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Abstract
Since the advent of Industry 4.0, the manufacturing sector has had to face new challenges, which require the development of 
new skills and innovative tools. This scenario includes innovative production processes such as additive manufacturing (AM), 
a technology capable of producing a component layer-by-layer directly from the 3D model without needing specific tools 
during the building phase. Generative design (GD) may represent an opportunity to maximise the potential of AM techniques. 
GD is based on parametric computer-aided design (CAD) tools capable of generating multiple optimised outputs, among 
which the designer could select the most promising solution. This paper presents a general methodology for evaluating the 
GD outputs in the conceptual phase of design to select the best possible solution through a series of criteria at several levels. 
The evaluation method is deployed in an aerospace field case study. The procedure demonstrates the benefits of synergising 
GD with AM in the early stages of product development. This indicates that the developed methodology could reduce the 
number of iterations during the design process, and the result is a decrease in the overall time spent on the project, avoiding 
problems during the final stages of the design.

Keywords  Additive manufacturing · Generative design · Design methodology · Laser-powder bed fusion

1  Introduction

Production moved from craft manufacturing to more current 
mass customisation during the industrial revolutions. This 
was obtained through intermediate stages where the pro-
duction was conditioned by continually growing and more 
revolutionary models, more adaptable to new needs, and has 
been subject to preferring a pull strategy rather than a push 
one [1]. The adoption of the pull strategy foresees a series 
of changes in the way a company approaches the market: 
shorter development times, identification of demand in quan-
titative and qualitative terms, flexibility, decentralisation of 
production, and resource efficiency [2]. With the advent of 
the Fourth Industrial Revolution and the digitalisation of 
production (Industry 4.0), the manufacturing sector has to 

face new challenges, which require developing new skills 
and using innovative tools. This scenario includes smart 
factories and particularly the use of innovative production 
systems such as additive manufacturing (AM) [3–5].

In agreement with various authors, AM is a set of tech-
nologies capable of producing a component layer-by-layer 
directly from its three-dimensional model without requir-
ing specific tools and in a single production step during the 
building phase [6, 7]. AM characteristic layer-wise produc-
tion claims several advantages, such as the ability to pro-
duce complex and highly lightened shapes, thus minimising 
the buy-to-fly ratio [8]. The aerospace sector is the one that 
makes the most of AM techniques potential. The primary 
objective of the aerospace industry is to reduce the overall 
mass of the aircraft while improving the part performance, 
even at the risk of higher production costs [9]. Reducing the 
overall mass of the aircraft can make it fly farther and faster 
and consume less fuel. In addition, the aerospace industry 
can take advantage of AM to reduce environmental impact, 
reducing greenhouse gas emissions [10]. In the attempt to 
make this possible, the various parts of the aircraft should be 
lighter, but care should be taken not to affect other structural 
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requirements such as stiffness, fatigue strength, and resist-
ance to high temperatures [11]. For these reasons, the aero-
space industry has always been very attentive to the search 
for new materials, such as superalloys or composite mate-
rials, and to the use of innovative production techniques, 
such as AM [7]. Moreover, the aerospace industry could 
take advantage of numerous AM studies; for example, the 
directed energy deposition (DED) family technique allows 
control of the component properties of narrow regions to 
optimise its characteristics and extend its service life [9, 12, 
13]. In particular, DED techniques enable the production of 
functionally graded materials, optimising the parts thanks to 
the different thermo-mechanical properties of the materials 
used in the metallic junction [4, 14–16]. Furthermore, in the 
aerospace sector, each structural component adopted on the 
aircraft must pass the two most critical phases: qualification 
and product certification. Thanks to the constant increase 
in the reliability of AM techniques, it is now possible to 
standardise the qualification and certification process of the 
components produced by AM following current regulations. 
GE estimates that AM will be exploited to build future ships 
that can safely transport humans to the Moon and Mars and 
has already started the fuel nozzle tip mass production for jet 
engines [17, 18]. Even if building an entire spaceship by AM 
is a utopian statement that could happen in the long-term 
future, to date, we are able to build sustainable eco-houses 
using AM [19].

Intending to take advantage of the adoption of AM tech-
nologies, the design of the components plays a key role. 
Nowadays, AM metal techniques produce final high-perfor-
mance components with complex shapes, freeing the design 
from the process limits of standard techniques (e.g. milling, 
turning, foundry, and bending). Since the cost of a compo-
nent made for AM does not depend on its complexity but 
rather on the amount of material used and its size, it can be 
said that the products made for AM are complexity for free 
[7]. To be more precise, gaps and challenges in materials, 
supports, process optimisation, and post-processing must be 
achieved before AM becomes truly complex for free or less 
costly [20]. As a result, geometric complexity is no longer 
a constraint for component design, and design optimisation 
tools can be exploited efficiently. Topology optimisation 
(TO) and generative design (GD) are two effective tools 
available to the designer for component optimisation. As a 
matter of fact, the very complex shapes generated by TO and 
GD, often not producible by conventional processing tech-
niques, now have a production potential [21]. These tools 
can both be used to define an initial concept from which to 
develop an increasingly detailed design in the later stages of 
the design. Also, TO plays a significant role in optimising 
obsolete components in terms of performance and can there-
fore be optimised by adopting different materials or produc-
tion processes than the original one. TO is used in various 

fields, from the automotive, aerospace, and medical sectors 
to design and architecture. On the other hand, GD has found 
its main place in the design of buildings and, therefore, in 
the field of architecture and design [22]. In more recent 
years, the GD has also been used in the engineering field, 
particularly the structural one, thanks to the development 
and implementation of commercial software [23, 24].

