. The second load introduction type co-

vers the cases of negative pressure applied to the top surface or traction force on the top 

nodes, which are commonly used in finite element simulations to describe the investigated 
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load case. In the framework of this investigation, this load introduction type is simulated 

as negative surface pressure. For comparison purposes, the magnitude of the applied pres-

sure is established in the frame of preliminary studies as equivalent to the applied enforced 

displacement of the previous load type. The values cover a range between around 0.2 MPa 

and 1.7 MPa, depending on the stiffness of the investigated target region. 

 

𝑙𝑜𝑎𝑑 𝑡𝑦𝑝𝑒 = {
1 ≡  𝑈𝑧

2 ≡  𝐹𝑧
 (C5) 

 

The defined goal volume fraction 𝑉𝑓 is set to enforce a topology with fewer material in the 

design space in order to focus on the main load paths while maintaining a certain light-

weight grade. 

 

0.1 ≤ 𝑉𝑓 ≤ 0.5 (C6) 

 

The lower limits of both minimum and maximum member size variables are set to enable 

thin lattice-like topologies in the design space while their upper limits aim to achieve a 

minimal topology connection without enforcing too large overhangs. 

 

0.5 ∙ 𝑡 ≤ 𝑚𝑚𝑖𝑛𝑚𝑒𝑚 ≤ 2 ∙ 𝑡 (C7) 

1 ∙ 𝑡 ≤ 𝑚𝑚𝑎𝑥𝑚𝑒𝑚 ≤ 3 ∙ 𝑡 (C8) 

 

In this study, the suggested range of the parameter 𝐷𝐼𝑆𝐶𝑅𝐸𝑇𝐸 of 2 to 3 [390] has been 

extended. Large values can be used to identify the main load paths, while smaller ones 

result in more discrete structures. 

 

𝐷𝐼𝑆𝐶𝑅𝐸𝑇𝐸 =  𝑝 − 1 (C9) 

1 ≤ 𝐷𝐼𝑆𝐶𝑅𝐸𝑇𝐸 ≤ 4 (C10) 

 

The 𝑇𝑂𝑃𝐷𝐼𝑆𝐶 parameter can be set to either on or off. 

 

𝑇𝑂𝑃𝐷𝐼𝑆𝐶 = {
0 ≡ 𝑜𝑓𝑓
1 ≡ 𝑜𝑛

 (C11) 

 

The aim of the identified 𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡/𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 variables is to ensure failure in the target 

region. In addition, in order to ensure mostly tensile stress conditions in this area, the 

stress constraints for a uniaxial loading have been applied. The uniaxiality condition in-

volves restricting the principal stresses in the plane perpendicular to the loading direction 
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𝜎𝐼𝐼  and 𝜎𝐼𝐼𝐼 by negligible non-zero values 𝜎𝐼𝐼,𝑚𝑎𝑥 and 𝜎𝐼𝐼𝐼,𝑚𝑎𝑥 determined after the prelim-

inary runs. These constraints can be applied either in the top region or in the centre region, 

according to the objective. The following three cases are distinguished: 

• Minimise the maximum von Mises stress in the top lattice region 𝜎𝑉𝑀
𝑇𝑜𝑝

 with the min-

imum von Mises stress constraint in the centre lattice region 𝜎𝑉𝑀
𝐶𝑒𝑛𝑡𝑟𝑒 above the cor-

responding analytical yield stress 𝜎𝑦,𝑎𝑛𝑎  of the considered unit cell (see section 

3.2.1). 

• Maximise the minimum von Mises stress in the lattice centre region σVM
Centre with 

stress constraints for uniaxiality in the top lattice region 𝜎𝐼𝐼,𝑚𝑎𝑥
𝑇𝑜𝑝

 and 𝜎𝐼𝐼𝐼
𝑇𝑜𝑝, max. 

• Minimise the compliance of the design space 𝐶ℎ𝐷 with the stress constraints for uni-

axiality in the top lattice region 𝜎𝐼𝐼,𝑚𝑎𝑥
𝑇𝑜𝑝

 and 𝜎𝐼𝐼𝐼,𝑚𝑎𝑥
𝑇𝑜𝑝

. 

 

𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡/𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 = {

1 ≡ 𝑚𝑖𝑛(𝜎𝑉𝑀
𝑇𝑜𝑝); 𝜎𝑉𝑀

𝐶𝑒𝑛𝑡𝑟𝑒 ≥ 𝜎𝑦,𝑎𝑛𝑎

2 ≡ 𝑚𝑎𝑥(𝜎𝑉𝑀
𝐶𝑒𝑛𝑡𝑟𝑒); 𝜎𝐼𝐼;𝐼𝐼𝐼

𝑇𝑜𝑝 ≤ 𝜎𝐼𝐼;𝐼𝐼𝐼,𝑚𝑎𝑥
𝑇𝑜𝑝

3 ≡ 𝑚𝑖𝑛(𝐶ℎ𝐷); 𝜎𝐼𝐼;𝐼𝐼𝐼
𝑇𝑜𝑝 ≤ 𝜎𝐼𝐼;𝐼𝐼𝐼,𝑚𝑎𝑥

𝑇𝑜𝑝

 (C12) 

Design of experiment 

In the framework of this investigation, a numerical design of experiment is conducted in 

order to reduce the number of time-consuming runs. To do so, a Latin Hypercube Design 

(LHD) sampling is employed to evenly cover the multi-dimensional parameter space [403, 

404]. The input encompasses the range limits described in the previous section. Although 

eleven sample runs are necessary for the LHD approach, fifteen samples for each lattice 

type are chosen as a reasonably large sample size. The sample configurations are summed 

up in AppendixTable C-1. Additionally, this counteracts the restriction of Optistruct to 

require a maximum member size of at least two times the minimum member size control 

[390]. Therefore, the runs with too small values have turned off the maximum member 

size control. In such a case, the concerned variables are marked with *. 

 

AppendixTable C-1: Resulting LHD samples for the DoE study. 

Sample 

run 
𝐀𝐑 𝐧𝐜𝐞𝐥𝐥𝐬,𝐱𝐲 𝐧𝐜𝐞𝐥𝐥𝐬,𝐳 𝐡𝐃 

Load 

Type 
DISCRETE TOPDISC 𝐕𝐟 𝐦𝐦𝐢𝐧𝐦𝐞𝐦 𝐦𝐦𝐚𝐱𝐦𝐞𝐦 

Constraint 

Objective 

1 5.12 10 12 1.57 × a 1 2 1 0.31 1.42 × t 1.00 × t * 3 

2 7.84 10 8 3.78 × a 1 4 0 0.18 0.82 × t 0.74 × t * 1 

3 8.98 6 4 2.18 × a 1 3 1 0.49 0.55 × t 0.77 × t 2 

4 9.51 14 14 5.06 × a 2 2 0 0.25 0.27 × t 1.47 × t 3 

5 6.94 10 12 0.97 × a 1 3 0 0.22 1.28 × t 2.13 × t 3 

6 6.61 12 14 5.58 × a 1 4 0 0.42 0.67 × t 1.81 × t 1 

7 8.34 6 18 3.34 × a 1 1 0 0.10 0.80 × t 1.05 × t * 1 

8 8.49 14 20 3.96 × a 2 3 0 0.14 0.95 × t 1.50 × t * 2 

9 7.56 16 8 5.94 × a 2 1 1 0.36 0.43 × t 1.00 × t 2 
10 6.28 16 22 1.92 × a 1 4 1 0.32 0.58 × t 1.30 × t 2 

11 9.91 14 20 2.64 × a 2 1 1 0.27 0.60 × t 1.11 × t * 3 

12 4.19 12 22 3.14 × a 1 4 0 0.40 1.20 × t 2.16 × t * 2 
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Sample 
run 

𝐀𝐑 𝐧𝐜𝐞𝐥𝐥𝐬,𝐱𝐲 𝐧𝐜𝐞𝐥𝐥𝐬,𝐳 𝐡𝐃 
Load 
Type 

DISCRETE TOPDISC 𝐕𝐟 𝐦𝐦𝐢𝐧𝐦𝐞𝐦 𝐦𝐦𝐚𝐱𝐦𝐞𝐦 
Constraint 
Objective 

13 4.76 8 16 4.52 × a 2 2 0 0.37 2.04 × t 2.36 × t * 1 

14 5.44 8 18 4.88 × a 2 1 1 0.47 1.68 × t 2.40 × t * 1 

15 5.96 8 10 0.75 × a 2 3 1 0.19 1.34 × t 1.72 × t * 3 

*maximum member size control turned off 

Evaluation of results 

Correlation matrices are employed to evaluate the results of the DoE study. The following 

correlation analyses are considered: the Pearson, Kendall and Spearman correlations [403, 

405] as well as the Maximal Information Coefficient (MIC) [406]. The Pearson correlation 

assumes a normal distribution of the values and a linear correlation, whereas Kendall and 

Spearman do not assume a statistical distribution and use the rank of the values to corre-

late a monotone behaviour. The rank is determined by sorting the factor values ascending 

and the values are then replaced by their rank (or position). In Spearman’s correlation the 

direct difference of the ranks is calculated and in Kendall’s the ratio of the ranks are used. 

The MIC correlation method accounts for potential non-linear correlation. Please refer to 

literature for further details. 

 

In the framework of this investigation, a threshold of significance of the calculated corre-

lation is set for a p-value of 0.07. In order to perform the correlation analyses, a set of 

score criteria is introduced. The structure score assesses the transferability of the topology 

design into structural elements (pronounced structure or design patterns). The material 

distribution score evaluates the allocation of material with respect to both design space 

and manufacturing constraints such as overhanging structures. Complementary to this, 

the lightweight score assesses an effective material distribution and aims at minimising 

the material usage, which can be relevant to the implementation of lattice structures into 

lightweight components. A proper load introduction is evaluated by the connectivity score, 

which focuses on the material connection between the transition and target regions. The 

stress distribution, for which the ideal case is a failure in the centre region under an almost 

uniaxial loading condition, is evaluated by means of finite element analyses of the result-

ing design topologies. The z-stress distribution score determines the load distribution in 

the loading direction and is compared to the xy-stress distribution score, which evaluates 

the uniaxiality of stresses within the whole structure. The overall score is an independent 

criterion that takes all the aforementioned features into account and provides an overall 

impression of the resulting topology on the most intuitive grading of results. These criteria 

are qualitatively ranked in four levels from bad to very good in order to address any score 

bias. All the score criteria contribute equally to the evaluation of the best runs, apart from 

the lightweight score and the z-stress distribution score, for which weighting factors of 0.5 

and 1.5, respectively, are introduced due to their respective relevance. The final score 

biases are then normalised to a range between 0 and 1 in order to ensure comparability 

between the employed correlation analyses. 
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DoE results 

In the framework of the correlation analysis, the optimisation variables are confronted to 

score the criteria. A summary of the main findings can be found in AppendixTable C-2. 

