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Abstract

Advanced voxel-based CAD modelling for FSI simulations for

automotive structures design

by Antonio Bacciaglia

Additive Manufacturing (AM) is nowadays considered an important al-

ternative to traditional manufacturing processes. AM technology shows sev-

eral advantages in literature as design flexibility, and its use increases in

automotive, aerospace and biomedical applications. As a systematic liter-

ature review suggests, AM is sometimes coupled with voxelization, mainly

for representation and simulation purposes. Voxelization can be defined as a

volumetric representation technique based on the model’s discretization with

hexahedral elements, as occurs with pixels in the 2D image. Voxels are used

to simplify geometric representation, store intricated details of the interior

and speed-up geometric and algebraic manipulation. Compared to boundary

representation used in common CAD software, voxel’s inherent advantages

are magnified in specific applications such as lattice or topologically struc-

tures for visualization or simulation purposes. Those structures can only be

manufactured with AM employment due to their complex topology. After

an accurate review of the existent literature, this project aims to exploit

the potential of the voxelization algorithm to develop optimized Design for

Additive Manufacturing (DfAM) tools. The final aim is to manipulate and

support mechanical simulations of lightweight and optimized structures that

should be ready to be manufactured with AM with particular attention to au-
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tomotive applications. A voxel-based methodology is developed for efficient

structural simulation of lattice structures. Moreover, thanks to an optimized

smoothing algorithm specific for voxel-based geometries, a topological opti-

mized and voxelized structure can be transformed into a surface triangulated

mesh file ready for the AM process. Moreover, a modified panel code is

developed for simple CFD simulations using the voxels as a discretization

unit to understand the fluid-dynamics performances of industrial compo-

nents for preliminary aerodynamic performance evaluation. The developed

design tools and methodologies perfectly fit the automotive industry’s needs

to accelerate and increase the efficiency of the design workflow from the con-

ceptual idea to the final product.

Keywords: Voxelization; Design for Additive Manufacturing; Lightweight

structures; Topology Optimization; Additive Manufacturing; Automotive.
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Chapter 1

Introduction

To represent 3D models, many geometrical approaches co-exist in the

scientific literature (Figure 1.1). For example, the Constructive Solid Geom-

etry (CSG) method employs a set of primitive geometric shapes (i.e. spheres,

cuboids, cylinders and so on) that are combined through Boolean operations

such as union, intersection and difference (Figure 1.2). Another category of

geometry representation technique is the Boundary Representation (B-Rep)

methodology, representing the shapes using the limits, namely the bound-

aries (Figure 1.3). On the one hand, the B-rep method represents a solid

by its surfaces and so defines an interior and an exterior; the limiting sur-

face of solid consists of a set of well-organized faces. On the other hand,

Volumetric Representation (V-rep) methods, such as the voxelization, is a

modelling method for representing shapes using the volumes [1]. Among dif-

ferent techniques, voxel-based modelling is particularly interesting for this

research. The voxelization method often supports the tri-dimensional (3D)

object’s visualization in Computer-Aided Design (CAD) software. This visu-

alization method is based on the employment of elementary volumes called

voxels, which can be seen as pixels in 2D images (Figure 1.4). Compared to

common 3D representation techniques, such as B-rep, voxel-based modelling

is capable to handle a higher amount of data, storing the details of intri-

cate interiors of 3D models and can speed up geometry manipulations and
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operations, like boolean operations, rotations and so on [2].

Figure 1.1: 3D geometry modelling approaches (adapted from [3])

Figure 1.2: Example of CSG approach to model 3D shapes (image source [4])

Voxel-based models are mathematically represented by a 3D logical ma-

trix made of true (1) or false (0) values depending on the belonging of the

single voxel to the 3D model’s material or the void. Even though voxeliza-

tion is a 3D discretization, and so an object’s discretization, this visual-
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Figure 1.3: Example of B-rep approach to model 3D shapes (image source [5])

Figure 1.4: Example of V-rep approach to model 3D shapes using voxels

ization methodology can decrease the computational time requirements to

analyse, visualise and modify complex 3D models. Moreover, it could also

speed up structural and CFD numerical simulations by using the same ob-

ject’s discretization of the volume of interest. For example, [6] describes the

application of voxels in the automotive field for structural and thermody-
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namic numerical simulations. The authors reveal a huge decrease of compu-

tational timing required to run the simulations thanks to the voxel-modelling

that substitute the classic meshing process exploiting tetrahedral elements.

Moreover, Torigaki et Al. highlight that voxel-based modelling reveals funda-

mental when dealing with complex shapes coming from design optimization

tools. Indeed, voxelization rarely fails due to the simple unit cell topology,

compared to more complex discretization methods. The mentioned advan-

tages amplify when dealing with very complex structures as lattice structures

or those optimized through specific routines as the Topology Optimization

(TO) [7] or Generative Design (GD) [8]. Furthermore, the 3D model conver-

sion into a Standard Triangulation Language (STL) file format [9], used as

a standard in Additive Manufacturing, is more straightforward and hardly

falls through.

1.1 Voxel-based modelling

While CSG modelling is a rapid technique to create simple geometries,

when the objects to be represented have complicated 3D forms, such as bi-

ological systems, the surface representation may not be precise enough. B-

rep, on the other hand, uses basic geometric elements to represent linking

faces, edges, and vertices locally. As a result, it is more adaptable and fre-

quently produces an accurate 3D depiction. It does, however, need more

advanced CAD abilities, and all modelling must be done manually, which

is time-consuming [10]. As a result, neither CSG nor B-rep is well-suited

to designing bespoke 3D-printed components. This is particularly true in

biomedicine, where voxel-based hexahedron meshing is commonly employed

because of the absence of geometrical constraints. Indeed, the components

are generated straight from the Computer Tomography scans, making it a

rapid and fully automated mesh production approach [11].

Voxelization is a numerical process that enables the conversion of a polyg-

onal object into a 3D voxel-based model. The V-representation, using voxels,
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is becoming more and more popular in CAD software in the last few years,

considering the complexity of the components that is increasing in the last

decades, following the manufacturing technology evolution.

The CAD 3D modelling is characterized by the representation of a real

object through a mathematical model. A 3D model is constituted by two

key stages which are the modelling and the representation. In the former,

the computer uses the software to generate the 3D model while in the latter,

the object is represented and stored in the computer memory. In the V-rep,

a real object is represented using unit elements, called voxels and it is stored

as a logical matrix to describe multiple layers of voxels.

In many voxelization algorithms, a 3D grid is superimposed over the 3D

model. Thanks to this grid, it is possible to understand if the real object

occupies or not a single unit cell, namely a voxel. For each voxel, a binary

value is assigned and the 3D logical matrix is populated: 0 if the unit cell is

outside the 3D model and 1 otherwise.

Voxelization is a modelling technique that allows to simplify the represen-

tation and uniform it for all the 3D models. Compared to other 3D modelling

techniques, voxelization allows to achieve faster and more immediate geom-

etry manipulations and to rapidly evaluate the object’s properties, interfer-

ences, collisions and simulations. Sometimes it is used to evaluate the overall

part’s volume when it is not possible to evaluate it automatically. The best

advantage of a voxel-base representation is the immediate comprehension of

the model’s interior; a section of the model can be easily obtained by deleting

layers of a voxel of the logical matrix. This is extremely important in applica-

tions when dealing with complex structures such as aerospace and automotive

lightweight components or in biomedicine, to better understand the organ or

tissue composition. Moreover, despite higher computational demand, as the

voxel resolution increases, more precise and accurate 3D modelling will be

achieved. However, the V-rep through voxels has also some limitations, such

as an approximated representation and the aliasing.

Currently, voxels are used to accurately determine volumetric data in a
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variety of scientific fields. Voxel modelling techniques are frequently used by

geologists to simulate geological elements such as topography and elevation.

Researchers can compare variations in brain tissue concentration using voxels

in V-rep morphometry [12]. More broadly, voxel-based modelling may be

used by scientists to visualize and estimate the volume of everything from

fluids to green areas in cities.

1.1.1 The main voxelization algorithms

In the literature, there are several voxelization algorithms available that

have a sufficient level of fidelity and accuracy. These methodologies can

be divided into two main families which are the volume sampling [13] and

the implicit function approaches [14]. The former converts a 3D model by

occupying the space: a 3D voxel grid is placed over the model and for each

voxel, the algorithm decides if the unit cell is inside or outside the object.

This kind of approach is easy to be implemented and robust, even if the

computational requirements are higher compared to the other approach. The

latter uses a voxel grid evaluated through a function of the object’s surface; in

this way the voxelization occurs only near the object, saving computational

power required, but the suffering of issues related to the voxel resolution.

Among the volume sampling techniques, the parity-count uses ’V’ rays

that originate from the centre of a voxel and intersecting the object [15]. An

odd number of intersections means that the voxel is inside the object, while

an even value means that the voxel is outside the 3D model. A limitation

of this approach is the presence of holes in the external surface of the model

that could be not considered during the method. To take into account these

features, additional rays should be considered in the directions not examined

before.

A similar approach is called ray stabbing that uses rays as the previous

method [16]. However, here the algorithm considers only the first and last

intersection points of the object. Indeed, a voxel will be evaluated using only

these two information and will be considered inside the model if it is between
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the two interacting points, otherwise, it is outside the object.

The last strategy, known as ray-tracing intersection, is similar to the ray

stabbing method [17]. This algorithm will be the reference approach for the

entire PhD project due to its robustness and easiness. The algorithm ray-

traces in all the three main directions (x, y and z) and combines the results

coming from the different dimensions. Specifically, having at disposal an STL

file of the 3D model, for each triangle, the voxelization follows the succeeding

steps:

� Determine the edges of the triangle;

� Compute the opposite vertex of the selected edge;

� Find the ray relative to the selected edge;

� Check if the relative ray is on the identical side of the selected edge;

� If the check is positive for all the edges of the selected triangle, then it

is undoubtedly that the ray flows through the facet and for this reason,

the matrix element should be activated.

An example of the ray-tracing intersection voxelization applied on a 3D

model of a modern car can be seen in Figure 1.5 using three different voxel

resolutions (coarse, medium and fine).

1.2 Advanced modelling for AM

The research for lightweight design is a key factor in industrial applica-

tions as high-performance automotive [18], aerospace [19] and even biomed-

ical [20]. Decreasing the overall means of transport weight reflects on high

performances, less fuel consumption and lower emissions. In this engineer-

ing context, TO is a recurring theme in recent scientific contributions. The

Topology Optimization methodology is an optimization approach in which

the shape of the component is optimized to minimize a fitness function, usu-

ally defined as the structure compliance or in other words, the strain [21].
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(a) Coarse voxel resolution (53728 voxels)

(b) Medium voxel resolution (183120 voxels)

(c) Fine voxel resolution (1422435 voxels)

Figure 1.5: Voxel-based representation applied on a 3D model of a modern

car

8



This optimization occurs according to known boundary conditions, such as

the load condition, the constraints and the control volume which is discretized

using voxels. The algorithm can understand if the unit voxel should be acti-

vated (presence of material) or deactivated (absence of material) to satisfy a

volume fraction percentage the designer imposes a priori. In such a way, the

overall structure weight can considerably decrease. However, TO algorithms

usually return very intricate shapes which are impossible to be manufactured

using traditional processes based on casting or material removal by chip re-

moval operations such as turning, milling or drilling (Figure 1.6). In this

context, Additive Manufacturing is becoming the leading process to manu-

facture very complex shapes due to the design flexibility and accuracy offered

by AM [22]. With the employment of AM machines, the reduction of compo-

nent’s weight becomes an ordinary distinguishing feature, along with higher

structural performances and acceleration of the design-to-manufacturing cy-

cle.

(a) Bulk 3D CAD model of GE bracket (b) Optimized 3D model of GE bracket

using own programmed TO tool

Figure 1.6: Topology Optimization application of a benchmark component

On the same design direction, namely the weight reduction, bio-inspired

trabecular structures, called lattices, have been introduced in industrial ap-

plications [23]. These kinds of components are characterized by the repetition

of a representative volume element (RVE), of at least one order of magnitude

smaller than the full component, that is repeated in the space (Figure 1.7).

Such RVE can be associated with a voxel that is repeated in the space for

9



lattice’s design and simulation purposes. Lattices can be made by a combi-

nation of several materials or materials and voids revealing unique structural

properties. The internal structure can be stochastic or periodic, with the

latter revealing higher stiffness compared to the former, making them very

attractive for structural applications ([24], [25]). Different parameters de-

scribe the lattice structure configuration, such as the pattern, the external

surface conformity, the internal progressiveness and the choice of the unitary

cell element. Moreover, lattices can be optimized in the highly stressed re-

gions and unloaded where the material is not necessary using the TO process

previously described. It is straightforward that such trabecular structures are

characterized by high shape complexity making them manufacturable only

by additive processes, using AM machines.

(a) 3D CAD models of lattice structures (b) 3D printed lattice structures in

Stereolithography (SLA) technology

Figure 1.7: Lightweight lattice structures

1.3 3D modelling limitations for AM: how to

fill the technological gap

However, there is an important technological gap in the industrial engi-

neering field when highly optimized structures are employed searching for

lightweight design, such as topologically optimized components or lattice

structures. Indeed, designing them using common CAD software is still chal-

lenging because many software still lacks optimized routines for lightweight

10



structure design, focusing only on common 3D bulk models. Indeed, man-

ually designing and describing very complex shapes as TO structure and

lattices is challenging for designers and would require high computational

power used in a non-efficient way. Thus, voxel-based CAD modelling could

help the users to deal with lattices and TO structures that are very attractive

for engineering applications.

Another obstacle for lattice widespread diffusion is their numerical sim-

ulation. To predict the mechanical behaviour of lattice structures, Finite

Element Analysis (FEA) techniques should be employed. Due to the lattice

shape’s complexity, huge computational power is required to discretize the

structure, if no simplification method is used. Subsequently, traditional FEA

solutions are impracticable in a real industrial context, where the design-to-

manufacturing cycle is accelerated as much as possible. This comes to the fact

that a high-quality mesh that well captures the lattice characteristics, would

be made of an enormous amount of elements, slowing down the computations

and making the method less effective. To get the structure behaviour in a fast

and easy way, the homogenization methodology was developed and treated

in many scientific contributions as done in [26] or in [27]. This mathemat-

ical procedure allows substituting the complex topology of lattices with an

equivalent bulk component with the same volume and equivalent mechanical

properties. As the contributions available in the literature show, the results

accuracy justifies the simplification method, with a computational time of

several orders of magnitude lower compared to the simulation of the full 3D

lattice model.

To summarise, it is important to highlight that nowadays the common

CAD software and design tools are not able to reproduce and model complex

structures, such as the lattice structures or geometries coming from Topology

Optimization routines. All the tools are commonly collected with the current

terminology Design for Additive Manufacturing (DfAM) since all the models

have to be manufactured employing AM as the main production process [28].

Moreover, there is still a lack of Finite Element Method (FEM) optimized and

11



user-friendly integration for the previously cited structures as it happens for

common bulk components. This technological gap does not allow us to have

a rapid idea of the mechanical behaviour and the stress distributions in the

material, slowing down the design process. This is the perfect context where

a voxel-based framework for 3D model handling, integrating all the DfAM

rules and strategies, could be beneficial to increase the design tools efficiency

available for the final user to model highly optimized structures, commonly

used in the automotive and aerospace applications. As the reader can under-

stand, the voxel-based modelling, core of the candidate’s PhD project, thus,

is highly interconnected with Additive Manufacturing, TO methodology, and

lattice structures. Indeed, these related research topics will be treated in this

dissertation.

As it becomes evident from this brief introduction, the scope of the PhD

project is to develop voxel-based design tools and routines for complex struc-

tures manufacturable with Additive Manufacturing strategies. This frame-

work, made of different tools, should be capable to support the design, the

mechanical and fluid-dynamics analyses of optimized components and could

be embedded in open-source CAD software, i.e. FreeCAD, with the help of

external software for challenging tasks, such as MATLAB or Nastran/Patran.

The dissertation is structured as follows. In Section 2, the author presents

a state-of-the-art review of voxel-based modelling specifically oriented to-

wards AM. Section 3 will briefly describe the Additive Manufacturing tech-

nology, its advantages and challenges, along with some applications in the

automotive field. In the following, Section 4 will mainly focus on lattices

structures, their issues when dealing with FEA and a proposal for 2D rep-

resentation in technical drawings. Then, Section 5 spotlights the need for

external surface post-processing when dealing with Topology Optimization

algorithms to make the 3D voxel-based models ready to be manufactured

with AM. As the last main topic, in Section 6, the author presents a voxel-

based tool for fluid dynamics analyses of simple geometries, very attractive

for preliminary design stages, when the designer is asked to find an optimal
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solution among a large configuration set in a fast and accurate way. Section

7 will close the work, pointing out the pros and limitations of the research,

establishing the main results achieved during this PhD programme. As of

last, a brief description of future developments will close the dissertation.

All the research contained in this work is extracted from the contribu-

tions published in international scientific journals or presented in interna-

tional conferences during the PhD programme. The full list of the personal

disseminations is available in Appendix A.
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Chapter 2

State-of-the-art analysis

As it emerged from the Introduction, in the scientific literature, V-rep and

particularly voxel-based modelling are considered more than interconnected

topics with the Additive Manufacturing technology. Indeed, voxelization

shows its best performances when dealing with complex 3D models which are

usually fabricated with AM. Due to this strong coupling, my first concern was

to understand how the scientific community deals with voxel-based modelling

applied to AM. To fulfil this task, the PhD project started with a literature

review to understand the state of the art of scientific contributions dealing

with these themes. To obtain an objective and comprehensive review of the

available contributions, a Systematic Literature Review (SLR) methodology,

developed by Booth [29], was applied. This Chapter collects the main results

of this SLR about Voxel and Additive Manufacturing, and for further details,

refer to the own publication [30].

2.1 Systematic literature review: Voxels &

Additive Manufacturing

On the one hand, AM is a technology production process with several

advantages as higher reliability of one-piece parts compared to assemblies of

bolted parts (e.g. time has to be spent to check connections in environments
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where vibrations are important). Moreover, higher strength to weight ra-

tio can be achieved because of high design flexibility with few by far limits

in shape compared to traditional machining where shape must comply with

geometrical and production constraints [31]. Additive Manufacturing appli-

cation ranges from aerospace to components designed for high-performance

racing cars, up to practitioners developing Do-It-Yourself (DIY) projects [32].

On the other hand, voxel-based modelling allows for the management of com-

plex shapes, mainly manufactured with AM, that other geometrical mod-

elling technologies would do with some difficulties. Voxelization is based on

the discretization of 3D models with elementary hexahedral volumes, called

voxels, to speed up geometry operations, manipulation and interior visualiza-

tion [33]. Due to this strong interconnection, the scope of [30] is to evaluate

the state of the art in voxel-based representation and to discuss the method-

ology evolution. Particular attention is given to advantages and challenges

and the application of voxel-based modelling for AM in the engineering field

to understand where we are at the moment and where to focus in future

research. The SLR literature methodology can return objective and repro-

ducible results and is particularly suitable to capture literature gaps [34].

The SLR methodology is divided into different steps according to Figure 2.1

(a).

After planning a time window of 5 years from 2013 to 2018 (this SLR

comes from my 1st PhD year), and the more famous scientific databases

(e.g. Scopus, Web of Science, IEEE and so on), the scope of the literature

review was defined to answer to specific questions:

� Q1: What is the state of the art of voxel-based modelling applied to

complex shapes to be manufactured with Additive Manufacturing?

� Q2: What are the potential future developments of voxel-based method-

ology in Additive Manufacturing?

To answer them, a large set of relevant publications are filtered from

the selected database by searching with the string ”Additive Manufactur-
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(a) Systematic Literature Re-

view methodology

(b) Contribution selec-

tion using IC and EC at

different stages

Figure 2.1: SLR methodology and filtering flowcharts [30]

ing” AND ”Voxel” in the contribution’s metadata. The search resulted in

184 publications (duplicates included) on the 10th of December 2018 and in

this Chapter, the outcomes from this SLR will be summarized. To filter a

large amount of the selected contributions, some inclusion (IC) and exclusion

criteria (EC) are applied. These try to select only the specific contributions

dealing with recent international research about voxel-based modelling for

geometry manipulation and/or discretization in AM as the primary task of

the studies. Thanks to the application of these criteria at different stages

and deleting the duplicates, 25 out of 184 references have been identified as

relevant contributions (Figure 2.1 (b)).

The resulting contributions were deeply analysed and subdivided into five

categories to get interesting statistics and recurring topics from each paper

(Table 2.1). The categories chosen for the scope of the literature review are:
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1. Engineering field of application: the applicability sector of the research;

2. Additive Manufacturing application: the task or the technology the AM

developed algorithm has to fulfil;

3. Additive Manufacturing technology : the different AM processes, using

the ASTM terminology [35] and according to Figure 2.2;

4. Software platform: the programming language or software used to de-

velop the algorithm;

5. Voxelization use: the voxel-based final aim.

It directly emerged that about 80% of contributions deal with industrial

engineering applications, while biomedicine accounts for 12% of the total

contributions. Among the industrial engineering areas, the automotive and

aerospace industries more than the other relies on AM process due to high

design flexibility, high customization and the possibility to adopt lightweight

design solutions. Just 8% belongs to niche AM applications, such as civil

and exterior design. This trend is also confirmed by recent surveys about the

AM fields of applications [36] and it is in complete agreement with the ex-

pectations because industrial and biomedical requirements perfectly fit with

AM characteristics. Moving to the software platform, many of the contribu-

tions use Matlab, Python and OpenCL (an open-source framework based on

C) to have the highest level of writing codes and own routines. The other

three categories give more interesting results and will be analysed separately,

and a graphical preview of their statistics is collected in some charts coming

from [30] and visible in Figure 2.3.
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(a) Voxel-based modelling for Additive Manufactur-

ing

(b) Additive Manufacturing technologies

(c) Voxel-based modelling scope

Figure 2.3: SLR statistics after the filtering stage [30]

2.1.1 Additive Manufacturing applications

According to Figure 2.3 (a), one-third of selected contributions employ

voxel-modelling to simulate the Additive Manufacturing process to under-
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stand the deposition technique, to have a quotation of the overall process

and detect possible imperfections.

In particular, from the literature review, it emerges that is important to

estimate the time, costs and material consumption during the AM process to

optimize it and make AM attractive compared to traditional manufacturing

processes. This is done with a developed framework for the Selective Laser

Synthesis (SLS) technique to estimate in real-time the building time, the ma-

terial waste while optimizing the model’s orientation to minimize the surface

roughness [39]. As a step forwards, [40] and [61] developed a voxel-based

algorithm to investigate manufacturing feasibility according to the DfAM

rules. Another interesting adoption of voxels, is the development of frame-

works for AM process simulation, such as the one described in [37] or in [60]

for industrial applications and in [55] for biomedical one. The voxel-based

environment is used to simulate the thermal behaviour of the deposition pro-

cess. This information is useful to understand the solidification rates, voids

and residual stresses inside the component which have a big impact on struc-

tural applications during the operative life. By simulating the AM process,

it is also possible to detect and decrease semantic and printing errors, as

done with a voxel-based framework to prevent under and over-extrusion in

real-time, analysing layer after layer the model [56] and [58]. A hybrid ap-

proach that exploits both quotation and simulation purposes is described

in [46] where the ’distance’ between the 3D model and the corresponding

manufactured part is evaluated in a voxelized environment. Authors com-

bine the Geometric Dimensioning and Tolerances (GD& T) or the Geometric

Products Specifications (GPS) standards (based on B-rep visualization) and

the voxel-based modelling in a hybrid approach.

