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Kurzfassung

Additive Fertigung hat sich in den letzten Jahren schnell weiterentwickelt und neue Metho-
den zur Generierung von Geometrien wurden geschaffen. Einige dieser neuen Methoden
erlauben die Herstellung von „digitalen Materialien“. Struktur und Eigenschaften von
solchen Materialien lassen auf dem Niveau von kleinsten druckbaren Punkten festlegen.

Eine Analyse von bestehender Literatur wird durchgeführt, um herauszufinden welche
Dateitypen aktuell in der additiven Fertigung verwendet werden. Außerdem werden Stär-
ken und Schwächen von diesen Dateitypen dokumentiert und verglichen. Die Ergebnisse
dieser Überprüfung werden zusammengefasst, um die Grenzen und Möglichkeiten der
derzeit verwendeten Dateitypen zu bewerten.

Um die identifizierten Grenzen zu beseitigen und neue Wege zur Darstellung von voxel-
basierten Geometrien zu ermöglichen, wird eine neue Methode zur Darstellung solcher
Geometrien demonstriert. Es werden zuerst verschiedene Methoden zur Speicherung der
Daten im Arbeitsspeicher getestet. Als Ergebnis wird eine Datenstruktur ausgewählt, die
dann weiterbenutzt wird. Wichtige andere Operationen wie das Hinzufügen von Daten,
das Transformieren (Skalieren, Drehen) von Daten und das Rendern von Daten werden
implementiert. Die implementierte Lösung für Transformationen wird dabei mit gleichen
Transformationen in einer vektorbasierten Software verglichen. Für das Rendering wurden
Algorithmen entwickelt, um die erforderlichen Daten für das Rendering zu erzeugen. Für
diesen Schritt wurde insbesondere die Speichernutzung überwacht, da sie einen Engpass
darstellen kann.

Der vorgeschlagenen voxelbasierte Ansatz wurde auch mit dem üblichen vektorbasierten
Ansatz in einige Szenarien verglichen. Zu diesen Szenarien gehören Computertomografie
Scans, Visualisierung von Bauteilen aus mehreren Materialien und die Darstellung
von Geometrien mit hoher Auflösung. Diese Arbeit wird damit abgeschlossen, dass
beantwortet wird, wie der aktuelle Stand in der Wissenschaft erweitert wurde und welche
Schwachpunkte in Zukunft noch weiter erforscht werden müssen.
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Abstract

Additive manufacturing (AM) has developed rapidly in recent years, including many new
methods of geometry creation. Some novel AM methods allow the creation of ‘digital
materials’. The structure and properties of these materials can be defined at the level of
the smallest printable elements.

Here, a review of the literature is conducted to find which file types are currently used in
AM for representing such digital materials. Furthermore, the strengths and weaknesses of
each file type are documented and compared. The results of the review are summarized
to evaluate the limitations and capabilities of currently used file types.

To remove the identified roadblocks and facilitate new ways for representing voxel-based
geometries, a new method for representing such geometries is demonstrated. Different
ways of storing data in random access memory are tested. As result a data structure
for storing voxel-based geometries is chosen. Important other operations such as adding
data, transforming (scaling, rotating) data, and rendering data are implemented. The
implemented solution for transforming data is compared with the same operations in
a vector-based software in terms of running time. For rendering algorithms have been
developed to develop to generate the required data for rendering. The memory usage of
these algorithms was monitored, as it may represent a bottleneck.

The proposed voxel-based approach was also compared against the common vector-based
approach for some cases. These cases include using voxel for computed tomography scans,
visualizing multi-material parts, and representing geometries with high resolution. The
thesis concludes with a statement on how the state of the art in science is extended and
what the weak points are that need further investigation .

ix





Contents

Kurzfassung vii

Abstract ix

Contents xi

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim of the Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3.1 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3.2 Finding a Data Structure . . . . . . . . . . . . . . . . . . . . . 4
1.3.3 Processing of Data . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3.4 Rendering of Voxel Structures . . . . . . . . . . . . . . . . . . . 5
1.3.5 Comparison of the Voxel-Based Approach with Vector-Based Ap-

proaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Related Work 7
2.1 Informatics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 Common File Types in Additive Manufacturing . . . . . . . . . 10
2.1.2 Processing of Data from CT . . . . . . . . . . . . . . . . . . . . . 11

2.2 Additive Manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.1 Binder Jetting . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.2 Directed Energy Deposition . . . . . . . . . . . . . . . . . . . . 14
2.2.3 Material Extrusion . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.4 Materials Jetting . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.5 Powder Bed Fusion . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.6 Sheet Lamination . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.7 Vat Photopolymerization . . . . . . . . . . . . . . . . . . . . . 19

2.3 Threats in Additive Manufacturing . . . . . . . . . . . . . . . . . . . . 20
2.4 Digital Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Data Structures 23

xi



3.1 Relevant Data Structures . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.1 Array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1.2 Octree (Fixed Depth) . . . . . . . . . . . . . . . . . . . . . . . 25
3.1.3 Combination . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1.4 Octree (Dynamic Depth) . . . . . . . . . . . . . . . . . . . . . 27

3.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3 Decision for a Single Data Structure . . . . . . . . . . . . . . . . . . . 29

4 Data Processing 31
4.1 Loading Pre-Sliced Files . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 Slicing Hulls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.3 Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.4 Rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.5 Box Filtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.6 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5 Rendering 41
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.2 Meshing Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.3 Multi-Material Rendering . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.4 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

6 Comparison of the Voxel-Based Approach with Vector-based Ap-
proaches 49
6.1 Computed Tomography Scans . . . . . . . . . . . . . . . . . . . . . . . 49
6.2 Visualization of Multi-Material Parts and Parts using Digital Materials 50
6.3 Point Clouds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.4 Direct Voxel Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.5 Large Scale Lithographic Printing . . . . . . . . . . . . . . . . . . . . . 56

7 Conclusion 61
7.1 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Bibliography 67

Appendix 75
Appendix A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
Appendix B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
Appendix C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

List of Figures 83

List of Tables 87

List of Algorithms 89



CHAPTER 1
Introduction

1.1 Motivation

A representation of a part that will be manufactured using additive manufacturing (AM)
needs to contain at least the geometrical information of the part. Increasingly, such
geometries also need to contain functional information (local colour, varying material
properties, electrical conductivity, and more) to make full use of the available capabilities
of current AM technologies [1, 2, 3, 4, 5, 6, 7].

One particular example of such a technology has been developed at the TU Wien [7]. The
technology combines photopolymerization and a deposition of ink droplets. It contains
four major parts: regular vat-photopolymerization, cleaning station, ink application
station and ink fixing station. As Figure 1.1 shows all these technologies can be combined
into one machine.
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1. Introduction

Figure 1.1: Parts described in a patent handed in by TU Wien and Ivoclar Vivadent AG
[7]. The described hybrid additive production system consists out of an exposure unit
(12), a rotating platform (1-4), a cleaning station (20), an ink application station (30),
and an ink fixing station (40).

With this hybrid manufacturing technology, it is possible to 3D print a part where
each smallest printable point gets created during the photopolymerization process and
properties such as colour are added to these smallest printable points are added during
the ink application.

Currently used data formats that bridge the gap between computer-aided design (CAD)
and AM are limiting the definition of these functional properties for complex parts
[8]. Thus, they are limiting the accessible design space made available by AM. These
limitations are becoming increasingly relevant for current applications of AM, where
printed parts are not only used as prototypes but also as fully functional parts for
demanding applications in aerospace, electronics, or biomedical applications. Accordingly,
this thesis aims at demonstrating a voxel-based data structure that allows a voxel-based
approach in contrast to the vector-based approaches traditionally used in solid modelling.

When representing objects with very high resolution and a certain size, a given number
of voxel (volumetric pixel) is needed – similar to pixel for 2D images with an additional
dimension of complexity. The major challenges that arise in this context relate to the
number of voxels that must be processed, saved (in memory), and shown to the user. To
solve the overall problem of adding properties to the smallest printable elements, each of
these subproblems must be solved and is therefore targeted by this thesis.

2



1.2. Aim of the Work

1.2 Aim of the Work

The work aims at extending the state of the art by researching which data formats are
currently used in AM and their strengths and weaknesses. Therefore, the first research
question for this thesis is defined as follows: ‘What are the strengths and weaknesses of
currently used data formats for additive manufacturing?’.

The first research question can be answered with the help of literature analysis and will
show what data types are currently used. In parallel, we want to describe the capabilities
of currently developed methods in additive manufacturing [1, 2, 3, 4, 5, 6, 7]. Reviewed
sources hint that it is possible to work with different methods of manufacturing and/or
directly influence different properties of the single smallest printable elements. The
literature analysis shows how current methods and standards support the capabilities of
these evolving printing technologies.

This leads to the second research question for the master’s thesis: ‘Are voxels an
appropriate structure to represent data for additive manufacturing with multiple (digital)
materials?’. To answer these research questions, experiments with different data structures
are conducted to determine how well (in terms of access time and memory usage) each
of the data structures performs. Furthermore, details about the selection process of
candidates for the data structure are provided.

The best-performing data structure is used to find a good solution (in terms of complexity,
run time, memory usage) to render and process voxels (e.g. change the properties of
internal voxels [9] or perform print preparation tasks [10]). This part aims to find and
test algorithms to solve the problems of rendering and processing. Processing is of
particular interest because it is currently common to scale and rotate a geometry as part
of preparing it for the slicing process [10]. Therefore, it is of interest whether these steps
can also be done with voxels.

Lastly, this novel approach of storing geometric information is compared to the already
existing approaches in several scenarios. We do this to determine whether a voxel-based
approach has advantages that the common approaches do not have. In addition, respective
weaknesses of the voxel-based approach are also shown.

1.3 Methodology

The methodological approach consists of the following five steps, executed chronologically:
reviewing the literature, finding a data structure, processing data, rendering voxel
structures, and comparing the voxel-based approach with vector-based approaches. In
this section, we give an overview of each of the steps and how they are used during this
thesis.
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1. Introduction

1.3.1 Literature Review

To answer the first research question, a (systematic) literature review [11] is provided.
As the scope of the thesis goes beyond a systematic literature review, only some of the
elements of this methodology are used: generation of a search strategy, bibliography man-
agement, data extraction, and report reviewing. Details relating to the implementation
of each of these elements are provided in Chapter 2.

The literature review can be used to find and show evidence for the benefits or disad-
vantages of the screened technologies. It can also help to find gaps in current research.
Furthermore, all elements of (systematic) literature review [11] that were used are
documented.