Due to the statistically small number of samples investigated within the framework of this 

study, the outcomes of the correlation analysis are to be considered as trends rather than 

results leading to definitive statements. As the correlations are low, with most of the ab-

solute values being below 0.5, particular attention was paid to the related p-values during 

the analysis of the results. The low correlation scores can be explained by the differences 

in the behaviours of the unit cells as well as by potential modelling precision or conver-

gence issues, which are due to the arbitrarily broad range of optimisation variables. How-

ever, the derived results are deemed sufficient, on the one hand, to give advice on the 

relevant variables and corresponding ranges for further optimisation studies dealing with 

lattice structures and, on the other hand, to hint at common relevant structural elements. 

 

The strongest correlations for both lattice types are observed for the number of unit cells 

in the plane transverse to the load direction 𝑛𝑅𝑈𝐶,𝑥𝑦 and the type of loading. 𝑛𝑅𝑈𝐶,𝑧 yields 

a direct positive correlation, which means that it is suggested to use higher unit cell num-

bers in the xy-plane, where possible. As discussed in section 4.1, the typical load path in 

truss lattice structures is three-dimensional. Therefore, an ideal size for the target region 

can be speculated. The size can be expected to be lattice-structure-dependent and could 

provide different slenderness ratios for the tensile specimen. The correlation results re-

garding the load type highlight that a surface pressure loading should be preferred. In the 

preliminary studies, some displacement loaded optimisation runs failed or had no material 

connection from the lattice to a top connector, meaning that they were physically mean-

ingless. Additionally, the objective/constraint combination correlates strongly for the bcc 

lattice structure but also for the f2ccz lattice structure. The optimisation towards the mini-

misation of compliance presents higher scores. This result is in line with the convergences 

issues of optimisation using enforced displacement addressed in the literature [390, 407-

411]. In the frame of the topology optimisation of a design space in the vicinity of thin 

walled features such as lattice structures, and for one-dimensional loading, it is advisable 

to use the compliance objective with stress constraints and a loading modelled as negative 

pressure. 

 

Among the other investigated optimisation variables, the two important design variables 

that are the aspect ratio AR and the design space height ℎ𝐷 do not reveal clear correlations. 

For the bcc lattice structure, the study gives an indication of a possible positive correlation 

with higher aspect ratios towards better stress distribution in the loading direction. As the 

upper limits are derived by the lattice structures to remain a manufacturable three-dimen-

sional feature, medium to high aspect ratios (e.g., 𝐴𝑅 = 8) are suggested for further in-

vestigations. As no correlation for the aspect ratio in the f2ccz lattice structure results from 

the investigations, the advice for the bcc lattice can be followed too, as the results do not 
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suggest otherwise. For the design space height and, thus, the height of the transition re-

gion, an anti-proportional correlation can be perceived for the f2ccz lattice structure. This 

means that lower design space heights should be favoured to achieve an optimised stress 

layout. Here, it is supposed that the reduced number of design variables for the optimisa-

tion decreases the degrees of freedom for the algorithm and can therefore lead to more 

distinctive results. As a clear optimal design height cannot be obtained and no minimal 

transition section can be identified. It is suggested to individually adjust the height of the 

desired transition region of a given sample to a narrow height until a deterioration of the 

result is observed. 

 

The classical optimisation parameters yield different correlation results. The minimum and 

maximum member size controls 𝑚𝑚𝑖𝑛𝑚𝑒𝑚  and 𝑚𝑚𝑎𝑥𝑚𝑒𝑚  present a notable anti-propor-

tional correlation for only the f2ccz lattice structure. Given the feasible mesh size for the 

design space, the minimum member size does not necessarily affect the design to an extent 

that results in a different topology. If the minimum member size control is not used, a 

checker-board control should be applied to reduce the bad connection of the elements 

[390]. The maximum member size control can aid in the design but offers no distinct 

benefit. The suggestion is to exclude these parameters in a first run and enable them only 

if the specific topology material appears overly localised (enable the maximum member 

size control) or if no proper connection is created with the lattice (enable the minimum 

member size control). The 𝐷𝐼𝑆𝐶𝑅𝐸𝑇𝐸 penalty factor displays a correlation with the xy-

stress distribution score for only the bcc lattice structure. Therefore, it is suggested to use 

the standard values for structural problems in the case of thin-walled features too. The 

𝑇𝑂𝑃𝐷𝐼𝑆𝐶 card in Optistruct shows a similar characteristic, as no considerable correlation 

is perceivable, and can, therefore, be disabled. The volume fraction 𝑉𝑓 shows no correlat-

ing behaviour and remains to be determined by the application, as it is mostly influenced 

by the desired parts weight goal. For independent optimisation, the general value of 𝑉𝑓 =

0.3 can be used. 

 

A noticeable and important combination of correlations for the following sections is ob-

served for the structure score. This score correlates to a good extent with both the aspect 

ratio and constraint/objective combination variables. This means that the structural ele-

ments should be easily recognisable for the high aspect ratios and are representative of 

the investigated loading case, which should not encounter the aforementioned conver-

gence problems. This highlights the trustworthiness of the results and the potential to turn 

the identified features into a realistic and effective design. 
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AppendixTable C-2: Summary of the main correlations. 

RUC Variable 
Correlation 

outcome 

Relevant 

score criteria 

f2ccz 

𝑛𝑐𝑒𝑙𝑙𝑠,𝑥𝑦 High 𝑛𝑐𝑒𝑙𝑙𝑠,𝑥𝑦 General correlation 

𝑙𝑜𝑎𝑑 𝑡𝑦𝑝𝑒 Negative surface pressure General correlation 

ℎ𝐷 Low ℎ𝐷 Only for the z-stress distribution score 

𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡/𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 
Compliance optimisation 

with stress constraint 
General correlation 

𝑚𝑚𝑖𝑛𝑚𝑒𝑚 Low 𝑚𝑚𝑖𝑛𝑚𝑒𝑚 Only for the connectivity score 

𝑚𝑚𝑎𝑥𝑚𝑒𝑚 Low 𝑚𝑚𝑎𝑥𝑚𝑒𝑚 Only for the connectivity score 

bcc 

𝐴𝑅 High 𝐴𝑅 
Not high but indication through 

the z-stress distribution score 

𝑛𝑐𝑒𝑙𝑙𝑠,𝑥𝑦 High 𝑛𝑐𝑒𝑙𝑙𝑠,𝑥𝑦 General correlation 

𝑛𝑐𝑒𝑙𝑙𝑠,𝑧 High 𝑛𝑐𝑒𝑙𝑙𝑠,𝑧 
General correlation, especially for 

the xy-stress distribution score 
𝑙𝑜𝑎𝑑 𝑡𝑦𝑝𝑒 Negative surface pressure Structure score and material distribution score 

𝐷𝐼𝑆𝐶𝑅𝐸𝑇𝐸 High 𝐷𝐼𝑆𝐶𝑅𝐸𝑇𝐸 Only for the xy-stress distribution score 

𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡/𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 
Compliance optimisation 

with stress constraint 
General correlation 

Both 
𝑇𝑂𝑃𝐷𝐼𝑆𝐶 Turned off No correlation observable 

𝑉𝑓 Standard value of 0.3 No correlation observable 



 

234 C  Design: structural optimisation 



 

 

D  Design: notch stress reduction 235 

D Design: notch stress reduction 

This section offers complementary data to the investigation of the notch stress reduction 

methods reported in section 4.3. 

Investigated graded configurations 

AppendixTable D-1 and AppendixTable D-2 sum up the investigated graded configurations 

for bcc and f2ccz, respectively. Successfully designed and meshed configurations are 

marked with ticks (✓). Among them, configurations with slight workaround are coloured 

differently (✓). Performed workarounds consists in applying a correction factor between 

1 % and 7 % to the curvature radius 𝛾 only. Due to the low level of applied correction 

factors, the comparability of results is not impacted. Configurations that could not be in-

vestigated are marked with a cross, while CAD convergence issues () are differentiated 

from FEM meshing issues (). Both bcc TTM and f2ccz PCM configurations are not listed 

for the reasons explained in section 4.3. 

 

AppendixTable D-1: Overview of investigated configurations (bcc). 

FRM  PCM 

f/y 0.25 0.50 0.75 1.00 1.25 1.50  f/y 0.25 0.50 0.75 1.00 1.25 1.50 

0.81 ✓ ✓ ✓ ✓* ✓   0.81    ✓ ✓ ✓ 

0.90   ✓  ✓   0.90   ✓  ✓* ✓ 

1.00 ✓   ✓ ✓ ✓*  1.00   ✓ ✓ ✓ ✓ 

1.10 ✓  ✓ ✓ ✓   1.10    ✓* ✓ ✓ 

1.20 ✓  ✓ ✓ ✓ ✓  1.20   ✓* ✓ ✓ ✓ 

1.35 ✓ ✓ ✓ ✓ ✓* ✓  1.35   ✓  ✓* ✓* 

 

AppendixTable D-2: Overview of investigated configurations (f2ccz). 