As concerns GD, it is a conceptual project support to 
the designer based on a parametric computer-aided design 
(CAD), capable of generating multiple output proposals, 
which can be achieved by more than one production tech-
niques [25]. The core of GD is to apply an evolutionary 
algorithm to populate alternative solutions in the design 
space [26]. Such algorithms optimise solutions by taking 
into account overall structural characteristics, material prop-
erties, and process constraints. In addition, GD algorithms 
may use both evolutionary design (EV) and TO but are not 
limited to the use of only one of these [27]. Although there 
is no precise and consistent definition of what GD is, it can 
be said that “generative design systems are aimed at creat-
ing new design processes that produce spatially novel yet 
efficient and buildable designs through the exploitation of 
current computing and manufacturing capabilities” [28], so 
it can help engineers think like designers and vice versa as 
assessed by Kazi et al. [29]. However, it should be noted that 
the distinction between the two approaches is sometimes 
unclear as TO algorithms could be also used in GD. On 
the other hand, GD offers a range of outputs that meet the 
designer’s requirements, thus allowing him to use multiple 
approaches to solve a problem. Typically, the choice of the 
right solution in the design process is based on the personal 
judgement of the designer.

GD allows taking into account some of the aspects of 
production already in the conceptual phase by integrat-
ing aspects such as finite element method (FEM) analysis, 
manufacturing limits and advantages, and production costs. 
This integration positively impacts the design process since 
potential issues are anticipated, and risk is reduced. This 
design approach for product development allows design-
ers to evaluate performance in advance, partly avoiding the 
costly testing phase [30]. The methodology embraces the 
concurrent engineering approach, where the development of 
a project is integrated into its manufacturing, and the dura-
tion of the product development cycle could be reduced by 
up to 70% [31].

This work adopts a simulation-driven method based 
on GD software, aiming to define a methodology to 
quickly select the most promising solution from a port-
folio of solutions, cutting down the time spent in the 
design phase. The proposed approach is intended for con-
ceptual design and allows various geometries to be ana-
lysed and ranked and the best one to be quickly identified 
from the perspective of product functionality, costs, and 
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production aspects. It opens the way to the next steps of 
preliminary and final designs. More in detail, the meth-
odology is applied to AM as manufacturing technology 
and aerospace as an application sector.

2 � The design process

The design process includes several phases that are usually 
supported by specialised tools. The typical phases of the 
design process are presented, and the tools covered by this 
study are detailed in the following paragraphs.

2.1 � Phases of the design process

The design of a product is typically developed in three 
phases: concept, definition, and development.

Concept phase. The first phase is the conceptual design 
and involves exploring the possible solutions applicable 
to the case study. During the design of an industrial prod-
uct, Dorst and Cross [32] argue that the creative compo-
nent is essential. As far as the conceptual prototyping part 
is concerned, using specific design software is not strictly 
required: it can be carried out iteratively by sketching on a 
piece of paper or digital drawing [22, 33, 34]. Using tech-
niques such as brainstorming and brainsketching could be 
very efficient. However, this approach requires some condi-
tions often unavailable to the designer: working teams and 
extended development times [35]. In this regard, the avail-
ability of a design tool such as three-dimensional modelling 
software could help the individual designer overcome the 
limits due to the time and the lack of development teams.

Definition phase. The second phase of the development 
of a product consists in realising the preliminary design of 
the component. Using CAD software, the three-dimensional 
model is created following the conceptual design developed 
in the previous phase. It is a crucial operation as it allows 
the designer to visualise the component, to fit the part into 
the assembly, and, sometimes, by using a CAD software 
tool that foresees it, to analyse the relative movements. This 
type of analysis makes it possible to verify the component 
correct functioning by ensuring that there is no interference 
with the other components and that it correctly fulfils the 
required function [36].

Development phase. The final phase is the final design 
of the component, which is a resume of the first two phases. 
Computer-aided engineering (CAE) analyses are performed 
based on the CAD model to highlight any engineering 
issues, like structural and thermal ones, and, if required, 
to perform optimisations [37]. In this step, the designer 
adapts and improves the CAD model based on the emerging 

problems and designs the component with technical details, 
also considering the production process. The application of 
optimisation techniques could improve the structural perfor-
mance of the component [38].

According to a design-driven method, product develop-
ment follows a top-down sequential workflow. The main 
limit of the design-driven method lies in the structural 
problems that may arise in the advanced phases of the pro-
ject when the product topology has already been defined, 
as a substantial number of working hours were employed 
to develop it. Differently, in a simulation-driven method 
(Fig. 1), optimisation techniques are already applied in the 
first conceptual phase of the project allowing to obtain an 
advanced design concept.

This method can prevent problems from occurring at the 
most advanced design stages. This alternative design method 
requires the CAD/CAE concurrent modelling, the definition 
of the loads, and the constraints that are more precise than 
usual in the concept phase and only sometimes available 
when starting a project. In the other hand, in most cases, it 
makes it possible to eliminate several iterations during the 
design process, shortening the project time.