Another recurring theme in the selected literature is the development of

voxel-based frameworks for TO or structure optimization. Thus, TO could

be seen as a subset of structure optimization routines where the geometry is

optimized simply by removing material from the domain volume, while TO is

more specific in the minimization of a fitness function regarding the mechan-
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ical properties of the component. Indeed, TO allows the creation of complex

structures knowing the desired volume fraction, the applied forces and the

boundary conditions when lightness and material strength should be maxi-

mized for specific industrial applications [63]. On the one hand, [38] and [44]

developed innovative TO frameworks to optimize the inner lightweight struc-

tures of 3D components, even considering the manufacturing uncertainties of

AM as anisotropy, defects, concentrated stresses an so on [64]. On the other

hand, to minimize the material waste during AM production process, [42]

developed an algorithm to optimally hollow the voxelized components in

specific regions (not critical from a structural point of view) and meanwhile

optimize the AM process parameters. Moreover, [54] developed an algorithm

to optimize the infill of complex structures with porous bone-like structures

and compare them with the classic TO approach [65] with interesting results

in terms of overall compliance.

As stated in Chapter 1, another interesting topic that correlates voxel-

based modelling and AM is the design and simulation of lattice structures or

more in general of the Functionally Graded Materials (FGM). FGMs are used

in biomedicine [50] and in high-performance industrial applications thanks to

the gradual variation of structural performances along with the component

by varying the inner composition and structure. FGM can be obtained by

optimizing local material properties; then the material is translated into a

voxel-based model for local composition as it is done in 2D pictures with

a half-toning methodology. [41] exploits these interesting characteristics to

propose a method to generate FGMs that can be obtained through AM

following the DfAM rules.

Lattice structures are components with high shape complexity widely

used in aerospace and automotive due to the high stress-to-weight ratio of-

fered. They are made of small elements repeated in space to form the overall

component [23]. Lattices can be designed [59] or analysed by exploiting a

voxel-based environment [49] better than B-rep due to the inherent structure

complexity, especially for interior characterization. However, from the analy-
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sis of the relevant literature, it emerged that the structural analysis of lattice

structures is a demanding task for designers because FEA would require huge

computational power at their disposal. Indeed, the mesh element dimension

should be small enough to well capture the behaviour of lattices at the unit

cell level, with an exponential increase of required computational power. To

overcome this issue, as mentioned in Chapter 1, homogenization algorithms

have been developed, such as [57] to extrapolate material properties.

As it was described in this paragraph, several AM applications found in

the literature exploit the use of voxelization modelling due to the positive as-

pects previously highlighted. To summarize, voxel-based frameworks for AM

process simulations account for 32%, while the structure and topology opti-

mization references combined are 36% of the relevant contributions. Minor

applications involve AM machine characterization, lattice structure analysis

through the homogenization method, and FGM design.

2.1.2 Additive Manufacturing technologies

According to the ASTM standard terminology (Figure 2.4), in the selected

references it has been found a large variety of AM technology used to fabricate

prototypes to validate algorithms. In this section, the author doesn’t want

to describe in-depth the wide AM technology panorama (the reader should

refer to [66]), but he would like just to give an idea of which technologies are

more used and why.

Analysing in depth the statistics coming from Figure 2.3 (b), it can be

seen that Fused Deposition Modelling (FDM) [67] accounts for 38% due

to its low costs for both machines and raw material. FDM uses a plastic

filament as raw material, that is fed through a moving extruder head and it is

deposited on the printing bed according to the desired path. Moreover FDM

has large communities and many research results are available in literature as

a benchmark. However FDM suffers of low layer resolution, high stair-effect

on the external surfaces, high anisotropy and low strength. For this reason it

is widely used to produce aesthetic prototypes or non-structural components.
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Just to summarize the SLR results, FDM is used in the following references:

[40], [61], [56], [49], [57], [58], [55], [46] and [54].

Figure 2.4: Classification of AM technologies according to ASTM terminol-

ogy [35]

Moving towards more industrial AM technologies, SLS [68] and Selec-

tive Laser Melting (SLM) [69] are used when higher accuracy and resolution

should be reached. On the one hand, in SLS, a light power source, such as

a laser, is used to sinter the powdered plastic material, according to the 3D

model shape. On the other hand, SLM employs a high power-density light

source to melt and fuse a metallic powder to manufacture the desired shape.

For example, [39] developed a quotation framework for SLS when high-level

engineering applications are involved. Even SLA returns highly accurate

components but with lower structural properties compared to SLM, since

a photo-sensible polymer resin is used as raw material instead of metallic

powder (SLM) [70]. SLA is used as principal AM technology in the refer-

ences [42], [41] and [48] and accounts for 14%, obtaining the 2nd place of

the more widely AM technologies used in the selected contributions. Other

stand-alone contributions employs the Material-jetting technique [50], Laser

Engineered Net Shaping (LENS) [37] or Digital Light Processing (DLP) [48].
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For further details about these AM techniques, it is recommended to read

respectively [71], [72] and [73].

However, what emerges from this analysis is that engineers have a large

material and technology portfolio depending on the application, economic

budget and project constraints. In the following Chapter, AM advantages

and actual challenges will be deeply analysed to understand if industrial

companies are ready to substitute traditional manufacturing processes with

AM, and if not, which are the niche applications where AM is already mature.

2.1.3 Voxel-based discretization

The last category analysed for the scope of the SLR is the employment

of voxelization. From Chapter 1, it is clear that the V-rep using voxels

as discretization unit is of particular interest for complex topologies, which

are common in Additive Manufacturing applications. Modelling through

voxels brings several advantages compared to other methodologies, such as

the strength (voxelization rarely fails), the low memory consumption and the

possibility to show interior characteristics of 3D models.

As Figure 2.3 (c) shows, in the selected references, voxels are mainly used

as a geometry discretization unit (64%) or as a material deposition unit.

Starting from the first category, voxels are used to support computational

operations due to an efficient way of data storage in a discrete way by using

logical matrices composed of 0 and 1 values. Voxels are used as computational

unit into Topology Optimization frameworks in [54], and for thermal process

simulation tools, as described in [37] and [60]. Voxel-based 3D models are

also used to detect critical areas during the manufacturing processes, such as

under-extrusion or generic geometrical errors, as described in [40], [57], [56]

and in [61]. Voxelization is used in the literature also to optimize the support

material required during the AM process if overhangs are present in the

3D model, to speed up the overall production [42]. Moreover, V-rep can

be employed also in FEA to evaluate the stress distribution using a logical

mesh, exploiting the discretization obtained to represent the model also for
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simulation purposes ([44] and [53]). A similar approach is described in [49]

where voxels are used to optimize and at the same time discrete the machining

toolpath combining neighbour voxels depending on the results coming from

FEA in terms of detected stresses.

The more interesting reference that uses voxels as discretization units is

described in [59], where lattice structures are modelled through a bitwise way

to speed up geometrical operations through a tessellation process. Aremu

et al. use the Ray Tracing Intersection (RTI) method as a voxelization

technique, inspired by [74] due to the easiness of the process that rarely fails,

the computational speed and repeatability (Figure 2.5). Indeed, for this

research, RTI is used as a main voxelization algorithm in the tools described

in the following chapters (further details are available in Chapter 1 and 4).

Figure 2.5: 3D voxels can be seen as close relative to 2D pixels [59]

Another interesting use of voxelization is to simulate the deposition pro-

cess; indeed, voxels can be seen as material deposition units. For example,

by using the Material-jetting AM technology, [38] developed a methodology

to drive the material placement at the voxel-level (µm) to create complex

shapes with extremely high resolution. Moreover, a voxel unit can be used

to describe the powder particle or laser beam diameter of an AM process to

drive the laser beam for a more accurate process [47] or even the filament

deposition in a voxel-based framework for the FDM process [58].

From this brief review, it is clear that the main employment of vox-

elization in combination with Additive Manufacturing is for geometry dis-

cretization purposes. When AM is used, a typical design workflow is usually

characterized by the following steps:
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1. Design the 3D model (CAD design, FEA simulations, etc.);

2. Find the correct AM technology;

3. Modify and optimize the model according to the DfAM rules;

4. Slice the 3D model to generate the optimal toolpath (gcode generation);

5. Manufacture the component;

6. Post-processing.

Voxels are very useful before producing parts, especially in stages 1, 3

and 4 of the previous numbered list. Indeed, these are the stages of interest

when software has to handle very intricated shapes during the design-to-

manufacturing cycle. Voxelization enables efficient, strong and fast volume

rendering and the model fidelity is not corrupted.

2.2 Limitations and Future developments of

Voxel-based modelling for AM

Focusing on the future developments sections of the selected literature

contributions, it emerged that many of the described voxel applications in

AM are limited by the available computational power ([59] and [46], just to

mention a couple of references). Indeed, voxelization is a computational con-

suming geometrical discretization: to obtain more accurate results, a finer

resolution should be adopted, which reflects on longer computational time

that is not always possible in a real industrial context. To solve this bot-

tleneck, Information Technology (IT) industries should focus their efforts to

produce more powerful processors and chips to accelerate the pace of change

and increase the computing power at the disposal of industrial designers and

engineers (Figure 2.6).
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Figure 2.6: Exponential computing power increase over the last decades [75]

With an increase in the computational power, several contributions would

like to extend their innovations to wider applications, such as topology op-

timization models for multi-physics simulations (i.e. combination of ther-

mal, structural and fluid-dynamics optimization [76]) as done in [77] where

optimization occurs also to get the best heat exchange. [49] would like to

integrate a thermal analysis of the manufacturing process for degradation

purposes of lattice structures. A large amount of contributions would like

to validate the proposed analytical models with experimental validations to

have a complete overview of the described phenomena such as for AM quota-

tion purposes ([40], [42], [39] and [48]) to get more precise information before

the actual manufacturing process.
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2.2.1 Limitations of design tools

The restriction of current CAD software, and more broadly, design tools

available today to obtain ready-to-be manufactured components for AM tech-

nology, is the most important result of the analysis of limitations previously

discussed. From the SLR it emerges that these relevant contributions could

be integrated by using open-source CAD software as a platform with different

environments for each task of the classic AM design workflow (e.g. manu-

facturing quoting, structural analysis, topology optimization and so on) in a

user-friendly and coherent way. One of the best solutions could be FreeCAD,

free software with a large community behind it, where new macros can be

coded in Python and shared with the community, as already done in [78]. In-

deed, developed algorithms are very efficient for a specific task, but show im-

portant limitations for the other stages of the industrial design workflow. For

example, in the literature, there are plenty of efficient TO frameworks that

return highly optimized structures. However, these can’t be manufactured

as they are because some external surface post-processing is needed to delete

surface noise, cracks and peaks (called surface smoothing approaches [79]).

Moving to lattice structures, open-source frameworks are optimized only

for conventional bulk 3D models and shows important limitations to model

trabecular structures [80]. Only in recent years, commercial CAD software

developed routines, through the active intervention of the user, to design lat-

tice structures, mainly of uniform type, while large weaknesses are present for

conformal lattices. In this technological gap, CAD software, based on V-rep

could help designers to treat these structures, very appealing for automotive

and aerospace applications by assigning a unit cell to each voxel. Moreover,

it emerges that is very challenging to structurally analyse periodic structures

due to their inherent topology complexity that reflects on high computing

demand for full 3D analyses. To overcome this issue, homogenization nu-

merical techniques are developed, as cited in this chapter, with satisfactory

accuracy and a huge decrease in computational time required. Despite that,

using homogenization approaches, the designer obtains the behaviour of the
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overall structure but loses important information at the unit-cell level.

As of last, but not least, thanks to the SLR emerges a need for alterna-

tive representation methodologies and [50] proposes to use new geometry file

formats to include more information and to control with more precision the

manufacturing process. Indeed, it is well known that the STL file format

shows some limitations, especially in the case of lattice structures or FGM.

To overcome this issue, the ASTM released the new AMFF to include more

information about the material, the colour, the texture and the description

of more complex shapes [81]. However, at the moment of this review, this

file format is still under development.

2.3 Scope of the research

As it emerged from the SLR, there is a strong connection between voxel-

based representation and Additive Manufacturing technology. Moreover, the

presence of a technological gap affects the common design tools available to

designers in research and industry contexts to obtain complex and highly

optimized shapes, such as ready-to-be-manufactured TO models or lattice

structures. TO and periodic structures are extremely interesting and ap-

pealing for aerospace and automotive industries and for all those applications

where the lightweight design is fundamental. More coherent and user-friendly

tools should take advantage of AM flexibility to manufacture lightweight

components. Moreover, international Standards should take the pace of the

Additive Manufacturing technological innovations available nowadays.

To overcome these actual limitations, the scope of the candidate’s PhD

project is to design and programme procedures and codes, based on V-rep

through the Ray Tracing Intersection method, to easily design complex struc-

tures following the DfAM characteristics. A non-exhaustive list of innovative

approaches could contain:

� Modelling lattice structures using voxels;
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� Integrating FEA tools to rapidly analyse lattices and TO structures,

as it is done with conventional bulk models;

� Developing an improved methodology for lattice structure mechanical

analysis to understand the unit-cell behaviour;

� Proposing a 2D representation Standard for lattice structures in tech-

nical drawings;

� Developing an external surface smoothing algorithm for topologically

optimized structures to obtain 3D models following the DfAM rules;

� Accelerating the design-to-manufacturing cycle of spare parts by using

AM;

� Using AM for large-scale components in the automotive and aerospace

industry;

� Developing fluid-dynamics tools using voxel-based representation to ac-

celerate the meshing process.

All these innovative methodologies can be programmed in Python and Mat-

lab language to be included in the future in a single open-source voxel-based

software, through a user-friendly Graphic User Interface (GUI). In this way,

the designer could have at his disposal a coherent and well-integrated tool

that can improve the efficiency of the design workflow, decreasing the human

effort.

To fill the highlighted technological gaps, the candidate examined in

depth these topics and developed new methodologies to solve the limitations

proposed in this Chapter. In the following, the candidate will describe these

topics which are also proposed in all the scientific contributions submitted

and published in different indexed International Journals and Conferences

(in Figure 2.7, each bold number refers to a precise candidate’s publication).
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Figure 2.7: Relevant topics of the candidate’s PhD programme; each num-

bered topic is the subject of a scientific contribution for indexed International

Journals and Conferences available in Appendix A
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Chapter 3

Additive Manufacturing

technology

In this chapter, a detailed description of Additive Manufacturing, the

available techniques and the application fields are included along with a com-

parison with traditional manufacturing processes. The information included

in this Chapter comes from own publications [82], [83] and [84].

In industrial engineering companies, the manufacturing processes can be

subdivided into 3 main categories: formative manufacturing, subtractive

manufacturing and additive manufacturing. The formative processes, such

as injection moulding, casting, stamping and forging, typically shape the raw

materials through high pressure or heat to the mould. In the case of high

production volumes, formative manufacturing has no rivals considering the

costs per unit. Tooling the mould is very expensive, but it has to be done

once and can be considered effective at high volumes. Design constraints af-

fect this production process, namely draft angles and uniform wall thickness

to help the forming process.

The subtractive processes, i.e. CNC, turning and drilling, use a block of

raw material (usually metallic) and through the employment of cutting tools,

the exceeding material is removed to get the desired shape. The obtained

components are characterized by an excellent surface finishing and high ac-
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curacy. However, trained designers should prepare in advance the tool path

using Computer-Aided Manufacturing (CAM) software, adding costs and

time to the overall process. Overhangs and other geometrical restrictions

limit the opportunity to generate complicated forms using subtractive meth-

ods. Moreover, a consistent amount of raw material is wasted to produce the

final geometry.

The Additive Manufacturing process, known to the large audience also

as Rapid Prototyping (RP) or 3D printing, is characterized by an additive

process of joining layers of raw material. There is a wide panorama of AM

techniques using specific materials with each having advantages and limita-

tions. The main advantage is the total design flexibility offered by AM and

there are no start-up costs due to the absence of expensive tooling processes,

allowing the development of fast and low production volume supply chains.

For this reason, the costs per unit of AM can be seen as constant as the vol-

umes increase and AM is very attractive for low batches of products (Figure

3.1). However, AM is limited by the poor mechanical properties of the final

product compared to traditional manufacturing, due to strong anisotropy for

most of the AM techniques. Another main limitation affects the production

repeatability: often, object’s characteristics have slight modifications due to

raw material properties, changes in the printing settings, different cooling

processes or warping during curing.

3.1 Historical background of AM

The first AM technique that was developed in 1983 by Charles Hull is

Stereolithography (SLA). This production methodology is based on the idea

to create 3D models adding raw material (a liquid photo-sensible polymer)

layer by layer thanks to a computer-controlled energy source, such as a laser

beam, used to harden the raw material. However, there was a huge technolog-

ical gap in the communication between the AM machine and the innovative

design tools (CAD and CAM software) available at that time. To fill this
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Figure 3.1: Manufacturing costs as a function of production volumes [85]

gap, Mr Hull and the 3D System developed the Standard Triangulation Lan-

guage (STL) file format in 1987, to transfer the component’s topology from

the CAD software to the AM machine [86]. The STL file format is still in

use due to its large compatibility with all the CAD software even if it is

not the ideal format for AM since it does not include information about the

colour or texture of the model. The STL file describes an unstructured tri-

angulated surface mesh of the 3D object by using unit normals and vertices

of the triangles of the mesh (Figure 3.2). The file lists each triangle as follows:

facet normal ninjnk

outer loop

vertex v1xv1yv1z

vertex v2xv2yv2z

vertex v3xv3yv3z

end loop

endfacet

Thanks to this important step forward, a huge effort from the research
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Figure 3.2: Approximation of 3D model using STL file format

community was oriented towards the innovation of AM techniques. The

1990s can be remembered for the development of innovative additive man-

ufacturing techniques involving metal powders, such as the Electron/Laser

Beam Melting (EBM and LBM) that facilitates the manufacturing in AM of

metal raw materials, such as titanium, Inconel and steel parts for structural

applications [87]. The 2000s are remembered as the years where the main

attention was focused on the development of supporting software tools for

AM, e.g. primitive TO software, due to the increase in computational power

and lower prices of personal computers. As the last step, in recent years, AM

became more affordable, especially the polymer-based techniques, not only

for industrial companies but also for hobbyists and small research groups.

3.2 The design workflow with AM

Even if a wide range of AM techniques are available nowadays (see as a

reference Figure 2.2), it is possible to rough out a common design workflow

that is constant across all technologies. The design steps can be divided as

follows:
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1. Design a 3D model: using CAD tools, the designer is asked to obtain

a 3D model of the desired object. A 3D model can be also obtained

through Reverse Engineering (RE) techniques, such as laser scanners

or photogrammetry;

2. STL model conversion: the 3D model is converted into a compatible

file format (i.e. STL, OBJ, 3DP) to be imported into slicing software;

3. Manipulate the geometry and generate the gcode: the STL file is im-

ported into a slicing software in which the designer can choose the

printing settings (layer height, % of infill, the velocity of the material

deposition and so on) to generate the gcode file. This file contains a list

of numerical control instructions used in CAM to automatically control

CNC and AM machines;

4. AM process itself: the gcode is uploaded into the AM machine and the

manufacturing process takes place according to the different technolo-

gies available nowadays;

5. Printed object’s removal: the 3D component is extracted from the AM

machine by an operator and can be extremely easy or complicated

depending on the AM technique used;

6. Post-processing: the 3D component is post-processed to remove sup-

port materials or to externally finish it to obtain the desired surface

roughness. Post-curing may be required for some AM techniques using

UV ovens.

3.2.1 Reverse Engineering and Additive Manufactur-

ing

The Reverse Engineering (RE) techniques are used to obtain a conversion

from a real object into a digital 3D model. RE can be coupled with AM to

print an existing object to understand its functionality, its geometry or to
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detect its defects [88]. RE algorithms generate a cloud of points that fits the

surface of the model to create a surface mesh and a solid 3D model. RE tech-

niques can be divided into touching methods, more expensive and accurate

processes, and optical methods, less accurate but more affordable. The more

common optical methods are the 3D laser scanners or photogrammetry. RE

techniques and in particular photogrammetry can be used as a process to

generate 3D models as a starting stage in the AM design workflow.

To better understand the capabilities of the AM-RE coupling, the candi-

date analysed the idea of producing automotive spare parts through AM with

the use of photogrammetry to create spare parts when the digital model is not

available, such as for classic or highly customized luxury cars. An innovative

methodology involving both Additive Manufacturing and photogrammetry

for decentralized spare part production in the automotive industry is de-

scribed in detail in own contribution [83]. Here some interesting previews

are discussed.

It is well known that the supply chain of spare parts for the automotive

industry is a very complex environment characterized by an extremely high

number of spare components ([89] and [90]), the need to support both new

and former generation products with a heterogeneous spare part demand [91].

This reflects on high management costs, due to the magnification of shelf

keeping parts in after-sales inventories [92]. To lower the costs, companies can

take advantage of AM process, by manufacturing the spare parts only when

necessary through RP techniques, and storing the component information in

a 3D digital model. A hybrid solution between an in-situ production and a

centralized supply chain can be the best option to optimize the entire supply

chain based on an entire AM factory installed at the central distribution

centre and some located at local service stations [93].

Thanks to the photogrammetry technique, affordable and easy to be

implemented, 3D models can be computed starting from a series of high-

resolution snapshots taken from a different point of view [94] (Figure 3.3).

This RE technique has been applied in several contexts, such as in medicine,
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archaeology and the industrial field. The photogrammetry workflow can be

divided into five steps:

1. Image matching for each snapshot using recurring points. These points

are saved, while each snapshot is oriented;

2. Triangulation occurs to evaluate the coordinates of previously cited

points;

3. Creation of the cloud of points;

4. Densification of the cloud;

5. Surface mesh creation.

Figure 3.3: Photogrammetry workflow to obtain a 3D digital model from a

real-life object

3.2.1.1 Conceptual supply chain proposal for the automotive in-

dustry

The candidate proposes a conceptual supply chain for spare part produc-

tion for the automotive industry by coupling AM with photogrammetry. In

particular, a customer that needs a spare part can contact a local service and

ask for the component. On the one hand, if the 3D digital model is already

stored in the company database, the product can be manufactured with AM
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and sent to the consumer. However, if the 3D digital model is not accessible,

for example, owing to a previous generation automobile or a luxury car, the

local service may ask the customer to take numerous photos from various

angles using a smartphone, which currently has a strong camera system, and

transmit them to the local service. Thanks to photogrammetry, a local op-

erator can comfortably recreate the 3D model without the need to reach the

consumer with a bulky 3D scanner or other apparatus. Then the 3D model

can be sent to the nearest local service, where an AM machine produces the

component which is sent to the consumer, as shown in Figure 3.4.

This methodology proposal exploits the photogrammetry advantages such

as affordable prices and can be easily used in a remote context without the

need for a skilled operator and expensive apparatus while maintaining a suf-

ficient level of accuracy. From a simple case study included in [83], the can-

Figure 3.4: Conceptual layout coupling AM and RE to produce spare parts
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didate shows that a maximum error of 1.86% is noticed in the digital model

obtained through Autodesk Recap Photo compared to the real component,

demonstrating that the technology is still not mature due to low resolution

of nowadays camera and not enough efficient computations from the avail-

able software. Due to slight mistakes, the object’s characteristics should be

adjusted for couplings or interferences, and no information regarding geo-

metric dimensioning and tolerancing from photogrammetry can be provided

currently, necessitating human involvement to set them correctly. However,

this conceptual methodology proposal can be seen as a case study to show

the possibilities AM offers to industrial companies.

3.3 Additive Manufacturing advantages

In this section, the description of the advantages of AM processes that

have facilitated its diffusion in industrial applications will be listed and briefly

analysed. Further considerations are contained in a candidate’s Conference

paper [82].