FRM  TTM 

f/y 0.07 0.14 0.20 0.27 0.34 0.41  f/y 0.07 0.14 0.20 0.27 0.34 0.41 

0.81 ✓* ✓ ✓ ✓ ✓* ✓*  0.81 ✓* ✓ ✓    

0.90 ✓*  ✓ ✓* ✓ ✓  0.90 ✓   ✓ ✓  

1.00 ✓*  ✓ ✓  ✓  1.00 ✓* ✓*  ✓   

1.10 ✓ ✓ ✓ ✓ ✓ ✓  1.10 ✓ ✓     

1.20   ✓ ✓ ✓   1.20 ✓* ✓*  ✓  ✓ 

1.35     ✓ ✓  1.35  ✓* ✓* ✓  ✓ 

Results 

AppendixTable D-3 presents the results for the bcc configuration along the selected load 

path depicted in Figure 81, c. AppendixTable D-4, AppendixTable D-5 and AppendixTable 

D-6 sum up the results for the f2ccz configuration for the selected load path depicted in 

Figure 81, d, respectively. In order to help identifying trends from the table, colour plots 
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are used. While stress based criteria, i.e. 𝜎𝑉𝑀,𝑚𝑒𝑎𝑛, 𝜎𝑉𝑀,𝑚𝑎𝑥, 𝐾𝑡, employ standard heat plot, 

𝐿∗ using a middle value of 1, corresponding to the initial, i.e. notched, ungraded configu-

ration. Furthermore, the relative difference in stress concentration factor Δ𝐾𝑡
 and in nor-

malised lightweight grade Δ𝐿∗ are presented too. They are calculated according to Eq.D1 

and Eq.D2, respectively. 

 

Δ𝐾𝑡
=

𝐾𝑡,𝑇𝑇𝑀/𝑃𝐶𝑀 − 𝐾𝑡,𝐹𝑅𝑀 

𝐾𝑡,𝑃𝐶𝑀
 (D1) 

𝐶Δ𝐿∗ =
𝐿𝑇𝑇𝑀/𝑃𝐶𝑀

∗ − 𝐿𝐹𝑅𝑀
∗  

𝐿𝐹𝑅𝑀
∗  (D2) 
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AppendixTable D-3: Result table (bcc). 

Configuration 𝝈𝑽𝑴,𝒎𝒆𝒂𝒏 𝝈𝑽𝑴,𝒎𝒂𝒙 𝑲𝒕 𝑳∗ 

𝒇 𝒕𝒈𝒓𝒂𝒅𝒆𝒅 𝜸 FRM PCM FRM PCM FRM PCM 𝜟𝑲𝒕
 FRM PCM 𝜟𝑳∗ 

0.81 300 

0.25 41 N/A 128 N/A 3.1 N/A N/A 1.6 N/A N/A 

0.50 43 N/A 111 N/A 2.6 N/A N/A 1.8 N/A N/A 

0.75 46 N/A 114 N/A 2.5 N/A N/A 1.8 N/A N/A 

1.00 50 50 118 110 2.4 2.2 -5.8% 1.8 2.0 12.8% 

1.25 50 50 119 110 2.4 2.2 -6.1% 1.8 1.8 0.3% 

1.50 N/A 55 N/A 117 N/A 2.1 N/A N/A 1.7 N/A 

0.90 333 

0.25 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.50 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.75 47 46 113 99 2.4 2.1 -12.0% 1.7 2.0 13.0% 

1.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

1.25 51 58 122 109 2.4 1.9 -20.9% 1.5 1.9 24.1% 

1.50 N/A 59 N/A 116 N/A 1.9 N/A N/A 1.7 N/A 

1.00 370 

0.25 45 N/A 132 N/A 2.9 N/A N/A 1.4 N/A N/A 

0.50 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.75 N/A 53 N/A 93 N/A 1.7 N/A N/A 2.2 N/A 

1.00 57 58 111 97 1.9 1.7 -14.1% 1.9 2.1 12.5% 

1.25 62 64 116 103 1.9 1.6 -13.7% 1.8 2.0 10.5% 

1.50 69 70 130 110 1.9 1.6 -15.9% 1.6 1.9 16.6% 

1.10 407 

0.25 48 N/A 139 N/A 2.9 N/A N/A 1.3 N/A N/A 

0.50 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.75 49 N/A 124 N/A 2.5 N/A N/A 1.4 N/A N/A 

1.00 53 55 128 116 2.4 2.1 -11.5% 1.4 1.5 8.4% 

1.25 67 68 132 123 2.0 1.8 -8.5% 1.6 1.6 2.9% 

1.50 N/A 74 N/A 132 N/A 1.8 N/A N/A 1.5 N/A 

1.20 444 

0.25 49 N/A 149 N/A 3.0 N/A N/A 1.1 N/A N/A 

0.50 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.75 60 60 140 124 2.4 2.1 -11.8% 1.3 1.5 14.4% 

1.00 65 66 145 132 2.2 2.0 -11.0% 1.3 1.4 7.7% 

1.25 70 72 152 141 2.2 2.0 -8.9% 1.3 1.3 2.8% 

1.50 77 79 176 151 2.3 1.9 -15.9% 1.1 1.2 9.3% 

1.35 500 

0.25 54 N/A 162 N/A 3.0 N/A N/A 1.0 N/A N/A 

0.50 59 N/A 158 N/A 2.7 N/A N/A 1.0 N/A N/A 

0.75 63 70 169 141 2.7 2.0 -24.6% 1.0 1.3 30.7% 

1.00 68 70 179 151 2.6 2.1 -17.7% 1.0 1.1 17.2% 

1.25 73 N/A 190 N/A 2.6 N/A N/A 0.9 N/A N/A 

1.50 80 83 203 175 2.5 2.1 -16.8% 0.9 1.2 34.9% 
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AppendixTable D-4: Result table (f2ccz, load path 1). 

Configuration 𝝈𝑽𝑴,𝒎𝒆𝒂𝒏 𝝈𝑽𝑴,𝒎𝒂𝒙 𝑲𝒕 𝑳∗ 

𝒇 𝒕𝒈𝒓𝒂𝒅𝒆𝒅 𝜸 FRM TTM FRM TTM FRM TTM 𝜟𝑲𝒕
 FRM TTM 𝜟𝑳∗ 

0.81 300 

0.07 332 332 823 641 2.5 1.9 -22.1% 1.5 2.0 28.6% 

0.14 338 339 673 543 2.0 1.6 -19.5% 1.9 2.4 24.4% 

0.20 346 347 642 489 1.9 1.4 -24.3% 2.0 2.7 32.2% 

0.27 354 N/A 605 N/A 1.7 N/A N/A 2.2 N/A N/A 

0.34 363 N/A 575 N/A 1.6 N/A N/A 2.3 N/A N/A 

0.41 373 N/A 562 N/A 1.5 N/A N/A 2.4 N/A N/A 

0.90 333 

0.07 303 305 714 590 2.4 1.9 -17.8% 1.5 1.8 21.4% 

0.14 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.20 317 N/A 565 N/A 1.8 N/A N/A 1.9 N/A N/A 

0.27 326 332 545 452 1.7 1.4 -18.6% 2.0 2.5 22.5% 

0.34 336 341 534 471 1.6 1.4 -13.1% 2.1 2.4 14.7% 

0.41 346 N/A 520 N/A 1.5 N/A N/A 2.2 N/A N/A 

1.00 370 

0.07 273 273 613 504 2.2 1.8 -17.9% 1.4 1.7 21.7% 

0.14 N/A 281 N/A 428 N/A 1.5 N/A N/A 2.1 N/A 

0.20 287 N/A 516 N/A 1.8 N/A N/A 1.8 N/A N/A 

0.27 295 300 504 423 1.7 1.4 -17.7% 1.8 2.2 21.0% 

0.34 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.41 315 N/A 481 N/A 1.5 N/A N/A 2.0 N/A N/A 

1.10 407 

0.07 245 N/A 555 N/A 2.3 N/A N/A 1.3 N/A N/A 

0.14 251 252 507 423 2.0 1.7 -16.9% 1.4 1.7 20.3% 

0.20 258 N/A 479 N/A 1.9 N/A N/A 1.5 N/A N/A 

0.27 265 N/A 467 N/A 1.8 N/A N/A 1.6 N/A N/A 

0.34 274 N/A 448 N/A 1.6 N/A N/A 1.7 N/A N/A 

0.41 283 N/A 444 N/A 1.6 N/A N/A 1.8 N/A N/A 

1.20 444 

0.07 N/A 337 N/A 636 N/A 1.9 N/A N/A 1.4 N/A 

0.14 N/A 226 N/A 380 N/A 1.7 N/A N/A 1.6 N/A 

0.20 231 N/A 436 N/A 1.9 N/A N/A 1.4 N/A N/A 

0.27 238 241 422 343 1.8 1.4 -19.7% 1.5 1.8 24.6% 

0.34 245 N/A 414 N/A 1.7 N/A N/A 1.5 N/A N/A 

0.41 N/A 260 N/A 356 N/A 1.4 N/A N/A 1.8 N/A 

1.35 500 

0.07 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.14 N/A 191 N/A 315 N/A 1.7 N/A N/A 1.4 N/A 

0.20 N/A 197 N/A 304 N/A 1.5 N/A N/A 1.5 N/A 

0.27 N/A 203 N/A 296 N/A 1.5 N/A N/A 1.6 N/A 

0.34 207 N/A 359 N/A 1.7 N/A N/A 1.3 N/A N/A 

0.41 214 203 354 318 1.7 1.6 -5.4% 1.3 1.4 5.9% 
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AppendixTable D-5: Result table (f2ccz, load path 3). 