2.2 � Generative design software tools 
for the simulation‑driven method

In the conceptual phase of the design, suitable solutions 
shall be explored without breaching design and manufac-
turing constraints, and GD could help and guide the designer 
early in the creative process typical of divergent thinking 
[39]. However, in the early stages of the design, these poten-
tialities could be supported with the method proposed in this 
work by considering the technical possibilities of realising 
such products and increasing the intrinsic value of the GD. 
In this way, the designs developed are certainly producible 
through the current state-of-the-art AM techniques. Prior 
work has documented the effectiveness of GD in improv-
ing design exploration and product performance at the early 
stages of the product design process; Dino [40], for example, 
reports the efficacy of using a GD tool in architecture design 
exploration. Moreover, Krish [22] showed how GD through 
CAD could offer a wide variety of solutions to choose from 
in the early stages of a project. In fact, the use of CAD in 

Draft product 
design that fulfills
part functionalities

Preliminary design 
that fits into the
CAD assembly

Design optimisation
by CAE analysis and 

process consideration

CONCEPT DEFINITION DEVELOPMENT

Fig. 1   The workflow of the simulation-driven method
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the preliminary phases offers more leeway than its targeted 
use exclusively in the final phase of the project since, at this 
point, the possible modifications are limited. Another pos-
sible use of GD is related to the implementing automotive 
related designs, as proposed by Burnap et al. [41]. Bagassi 
et al. [27] confirmed the GD potential in the aeronauti-
cal sector and proposed a robust design procedure. In this 
respect, Tyflopoulos et al. [42] claimed the limitations of 
commonly used tools for optimisation and how an integrated 
procedure between CAD and FEA can deliver better results 
in optimisation, reducing human errors.

Several GD techniques are proposed in the literature, 
including shape grammars, L-systems, cellular automata, 
swarm intelligence, and genetic algorithms. Most developed 
GD systems are a natural evolution of the mentioned tech-
niques [43]. Autodesk proposes a distinction between five 
methods suitable for AM: TO, lattice and surface optimisa-
tion, form synthesis, and trabecular structures [44]. TO is 
one of the best-known techniques to find, if existing, the 
optimal structure from a starting design space while com-
plying with the boundary conditions and domain restric-
tions [45]. Lattice and surface optimisation methods consist 
of repeating a cellular unit structure, like crystalline ones, 
filling the parts of a component to be lightened [46, 47]. 
Form synthesis collects all these techniques, such as size and 
form optimisation [48]. These, and TO, are the three macro-
categories of engineering optimisation issues. Finally, tra-
becular structures are mainly used in the medical field and 
create porous structures, often pseudo-randomly generated. 
These consist of rods connected, with a surface roughness 
obtained through AM and bio-medical materials, allowing 
implantation in patients [49].When reference is made to a 
specific application sector (e.g. mechanical design), starting 
from developing a product up to its design and from design 
to its production, we can identify two macro-categories of 
GD: additive methods and subtractive methods. Lobos [44] 
explained the two approaches of GD (i.e. subtractive and 
additive methods) and how they are applied to a product 
design, evaluating the integrated method for production 
using AM techniques that also consider aesthetic beauty. 
GD, therefore, is a technique that lends itself to a simulation-
driven method of design as it can create continuous struc-
tures meeting the demands of the problem without the need 
to define a volume (also known as design space) from which 
to remove the least efficient structural material.

An example of how GD can be used to develop mechani-
cal components was proposed by Bagassi et al. [27], where 
the first part of the method focuses on a divergent phase, 
which explores various concept designs, followed by a con-
vergent phase, in which the correct solution is sought. In the 
last few years, many GD software tools were released either 
as a part of CAE or as a stand-alone application. In larger 
companies developing engineering software, an increasingly 

common trend is integrating CAD software with CAE ones. 
In this way, the working environment does not change, and 
the designer can focus on developing a product in its pre-
liminary stages. Table 1 summarises some GD commercial 
software and their potential, paying particular attention to 
those suitable for GD, TO, and design for additive manufac-
turing (DfAM) [50].

The potential of GD software tools is maximised if 
AM techniques are selected for production and vice versa. 
Briard et al. [51] implemented a GD approach in the AM 
field, suggesting a workflow and a score-based evaluation 
method. They observed that GD outputs often have bio-
inspired shapes, asymmetric, with variable thicknesses, and 
are often challenging to produce if not with AM techniques. 
Moreover, Wang et al. [52] evaluated by a CAE analysis 
the two lightest outputs generated by the GD software for a 
complex shape joint case study. They produced the concep-
tual prototype by fused deposition modelling (FDM) and a 
scaled mock-up part by laser powder bed fusion (L-PBF). 
In addition, AM techniques in synergy with GD offer higher 
efficiency and possibilities and can exploit human collabora-
tion through data exchanged on cloud in an Industry 4.0 sce-
nario [53]. In this perspective, several engineering software 
developers have focused their efforts to create platforms that 
allow design in a cloud-based collaborative environment for 
product lifecycle management (PLM) optimisation. Among 
software developers, we can mention PTC, Autodesk, and 
Dassault Systèmes and their respective cloud platforms: PTC 
PLM Cloud, Autodesk Vault, and 3DEXPERIENCE. These 
tools aim to enable large companies, which interface with 
the future through Industry 4.0, to use a tool that can com-
bine PLM and design on CAD in such a way as to optimise 
the product design and life management of a product [54].