The main advantage of AM is the possibility to produce almost whatever

shape the designer wants, offering extreme flexibility and the absence of ge-

ometrical constraints that affect traditional manufacturing processes. This

flexibility is given by the synergy of CAD software and RP machines follow-

ing the DfAM rules. Thanks to the high design flexibility, the AM products

can be customized following the customer requirements, very important in

the biomedical and in automotive industries to create spare parts for clas-

sic or luxury cars and for all the applications where high customization and

small batches or even a single piece should be manufactured. Furthermore,

topology optimization tools can be used to design efficient and lightweight

structures obtaining far from common shapes designed by hand by human

designers and impossible to manufacture using conventional processes. AM

and TO provide significant benefits in terms of lowering waste material, de-

sign time, and structural weight, all of which are important variables in the

41



construction of transportation vehicles, since lower mass means less power

is used and fewer pollutants are produced. For example, in aerospace, the

SLM process is often coupled with TO and lattice structures to manufacture

complex and lightweight structural components, gaining all the advantages

offered by AM design flexibility [95].

Moreover, the time needed for the design-to-manufacturing cycle is dras-

tically reduced by minimizing the internal process logistics due to fewer op-

erations, such as tooling, drilling, assembling and so on [96]. Moreover, rapid

changes can be done to the product before commercialization without wasting

time and money. AM offers also the possibility to manufacture prototypes

for preliminary tests well before the production, becoming a key factor to

decrease the cost of changes in the products’ design cycle. AM shows even

important advantages by limiting the number of connections, by generating

complex assemblies in a single piece, thus reducing the time needed to prop-

erly connect different components by bolts or welding and so reducing the

overall weight. Moreover, connections are critical in vibrating environments

such as helicopters making AM extremely attractive especially due to limited

maintenance and inspections to detect failures.

AM offers also the possibility to customize the material used to fabricate

the component by mixing different raw materials, embedding fibres in the

structure or modifying the material density along with the object as it is

done in the FGM or in non-uniform lattice structures to achieve the required

material properties by changing the internal porosity [97]. Moreover, differ-

ent raw materials are available in the AM portfolio, such as polymers used

in FDM, SLA and SLS, or metal powder employed in SLM or EBM (Figure

3.5). Furthermore, organizations may make all of the required parts with a

single AM machine, employing a variety of materials and geometries. It is

also feasible to manufacture tools in-house, which is becoming increasingly

important for small businesses looking to enter the manufacturing sector

without making large upfront expenditures, as is the case with traditional

manufacturing production chains. As of last, with the arrival of the AMF
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Figure 3.5: Additive Manufacturing raw material’s classification (adapted

from [62])

format, the multi-material capability combined with the multi-structure free-

dom will be used to create competitive products compared to those coming

from traditional processes.

3.4 Additive Manufacturing limitations

On the one hand, AM shows extremely attractive advantages, described

in the previous section, but on the other hand, this manufacturing technol-

ogy still suffers from important limitations that slow down its widespread

diffusion in all industrial contexts.

The main drawback of AM, especially valid for the FDM technique, is the

highly anisotropic material behaviour due to the manufacturing process itself:

the object grows in the z-direction during the manufacturing layer after layer

and possible voids between layers may occur. For this reason, the structural

properties are comparable in the XY plane and lower in the Z direction [98].

Moreover, if the layer height is not sufficiently small, the external surface

of 3D printed objects may suffer from the known phenomenon called stair

effect, namely high surface roughness. This issue can be mitigated by post-
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processing to increase the external finishing of the components.

As it emerges from the literature review proposed in Chapter 2, nowa-

days there is still a gap between the manufacturing process capabilities and

the limitations of actual design tools, especially for complex structures due

to the implementation of B-rep [99]. The voxel-based method could be ad-

vantageous to obtain fast geometry manipulation, get information on the

components and carry out topology optimization on large structures. How-

ever, efficient surface smoothing algorithms with automatic and intelligent

feature recognition should be applied to the geometry before the manufac-

turing processes to get a more appealing shape. The design tools optimized

for AM are still fragmented into the design, topological optimization, STL

export and manipulation, surface smoothing, slicing, and AM simulation,

thus introducing inefficiencies in the design process. Furthermore, designers

and operators should be trained to handle in a correct way the DfAM criteria

to completely exploit the AM advantages.

While producing complex assemblies in one piece reduces the number

of connections and overall weight, it may cause issues when the component

needs to be inspected or repaired regularly because the as-printed assembly

cannot be disassembled, resulting in a higher cost in case of overall assembly

replacement. Moreover, metallic AM is associated with high costs for both

machine and raw material compared to traditional processes (powder metals

can be up to 200 times as costly as sheet metal and a study demonstrates

that nowadays AM titanium powder is competitive only if machining waste

is 50-75% of initial volume). Nowadays, in AM the cost per unit is constant

when the production volume increases, while for traditional processes, expo-

nentially decreases, making AM attractive only for small production volume

applications.

The low repeatability offered by 3D printed components results from the

effect of lots of batches of powders from the same producers, the effects of

powders/resins/wires conservation and the manufacturing settings on the

component. This low repeatability contributes to a slow or even unavailable
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certification process along with a lack of historical data from AM structures.

For the applications where repeatability is a must, AM structures can’t still

be certificated and AM application is limited to non-safety-critical compo-

nents [100].

To increase the number of industrial applications, international Stan-

dards and regulations should be published to facilitate wider adoption of the

technology, allow technical exchange and guarantee the process consistency.

However, few Standards are available to date specifically for AM purposes.

In particular, the American National Standards Institute (ANSI) identified

93 technological gaps for AM, meaning that Standards do not respond ade-

quately to industry needs [101]. Indeed, just a few Standards, dealing with

AM, can be here recalled. For example, the ISO/ASTM52900-15 defines the

basic nomenclature and processes commonly used in AM, while few Stan-

dards provide guidelines for material characterization, such as the ASTM

F3049-14 and the AWS A5.01M/A5.01:2013. Moreover, few Standards deal

with DfAM, such as the ISO/ASTM 52910:2017(E) published in 2017 or the

ASME Y14.46-2017 that treat the dimensioning and tolerances for lattices

and topologically optimized structures. Other Standards deal with specific

AM processes, such as PBF and Direct Energy Deposition (DED) for process

definition and metal AM inspection and qualifying training.

Furthermore, the application of Standards in the AM field has very slow

dynamics and appears as a vicious loop cycle. In particular, on the one hand,

industries need Standards to use AM for critical and structural components,

moving from prototypes and mock-up parts. On the other hand, Interna-

tional Standards Organizations and Associations are waiting for historical

data and experience to understand the AM structures during the operative

life in critical applications such as aerospace and automotive.

Last, but not least, AM machines are characterized by a limited building

volume and slow production rates: as a matter of fact, is extremely rare

to find 3D printers with more than 1m3 of printing chamber, thus limiting

strategic applications such as building entire car’s chassis or entire aircraft
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wings which could come from topology optimization tools. A candidate’s

contribution focuses on these aspects and proposes a collaborative multi-head

large-scale Additive Manufacturing machine, trying to solve this limiting

factor [84]. Some details are discussed in the following paragraph.

3.4.1 Large-scale Additive Manufacturing framework

proposal

Application of AM to large-scale components is still an open challenge,

because of limited printing volume, slow manufacturing process and low pro-

duction rates even if some applications could benefit from the research and

development of a fast, accurate and large scale AM framework. For example,

in the literature, there are some Unmanned Aerial Vehicles (UAV) manu-

factured with AM as a multitude of parts which are assembled in a second

moment [102]. TO has been applied to satellite’s chassis such as Cube-

Sat, but not on large-scale satellites. Moreover, in the automotive industry,

the reference length of a car’s chassis is 4.5m to manufacture it as a single

piece [103].

However, available technology is still not able at the same time to allow

accurate, fast and big dimensions during the AM processes. There are some

examples of large-scale AM frameworks, for civil [104] and industrial appli-

cation [105], composed of robotic arms with single extrusion heads that allow

the creation of large components. Yet, the manufacturing resolution is very

high (in the order of millimetres) which is unacceptable in highly accurate

applications such as automotive and aerospace. Moreover, if the accuracy

level could be adjusted in some way, the production times needed to manu-

facture large-scale components with a single extruder head could reach even

weeks which is not permissible in a real industrial context.

Multi-head extruder AM machines could be the solution to the mentioned

issue. Nowadays, there are AM machines with conventional dual extruder

mainly used to extrude hydro-soluble support material [106], in order to de-

crease the post-processing efforts, or to exploit the multi-material advantage

46



offered by AM ([107] and [108]). Furthermore, an interesting technology,

called IDEX, developed by BCN3D, allows using two independent extrusion

heads in the same machine, by splitting the X-axis, while sharing the Y

and Z axes [109], allowing to produce simultaneously two copies of the same

object, doubling the production volumes. However, there is no multi-head

technology that solves the limited building volumes and slow manufacturing

velocities that affect AM.

To overcome these limitations, the candidate proposes a collaborative

multi-head large-scale Additive Manufacturing (LSAM) framework. In par-

ticular, the idea is to create a large-scale AM with multiple extrusion heads

that work simultaneously on the same piece to lower the manufacturing time

while maintaining sufficient accuracy. The overall building volume could be

divided into n subvolumes, where a single extruder works. Neighbour sub-

volumes are related to each other with common working regions, where both

neighbour extruders may work, with a control system software that avoids

dangerous collisions between them (Figure 3.6). The common working re-

gions are necessary to create overlapping regions between the n subparts

to connect them to create the desired component. An optimized design of

the overlap region is required to better homogenize the boundary working

area of each extruder and bond together the subparts avoiding glueing or

assembling operations [110]. The large-scale component obtained through

the proposed methodology could be manufactured in a reasonable time and

could be similar to the same component manufactured with a single extruder.

In the proposal for a LSAM framework, particular attention was given to

the geometry file handling of large-scale components before the printing pro-

cess itself, acting directly on the 3D digital model, by an optimized subdivi-

sion. Existing literature contributions dealing with AM machine customiza-

tion, usually customize the gcode file, increasing the complexity of tasks.

On the contrary, the proposed methodology can be easily programmed in a

macro and integrated into common CAD software decreasing the designer’s

effort in the design workflow. Moreover, the CAD subdivision is applied
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Figure 3.6: AM building volume subdivision and definition of common work-

ing area; simplified case with n = 4 extruders [84]

through simple Boolean subtractive operations to create a serrated tool for

alternately overlapping regions between adjacent subparts which can be eas-

ily adapted and reproduced to every framework that follows the proposed

philosophy. The serrated tool is characterized by a square wave geometry

designed to obtain the best bonding between layers extruder from different

heads, limiting weak spots in the overall structure (Figure 3.7). Applying

the proposed methodology, it is possible to obtain n STL files that can be

imported into common slicing software and assign a single extruder-head to

each subpart.

The proposed CAD handling methodology is easy to be reproduced, lim-

iting the designer’s effort during the design workflow. The mechanical char-

acteristics of the final component are not downgraded, thanks to the design

of the overlapping region that does not affect even the external surface of

objects. Moreover, using the same hardware and software, industries could

also produce copies of a single small-scale object by following the IDEX

methodology, dramatically increasing the production rates.

A simple case study, applied on an aerodynamic wing, such as a race car

wing, is included in [84] to demonstrate the effectiveness of this approach. To

manufacture a wing of 1m length in span-wise direction and a 0.5m chord,

using standard FDM printing settings for the PLA raw material (0.25mm
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(a) The 2D sketch of the serrated tool using a square wave

line

(b) Overall component subdivision in two different sub-

parts; by assembling together the two subparts, it is possi-

ble to obtain the initial component

Figure 3.7: LSAM CAD handling and subdivision in n subparts

layer height, 30% of tri-hexagonal infill [111]), the slicing software estimates

two weeks, an unacceptable amount of time, to manufacture a single wing

(Figure 3.8). By applying the proposed methodology, the wing is subdivided

into n = 4 subparts using a square wave line to design the overlapping region.

The estimated printing time using the same settings is more than halved for

a single subpart assigned to an extruder (Figure 3.9).

In the near future, this methodology should be supported by further re-
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search focusing on the development of the prototype of an LSAM machine

with multi-heads and to design a control system software that can simulta-

neously start the print of the subparts and avoid possible collisions between

the extrusion heads. Moreover, structural weak spots could be limited by

the optimization of the overlapping region topology through numerical and

experimental tests. These topics will be considered for future research and

for scientific contributions.

Figure 3.8: The perfect context where to apply the LSAM developed frame-

work: an aerodynamic wing with a long printing time estimation [84]

3.5 Additive Manufacturing applications

Thanks to the aforementioned advantages discussed in the previous sec-

tions, the interest in AM skyrocketed in the last couple of decades and is

becoming to be widely used as a principal manufacturing process in many

industrial contexts. Wohlers Associates, powered by ASTM International,

provides technical, market, and strategic advice and reports on the world-

wide trends in AM. It is fascinating to collect some findings from studies of

Wholers Associates on AM developments in industrial applications, to under-
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(a) The wing subdivision into four different

subparts; by assembling together the sub-

parts, it is possible to obtain the initial com-

ponent

(b) The subpart printing time estima-

tion; by applying the LSAM framework,

the printing time is more than halved

Figure 3.9: LSAM case study applied on an aerodynamic wing [84]

stand where the technology is going and to depict the worldwide protagonists

of new developments and trends of this manufacturing technology. According

to the research of Wholers, it emerges that the highest AM impact on the

production of goods has been recorded in the consumer/electronic products,

followed by automotive, biomedical and aerospace industries, which together

account for more than 65% (Figure 3.10). It is clear that in all these con-

texts, the possibility to highly customize the product in small batches is a

key factor to prefer AM compared to traditional manufacturing processes.

AM is becoming crucial for customized medical devices that imitate the

human body, using, for example, lightweight and periodic structures that

mimic bone’s inner topology that can be manufactured only with AM tech-

nologies, reaching more than 30,000 prosthetic limbs produced worldwide

[113]. Moreover, AM is considered the dominant technology for manufac-

turing in-the-ear hearing aids, following the design workflow previously de-

scribed (scan through RE techniques, manipulate the digital model and man-

ufacture it). Other applications in the biomedical industry include dental

implants and the manufacturing of skin tissues and human body parts using

ad-hoc raw materials. Last, but not least, low-cost plastic models are widely

used to train surgeons or to simulate interventions.
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Figure 3.10: AM applications from the incomes of Companies operating in

AM, both metallic and plastics; Adapted from [112]

Moving to the aerospace sector, AM is widely used to manufacture light-

weight, strong and geometrically complex components which are usually pro-

duced in small batches. Thanks to its advantages, AM is aiding aerospace

companies to reduce the costs of prototypes and components manufactur-

ing due to low production rates that are common in aerospace industries.

Moreover, the employment of RP is pushing a material shift from aluminium

and steel to titanium and plastic in structural and non-critical components.

Furthermore, Topology Optimization and Generative Design tools are widely

used in aerospace components to obtain a high stress-to-weight ratio prod-

uct that is essential in such an industrial context, where each gram weighs

on the overall mission costs. Just to mention some key industrial players,

Boeing and Airbus are already using AM parts for non-critical applications

such as wind tunnel models, flight test parts, UAVs, propulsion system parts,

air ducts and internal commercial aeroplane furniture [114]. AM technology

was employed in the GE9X General Electric engine for the B777ER aircraft

where more than 300 parts manufactured with traditional processes were
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substituted with components manufactured in SLM, increasing of more than

10% the efficiency compared to the previous model [115]. The helicopter

engine from Safran has been recently redesigned with more than 30% of

components coming from the AM supply chain [116]. However, the AM’s

limited dimensions and the slow certification process, linked to standards

not up with the times, are still limiting the diffusion of AM in aerospace and

defence applications.

The automotive sector is the more interesting field for this PhD project

and most of the solutions and algorithms proposed in this dissertation are

focused on this industrial field. Even if characterized by very high production

capacity compared to biomedicine and aerospace, AM products are increas-

ing year after year specifically in low production rate applications such as

special, luxury, racing and classic cars [22]. Latest trends report that AM

is mainly used to build prototypes and small custom parts in plastic mate-

rials such as wind tunnel models using FDM technology. Moreover, metals

AM (aluminium alloys) are used in niche applications such as motorsport

to manufacture lightweight and optimized components [18]. For example,

the Light Cocoon vehicle, designed by the German company EDAG is the

first concept car with the entire chassis manufactured in SLM [117]. Fur-

thermore, big companies, such as Ford are prototyping cylinder heads, brake

rotors, and rear axles manufactured with AM in less time than traditional

manufacturing would require. Indeed, AM could save a high amount of pro-

duction time with prototypes of complex assemblies such as cylinder engine

head that includes multiple parts.

Nowadays, AM is used also in architecture to build 3D scaled models or

even to manufacture entire buildings [104]. This manufacturing technology

is also used in the art & design sector to produce complex and intricate

shapes, such as jewels that should be customized to satisfy the customer’s

needs. Moreover, AM is also used in niche applications such as musical

instruments to manufacture customized single-piece components to achieve

unexplored sounds [118], a theme investigated by the candidate in off-topic
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research, whose results are contained in two distinct scientific contributions

([119] and [120]).

To summarize, this Chapter aimed to collect and discuss the AM tech-

nology, the possible applications, along with its advantages and challenges

that still affect this technology nowadays. Minor topics were discussed in

more detail to report some interesting results coming from own contributions.

Now, it is clear the key role of Additive Manufacturing in the industrial con-

text, especially for Automotive applications, is to build highly optimized and

lightweight components exploiting the design flexibility offered by AM. These

components, namely lattice structures and topologically optimized models

are the same complex geometries cited in Chapter 2 for which a volumetric

representation using voxels could bring enormous benefits in terms of model

handling and visualization. For this reason, in the following Chapters, these

two categories of interesting structures will be analysed in-depth showing

important achievements obtained during the PhD programme.
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Chapter 4

Voxel-based modelling for

lattice structures

In this chapter, a detailed description of lattice structures characteris-

tics, their classification, and the application fields are included along with

a description of how they can be modelled by exploiting the voxel-based

representation. The information included in this Chapter comes from own

publications [121] and [122].

Thanks to the design flexibility offered by AM processes, in the last

decades the employment of cellular complex structures has dramatically in-

creased in several industrial applications where lightweight, stiffness and high

strength-to-weight ratio are needed. Nowadays, lattice structures are replac-

ing other types of cellular materials used in structural applications both in

automotive and aerospace due to the enhanced capability to absorb sound

waves and mechanical vibrations or to increase crashworthiness. For exam-

ple, the Boeing 360 Helicopter is designed using sandwich structures and

lattices in many structural components to achieve high strength-to-weight

ratios and to reduce the number of joints in a highly vibrating environ-

ment [123]. Another interesting application can be found in the automotive

field where it is common to topologically optimize structural components of

high-performance cars. To increase the component performances and reduce
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its weight, lattice structures can be used as an infill of optimized structures,

as described in [124]. Other interesting characteristics of lattice structures

are:

� The capability of absorbing thermal energy thanks to the high poros-

ity between the unit cells which makes them attractive for thermal

insulation;

� The high electrical and thermal conductivity that allows reaching high

temperatures without structural degradation;

� The interesting property of controlling the flow of fluids, attractive

for filters and tanks thanks to the unit cell dimensions that can reach

micrometres.

Cellular structures span a broad range of structures that may be classified

as foams (stochastic framework) and non-stochastic structures that can be

separated into 2D frameworks, such as honeycombs, and 3D periodic bodies,

such as lattices (body with periodic characteristics) [23]. Among the peri-

odic 3D structures, the Triply Periodic Minimal Surface (TPMS) mimics the

structures available in nature and has acquired large approval for specific ap-

plications such as enhanced thermal exchange or wave sound absorption due

to their high external surface [125]. TPMSs are characterized by zero mean

curvature, allowing enhanced properties such as mechanical response with-

out stress concentrations and fluid-dynamics behaviour, very important in

biomedical applications to allow organic fluid exchange [126]. However, the

main achievements obtained during the PhD project deal with the so-called

Strut-and-node lattice structures and in the following, the lattice structure

terminology will refer to this kind of periodic configuration. Strut-and-node-

arrangement better fits optimized voxel-based modelling and analysis, which

will be described in this Chapter, better than other lattice topologies, because

the eight vertices of a single voxel can be linked together following different

schemes to obtain a widespread lattice unit cell portfolio. Indeed, these
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periodic frameworks are characterized by a network of elementary entities,

namely nodes, which are interconnected with rectilinear structural elements,

called struts or ligaments [127]. Lattices are usually characterized by a unit

cell, made by struts linked strategically, that is repeated in space a hundred

or thousand times, as shown in Figure 4.1. For further details on a complete

overview of general cell patterns, please refer to [128].

Figure 4.1: A 3D model of simple beam filled with uniform strut-and-node

lattice structure using a simple cube as unit cell

When dealing with lattices, an issue not to be underestimated is their

design: even if the advantages of lattices are clear, nowadays, current design

tools, such as CAD software, still present large limitations due to the em-

ployment of B-rep. Indeed, lattices are very complex and intricate structures

characterized by challenging boundary surfaces that should be modelled by

common CAD software [129]. This challenge was investigated in the litera-

ture in the last years and some solutions were proposed to facilitate the 3D

modelling of lattices through some automation but these solutions can be

considered stand-alone and not embedded in CAD software [130]. Moreover,

there is a lack of a user-friendly FEM solver interface as it happens for bulk

models, where the design workflow is more straightforward. To fill these

gaps, this Chapter will describe a voxel-based approach to model and struc-

turally analyse strut-and-node lattice structures developed by the candidate

and integrated into the open-source CAD software called FreeCAD with the

support of some functions coded in MATLAB. FreeCAD is chosen because a
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workbench called LSWM has been developed at the University of Bologna to

design lattice structures and it is still in the development phase [78]. Thanks

to the gained experience, this design environment has been chosen to imple-

ment the proposed automation. Before going in deep with the voxel-based

modelling, it is important to briefly summarise the characteristics and clas-

sification of strut-and-node lattices, depending on their topology.

4.1 Periodic lattice structure classification

Lattice structures have gained the interest of many researchers and en-

gineers because of the combination of dense and void spaces periodically ar-

ranged with properties not available with a single material. Strut-and-node

lattices can be classified according to the following geometrical parameters

(graphically collected in Figure 4.2):

1. Pattern, namely the unit cell topology that describes the connection

configuration of the eight vertices of a single cubic unit cell;

2. Structural performances that describe the unit cell behaviour under

stretching or bending loads;

3. Strut cross-section geometry, such as square, circular, triangular and

so on;

4. Progressivity of unit cells that describes the changing in the geometric

characteristics of lattices inside the structure;

5. Conformity, describing the way the structure is filled with hierarchic

structures.

The first main distinction is based on the unit cell topology, namely the

way the eight vertices of a cubic cell are linked. The single cubic cell is usually

described as the Representative Volume Element (RVE) of the structure and

many scientific contributions try to deeply analyse the RVE to understand the
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Figure 4.2: Periodic lattice structure classification (adapted from [23])

mechanical characteristics before analysing the entire structure. There are

several ways the eight vertices can be linked, but for the aim of this project,

only the more commonly used topologies will be taken under consideration

(Figure 4.3).