1.3.2 Finding a Data Structure

When many voxels need to be handled, they must be stored in a suitable data structure
that allows working with the voxel for different purposes (rendering, modification, and
preparation steps that print processes require [10]) and at the same time be memory
efficient.

Several candidates were chosen for this work and then further evaluated. The screened
candidates need to meet several criteria to be suitable for the subsequent implementations.
These criteria demand that a 3D geometry can be stored and features at the level of
individual voxels can be defined. Furthermore, each candidate was compared to an
already existing report that handles some of the structures [12]. To do so each data
structure is implemented. Tests are executed on each of the implemented data structures.
These tests evaluate memory usage, access times, and other measurable attributes. Based
on the result of the experiments, the best candidate was then chosen for the following
steps of the thesis.

1.3.3 Processing of Data

Typically, several processing steps are necessary to prepare data before printing can
take place [10]. We aimed to update the known steps to suit the needs of a voxel-based
model. The first step is the insertion of data into a voxel-based model. We identified
two methods to achieve that: Either use a pre-sliced file or alternatively perform a direct
conversion between a commonly used data type and the voxel space. This step is crucial,
and it must be evaluated how well the geometric information from the input file can be
maintained (some losses are expected since the polygon-based input is not a lossless form
of saving information [13]).

After filling the data structure with the geometric data, certain transformations (rotation,
scaling) are required as pre-processing for AM. For these problems, solutions are explained
and evaluated in terms of required processing time and quality of results. Each of the
mentioned problems needs a solution, and multiple iterations are required to find and
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1.4. Thesis Outline

optimize them. Furthermore, the possibility of further transformations – inspired by
similar transformations in 2D images – is discussed.

1.3.4 Rendering of Voxel Structures
To be able to show voxels in a three-dimensional preview, they must be rendered. This
creates several challenges : creating a mesh, sending the mesh to the graphics card, and
using the mesh with the help of shaders to render an image. The problem of creating a
mesh is called meshing, and several methods exist to achieve it [14, 15]. Either one of
these existing methods must be implemented and the performance tested to ensure that
it performs well enough. During meshing, further data describing the part (colour, for
example) is provided. The rendering is then performed with the help of suitable shaders.

1.3.5 Comparison of the Voxel-Based Approach with Vector-Based
Approaches

In AM, the currently used data formats are mainly vector-based representations of hulls
[16]. A hull is a structure that describes the outer surfaces of a geometry. The voxel-based
approach that we propose uses a different method of representing a geometry. The chosen
approach is relevant in terms of possible resolution, the possibility to add functional and
structural properties, methods for visualization, and the number of conversions required
between different formats.

This part of the thesis also contains scenarios to show what voxel-based approaches can
do and where the limitations of the presented approach lie. These scenarios were chosen
to illustrate the benefits and disadvantages of the proposed voxel-based representation of
geometries.

1.4 Thesis Outline
In Chapter 2, we provide an overview of related work in the fields of AM and informatics.
This includes an overview of how AM is defined, its history, and how AM technologies
can be classified. Furthermore, the terms ‘digital material’ and ‘multi-material AM’ and
how both are used in recent articles in the field of AM are explained.

In the chapter ‘Data Structures’, we provide an overview of different data structures that
can be used to store volumetric data alongside an explanation of how they have been
identified. Subsequently, an explanation of each data structure is given alongside the
memory requirements that they need. To find an ideal data structure, experiments were
conducted and are presented together with the results of these experiments. Finally, a
decision for one data structure is made, presented, and explained. This data structure is
used for the rest of the thesis. The chapter ‘Data Processing’ starts with an explanation
of different methods of adding data into the voxel space. This is followed by different
methods to modify an object made of voxels. Finally, the idea of box filtering and kernels

5



1. Introduction

[17] is presented alongside the advantages and disadvantages that accompany this method
of geometry modification.

In Chapter 4, we explain how voxels can be rendered. The chapter begins with an
overview of how rendering is performed in visual computing. Meshing is then explained
along with a meshing algorithm used to create a mesh that can be rendered. This is
followed by an overview of how shaders can be used to improve the result of rendering
and how they are used to render voxels with different properties. Finally, the rendering
process is evaluated, its limits are shown, and ideas are presented on how to overcome
some of these limits.

In Chapter 5, we show how geometries consisting of multiple materials or digital materials
can be utilized with the novel approach and how that is done in the context of vector-
based approaches. Furthermore, different methods of input are described (CT [computed
tomography] scans and points clouds from 3D scanners). Finally, the working principle
of regular slicers are explained and put into perspective with voxel-based approaches.

The last chapter of this thesis focuses on giving an explicit answer to the two research
questions and how the thesis expands the current state of the art. Furthermore, an outlook
is given on remaining open questions and challenges related to the chosen approach.

6



CHAPTER 2
Related Work

To find related work, we firstly generated a search strategy and therefore searched for
preliminary systematic literature reviews in the field, performed some trial searches,
defined search strings, and used a bibliography management system (Mendeley) to manage
references. As a platform for the search, SCOPUS was used because it is claimed to be
the largest database for citations [18]. The search strategy also aimed at finding existing
systematic literature reviews (SLR) in the area. This aim was targeted by performing
some trial searches, decomposing the questions, defining synonyms, and finally creating
the search strings.

To answer the first research question and find the current state of the art in AM four
sub-questions were defined:

• Q1 What is AM?
• Q2 What are currently used data formats in AM?
• Q3 Are currently used data formats in AM able to handle voxels?
• Q4 What are the strengths and weaknesses of the currently used data formats for

AM?

As suggested by the SLR Guidelines[18], we tried to find existing SLRs for the field of
AM. To do so, different combinations of words and synonyms were used: SLR AND “3D
printing” | SLR AND 3D-Printing | SLR and “Additive Manufacturing” | “Systematic
literature review” AND “3D printing” | “Systematic literature review” AND 3D-Printing
| “Systematic literature review” and “Additive Manufacturing”.

With these search strings, 55 unique results were found. The next step was reading the
abstract of each of the results to eliminate results that are not related to the research
questions. One highly relevant review paper was identified [18] which includes topics like
strategies for discretization from 3D geometries to 2D images. Therefore, some elements
of this SLR will be used in the later stages of this thesis.

7



2. Related Work

As suggested by the SLR guidelines [18], we performed a trial search with all synonyms
of AM (“Additive Manufacturing” OR “AM” OR “3D Printing” OR “3D-Printing” OR
“3DP”) to gain a general impression of the number of available documents. These
resulted in over 12,000 articles, which is excessive given the scope of this literature search.
The second search was done with the term (3D-printing AND data AND formats) and
has yielded a result with 141 articles. At first glance, some of the found titles seemed
interesting, and these search strings were therefore also used. The third search was done
with different typical data formats (STL, OBJ, 3MF) combined with either ‘alternative’
or ‘voxel’, and again, some of the found titles seemed interesting. Therefore, a logical
approach to using a combination of data format together with ‘alternative’ or ‘voxel’ was
chosen in the definition of search strings.

To prepare the search strings, the different terms were assigned with synonyms. The
following synonyms were chosen:

• AM: Additive Manufacturing, 3D Printing, 3D-Printing, 3DP
• Data Format: File Format
• Examples of Data Formats: STL, 3MF, STEP, AMF

As suggested by the SLR guidelines, the search strings were defined as follows:

• Q1 Overview AND [Additive Manufacturing] (2019-2021 and Computer Science)
• Q2 [Data Format] AND [Additive Manufacturing] (2019-2021)
• Q3 [Data Format] AND [Voxel]
• Q4 (Strengths OR Weaknesses OR Assessment) AND (Data Format OR [Examples

for Data Formats]) AND Additive Manufacturing

A detailed list of results for each search string can be found in Appendix A. Figure 2.1
gives an overview of the number of results that were found for each search string. For
each result, we checked if it already appeared as result in another search and if the title
was relevant. Only titles that helped to answer the first research question were defined as
relevant. The next filtering step was to read the abstract and decide whether the result
could be further used or not.

2.1 Informatics
Voxels can be saved in different data structures, and research has been done on how
these data structures behave in terms of performance and scalability. A German research
report [12] compared a regular grid (array), an octree with fixed depth, and a list of
quadtrees with fixed depth. It compared the structures in general, but no measurable size
for models was provided. Furthermore, only data structures without compression were
compared in this report. This report concludes that octrees are better for rarely changing
structures because of the more expensive generation (compared with an array). For
access times, the report compared search times in terms of which the octree performed
best. However, it is unclear how often a search is needed compared to raw access and
other forms of access (e.g., getting the neighbour of a voxel).

8



2.1. Informatics

Figure 2.1: Overview of the results of the literature review process. Optional filters were
utilized if the number of results for one search string was over 200. These filters were
utilized to limit the results to recent publication years and/or to a certain subject area. A
detailed list of results for each search string and the used filters is provided in Appendix
A.

The most common file types [19] in AM is the STL file which can be classified as B-rep
(boundary representation). Furthermore other common file types such as the AMF, 3MF
and OBJ file can also be classified as B-rep. B-rep is a form of representation where
only the hull of an object is used to define it [20]. To convert a B-rep representation to
any voxel-based grid, algorithms are needed. One possibility is to use a ray intersection
algorithm for this conversation [21]. Other strategies for this conversation are also
available [22]. One article describes an implementation of a ray intersection algorithm
[21] that was successfully tested. It took a B-rep input and converted it to a voxel grid.
The maximum achievable size of the grid was 1,000 x 1,000 x 1,000 voxels due to the
limited memory of the computer (16 GB). It was mentioned in the paper that the memory
requirements posed one of the largest problems that arose – a fixed size grid (array) was
used in the research. A geometry stored in a grid is not compressed and therefore the
required memory to store it grows fast. Details about the memory requirements for a
voxel grid are provided in Chapter 3.

Voxels are a form of volumetric data and cannot be rendered by the graphics card directly,
as graphics cards need some form of mesh data [23]. Algorithms have been described
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2. Related Work

[15, 24] to convert voxels to a mesh to render it. Once the mesh is sent to the graphics
card, it can be rendered like any other mesh: this involves passing data through different
parts of the graphical processing unit (GPU) rendering pipeline [25]. This pipeline can
be used to apply transformations (e.g., perspective) and shading effects (e.g., deferred
shading).