3 � Methodology

The methodology proposed by the authors involves the use of 
a GD software tool to generate a variety of outputs suitable 
for AM production. The outputs proposed by GD software 
require a study capable of generating a series of performance 
and economic evaluations to be subsequently submitted to the 
designer’s interpretation, as assessed by Briard et al. [51]. 
Typically, the outputs must respect the limits imposed by 
the designer and meet the requirements of different types: 
fatigue resistance, thermal dissipation, and minimum factor 
of safety (FoS). The evaluation procedure proposed in this 
paper focuses on four steps, which are (i) GD optimisation, 
(ii) scoring and sorting algorithm, (iii) manufacturing assess-
ment, and (iv) performance evaluation, and allows to select 
a single output among those generated by GD software. The 
workflow of the proposed methodology is shown in Fig. 2. 
In particular, the sequence of operations and evaluation steps 
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allows a quick general estimation of the problems that may 
arise at any level of product development. These include non-
compliance with manufacturability and technical require-
ments or excessively high production costs and times. Fur-
thermore, the proposed decision-making scheme does not 
impact the GD characteristics and technique.

Starting from an initial idea of the component (named part 
concept in the following) and its general production charac-
teristics that are the maximum envelope, the batch size, and 
the minimum production rate (PR) required, the possibility 
to produce the part concept with a feasible AM production 
system is preliminarily assessed. Thereafter, the design based 
on the simulation-driven method begins with the definition of 
the 3D CAD models of the geometries that limit the allow-
able volume for the part design: the designer thus creates the 
so-called fixed volume and obstacle geometry [25].

3.1 � Generative design optimisation

Exploiting GD software, the inputs are the boundary condi-
tions (BCs), the loads, adopting proper approximations to 
simplify the analysis, the optimisation objectives, and con-
straints, but also materials and manufacturing constraints 
have to be implemented in the GD optimisation. After 
the finite element (FE) model set-up, the optimisation is 
launched, performed, and could produce k solutions, GD(k), 
if existing, that fulfil the GD inputs requirements.

3.2 � Scoring and sorting algorithm

The evaluation of the GD(k) solutions is carried out through 
a selection scoring and sorting algorithm to organise the 
outputs in a GD(ith) k-length vector assessing specific cri-
teria [55] or weighted criteria as claimed by Pilagatti et al. 
[56]. This algorithm aims to obtain an ordered vector based 
on the performance of the various outputs, according to the 
designer’s objective or multi-objective.

3.3 � Manufacturing assessment

Subsequently, the manufacturing assessment starts with the 
first ranked GD output, GD(1st). Suppose the manufacturing 
constraints introduced by the GD optimisation have specific 
parameters for the building orientation of the component in 
the machine. In that case, this orientation shall be maintained 
in all subsequent phases, as shown in Fig. 2. Thereafter, if the 
GD(1st) output is oriented in the reference system according 
to GD(1st) manufacturing constraints, the PR of the GD(1st) 
output is evaluated: copies of the oriented GD(1st) output are 
positioned and packed on the construction platform in such a 
way as to maximise the number of pieces that can be produced 
in a single job. This way, optimisation constraints are tighter 
than those of packing to maximise productivity and cannot be Ta
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breached. At this point, considering the job time, the PRGD(1st) 
is calculated as the number of components produced in a unit 
period of time. On the other hand, if there are no imposed 
orientation constraints in the GD phase, the GD(1st) output 
is oriented to maximise nesting efficiency and productivity, 
and PRGD(1st) is evaluated as described above. It is worth to 
note that all the produced components must have the same 

orientation in the machine in order to meet the qualification 
criteria typical of the aerospace sector [57]. If the PRGD(1st) 
does not meet the required PR, the GD(1st) output is discarded. 
Then the evaluation is repeated on the following GD(ith) out-
puts until a feasible solution, if existing, is reached [58]. The 
manufacturing assessment is taken before the detailed struc-
tural analysis that is highly labour and time-consuming.
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3.4 � Performance evaluation

A CAE analysis is performed on the feasible GD(ith) solution 
by removing the approximations adopted in the GD optimisa-
tion phase. This detailed analysis is needed to verify that the 
solution meets all the design requirements, including residual 
stresses, deformation, and FoS. If the requirements are not 
completely satisfied, a new iteration starts for the GD(ith  + 1) 
output. Finally, the output is prototyped after the evaluation 
is completed, and the solution is accepted. If approved, the 
output will be selected for the subsequent design phases.

There are no guarantees the GD software is capable of 
generating suitable outputs to be produced with a commer-
cially available AM system. Moreover, the GD optimisation 
could not find a solution for all the inputs required, if these 
are too strict.