Figure 4.3: Unit cell topologies taken under consideration in this project [121]

Cubic cells are convenient because of the easiness of implementation and

the close link with a voxel-based representation. Indeed, it can be assumed

that each cubic unit cell is represented by a single voxel. Compared to

the TPMS which has a fixed geometry, the strut-and-node cell has different

variables that can be meticulously chosen by the designer, such as the length

of the struts, the angles between them and their cross-sections shapes. For

the scope of this project, only the square and the circular shapes will be

considered.
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The unit cell topology is closely linked with the structural behaviour of

a single cell under external loads. In the literature, the unit cells have been

divided into stretching dominated, structures with high connectivity that

reflects on higher stiffness and bending dominated, structures with low con-

nectivity and lower stiffness but higher strain values can be achieved [131].

On the one hand, the stretching dominated cells have a higher elastic limit

compared to the bending ones at the same structure density. For this reason,

the stretching dominated is the perfect choice in the case of lightweight and

stiff applications. Looking at the stress-strain behaviour (Figure 4.4), the

stretching dominated has an initial linear elastic behaviour up to the yield

point; then there is the post-yield softening region, meaning that it is neces-

sary a lower load that continues to deform the structure up to a point called

densification, where the opposite struts of a cell get in touch and the stress

becomes to increase again. On the other hand, the bending dominated, due

to lower connectivity, reaches a lower yielding point; after the linear elas-

tic point, a plateau describes increasing deformation under constant load up

to the densification level. The bending dominated cells are optimal to ab-

sorb a high amount of energy in crashes exploiting the plateau region of the

stress-strain curve.

Figure 4.4: (a) Bending vs (b) Stretching dominated lattice structures [132]

To understand if a unit cell belongs to a stretching or a bending dominated

behaviour, the Maxwell Stability Criterion can be used [133]. The criterion
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evaluates Maxwell’s number m that for 3D lattices is:

m = b− 3j + 6 (4.1)

where b is the number of struts, j is the number of joints of the lattice unit

cell. If m < 0, it is possible to say that the unit cell is bending-dominated

due to the low connectivity, while if m ≥ 0 then the unit cell has a stretching

dominated or over-stiff behaviour. For example, considering, on the one

hand, the simple cubic unit cell, the number of struts is b = 12, while the

number of joints, namely the vertices, is j = 8; for this reason m = −6 and

it is possible to say that the simple cubic unit cell is bending dominated. On

the other hand, considering the FCC unit cell of Figure 4.3, it is true that

b = 36 and j = 14, so m = 0 and the FCC is a stretching dominated unit

cell.

Another important characteristic of lattices is their progressivity, namely

how the geometric properties of the hierarchic structure may change along

with the component. Indeed, graded lattice structures have gained the inter-

est of many engineers due to the possibility to modify the lattice geometry in

specific and limited regions, such as the more stressed of the overall structure.

In this way, the lattice is optimized and its lightweight characteristics are

even more prominent. Few design tools give the possibility to design graded

lattices and they operate by increasing the lattice density in two alternative

ways: decreasing the unit cell dimensions or increasing the cross-section of

the struts.

The last important parameter for which the hierarchic structures are cat-

egorized is conformity. This parameter determines how lattices are filled, and

conformity can have two different qualities: uniform and conformal. On the

one hand, a non-conformal periodic structure is characterized by the easiest

way to fill a component without taking into account the external surfaces.

Indeed, the filling operation has a fixed unit cell orientation, completely in-

dependent from the body’s shape. On the other hand, a conformal lattice

is filled with distorted unit cells that follow the external surface curvature

of the body. In the conformal lattices, the design is oriented to maintain
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the unit cell integrity obtaining a stiffer structure due to a redistribution of

external loads that do not occur in uniform lattices if an external shell is not

included, as shown in Figure 4.5.

Figure 4.5: (a) Conformal vs (b) not-conformal lattice structures modelled

using the LSWM environment in FreeCAD

4.2 Lattice structures CAD modelling

As previously mentioned, among the wide panorama of periodic lattice

structures, those that have a cubic cell are convenient because of the easiness

of implementation and because they perfectly fit a voxel-based representa-

tion, the core of the PhD project. The methodology behind the modelling of

lattices structures has been implemented in FreeCAD as a set of coded func-

tions in Python language. Supporting codes were developed using MATLAB

software for easiness. Two ways of 3D modelling lattice structures have been

implemented. Both approaches aim to obtain a 3D model that is ready to be

manufactured with AM techniques. For this reason, the conversion into the

STL file format is mandatory and an intermediate step, with the 3D lattice

modelled using B-rep, should be considered, even if at first glance it could

be not efficient. However, voxel-based representation, using the ray-tracing

intersection algorithm, is used to speed up the entire 3D modelling. Indeed,

in the following section, the voxel-based methodology will be introduced and

then two smart ways of 3D modelling lattice structures will be described.

62



4.2.1 Ray-tracing intersection method for voxelization

Among the available voxelization algorithms in the literature, the can-

didate chose the ray tracing intersection method due to its simplicity and

robustness compared to other approaches, as discussed in Chapter 1.

The ray-tracing intersection algorithm was own programmed in the MAT-

LAB software. As a starting point, the algorithm asks for the 3D model of

the object the designer would like to voxelize and the bounding box dimen-

sions of the 3D model are automatically evaluated. The user needs to have

at his/her disposal the STL model of the component and to establish the

voxel resolution d. This choice directly affects the voxel’s spatial grid (Sxi
)

and as a matter of fact, the lattice structure density. Knowing the voxel

grid, it is possible to initialize the logical matrix V OXELmatrix with all

null values. As a second step, the algorithm automatically ray-traces in all

the three main directions (x, y and z) and combines the results coming from

the different dimensions to understand which elements of the logical matrix

should be activated (Figure 4.6).

Figure 4.6: Ray tracing along the X dimension to understand which voxels

should be activated [122]

Specifically, for each triangle of the STL file, the voxelization follows the
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succeeding steps:

� determine the edges of the triangle;

� compute the opposite vertex of the selected edge;

� find the ray relative to the selected edge;

� check if the relative ray is on the identical side of the selected edge;

� if the check is positive for all the edges of the selected triangle, then it

is undoubtedly that the ray flows through the facet, and for this reason,

the matrix element should be activated.

The overall process can be graphically seen in Figure 4.7.

Figure 4.7: Graphic flowchart of the ray tracing voxelization methodology

4.2.2 1st B-rep modelling method

A first method has been written in Python to generate a full 3D model

of a strut-and-node uniform and non-conformal lattice that does not include
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the voxelization process before populating the structure with struts. In par-

ticular, this simple method generates a cloud of equally spaced points, which

can be assimilated as a voxel grid. Such a grid is properly connected using

struts knowing the unit cell topology. This generates a parallelepiped shape

filled with a uniform lattice structure that is drawn exploiting the B-rep; then

the designer is asked to perform a Boolean intersecting operation between

the desired 3D model shape and the parallelepiped lattice model. As the last

step, the desired 3D lattice model is ready to be exported in STL file format

and manufactured with AM. The steps are described in more detail in the

following list:

1. The designer chose the unit cell type (Refers to Figure 4.3), the struts

topology (square or circular), the length and its characteristics, namely

the cross-section dimensions;

2. The designer passes to the function the dimensions of the parallelepiped

lattice model;

3. A file matrix is generated containing the struts type, the number of

nodes and ligaments of the overall parallelepiped lattice, the cross-

section dimensions and the sphere dimensions at the end of the struts;

4. The algorithm evaluates the coordinates of nodes belonging to the RVE

of a single unit cell;

5. The coordinates are duplicated along the 3 dimensions to create a cloud

of equally spaced points;

6. Duplicate nodes are deleted;

7. Only neighbour nodes with exact spacing from one node to another are

connected (i.e. in the FCC unit cell, consider ligaments with length L

and
√
2L);

8. Duplicate ligaments are removed;
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9. Create a matrix N = n× 3 containing the list of nodes coordinates;

Node 1: x1 y1 z1

Node 2: x2 y2 z2
...

Node i: xi yi zi
...

Node n: xn yn zn

10. Create a matrix M = m×2 containing the ligaments topology between

nodes;

Strut 1: P1 P2

Strut 2: P2 P3
...

Strut j: Pi Pi+1
...

Strut m: Pn−1 Pn

11. Place a sphere or a cube over the intersection of multiple struts to

improve the overall geometry (Figure 4.8);

12. At turn, extrude a j strut between point i and i+1 of the grid contained

in the j − th line of M matrix where the coordinates of both points

are contained at lines i and i+ 1 of N matrix;

13. Intersect the obtained parallelepiped lattice structure with the desired

component previously modelled as a bulk model.

4.2.3 2nd voxel-based modelling method

The second method employs the voxel-based ray tracing intersection al-

gorithm to transform a B-rep bulk model into a voxel-based one and then
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Figure 4.8: The intersection of multiple struts need the placement of a sphere

(for circular struts) or a cube (for square ligaments) to improve the lattice

geometry

assigns to each voxel a cubic unit cell. In this way, the Boolean’s intersection

operation of the previous method is avoided, speeding up the entire modelling

phase.

Going into more detail, the process starts with an STL file of the 3D

bulk model written both in ASCII or binary format. The triangular exte-

rior surface discretization is stored and the triangles’ vertices, facets, and

normals are retrieved using a function that reads the STL model. Knowing

the coordinates of the vertices, it is possible to evaluate the bounding box of

the overall 3D model, essential information for the voxel grid computation.

Then the designer is asked to give the desired voxel resolution in mm and

the unit cell geometric characteristics. The algorithm automatically evalu-

ates the number of voxels in each direction. A null logical matrix is initialized

and then the ray tracing intersection method takes place to activate elements

of the logical 3D matrix that belongs to the bulk model.

In the following, just the active voxels are considered as belonging to the

desired lattice model. Using 3 nested for cycles along the 3 dimensions of

the logical matrix, for the active cells, the algorithm distributes the nodes

of the unit cell over the edges of each voxel depending on the unit cell type,

computing the N matrix. As done in the previous method, duplicate nodes

are deleted, and the remaining ones are interconnected through ligaments,

contained in the matrix M . Duplicate ligaments are removed and the N
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and M matrices are given to the FreeCAD environment that produces the

3D lattice model using the B-rep just to export the final STL lattice model,

needed for production purposes.

Compared to the previous method, the voxel-based approach could be

further optimized by skipping the modelling of the 3D B-rep shape. Indeed,

by knowing the node’s coordinates and the ligament topology, a 1D simplified

structure can be built (Figure 4.9). This simplified model can be of terrific

interest for structural analysis purposes as will be shown in the next sections.

Moreover, from the 1D structure, it could be possible to reconstruct the

external surface made of triangles as similarly done in [134]. This task will

be considered as the future development of the codes programmed for the

aim of this thesis.

Figure 4.9: The 1D structure obtained through voxel-based modelling of a

lattice structure starting from the 3D bulk model saved as STL file
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4.3 Voxel-based methodology for mechanical

simulations

Another significant issue of lattice structures emerges when a numerical

analysis is used to analyse their mechanical behaviour. Due to the high struc-

tural complexity of real-life components, FE analysis requires a large amount

of computational power to discretize the structure in billions of meshing ele-

ments, making traditional FEM less appealing. Alternative methods, such as

homogenization algorithms, have been developed in the literature to address

this issue. A non-exhaustive list of approaches for reducing the time required

for structural analysis can be found in the literature:

� Closed-form expression based on the Euler-Bernoulli beam [135];

� Matrix-based techniques based on Bloch’s theory [136];

� Micropolar elasticity theory [137];

� High-frequency homogenization [138];

� Discrete homogenization technique [139];

� Asymptotic Homogenization (AH) [140], [141].

Because of the stress distributions prediction reliability in the lattice

structure without limits on unit cell topology, AH performs well in validation

testing for a variety of applications. The AH method proposes to accelerate

mechanical analysis by replacing a lattice structure with a completely dense

homogeneous solid with equal mechanical characteristics, the same occupied

volume, and the same loads and application points. The computer power

required to calculate numerically the mechanical behaviour of periodic struc-

tures is reduced exponentially in this way. The reader is directed to Section

2.10 of source [7] for a more extensive exposition of the mathematical model

of AH, which is beyond the scope of this thesis.
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Using AH, it is feasible to get a closed-form formula for the equivalent

stiffness matrix for a variety of unit cell topologies, based on published results.

The meshing and analysis procedures are less computationally intensive, and

the results closely resemble real-world behaviour.

The primary disadvantage of the AH method is its high computing cost in

the case of complicated forms, which is related to a multi-scale issue that must

handle a large number of variables in the event of non-closed-form solutions.

This is why, in the case of complicated unit cell topologies, researchers must

continue to create various simplification approaches to speed up material

analysis. Furthermore, by adopting a bulk component instead of a periodic

structure, this technique moves away from the real structural behaviour, and

the designer may lose the geometrical lattice properties at the unit cell level.

To overcome these issues, the candidate proposes a voxel-based 1D method-

ology to analyse lattice structures, whose description is contained in an own

journal article [122]. The research compares three ways of doing Finite Ele-

ment Method (FEM) assessments on lattice structures: classic 3D analyses of

the entire lattice structure, AH, and a novel creative 1D representation and

simulation called Lattice to 1D (L1D). The last solution attempts to tackle

the periodic lattice simulation problem by simulating a 3D strut-and-node

lattice using 1D components. The ligaments, in particular, are approximated

with their beam axis, resulting in roughly 90% less computing effort than the

entire 3D model, with modest estimation error (around 15–20%) and the abil-

ity to provide the designer with a visual picture of the periodic lattice. Light

computing efforts, superior lattice geometry comprehension at a preliminary

design phase when multiple possibilities must be studied quickly with reason-

able results, and less estimation error compared to real 3D lattice behaviour

define this technique.

4.3.1 Lattice to 1D (L1D) Methodology

To apply the L1D approach, at first, a dense 3D model of the component

in a lattice structure is drawn and stored in STL format to produce the mono-
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dimensional lattice structure. Following that, an algorithm has been designed

to fill the dense region with a periodic structure produced using 1D wireframe

modelling: the direction and size of this 1D modelling are equivalent to the

parameters of the lattice cell. Through a voxel-based technique, the 3D

dense component is turned into a 1D lattice utilizing the axis of ligaments;

the geometrical cross-sectional data and material parameters are sent to the

solver in a second phase. Only mono-dimensional geometrical elements, such

as lines connecting two different points according to the unit cell geometry,

are used to create the resultant geometry. The voxel-based algorithm used

in this approach is the same described in Section 4.2.3. The code’s final step

is to create a .out neutral file. The neutral file comprises the coordinates of

the lattice points and the index of vertices connected together [142]. Several

types of geometry file formats were studied, but the Patran software’s neutral

file format was determined to be the best owing to its ease of importing

geometrical description, and formatting. Figure 4.10 shows a flowchart of

the methodology established to get 1D geometry, with successive steps of this

approach applied to a model of an aircraft engine bracket using a lattice.

Preliminary numerical studies are done using Patran/Nastran software

with a tensile load scenario, imposed on a cantilevered rectangular beam

filled with uniform lattice for validation purposes, to examine the viability of

this alternative technique. Patran/Nastran is adopted as a software platform

because of its great stability when compared to low bandwidth open-source

frameworks like FreeCAD. To begin, the L1D method is verified to see how

certain design characteristics (unit cell type, cross-sectional type) impact the

results. The L1D method is then used to simulate a real-world item, such

as an aircraft engine bracket with a uniform and periodic lattice. The cubic

form, assimilable to voxels, of the periodic structure’s unit cells, is used. In

the cantilevered beam example, two separate unit cells are used: the basic

cube unit cell and the face-centred cubic unit cell (FCC) to test the L1D’s

efficiency for bending (simple cube) and stretching dominated (FCC) lattice

unit cells. Furthermore, the ligaments that make up the lattice are modelled
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Figure 4.10: L1D methodology flowchart applied on the aircraft engine

bracket of GE [122]

using both square and circular beam cross-sections for the sake of this study

to evaluate all of the various settings that may affect the lattice design. In

the engine bracket simulation, just the simple cubic unit cell is employed for

simplicity.

On a workstation equipped with 32 GB RAM and an Intel Zeon CPU @

3.50 GHz, the L1D approach is performed to voxelize and write the neutral

file. Table 4.1 shows the total time required to convert the sample component

provided by the aircraft engine bracket changing the voxel resolution.

After importing the resulting mono-dimensional lattice geometry as a

.out format file into Patran/Nastran, the material characteristics, which are

the effective ones rather than the corresponding properties derived via AH

techniques of a hypothetical completely dense object, can be provided to

the program. Furthermore, because the neutral file lacks this information,

the user can define the beams cross-sectional properties in the solver using
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Voxel resolution

[mm]

Computational

time for L1D

N. of voxels

7 22.4 1576

6 33.2 2560

5 52 4207

4 104 8136

Table 4.1: L1D computational time changing the voxel resolution for the

G.E. benchmark bracket model [122]

the Patran ”Properties” menu. The ”beam” 1D attribute was chosen to

characterize all of the ligaments that make up the lattice for the sake of this

study. The bending effects would be ignored if you used a rod option.

To demonstrate the effectiveness of the L1D technique, additional simu-

lations involve a 3D bulk model with equivalent mechanical properties eval-

uated through AH methodologies. The 3D completely dense homogenized

material stiffness matrix is filled with AH closed-form data from two of the

most relevant literature contributions on the topic. In particular, on the

one hand, in [143] the macroscopic stiffness of several lattice topologies is

determined using an asymptotic homogenization multi-scale technique. The

stiffness matrices are determined by geometrical unit cell properties such

as ligament length (L), cross-sectional dimension (t), the moment of iner-

tia (I) and cross-sectional area (S), as well as material characteristics such

as Young’s modulus (E) and Poisson ratio (ν). These results can be im-

plemented only if a slenderness ratio (ligament length over cross-sectional

dimension) of at least 10 is guaranteed to validate the slender beam assump-

tion at the basis of this approach.

On the other hand, based on Andreassen and Andreasen’s process [144],

in [145] the researchers created a MATLAB tool to examine alternative unit

cell lattice topologies using a voxel-based approach. Knowing the unit cell

dimensions, the unit cell topology and the material parameters, the algorithm

may provide the lattice stiffness matrix entries. However, in terms of cross-
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sectional topologies, this technique is restricted, and only circular topologies

are represented.

The resultant lattice stiffness matrix for both specified contributions has

a varied scheme compared to typical isotropic materials and sees the lattice

structure as an orthotropic material. The stiffness matrix K latt may be

represented in a closed-form as a function of three parameters α, β, and γ

(eq. 4.2) for periodic structures if the geometric properties of the unit cell

topology are known. The matrix parameters for the simple cubic unit cell

are evaluated thanks to eq. 4.3.

K latt =



α β β 0 0 0

β α β 0 0 0

β β α 0 0 0

0 0 0 γ 0 0

0 0 0 0 γ 0

0 0 0 0 0 γ


(4.2)


α = S

L2

β = 0

γ = 6I
L4

(4.3)

The eigenvalues of each unit cell type will be different, resulting in various

mechanical properties. Moreover, if the Euler–Bernoulli beam assumptions

are incorrect, local compressive loads may cause instabilities, as reported by

Vigliotti and Pasini [146]. Then, the results coming from AH are compared

to those of 1D analysis for the scope of the research.

The goal of this study was to see if the L1D technique may be a viable

alternative to the AH method for lattice structural analysis. To accomplish

so, a series of simulations were run in Patran/Nastran software, comparing

maximum and mean displacements, mesh size, meshing time, and solution

time for three different situations (AH, 1D, and fully 3D model).
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4.3.2 L1D numerical simulations

A cantilevered beam with a rectangular cross-section is utilized to test

the L1D methodology’s capabilities, with a 500 N axial load applied to the

free extremity as nodal forces on the overall surface. The parameters of the

beam are 30 mm in thickness, 40 mm in height, and 200 mm in length (Figure

4.11 (a)). Furthermore, the unit cell characteristics are chosen to provide a

slenderness ratio of 10 to comply with the Euler–Bernoulli assumption. The

size of the unit cell is chosen to keep the computing power required to create

and simulate the 3D lattice structure to a minimum. The L1D technique

is tested with two distinct unit cell topologies to see if it can describe both

stretching and bending dominating lattices. Both squared and circular cross-

sections are modelled for each unit cell type, allowing the cross-sectional

variable to be explored for the study.

To comprehend the L1D performances in a substantial industrial engi-

neering scenario, an additional set of simulations involves an aircraft engine

bracket that was designed with a uniform and periodic lattice. For the pur-

poses intended, the bracket’s constraints are four holes on a base that are

fully limited for all six degrees of freedom. There are two vertical holes in

the opposing section of the bracket where a tensile load is provided in the

form of nodal force dispersed over the cylindrical hole surface. A vertical

component of 200 N and a horizontal component of the same amount make

up the simulated load. The bracket is filled with uniform and non-conformal

lattice, with the simple cubic unit cell topology being used for simplicity

(Figure 4.11 (b)).

In Table 4.2, are reported the unit cell topology features for the cantilever

beam case study, used to validate the methodology and for the aircraft engine

bracket from GE [95].

Equation 4.2 is used to represent the 3D homogenized component with

an orthotropic material, using matrix entries derived from [143] and [145].

The whole 3D lattice and 1D wireframe are modelled using an isotropic

material with bulk properties. The change in unit cell dimensions between

75



(a) Beam geometry

(b) Bracket geometry

Figure 4.11: View from different directions of the 3D lattice structures used

to validate the L1D methodology

the beam and bracket case study is done for computational purposes. In the

engine bracket voxel-model, in the support region where the tensile stress

is applied, such unit cell dimension has been selected to have at least two

layers of lattice cells: a trade-off has been carried out using a voxel size that

is not very demanding for the computational resources available to us. The

material employed in these calculations for the cantilevered beam is Ti6Al4V

ELI-0406 powder for AM applications, which has a Young’s Modulus of 126

Dimensions [mm] Cantilever beam GE engine

bracket

Ligament length 10 4

Cross-section

dimension:

Square edge 1 0.4

Circular radius 0.5 0.2

Table 4.2: Unit cell dimensions for the case studies included in [122]
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GPa and a Poisson ratio of 0.3 [147].

A mesh convergence study, applied to the cantilever beam case, has been

set for the whole 3D model simulation since it is the most important because

it provides benchmarking data for comparing other techniques to study peri-

odic structures. It was discovered that a mesh size of 0.5 mm (half the cross-

section dimension) is precise enough to capture the mechanical behaviour of

the component with low computing costs (less than 0.5 % inaccuracy and 89

% time savings compared to 0.125 mm average mesh size). After the mesh

convergence study has been fixed, the whole set of simulations for the can-

tilever beam has been carried out: two simulations using the 3D complete

model (one for circular cross-section and one for square shape), two simula-

tions using the 1D model from the L1D approach (respectively for circular

cross-section and square), and three simulations using the 3D fully dense

beam (two simulations using the results from [143] for square and circular

topologies and one simulation using the research outcomes of [145] for the

circular configurations) (Figure 4.12).

4.3.3 Discussion of the results of the L1D approach

The tables with the full results of the cantilever beam can be found in

the own contribution [122], while here just the more significant outcomes are

collected and discussed in this subsection. Table 4.3 contains the evaluation

of the relative errors on the maximum and mean displacements compared to

the full 3D model results for each unit cell topology. In the Table, the mean

relative error value for square and circular cross-sections has been considered.

Moreover, a further analysis involves the mean computational time re-

quired to discretize and numerically solve the entire lattice structure for both

the involved topologies. In Figure 4.13 it is shown a tower chart with a visual

comparison of the full 3D approach versus the L1D and AH approaches.

From these results, it is straightforward that both L1D and AH ap-

proaches decrease about 90% of the time required for meshing and more

than 80% time needed for the software to converge to a solution no matter
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Figure 4.12: View of strain field of the cantilever beam [122]: a) full 3D model

of simple cube lattice with circular cross-section; b) full 3D model of simple

cube lattice with square cross-section; c) 1D lattice with circular cross-section

and d) 3D equivalent bulk model using the AH method of Vigliotti et al.