Configuration 𝝈𝑽𝑴,𝒎𝒆𝒂𝒏 𝝈𝑽𝑴,𝒎𝒂𝒙 𝑲𝒕 𝑳∗ 

𝒇 𝒕𝒈𝒓𝒂𝒅𝒆𝒅 𝜸 FRM TTM FRM TTM FRM TTM 𝜟𝑲𝒕
 FRM TTM 𝜟𝑳∗ 

0.81 300 

0.07 209 209 479 405 2.3 1.9 -15.5% 1.7 2.0 18.5% 

0.14 213 213 445 371 2.1 1.7 -16.8% 1.8 2.2 20.3% 

0.20 217 218 409 341 1.9 1.6 -17.1% 2.0 2.4 20.8% 

0.27 222 N/A 396 N/A 1.8 N/A N/A 2.1 N/A N/A 

0.34 228 N/A 383 N/A 1.7 N/A N/A 2.2 N/A N/A 

0.41 234 N/A 379 N/A 1.6 N/A N/A 2.3 N/A N/A 

0.90 333 

0.07 240 241 543 464 2.3 1.9 -15.0% 1.5 1.8 17.4% 

0.14 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.20 250 N/A 464 N/A 1.9 N/A N/A 1.9 N/A N/A 

0.27 257 262 458 362 1.8 1.4 -22.3% 1.9 2.5 28.5% 

0.34 264 269 434 362 1.6 1.3 -17.9% 2.1 2.5 21.4% 

0.41 273 N/A 430 N/A 1.6 N/A N/A 2.1 N/A N/A 

1.00 370 

0.07 273 273 608 520 2.2 1.9 -14.6% 1.4 1.7 17.1% 

0.14 N/A 281 N/A 458 N/A 1.6 N/A N/A 1.9 N/A 

0.20 287 N/A 516 N/A 1.8 N/A N/A 1.8 N/A N/A 

0.27 294 300 509 412 1.7 1.4 -20.7% 1.8 2.3 25.6% 

0.34 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.41 315 N/A 485 N/A 1.5 N/A N/A 2.0 N/A N/A 

1.10 407 

0.07 N/A 306 N/A 586 N/A 1.9 N/A N/A 1.5 N/A 

0.14 313 314 625 501 2.0 1.6 -20.1% 1.5 1.8 25.2% 

0.20 322 N/A 590 N/A 1.8 N/A N/A 1.6 N/A N/A 

0.27 332 N/A 569 N/A 1.7 N/A N/A 1.7 N/A N/A 

0.34 342 N/A 552 N/A 1.6 N/A N/A 1.8 N/A N/A 

0.41 354 N/A 539 N/A 1.5 N/A N/A 1.8 N/A N/A 

1.20 444 

0.07 N/A 337 N/A 636 N/A 1.9 N/A N/A 1.4 N/A 

0.14 N/A 346 N/A 567 N/A 1.6 N/A N/A 1.6 N/A 

0.20 355 N/A 640 N/A 1.8 N/A N/A 1.5 N/A N/A 

0.27 366 370 622 505 1.7 1.4 -19.8% 1.5 1.9 24.6% 

0.34 378 N/A 606 N/A 1.6 N/A N/A 1.6 N/A N/A 

0.41 N/A 400 N/A 556 N/A 1.4 N/A N/A 1.8 N/A 

1.35 500 

0.07 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.14 N/A 390 N/A 634 N/A 1.6 N/A N/A 1.4 N/A 

0.20 N/A 404 N/A 564 N/A 1.4 N/A N/A 1.6 N/A 

0.27 N/A 416 N/A 595 N/A 1.4 N/A N/A 1.6 N/A 

0.34 425 N/A 682 N/A 1.6 N/A N/A 1.4 N/A N/A 

0.41 440 451 671 635 1.5 1.4 -7.5% 1.5 1.6 8.3% 
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AppendixTable D-6: Result table (f2ccz, load path 2). 

Configuration 𝝈𝑽𝑴,𝒎𝒆𝒂𝒏 𝝈𝑽𝑴,𝒎𝒂𝒙 𝑲𝒕 𝑳∗ 

𝒇 𝒕𝒈𝒓𝒂𝒅𝒆𝒅 𝜸 FRM TTM FRM TTM FRM TTM 𝜟𝑲𝒕
 FRM TTM 𝜟𝑳∗ 

0.81 300 

0.07 77 79 305 355 4.0 4.5 13.6% 1.9 1.7 -11.8% 

0.14 79 79 260 314 3.3 4.0 20.9% 2.3 1.9 -17.1% 

0.20 79 81 232 281 2.9 3.5 18.6% 2.6 2.2 -15.6% 

0.27 81 N/A 221 N/A 2.7 N/A N/A 2.7 N/A N/A 

0.34 82 N/A 209 N/A 2.5 N/A N/A 2.9 N/A N/A 

0.41 84 N/A 200 N/A 2.4 N/A N/A 3.0 N/A N/A 

0.90 333 

0.07 83 89 370 400 4.5 4.5 -0.1% 1.5 1.5 0.0% 

0.14 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.20 87 N/A 297 N/A 3.4 N/A N/A 2.0 N/A N/A 

0.27 87 91 278 322 3.2 3.5 11.2% 2.1 1.9 -10.3% 

0.34 90 91 257 302 2.9 3.3 15.9% 2.4 2.0 -13.9% 

0.41 92 N/A 247 N/A 2.7 N/A N/A 2.5 N/A N/A 

1.00 370 

0.07 87 87 504 519 5.8 6.0 3.4% 1.1 1.1 -3.3% 

0.14 N/A 89 N/A 464 N/A 5.2 N/A N/A 1.2 N/A 

0.20 92 N/A 372 N/A 4.0 N/A N/A 1.5 N/A N/A 

0.27 85 95 338 381 4.0 4.0 0.3% 1.6 1.5 -0.7% 

0.34 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.41 100 N/A 290 N/A 2.9 N/A N/A 2.1 N/A N/A 

1.10 407 

0.07 91 93 396 459 4.3 4.9 14.1% 1.3 1.2 -12.3% 

0.14 94 86 350 406 3.7 4.7 26.9% 1.5 1.2 -21.2% 

0.20 96 N/A 321 N/A 3.3 N/A N/A 1.7 N/A N/A 

0.27 98 N/A 295 N/A 3.0 N/A N/A 1.9 N/A N/A 

0.34 101 N/A 279 N/A 2.8 N/A N/A 2.0 N/A N/A 

0.41 104 N/A 267 N/A 2.6 N/A N/A 2.1 N/A N/A 

1.20 444 

0.07 N/A 87 N/A 384 N/A 4.4 N/A N/A 1.2 N/A 

0.14 N/A 99 N/A 364 N/A 3.7 N/A N/A 1.4 N/A 

0.20 101 N/A 279 N/A 2.8 N/A N/A 1.9 N/A N/A 

0.27 103 104 264 317 2.5 3.0 19.7% 2.0 1.7 -16.5% 

0.34 96 N/A 250 N/A 2.6 N/A N/A 2.0 N/A N/A 

0.41 N/A 110 N/A 298 N/A 2.7 N/A N/A 1.8 N/A 

1.35 500 

0.07 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

0.14 N/A 105 N/A 335 N/A 3.2 N/A N/A 1.4 N/A 

0.20 N/A 105 N/A 292 N/A 2.8 N/A N/A 1.6 N/A 

0.27 N/A 107 N/A 277 N/A 2.6 N/A N/A 1.7 N/A 

0.34 108 N/A 226 N/A 2.1 N/A N/A 2.1 N/A N/A 

0.41 102 104 211 268 2.1 2.6 24.7% 2.1 1.7 -19.7% 
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E Realisation: lattice structures 

This section offers complementary data to the investigation of the reliable manufacturing 

of lattice structures at submillimetre range reported in section 5.1. 

Point exposure 

AppendixTable E-1 provides complementary information to Figure 96. 

 

AppendixTable E-1: Manufacturability results for the investigated parameters (point exposure, sin-

gle struts). 

Name 
𝒃𝒑,𝑪𝑨𝑫 

[µm] 

𝒍𝒑,𝑪𝑨𝑫 

[μm] 

𝑷 
[W] 

𝒗 
[mm/s] 

𝑬𝒍 
[J/m] 

Manual Script 

𝒕 [μm] 𝒕 [μm] 𝑪 [-] 

S_79_125 5 125 175 2200.0 79.5 171.8 216.3±38.2 0.19±0.01 

S_100_150 5 150 200 2000.0 100.0 207.8 233.5±1.4 0.15±0.03 

S_125_175 5 175 225 1796.6 125.2 218.4 250.2±33.1 0.23±0.09 

S_156_200 5 200 250 1593.3 156.9 234.2 259.4±6.7 0.18±0.08 

S_222_225 5 225 275 1238.0 222.1 247.6 262.8±17.2 0.27±0.03 

S_339_250 5 250 300 882.7 339.9 261.0 284.6±6.4 0.16±0.05 

S_447_275 5 275 325 726.8 447.2 272.3 286.4±6.1 0.30±0.11 

S_613_300 5 300 350 570.9 613.1 278.6 283.5±4.5 0.53±0.17 

Contour exposure 

AppendixTable E-2 provides complementary information to Figure 98. 

 

AppendixTable E-2: Manufacturability results for 𝑃 = 200W and 𝑣 = 2500mm/s (contour expo-

sure, single struts). 

𝒅𝒉,𝒄 

[μm] 

𝒕 
[μm] 

𝒕𝒉𝒐𝒍𝒍𝒐𝒘 

[μm] 
𝒃𝑺𝑪𝑬 
[µm] 

𝑶𝑳 
[%] 

𝒕𝒄,𝒄𝒂𝒍𝒄 

[µm] 

𝚫𝐭−𝒕𝒄,𝒄𝒂𝒍𝒄 

[%] 

𝑪𝒐𝒖𝒕 

[-] 

𝑪𝒊𝒏 

[-] 

77.5 287.1 N/A 166.1 53 243.7 18 0.45 N/A 

102.5 313.5 N/A 166.1 38 268.7 17 0.68 N/A 

127.5 322.8 N/A 166.1 23 293.7 10 0.81 N/A 

152.5 341.4 N/A 166.1 8 318.7 7 0.82 N/A 

177.5 333.6 N/A 166.1 -7 343.7 -3 0.47 N/A 

202.5 308.9 N/A 166.1 -22 368.7 -16 0.75 N/A 

227.5 305.9 N/A 166.1 -37 393.7 -22 0.70 N/A 

252.5 338.4 N/A 166.1 -52 418.7 -19 0.68 N/A 

277.5 338.4 N/A 166.1 -67 443.7 -24 0.62 N/A 

300.0 372.9 N/A 166.1 -81 466.1 -20 0.56 N/A 

325.0 415.4 N/A 166.1 -96 491.1 -15 0.55 N/A 

327.5 413.1 N/A 166.1 -97 493.7 -16 0.61 N/A 

350.0 421.7 N/A 166.1 -111 516.1 -18 0.57 N/A 
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𝒅𝒉,𝒄 

[μm] 

𝒕 
[μm] 

𝒕𝒉𝒐𝒍𝒍𝒐𝒘 

[μm] 
𝒃𝑺𝑪𝑬 
[µm] 

𝑶𝑳 
[%] 