4 � Case study

The proposed methodology has been applied and validated 
on a case study that refers to an aerospace application. Spe-
cifically, an aircraft bearing bracket has been re-designed 
exploiting AM possibilities. This bracket has the function of 
supporting sensors mounted on a shaft able to rotate thanks 
to rolling bearings. The final component shall meet specific 
company requirements as follows:

•	 1.5 mm of maximum deformation
•	 2 as a minimum FoS
•	 ∅0.6 mm of position tolerance between the axis of the 

two-bearing housing in the deformed configuration

Moreover, it must be as light as possible, although this 
could mean running into additional production costs. The 
original bracket (shown in Fig. 3) has overall dimensions of 
162 × 116 × 47 mm3 and is made of UNI EN AW-7075 (i.e. 
Ergal), which is a common standard alloy in aerospace, as 
it shows a good balance between mechanical characteristics 
and low density [59].

The bracket is fixed to the aircraft and is subjected to six 
possible acceleration cases, according to the RTCA DO-
160G-Environmental Conditions and Test Procedures for 
Airborne Equipment [60]. A 522 g mass sensor is connected 
to a 19 mm diameter Ergal shaft; this can rotate around the 
bracket (y-axis in Fig. 3), both CW and CCW, with the roll-
ing bearings. This could produce two different torques that, 
combined with the six possible acceleration cases of the air-
craft, return a total of twelve load cases.

A small-batch production of 60 pieces [61] and 2 months 
for delivery are assumed, which correspond to a minimum 
PR = 7.5 pcs/week. The goal is to identify a lightweight 

geometry optimised for the product functionality, able to 
meet AM production requirements and with consideration 
of also costs.

4.1 � AM production feasibility

Currently available AM metal techniques differ in the pro-
duction process, achievable performance, and application 
areas. For the component under study, a proper AM technol-
ogy is the L-PBF, which is well suited for creating small and 
medium batches of metal components with complex shapes 
and limited sizes [62]. Moreover, the L-PBF technique is 
suitable for manufacturing components that have a proper 
balance between the minimum producible detail level and 
a good surface finishing [63]. This process involves using a 
laser to melt metal powders selectively. The powder is depos-
ited and fused in such a way as to form, layer after layer, a 
completely dense three-dimensional structure [21, 64]. The 
process characteristics such as layer height (typically between 
20 and 100 µm), laser power, scanning strategy, inert gas flow 
type, and recoating system can vary between companies and 
are specific to the system considered. The increasing use of 
the L-PBF technique in aerospace is amply demonstrated by 
several case studies adopted by large companies in the sec-
tor. GE has now produced more than 30,000 LEAP engine 
fuel nozzles, reducing both the total mass (25% less) and the 
number of components (from 20 to 1) [65]. The Airbus A350 

Fig. 3   Original bearing bracket with ancillary parts in transparency
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XWB has been fitted with a titanium alloy bone-like bracket 
produced by AM, with a total mass reduction of 30% com-
pared to the same component designed and produced using 
conventional techniques such as foundry or milling [66].

As the original component material (Ergal) is currently 
unavailable for commercial AM systems, the AlSi10Mg alloy 
is considered an alternative material in this optimisation study. 
This choice was due to several reasons, including its proven 
reliability in the aerospace field and the characteristics of the 
components produced employing the L-PBF technique. These 
have similar and, in some cases, superior mechanical proper-
ties, compared to the components of the same alloy produced 
by traditional foundry technologies [67]. Moreover, the use of 
Ti6Al4V titanium alloy is also explored. In addition to having 
excellent mechanical properties, it has high corrosion resist-
ance and low density. Ti6Al4V is widely used in the aerospace 
sector, and AM processes have reduced the buy-to-fly ratio 
from both economic and environmental impact points of view 
[68]. For these reasons, this alloy has aroused great interest in 
research and development.

In order to be able to estimate the criteria of the manufactur-
ing assessment correctly, it is necessary to verify the availabil-
ity of an AM system supporting the following characteristics:

•	 A building volume large enough to produce the bracket
•	 Possibility to process AlSi10Mg and Ti6Al4V
•	 Capability of meeting productivity requirements (minimum 

PR) and low downtime between two consecutive jobs

Among commercially available L-PBF machines, the 
EOS M 400–4 is one of the feasible systems that fulfil all the 
technical requirements and characteristics for this case study, 
as detailed in Table 2 [69], and is selected for the case study.

In detail, Table 3 shows the mechanical characteristics of the 
alloys processed by EOS M 404–4 and the comparison with the 
original AW-7075 material. Both considered AM alloys require 
heat treatment after building. In particular, the properties listed 
in Table 3 refer to samples subjected to the following heat treat-
ments: 90 min of annealing at 270 °C for AlSi10Mg samples 
and a thermal relaxation at 800 °C for 2 h in an inert atmos-
phere for Ti6Al4V samples [70]. These are standard treatments 
for processed products using the L-PBF technique, enabling 
these components to maximise their mechanical properties.

The following hypotheses are assumed for AM produc-
tion to evaluate the PR:

•	 Production in three shifts, 7 days a week
•	 One hour for pre-setting
•	 Three hours from the completion to the start of the next 

job and 1 h to unload the machine
•	 Production with no discard (ideal)
•	 One hour per piece for supports removal
•	 Heat treatment time depending on parts material and size

4.2 � Obstacle geometry and fixed volume 

In an optimisation study, the volumes excluded must be 
identified and left unaffected; these volumes define the non-
design space. This phase is essential as it allows the correct 
functioning of the component in the assembly and ensures 
that the couplings are carried out correctly.