Figure 4.13: Computational time comparison to mesh and solve the lattice

structure depending on the approach used
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Numerical

approach
% error on Umax % error on Umean Lattice topology

L1D
12.5 23.5 simple cube

21 13.5 FCC

AH [143]
4 1 simple cube

49 25 FCC

AH [145]
13 20 simple cube

52 27 FCC

Table 4.3: Comparison of mean % error on the displacements of L1D and

AH approaches compared to the 3D full model analysis

is that the unit cell or the cross-sectional sort. This result’s extraordinarily

vital within the context of conceptual/preliminary design once many config-

urations got to be investigated in a very quick manner. Moreover, from this

research, it’s also viable to recognize that the cross-sectional topology does

not affect the computational fees and the accuracy of the outcomes for each

AH and 1D approach, confirming the effects received with-inside the study of

Cook [148]. The most effective distinction is that, once the square topology

is used, the computational price will increase for the full 3D model analysis.

Focusing the attention on the accuracy of the proposed L1D approach, it

can be seen that the error on the displacement estimation is about 15÷ 20%

which is an encouraging result, especially for the possible application context

for this methodology. Moreover, the AH approach proposed by Vigliotti

and Pasini estimates with greater accuracy the lattice deformations for the

bending ruled unit cell for both maximum and mean displacement, whilst

worse deviations are depicted for the stretching ruled unit type as compared

to the L1D technique. The AH technique by Dong is restricted to the cross-

section topology and the accuracy is withinside the order of magnitude of

the 1D methodology.

The main advantage of the L1D approach is that the designer can rapidly

understand the behaviour associated with individual beam elements, which
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is not possible with the AH methods while maintaining the same level of

accuracy in terms of displacement estimation.

In the example study represented by the GE bracket, the same strategy

was used to compare the L1D methodology against AH approaches and the

3D complete model. However, we ran into some computational problems

when simulating the 3D entire model of the engine bracket filled with uniform

lattice. The computer resources at our disposal were insufficient, and the

meshing technique ultimately failed. Because of the restricted computer

capability, alternative methods must be utilized to model the mechanical

behaviour of a complicated lattice structure in a real-life scenario. Due to

good findings from the cantilever beam simulations, the AH techniques were

used as a benchmark to evaluate the L1D capabilities used on a real-life item,

since the results from the 3D complete model were not accessible. The engine

bracket is simulated utilizing AH techniques with the same design using a

basic cube unit cell with both circular and squared shapes while the L1D

technique is used on the same object’s 1D model (Figure 4.14).

Figure 4.14: Strain field view of (a) homogenized 3D model using [143] ma-

terial characteristics and of (b) 1D model using the L1D approach [122]

However, just to have a quantitative reference for the 3D model, a linear

trend for the displacement estimate error was assumed using the values of

the relative errors determined with the cantilevered beam example. Knowing

the maximum displacements of the AH models, it was feasible to extrapolate

the maximum displacement of the 3D whole model, using eq. 4.4.
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Numerical

approach
% error on Umax Meshing time [s] Solver time [s]

3D model - 2817 → ∞
AH [143] 6 5 25

AH [145] 13 5 25

L1D 15 35 28

Table 4.4: Comparison of mean % error on the displacements of L1D and

AH approaches compared to the 3D full model analysis

Umax3D

1
=

Umax [143]

1− err [143]

=
Umax [145]

1− err [145]

(4.4)

Thanks to this assumption, it is possible to estimate the deviation from

the 3D model simulation of the alternative investigated approaches. The

main outcomes of this comparison are collected in Table 4.4.

From these results, it emerges that to reduce the computing time and

power required for mechanical simulations, simplification methods such as

AH or L1D must be utilized for items with complicated geometry, such as

the GE engine bracket. On the one hand, the simulation failure was caused

by the 3D complete lattice model being too intricate and computationally

intensive. Both the AH and L1D techniques, on the other hand, reduce

meshing time and element count by up to 99 % while keeping a sufficient

level of accuracy (≃ 10÷ 15 % deviation on maximum displacement), which

is essential in the context of conceptual/preliminary design.

To summarize, the 1D approach can estimate maximum and mean defor-

mations with low computational power while still providing a designer with

an overview of the lattice geometry and behaviour, even at the ligament level,

for both stretching and bending dominated unit cells, whereas AH approaches

are more precise for bending dominated topologies compared to stretch-

ing ones. When compared to the 3D object, both AH and 1D techniques

have equal processing needs for meshing and convergence. Furthermore, the
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L1D technique may be considered a good alternative to homogenization ap-

proaches since it can produce equivalent results, or perhaps better, while still

providing the designer with a quasi-real geometric perspective. However, be-

cause only node-strut arrangement lattices can be represented, the suggested

technique has certain restrictions that will be investigated in further studies

in the future. The proposed approach, with further improvements, could be

used in the conceptual design stage to understand the mechanical behaviour

of complex automotive structures filled with a lattice structure, like those

described in [149], and lowering the designer effort to analyse structurally

components through traditional approaches.

4.4 Proposal for a 2D representation stan-

dard in drawings

By reviewing the interesting literature about lattice structure modelling,

the candidate found an interesting gap among the available Standards related

to the DfAM of lattice structures. In particular, a large number of contribu-

tions deal with the optimization of 3D modelling of lattice structures ready

to be manufactured with AM. In this way, the STL or the AMFF file can be

generated, so that for manufacturing purposes there is no need for 2D part

drawings. However, 2D sketches are still widely used in industrial companies

and the workshops for assembly/disassembly sequences, maintenance manu-

als, bill of materials and spare part nomenclature because they contain GD&

T symbols and tooling details. Thus 2D drawings still play a key role even

if Augmented Reality and 3D manuals have been gaining ground in recent

years (Figure 4.15). Indeed, a digital revolution makes sense only for high-

value maintenance operations, such as in aerospace [150]. Moreover, they

can be used to rapidly exchange data between technical offices and operators

without the need for technological support. 2D drawings can also preserve

intellectual property better than 3D models by hiding information and using

simplified representation.
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Figure 4.15: An evolution in time can be noticed in design/sketching of

components

In the common design workflow, 2D drawings are automatically produced

by CAD software from the 3D bulk models to support workshops, manufac-

turing, illustrated parts catalogues and maintenance manuals. However, if

the 3D part has small size features that are repeated thousands of times such

as the lattice structures, the representation in drawings could be hardly un-

derstandable, due to the enormous amount of small detail. In this context,

3D components usually related to the AM field are still not considered in the

available Standards and their representation could be a challenging task. For

this reason, International Standard Organization (ISO) should be pressed by

companies to develop new Standards dealing with all the design, production

and maintenance stages of products coming from the AM supply chain.

To overcome this technological gap, the candidate proposed a new repre-

sentative Standard for periodic structures based on the use of conventional

symbols to describe their shape and dimensions. The reasons for the pro-

posed Standard and its description have been widely discussed in the own

contribution [121]. Here the key features are discussed. The developed Stan-

dard has been embedded in FreeCAD using Python language as done for

all the coded functions and macros related to lattice structures which are

described in this Chapter. This new Standard allows to represent lattice

structures as conventional components that on the one hand use light and
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comprehensive symbols, but on the other provide all the needed information

about hierarchic structures.

As described in Section 3.4, International Standards are extremely impor-

tant to help wider adoption of a certain technology; however, in the AM field,

few Standards are approved and available to date due to the constant inno-

vation and exponential improvement of AM technology that does not permit

to International Organizations and Associations to keep up the pace. More-

over, the lack of Standards slows also the certification process of structural

components in critical applications such as automotive and aerospace.

Moving the attention to 2D drawing Standards, ISO Committee recently

focused on the publication of a Standard for part representation in CAD

software of composite structures including GD& T system and roughness

indication [151]. However, no information is available about how to deal

with the 2D representation of parts coming from AM such as lattices or

topologically optimized structures.

For this reason, a draft of a simple and user-friendly representation Stan-

dard is proposed taking inspiration from the EN 4088-001 regulation about

the ”Representation of parts made of composite materials” [151]. Similarly,

a possible solution to condensate several information about complex struc-

tures, such as composite materials and lattices, is the use of simple tables to

summarize the main features which describe completely the structure. These

tables can be placed over the title block (T/B) section of drawings.

Three different tables are designed to host the main characteristics of

lattice structures respectively for uniform non-conformal lattices, graded lat-

tices and conformal periodic structures. However, some features are common

to all the developed tables. In particular, only the lattice structures with a

cubic shape unit cell, akin to a voxel of dimension v, have been considered,

taking the Figure 4.3 as unit type portfolio. Moreover, only struts with

square and circular cross-sections are taken into account, whose character-

istics dimension is d, while L is the struts element length from one node

to the other. However, the same representation Standard could be applied
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to other types of lattice structures with small modifications. According to

Figure 4.16, where it is shown a list of symbols used in the developed tables,

the meaning of these are:

(a) Unit cell with circular cross-section, which diameter is d in mm;

(b) Unit cell with square cross-section, which edge dimension is d in mm;

(c) Voxel-based lattice structure with voxel resolution of v in mm;

(d) Unit cell with strut length of L mm from node to node;

(e) Lattice filling orientation in terms of an angle with respect to a datum,

in °.

Figure 4.16: Symbols used to describe the struts and unit cell dimensions for

the proposed Standard [121]

The three developed tables are shown in Figure 4.17 and will be discussed

in the following paragraph. A common feature is a label placed automatically

over the table to name and distinguish a lattice structure from the other

that may appear in the same drawing. The same label is placed over the

corresponding component in the drawing to link the lattice characteristics

with the right geometry.

Starting from the simplest type of lattice, namely the uniform and non-

conformal periodic structures, a table of 5 rows is developed to contain all the

needed information to completely describe the component (Figure 4.17 (a)).

In particular, in these types of hierarchic structures, all the unit cells are

identical in the three directions and only an infill operation is done, ignoring

the external surface shapes. Thus, just the strut type and dimensions (first,
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second and fourth rows), the unit cell type (third row) and the infill orien-

tation (fifth row) are sufficient to completely describe the structure. Next

to each symbol contained in the table, the respective dimension in mm is

inserted automatically by the developed framework in FreeCAD. Particular

attention is given to the strut length and the possibility to include a sphere or

a cube at the intersecting point of several struts to correct the overall shape

(Figure 4.8). For this reason, along with the length in mm, an additional

label with the indication of S1 states that a sphere of radius 1 mm is added

to both endpoints of a strut; respectively a C1 is used for a 1mm edge cube.

The last row provides the infill orientation in degrees compared to a datum,

in this case, A. The rotation order the designer must follow is z (the axis

exiting from the drawing sheet), y (vertical axis) and x (horizontal axis).

Moving to the graded non-conformal lattice structures, in Figure 4.17

(b) a similar table is developed. Compared to uniform lattices, additional

rows are added to describe the gradient of change of lattice properties in

space. The mathematical formulation of the gradient function of the strut

dimension d(x) is included in the seventh row. For the moment, just linear-

gradient functions are considered, but a similar approach can be used also

for other types of functions. The mathematical formulation of d(x) is

d(x) = df +
d0 − df

r
x (4.5)

where df is the strut dimension at the origin of the sphere of influence, d0 is

the general strut dimension of the uniform lattice and r is the radius of the

region of influence. The gradient is centred in the pointH whose spatial coor-

dinates are given in the fifth row of the table. As the last parameter, a sphere

of influence centred in H of the gradient defines the limited region where the

lattice properties variates compared to a uniform one; to completely define

it, the radius of the sphere is given in the sixth row in mm.

As the last periodic structure considered in the proposal, the conformal

lattices are characterized by a distortion of the unit cells in two dimensions to

follow the external surface chosen by the designer. The corresponding table

is shown in Figure 4.17 (c) and some differences can be noted if compared
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to the previous ones. While the characteristics of struts and unit cell type

remain the same, the fourth and fifth rows are replaced with information

regarding conformity. In particular, the former describes to which external

surface of the object the lattice is conformal using a datum, while the latter

contains the number of subdivisions of the conformal surface that is also

equal to the number of cells along that surface.

To better distinguish the types of lattice structures inside a complex draw-

ing where multiple period structures may coexist, one of the three symbolic

images collected in Table 4.5 is placed inside the contour of the component

filled with periodic structure. This is done to increase the readability of 2D

drawings and to avoid the use of crosshatches, already employed for cuts and

sections (ISO 128-3:2020).

Uniform non-

conformal lattice

Graded non-

conformal lattice

Conformal lattice

Table 4.5: Symbolic image of three different types of periodic structures

considered in the proposed Standard [121]

The overall representation proposal has been coded in Python to be in-

cluded in the TechDraw environment of FreeCAD, at the disposal of the user

to obtain technical drawings, being available a 3D model. A simple case

study involving an assembly made by 2 lattice rods linked with a pin is in-

cluded to show the effectiveness of the proposed representation Standards.

The rods are composed of two thin bosses connected by a lattice structure

based on a simple cubic unit cell, as shown in Figure 4.18.

The case study is set up to demonstrate the legibility of this type of as-

sembly in a 2D technical drawing. Being available the same assembly but

with the bulk rods, the user is asked to open the TechDraw environment and

quote the drawing automatically computed by FreeCAD. When it comes the
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Figure 4.18: Case study to demonstrate the performances of the proposed

representation Standard for lattice structure [121]

time to give some specifications about the lattices of the considered assem-

bly, the user launches the own programmed macro, inserts all the lattice

geometrical characteristics and places manually the lattice name label and

its symbol according to Table 4.5.

In the following, FreeCAD autonomously generates the table previously

discussed (Figure 4.17) and places it over the T/B, obtaining a 2D represen-

tation that is clear and comprehensive. Thanks to the proposed standard,

designers can avoid a complex representation of the lattice components with

all the struts and make the drawing representation easy to be understood

because of the absence of small details. Moreover, thanks to the developed

add-on for lattice structures the quoting process of lattices could be clear

and far from being operator-dependant. The corresponding 2D drawing of

the considered assembly is shown in Figure 4.19 and it has been obtained

applying the proposed standard where both the lattice structures, that are

used to fill the rods, are of the uniform non-conformal type.

The advantages of the proposed Standards have been widely discussed in

this section, but also some limitations are considered as starting points for

future developments. Indeed, the proposed Standard can handle only strut-
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Figure 4.19: Case study to demonstrate the performances of the proposed

representation Standard for lattice structure: the considered assembly on the

left and the resulting 2D drawing on the right [121]

and-node voxel-based periodic structures, while it is still not able to consider

other kinds of lattices, such as the TPMSs. The unit cell type portfolio is still

limited but in the future, it can be easily populated with other topologies

thanks to the open-source framework used to embed the codes. A similar

concept can be applied also to the cross-section topologies, that now are

limited to square and circular.

The same concept, here applied for lattices, could be extended for all

the components made by AM techniques which should be represented in 2D

drawings for the reasons herein listed. Tables placed over the T/B could

collect important features about the production process and the main char-

acteristics that are visible with naked eyes to help operators to recognize

components in assembly/disassembly operations. Indeed, to date no avail-

able standard deals with the 2D representation of topologically optimized
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components manufactured with AM, a design process that is skyrocketed in

the last years in the automotive and aerospace sector, that will be widely

discussed in Chapter 5.
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Chapter 5

Topology Optimization and

DfAM

As it emerged from the literature review contained in Chapter 2, the

flourishing of AM promoted innovative design solutions and optimization

approaches in many different sectors. In this context, new design strategies to

reach extreme lightweight and exotic structures catch on because of plenty of

design flexibility given by AM. A non-inclusive list comprehends the ground

structure method, the generative design and the topology optimization which

are mainly used in highly efficient industrial applications such as aerospace

[152], automotive [153] and biomedicine [154].

The ground structure approach simulates a truss-like structure with a

finite number of beam components by deleting unneeded elements from a

linked truss structure and freezing nodal locations [155]. Generative design

is an iterative process that, given the boundary conditions, generates a set

of viable solutions that satisfy the original constraints, with the best option

being picked thanks to the designer’s assistance [156]. Topology Optimiza-

tion (TO), as already cited in the previous Chapters, is a numerical design

approach that ensures the optimal material distribution by allocating ma-

terial or void to all discretized volume components without requiring the

algorithm to follow pre-designed geometries. Among these structural opti-
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mization techniques, TO is the most used in the automotive sector because

of its efficiency and robustness; thus, this Chapter will focus on the TO de-

scription and all the main achievements in this regard obtained during the

PhD project. All the information herein described are picked up from two

own contributions [157] and [158].

Regarding the TO, this design tool usually maximizes the global stiffness

by minimizing a fitness function that in most situations is represented by to-

tal structural compliance. Information on the boundary conditions, the load

scenario applied to a preset working volume, the existence of passive features

(e.g. holes), and the maximum material volume fraction needed to prevent

a dense solution are all required to solve the issue. The design flexibility of-

fered by TO allows for the creation of unique and high-performance solutions

while lowering material and structural weight and preserving functionality,

as done in [159] for an automotive component to achieve an important weight

reduction. Different TO numerical approaches are described in the literature;

a non-exhaustive list includes:

� SIMP (Solid Isotropic Material with Penalization): this strategy is

mostly used to solve the problem of minimal compliance. It’s a gradient-

based method that uses a continuous distribution of material density

to update the 3D model after each iteration of the structural analy-

sis [160];

� ESO (Evolutionary Structural Optimization technique): this method

employs a completely dense control volume and subtracts superfluous

material at each iteration until an optimal structure is reached [161].

At each iteration, a characteristic parameter (i.e. Von Mises stress)

is evaluated for all the elements and those who have low-stress values

become empty elements;

� BESO (Bidirectional ESO): This numerical technique is based on the

ESO strategy, but it may also add material if necessary to provide the

best results [162].
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In the next sections, only the SIMP technique will be discussed, in which

the design variable is the density of the material ρe of a discrete element e.

It gets its name from the power-law dependence of the single e-th element

stiffness tensor Ee on the material density, as stated in eq. 5.1.

Ee = E(ρe) = ρpeEo, ρe ∈ [ρmin, 1] (5.1)

The penalization factor is p andEo is the allocated isotropic material stiff-

ness tensor. The FEA’s numerical stability is ensured by setting the lowest

permitted relative density value (ρmin) for empty elements with a value larger

than zero. The TO issue is known to be poorly posed since the solution is

mesh-dependent, although the TO problem can be limited by using a density

or a sensitivity filter [163]. As p increases, the relationship between stiffness

and density becomes steeper and the severity of the algorithm towards grey

elements increases.

During the PhD programme, the author integrated a TO tool in the

mentioned open-source CAD software called FreeCAD. The own framework

is called ToOp and it was programmed through Python macros. It is based

on a SIMP approach using a sensitivity filter to make the problem well-

posed. Moreover, the solver uses the continuation method [164], meaning

that the penalization value increases with small steps during the optimiza-

tion iterations until reaching p = 3. In this way, the grey elements (relative

density between black ρe = ρmin and white ρe = 1 elements) will migrate

towards black or white ones without moving away from the optimum value.

Unlike other TO open-source codes in the literature limited to rectangular

domains [77] or without a user-friendly methodology [165], the ToOp frame-

work is capable of returning an optimized structure after a TO analysis using

a user-friendly GUI and an easy workflow from the design of the control vol-

ume, simulation settings, meshing and FEA, and post-processing of the 3D

model using the same software (Figure 5.1).

In general, the results of the previously cited optimization approaches

are connected to the quality of the component mesh of the finite element
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Figure 5.1: GUI of ToOp framework embedded in FreeCAD: view of the

dialog window to insert the main parameters for a Topology Optimization

simulation

model, regardless of the designer’s optimization methodology. Because of the

presence of peaks, cracks, or non-manifold edges in the mesh that discretizes

the 3D model, the best solution may be far from manufacturable, as can be

seen in Figure 5.2.

At this stage in the design process, you have two options:

A apply post-processing techniques directly to the ideal solution;

B re-design the component from scratch, drawing inspiration from the

optimal result of the previous phase.

Even if the second option is usually the applied one in commercial de-

sign tools, nowadays the research community is striving for the first solution

to shorten the design-to-manufacturing cycle, save costs, and improve de-

sign workflow efficiency. Although there are various papers in the literature

that combine TO and AM ([166] and [167]), the resulting design process is
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(a) Noisy 3D digital model (b) Manufactured component using FDM

technology

Figure 5.2: Visual comparison between a noisy digital model and the equiv-

alent manufactured component after digital post-processing

still not user-friendly and far from being straightforward. Recently, [168]

attempts to bridge the gap by presenting a simple approach for streamlining

the last step of producing manufacturable 3D models resulting from struc-

tural optimization, but only for a restricted range of scenarios and only for

voxel-based models. [169] has combined the TO approach with the Non-

Uniform Rational Basis Spline (NURBS) hyper-surfaces framework to offer

CAD-compatible descriptors of the structure’s topology that are unrelated to

the FEM mesh quality. However, when it comes to setting NURBS discrete

parameters, this technique is largely dependent on the designer’s skill, and

it has limited use due to the long calculation time.

To address the aforementioned challenges identified in the literature, the

candidate presents an optimized general-purpose surface smoothing post-

processing technique, deeply described in its first version in [157] and the final

one in [158]. Undoubtedly, TO 3D models require post-processing manipu-

lation before the manufacturing phase to examine and correct non-manifold

edges, fractures, and peaks that may arise as a result of the optimization.

External surface smoothing, inspired by image denoising approaches [170],

is one of the post-processing techniques. Surface smoothing is a numerical

approach for detecting and removing noise and spikes from a surface model
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Figure 5.3: The application of digital post-process techniques is required

before the production phase

to return a more pleasing geometry by iteratively developing the surface.

The proposed strategy can smooth the exterior surface of meshes de-

rived from a variety of sources, including topology optimization and reverse-

engineering from 3D scanning and photogrammetry points clouds (Figure

5.3).

The established methodology is used for 3D models arriving from TO,

but the same procedure may be used with any optimization methodology or

engineering design approach as long as the 3D model can be exported as an

STL surface mesh. Several ways for surface fairing have been proposed in

the literature, including:

� mesh modification based on vertice location [171];

� surface smoothing using local curvature of neighbour faces [79];

� mesh optimization based on patch normal filters [172];

� frequency-based surface filtering [173].
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Depending on the application, each methodology has pros and limitations,

but approaches based on vertex position are known to be simple to build,

quick, and perform well. However, some concerns, such as volume reduc-

tion throughout iterations, must be taken into account and resolved. De-

spite the attempts available in the literature, a user-friendly approach for

post-processing 3D models employing smoothing algorithms based on mesh

alteration of vertices position remains lacking. A suitable smoothing frame-

work that meets the DfAM and TO standards should be able to successfully

enhance the model’s exterior form in both voxel and surface mesh cases.

Furthermore, volume shrinking during smoothing cycles should be kept to

a minimum. Finally, a good smoothing approach should decrease or elimi-

nate the loss of TO model characteristics (e.g. holes or flat surfaces) during

the numerical process, so that they do not need to be post-processed (these

regions will be referred to as no-smoothing-space).

5.1 Vertex-based surface smoothing: state of

the art

Vertex-based smoothing techniques available in the literature are the sim-

plest and easiest to apply, even though they suffer from crucial issues such

as excessive volume reduction during iterations. To update the mesh, these

processes employ neighbourhood information in terms of spatial location,

which may be found in STL files. The Laplacian smoothing [171], whose

operation may be described as a diffusion problem (eq. 5.2), inspires the

majority of the vertex-based techniques, being X the vertices tensor, L the

Laplacian function, λ the diffusion speed (0 < λ < 1) and ∂t the variation of

mesh during the iterations. The mesh connection is preserved and only the

position of the vertices changes in this mathematical problem; each vertex is

relocated utilizing just the knowledge about its neighbours.