𝒕𝒄,𝒄𝒂𝒍𝒄 

[µm] 

𝚫𝐭−𝒕𝒄,𝒄𝒂𝒍𝒄 

[%] 

𝑪𝒐𝒖𝒕 

[-] 

𝑪𝒊𝒏 

[-] 

352.5 422.1 N/A 166.1 -112 518.7 -19 0.60 N/A 

375.0 442.7 N/A 166.1 -126 541.1 -18 0.53 N/A 

377.5 429.2 N/A 166.1 -127 543.7 -21 0.61 N/A 

400.0 445.8 N/A 166.1 -141 566.1 -21 0.47 N/A 

425.0 477.2 N/A 166.1 -156 591.1 -19 0.47 N/A 

450.0 517.0 220 166.1 -171 616.1 -16 0.52 0.14 

475.0 540.1 197 166.1 -186 641.1 -16 0.52 0.16 

500.0 580.8 187 166.1 -201 666.1 -13 0.55 0.16 

525.0 599.8 189 166.1 -216 691.1 -13 0.53 0.11 

550.0 625.9 184 166.1 -231 716.1 -13 0.49 0.08 

575.0 639.7 186 166.1 -246 741.1 -14 0.55 0.11 

600.0 670.8 173 166.1 -261 766.1 -12 0.59 0.16 

625.0 684.1 165 166.1 -276 791.1 -14 0.43 0.10 

650.0 734.8 175 166.1 -291 816.1 -10 0.54 0.14 

675.0 724.4 162 166.1 -306 841.1 -14 0.56 0.12 

700.0 774.5 169 166.1 -321 866.1 -11 0.53 0.12 

725.0 798.3 166 166.1 -336 891.1 -10 0.54 0.13 

750.0 842.0 168 166.1 -351 916.1 -8 0.58 0.13 

775.0 853.5 167 166.1 -366 941.1 -9 0.56 0.18 

800.0 859.9 166 166.1 -382 966.1 -11 0.54 0.10 

825.0 910.2 175 166.1 -397 991.1 -8 0.57 0.07 

850.0 927.4 169 166.1 -412 1016.1 -9 0.52 0.08 

875.0 956.5 180 166.1 -427 1041.1 -8 0.57 0.05 

900.0 976.0 158 166.1 -442 1066.1 -8 0.55 0.15 

925.0 1004.6 164 166.1 -457 1091.1 -8 0.54 0.06 

950.0 1019.2 154 166.1 -472 1116.1 -9 0.58 0.18 

975.0 1062.2 152 166.1 -487 1141.1 -7 0.55 0.15 

1000.0 1074.4 160 166.1 -502 1166.1 -8 0.59 0.17 

 

AppendixTable E-3 sums up achieved circularities for representative parameter combina-

tions and for the different identified regions. Data regarding the hollow region are not 

sufficient to provide representative results of its sub-regions. Low laser power leads to a 

bigger drop in circularity when entering into the hollow region. 

 

AppendixTable E-3: Roundness results for the investigated parameters (contour exposure, single 

struts). 

𝑷 
[W] 

𝒗 
[mm/s] 

𝑬𝒍 
[J/m] 

𝑪𝒐𝒖𝒕 [-] 

Full strut (stable) Full strut (unstable) Hollow strut 

200 3500 57.1 0.71±0.08 0.59±0.10 0.57±0.03 

250 3500 71.4 0.71±0.08 0.65±0.05 0.59±0.03 

200 2500 80.0 0.69±0.17 0.58±0.08 0.54±0.03 

300 2500 120.0 0.75±0.06 0.68±0.07 0.57±0.03 

250 1750 142.9 0.70±0.03 0.66±0.08 0.64±0.04 

200 1000 200.0 0.73±0.02 0.60±0.07 0.59±0.04 
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AppendixTable E-4 lists the different thickness ranges and the measured melt pool widths 

of each identified region for representative parameter combinations. The formation of hol-

low struts is mostly driven by the laser power while the scanning speed slightly influences 

it. Low energy inputs lead to sooner hollow strut as the melt pool is narrower, which is 

mainly driven by the laser scanning speed. 

 

AppendixTable E-4: Thickness ranges for different regions (contour exposure, single struts). 

𝑷 
[W] 

𝒗 
[mm/s] 

𝑬𝒍 
[J/m] 

Full strut Hollow strut 

Stable from Unstable from Unstable from Stable from 
𝒃𝑺𝑪𝑬 
[µm] 

𝒅𝒉,𝒄 

[μm] 

𝒕 
[μm] 

𝒅𝒉,𝒄 

[μm]] 

𝒕 
[μm] 

𝒅𝒉,𝒄 

[μm] 

𝒕 
[μm] 

𝒅𝒉,𝒄 

[μm] 

𝒕 
[μm] 

200 3500 57.1 115 304 190 320 475 525 725 750 154.8 

250 3500 71.4 30 308 350 420 500 570 875 950 176.6 

200 2500 80.0 80 287 150 340 450 520 600 670 166.1 

300 2500 120.0 30 347 300 285 575 700 800 915 223.3 

250 1750 142.9 25 331 125 410 525 650 650 780 198.6 

200 1000 200.0 50 325 100 350 425 570 550 690 207.0 

 

AppendixTable E-5 provides complementary data to Figure 102. Only successfully printed 

lattice structures are reported. 

 

AppendixTable E-5: Manufacturability results for the investigated parameters (contour exposure, 

lattice structures). 

Name 
𝑷 

[W] 
𝒗 

[mm/s] 
𝑬𝒍 

[J/m] 

𝒅𝒉,𝒄 

[μm] 

𝒕 
[μm] 

𝒂 
[mm] 

𝑨𝑹 
[-] 

𝑪𝒐𝒖𝒕 

[-] 

Parameter set 1 200 1000 200.0 99.0 333.8 3 9.0 0.40 

Parameter set 1 200 1000 200.0 449.0 612.6 3 4.9 0.33 

Parameter set 1 200 1000 200.0 499.0 635.0 3 4.7 N/A 

Parameter set 1 200 1000 200.0 549.0 700.5 3 4.3 N/A 

Parameter set 2 200 1750 114.3 403.6 577.0 3 5.2 0.62 

Parameter set 2 200 1750 114.3 453.6 613.6 3 4.9 0.50 

Parameter set 2 200 1750 114.3 503.6 667.8 3 4.5 0.48 

Parameter set 3 200 2500 80.0 477.5 540.2 3 5.6 0.64 

Parameter set 3 200 2500 80.0 527.5 581.0 3 5.2 0.59 

Parameter set 4 200 3500 57.1 515.2 550.5 3 5.4 0.56 

Parameter set 4 200 3500 57.1 565.2 587.9 3 5.1 0.41 

Parameter set 5 250 1750 142.9 122.9 451.7 3 6.6 0.40 

Parameter set 5 250 1750 142.9 172.9 416.5 3 7.2 0.37 

Parameter set 5 250 1750 142.9 522.9 695.0 3 4.3 N/A 

Parameter set 5 250 1750 142.9 572.9 666.0 3 4.5 N/A 

Parameter set 5 250 1750 142.9 622.9 791.0 3 3.8 N/A 

Parameter set 5 250 1750 142.9 672.9 817.0 3 3.7 0.36 

Parameter set 6 250 2500 100.0 174.1 423.5 3 7.1 0.18 

Parameter set 6 250 2500 100.0 224.1 426.2 3 7.0 0.42 

Parameter set 6 250 2500 100.0 524.1 637.0 3 4.7 0.51 

Parameter set 6 250 2500 100.0 574.1 729.0 3 4.1 N/A 

Parameter set 6 250 2500 100.0 624.1 791.0 3 3.8 N/A 

Parameter set 7 250 3500 71.4 479.8 546.7 3 5.5 0.33 

Parameter set 7 250 3500 71.4 529.8 584.0 3 5.1 0.43 
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Name 
𝑷 

[W] 
𝒗 

[mm/s] 
𝑬𝒍 

[J/m] 

𝒅𝒉,𝒄 

[μm] 

𝒕 
[μm] 

𝒂 
[mm] 

𝑨𝑹 
[-] 

𝑪𝒐𝒖𝒕 

[-] 

Parameter set 7 250 3500 71.4 579.8 658.9 3 4.6 0.26 

Parameter set 8 300 2500 120.0 159.0 426.5 3 7.0 0.38 

Parameter set 9 300 3500 85.7 111.8 413.5 3 7.3 0.44 

Parameter set 9 300 3500 85.7 161.8 449.3 3 6.7 0.54 

Parameter set 9 300 3500 85.7 461.8 591.8 3 5.1 0.29 

Parameter set 9 300 3500 85.7 511.8 645.6 3 4.6 0.41 

 

AppendixFigure E-1 shows the influence of the cell size on the strut thickness of 3x3x3 

lattice structures. The strut thickness is not influenced by the cell size and, thus, the nodal 

area as far as lattice structures are concerned. The only variation occurs for AR of 2.9, for 

which the investigated structures are considered as porous material (see Figure 22 and 

Figure 23). 

 

 

AppendixFigure E-1: Influence of cell size on the diameter of lattice structure struts for 𝑃 = 250W 

and 𝑣 = 2500mm/s (contour exposure, lattice structures). 

 

AppendixFigure E-2 reports thickness and circularity results for different build platform 

temperatures. Few to now influence is noticed as the variations are in the range of order 

of the observed standard deviations. 
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AppendixFigure E-2: Influence of build platform temperature on both diameter and circularity of 

lattice structure struts for 𝑃 = 250W and 𝑣 = 2500mm/s (contour exposure, lattice structures). 

Hatch exposure 

AppendixTable E-6 lists the melt pool width values used for different combinations. They 

are issued from single track exposure 𝑏𝑆𝑇𝐸 measurements and from the formulation of the 

multiple track exposure width 𝑑𝑀𝑇𝐸 (Eq.E1) [57]. 𝑏𝑀𝑇𝐸(𝑛ℎ = 1) can be interpreted as a 

fictive single track taking the interaction between scanning paths into account. 

 

𝑑𝑀𝑇𝐸 = 0.77 ∙ 𝑑ℎ ∙ (𝑛𝐻 − 1) + 13.66 ∙ 𝐸𝑙
0.51 (E1) 

 

AppendixTable E-6: Used melt pool width values (hatch exposure). 