2.1.1 Common File Types in Additive Manufacturing
The most common file type for geometric information for AM is the STL file [19, 26,
27, 28, 29]. It was originally developed by 3D Systems Inc in 1987. Only three years
later, in 1990, the first doubts about the format became apparent [19]. STL stands for
standard tessellation language [30] and already hints at how the STL file works: a 3D
model is described as unstructured planar triangular faces, each with three vertices and
one normal vector [19].
As a better form of B-rep, the AMF file (also called STL 2.0), was later introduced. It
adds material properties, colours, and other metadata [19]. In this file type objects are
described with the help of triangles, but curved triangles are possible to improve the
description of curved objects [19]. Another benefit over the STL file type is that this
format allows the definition of multiple objects and object instances [27]. For this file,
drawbacks have also been documented regarding quality, unclearly defined or missing
features, and longer loading and saving time compared to STL files [12].
Another alternative is the 3MF format [26], inspired by the AMF format but defined by
an industry consortium. In a test [26] it occupied the least space compared to the AMF
and STL formats. This format can also be classified as B-rep and uses two main parts:
the geometry itself and the materials and properties [19].
The CLI format was developed to represent slices of a geometry by its contours [19].
According to [19] it is used by many AM machines but has an accuracy problem because
contours are only represented by polylines. It can also be classified as B-rep but not on a
3D level because only slices with a given height are saved in this format.
STEP is not a single standard but rather a set of different protocols [19]. Together,
that makes STEP (with its application protocol 242 that e.g. adds 3D scan, triangled
representations and analysis) not only a file format appropriate for transferring geometric
data but rather for a complete lifecycle [26]. Step files that can be used for AM to
describe a geometry using extrusion, swept solids, Boolean primitive modelling, and
much more [31]. That makes using such a file as input for the slicing process much more
complex [31]. Nevertheless, STEP supports precision manufacturing requirements [27].
Other than the other described formats the STEP file can be classified as constructive
solid geometry (CSG) and therefore guarantees quality and lossless transfer of geometric
information.
All available file types can be classified into three main groups [26]: boundary repre-
sentation, volume representation (V-rep), and CSG. In the last section of this chapter,
commonly used data formats are also be classified into these groups.
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Using knowledge from several papers [8, 19, 26, 27, 31], it is possible to compare some of
currently used file types in AM. The simplicity of the CLI format was not specified. The
specification for the format could be found online – it is a rather simple format that is
available as ASCII and binary versions [32]. None of the papers compared file sizes of
CLI, STEP, and the other formats. The file size of the CLI and the STEP format cannot
be compared because common test files such as the 3DBenchy [33] or geometries of the
Stanford 3D Scanning Repository [34] are not published in either of these two formats.
It is worth mentioning that the comparison table (Table 2.1) does not contain a full
overview of all file formats. Only the most common file formats according to [19, 27]
have been considered here. Alongside these formats, others are also used but are far less
common: OBJ, IGES, MAGICS, MGX, RP, VML, and ZPR [27].

Table 2.1: Comparison of common file formats in AM : + + high fulfilment, + fulfilment,
- low fulfilment, - - not fulfilled.

STL AMF 3MF CLI STEP
Classification B-rep B-rep B-rep B-rep CSG
Redundancy Yes No No No Yes
Dimensions 3D 3D 3D 2.5D 3D
Simplicity ++ + + ++ –
File Size - – ++ Unknown Unknown
Multi-material – + + – +
Precision - + + - ++

Table 2.1 shows that B-rep is the most common form of providing geometries for slicers.
None of the common data types has a high fulfilment when setting multiple materials.
Some allow setting a material (e.g., a type of plastic, a colour option or one certain
setting for the print process) but only for whole geometries and not a lower level (e.g.,
setting materials for individual smallest printable points).

2.1.2 Processing of Data from CT
Computed tomography (CT) was developed over 50 years ago [35] as an enhancement for
regular X-ray examination. While a regular X-ray creates only a two-dimensional image,
a CT scan adds depth information. Early in the history of CT scans, the technique
was mainly developed and used for medical imaging, but it is currently also used in
other areas such as conservation, material analysis, combinations of scanning electron
microscopy and CT, and large scale CT [36, 37]. The result of a CT scan is a set of
slices with images with grayscale pixels. As a standard to transfer images, the DICOM
(Digital Imaging and Communications in Medicine) format has been established at least
for medical applications [38]. DICOM is an open format, and the specifications can be
found online [39]. Besides the scan data (pixel data), the file contains other information
[Chapter A.4.3. in [39]], [40] such as pixel spacing and slice thickness.
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One paper [41] explains the preparation of a model by using the DICOM data from scans,
then importing them into Mimics and preparing them and after that exporting them as
STL. In this paper, it is not stated clearly that a slicer was used to prepare the STL for
3D printing, but the producer of the used printer (a Objet350) advertises the usage of its
print software, which has the feature of ‘3D print preparation’ [42]). In order to create
multiple colours, the paper seems to use multiple STL files, which limits colouring to
larger regions and not individual voxels.

A review paper that included 168 articles concluded that the typical process is as follows
[43]: the first step is data acquisition (either CAD-model or DICOM file). This step is
followed by visualization and selection, where a volumetric dataset is calculated from the
existing data (done by the i-Dixel software). However, the creation of the volumetric
dataset is only done to aid in visualization, as the third step explains. The third step is
the creation of 3D representation using Mimics and then exporting the dataset in the STL
format. The last step before printing is explained as ‘preparation before printing’, which
includes surface smoothing as well as checking for overlying surfaces. This review paper
also states the following: ‘The process of 3D printing can be time intensive, especially
the processing of 3D imaging data and/or the design of digital models with CAD.’[43]

Both papers show that the regular process is as shown in Figure 2.2. The input is
based on the DICOM format, which can be visualized before Mimics is used to convert
the DICOM file into a vector-based geometry that can also be modified. The result is
exported as an STL file, which is sliced and sent to the 3D printer.

Figure 2.2: Process of converting a CT-Scan to a 3D printed object [41, 42]

2.2 Additive Manufacturing
The commercial success story of AM began in the 1980s when Charles Hull printed an
object on his self-built stereolithography (SL) printer – this process was filed for patent
in 1984 [44]. Only two years later, the process of selective sintering (SS) was submitted
for patenting [43]. Shortly afterwards, laminated manufacturing, material deposition and
jet prototyping followed [43]. Since then, different definitions of AM have been proposed
[44, 4, 45], one of which is the ISO 52900 standard that defines AM: ‘Manufacturing
processes which employ an additive technique whereby successive layers or units are built
up to form a model’. [44]

In general, the phases of the AM process are also described similarly in different overview
papers [10, 44, 46]: a part is developed with the help of CAD software, which is then
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exported (to STL, STEP or any similar format), processed using slicing software that
also generates toolpaths (if needed), and printed and cleaned (if needed). This systematic
process is also shown in Figure 2.3.

Figure 2.3: Systemic process of AM as shown in [10]

Depending on the used technology in the AM machine, the generation of the toolpath
may not be required because some processes take the result of the slicer directly as input
[47]. Typically, this input is a set of images; one image for each layer.

For some use cases [43], the geometry does not come from CAD software but instead
from a CT scan (computer tomography). Such cases can mainly be found in medical
settings. In these cases, another software is used to read the CT-scan data (a set of
images) and convert it into the STL file format.

With this knowledge in mind, we update the given figure. The result is provided in
Figure 2.4, which shows an updated version of the original figure that includes a CT
scan as input and makes the generation of toolpaths optional. Accordingly, Figure 2.4 is
better suited to represent the current processes required to produce a part with AM.

Figure 2.4: Updated version of the already existing process overview [10]. A CT scan
was added as a source of geometric information and the source for 3D printing can be
either a toolpath or an image stack.

It is also possible to classify AM depending on the used process into several groups
[4, 44, 45, 46, 48] according to the ASTM Standard F2792. The proposed groups are
binder jetting, directed energy deposition, material extrusion, materials jetting, powder
bed fusion, sheet lamination, and vat photopolymerization. In the following sections all
groups are described with a focus on their abilities for multi material 3D printing.

2.2.1 Binder Jetting
Binder jetting is a 3D printing technology that that works by dispending a liquid binding
agent into a powder. This is done layer by layer. For each layer powder is supplied and
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spread over the already existing layers. Figure 2.5 gives an overview of the typical parts
that are required for a binder jetting 3D printer. [49]

Figure 2.5: Overview of a binder jetting 3D printer by Mohsen Ziaee and Nathan B.
Crane [49].

Binder jetting can work with a variety of different powders such as ceramics, metals,
biomaterials and polymers. For the powder different mixtures of corn sizes can be
utilized and influence the created geometry. Beside the powder the binder is essential for
successful binder jetting. To get accurate results the print head must exactly dispose
droplets of the binder into the powder which is challenging. The binder is than cured by
a UV light. [49]

Binder jetting also allows printing with multiple materials in two ways: By varying the
powder and by varying the jetted binder material. Therefore, we can conclude that
binder jetting allows creation of parts with varying properties at the level of smallest
printable points (one point is identical to one dispensed droplet) or the size of the used
particles, respectively.

2.2.2 Directed Energy Deposition

Directed energy deposition allows to add material to existing components and create new
objects [45]. Systems that use directed energy deposition use a concentrated energy source
as well as a stream of raw material, at the intersection point of both material is melted
[50]. This technology can be further classified by the type of feedstock (powder based or
wire based) and the type of energy source that is used, as it is shown in Figure 2.6.
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Figure 2.6: Classification of directed energy deposition (DED) by Adrita Dass and Atieh
Moridi [50].

Directed energy deposition also allows fabrication of multi-material structures [51].
However, no process is described that allows changing the material for smallest printable
points. Therefore, directed energy deposition has only a very limited ability to do
multi-material structures.

2.2.3 Material Extrusion

Material extrusion can be used to print plastics, food or living cells [45]. An example of
a material extrusion system is fused deposition modelling (FDM) which was developed
in the 1990’s [45] and has become the popular because of its benefits (low cost, high
product quality, functionality and fast manufacturing time) [46, 52]. Furthermore, FDM
is described as one of the most popular forms of AM because of the easy use and cheapness
[46]. For material extrusion two steps are required: First the heating of the material into
a semi-liquid state and then extrusion in thin paths [45].