∂X

∂t
= λL(X) (5.2)
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The various vertex-based algorithms available in the literature differ primar-

ily by a distinct representation of the Laplacian operator, which is represented

by eq. 5.3 in its linearized version. N1(i) represents the 1-ring-neighbourhood

vertex set, which consists of all vertices related to the i-th vertex by one edge,

and x is the spatial position of the i-th vertex’s vector of coordinates.

L(xi) =
∑

j∈N1(i)

wij(xj − xi) (5.3)

Sorkine’s traditional Laplacian smoothing method replaces a mesh vertex

with the average location of its neighbours at each iteration, using wij = 1/n,

where n is the number of one-ring neighbours. This smoothing approach

has the benefit of being both simple and fast to compute. As the number

of iterations increases, however, it is influenced by significant vertex drifting

(vertex movement that is not following the surface normal direction) and

mesh shrinkage (mesh volume reduction).

The Scale-Dependent Laplacian smoothing method improves on the pre-

viously mentioned technique by using weights proportional to the relative

distance between the vertices in the Laplacian operator wij = 1/|eij |, retain-

ing the size of the triangles and reducing vertex drifting, but still suffering

of volume reduction. [174].

The Improved Laplacian Smoothing, often known as the HC-algorithm

(HC stands for Humphrey’s Classes), is another vertex-based technique being

considered [175]. This technique tries to improve the traditional Laplacian

method for reducing volume shrinking by adding a second step (push-back) to

the standard Laplacian operator to partially push the vertices towards the old

location by a value that is the average of its own and its neighbours’ difference

position vectors weighted by a factor. Furthermore, the new location of a

vertex is evaluated not just in terms of its neighbours, but also in terms of its

central vertex position. The initial vertex location is, in reality, weighted by

a factor and included to aid the algorithm’s convergence. Because of these

enhancements, the HC method retains mesh characteristics and size better

throughout iterations, even though some shrinking still occurs.
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Taubin’s method is one of the most effective smoothing techniques ever

devised. Because of the application of a two-step smoothing (forward and

backwards) to rectify the shrinkage, this technique is comparable to the HC

one [173]. This approach permits fine-tuning of both steps by using two

scalar values to balance them out.

Though, for complicated shapes resulting from TO studies, where the

designer wishes to freeze essential characteristics such as holes or surfaces

that should be preserved flat in the ready-to-manufactured digital model, the

current techniques are still non-optimized. To address this technological gap,

the candidate created the Optimized Humphrey’s Classes — Scale-Dependent

Umbrella algorithm (in the following Optimized HC-SDU algorithm), which

combines the SDU and a modified version of the HC-algorithm to exploit their

advantages, as well as several sub-routines to solve the problems mentioned

previously.

5.2 Optimized HC-SDU algorithm

The created algorithm is thoroughly discussed in this part. There are two

variants of the inventive approach. The first is restricted to voxel-based mod-

els and necessitates active user interaction to choose the no-smoothing-space

option [157]. The second is a natural progression from the prior version, in

which the no-smoothing-space identification is automated and a more ad-

vanced form of volume preservation is included in the code [158]. First, all

the common features will be analysed and then the distinctive ones will be

discussed in two separate sections, along with some results.

The following terminology is used: oi stands for the location of the i-th

vertex in the noisy mesh, and ci stands for the position of the vertex that

has not yet been affected by the current iteration of the smoothing process.

Finally, si will be used to represent the smoothed mesh. The flowchart

containing the overall methodology is shown in Figure 5.4.

Both the developed algorithms use the information contained in an STL
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Figure 5.4: Optimized HC-SDU flowchart

mesh file, used as input, to save the topological information bits (vertices V ,

facets F , and normal componentsN ) as matrices. The volume of the STL 3D

model is computed and saved in the V ol0 variable. The algorithm then asks

the user to enter numerical values for the four smoothing parameters: α and

β weights from the HC-algorithm, λ which controls the process’s diffusion

speed, and itermax, which controls the maximum number of iterations the

algorithm can do before stopping if convergence is not achieved (the difference

between two consecutive solutions should be less than 0.01).

As previously stated, the core of the Optimized HC-SDU smoothing ap-

proach is based on two steps phases, similar to the HC-algorithm. However,

a substantial shift involves the push-forward phase to update temporarily si,

knowing ci. This stage is defined by the use of Scale-Dependent weights 1/eij

to reduce vertex-drifting by taking into consideration the relative location

of the vertices (first equation of 5.4). Then, it is defined the estimation of

the vector comprising the relative distance positioning vector diffi to the

original location by the α weight, as well as the temporary smoothed position

of the i-th vertex si. In the standard HC technique and in the 1st version

of the developed algorithm, the relative position vector (diffi) is a scalar

weight function of the original mesh. In the 2nd version, the relative position

vector in the new method is determined by the mean position between the

original and current meshes, which is weighted by the same scalar value α

(second equation of 5.4). This is done to address the HC algorithm’s funda-

mental flaw, which is the mitigation of the largest mesh peaks and surface

noise while leaving mild background noise on the smoothed model.
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si = ci +
2λ
|eij |

∑
j∈N1(i)

cj−ci
|eij|

diffi = si − α
2
(oi + ci) + (1− α)ci

(5.4)

Then, to determine the final smoothed location of the i-th vertex si,

a push-back step is performed using the same technique used in the HC

algorithm:

si = si − βdiffi +
1− β

size(N1(i))

∑
j∈N1(i)

diffj (5.5)

With a while cycle, the total procedure is repeated until a sufficient result

smooth enough is reached, describing the mathematical condition for which

the difference in terms of distance between two successive solutions should be

less than 0.01 without reaching the maximum number of iterations itermax.

To increase the performance of the new smoothing algorithm, a set of

functions has been developed to define the no-smoothing-space that will be

deeply analysed in the following sections. As a common feature, these func-

tions return the list of vertices indices a within the no-smoothing-space. It

is feasible to substitute the locations of the original vertices o(a) into s(a)

to keep the vertices contained in a. This is done to satisfy one of the goals

of a new advanced smoothing algorithm.

To accomplish the second task, namely, to solve the volume shrinkage,

the candidate included a volume rescaling step at the end of the Optimized

HC-SDU codes by comparing the actual mesh volume Vi at the i-th iteration

with the initial one. This is done to rescale the volume of the STL during

the smoothing process, to keep the STL inner volume constant and equal to

the initial one V ol0. The volume rescaling operation differs between the first

and the second version of the codes and will be discussed in the following.

Once the algorithm reaches convergence, a new matrix containing the

vertices’ coordinates is returned (Vnew). Knowing that using a vertex-based

approach, the face topology does not change, it is possible to reconstruct

the new smoothed mesh in the form of an STL file knowing the new vertices
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Vnew, the facet topology F and the normal vector components for each face

N . Thus a 3D model that fits the DfAM rules with an appealing external

surface is obtained and the design workflow can continue without issues with

the production and commercialization of the product.

Once the common features of both versions are described, it is time to

deeply analyse the distinctive characteristics of the two developed versions

of the Optimized HC-SDU algorithm in the two following sections.

5.2.1 1st version

The first version of the Optimized HC-SDU algorithm has been developed

to be applied only on voxel-based 3D models coming from TO routines. The

method aims to both avoid mesh shrinkage and to give the possibility to

the user to select and freeze some portions of the digital model during the

smoothing process to not modify them during the post-processing. To satisfy

these tasks two sub-routines are included in the codes.

5.2.1.1 Volume preservation

The first issue to address is the shrinkage that many diffusion-based

smoothing techniques suffer from. The initial mesh is defined by a volume

V ol0 defined by a sequence of triangles called faces. Following the execution

of the smoothing operation, at the i-th iteration, the volume is lowered to Vi

(due to the diffusion process), which is smaller than V ol0. As a result, the

smoothed mesh must be rescaled by a factor γ, which is specified in eq 5.6.

After each cycle, the γ factor is multiplied by each vertex position [174].

γ = 3

√
V ol0
Vi

(5.6)

5.2.1.2 Selection of the no-smoothing-space

The identification of critical characteristics that must be kept during opti-

mization can be of extreme importance, such as regions that represent holes
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or flat surfaces for functional or manufacturing purposes. To do so, the

designer can do an interactive selection utilizing a GUI that depicts the

voxel-based geometry. To grasp the 3D body shape, a command has been

developed to rotate the mesh in the most appropriate point of view. Then,

a closed polyline tool is used to isolate the faces that belong to the no-

smoothing-space. During the smoothing process, the position of these nodes

will be retained, removing them from the list of nodes whose position can be

modified.

5.2.1.3 The overall code, the performances and its limitations

The entire approach may be explained using the pseudo-code shown in

Figure 5.5, which includes the previously specified sub-routines.

Figure 5.5: Pseudo-code of the 1st version of Optimized HC-SDU [157]

The smoothing method was coded in Matlab and evaluated on a digital

model generated using an open-source TO technique [77] using voxel repre-

sentation, as shown in Figure 5.6. Indeed, the 3D model returned by the TO

function can’t be manufactured due to the evident stair-effect on its external

surfaces. This is the perfect context where to apply the developed smooth-

ing approach. During the post-processing, the suggested method is compared

against existing algorithms to assess its performance, such as classic Lapla-

cian, SDU Laplacian and HC-algorithm. The variations in total volume, total
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surface area, and ”total change” of the triangulated model during iterations

are used to assess the performances. The Euclidian distance between oi and

si after smoothing is defined as the model’s change. The sum of the changes

for the entire surface is the total change.

Figure 5.6: The case study used to test and compare the performances of the

1st version of Optimized HC-SDU [157]

To properly set the simulations, the diffusion parameter λ, which must lay

in the range [0, 1], has been set as λ = 0.6307 since research shows that this

value represents a suitable trade-off for improved mesh volume preservation

with a small number of iterations [174]. To get a satisfying outcome, the

weight factor values (α and β) used in the novel algorithm and the HC-

one must be set following the criteria in the literature [175]. Pre-set values

are proposed after multiple tries to attain a satisfactory qualitative result:

α = 0.15, β = 0.4, λ = 0.6307 and itermax = 50. To protect the four

supports at the bottom of the model and the squared hole in the centre of

the 3D model from the smoothing process, the no-smoothing-space has been

graphically configured to include them.

A computer with a 4-core 3.1 GHz CPU and 32 GB of RAM was used to

run the smoothing simulations on the 3D model. Figure 5.7 provides for a

qualitative comparison of the outcomes of the applied smoothing methods.

Furthermore, the computing time spent for each technique to complete the

50 iterations is equivalent, and a smoothed solution for a mesh with 6428

vertices, 19284 edges, and 12856 triangular faces may be discovered in less

than a minute.

Figure 5.8 (a) shows the changes in mesh volume throughout smoothing

105



(a) Laplacian smoothing (b) SDU Laplacian smoothing

(c) HC-algorithm (d) Optimized HC-SDU algorithm

Figure 5.7: The 3D smoothed model after 50 iterations

operation cycles for a quantitative comparison. Due to the diffusion pro-

cess impact, which reflects on mesh shrinkage, the mesh volume decreases as

the number of iterations increases. The only approach that keeps the orig-

inal volume is the Optimized HC-SDU algorithm, which employs a volume

preservation sub-routine to keep the volume constant throughout the itera-

tions. Finally, the total change parameter must strike a balance between a

pleasing and smoothed appearance, and a model that does not collapse on

itself. As a consequence, the best results have a high total change and a tiny

or non-existent total volume drop. When compared to the other algorithms,

the Optimized HC-SDU method performs better on this scale. On the one

hand, it keeps the no-smoothing-space and maintains the initial mesh volume,

while, on the other, it has a high total change value (Figure 5.8 (b)).

The SDU and traditional Laplacian methods produce good total change

figures and a pleasing exterior surface. However, the respectively models

collapsed on themselves, and the shrinkage impact is significant. Last but not
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(a) Total volume behaviour (b) Total change behaviour

Figure 5.8: Quantitative comparison of smoothing algorithms after 50 itera-

tions with α = 0.15, β = 0.4 and λ = 0.6307 [157]

least, the HC-algorithm provides middle-of-the-road results, with minimal

mesh alterations but restricted volume shrinking.

To summarize, the outcomes imply that the two key requirements that

prompted the development of the new algorithm have been adequately met.

Compared to the literature, the initial volume is kept constant during the it-

erations, with a sufficient total change value and computing time. However,

several flaws in the no-smoothing-space specification have been identified,

and it is planned to detect these regions automatically in the second ver-

sion. Furthermore, the new version addresses the issue of light background

noise that persists on the smoothed model, while the largest mesh peaks and

surface noise are reduced.

5.2.2 2nd version

This section offers a description of the candidate’s novel vertex-based

smoothing technique, which is widely detailed here in its second edition and

extensively discussed in [158]. The goal of this new version is to complete

the same duties as the previous one, specifically the need to post-process

3D models generated by TO analysis to preserve significant characteristics
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Figure 5.9: Flowchart of the Optimized HC-SDU 2nd version

while avoiding volume shrinking. However, the new version may be used to

clean up any sort of noisy STL surface meshes, including those generated by

TO tools and reverse engineering methodologies. The updated flowchart is

shown in Figure 5.9 with the main modifications, focused on the automatic

detection of the no-smoothing-space, highlighted in red.

As it happens for the first version, the input file is an STL one, and

the information containing the vertices and face topology are saved in the

respective matrices. Then the user is asked to enter the input values for the

four parameters and weights that drive the smoothing parameters. To have a

more flexible algorithm, applicable to both TO and RE models, the following

pre-set values, in accordance with literature, are suggested: α = 0.27, β =

0.51, λ = 0.6307 and itermax = 150.

Then, the updated version of own developed sub-routines is used to de-

tect and freeze features of the 3D model. A Matlab function named detect-

flat-surface is used to find the vertices of a flat surface by examining the

components of the selected facet’s normal vector and those of its neighbours.

The second subroutine searches for holes in the digital model using a func-

tion called detect-holes-edges, which looks for closed-loop sharp edges that

correspond to the summit of holes, based on the methods provided in [176].

The IDs of the vertices that belong to a flat surface or a hole’s edge are

returned by both of the cited sub-routines. The approach produces an array

containing the vertices belonging to the no-smoothing-space by combining

these two ID lists, which is supplied to the algorithm’s core function, as done

also in the previous version. The detailed description of these functions is

postponed to the following sections.
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Other innovations involve the forward-step of the Optimized HC-SDU ap-

proach, wherein the updated version, the mean position between the original

and the current mesh will be used to compute the difference vector, instead

of the original one alone:

diffi = si − αoi + (1− α)ci

⇓ (5.7)

diffi = si −
α

2
(oi + ci) + (1− α)ci

Indeed, this is done to remove the background noise of smoothed models

compared to the original HC algorithm, which is a behaviour that impacts

that smoothing approach.

Furthermore, the position of geometric limitations such as the size of

the bounding box or the required location of supports is preserved in the

new version of the volume rescaling sub-routine, differently from what was

implemented in the first version. To solve this problem, the volume rescaling

is performed by multiplying the vertices’ matrix by B, which is defined as

an identity matrix multiplied by the factor γ of eq. 5.6. However, there are

certain identical elements in the main diagonal, such as B(i, i) = 1 if index

i is a member of vector a, the array that contains the IDs of all the nodes

belonging to holes or flat surfaces that do not need a smoothing process. As

a result, the i-th node will avoid the volume rescaling procedure, ensuring

that constraining positions are preserved (eq. 5.8).

B =



γ 0 0

0 γ 0 · · · 0

0 0 1
...

. . .
...

γ 0 0

0 · · · 0 1 0

0 0 γ


(5.8)
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5.2.2.1 Automatic flat surface detection

From the first version, it was undoubted that a faster and more automated

function able to recognize the flat surfaces of the noisy model was necessary.

To fill this task, a function called detect-flat-surfaces is coded and requires

as input the topology information previously collected from the STL file.

The function compares the components of the normal vector of each facet of

the surface mesh with the neighbour triangles. The subroutine counts the

number of neighbour facets having the same normal as the considered facet.

To capture facets that correspond to a planar surface that are near a

sharp edge of the component, a threshold value L is placed on the function

and has to be defined by the user at the beginning. If the number of facets

with the same normal as the i-th facet is more than x−L and the i-th facet

has x neighbours, the i-th facet belongs to a planar surface, and the three

vertices are recorded in the array of the no-smoothing-space a1. For the case

studies that will be provided in the following, a threshold value of L = 2

was determined after multiple experiments (Figure 5.10). Indeed, if L > 2,

the function begins to choose triangles that no longer belong to the planar

surface, and if L = 0, many planar surface facets are lost throughout the

process if they are near a sharp edge. Figure 5.11 contains the pseudo-code

of the described function.

Figure 5.10: Flat surfaces recognized by the detect-flat-surface function, us-

ing L = 2 [158]
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Figure 5.11: Pseudo-code of the detect-flat-surface function [158]

5.2.2.2 Automatic hole detection

Another important feature in 3D models that should be preserved is the

position and the shape of holes, needed for assembly purposes. For this

reason, detect-holes-edges is a new function that detects the existence of holes

and cavities in the digital model. With the topology information coming from

the mesh file (faces F , normals N , edges E, and face adjacency ADJ), the

function can discover all the sharp edges SE. When an edge is shared by two

neighbouring facets (common edge) and the angle between the two normal

vectors is around 90 degrees, it is said to be sharp. The add-on then explores

each mesh edge to search for a simple closed loop of sharp edges, namely a

edges’ closed loop with no crossings. The methodology is inspired by [176]

and the overall methodology is shown in the flowchart available in Figure

5.12, while the pseudo-code is reported in Figure 5.13.

Finally, the method returns the number of sharp edges closed loops iden-

tified in the model, as well as an array containing the IDs of the vertices

affected by the selected sharp edges a2. This array is merged with a1 com-

ing from the detect-flat-surfaces to identify all the vertices belonging to the

no-smoothing-space which will be fixed during the smoothing and rescaling

processes.
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Figure 5.12: Methodology flowchart of the detect-holes-edges function [158]

Figure 5.13: Pseudo-code of the detect-holes-edges function [158]

5.2.2.3 The overall code, the performances and its limitations

Once the sub-routines compose the a array, this is passed to the core of the

algorithm previously described that can evaluate the new vertex position. At
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each iteration, the updated and smoothed vertex matrix is multiplied by the

B matrix of the volume rescaling function to keep constant the overall mesh

volume still preserving the bounding box dimensions and the constraining

positions. The pseudo-code of the overall algorithm is visible in Figure 5.14.

Figure 5.14: Pseudo-code of the Optimized HC-SDU algorithm [158]

The Optimized HC-SDU technique is compared against the standard

Laplacian smoothing, the Laplacian smoothing utilizing SDU weights, the

HC-algorithm, and the Taubin’s approach to better comprehend the algo-

rithm’s performance. Following literature recommendations, the weights α

and β were set after a sensitivity analysis to discover the ideal values. The op-

timal situation is one in which the algorithm converges and the total change

is maximized. The remaining parameters, such as λ and itermax, are selected

for ease of use: the diffusion speed is set to match literature benchmarks,

and the maximum number of iterations is designed to keep the computa-

tional time and cost to a minimum.

A first case study, deeply described in [158], refers to a cantilever beam

used for validation purposes. To do not lengthen the discussion too much,

only a significant case study of a real component is reported here. The

3D model of the GE bracket [95] is used for this purpose. The model is

first topologically optimized in the own ToOp environment. The following
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boundary conditions have been applied: the four holes in the component’s

base are constrained, and a shear load of 4525 N is applied at 45° to the

basement on the two upper wings; a volume fraction of 50%, an initial volume

mesh size of 2 mm, and the Ti6Al4V material are chosen, with a penalization

factor of 3.

The STL model of the optimized structure is utilized as an input file

to the smoothing algorithms with α = 0.27, β = 0.51, λ = 0.6307, and

itermax = 150 as input parameters coming from the sensitivity analysis. The

no-smoothing regions that the created algorithm detects automatically can

be seen in Figure 5.15 with encouraging results; the list of vertices belonging

to both regions is then passed to the core of the algorithm as previously

described.

Figure 5.15: Visual result of the automatic detection of the no-smoothing-

space: (a) detection of flat surfaces (in yellow) and (b) detection of holes’

edges (in red) [158]

A qualitative (Figure 5.16) and quantitative comparison (by means of

total volume and total change monitoring during the iterations shown in

Figure 5.17) of the smoothing process is undertaken, as it was for the prior

version of the algorithm. Table 5.1 also includes the time it takes to execute

all of the smoothing methods, the number of iterations required to attain

convergence, and a comparison with the model’s dimensions to explain the

no-smoothing-space performance detection.
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(a) Laplacian smoothing (b) SDU Laplacian smoothing

(c) Taubin’s algorithm (d) HC-algorithm

(e) Optimized HC-SDU algorithm

Figure 5.16: The 3D smoothed models of GE bracket [158]

5.2.3 Discussion of the results

From the results collected in the previous section, it emerges that, even

though large values of total changes are attained for both geometries, Lapla-
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(a) Total volume behaviour (b) Total change behaviour

Figure 5.17: Quantitative comparison of the Optimized-HC-SDU smoothing

algorithm applied to the GE bracket [157]

cian smoothing with classic weights and SDU weights yields poor quality re-

sults due to substantial volume shrinkage. Furthermore, after 150 iterations,

neither of them achieves convergence, and the no-smoothing-space is signif-

icantly altered. For all of the aforementioned reasons, these two smoothing

techniques are deemed unsuitable for post-processing complicated geome-

tries before production. Moreover, on the one hand, Taubin’s method has a

middle-of-the-road behaviour: it is quick, meets convergence conditions, but

suffers from a small degree of size shrinkage and no feature preservation. On

the other hand, even if the volume shrinkage level and feature degradations

are low, the HC method converges quickly but with little alterations and no

major improvements on the final mesh shape, making it nearly useless.

Finally, with the maximum of total change and matching of convergence

requirements, Optimized HC-SDU algorithms decisively perform better, at-

taining satisfying results. The volume rescaling sub-routine in the Optimized

HC-SDU method precisely retains the starting volume value, and the hole

dimensions match exactly between the original and optimized models. This

is an important consideration in a real-world design workflow: for example,

if certain holes used to link components are changed in shape or dimension,
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Smoothing

approach

Volume

change [%]

2 loaded

holes

change [%]

4 holes

in the base

change [%]

time [s] Iters

Laplacian -82 -37 -100 145 150

SDU -26 +10 -73 139 150

HC -4 -3 -2 74 40

Taubin -33 +19 -24 22 91

Optimized

HC-SDU
+0 +0 +0 19 94

Table 5.1: Dimensional and computational results of smoothing approaches

applied to the GE bracket; the % refers to a comparison with the original

model [158]

the assembly cannot be finished, and the component must be rejected and

redesigned. However, while β can be chosen near the lower boundary sug-

gested by Vollmer, α is not as simple to choose as the previous parameter

because it has been discovered that it is dependent on the number of ver-

tices in the no-smoothing-space: a higher α value is required to place more

emphasis on the original mesh topology if high % of the vertices lies in that

region. In conclusion, when compared to previous systems, the implemented

functionalities of feature identification and volume rescaling that drive the

algorithm throughout iterations do not affect the computing cost.