𝑷 [W] 𝒗 [mm/s] 𝑬𝒍 [J/m] 𝒃𝑺𝑻𝑬 [µm] 𝒃𝑴𝑻𝑬(𝒏𝒉 = 𝟏) [µm] 

200 1500 133.3 115.0 165.6 

200 2000 100.0 119.2 143.0 

250 2000 125.0 116.0 160.3 

200 2500 80.0 96.7 127.7 

250 2500 100.0 99.1 143.0 

300 2500 120.0 109.6 157.0 

250 3000 83.3 N/A 130.3 

300 3000 100.0 N/A 143.0 

300 3500 85.7 94.1 132.2 

 

Eq.E2 provides the relationship between strut diameter and hatch distance derived from 

Eq.E1. Due to the linearity of this relationship, which is also confirmed by Figure 106, 

assessing the hatch distance for one diameter is sufficient for the hole parameter combi-

nation. AppendixTable E-7 shows the results obtained for a diameter of 370 µm. The upper 

limit of hatch distance corresponds to an overlap OL (Eq.59) of -20 % to ensure connection 

between single tracks while its lower limit is set to an overlap of 30 % to avoid keyhole 
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porosity [32]. The bold values in AppendixTable E-7 have been selected as corresponding 

to extremal and mean values of this range. The latter corresponds to the line energy of the 

parameter set used in further experiments for consistency. 

 

𝑑ℎ =
𝑡 − 13.66 ∙ 𝐸𝑙

0.51

0.77 ∙ (𝑛𝐻 − 1)
 (E2) 

 

AppendixTable E-7: Hatch distance value variations for 𝑡 = 370µm (hatch exposure). 

𝑷  
[W] 

𝒗  
[mm/s] 

𝑬𝒍  
[J/m] 

𝒅𝒉(𝒏𝒉 = 𝟐) 
[µm] 

𝒅𝒉(𝒏𝒉 = 𝟑) 
[µm] 

𝒅𝒉(𝒏𝒉 = 𝟒) 
[µm] 

𝒅𝒉(𝒏𝒉 = 𝟓) 
[µm] 

200.0 1500.0 133.3 265.4 132.7 88.5 66.4 

200.0 2000.0 100.0 294.8 147.4 98.3 73.7 

250.0 2000.0 125.0 272.4 136.2 90.8 68.1 

200.0 2500.0 80.0 314.7 157.4 104.9 78.7 

250.0 2500.0 83.3 311.3 155.6 103.8 77.8 

300.0 2500.0 100.0 294.8 147.4 98.3 73.7 

250.0 3000.0 85.7 308.8 154.4 102.9 77.2 

 

AppendixFigure E-3 and AppendixTable E-8 report quality results of f2ccz lattice structures 

obtained for different values of the beam offset. The beam offset was varied relatively to 

𝑏𝑀𝑇𝐸(𝑛ℎ = 1) listed in AppendixTable E-6 for consistency with Eq.E1 and Eq.E2. Values 

𝑏𝑜 corresponding to one fourth of the considered melt pool width lead to the lowest aver-

age difference between as-designed and as-built lattice strut diameters. The trends in 

roundness are not affected by the offset. Therefore, the selected beam offset values are 

𝑏𝑀𝑇𝐸(𝑛ℎ = 1)/4 for consistency with Eq.E1 and Eq.E2 and 𝑏𝑆𝑇𝐸/4 for consistency with 

Eq.57 and Eq.58. 

 

 

AppendixFigure E-3: Diameters for different beam offset values (hatch exposure, lattice struc-

tures). 
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AppendixTable E-8: Beam offset variations for different parameter combinations (hatch exposure, 

lattice structures). 

𝒕𝑪𝑨𝑫 
[μm] 

𝑷 
[W] 

𝒗 
[mm/s] 

𝑬𝒍 
[J/m] 

𝒅𝒉 
[μm] 

𝒕 − 𝒕𝑪𝑨𝑫 (𝒃𝑴𝑻𝑬 𝟒⁄ ) 
[µm] 

𝑪 

[-] 

𝑪 (𝒃𝑴𝑻𝑬 𝟒⁄ ) 

[-] 

370 250 3000 83.3 155.6 -2.7 0.38 0.33 

370 300 3500 85.7 154.4 1.5 0.37 0.39 

370 200 2000 100.0 147.4 -7.8 0.43 0.35 

370 250 2500 100.0 147.4 -5.1 0.43 0.46 

370 300 3000 100.0 147.4 2.0 0.40 0.44 

370 300 2500 120.0 138.3 1.8 0.42 0.46 

370 250 2000 125.0 136.2 -5.2 0.44 0.49 

370 200 1500 133.3 132.7 -6.3 0.34 0.39 

370 200 2500 80.0 104.9 -3.4 0.37 0.43 

370 250 3000 83.3 103.8 5.8 0.39 0.39 

370 300 3500 85.7 102.9 7.1 0.40 0.37 

 

AppendixTable E-9 and AppendixTable E-10 provide complementary information to Fig-

ure 106. 

 

AppendixTable E-9: Investigated parameters (hatch exposure, single struts). 

Name 
𝑷 

[W] 
𝒗 

[mm/s] 
𝑬𝒍 

[J/m] 
𝒃𝒐 

[μm] 
𝒅𝒉 

[μm] 
𝑶𝑳 [%] 

parameter set 1 250 2000 125.0 29.1 103 10.5 

parameter set 2 250 2000 125.0 38.9 103 10.5 

parameter set 3 250 2000 125.0 29.1 136 -17.4 

parameter set 4 250 2000 125.0 38.9 136 -17.4 

parameter set 5 250 2000 125.0 29.1 155 -34.1 

parameter set 6 250 2000 125.0 38.9 155 -34.1 

parameter set 7 250 2500 100.0 29.1 103 10.5 

parameter set 8 250 2500 100.0 38.9 103 10.5 

 

AppendixTable E-10: Results for the investigated parameters (hatch exposure, single struts). 

Name 

𝒕 − 𝒕𝑪𝑨𝑫 
[µm] 

𝑪 

 [-] 

Mean Min Max Mean Min Max 

parameter set 1 19.5±21.3 -45.86 61.30 0.46±0.07 0.34 0.64 

parameter set 2 2.9±13.6 -21.55 30.33 0.45±0.07 0.32 0.65 

parameter set 3 -9.2±12.3 -32.15 18.40 0.44±0.05 0.35 0.55 

parameter set 4 1.6±10.9 -13.79 30.31 0.47±0.08 0.37 0.68 

parameter set 5 -18.3±10.1 -35.91 2.45 0.45±0.07 0.33 0.59 

parameter set 6 -23.4±16.8 -41.11 43.55 0.44±0.07 0.34 0.58 

parameter set 7 55.4+13.8 71.5 33.6 0.26+0.17 0.61 0.15 

parameter set 8 48.7+21.1 69.9 25.7 0.16+0.05 0.26 0.13 
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AppendixTable E-11 and AppendixTable E-12 show the comparison between as-built di-

ameters and diameters calculated with Eq.57 and Eq.58 for single struts and lattice struc-

tures, respectively. It can be observed that 𝑡ℎ2,𝑐𝑎𝑙𝑐 can predict accurately diameters for both 

single struts and f2ccz lattice structures while 𝑡ℎ1,𝑐𝑎𝑙𝑐 is more precise for bcc, yielding ex-

cellent accuracy as well. It is here supposed that these differences in effectiveness are 

linked to the shape of the melt pool and strut inclination angle. However, there is not 

enough data available to validate this hypothesis, which is not in focus of the current work. 

 

AppendixTable E-11: Predictability of diameters for 𝑃 = 250W, 𝑣 = 2000mm/s, 𝑏𝑜 = 29.1µm and 

𝑑ℎ = 136.2µm (hatch exposure, single strut). 

𝒕𝑪𝑨𝑫 [µm] 𝚫𝒕−𝒕𝒉𝟏,𝒄𝒂𝒍𝒄 [%] 𝚫𝒕−𝒕𝒉𝟐,𝒄𝒂𝒍𝒄 [%] 

300 -14.6 9.2 

325 -18.8 2.0 

350 -9.7 11.7 

375 -10.0 9.8 

400 -10.8 7.5 

425 -12.8 4.0 

450 -13.7 2.0 

475 -9.2 6.4 

500 -13.1 1.0 

525 -12.1 1.4 

550 -9.8 3.5 

575 -10.4 2.2 

600 -12.8 -1.1 

625 -9.6 2.1 

650 -9.4 1.8 

675 -9.1 1.8 

700 -7.6 3.0 

725 -9.7 0.3 

750 -8.2 1.6 

775 -7.8 1.7 

800 -8.2 0.9 

825 -9.2 -0.4 

850 -9.3 -0.8 

875 -9.6 -1.4 

900 -6.2 2.1 

925 -7.3 0.6 

950 -7.2 0.5 

975 -7.6 0.0 

1000 -7.4 -0.1 
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AppendixTable E-12: Predictability of lattice strut diameters for 𝑃 = 250W, 𝑣 = 2000mm/s, 𝑏𝑜 =

38.9µm, 𝑑ℎ = 136.2µm, 𝐴𝑅 = 3.5 and 𝜃ℎ = 90° (hatch exposure, lattice structures). 