A FDM 3D printer requires a few components: The material, which is also known as
filament, an extrusion print head that liquefies the print material as described above
and a build platform that the printed part sticks to. Either the build platform or the
extrusion head or a combination of both are moved to form the wanted part, typically
the movements are controlled via G-Code. Figure 2.7 is providing an overview of the
parts that can be typically found in an FDM 3D printer.
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Figure 2.7: Schematic overview of a typical FDM 3D printer as shown on hubs.com [53].

For FDM 3D printing methods of using multiple materials have already been shown [54].
One way of doing multi material printing with this technology is to utilize multiple print
heads [54]. Beside those other methods are available:

• Filament swapping (e.g., the Mosaic palette)
• Tool changers (e.g., the E3D tool changer)

FDM 3D printing with multiple materials is however limited: Filament swapping causes
mixing of materials and therefore required a purge block, the more often the material is
switched the more waste is produced. Multiple print heads and tool changers are limited
in the number of different materials that can be printed and by the shortest extrusion
part that can be cleanly produced.
With the shown methods it is possible to create objects out of multiple materials, the
smallest feature size is however limited. All movements and other parameters of such
machines commonly controlled by G-Code (toolpath) that is generated by a slicing
software.
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2.2.4 Materials Jetting

Material jetting works by dispensing droplets of material selectively to build a geometry.
This is done layer by layer. The jetted materials are photosensitive and solidified after
each layer by using a light source. Figure 2.8 gives an overview of the essential components
that can be found in a material jetting 3D printer. [30]

Figure 2.8: Overview of components of a material jetting 3D printer by Groth et. al.
[55].

As shown in Figure 2.8 it is also possible that multiple print heads are used to dispose
multiple liquid resins. This allows the creation of multi material objects with local
modifications of tensile strength, flexibility or visuality (colour and opacity) [46]. Since
each droplet can be controlled and is identical to the smallest point that can be created
this technology is fully able to print voxels.
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2.2.5 Powder Bed Fusion

For powder bed fusion an energy source (laser, electron beam, heated thermal head) that
is directed into a bed of powder. This powder is melted by the energy source to form a
solid object. After melting one layer of powder, new powder is added again. Depending
on the type of energy source and if the process does sintering or melting of the powder it
has a different name. [56]

To provide an overview of the different powder bed fusion processes we summed up their
differences in Table 2.2.

Table 2.2: Overview of the different technologies that fall under the category powder bed
fusion, as well as some characteristics (energy source and if they are melting or sintering
the material). [56]

Energy Source Melting / Sintering
Selective Laser Sintering (SLS) Laser Sintering
Selective Laser Melting (SLM) Laser Melting
Direct Metal Laser Sintering
(DMLS)

Laser Sintering

Selective Heat Sintering (SHS) Heated Thermal Head Sintering
Electron Beam Melting
(EBM)

Electron Beam Melting

Typically powder bed fusion printing technologies are using only one material that is
added by a mechanism after each layer [56]. But there is the idea to add multi-material
capability to powder bed fusion by varying the powder for each layer or by disposing the
powders locally threw a nozzle [57]. Therefore, with these recent developments powder
bed fusion becomes able to create objects with multiple materials.

2.2.6 Sheet Lamination

Sheet lamination uses an energy source to bond sheets together. To form the wanted
geometry the sheets must be cut to the required shape. Figure 2.9: gives an overview of
the typical components of a sheet lamination 3D printer.
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Figure 2.9: Overview of components of a sheet lamination 3D printer as shown by Michael
Molitch-Hou [58]. A roll of material (1) is transferred to the build area, where it gets cut
by a laser (3,4,5) and pressed (2) onto the existing structure (6). The leftover material is
collected on a roll (8) and the build area moves down (7).

Sheet lamination also allows printing with multiple materials by jetting material onto the
roll that gets laminated [58]. This allows printing of objects with changing properties
(mostly colour). In todays AM however, sheet lamination only plays a small role [59].

2.2.7 Vat Photopolymerization

The last group of AM technologies can be further divided by the method used for curing
the material. As shown on Figure 2.10 the different methods are curing with a laser,
curing with a projector, and curing with LEDs and oxygen.
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Figure 2.10: Overview of curing methods in vat photopolymerization by Marek Pagac
et.al. [60]

In this technology different approaches of printing with multiple materials / properties
have evolved. These approaches are changing light parameters, light sources with multiple
wavelengths, overprinting, mechanical switching of the resin tank, manual switching of
the resin tank. [61]

With these options vat photopolymerization becomes allows individual control of each
smallest printable point. Depending on the approach the number of options for each
point might be limited (e.g., for manual switching of the tank or for different light sources
the number of switching is limited). Furthermore, vat photopolymerization is used in
hybrid technologies to create geometries that are than modified by other technologies, as
also shown in Figure 1.1. This however comes with its own challenges, such as diffusion
of ink into the printed object which is neither intended nor desirable [6].

2.3 Threats in Additive Manufacturing
In 2016 the results of a survey regarding the current state and requirements of AM were
presented in [16]. The results were interesting: 88.5% said that ‘Exact description of
the product geometry’ is required, and 61.5% said that this requirement is not fulfilled.
Furthermore, 53.9% said that there is a requirement for the ‘Possibility for multi-material’,
and 61.5% said that this requirement is not fulfilled. This result is not surprising because
the commonly used data types have only a limited ability to define 3D-material properties,
as shown in Table 2.1.

Another article [48] used the ‘MITO’ model (management, input, transformation, and
output) with elements relevant for AM to identify clusters with risks. This model was
developed to deliver a general view to allow corporate governance [62]. It concludes that
‘construction and design’ as well as ‘geometry and function integration’ are associated
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with increased requirements and risks. These risks and requirements also relate to the
current de facto standard file for AM – the STL file.

Recently developed methods of AM allow the definition of properties of individual smallest
printable points [1, 2, 3, 4, 5, 6, 7, 18, 44, 63]. The definition of individual properties
is interesting as it allows the definition of colour or mechanical properties of the whole
3D-printed object. That also plays a key role in the field of 4D printing. As currently
used file formats are based on B-rep, they also do not support the definition of properties
for these smallest printable points. Furthermore, recently developed methods of AM
allow combinations of different methods of AM [18, 44, 63]. This aspect is interesting
because the combination of different AM technologies can confer advantages (e.g., the
combination of high speed and resolution) but also requires special preparation of data,
which aligns well with the previously described risks.

2.4 Digital Materials
A digital material is defined as the combination of several materials in a specific structure
and concentration [64]: ‘Hence product components can have material designs with
desired mechanical properties, e.g. both soft and hard materials can be embedded in
products such as tooth brushes and remote controllers. Such fabrication capability also
opens up exciting new options that were previously impossible.’[64]

Another term that describes digital materials in the context of AM is multi-material
AM (MMAM) [65]. In the report different methods to create geometries with multiple
materials are described. Furthermore, applications for geometries that are created this
way are shown. Possible applications include biomedical engineering, soft robotics, and
electronics. In their conclusion, the authors say that the development of a process control
algorithm and software is critical. Of the previously defined groups of AM, some can
be used to do MMAM 3D printing: binder jetting, materials jetting, material extrusion,
and vat photopolymerization.
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CHAPTER 3
Data Structures

In this chapter, we explain how relevant data structures have been identified. All identified
structures are explained in detail. An overview is provided of different experiments
conducted to find a data structure that can be used for the rest of the thesis. The results
of the experiments are then used to decide on a data structure.

3.1 Relevant Data Structures

Several relevant data structures are already mentioned by [12]. In their work, the authors
compare an array, an octree (with fixed depth), and a list of quadtrees. As the quadtree
did not perform significantly better (in terms of creation, access time, and time for
modification) than the octree, we did not consider it any further. Further, the idea of
an octree with dynamic tree depth was also considered by us. This may add complexity
in terms of accessing and modifying an octree but also may result in memory usage
savings, as described in 3.1.4 Octree (Dynamic Depth). Furthermore, another idea was
born: the combination of an octree and an array. In the following sections, each of the
relevant data structures is explained, and details about implementation are also given.
The implementation of all data structures was carried out in C++ - details about the
test setup are given in Section 3.2 Experiments.

As the implementation for all data structures was made with C++, we decided to use
the same voxel class for all implementations. Figure 3.1 provides an overview of the
memory distribution for one voxel. This class is simplistic and has a payload of 2 bytes
that can be used however needed. One disadvantage of this class is that a pointer is
needed to refer to the class, which adds memory usage since 8 bits are reserved to define
any wanted property and the remaining 3 bits are not used and kept as a reserve for
future extensions.
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Figure 3.1: Overview of how 2 bytes of memory are distributed to store different attributes
of one voxel.

3.1.1 Array
To represent geometries that are present in three dimensions, an array with three
dimensions is a possible solution. Other forms of an array or list may also be used but
the requirement for memory does not change since the number of elements cannot be
lowered. In modern informatics, it is common to use two-dimensional arrays for image
processing [65], hence the idea to add a dimension. Typical images are also referred to as
raster graphics in the literature [66].

The memory usage can be calculated as follows:

Memory usage = length ∗ width ∗ height ∗ voxel size (3.1)

Figure 3.2 gives an overview of how a multidimensional array can be utilized to represent
a geometry. The memory usage of the array depends on the size of the grid and the
memory required to store a single voxel. This also yields a problem: once the size of
the printable area increases, the memory usage becomes high as no form of compression
is used. In contrast, the implementation of this structure is simple. C++ allows the
definition of such an object with different pre-build data structures – we decided to use
the std::vector container [66].

Figure 3.2: Overview of how a voxel geometry with a 3 x 3 x 3 voxel (A) is stored using
a C++ vector (B) with 27 elements, where each element represents on voxel (C) with
the structure described in Figure 3.1.
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3.1.2 Octree (Fixed Depth)
The idea of saving geometries into octrees is not new [67, 68]. The authors of these two
papers used trees to work with trees in discretized geometric data. The basic idea is to
have a geometry (most often a cube) and cut this geometry into children of the same size.
As the name implies, for an octree the number of children is 8, and for a quadtree the
number of children is 4. This step can be repeated for each of the children. The number
of times that this process is done can also be called tree depth. Figure 3.3 shows these
basic principles of an octree visually.

Figure 3.3: Shows the basic idea of cutting a base geometry into eight parts repeatedly.
With each cut, the size of the geometries in the tree is divided in half, and the number of
elements in the lowest level of the tree is multiplied by the factor of 8..

To calculate the memory usage of an octree, we must differentiate between an intermediate
tree node and a leaf node. We can conclude that the number of leaf voxels can never be
smaller than that of the array data structure. Therefore, memory usage can also never
be smaller. However, the intermediate elements also require memory, and therefore the
octree will require more memory than the array in all cases in which intermediate voxels
exist.