As the last test, the innovative algorithm is compared to the Taubin’s

one coupled with the two developed functions to isolate the no-smoothing-

space to see if the main smoothing improvements are due to the application

of the detect-flat-surface and detect-holes-edges functions before the surface

smoothing or the actual Optimized HC-SDU algorithm itself in its com-

pleteness. Figure 5.18 (b) illustrates that when compared to the innovative

technique, the modified version of Taubin does not generate suitable results

with a slower and less performant approach. Indeed, the final geometry is

deformed and far worse than the Optimized HC-SDU process (Figure 5.18
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(a) Taubin’s approach (b) Modified Taubin’s ap-

proach

(c) Optimized HC-SDU

algorithm

Figure 5.18: Detailed view comparison of the smoothed GE bracket model

(c)). To conclude, the developed smoothing technique is the best of the ap-

proaches considered since both high frequency and background disturbances

are smoothed with promising outcomes.

From a denoising standpoint, the novel technique appears to deliver good

results. However, further tests focus on the smoothed component’s struc-

tural performance: the smoothed GE bracket’s compliance was computed

and compared to that of the equivalent noisy model. Following the tech-

nique outlined in [177], let c be the structure’s compliance, U the nodal

generalized displacement, K the global stiffness matrix, and F the matrix

of the nodal generalized external forces, ρe the element density, and Ke the

element stiffness matrix; the compliance can be computed as:
c = UTKU

K =
∑Ne

i=1 ρeKe

KU = F

(5.9)

Because it comes straight from the topology optimization study, the struc-

tural compliance of the noisy mesh is chosen as a benchmarking value. It

was calculated using the displacement values obtained from the topology op-

timization analysis, as well as the load circumstances previously mentioned

for the GE bracket. Structure compliance is, in fact, the fitness function
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that the TO process strives to decrease throughout optimization cycles. By

comparing the compliance of the noisy and smoothed models, the structure

compliance slightly increases in the second one (2%), but the smoothing ap-

proach returns a 3D model that is ready to be built without the requirement

to create the optimized component from scratch in CAD software. Even if a

slight approximation in terms of compliance should be permitted, this speeds

up the design-to-manufacturing cycle and minimizes the designer’s effort.

To summarize, the suggested results show that the Optimized HC-SDU

smoothing approach meets the key objectives that pushed the algorithm de-

sign. This methodology might aid in the creation of optimized structures

suited for Additive Manufacturing, perfectly fitting the Topology Optimiza-

tion process’ output. This avoids the time-consuming CAD drawing from

scratch of the optimized component where the output of TO is replicated,

resulting in a significant decrease in time to market, operator effort, and

precision.
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Chapter 6

Voxel-based approach for

fluid-dynamics analysis

To increase the potentiality of the developed set of tools, an innovative

fluid-dynamics tool based on voxel representation is elaborated. Indeed, as

the dissertation title states, the PhD project aims to develop a modelling

tool based on V-rep for Fluid-Structure Interaction (FSI) simulations.

6.1 Fluid-Structure Interaction analysis

The interaction between the principles controlling fluid dynamics and the

structural mechanics of a body is significant in the design of components

for applications where fluid-dynamic loads will be able to deform the struc-

ture. Fluid-dynamic loads arise when a moving body is submerged in a

fluid, which can deform and move structural parts. The deformations of the

structure produce a change in the geometry of the body, which modifies the

distribution of pressure across the object and, as a result, the loads operating

on the structure will change. This kind of interaction might be either steady

or oscillatory. The study of this phenomenon has a wide range of applica-

tions, ranging from aeronautics and automotive to industrial processes and

biomedicine [178]. As a result, numerical calculations using software suited
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for both CFD and FEM investigations are used to investigate the interplay

between the structure’s mechanical and fluid-dynamic behaviour. There are

three simulation approaches used by the FSI [179]:

� FSI of rigid bodies: because the structure has no deformations, just the

structure’s motion, of primary interest, in the fluid is evaluated, and

only a CFD software is required;

� 1-Way FSI: Because the deformations are negligible, the pressure dis-

tribution on the body and the fluid dynamic loads stay similar; all that

is required is to import the CFD results into the FEM program and

there is no need to update and solve again the flow field;

� 2-way FSI: Due to the significant deformations, it is important to con-

nect the CFD and FEM software iteratively.

For the scope of this project, small deformations have been considered

and just the 1-way FSI is taken into account. While a simple voxel-based

tool for structural analysis is described in Chapter 4 for periodic structures,

there is the need to develop a fluid-dynamic tool based on V-rep that can

be combined or used as stand-alone software to solve the flow field around

objects, especially in the automotive field.

6.1.1 A solution for the aerodynamic problem

Indeed, nowadays different ways of evaluating aerodynamic loads are

available to designers. Real-life component testing is the most precise method,

but it requires the creation of a new prototype each time a change is made,

making it the most expensive method in terms of time to market and money.

It may also be unsustainable during the conceptual and preliminary design

stages when a large number of configurations must be tested and evaluated.

Another frequent method employed by aerodynamic engineers is to test a

small-scale device in a wind tunnel; however, even this method is costly and
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time-consuming, especially in the early phases of design. To acquire consis-

tent results, wind tunnel measurements need a lengthy and arduous setup

and calibration process. As a result, at the conceptual design stage, fluid dy-

namics numerical techniques are frequently employed to analyse the velocity

and pressure fields surrounding objects.

The panel technique is one of the easiest methodologies for solving the po-

tential flow among the numerical approaches to determine the aerodynamic

loads. It rose to prominence in the 1970s, particularly in the aerospace in-

dustry [180], and it is based on strong flow assumptions such as inviscid,

incompressible, irrotational, and steady flow [181]. Because of the inviscid

flow assumption, the panel method’s resultant flow field is free of viscous ef-

fects, which have a significant impact on drag. As a result, in recent decades,

this numerical technique has been overlooked in favour of CFD approaches,

which are now regarded as the most valuable, accurate, rapid, and inex-

pensive solution for solving aerodynamic issues. CFD, on the one hand, use

volumetric discretization, whereas the panel approach employs a surface sub-

division of the object into basic pieces known as panels. The difference is due

to the computing time necessary to find a solution: even though the CFD

technique is more accurate than the panel method, it takes longer to solve

the problem. As a result, the panel technique remains a powerful approach

for evaluating aerodynamic loads and moments during the early phases of

design, when several configurations should be studied as quickly as possible

to identify the best one that justifies future development. Once the ideal de-

sign has been identified, the CFD method may be used to precisely estimate

the object’s aerodynamic performance. Wind tunnel testing might therefore

be conducted only after the exact design has been finalized to confirm the

CFD results. As the last step in the design workflow, to keep R&D expenses

as low as feasible, experimental tests might be undertaken just on the final

design of produced prototypes (Figure 6.1).

On the one hand, the panel method’s computational lightness makes it

extremely appealing, but on the other hand, the ’panelization’ procedure,
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Figure 6.1: Different approaches to solve the flow can be used at different

stages of a typical design workflow

namely the distribution of discrete 2D elements over the outer surfaces of

the CAD model of the component to be evaluated, is crucial. Indeed, the

designer has no prior knowledge of where the four vertices of each rectangular

panel are located, especially in the case of complicated free forms. As a result,

the user must create a cloud of points that are consistent with the object’s

surface from scratch. Indeed, this process is time-consuming and difficult,

and it needs to be tailored to each case study.

To get over this issue, voxel discretization may be useful for fixing the

location of the panel’s vertices. Indeed, the exterior voxelized surface (EV-

model) may be simply retrieved once the voxel model of the item of interest

(V-model) is established. The panelization process can then be accelerated

by matching each panel to the square surface of each voxel in the EV-model.

However, the use of cubic cells on aerodynamic bodies, causes a stair-effect

on the exterior surface, that might lead to artificial peaks and valleys in the
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pressure distribution field, which must be thoroughly investigated. Further-

more, the application of V-rep to fluid-dynamic issues is novel since, to the

author’s knowledge, there are still few scholarly contributions on the sub-

ject ([182] and [183]), particularly with the ability to investigate the ease of

prospective flow solutions. Only a few contributions believe voxel discretiza-

tion to be relevant for fluid dynamics, but only for niche applications rather

than building a general-purpose tool.

To close the highlighted technological gap, the candidate investigates the

feasibility of using voxels as a discretization unit to easily and automatically

panelize objects for numerical potential-flow solutions, intending to deter-

mine whether such a methodology could provide consistent results to the

user. Two of my papers, widely discussed in the following, address this

topic: the first discusses the novel approach and validates it using simple

case studies [184], while the second applies the voxel-based panel method

to the Ahmed Body [185], a popular benchmark body in the aerodynamics

area [186]. The aerodynamic performance of this shape has been studied

extensively in the literature. As a consequence, the novel technique provided

in this study may be reviewed and tested by comparing the Lift and Drag

estimation findings with data from the literature.

6.2 Voxel-based panel methodology

The ray-tracing voxelization discussed in Chapter 4 is utilized to voxelize

the 3D model and then automatically match panels along the EV-model of

the body to achieve the scope of this research. Once the panels’ placement

is defined, the authors adapted the APAME open-source panel method soft-

ware to be integrated with the technique and to compute the aerodynamic

loads [187]. It’s worth mentioning that while there are various open-source

panel technique tools available, the most of them are limited to simple 2D

geometries (i.e. [188] and [189]). On the other hand, panel approaches estab-

lished for 3D models, such as Boeing’s Panair [180], do not allow for straight-
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forward voxel discretization integration. Other packages, such as [190], are

still in the early stages of development. To be consistent with APAME

panel placement, described in detail in the following section, the developed

approach up to now can only be automated for 3D models that may be re-

garded as a group of 2.5D bodies (2D shapes that are extruded in width).

Despite this, many real-life bodies may be separated into a collection of 2.5D

bodies, as it is shown in the following.

Because of its robustness and clear coding, the authors chose APAME,

which was written in MATLAB, as the foundation for the construction of a

panel code for use in the study. APAME was created to assess the aerody-

namic loads and moments operating on aircraft structures. It’s a tool that

can come in handy at the preliminary/conceptual design stage when time is

limited and a basic estimate of aerodynamic lift and induced drag force/co-

efficient would suffice. An overall drag calculation is not attainable owing

to the strong flow assumptions underlying this technique, such as inviscid

flow: the induced drag can be computed, but the skin drag is dependent on

viscous factors and is not captured by the panel methodology. Furthermore,

the form drag (which is taken into account in the case of blunt bodies) is not

recorded by the panel approaches. All potential flow methodologies should

not be used to predict drag due to flow assumptions unless geometrical mod-

ifications based on similar flat plate skin and drag form are incorporated.

However, because the discretization happens just on the exterior surface

of the body rather than subdividing the entire volumetric flow domain, the

computing requirement to resolve potential flow is significantly smaller than

CFD techniques. As a result, a panel technique, embedding a V-rep, has been

chosen as the best choice for developing a code that can be used to replace

CFD programs for subsonic attached regimes in the early design context to

estimate the lift and induced drag of simple bodies.

To solve the flow, the APAME tool uses the simplified version of the

Navier Stokes equations, where the continuity equation becomes the Laplace

ones (eq. 6.1), after the simplification due to flow assumptions:
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∂2ϕ
∂x2

i
= 0

∂ϕ
∂xi

= vi

(6.1)

The scalar speed potential ϕ of the velocity field vi may be recognized as

the problem’s solution. Furthermore, it is important to predict the pressure

distribution p to fully solve a flow around an object. The pressure distribution

may be approximated using the Euler-Bernoulli equation (eq. 6.2) after the

velocity field is known, thanks to the simplified methodology provided by the

panel technique, where ρ represents the density of the medium.

v2

2
+

p

ρ
+ gz = cost (6.2)

Once the pressure distribution has been calculated, APAME may com-

pute the aerodynamic loads and moments by integrating them across the

tested body’s exterior surface. To avoid delving into the debate, which is be-

yond the scope of this thesis, more information on the panel method theory

and technique employed in APAME may be found in [191].

The voxel-based fluid-dynamics methodology, whose flowchart can be seen

in Figure 6.2, combines the voxel-based modelling and the APAME software,

previously described.

Figure 6.2: Voxel-based panel method flowchart [184]

The proposed technique begins with the existence of a 3D model of the

item of interest saved in the STL format, which may be obtained using any
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commercial CAD program. The technique then extracts the matrices in the

STL file that describe the triangulated mesh discretization. The matrices

of vertices V , facets F , and the matrix of normal vector components, in

particular, are constructed. The imported 3D model should be oriented in

the following way: the 2D profile belongs to the XZ plane, while the spanwise

direction follows the Y-axis. Then, the user is asked to actively participate

to choose the voxel resolution voxdim along with the X and Z directions, as

well as the resolution in the spanwise Y direction M (Figure 6.3).

Figure 6.3: Discretization explanation of a Voxel-based model of a flat plate

The number of lateral panels N is affected by voxdim in the X and Z

directions, whereas the number of longitudinal panels M is affected by the

resolution in the Y direction. Indeed, eq. 6.3 may be used to calculate the

voxelization resolution in all three directions.∆y = span
M

voxdim = ∆x = ∆z
(6.3)

These input parameters are provided to the voxelization function, which

implements the ray-tracing intersection process, once the voxel resolution is

defined. The function discretizes and converts the 3D model to a V-model,
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yielding a logical 3D matrix of dimensions n×m×M , where:
n =

xlength

∆x

m =
zlength

∆z

M = span
∆y

(6.4)

The EV-model is derived from the V-model using a MATLAB function

available to the developer community [192], which gives the matrix of vertices

coordinates of square surface elements. Before transmitting the EV-model to

the APAME program, each square element must be assigned to a panel, the

fundamental discretization unit required to solve the potential-flow problem.

The spatial positions of the vertices belonging to the panels become the input

of the APAME open-source software after the exterior surface panel struc-

ture is established according to the APAME needs. The pressure coefficient

and velocity distributions, as well as the aerodynamic loads and moments

operating in all three directions, are all returned by this tool. It is critical to

properly set the free stream velocity module v∞, the density of the medium ρ,

and the direction of the flow in terms of angle of attack α and sideslip angle

β, as well as the reference surface Sref that should be used to compute the

aerodynamic load coefficients, with q being the reference dynamic pressure.

Once the flow is solved, the lift and drag coefficient of the V-model can be

computed. For a numerical problem where only the longitudinal loads are

investigated (β = 0°), the eq. 6.5 are valid.

CX = FX

qSref

CZ = FZ

qSref

CL = CZ cos(α)− CX sin(α)

CD = CZ sin(α) + CX cos(α)

(6.5)

Thanks to the proposed methodology, the user automatically achieves the

distribution of panels conformal to the exterior surface of the body he or she

wishes to investigate thanks to the linkage of APAME software with the vox-

elization method. As a result, the arduous procedure of constructing a cloud
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of points coherent with the surface of the geometry from scratch in a CAD

is automated, making the new technique advantageous in the basic design

phases due to the drastically reduced computing time. As previously stated,

the computational reduction of time spent analysing several configurations,

to discover the optimal one, is critical in the early phases of design.

6.3 Results

A simple case study is built up to evaluate the suggested technique and to

investigate how voxel discretization may alter numerically the aerodynamic

performances of a 3D body. The simplest geometry covered in every aero-

dynamic text, a flat plate, is tested initially. Two finite span wings with

NACA 0024 and NACA 2412 airfoils are explored in the following. Finally,

the Ahmed body [186] is examined using a simplified 3D model. To prevent

flow separation and turbulent phenomena, the simulations are conducted us-

ing a boundary condition of a free stream velocity with a modest angle of

attack. In the following the lift coefficient CL value returned by APAME is

compared to the lift coefficient for the 3D model available in the scientific

literature or evaluated by xFoil software [193], correcting the results of 2D

airfoil characteristics keeping into consideration the aspect ratio AR (namely

the ratio between the spanwise and chord dimension):

CL3D
=

CL2D

1 +
CL2D

πAR

(6.6)

The initial geometry selected to test the voxel-based panel approach is a

flat plate, which was chosen for its geometrical simplicity and ease of vox-

elization process to understand the impact of input parameters and develop

a sensitivity analysis. Furthermore, according to aerodynamic theory, the lift

coefficient for a flat plate at a small angle of attack (AOA) may be assumed to

be equal to CL = 2πα using a Joukowski mapping and the Kutta-Joukowski

Lift Theorem [194]. A sensitivity analysis is carried out by running numerous

simulations with different voxel parameters, such as the number of longitudi-
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nal panelsM and the voxel dimension voxdim, to determine the best accuracy

trade-off (Figure 6.4).

(a) Sensivity study for different discretiza-

tion along the spanwise direction

(b) Sensitivity study for different voxel di-

mension along X direction

Figure 6.4: Sensitivity analysis on voxel resolution for the flat plate lift co-

efficient at α = 2° [184]

The first sensitivity analysis involves the number of longitudinal panels

used, which has an impact on CL as shown in Figure 6.4 (a). It may be

concluded that a low M value indicates a more precise lift coefficient pre-

diction that is extremely near to the theoretical outcome. The best results

are obtained when M = 2 (1.46% error) and the processing power required

is significantly reduced. This might be explained by the fact that the overall

matrix that describes panel interaction has lower dimensions. To determine

the flow solution, this matrix must be inverted so that numerical inaccura-

cies might grow with the size. Increasing M may introduce singularities in

the solution of the flow field, which may have an impact on the outcome.

Regarding the best voxel resolution in the chord direction, the results reveal

that an intermediate voxdim value should be chosen as a trade-off between

high geometry quality and the simulation’s speed (Figure 6.4 (b)).

Bearing in mind the outcomes from the sensitivity study, the CL(α) graph

can be generated, with a confined mean error for the selected AOA interval

α = [0, 2, 4, 6] that increases as one approaches the boundary layer separation
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(Figure 6.5).

Figure 6.5: Lift coefficient vs AOA behaviour comparison using M = 2 and

voxdim = 0.025 [184]

To evaluate the performance of the voxel-based panel method even in

real-life components, two finite wings using the NACA 0024 and NACA 2412

are then evaluated, which are frequently used for low-speed aircraft wings.

To compute realistic lift coefficients for use as a reference, the xFoil code is

employed. The case study features a finite span wing, and xFoil computes

the aerodynamics of the 2D airfoil. A correction for 3D finite wings has been

performed based on the aspect ratio (eq. 6.6).

The lift coefficients for both NACA airfoils derived from simulations con-

ducted at different AOAs using different discretization criteria are shown in

Figure 6.6. The lift coefficient behaviour has been successfully captured by

the innovative technique owing to a thoughtful choice of voxel resolution,

based on these findings. A lesser number of longitudinal panels translates

to a more precise solution that is quite similar to xFoil but with fewer pro-

cessing expenses. Using a workstation with a 4core 3.1 GHz CPU and 32

GB of RAM, it took less than half a minute to simulate both finite wings in

whole, a result extremely encouraging in terms of computational resources

and results’ accuracy if compared to classic CFD, wind tunnel and on-the-

field experimental approaches.
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(a) NACA 0024 (b) NACA 2412

Figure 6.6: Lift coefficient plots for finite wings and the 2D airfoil silhouettes

6.3.1 The Ahmed body case study

In comparison to earlier case studies, which were characterized by ba-

sic geometries and 2.5D modelling (2D silhouette extruded in the third di-

mension), the suggested technique is validated to attain the aerodynamic

performances of a real-life 3D body. Because various aerodynamic studies

are accessible in the scientific literature, the authors chose the Ahmed Body

as the major case study to analyze: Ahmed body is frequently used as a

standard for aerodynamic research in the automotive field.

Only the novel methodology’s capacity to estimate the lift force has been

explored so far. However, the goal is to provide a comprehensive tool that

can calculate a reasonable estimate of the entire drag force using geometrical

adjustments for both skin friction and form drag sources. To accomplish this

goal, the authors used Dobrev and Massouh’s [195] work as a reference for the

Ahmed body’s aerodynamic performance. In this source, there are numerical

references for both lift and drag aerodynamic coefficients, which were deter-

mined through numerical and experimental studies. Indeed, the voxel-based

panel method’s performance is measured in terms of estimating aerodynamic
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efficiency E, which is defined as the ratio of lift to overall drag loads. It’s

crucial to remember that the total drag is described in aerodynamics as the

sum of three contributions:

� skin friction drag, which is produced by the viscosity of the medium;

� form drag, which is caused by the shape of the body;

� induced drag, which is created by the object’s motion, which redirects

the airflow arriving at it. It has an impact on all bodies that create lift

and downforce.

Only the simulation results for the Ahmed Body with a 25° slant angle are

used to validate the suggested technique given in this contribution among all

the sets of results for different slant angles investigated in [195]. The following

are the boundary conditions utilized in Dobrev and Massouh’s work, which

are also used in the voxel-based methodology:

� 30 m/s free stream velocity;

� 0° angle of attach of the free-stream flow field;

� 1,225 kg/m3 air density;

� the reference area is set to be the cross-section of the Ahmed body.

Only the experimental aerodynamic values of [195] will be used as a ref-

erence value in the following to evaluate the correctness of the technique

described in this Chapter. The performance comparison will be calculated

as a percentage discrepancy between the results from Dobrev’s research and

those calculated using the approach described here.

Even for the Ahmed body, a similar sensitivity analysis, as done in the

previous case studies, is performed to choose the best set of voxel resolution

inputs. The main results are collected in Figure 6.7. According to Figure

6.7 (b), a suitable result may be reached with less computing work even with

a smaller number of spanwise panels. However, the optimal discretization
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resolution is a compromise between accuracy, computational load, and ge-

ometry consistency. Indeed, the designer should double-check that the voxel

resolution is accurate enough to represent the model’s features. According

to the authors’ calculations, M = 30 is the lowest threshold that allows for

a consistent geometry with the original, particularly in the lower portion

of the body where the four cylinders represent the car’s wheels. Moreover,

the presented CFD approach is size-dependent in the sense that the solution

is highly reliant on the discretization step, which might result in artefacts

linked to the approximate representation of the boundary layer, which may

be difficult to comprehend for non-expert fluid-dynamics designers.

(a) Voxel resolution along X direction (b) Voxel resolution along spanwise direc-

tion

Figure 6.7: Sensitivity analysis of voxel resolution for the Ahmed body case

study: the computation time (in red) and estimation error (in blue) for the

Ahmed body’s lift coefficient are shown

The fluid dynamics simulation is built up using the identical boundary

conditions established in Dobrev’s study after the voxel grid input values

are fixed. The panelization stage of the 3D model took 14 seconds for MAT-

LAB to automatically distribute the panels around the exterior surface. This

outcome is encouraging when contrasted to traditional panel technique ap-

proaches described in the literature, in which the designer must create a

panel distribution that is consistent with the exterior surface of a 3D model
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for which a CAD model is provided from scratch. After then, the APAME

routine took 21 seconds to calculate the influence matrix of the many singu-

larities spread around the body and 2 seconds to solve the numerical problem.

Summing up all the timings, a preliminary solution may be obtained in less

than a minute, which is far faster than studies conducted in wind tunnel facil-

ities, which might take weeks to set up and evaluate the data. Furthermore,

using CFD, the meshing process frequently necessitates extensive human in-

volvement, with many hours spent detecting inconsistent mesh zones. As

a result, if adequate accuracy results can be attained, the suggested voxel-

based panel approach might be extremely useful.

The fluid dynamic simulation is run with the best voxel resolution de-

tected from Figure 6.7, and the pressure and velocity field distributions are

retrieved and graphically shown in Figure 6.8. As it can be seen, the com-

plex 3D model can be seen as the sum of 2.5 elementary bodies assembled

coherently.