The obstacle geometry is identified considering the 
geometry of the assembly that could interfere with the 
optimised component (Fig. 4). The obstacle geometry 
includes both coupling and relatively moving parts. In 
the current case, the obstacle geometries include (red 
in Fig. 4):

•	 Ball bearing aircraft connector
•	 Sensor system (rotating shaft, ball bearings, motor, and 

counter mass)
•	 Electronic components

The volume included in the final design and excluded 
from the optimisation is called the fixed volume. In the cur-
rent case, the fixed volumes include (green in Fig. 4):

•	 Coupling volume with the aircraft
•	 Coupling volume with rolling bearings
•	 Volume for supporting electronic components

Finally, wires of the sensors (blue in Fig. 4) are not 
considered in the optimisation design, as they are flexible 
and easily adaptable to the resulting design.

Table 2   EOS M 400–4 AM system datasheet

Parameter Value

Building volume 400 × 400 × 400 mm3

Build rate 5,000 mm3/h
Recoating time 10 s

Table 3   Mechanical properties of AW-7075 and comparison with 
AlSi10Mg and Ti6Al4V powder components after heat treatment [70]

1 Stress relieve: anneal for 2 h at 300 °C (572 °F)
2 HT: 800 °C for 2 h in argon inert atmosphere

Mechanical property AW-7075 AlSi10Mg1 Ti6Al4V2

Young’s modulus (GPa) 71.7 70 ± 10 113.8 ± 10
Poisson’s ratio 0.33 0.34 0.34
Density (kg/m3) 2810 2670 4410
Yield strength (MPa) 145 220 ± 20 945 ± 20
Ultimate tensile strength (MPa) 276 340 ± 20 1055 ± 20
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4.3 � Objective and assumptions of the GD 
optimisation

In the case study, the optimisation objective is to reduce 
the mass by constraining the maximum permissible von 
Mises stress. As outlined in the Introduction, this is the 
primary focus of the aerospace industry. The L-PBF 
process introduces some manufacturing constraints 
that could limit the geometrical complexity of the part. 
Fusion 360 by Autodesk, i.e. the commercial GD soft-
ware used in this work for the optimisation, allows to 
consider the L-PBF constraints or to exclude this limita-
tion from the optimisation; in this study, both approaches 
have been examined. Specifically, L-PBF manufacturing 
constraints were defined as the maximum permissible 
angle to be produced by L-PBF without supporting can-
tilevered surfaces [71]. The selected values are conserva-
tive and have been set to 45° for the AlSi10Mg and 35° 
for the Ti6Al4V.

5 � Results and discussion

According to the methodological approach previously 
described, the final design of the aircraft bracket was identi-
fied, starting from various outputs generated by Fusion 360 
GD software. The design flow is presented in the following 
paragraphs.

5.1 � GD optimisation

Fusion 360 allows the automation and workflow of some 
typical finite element modelling processes, making the 
entire process leaner. Therefore, the Fusion 360 software 
generates, in a single step, a series of outputs, typical 
of the GD, that fulfil the demands with an evident sav-
ing of time and resources in the first phases of a product 
development.

The bracket was discretised with 3D linear tetrahedral 
elements, the only type available on Fusion 360, by an 
automatic mesh algorithm implemented in the Autodesk 
software [72]. The shaft was simplified and modelled as a 
simple linear beam, and the connection between the shaft 
and the bracket was assumed as parabolic with the bearing 
load, available on Fusion 360. Finally, all the rotating sen-
sors were simplified as a single point mass, placed in the 
reduced mass coordinate on the shaft [25], where all the 
load cases are applied.

Fusion 360 provided 16 outputs from the inputs supplied, 
displayed, and organised in Fig. 5, as possible concepts of 
the bracket, 8 of which are in AlSi10Mg and 8 in Ti6Al4V 
alloy. It should be noted that the number of outputs the soft-
ware provides depends on the materials and the manufactur-
ing constraints. Another distinction must be made on the 
production constraints as, for each material, two optimisa-
tions were unconstrained to the production process while the 
remaining six accounted for it.

5.2 � Scoring and sorting algorithm

The evaluation of the supplied GD(k) outputs is related to 
the mass and costs of the component. The weight criterion 
was chosen as input to generate scoring of the selection 
sort algorithm, and, in this case, the lightest is at the first 
position with index i = 1. The selection sort algorithm is 
applied to all GD(k) outputs and ranked, as highlighted in 
Table 4.

It is noticeable that the first outputs appearing in the 
ranking are unconstrained, as the manufacturing con-
straints applied do not ensure that the optimisation of 
the function reaches the global minimum. It is possi-
ble to highlight how the titanium alloy components did 
not meet the main demand, namely the reduction, if any, 
in mass compared to the original design, except for the 
GD(13) output which has a mass reduction of around 
24%. Moreover, a possible range of production costs 
for each output was estimated by the aPriori tool imple-
mented in Fusion 360 [25]. From the first estimate of the 
costs supplied by the cost evaluation tool, it is possible 
to prove that these are linked to the component volume 
and not to the geometrical complexity, as claimed by 
Jared et al. [20].