The memory usage for an octree with depth d is as follows:

Memory usage =

depth−1�
i=1

8i ∗ intermediate node size

 + 8depth ∗ leaf node size (3.2)

To be able to access a certain leaf voxel, we decided to introduce a unique ID for each
voxel. Because of the structure in which the elements are saved, it is not problematic to
assign an ID to each leaf element without storing it. The first leaf node on the lowest
level is assigned with the IDs 0 to 7. Where the first leaf node on the lowest level is
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placed in space can be freely defined; we defined it to be from top to bottom, back to
front, and left to right. Figure 3.4 gives an overview of the ID system for an octree with
depth 2. Since the number of needed IDs can become large, once an octree reaches a
certain depth, we used a number with data type unsigned long long int for it, which can
handle up to 264 − 1 voxels.

Figure 3.4: The figure shows how the ID system for an octree with a tree depth of 2
(A) works. Since elements are ordered even without storing an ID, the system does not
require additional memory.

3.1.3 Combination

To reduce the memory usage of an octree, we combined the array approach with an
octree with a fixed depth. This improves the amount of memory that is required because
the number of intermediate elements is removed while the total number of leaf nodes
stays the same. The extent of the improvement depends on the size of the array – we
call this size for the following calculations a.

The memory usage for a combinatory octree with depth d and array size a is as follows:

Memory usage =

depth−1�
d=1

8d ∗ intermediate element size

 + 8depth ∗ a ∗ leaf node size

(3.3)

As Figure 3.5 shows, a combinatory approach can be used to reduce the depth of the
octree and therefore reduce the number of intermediate nodes and the overall memory
usage. The combination has therefore a memory usage between the array (lower bound)
and the octree with fixed depth (upper bound).
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Figure 3.5: Overview of the combinatory approach with an octree of depth 1. Each leaf
node (B) has eight elements in it. As (C) shows, the number of overall voxels is identical
for a tree with depth 2.

3.1.4 Octree (Dynamic Depth)
The previously described tree structures had a memory requirement that was larger
than for the regular array. To reduce the required memory for an octree, compression
is required. As compression loss would reduce quality in prints, lossless compression
must be used. Lossless compression is a form of compression where the original data
can be reconstructed without any loss [69]. This can drastically reduce the number of
leaf elements that must be stored. Furthermore, the number of intermediate nodes can
be reduced. A drawback of lossless compression is that the resulting tree is no longer
balanced. This is caused the effect that the tree gets locally deeper if finer details are
added to a geometry. Furthermore, modifying the tree becomes more complex and takes
longer because additional checks are needed (see algorithm 4.1 for the algorithm that
adds data to the tree).

The compressed octree uses at worst the same amount of memory as the octree with
fixed depth but in the best case uses much less memory as the memory usage depends
on the complexity of the geometry that is stored in this data structure. Therefore, the
memory usage can only be provided as worst-case and best-case scenarios:

Memory usage worst case =

depth−1�
i=1

8i ∗ intermediate node size

+8depth∗leaf node size

(3.4)

Memory usage best case = 8 ∗ leaf voxel size (3.5)

Figure 3.6 gives an overview of how the octree with dynamic depth works and shows
that the used compression method is lossless but also only works if a whole subtree has
identical voxels inside, else compression cannot be used.
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Figure 3.6: (A) Octree with different depths. Between the first node and its child (B), a
64-bit pointer is used. The same is true for the next child (C) with the highest depth

Later we introduced a caching mechanism for rendering to reduce the number of needed
updates in case of changes. To be able to do so, the dynamic depth was also limited,
which reduced the memory usage for the best case:

Memory usage best case = 8dynamic depth limit ∗ leaf voxel size (3.6)

3.2 Experiments

All experiments in the following section were conducted on a computer with an RTX
2070 graphics card, a Ryzen 9 3900X processor, and 64 GB of installed RAM. The data
structures were implemented using C++ and Visual Studio 2019, and the binaries were
created using the release 64-bit mode of Visual Studio.

For the first experiment, we decided to focus on the memory usage of the different
candidates. Therefore, four test scenarios were created: the first two for empty data
structures of different size and the second two for a loaded geometry that was sliced
beforehand.

The goal of these scenarios was to see how the data structures scale and if they are viable
for usage in AM processes. As Table 3.1 shows the results were mixed: besides the octree
with dynamic depth, all data structures use too much memory for our test machine to
be able to load the larger pre-sliced file into them.
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Table 3.1: Results of memory usage of different data structures, tested with an empty
data structure of two sizes and the popular 3DBenchy [33] model sliced for different
resolutions. Results marked with a * are only estimated and could not be tested on the
test computer.

Empty 10243 Empty 20283 3DBenchy
(FullHD)

3DBenchy
(8k)

Array 2.2 GB 17 GB 17 GB 1100 GB*
Octree (fixed) 39 GB 312 GB* 39 GB 19968 GB*
Combination (64) 8.2 GB 65 GB 20 GB 4190 GB*
Octree (dynamic) <50 MB <50 MB 372 MB 8 GB
Octree (dynamic,
depth limit 3)

<50MB <50 MB 390 MB 8 GB

Another important factor is the access time – this is especially true for operations where
many elements must be accessed. Therefore, we also compared the access times for the
different data structures. We did so for an empty tree, for a tree filled with a random
pattern and a fill rate of 40%, and a uniformly filled tree (with only the centre 40% filled).
The array, the octree with fixed depth, and the combinatory approach have similar access
times, no matter how the data structure is filled. This is a major benefit in the case of
a randomly filled data structure because the access times are constant. For the octree
with dynamic depth, access times are different: in the case of an empty tree or uniformly
filled tree, access can be much faster.

The last point that we evaluated was the complexity of adding or modifying elements.
This can be done fastest for the array as the data can be directly inserted. The time
that is required to insert data into an octree depends on the depth of the tree. For an
octree with dynamic depth, the time required to insert data is higher because whether
all leaf nodes are identical must be checked. Details about this solution can be found in
‘4.1. Loading Pre-Sliced Files’ .

3.3 Decision for a Single Data Structure

We can combine the knowledge of the experiments into Table 3.2, which shows that the
only data structure that is capable of handling larger amounts of data is the octree with
dynamic depth. That is not surprising because it is also the only data structure that
has lossless compression built into it. This property also has a drawback: adding data is
more complex and takes more time.
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Table 3.2: Overview of different properties of the tested data structures

Array Octree fixed Combination Octree dy-
namic

Access Fast Slow Slow Mixed
Adding Data Fast Slow Intermediate Slow
Initial Setup Fast Slow Slow Fast
Memory Usage High Very high High Good
Structure Inde-
pendence

Yes Yes Yes No

Depending on the resolution and volume a printing process can deliver, the amount
of data is different. Especially for the combination of small printable points and large
volume, only an octree with dynamic depth is suitable. Therefore, we decided to continue
with this data structure for the rest of this research. A disadvantage of the octree with
dynamic depth is the complexity of accessing data and adding data – this is further
explained in the first section of Chapter 4.
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CHAPTER 4
Data Processing

In this chapter, we give an overview of how voxels stored in an octree with dynamic
depth can be processed. The first point is therefore to add data to the octree, which
can be done by either importing the output of a slicer or by doing slicing and directly
converting the result into the octree. Once data is in the octree, certain operations are
difficult to do (e.g.: rotation, scaling). We focused on scaling and rotation in their most
simple form. For regular pixels (in 2D images), many descriptions and comparisons [17]
exist regarding different methods of modifying the pixels. One of these methods is box
filtering, which leads to better results compared to more simple approaches. We therefore
describe how that can be implemented with an octree and the disadvantages compared
to the simpler approaches that were used. In the last section of this chapter we evaluated
the results and compared them to the more common vector-based approach.

4.1 Loading Pre-Sliced Files

As explained in Figure 2.4, slicing creates data that can be used by an AM machine to
produce the desired geometry. One possible format of data for AM processes is a set
of images where each printed layer is defined by one image. Each pixel of this image is
identical to one printed voxel. Typically, a black pixel in the image means that nothing
is printed, and a white pixel means that something is printed. In some cases, however,
the logic can be exactly the opposite.

To be able to add these images into an octree, a method of adding data is required.
Adding data to an octree that is balanced and where all leaf nodes are on the same level
can be done in a few simple steps (as shown in algorithm 4.1).
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4. Data Processing

Algorithm 4.1: Adding / Modifying Data in the Octree

Data: id, treeDepth, dataToBeAdded

Result: Targeted element in the octree is modified

1 treeDepth ← treeDepth − 1

2 treeCapacity ← 8depth

3 rest ← (id − rest) /treeCapacity

4 if depth = 0 then
5 nodeData[id] ← dataToBeAdded

6 else
7 recursive call of childs[targetElem] with rest as new id and updated treeDepth

8 end
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Algorithm 4.2: Adding / Modifying Data in the Octree

Data: id, treeDepth, dataToBeAdded

Result: octree is modified, boolean value that describes if all child nodes are
identical

1 treeDepth ← treeDepth − 1

2 treeCapacity ← 8depth

3 rest ← (id − rest) /treeCapacity

4 if depth = 0 then
5 nodeData[id] ← dataToBeAdded

6 if all 8 elements of nodeData are identical then
7 return true

8 else
9 return false

10 end

11 else
12 result ← recursive call of childs[targetElem] (rest = new id, updated

treeDepth) if result = true

13 then
14 nodeData[id] ← dataToBeAdded

15 if all 8 elements of nodeData are identical then
16 return true

17 else
18 return false

19 end

20 else
21 return false

22 end

23 end

As we decided to use an octree with dynamic depth, the algorithm to add data is more
complex. To add data, it must be checked if the leaf that is targeted exists; if not, it
must be created. That must be done until the targeted leaf node is reached. Once data
is added, it must be also checked if all eight leaf nodes are identical; if so, they can be
deleted, and the data can be stored one level higher. This again requires checking if
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4. Data Processing

all eight data nodes are identical; if so, the data can be stored one level higher. This
process is repeated until a set limit, or the root node is reached. algorithm 4.2 shows the
described logic.

To modify data in the octree, the same logic is used, as modifying leaf notes works in an
identical manner to adding new leaf nodes. Compared to the regular adding of data, this
algorithm has a longer run time because of the additional checks that are needed. These
additional steps are testing if the targeted subtree exists and whether all leaf nodes are
identical. However, the reading of data must be slightly modified because the data that
is requested can be higher up in the tree.