Lattice 𝒕𝑪𝑨𝑫 [µm] 𝚫𝒕−𝒕𝒉𝟏,𝒄𝒂𝒍𝒄 [%] 𝚫𝒕−𝒕𝒉𝟐,𝒄𝒂𝒍𝒄 [%] 

f2ccz 

200 -8.1 3.3 

230 -9.8 0.0 

245 -10.2 -1.0 

260 -14.7 -6.5 

275 -7.2 1.2 

290 -6.6 1.5 

305 -7.6 0.0 

320 -7.7 -0.4 

bcc 

155 -3.1 12.1 

155 -3.0 12.2 

170 0.9 15.4 

185 0.3 13.7 

185 0.4 13.8 

200 -6.0 5.6 

200 -5.9 5.7 

215 1.9 13.7 

215 2.9 14.7 

230 0.5 11.4 

230 -2.9 7.6 

245 1.1 11.4 

245 -4.4 5.3 

260 -1.2 8.3 

Contour-hatch combination 

AppendixTable E-13 and AppendixTable E-14 show the selected parameter combinations 

and corresponding results for single struts. The investigated parameter combinations en-

sure the comparability with both single contour and hatch exposures. Two contour param-

eters were selected based on different circularity ranges (see AppendixTable E-3) while 

the hatch parameter was kept constant (see AppendixTable E-9). The influence of the 

scanning sequence on strut manufacturability was investigated by either starting from the 

inner exposure (IN), i.e. the hatch exposure, or from the outer exposure (OUT), i.e. the 

contour exposure. The beam offset of the contour exposure 𝑏𝑜𝑐 corresponds to the half of 

the average difference between as-built and as-designed struts of the single contour expo-

sure (AppendixTable E-2). The offset of the hatch exposure 𝑏𝑜ℎ of the overlap value of 

100 % corresponds to the half of the average difference between as-built and as-designed 

struts of the single contour exposure (AppendixTable E-9). Offset values of other overlaps 

further are issued from the combination of the melt pool width of a single contour 𝑏𝑆𝐶𝐸 

and the overlap value (AppendixTable E-4). 
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AppendixTable E-13: Manufacturability results for the investigated parameters (contour-hatch ex-

posure, single struts). 

Name 
𝑷𝒄 

[W] 
𝒗𝒄 

[mm/s] 
𝒃𝒐𝒄 

[μm] 
𝑷𝒉 

[W] 
𝒗𝒉 

[mm/s] 
𝒃𝒐𝒉 

[μm] 
𝒅𝒉 

[μm] 
𝑶𝑳 
[%] 

𝒕 − 𝒕𝑪𝑨𝑫 
[µm] 

𝑪 

[-] 

CH-1_IN_100 200 3500 17.4 250 2000 38.9 104 100 26.6±15.3 0.39±0.09 

CH-1_IN_50 200 3500 17.4 250 2000 121.5 104 50 11.2±19.3 0.52±0.09 

CH-1_IN_25 200 3500 17.4 250 2000 162.8 104 25 5.3±15.3 0.46±0.10 

CH-1_OUT_100 200 3500 17.4 250 2000 38.9 104 100 25.8±13.2 0.40±0.08 

CH-1_OUT_50 200 3500 17.4 250 2000 121.5 104 50 6.2±28.9 0.51±0.10 

CH-1_OUT_25 200 3500 17.4 250 2000 162.8 104 25 13.7±20.9 0.50±0.13 

CH-1_OUT_0 200 3500 17.4 250 2000 204.1 104 0 8.1±20.5 0.53±0.07 

CH-1_OUT_-25 200 3500 17.4 250 2000 245.4 104 -25 10.3±23.9 0.54±0.12 

CH-2_IN_100 250 1750 63.5 250 2000 38.9 104 100 7.7±16.1 0.43±0.08 

CH-2_IN_50 250 1750 63.5 250 2000 148.2 104 50 -1.8±16 0.57±0.07 

CH-2_IN_25 250 1750 63.5 250 2000 202.9 104 25 1.0±10.0 0.49±0.10 

CH-2_OUT_100 250 1750 63.5 250 2000 38.9 104 100 22.7±20.4 0.42±0.08 

CH-2_OUT_50 250 1750 63.5 250 2000 148.2 104 50 10.3±24.7 0.55±0.10 

CH-2_OUT_25 250 1750 63.5 250 2000 202.9 104 25 -6.9±8.3 0.54±0.12 

CH-2_OUT_0 250 1750 63.5 250 2000 257.5 104 0 12.4±16.7 0.53±0.08 

CH-2_OUT_-25 250 1750 63.5 250 2000 312.2 104 -25 10.2±11.4 0.60±0.11 

 

AppendixTable E-14: Manufacturability results for the investigated parameters per category (con-

tour-hatch exposure, single struts). 

Type 
𝒕 − 𝒕𝑪𝑨𝑫 
[µm] 

𝑪 

[-] 

IN 8.3±15.3 0.48±0.09 

OUT 11.3±18.9 0.51±0.10 

C1 13.4±19.7 0.48±0.10 

C2 6.9±15.4 0.52±0.09 

OL =100 % 20.7±16.2 0.41±0.08 

OL = 50 % 6.4±22.2 0.54±0.09 

OL = 25 % 3.3±13.6 0.50±0.11 

OL = 0 % 10.2±18.6 0.53±0.08 

OL = -25 % 10.2±17.7 0.57±0.11 

 

AppendixTable E-15 reports the manufacturability results of 3x3x3 f2ccz lattice structures 

of a cell width of 3 mm for the contour-hatch exposure. 
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AppendixTable E-15: Manufacturability results for the investigated parameters (contour-hatch ex-

posure, lattice structures). 

Name 
𝒕𝑪𝑨𝑫 
[µm] 

𝒅𝒉,𝒄 

[μm] 
Region 

𝒕 
[µm] 

𝒕𝒔𝒕𝒓𝒖𝒕 
[µm] 

𝒕 − 𝒕𝒔𝒕𝒓𝒖𝒕 
[µm] 

𝑪 

[-] 

𝒕 − 𝒕𝑪𝑨𝑫 
[µm] 

𝑪𝒔𝒕𝒓𝒖𝒕 

[-] 

𝑪 − 𝑪𝒔𝒕𝒓𝒖𝒕 

[-] 

CH-1_OUT_25 550 515.2 3 527.8 547.0 -19.2 0.31 -22.2 0.54 -0.23 

CH-1_OUT_50 550 515.2 3 550.3 562.6 -12.3 0.40 0.3 0.60 -0.19 

CH-1_OUT_50 600 565.2 3 610.6 625.0 -14.4 0.40 10.6 0.48 -0.08 

CH-1_OUT_50 700 665.2 3 698.7 688.5 10.2 0.35 -1.3 0.60 -0.26 

CH-2_OUT_25 800 672.9 4 802.0 815.6 -13.6 0.45 2.0 0.60 -0.15 

CH-2_OUT_50 800 672.9 4 805.3 787.9 17.4 0.49 5.3 0.68 -0.18 

 

AppendixTable E-16 shows the single strut manufacturability results for the double con-

tour-hatch exposure (outer diameter first). 

 

AppendixTable E-16: Manufacturability results for the investigated parameters (double contour-

hatch exposure, single struts). 

𝒕𝑪𝑨𝑫 
[µm] 

𝑷𝒄 
[W] 

𝒗𝒄 
[mm/s] 

𝒃𝒐𝒄 
[μm] 

𝑷𝒉 
[W] 

𝒗𝒉 
[mm/s] 

𝒃𝒐𝒉 
[μm] 

𝒅𝒉 
[μm] 

𝑶𝑳 
[%] 

𝒕 − 𝒕𝑪𝑨𝑫 
[µm] 

𝑪 

[-] 

625-1000 250 3500 334.0 250 2000 333.95 104 25 -12.5±12.3 0.63±0.08 

Multiple contour combination 

AppendixTable E-17 and AppendixTable E-18 show the selected parameter combinations 

and corresponding results for single struts. The influence of the scanning sequence on strut 

manufacturability was investigated by either starting from the inner contour (IN) or from 

the outer contour (OUT). The beam offset of the outer contour exposure 𝑏𝑜𝑐 corresponds 

to the half of the average difference between as-built and as-designed struts of the single 

contour exposure (AppendixTable E-2). Offset values of other overlaps further consider a 

value corresponding to the melt pool width of a single contour 𝑏𝑆𝑐𝐸 factorised by the over-

lap value (AppendixTable E-4). 

 

AppendixTable E-17: Manufacturability results for the investigated parameters per category (dou-

ble contour exposure, single struts). 

Type 
𝒕 − 𝒕𝑪𝑨𝑫 
[µm] 

𝑪 

[-] 

IN -14.7±21.7 0.56±0.06 

OUT -11.3±30.3 0.59±0.07 

C1 -1.4±36.4 0.57±0.07 

C2 -24.6±15.6 0.58±0.05 

OL = 50 % -4.0±35.6 0.57±0.06 

OL = 25 % -13.7±27.6 0.55±0.07 

OL = 0 % -21.3±14.8 0.60±0.06 

 

  



 

252 E  Realisation: lattice structures 

AppendixTable E-18: Manufacturability results for the investigated parameters (double contour 

exposure, single struts). 

Name 
𝑷𝒄 

[W] 
𝒗𝒄 

[mm/s] 
𝒃𝒐𝒄 

[μm] 
𝑶𝑳 
[%] 

Full from Hollow from 
𝒕 − 𝒕𝑪𝑨𝑫 
[µm] 

𝑪 

[-] 
𝒅𝒉,𝒄 

[μm] 

𝒕 
[µm] 

𝒅𝒉,𝒄 

[μm] 

𝒕 
[µm] 

2C-1_IN_50 250 3500 
-133.44 

-35.1 
50 579.8 643.2 654.8 282.4 13.5±58.6 0.58±0.08 

2C-1_IN_25 250 3500 
-182.61 

-35.1 
25 579.8 665.2 754.8 327.1 -13.1±21 0.53±0.08 

2C-1_IN_0 250 3500 
-231.79 

-35.1 
0 579.8 779.9 879.8 369.9 -12.4±16.8 0.59±0.06 

2C-1_OUT_50 250 3500 
-35.1 

-133.44 
50 579.8 624.4 704.8 290.6 -3.1±42.8 0.58±0.05 

2C-1_OUT_25 250 3500 
-35.1 

-182.61 
25 579.8 674.8 804.8 345.0 20.1±59.8 0.55±0.09 

2C-1_OUT_0 250 3500 
-35.1 

-231.79 
0 579.8 617.6 854.8 397.3 -13.5±19.5 0.57±0.09 

2C-2_IN_50 300 2500 
-186.69 

-70.52 
50 584.0 887.5 759.0 363.7 -11±8.8 0.56±0.04 

2C-2_IN_25 300 2500 
-244.78 
-70.52 

25 584.0 881.0 859.0 458.1 -35.4±15 0.50±0.09 

2C-2_IN_0 300 2500 
-302.87 

-70.52 
0 584.0 906.4 N/A N/A -30±10.1 0.61±0.01 

2C-2_OUT_50 300 2500 
-70.52 

-186.69 
50 509.0 857.2 834.0 398.3 -15.5±32.3 0.56±0.06 

2C-2_OUT_25 300 2500 
-70.52 

-244.78 
25 584.0 793.0 N/A N/A -26.5±14.5 0.62±0.03 

2C-2_OUT_0 300 2500 
-70.52 

-302.87 
0 584.0 751.1 N/A N/A -29.2±12.8 0.65±0.08 

3C-1_OUT_25 250 3500 

-35.1 

-182.61 

-330.1 

25 679.8 742.8 N/A N/A -10.5±19.6 0.62±0.04 

4C-1_OUT_50 250 3500 

-35.1 

-133.44 

-231.8 

330.1 

50 729.8 771.7 N/A N/A -17.1±22.6 0.59±0.05 

 

AppendixTable E-19 reports manufacturability results of 3x3x3 f2ccz lattice structures of a 

cell width of 4.25 mm. 