Fig. 4   Fixed volume, obstacle geometry, and wires
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5.3 � Manufacturing assessment

The manufacturing assessment was initially performed on 
the first ranked GD(1st) output, shown in Fig. 6, to char-
acterise the output from the production perspective. This 
analysis was performed on Autodesk Netfabb Premium 
software. The assessment was carried out considering (i) 
the volume of material needed for the part, (ii) the volume 
and areas of supports, and (iii) the building time of a single 
component.

The L-PBF technique involves the use of supports 
during the construction of components. Supports play 
a fundamental role in the success of the job and have 
multiple functions, including anchoring to the construc-
tion platform, the dissipation of excess heat, and sup-
porting structures with an exceeding overhang angle. As 
a result, the supports reduce residual stresses and exces-
sive distortions and prevent collapse during manufacture 
[71, 73, 74]. On the other hand, supports are a source of 
material waste, in addition to the time needed for their 

Related to AM processesUnconstrained

GD(1) GD(2) GD(3) GD(4)

GD(9) GD(10) GD(11) GD(12)

A
lu

m
in

iu
m

 a
llo

y 
(A

lS
i1

0M
g)

GD(5) GD(6) GD(7) GD(8)

GD(13) GD(14) GD(15) GD(16)

T
ita

ni
um

 a
llo

y 
(T

i6
A

l4
V

)

Fig. 5   GD(k) outputs



5607The International Journal of Advanced Manufacturing Technology (2023) 126:5597–5612	

1 3

construction and time spent in post-production for their 
removal [75]. This results in an increase in production 
costs that are allocated to the single component. There-
fore, one of the goals of the designer is to reduce the 
massive use of supports by adopting the guidelines of 

the DfAM and correctly orienting the component in the 
machine, reducing the surfaces requiring their use and 
minimising the total volume of raw materials [21]. For 
the EOS M 400–4 system considered in this study, the 
used support parameters are listed in Table 5.

The GD(1st) solution, corresponding to the GD(9) 
output, has no manufacturing constraints; the orientation 
algorithm was therefore performed by minimising volume 
supports and the projected area on the build platform, 
each weighted to balance the difference between volume 
and areas. In particular, the chosen weights are 0.25 for 
the projected area and 0.75 for the support volume, as 
the latter drastically impacts costs. The data analysis 
was carried out by placing the component centred on the 
platform and spaced 10 mm above it. Since this phase 
aims to screen GD outputs, the supports were analysed 
as automatically generated by the script, without any 
modification by the designer. In this way, the supports 
develop vertically and, although not optimised for indi-
vidual output, provide a first estimate of the production 
process. The results obtained on the single component in 

Table 4   Results of the scoring 
and sorting algorithm

GD(ith) 
sorted 
output

GD(k) output Material Orientation Unit cost (EUR/part) Mass (g) Mass variation

1st 9 AlSi10Mg Unconstrained 110–186 186  − 41.9%
2nd 1 AlSi10Mg Unconstrained 130–235 225  − 29.7%
3th 13 Ti6Al4V Unconstrained 630–760 243  − 24.1%
4th 4 AlSi10Mg AM (Z +) 245–275 286  − 10.6%
5th 2 AlSi10Mg AM (X +) 235–350 294  − 8.1%
6th 3 AlSi10Mg AM (Y +) 280–370 295  − 7.8%
7th 12 AlSi10Mg AM (Z +) 165–260 302  − 5.6%
8th 11 AlSi10Mg AM (Y +) 140–230 333  + 5.6%
9th 10 AlSi10Mg AM (X +) 195–290 339  + 5.9%
10th 5 Ti6Al4V Unconstrained 725–885 363  + 13.4%
11th 16 Ti6Al4V AM (Z +) 880–1020 381  + 19.1%
12th 8 Ti6Al4V AM (Z +) 1040–1180 382  + 19.45%
13th 14 Ti6Al4V AM (X +) 960–1115 390  + 21.9%
14th 6 Ti6Al4V AM (X +) 1250–1410 398  + 24.4%
15th 7 Ti6Al4V AM (Y +) 1190–1350 428  + 33.8%
16th 15 Ti6Al4V AM (Y +) 735–895 431  + 34.7%

Fig. 6   GD(9) output

Table 5   Support structures parameters script

Support parameter AlSi10Mg Ti6Al4V

Support type Structured Structured
Structure pattern Wired wall Wired wall
Top part connection Trapoid Trapoid
Bottom part connection Trapoid Trapoid
Platform connection Strip Strip
Critical angle (deg) 45 30
Minimal area (mm2) 10 10
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terms of orientation and supports were used to evaluate 
the maximum number of parts produced for every job.

Particular attention was paid to the packaging of 
components on the building platform; in fact, the EOS 
M 400–4 system has areas where the four lasers could 
overlap, which can lead to problems in the process quali-
fication for the aerospace industry. In particular, these 
areas create a cross shape on the platform, highlighted 
in dark red in Fig. 7. Components were thus positioned 
by excluding that their projection on the platform crosses 
two adjacent areas. In this way, the components are not 
produced by overlapping multi-lasers and meet the aero-
space industry demand.

Based on the number of parts per job, the minimum 
number of jobs needed was computed to meet the pro-
duction requirement of 60 components. AlSi10Mg_080_
HiProM404 standard process parameters were adopted to 
evaluate the building time [76]. Furthermore, an 80 µm 
layer height was considered for the aluminium alloy.