The overall lift and induced drag loads may be computed using the voxel-

based panel code by integrating the pressure distribution over the model’s

surface. Furthermore, using the Prandtl’s power-law for turbulent flows [196],

it is feasible to determine the skin friction drag coefficient Cf approximately

using geometrical shape adjustments. The predicted friction drag is depen-

dent on the Reynolds number Rex, which may be calculated using the free

stream velocity module V , the characteristic dimension of the 3D model x,

the medium density ρ, and the kinematic viscosity µ for the given case study.Cf = 0.0592Re
−1/5
x

Rex = V xρ
µ

(6.7)

The form drag coefficient may be determined using the publicly accessible

blunt bodies drag coefficient tables, assuming the Ahmed body is near to a

long cylinder [197]. Straightforwardly, the total drag and lift loads, as well

as the aerodynamic efficiency, may be calculated by multiplying the aerody-

namic coefficients by the dynamic pressure and the reference area, thanks
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(a) Velocity distribution

(b) Pressure coefficient distribution

Figure 6.8: Velocity and pressure distribution over the Ahmed body

to the prior assumptions. In terms of aerodynamic efficiency, the result pro-

duced by the voxel-based panel method after the geometrical corrections is

encouragingly near to the literature reference value. Indeed, as an alterna-

tive approach to geometrical corrections for drag estimation, the lift may be

estimated using the voxel-based technique, while the entire drag may then be

calculated by dividing the lift times the aerodynamic efficiency value taken
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from the literature [195], but the single skin and form drag contributions

remain unknown (Figure 6.9).

(a) Innovative voxel-based ap-

proach

(b) Standard approach

Figure 6.9: Comparison of estimation approaches for lift, drag and aerody-

namic efficiency

When comparing the more rigorous and conventional technique to the

new approach described in this Chapter, an acceptable evaluation error is

achieved (less than 7%) when the lift, total drag and aerodynamic efficiency

should be determined. Indeed, at the conceptual design stage, it is critical to

compute both lift and drag aerodynamic forces with as little computational

effort as feasible.

Thus, based on the combination of the panel technique and voxel dis-

cretization, a novel quick and simple to implement strategy has been de-

signed. Indeed, voxelization mitigates the drawbacks of a time-consuming

and labour-intensive panelization approach. Furthermore, a simple approach

for calculating the total drag force is described: just the produced lift load
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is required since geometrical corrections compensate for the lack of a panel

method in the computation of skin and form drag. The results reveal a high

level of agreement with literature-based reference values. Furthermore, this

work proposes and investigates a novel voxel application that might lead to

new research in this sector.

6.4 Discussion

Thanks to the innovative methodology described here, the panel method

is a valuable numerical method for estimating aerodynamic forces and mo-

ments for subsonic flows in the conceptual and preliminary design stages,

thanks to lower computational costs compared to CFD-based approaches.

Furthermore, the novel and hitherto unexplored combination of the panel

technique with voxelization solves the tiresome problem of the panelization

process, allowing for rapid and fully automated panelling of the object’s ex-

terior surface. When the lift is taken into account, there is a good agreement

(less than 6% inaccuracy in the coefficient estimation). In the context of

a preliminary design stage, when a large number of configurations must be

tried in a short amount of time to discover the design solution to bring to

the preliminary and detailed design phases, this level of inaccuracy should

be regarded as acceptable.

The first drawback is the formulation’s exclusive use of flows potentials.

In the proposed case studies, the candidate did not deepen the method for

a 2-way FSI modelling. Thus, the computational drawbacks of volumetric

discretization may result in an unnecessary and costly design stage, par-

ticularly valid for shapes with low surface/volume ratios. In any case, the

proposed implementation discussed in this chapter is meant to be a rapid

tool for early analyses which must eventually be followed by more accurate

CFD simulations.

Moreover, because of the strong flow assumption on which the panel tech-

nique is based, this approach is known to have limits in terms of total drag
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estimation. To address the second issue, a method based on basic calcula-

tions is provided for calculating the total drag in a simplified manner utilizing

adjustments for skin drag and form drag derived from literature tables. This

method is valid in terms of results accuracy compared to literature values

(less than 10% error in total drag estimation) and computational speed com-

pared to traditional CFD analyses. Furthermore, without the requirement

for operators knowledgeable in meshing and CFD studies, fluid dynamics

evaluations may be performed directly from aesthetic/conceptual 3D models

(just an STL file is required) generated by design departments.

However, on the one hand, the panelization procedure is currently auto-

mated for bodies that can be approximated with a set of 2.5D bodies (2D

shapes that are extruded in width), but tailored algorithms to translate com-

plex panels distribution into a format that can be read by the panel method

algorithms must be developed for 3D bodies. On the other hand, numer-

ous real-life bodies may be decomposed into a group of 2.5D bodies (as the

Ahmed body example shows), allowing the approach to be used to complex-

shaped objects in their current form.

Further research into the voxel-based panel approach should be conducted

to enhance the capability of the novel voxel-based fluid dynamic approach to

mimic complicated and completely 3D structures, such as a full racing car

visible in Figure 6.10, to better understand how automated voxel paneliza-

tion operates in increasingly difficult situations. When literature reference

values are unavailable, the findings should be compared to other numerical

approaches (e.g. CFD).

139



Figure 6.10: 3D voxel-based model of a complete racing car
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Chapter 7

Conclusions

Volumetric Representation approaches, such as voxelization, are a type

of CAD modelling that uses volumes to represent geometries. Among the

several approaches, the voxelization method can aid in the display of tri-

dimensional (3D) objects in CAD. This type of visualization is based on the

use of voxels, which are small hexahedral volumes. Compared to common 3D

representation techniques, such as the widely used Boundary Representation

(B-rep), voxel-based modelling can handle more data, store the details of

intricate interiors of 3D models, and speed up geometry manipulations and

operations such as boolean operations, rotations, and so on.

However, the advantages of such modelling techniques are not well ex-

ploited in the available literature to represent exotic shapes for the automo-

tive field, mainly coming from Additive Manufacturing processes, such as

lattice structures and topologically optimized models. Furthermore, the ap-

plication of V-rep to fluid-dynamic simulation is innovative, since the author

is aware of few scientific contributions on the subject, particularly with the

capacity to explore the ease of flow solutions. Nowadays, only a few contrib-

utors feel that voxel discretization could be useful for fluid dynamics, but

only in specific situations rather than as a general-purpose tool. Despite the

existence of simple tools based on voxel representation, these have limited

capabilities and there is still a lack of a unique framework that could em-
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bed all the necessary tools to simplify and expedite the design workflow for

automotive components.

To address these gaps, highlighted through an objective literature review,

the candidate developed several design tools that exploit the V-rep geometric

modelling throughout his PhD program. At first, a thorough study of the ad-

vantages and disadvantages of Additive Manufacturing procedures that yield

intricated models, such as lattices and topologically optimized structures,

was prioritized, for which voxel-based modelling may be highly useful. Some

of the constraints of Additive Manufacturing methods, such as restricted

construction volumes, are addressed, and solutions are proposed in-depth.

The focus then shifted to the first form of complicated geometry outlined

earlier. Lattice structures, widely used in high-performance automotive ap-

plications due to high strength-to-weight ratios, are investigated in-depth,

and the voxel-based representation is used to aid in the structural simulation

of periodic structures using 1D modelling. The promising findings demon-

strate that the novel technique successfully calculates structural deforma-

tions while requiring little processing resources. It allows understanding of

the mechanical reaction even at the lattice’s unit cell, which is not possible

with homogenization approaches.

In the following, particular emphasis was given to the topology optimiza-

tion design technique that allows the creation of highly optimized intricated

shapes. However, often these models can’t be directly built due to defects

that affect the external surface, or due to the stair-effect of voxels if V-rep is

employed. So, an enhanced surface smoothing technique has been developed

and analysed in this dissertation. In comparison to existing techniques, the

novel methodology is capable of automatically recognizing particular features

(i.e. holes, planar surfaces) of optimized models that should be preserved dur-

ing post-processing without degrading the structure’s mechanical response.

Finally, the voxel representation is used to provide a simple tool for es-

timating aerodynamic loads quickly at the early design stage, when several

configurations must be analyzed to determine the best one (for example, the
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best airfoil for a race car’s wing). Voxelization is used in conjunction with

a panel method code to automatically discretize 3D objects. The unique

approach has been tested on well-known components, and the findings show

that the methodology is both resilient and accurate when compared to liter-

ature benchmarking values.

All the contents described in this document have been collected in several

scientific contributions submitted and published in international conferences

and journals. Moreover, all the developed tools were programmed by own us-

ing Python or Matlab language to be highly customizable. Pseudo-codes and

methodology flowcharts have been provided in this dissertation to help the

comprehension of the tools. An open-source CAD software, called FreeCAD

has been selected to host all the routines herein described. However, due

to the Covid19 Pandemia, the research activity has inevitably slowed down

and for this reason, the embedding phase has not been accomplished yet.

However, soon, this task will be achieved to give a personal contribution to

the research activity in this field.

143



Appendix A

List of scientific publications

1. Bacciaglia A., Ceruti, A., Liverani A. (2019) Lattice structures represen-

tation in 2D drawings: a proposal for a standard, Extended abstract in:

Mechanics and Materials in Design Conference M2D2019, September 4-6,

2019, Bologna, Italy;

2. Bacciaglia A., Ceruti, A., Liverani A. (2019) Additive manufacturing in auto-

motive: advantages and criticalities, Extended abstract in: Mechanics and

Materials in Design Conference M2D2019, September 4-6, 2019, Bologna,

Italy;

3. Bacciaglia A., Ceruti A., Liverani A. (2019) A systematic review of Vox-

elization Method in Additive Manufacturing, Mechanics & Industry Journal

20(6), 630;

4. Bacciaglia A., Ceruti A., Liverani A. (2020) Additive Manufacturing Chal-

lenges and Future Developments in the Next Ten Years. In: Rizzi C., An-

drisano A.O., Leali F., Gherardini F., Pini F., Vergnano A. (eds) Design

Tools and Methods in Industrial Engineering. ADM 2019. Lecture Notes in

Mechanical Engineering. Springer, Cham;

5. Bacciaglia A., Ceruti A., Liverani A. (2020) Photogrammetry and Additive

Manufacturing Based Methodology for Decentralized Spare Part Production

in Automotive Industry. In: Ahram T., Karwowski W., Vergnano A., Leali
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F., Taiar R. (eds) Intelligent Human Systems Integration 2020. IHSI 2020.

Advances in Intelligent Systems and Computing, vol 1131. Springer, Cham;

6. Bacciaglia A., Ceruti A., Liverani A. (2020) Evaluation of 3D printed mouth-

pieces for musical instruments, Rapid Prototyping Journal, 26(3), pp. 577-

584;

7. Bacciaglia A., Ceruti A., Liverani A. (2020) Proposal of a standard for 2D

representation of bio-inspired lightweight lattice structures in drawings, Pro-

ceedings of the Institution of Mechanical Engineers, Part C: Journal of Me-

chanical Engineering Science;

8. Bacciaglia A., Ceruti A., Liverani A. (2020) Advanced Smoothing for Voxel-

based Topologically Optimized 3D Models, 2020 IEEE 10th International

Conference Nanomaterials: Applications & Properties (NAP), pp. 1-5;

9. Bacciaglia A., Ceruti A., Liverani A. (2021) Controllable pitch propeller

optimization through meta-heuristic algorithm, Engineering with Computers

37, pp. 2257–2271;

10. Bacciaglia A., Ceruti A., Liverani A. (2021) A design of experiment approach

to 3D-printed mouthpieces sound analysis, Progress in Additive Manufactur-

ing 6, pp. 571–587;

11. Bacciaglia A., Ceruti A., Liverani A. (2021) Structural Analysis of Voxel-

Based Lattices Using 1D Approach, 3D Printing and Additive Manufactur-

ing. Ahead of print;

12. Bacciaglia A., Ceruti A., Liverani A. (2021) Surface smoothing for topological

optimized 3D models, Structural and Multidisciplinary Optimization 64(6),

pp. 3453–3472;

13. Bacciaglia A., Ceruti A., Liverani A. (2022) Towards Large Parts Manufac-

turing in Additive Technologies for Aerospace and Automotive applications,

Procedia Computer Science 200, pp. 1113-1124;

14. Bacciaglia A., Ceruti A., Liverani A. (2022) A voxel-based 2.5D panel method

for fluid-dynamics simulations, In: Rizzi C., Campana F., Bici M., Gherar-
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dini F., Ingrassia T., Cicconi P. (eds) Design Tools and Methods in Indus-

trial Engineering II. ADM 2021. Lecture Notes in Mechanical Engineering.

Springer, Cham;

15. Bacciaglia A., Ceruti A., Liverani A. (2022) A 3D Voxel-based approach
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AIP-Priméca, (La Plagne, France), 2015.

[24] M. Rashed, M. Ashraf, R. Mines, and P. J. Hazell, “Metallic microlattice materials:

A current state of the art on manufacturing, mechanical properties and applica-

tions,” Materials & Design, vol. 95, pp. 518–533, 2016.

[25] O. M. Querin, V. Toropov, D. Liu, H. Lohse-Busch, C. Hühne, S. Niemann, and

B. Y. Kolesnikov, “Topology and parametric optimization of a lattice composite

fuselage structure,” 2013.

[26] S. Arabnejad and D. Pasini, “Mechanical properties of lattice materials via asymp-

totic homogenization and comparison with alternative homogenization methods,”

International Journal of Mechanical Sciences, vol. 77, pp. 249–262, 2013.

[27] R. Guinovart-Diaz, J. Bravo-Castillero, R. Rodriguez-Ramos, R. Martinez-Rosado,

F. Serrania, and M. Navarrete, “Modeling of elastic transversely isotropic composite

using the asymptotic homogenization method. Some comparisons with other mod-

els,” Materials Letters, vol. 56, no. 6, pp. 889–894, 2002.

[28] S. Rosso, F. Uriati, L. Grigolato, R. Meneghello, G. Concheri, and G. Savio, “An

Optimization Workflow in Design for Additive Manufacturing,” Applied Sciences,

vol. 11, no. 6, p. 2572, 2021.

[29] A. Booth, D. Papaioannou, and A. Sutton, Systematic approaches to a successful

literature review. Los Angeles ; Thousand Oaks, Calif: Sage, 2012.

[30] A. Bacciaglia, A. Ceruti, and A. Liverani, “A systematic review of voxelization

method in additive manufacturing,” Mechanics & Industry, vol. 20, no. 6, p. 630,

2019.

149



[31] S. Rosso, G. Savio, F. Uriati, R. Meneghello, and G. Concheri, “Optimization Ap-

proaches in Design for Additive Manufacturing,” Proceedings of the Design Society:

International Conference on Engineering Design, vol. 1, no. 1, pp. 809–818, 2019.

[32] W. Gao, Y. Zhang, D. Ramanujan, K. Ramani, Y. Chen, C. B. Williams, C. C.

Wang, Y. C. Shin, S. Zhang, and P. D. Zavattieri, “The status, challenges, and

future of additive manufacturing in engineering,” Computer-Aided Design, vol. 69,

pp. 65–89, 2015.

[33] A. E. Kaufman, “Volume visualization,” ACM Computing Surveys, vol. 28, no. 1,

pp. 165–167, 1996.

[34] B. Kitchenham, O. Pearl Brereton, D. Budgen, M. Turner, J. Bailey, and

S. Linkman, “Systematic literature reviews in software engineering – A systematic

literature review,” Information and Software Technology, vol. 51, no. 1, pp. 7–15,

2009.

[35] F42 Committee, “Terminology for Additive Manufacturing Technologies,” tech. rep.,

ASTM International.

[36] T. D. Ngo, A. Kashani, G. Imbalzano, K. T. Nguyen, and D. Hui, “Additive man-

ufacturing (3D printing): A review of materials, methods, applications and chal-

lenges,” Composites Part B: Engineering, vol. 143, pp. 172–196, 2018.

[37] A. Krishnakumar, K. Suresh, and A. Chandrasekar, “Towards Assembly-Free Meth-

ods for Additive Manufacturing Simulation,” in Volume 1A: 35th Computers and

Information in Engineering Conference, (Boston, Massachusetts, USA), American

Society of Mechanical Engineers, 2015.

[38] N. Boddeti, Z. Ding, S. Kaijima, K. Maute, and M. L. Dunn, “Simultaneous Digital

Design and Additive Manufacture of Structures and Materials,” Scientific Reports,

vol. 8, no. 1, 2018.

[39] A. Verma and R. Rai, “Computational Geometric Solutions for Efficient Additive

Manufacturing Process Planning,” in Volume 1A: 34th Computers and Informa-

tion in Engineering Conference, (Buffalo, New York, USA), American Society of

Mechanical Engineers, 2014.

[40] S. E. Ghiasian, P. Jaiswal, R. Rai, and K. Lewis, “From Conventional to Additive

Manufacturing: Determining Component Fabrication Feasibility,” in Volume 2A:

44th Design Automation Conference, (Quebec City, Quebec, Canada), American

Society of Mechanical Engineers, 2018.

150



[41] Y.-S. Leung, H. Mao, and Y. Chen, “Approximate Functionally Graded Materials

for Multi-Material Additive Manufacturing,” in Volume 1A: 38th Computers and

Information in Engineering Conference, (Quebec City, Quebec, Canada), American

Society of Mechanical Engineers, 2018.

[42] U. S. Venkatesan and S. S. Pande, “Efficient Process Planning Strategies for Additive

Manufacturing,” in Volume 2: Additive Manufacturing; Materials, (Los Angeles,

California, USA), American Society of Mechanical Engineers, 2017.

[43] J. Martinez, J. Dumas, and S. Lefebvre, “Procedural voronoi foams for additive

manufacturing,” ACM Transactions on Graphics, vol. 35, no. 4, pp. 1–12, 2016.

[44] G. A. da Silva, A. T. Beck, and O. Sigmund, “Stress-constrained topology opti-

mization considering uniform manufacturing uncertainties,” Computer Methods in

Applied Mechanics and Engineering, vol. 344, pp. 512–537, 2019.

[45] G. Sossou, F. Demoly, G. Montavon, and S. Gomes, “Design for 4D printing: rapidly

exploring the design space around smart materials,” Procedia CIRP, vol. 70, pp. 120–

125, 2018.
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[85] B. Redwood, B. Garrett, and F. Schöffer, The 3D printing handbook: technologies,

design and applications. Amsterdam: 3D Hubs, 2017.

[86] D. Systems, “StereoLithography Interface Specification,” 1988.

[87] M. C. Shellabear and O. J. Nyrhilae, “DMLS - Development history and state of

the art,” (Erlangen, Germany), 2004.

[88] E. Eilam and E. J. Chikofsky, Reversing: secrets of reverse engineering. Indianapolis,

IN: Wiley, 2005.

[89] J. Holmström, J. Partanen, J. Tuomi, and M. Walter, “Rapid manufacturing in the

spare parts supply chain: Alternative approaches to capacity deployment,” Journal

of Manufacturing Technology Management, vol. 21, no. 6, pp. 687–697, 2010.

[90] P. Liu, S. H. Huang, A. Mokasdar, H. Zhou, and L. Hou, “The impact of addi-

tive manufacturing in the aircraft spare parts supply chain: supply chain operation

reference (scor) model based analysis,” Production Planning & Control, vol. 25,

no. 13-14, pp. 1169–1181, 2014.

[91] Y. Li, Y. Cheng, Q. Hu, S. Zhou, L. Ma, and M. K. Lim, “The influence of additive

manufacturing on the configuration of make-to-order spare parts supply chain un-

der heterogeneous demand,” International Journal of Production Research, vol. 57,

no. 11, pp. 3622–3641, 2019.

[92] S. H. Khajavi, J. Holmström, and J. Partanen, “Additive manufacturing in the spare

parts supply chain: hub configuration and technology maturity,” Rapid Prototyping

Journal, vol. 24, no. 7, pp. 1178–1192, 2018.

[93] F. Pérès and D. Noyes, “Envisioning e-logistics developments: Making spare parts

in situ and on demand,” Computers in Industry, vol. 57, no. 6, pp. 490–503, 2006.

[94] K. Schindler, “Mathematical foundations of photogrammetry,” tech. rep., ETH

Zurich, Switzerland.

[95] “GE jet engine bracket challenge.”

[96] R. Leal, F. M. Barreiros, L. Alves, F. Romeiro, J. C. Vasco, M. Santos, and C. Marto,

“Additive manufacturing tooling for the automotive industry,” The International

Journal of Advanced Manufacturing Technology, vol. 92, no. 5-8, pp. 1671–1676,

2017.

[97] M. Dumas, P. Terriault, and V. Brailovski, “Modelling and characterization of a

porosity graded lattice structure for additively manufactured biomaterials,” Mate-

rials & Design, vol. 121, pp. 383–392, 2017.

155



[98] Y. Kok, X. Tan, P. Wang, M. Nai, N. Loh, E. Liu, and S. Tor, “Anisotropy and

heterogeneity of microstructure and mechanical properties in metal additive manu-

facturing: A critical review,” Materials & Design, vol. 139, pp. 565–586, 2018.

[99] M. L. McMillan, M. Jurg, M. Leary, and M. Brandt, “Programmatic generation of

computationally efficient lattice structures for additive manufacture,” Rapid Proto-

typing Journal, vol. 23, no. 3, pp. 486–494, 2017.

[100] I. Campbell, D. Bourell, and I. Gibson, “Additive manufacturing: rapid prototyping

comes of age,” Rapid Prototyping Journal, vol. 18, no. 4, pp. 255–258, 2012.

[101] ANSI, “Standardization Roadmap for Additive Manufacturing,” 2018.

[102] C. Ferro, R. Grassi, C. Secl̀ı, and P. Maggiore, “Additive Manufacturing Offers New

Opportunities in UAV Research,” Procedia CIRP, vol. 41, pp. 1004–1010, 2016.

[103] L. Frizziero, G. M. Santi, G. Donnici, C. Leon-Cardenas, P. Ferretti, A. Liverani,

and M. Neri, “An Innovative Ford Sedan with Enhanced Stylistic Design Engineering

(SDE) via Augmented Reality and Additive Manufacturing,” Designs, vol. 5, no. 3,

p. 46, 2021.

[104] “3dWasp.”

[105] U. Klaeger and A. Telesh, “Novel Robotic 3D Printing Technology for the Manu-

facture of Large Parts,” in Progress in Digital and Physical Manufacturing (H. A.

Almeida and J. C. Vasco, eds.), (Cham), pp. 40–45, Springer International Publish-

ing, 2020.

[106] G. Savio, R. Meneghello, and G. Concheri, “Optimization of lattice structures for

Additive Manufacturing Technologies,” in Advances on Mechanics, Design Engi-

neering and Manufacturing (B. Eynard, V. Nigrelli, S. M. Oliveri, G. Peris-Fajarnes,

and S. Rizzuti, eds.), pp. 213–222, Cham: Springer International Publishing, 2017.

Series Title: Lecture Notes in Mechanical Engineering.

[107] A. B. Naveed, S. I. Butt, A. Mubashar, F. N. Chaudhry, N. u. Qadir, and Z. Faping,

“Design and verification of enhanced CFRTPCs fabrication technique using fused

deposition modeling,” Journal of Thermoplastic Composite Materials, 2020.

[108] J. Laureto and J. Pearce, “Open Source Multi-Head 3D Printer for Polymer-Metal

Composite Component Manufacturing,” Technologies, vol. 5, no. 2, p. 36, 2017.

[109] BCN3D, “BCN3D’s signature IDEX Technology: Doubling productivity while halv-

ing costs.”

156



[110] C. Duran, V. Subbian, M. T. Giovanetti, J. R. Simkins, and F. R. Beyette Jr,

“Experimental desktop 3D printing using dual extrusion and water-soluble polyvinyl

alcohol,” Rapid Prototyping Journal, vol. 21, no. 5, pp. 528–534, 2015.
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