As described, a pre-sliced image stack can be exported by some slicing software. This
pre-sliced image stack is then loaded with the help of OpenCV. Each image is processed
pixel by pixel, and after checking if a pixel contains data that must be added (e.g. if its
colour value is not black), the corresponding voxel is added into the tree. This process is
time consuming because it was developed with parallelization and the number of pixels
that must be checked for each image is defined by the image width and height. For
example, loading up the 8K 3DBenchy [33] example took 14 minutes even with only the
white pixels added as elements to the octree.

4.2 Slicing Hulls
In the previous section, we show that loading data from the already known slicers is
possible. To overcome the issue of having to use existing software and file formats, an
alternative approach is to check if direct slicing of B-rep geometries is possible. To show
how this works, we decided to use STL files as input, as they are the most common file
type found as input for AM processes [19, 26, 27, 28, 29].

The structure of STL file is very simple, as its specifications show [70]. The common
binary version of it contains an 80-character header followed by a 4-byte number that
indicates the number of triangles. Each triangle is then represented by a normal vector,
its vertices and two unused bytes. It is therefore not difficult to read the triangles.

All triangles together form a mesh that should be watertight. However, this is not
guaranteed by the file format. The slicing of such a triangle mesh is already known and
optimized [71]. Regular slicing algorithms output line segments that represent the cut
triangles. One of the problems of this method is that the lines must be stitched together
to form polygons instead of line segments: ‘The segments produced by slicing must be
organized into one or more closed polygons that delimit the interior (i.e. the area with
and without material inside the part) of the object on the corresponding layer.’ [71]

That is the case because drawing the lines on an image and filling them afterwards can
result in problems if multiple lines fall into the range of the same pixel. This problem is
also known in the literature under the term ‘contour construction’. We decided to not
focus on the problem of contour construction as it is already known and algorithms to
solve it are documented. The focus for this part of the thesis is to show that slicing B-rep
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geometries into octrees works – to do so, the line segments are directly inserted into the
octree instead of focusing on the contour construction problem.

The algorithm to do the simple triangle slicing is based on the idea of using a slicing
face. There are only five ways in which a slicing face (SF) can intersect a triangle [72], as
shown in Figure 4.1.

Figure 4.1: The five ways in which a slicing plane can intersect with a triangle as shown
by [72]

The five cases are as follows:

1. One vertex on the SF; two above or under it
2. Two vertices on the SF; one above or under it
3. One vertex on the SF; one above it and one under it
4. Three vertices on the SF
5. One vertex above or under the SF; two on the opposite side

With that knowledge, it is possible to define an algorithm that does slicing. Such an
algorithm must loop over each triangle and depending on the case, the triangle is then
further processed:

1. Add only a point on the SF
2. Add a line between the two points
3. The vertex on the SF and the intersection between the other points and the SF

form a line that is added
4. All three edges are added
5. Calculate the two intersection points and add them

If a line should be added, it can be converted into a set of points by using the OpenCV
LineIterator [73]. The OpenCV LineIterator is based on the Bresenham algorithm.
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An alternative to the described method is edge tests. Such a test evaluates which voxels
are filled by a triangle. This is done for each triangle – in the range of a triangle, all voxels
are tested if they intersect with the triangle or not. The number of tests required to find
intersections is 27 (explicit edge tests), 18 (Akenine-Moller tests), or 9 (Schwarz-Seidel
tests), as shown in [22]. The lower the number of required tests, the faster the slicing.
Therefore, we decided to use the Schwarz-Seidel tests.

As shown in Figure 4.2, slicing a STL directly into an octree can be done. Although not
visible on the images, the sliced objects are only the hull, and the filled volume is not
created by the explained method. This is enough to show that an octree can be used to
render voxels that are stored in an octree. Filling the volume would require a contour
construction algorithm. Slicing and inserting the extracted data into the octree took
9.5 seconds and results in a peak memory load of 4 GB. The peak is reached during the
meshing operation.

The second operation was not executed on multiple threads but may be a candidate to
do so. As the single triangles are not related to each other, it is feasible to separate the
list of triangles and run the algorithm in parallel.

Figure 4.2: Sliced and Rendered 3DBenchy [33] with a voxel size of 100 µm – only the
hull is created in the octree

4.3 Scaling
Scaling is explained as part of pre-processing in many cases [74] and therefore may also
be required to scale a geometry once it is already stored in an octree. The methods
that can be used are similar to the processing of regular images, with an additional
dimension. Scaling of discretized geometries results in a loss of details, especially when
scaling up a Boolean geometry (that defines if something is printed or not). We decided
to implement scaling in a simple form, thus simply calculating for each voxel in the new
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rescaled tree its position in the old tree. Commonly, this is also described as nearest
neighbour approximation - algorithm 4.3 illustrates this approach. The algorithm itself
is not complex but has a high running time because of the requirement to loop over all
voxels.

Algorithm 4.3: Scaling an geometry inside an Octree

Data: octree, scalingFactor

Result: scaled octree

1 newDimensions ← calculate new dimensions

2 newTreeDepth ← calculate depth based on newDimension

3 newTree ← createNewOctree with newTreeDepth

4 while z ≤ newDimensions do
5 while y ≤ newDimensions do
6 while x ≤ newDimensions do
7 calculate old position for “new” (x,y,z) voxel

8 if if old position is in range of old octree then
9 data ← get data from old octree

10 addData to new octree

11 end

12 end

13 end

14 end

15 return newTree

To test the quality, we used the described method (Section 4.1.) to load a pre-sliced
geometry. We again used 3DBenchy [33] sliced with a resolution of 100 µm.

We performed a downscale operation to 20% of the original size. The result was then
saved into an image stack, and an upscale operation to the original size (500% upscale)
was done. The result was stored again in an image stack. To quantify the result, the
original image stack and the result of the two operations were compared pixel by pixel
using a Python script. The result of this comparison is a difference of 7.15% of 15,910,059
pixels.

In a second experiment, we performed an upscale operation to 110% of the original size.
The result was again saved into an image stack, and a downscale to the original size (90.9
%) was done. The result was then compared to the original image stack as described
above. The result of this comparison is a difference of 1.46%.
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Besides the limitations in quality, the scaling process consumes considerable memory
and processing time. This is because the old geometry and the new geometry must be
stored in memory in parallel for the whole scaling operation. Furthermore, for each new
voxel, the corresponding old voxel must be read and then written into the new tree. This
process is time consuming because the used implementation does not use parallelization.

The experiments indicate that scaling near to 100% results in less loss in quality. Fur-
thermore, scaling may be implemented to run on multiple threads to gain speed, the
memory requirements would however stay the same.

4.4 Rotation
Another operation that is described as part of pre-processing for AM is rotation [74]. We
decided to also implement this form of geometry modification. In the case of rotation,
the process is different from image processing because instead of one axis of rotation
for images, we used three axes for a three-dimensional geometry. To overcome the
issues of gimbal lock [75], we decided to use quaternions for calculations of rotation. As
quaternions are supported by OpenGL, no further calculations of rotations were required,
but OpenGL was instead used for all calculations.

Rotation can also influence the size requirements for an octree; in fact, it requires more
size in most cases. Therefore, the first step is to calculate the new size requirements and
create a new octree. The next step is to loop over all voxels of the new octree, find the
corresponding elements in the old octree, and add them to the new tree. As for scaling
transformation, this is done using nearest neighbour approximation.

To evaluate the results of this method, we rotated the geometry of the 3DBenchy 45°
about the X-axis. Since the centre of the model is changed, the rotation also moves the
geometry, and therefore a reversed rotation to evaluate it was not possible. Therefore,
only a visual comparison can be done and clearly shows that details are lost during
rotation. Rotation causes a quality loss if the rotation angles are different from multiples
of 90°. Furthermore, the time required to perform rotation is high. The same is true for
the usage of memory because two octrees must be kept in RAM in parallel. Once again,
a large amount of time is required because voxel after voxel is read and then written,
without any parallelization.

4.5 Box Filtering
The two previous sections on scaling and rotation focus on showing that rotation and
scaling of geometries that are stored in an octree are possible in general. The quality,
however, was limited due to the simple methods of calculation that were used to apply the
transformation. For the interpolation of images, different methods have been established
in the past [17]. They are based on kernels. A kernel is a window of a certain size. All
elements (pixels) in this window are evaluated to perform a transformation. Depending
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on the window size and the used method, the elements in the window are weighted. For
images, it is known large kernel sizes have produced better results than smaller ones [17].
However, it was also showed that with larger kernel sizes, the run time also rises.

The nearest neighbour implementations that were shown in the two previous sections
have runtimes that are high because of the lack of parallelization. Therefore, the need to
access more voxels will make the runtimes even higher. Depending on the implementation
the runtime may in the worst-case scale with the number of voxels that must be accessed
(e.g. a 3 x 3 x 3 kernel will result in a runtime 27 times the original runtime of the same
transformation). Therefore, the usage of a kernel may be beneficial for better quality but
at the same time requires better methods that allow parallelization when accessing an
octree.

Besides rotation, other modifications can be done using kernels / box filtering and are
well documented for images. Development of kernels is still ongoing, and there are many
publications on the topic – we will only give an overview of some very basic kernels
and what they can do. Sharpening, blurring, and edge detection are some of the basic
functions that can be achieved using kernels. A visual explanation of image kernels is
also available [76].

4.6 Evaluation

In this section we provide an overview of the operations of the previous sections and
compare them against vector-based operations executed in PrusaSlicer [77] (a slicing
software that also allows rotation and scaling of vector-based geometries). Table 4.1
shows that all operations made with voxels took longer than with the current vector-based
approach. But instead of only doing the operations only on the hull, for the voxel-based
approach the whole volume must be transformed in transformations. Since this includes
millions of voxels (for the used example geometry) and was not executed in multiple
threads the run times were much longer.
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Table 4.1: Overview of results for different operations that were implemented and tested
as part of this chapter. Slicing to voxel was only done for the hull, as described in 4.2.
Slicing Hulls.