Thus, the PR was computed, considering the initial 
assumptions of the production system (working shifts, 
unloading, machine time) and heat treatment cycle time, as 
reported in Table 3. As highlighted in Table 6, the GD(1st) 
solution showed feasible PR and was selected for the next 
evaluation step.

5.4 � Performance evaluation

The performance evaluation step consists of the CAE analy-
sis performed through the commercial finite element soft-
ware Altair HyperWorks X and OptiStruct. This software is 
chosen because it allows defining the mesh and the model 
manually in a much more detailed and controlled way than 
Fusion 360. The procedure involved the geometry import 

and meshing of the GD(9) output and, subsequently, the 
application of loads and constraints, as described in the Case 
study section. Concerning the discretisation of the model, 
the bracket was meshed with 3D linear tetrahedral elements 
(Tetra4), constrained with a fixed support. The shaft was 
modelled with 1D linear elements (Beam), and the connec-
tion between the shaft and the bracket was made possible 
with the rigid element (RBE2). The latter can transfer only 
the shaft displacements to the support and consequently the 
loads. The other parts are assumed as a point mass and con-
nected to the shaft with RBE3 elements with 6 DoF, which 
can also transfer the torque [77]. Linear static analysis was 
performed paying particular attention to the worst of the 
twelve load cases.

In particular, the deformations (displayed in Fig. 8), the 
maximum von Mises stress, the FoS at yield strength, and 
the displacement of the two bearings axis were considered, 
both in terms of position and angle in order to obtain the 
position tolerance, as visible in Table 7. The rolling bearing 
chosen for this study (i.e., deep groove ball bearings) can 
accommodate the angular misalignment between the shaft 
and the housing [78]. It should be specified that the largest 
bearing housing was considered as the datum feature.

It is evident from the results that the GD(9) output has 
the best mass, is producible with a feasible PR, and satis-
fies the mechanical requirements according to the proposed 
evaluation method. These considerations imply the choice 
of this model as an input for the following stages of product 
design workflow.

6 � Conclusions

The problem addressed in this paper is how to exploit the 
potential of GD software combined with AM technique 
capabilities to obtain an optimised design already in the 
first phases of the design process. One of the critical issues 
in modern production is the adoption of smart factories, 

Fig. 7   EOS M 400–4 building platform for GD(1st) output (top view 
dimensions are 400 × 400 mm2)

Table 6   GD(1st) solution L-PBF process data estimation

Property Value

Mass 186 g
Part orientation Min(support volume + support area)
Support volume per piece 6790 mm3

Build Height 174.9 mm
Build time per job 182.9 h
Max. parts per built 12
Jobs required 5
Total building time 914.4 h
PR 11 pcs/week
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which aims at sustainability by optimising both develop-
ment and production times. In this context, AM has proven 
to be competitive both in terms of flexibility and engineer-
ing. AM techniques can produce components optimised 
by high-level algorithms, such as the ones used in GD, 
with higher intrinsic value than conventional manufactur-
ing processes.

In this study, an evaluation methodology has been pro-
posed based on multi-step criteria that guide the designer 
selecting the most promising design from the variety of 
the GD outputs. An aerospace case study was selected 
to validate the proposed methodology and the evaluation 
method allowed to choose the design solution among the 
various GD outputs, which best balances technical perfor-
mance and AM production aspects. The results confirmed 
that the procedure adopted is fast and effective, allow-
ing the final solution to be selected without needing an 
extensive analysis of all the GD outputs. The solution was 
produced to test the proof of concept in the first concep-
tual design phase.

Most notably, this is the first study to the author’s 
knowledge on the effectiveness of implementing an eval-
uation method for GD tool in AM environment for the 
conceptual design. The outcomes of the study have pro-
vided compelling evidence for adopting GD potentiality 
in support of the designer creativity process. The results 
obtained are encouraging; in fact, the GD is well suited to 
the current manufacturing environment, which is in con-
tinuous development and growth.

However, some limitations are worth noting. Although 
the proposed method is valid for the AM sector, this has 
not been proven for other production techniques. Moreo-
ver, the variety of outputs heavily depends on software 
algorithms. Also, the results were tested for the linear 
static case and not for fatigue or nonlinear ones. Therefore, 
future work should include other GD software or algo-
rithms and evaluate the outputs in more complex cases 
like high-cycle fatigue analysis to improve the methodol-
ogy proposed.

Moreover, it should be noted that the proposed methodol-
ogy is highly dependent on the scoring and sorting criteria. 
The latter is crucial in selecting the best output, and multiple 
factors could be considered in a multi-objective evaluation 
(Pareto frontier) to overcome this limitation [79]. Indeed, 
adopting different criteria can help achieve different results 
than this study. The choice of such criteria depends on the 
designer’s discretion and experience and could be the sub-
ject of future investigations. Further development will be 
implementing the evaluation method by coding an automatic 
script to select the best GD output, reducing the selection 
procedure time.
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Fig. 8   GD(9) output displacements for the Load case 2

Table 7   Linear static analysis results for the Load case 2

Constraint Required GD(9) output

Max displacement (mm) 1.5 1.2
Max von Mises stress (MPa) 110 86.8
Min FoS 2 2.5
Axis position tolerance (mm) ∅0.6 ∅0.4
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