 

AppendixTable E-19: Manufacturability results for the investigated parameters (double contour 

exposure, lattice structures). 

Name 
𝒕𝑪𝑨𝑫 
[µm] 

𝒅𝒉,𝒄,𝒐𝒖𝒕 

[μm] 

𝒕 
[µm] 

𝒕 − 𝒕𝑪𝑨𝑫 
[µm] 

𝒕 − 𝒕𝒔𝒕𝒓𝒖𝒕 
[µm] 

𝑪𝒐𝒖𝒕 

[-] 

2C-1_OUT_50 800 730 770.3 -29.7 -8.6 0.35 

2C-1_OUT_25 800 730 789.4 -10.6 2.3 0.33 

2C-2_IN_50 900 759 879.4 -20.6 -8.0 0.35 
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F Realisation: lattice-to-bulk transition 

This section offers complementary data to the investigation the reliable manufacturing of 

the lattice-to-bulk transition reported in section 5.2. 

Modular design 

AppendixFigure F-1 provides details on the design of the pocketed bulk region in the con-

text of modular design. A minimum wall thickness of 2 mm for was considered for a stable 

and precise manufacturing of the pocket. The pocket height was designed as depending 

on a given number of RUCs (here 3) in order to reflect the design solutions developed in 

section 4.1. The pocket width considers the width of the lattice structures to be embedded, 

a side tolerance of 0.1 mm and a shaft angle of 5°. 

 

 

AppendixFigure F-1: Detailed pocket design (modular design). 

 

The mass of required resin for embedment 𝑚𝑟𝑒𝑠𝑖𝑛 can be derived from Eq.F1 and Eq.F2. 

The employed epoxy resin is the same one as for the grinding pots described in section 

3.4.3, i.e. LY556/HY917/DY070 [382] and has a density 𝜌𝑟𝑒𝑠𝑖𝑛 of 1.1 g/cm³. The volume 

occupied by the lattice structures can be estimated using the cell volume and the relative 

density (or averaged relative density) of the RUC �̅�. AppendixTable F-1 reports the resin 

mass employed for the investigated bcc samples of section 6.3 ( 𝑎 = 3.5𝑚𝑚 , 𝑉𝑡𝑜𝑡 =

8689.8𝑚𝑚3). 

 

𝑚𝑟𝑒𝑠𝑖𝑛 = (𝑉𝑡𝑜𝑡 − 𝑉𝑙𝑎𝑡𝑡𝑖𝑐𝑒) ∙ 𝜌𝑟𝑒𝑠𝑖𝑛 (F1) 
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𝑉𝑙𝑎𝑡𝑡𝑖𝑐𝑒 = 𝑛𝑅𝑈𝐶,𝑥 ∙ 𝑛𝑅𝑈𝐶,𝑦 ∙ 𝑛𝑅𝑈𝐶,𝑧 ∙ 𝑎3 ∙ �̅� (F2) 

 

AppendixTable F-1: Required resin mass for each bcc configuration. 

Aspect ratio Configuration 𝒎𝒓𝒆𝒔𝒊𝒏 [g] 

AR06 Ungraded 8.4 

AR08 Ungraded 8.9 

AR10 Ungraded 9.1 

AR06 Graded 7.7 

AR08 Graded 8.4 

AR10 Graded 8.8 
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G Validation: tensile specimen design 

This section offers complementary data to the validation of the tensile specimen design 

employing a structural grading reported in section 6.3. 

Details on tensile specimens 

AppendixFigure G-1 shows schematically the strut thickness distribution in the graded part 

of a graded sample at a given height, i.e. in the plane perpendicular to the loading direc-

tion. Four concentric diameter zones are obtained according to the grading formulation 

detailed in Figure 35 of section 4.1.1. 

 

 

AppendixFigure G-1: Strut thickness distribution in a graded sample part. 

 

AppendixTable G-1 and AppendixTable G-2 report the strut diameters for the graded cells 

of the bcc and f2ccz lattice samples of aspect ratio of 10 considering the grading parameters 

listed from AppendixTable B-3 to AppendixTable B-6, respectively. According to table Ta-

ble 3, the transition region of bcc samples consists of eight graded cells while nine graded 

cells are required in the transition region of f2ccz samples. The diameter variation in the 

vicinity of the ungraded cells is the range of order of the standard deviations listed in Table 

8. 

 

AppendixTable G-1: Strut diameters for the graded configuration of bcc AR10. 

Zone 
𝒕 [μm] 

𝒛∗ = 𝟖 𝒛∗ = 𝟕 𝒛∗ = 𝟔 𝒛∗ = 𝟓 𝒛∗ = 𝟒 𝒛∗ = 𝟑 𝒛∗ = 𝟐 𝒛∗ = 𝟏 𝒛∗ = 𝒛𝟎
∗  

A 585.9 468.4 449.0 430.1 411.8 394.3 377.6 362.4 350.0 

B 399.4 392.3 385.4 378.6 372.1 365.8 359.9 354.4 350.0 

C 326.7 330.0 333.3 336.5 339.6 342.5 345.3 347.9 350.0 

D 259.0 272.1 284.8 297.3 309.3 320.9 331.8 341.9 350.0 
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AppendixTable G-2: Strut diameters for the graded configuration of f2ccz AR10. 

Zone 
𝒕 [μm] 

𝒛∗ = 𝟗 𝒛∗ = 𝟖 𝒛∗ = 𝟕 𝒛∗ = 𝟔 𝒛∗ = 𝟓 𝒛∗ = 𝟒 𝒛∗ = 𝟑 𝒛∗ = 𝟐 𝒛∗ = 𝟏 𝒛∗ = 𝒛𝟎
∗  

A 594.1 459.0 443.1 427.7 412.6 398.1 384.3 371.3 359.4 350.0 

B 389.4 384.3 379.3 374.4 369.7 365.1 360.8 356.7 353.0 350.0 

C 321.6 325.3 328.9 332.4 335.8 339.1 342.2 345.2 347.9 350.0 

D 259.4 271.1 282.6 293.8 304.7 315.2 325.2 334.6 343.2 350.0 

 

AppendixTable G-3 reports both upper and lower diameter limits for each graded config-

uration. 

 

AppendixTable G-3: Minimum and maximum strut diameters for each configuration. 

RUC 
𝒂  

[mm] 

AR6 AR8 AR10 

𝒕𝒎𝒊𝒏 [μm] 𝒕𝒎𝒂𝒙 [μm] 𝒕𝒎𝒊𝒏 [μm] 𝒕𝒎𝒂𝒙 [μm] 𝒕𝒎𝒊𝒏 [μm] 𝒕𝒎𝒂𝒙 [μm] 

bcc 
3.0 400.9 805.9 286.4 620.7 222.0 502.2 

3.5 467.8 940.2 334.1 724.1 259.0 585.9 

f2ccz 
3.0 386.0 861.9 282.1 643.6 222.3 509.2 

3.5 450.3 1005.6 329.1 750.8 259.4 594.1 

 

AppendixFigure G-2 provides details on the experimental setup as well as on the design of 

the bulk region. The total height of the bulk region ℎ𝑏𝑢𝑙𝑘 was set to 38 mm while its length 

𝑙𝑏𝑢𝑙𝑘 depends on the manufacturing approach of the sample. In the case of monolithic 

samples (see section 5.2.1), the length of the bulk region corresponds to the number of 

RCUs in one direction of the plane perpendicular to the loading direction. In the case of 

hybrid samples based on the modular design, the selected length is shown in AppendixFig-

ure F-1. A bolt connection was chosen to avoid any moments while constraining the sam-

ple. A bolt diameter ∅𝑏𝑜𝑙𝑡 of 10.5 mm was selected. In order to allow some positioning 

play, the bore hole diameter ∅𝑏𝑜𝑙𝑡 was set to 11 mm. The distance between the bolt and 

the lattice structure ℎ𝑏𝑜𝑙𝑡 was set to 24 mm. This value comes from a parametric FE inves-

tigation in order to ensure that the bore hole does not influence the load introduction into 

the lattice structure. The bore holes were drilled separately to avoid any influencing devi-

ation from the initial design. A centring sleeve was employed to ensure that the sample is 

positioned upright. 
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AppendixFigure G-2: Details on the test setup and the design of the bulk region. 

Stiffness correction 

As mentioned in section 3.4.1, the stiffnesses of both machine and load introduction were 

considered by correcting the measured displacement of the crosshead. Tensile specimens 

consisting of the transition regions of the samples investigated in section 4.1 were de-

signed according to the principle of Figure 35. Data from Table 3 and from AppendixTable 

B-3 to AppendixTable B-6 were used. AppendixFigure G-3 and AppendixFigure G-4 show 

failed specimen for both f2ccz and bcc configurations, respectively. The observed failure 

modes are in line with the ones reported from Figure 143 to Figure 145 of section 6.3. 

 

 

AppendixFigure G-3: Specimen failure in the framework of the stiffness correction investigation 

(f2ccz): AR6 ungraded (a), AR8 ungraded (b), AR10 ungraded (c), AR6 graded (d), AR8 graded (e), 

AR10 graded (f). 
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AppendixFigure G-4: Specimen failure in the framework of the stiffness correction investigation 

(bcc): AR6 ungraded (a), AR8 ungraded (b), AR10 ungraded (c), AR6 graded (d), AR8 graded (e), 

AR10 graded (f). 