Operation Geometry Settings Required Time
PrusaSlicer [77]

Required Time
Voxel-Approach

Slicing 3DBenchy 50µm voxel 7 seconds 30 seconds (hull
only)

Slicing 3DBenchy 100µm voxel 4 seconds 8 seconds (hull
only)

Scaling 3DBenchy 100µm voxel
(downscale to
20%)

2 seconds 5 seconds

Scaling 3DBenchy 100µm voxel (up-
scale to 110%)

2 seconds 3 minutes 40 sec-
onds

Rotation 3DBenchy 100µm voxel 2 seconds 4 minutes 10 sec-
onds
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CHAPTER 5
Rendering

The previous chapters have shown how voxels can be stored and processed. To visualize
them, rendering is needed. Rendering works as a pipeline of several steps (Figure 5.1):
application, geometry processing, rasterization, and pixel processing. In the overview
section of this chapter, we focus on giving an overview of how voxels can be rendered,
and which method has been chosen. In Section 5.2, we explain the algorithm that
converts voxel into a mesh – this is also the first step in the rendering pipeline. The
step of geometry processing is not explained in detail in this paper, as it is handled by
OpenCV. The next section contains the last two steps in the rendering pipeline and
mainly focuses on the explanation of how shaders were used and how multi-material
rendering is implemented with the help of shaders.

Figure 5.1: Overview of a typical rendering pipeline by Thomas Akenine-Möller et. al.
[25]

5.1 Overview
Rendering requires vertex data to be sent to the graphics processing unit (in our case a
regular graphics card). To do so, we must convert the data that is stored in our octree.
This can be done in several ways: voxel by voxel or in a more complex way in which
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identical voxels are merged. It would be even better if it is determined if a voxel can
be seen or not and only render voxels that can be seen. Determining which voxels are
visible and which are not is hard because this depends on whether a voxel is between the
viewpoint and another voxel. As the viewpoint can constantly change if a user interacts
with a rendered geometry, these calculations are time consuming. Another method is
to only render voxels that are on the outside of a geometry, as the inside is hidden by
exactly these voxels.

We decided to add a flag to each voxel that defines whether a voxel can be rendered or
not. This comes at the cost of one bit per voxel but allows the implementation of all
the above-described options. Only voxels that have this bit set are further used in the
meshing algorithm.

Rendering many voxels comes with its own challenge as the number of triangles that a
graphics card can render in real time is limited. We can send each voxel that can be
rendered to our graphics card without any optimization. Each voxel consists of 6 faces
and therefore 12 triangles, as Figure X shows. Each of the 12 triangles requires 3 vertices.
Therefore 36 vertices are required, and each one needs a position (three float values), a
surface normal (three float values required for shaders), and a colour (one float value).
This sums to 252 float values per voxel, which equals 1,008 bytes. For 4 GB of available
memory on a graphics card, that would yield a maximum of around 4 million voxels
that can be rendered if our goal were rendering a simple cube (and only the hull of the
cube) with a side length of 816. This is below the capabilities of recent AM printers, and
therefore the simple approach of rendering all voxels cannot be used.

The maximum number of objects that can be rendered cannot be changed without
changing the hardware used for rendering. What can be changed is the size of faces that
are rendered. This requires identical faces to be next to each other and an algorithm
that combines these faces to reduce the number of faces that must be rendered. In the
next section, we show how we developed such an algorithm and how it can help to render
larger objects. Furthermore, clipping can be used to only render meshes that are inside
the window that is used to display the mesh.

5.2 Meshing Algorithm
We can simplify the problem of meshing from three dimensions to only two to be able to
solve the problem more easily. We wish to find faces that are as large as possible. The
algorithm we created is greedy and can be subdivided into two parts: walking through
rows and combining row matches.

The first part is simple: the algorithm walks through each row and creates a list of
‘row matches’. We define a row match as a structure with three values: start, end, and
material. This happens for every row – the time it takes is therefore O(w ∗ h), where
w is the number of elements in width and h is the number of elements in height. The
worst-case scenario would therefore yield w ∗ h row matches.
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The second step is to combine the row matches. This step is more difficult than the first
step, as algorithm 5.1 shows. The goal of this step is to combine matches to make them
as large as possible. Therefore, the algorithm takes a match and tries to combine it with
matches from the next rows. To do so it must check if any match is in range and if so,
combine the two matches. The size of the compared match must then be equal or larger
to continue with the next row. This condition is set to ensure that a single large row
match is not cut into pieces. After a set of matches is used, it must be removed, which is
done by algorithm 5.2.

Algorithm 5.1: Combine Row Matches

Data: list of row matches

Result: list of combined row matches

1 resultList ← [ ]

2 for row < rowNumber do
3 while rowMatches are left do
4 candidate ← current row match

5 while nextRow is available do
6 if nextRow falls in range of candidate then
7 combine elements

8 if combination is larger then
9 update candidate

10 continue with next row

11 else
12 stop to loop over rows

13 end

14 end

15 end

16 call algorithm 5.2

17 add candidate to resultList

18 end

19 end

20 return resultList
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Algorithm 5.2: Remove (Combined) Row Match

Data: row match that should be removed

Result: list of combined row matches

1 if Length of matchList > 1 then
2 for m in matchList do
3 if m is used completely then
4 remove m

5 if only the start is identical then
6 update m

7 if only the end is identical then
8 update m

9 else
10 split m into 2 parts and add them to the rowMatch structure

11 end

12 end

The final step is to convert the resulting faces into a mesh and add them to a buffer that
is later sent to the graphics card. The described procedure must be done once for each
axis (that is, three times). That causes the overall processing time to be three times the
number of voxels for the first step. Therefore, the processing takes several minutes if it is
done by only one thread.

With that in mind, it is not possible to generate the mesh for every new frame. Instead,
creating it only after changes in the octree have been implemented is an option. Further
optimizations involve the octree being split into parts and each part being processed in
its own thread. This allows parallelization and a massive speedup, as Table 5.1 shows.
For this experiment, we used the presliced model of the 3DBenchy as input and observed
how parallelization can accelerate the process. As the sub-structures of the octree are
independent of each other, the only limitations are the required memory and the number
of threads that can be run in parallel on the executing CPU. An additional advantage of
this method is that if a change occurs in one section of the octree, only in this section
must the meshing algorithm be executed.
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Table 5.1: Overview of the meshing time for a 3D-Benchy sliced into 100 µm voxels
and a 3D-Benchy sliced into 50 µm voxels. The times cannot be divided by 2 in general
because the number of sub-structures that had to be processed was not a multiple of 4, 8
or 16.

1 Thread 4 Threads 8 Threads 16 Threads
3DBenchy
(100µm)

27.06 seconds 7.33 seconds 3.86 seconds 2.33 seconds

3DBenchy (50µm) 214.06 seconds 57.16 seconds 30.94 seconds 17.67 seconds

Overall, the performance increase with the meshing algorithm was very large for the
3D-Benchy test. We were able to load a dataset of already sliced images with 100 and
50µm µm voxels and render it on an RTX 2070 while being still able to move the camera
around at stable framerates over 30 frames per second. However, only a binary geometry
was used in which pixels are only printed or not printed. Additional properties were
not used for this test. The meshing algorithm benefits from this simplicity: the more
complex (in terms of properties that influence rendering, such as colour) a geometry is,
the less beneficial a meshing algorithm can be.

5.3 Multi-Material Rendering

Having explained in the last section how a mesh for rendering can be created, we explain
in this section how the generated mesh can be sent to the graphics card. We will do so for
geometries that can include multiple materials or properties that must also be handled by
the render pipeline. To transfer data to a graphics card, buffers are our chosen method –
they are defined in [25] as follows: ‘One way to provide a modern graphics accelerator
with model data is by using what DirectX calls vertex buffers and OpenGL calls vertex
buffer objects (VBOs)’ [25]

The idea of these buffers is to store data in one piece of memory; the format that the
data is stored in can be self-defined. As mentioned earlier, the data we want to send to
the graphics card is the position of each vertex, the normal of the face, and the colour.
The position and normal are stored as float, and the colour is also a single float value (4
bytes) to save memory. This whole ‘package’ has a size of 28 bytes. This ‘package’ is
also called stride [25]. It can be set up in C++ as follows

1. glVertexAttribPointer(0, 3, GL_FLOAT, GL_FALSE, 7 ∗ sizeof(Glfloat), (void*)(0
∗ sizeof(Glfloat)))

2. glVertexAttribPointer(1, 3, GL_FLOAT, GL_FALSE, 7 ∗ sizeof(Glfloat), (void*)(3
∗ sizeof(Glfloat)))

3. glVertexAttribPointer(2, 1, GL_FLOAT, GL_FALSE, 7 ∗ sizeof(Glfloat), (void*)(6
∗ sizeof(Glfloat)))
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Once the VBO is set up in the main application and the data (generated by the meshing
steps) is transferred to the graphics card, the vertex shader performs the translation of
the vertex position (using the model view projection matrix that is created in the main
application) and normal and passes position, normal, and colour to the fragment shader.

The next step we implemented is the pixel shader (also called fragment shader). In general,
the fragment shader could be programmed as pass-through (without any additional
effects), but that causes the rendered result to have nearly unseeable edges, as shown
in Figure 5.2. To avoid this, the fragment shader can implement diffuse lighting in a
combination with ambient lighting. The results are shown in Figure 5.2 and show better
visible edges and were therefore preferred over the pass-through shader.

Figure 5.2: Comparison of rendered model without lighting effects (A) and with lighting
effects (B). The comparison clearly shows that even simple light effects help to enhance
the visibility of rendered results

5.4 Evaluation

With the given meshing algorithm, we were able to render the model of the 3DBenchy
[33], which was loaded from a pre-sliced data set with a resolution of up to 50 µm. Any
lower and the geometry could no longer not be rendered because of limitations in the
size of the graphics memory n.
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Figure 5.3: For the highlighted voxel in the sample geometry (A) the bottom face will be
also meshed and rendered but is never visible. If a rounding error happens, the face that
cannot be seen may overlap with the other faces (C) and therefore results in a white
pixel in the rendering, as the normal of the face is also not set right and the shading light
effects therefore cause it to be white.

The results show white points at some places, which is not an error in the calculation but
related to rounding problems in the graphics card and the fact that faces can overlap
each other with the given meshing method. This problem is explained in Figure 5.3.

The used meshing algorithm has also weaknesses: it is only required to render faces of
voxels that are not surrounded by other voxels and therefore reduce the number of voxels
that must be rendered. Furthermore, the number of voxels that must be rendered can be
higher than needed because voxels far away from the viewpoint need not be rendered
in the same level of detail as voxels closer to the viewpoint. This idea is called level
of detail and can help to reduce the number of voxels that must be rendered without
having a visible impact on the viewer of the geometry. Since the results of the meshing
process are stored and combined in the RAM before transferring them to the GPU, the
required RAM must also be larger than for the octree alone. Our tests have shown that
the required RAM is as following: 750MB for the octree of the loaded 100µm 3DBenchy,
2200MB peak at the end of the meshing procedure and 1200MB to keep the meshed
result in the RAM. This also depends on the structure; the simpler is geometry, the less
RAM is required to store its mesh.
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CHAPTER 6
Comparison of the Voxel-Based

Approach with Vector-based
Approaches

In this chapter, we demonstrate how a voxel-based approach compares to the regular
vector-based approaches in several scenarios. The scenarios were chosen because they
are based on technologies where multiple processes, voxel properties, or print materials
can be utilized. They do not represent the current state of the art in the industry but
instead what freshly developed methods of AM are capable of.

6.1 Computed Tomography Scans
As described in 2.1.2. Processing of Data from CT it is common that the output of a CT
scan is stored in DICOM files. These files can be converted to images and then loaded.
The method of inserting a set of already sliced images is explained in 4.1. Loading
Pre-Sliced Files. Direct reading of the DICOM format would be possible as it is an
open format but doing so is beyond the scope of the thesis. Therefore, a simple Python
program was written which utilized Pydicom [78] to read DICOM files. They are then
converted to individual images to form an image stack by using OpenCV. The result is a
stack of regular images that can be loaded by the existing method. Figure 6.1 gives an
overview of this process. To equalize the height between individual images of the scan
and the size of the pixels in the images, the same input image may have to be loaded
several times. That is required because the distance between two individual images is
usually several millimetres while the size of the pixel is much smaller. If the loaded
geometry must be rotated or scaled (to match the voxel size of the loaded CT scan to
the voxel size of the 3D printer), this can also be done, as described in Chapter 4.
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Figure 6.1: Overview of the proposed process to load a geometry that was scanned by a
CT scan

When comparing the vector-based approaches (as described in chapter 2.1.2. Processing
of Data from CT) with a voxel-based approach, it becomes apparent that the vector-based
approach needs more conversion between different formats. The input data for both
approaches is already discretized because a CT scan outputs such data. Operations
such as scaling, rotation, or manual modification can be done with both approaches.
Working with multiple materials can also be done with both approaches; with the vector-
based approach, however, it is still common to use multiple files for multiple materials.
Therefore, we conclude that a voxel-based toolchain to prepare CT scans for AM seems
possible but is not used today.

6.2 Visualization of Multi-Material Parts and Parts using
Digital Materials

The second point that we compare is the visualization of parts that consist of multiple
materials and/or digital materials. An article [41] shows that multiple materials are
made with several STL files – one for each material.

One article uses an AM process that uses digital light processing (DLP) and can print
with multiple materials (by exposing two different images with different light types) using
two Boolean images per layer [79]. No automatic process of creating these images was
explained in this study, but the simplicity of them makes it plausible that they were
created manually. The authors of this paper therefore had only visualized results by
looking at the result or at the individual images that were used.

Another article [80] proposes an approach to printing objects with multiple different
colours. To print the objects, the source included point clouds as well as volumetric data.
The article states that the conversion between volumetric data (for example from a CT
scan) to a surface representation can create a loss of detail, and to do so with multiple
properties, segmentation methods must be used. The required data can be processed
layer by layer and with a raster for each layer that contains material information for each
voxel. This article clearly shows that AM can print at the level of individual voxels, but
no methods of visualizing them in an interactive view on a computer are provided.
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To show that our solution can represent parts with multiple materials, therefore, we
decided to import medical datasets [81]. The result is shown in Figure 6.2. It is therefore
clear that voxel is appropriate to not only store objects with multiple materials but also
visualize them in different ways. Furthermore, visualization may be used to show only
voxel with certain properties (e.g., material options).

Figure 6.2: Sacral bone geometry that was created in an CT scan [81]. Rendered without
additional colouring (A and C) and with additional colouring (B and D).

Both articles [79, 80] and many others [1, 2, 3, 4, 5, 6, 7] show that printing of multiple
materials and digital materials is possible. None of these articles shares information
regarding how and whether such geometries can be rendered on a computer. The voxel-
based approach that we proposed can visualize parts with multiple materials as well as
digital materials. One limitation is the number of voxels that can be rendered – this
number may however increase in the future (Section 5.4 contains some ideas on how that
can be done).
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6.3 Point Clouds
Point clouds are the result of 3D scanning methods and have many different use cases.
These can be laser scanning for buildings [82], vegetation mapping [83] and medicine [84].

To use the data of points clouds, one article proposes using them directly for AM with
multiple materials [80], which is a valid idea if the point cloud should be printed without
modifications. Transformations such as rotation on three axes as well as scaling are
however not mentioned in this article. Nevertheless, this can be counted as a voxel-based
approach.

Adding data from a point cloud to an octree with dynamic depth can be done as described
in Chapter 4. Furthermore, processing of such data is possible. Due to the limited scope
of this thesis, we decided not to show the results of this approach. However, adding data
from a point cloud to an octree and preparing them for usage in AM could be a starting
point for further research.

6.4 Direct Voxel Printing
As shown in Figure 3.1 vat photopolymerization uses different methods to cure resin.
Some of these methods use pixel-based devices to project light into the resin (e.g., DLP
projectors). That allows direct printing of voxels instead of using other formats and
conversation steps. Furthermore, that allows creation of geometries directly as a voxel-
based model. This allows better control because no additional conversion is needed
between any formats – the created model can be printed as is.

We decided to compare the direct voxel printing approach with vector-based solutions by
creating 6 different models with the size of only several voxels. We did so by constructing
the geometries in Fusion 360, exporting them as STL, and then slicing them using
CHITUBOX Slicer [85] and Formware 3D [86]. We also considered using PrusaSlicer
[77] but since it has output not only black and white images but also introduced grey
pixel in the images (without the ability to turn of the behaviour) we were not able to
compare with other slicers. Furthermore, Lychee Slicer [87] was considered by us but
did not provide the functionality of setting pixel sizes in the basic version and therefore
was not comparable with the other slicers. These four slicers where taken into account
because they are considered the most common slicers for 3D printing with resin [88].

Since slicing results are depending on the chosen parameters for slicers, we ensured that
all slicers use the same parameters. These were: 50µm pixel size and 50µm layer height
(which results in 50µm voxel). Antialiasing was turned off for all tests. The complete
documentation of the chosen settings can be found in Appendix B (CHITUBOX) and
Appendix C (Formware 3D).

The geometries that we used were the following:

1. Cylinder with a diameter of 400µm and a height of 50µm
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2. Cylinder with a diameter of 400µm and a height of 400µm
3. Sphere with a diameter of 400µm
4. Cube with a side length of 400µm
5. Step pyramid with 50µm layers, a base side length of 250µm and a height of 150µm
6. A manually drawn test geometry as shown in Figure 6.3

A visual overview of all geometries is provided in Figure 6.3.

Figure 6.3: Overview of the created test geometries

After slicing the results were compared with the optimal solution that was generated
manually in the voxel space. The results of this comparison are shown in Table 6.1. Both
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tested slicers fail on the same models. The reasons for this failure can only be guessed
since the logic and source code of the slicers was not aim of the investigation. Generating
the structures directly in voxel-space results in error-free geometries in any case.

Table 6.1: Overview of the different test cases, their expected results and the deviation
for two differente slicers.

Test Case Expected Result Deviation (CHI-
TUBOX)

Deviation
(Formware 3D)

(a) Cylinder 2 identical layers with a
symmetric circle

0 voxel 0 voxel

(b) Cylinder 8 identical layers with a
symmetric circle

0 voxel 0 voxel

(c) Sphere A sphere with the size 8*8*8
voxel that is symmetrical in
all three dimensions

0 voxel 0 voxel
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(d) Cube A cube with the size 8*8*8
voxel

0 voxel 0 voxel

(e) Manual geometry 6 voxels forming a “staircase” 3 voxels (50%) 3 voxels (50%)

(e) Manual geometry 3 layers containing a pyramid
structure

9 voxels (25.7%) 9 voxels (25.7%)
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6.5 Large Scale Lithographic Printing

Recent development efforts in the AM industry have led to lithography printers that are
able to use a large build area to print many parts or large parts, as shown in Figure 6.4.
These large build areas are beneficial in many cases but also come with their own
challenges when it comes to handling data preparation for the printers. These challenges
are related with the number of triangles in input files that must be sliced, the complexity
of the slicing operation and the size of the results of slicing. In this section we will
compare the challenges that come with data preparation for the existing vector-based
approaches with the novel voxel-based approach.

Figure 6.4: Cerion 3D printer (a) that was developed by Cubicure can print many parts
(b) on its large build plate and is therefore suitable for producing many parts at once (c)
or large parts.

For test purposes we used the technical properties of the Cerion 3D printer that was
developed by Cubicure [91]. With its build size of 1.000 * 280 * 300 mm and 50µm pixel
exposed by a DLP system each layer consists of 20.000 * 5.600 pixels. We decided to
prepare three experiments that are sliced and shown to the user with Formware 3D and
our voxel-based approach. An overview of the three experiments is shown in Figure 6.5.
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Figure 6.5: Overview of three experiments, for each experiment the 3DBenchy [33]
was duplicated multiple times and the result was saved as single STL file. No further
compression or repair of the geometries was done for these experiments. For (a) the
number of geometries is 21, for (b) this number is 42 and for (c) it is 82.

An overview of the results of the different operations with Formware 3D is shown in
Table 6.2 and the results of the proposed voxel-based approach are shown in Table 6.3.
All operations were executed on the same machine that was used in previous chapters. For
Formware 3D the slicing operation of experiment (c) was maxing out the available RAM
on our test computer. Furthermore, Formware 3D used a varying percentage of the CPU,
the maximum was 75% CPU utilization on our test machine. The proposed voxel-based
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approach had a much higher slicing time for each of the experiments. However, it’s RAM
utilization during slicing was lower, as well as the CPU utilization since no parallelization
was done during slicing. For slicing the method described in ‘4.2. Slicing Hulls’ was
used. The main weakness of the voxel-based approach was the generation of the mesh
with its high RAM usage and rendering with a high utilization of the graphics card.
Therefore, only the first experiment could be performed successfully. In the other two
experiments the RAM usage during the mesh creation was too high for the test machine.
The challenges of meshing and the reasons for the high memory usage and high utilization
of the graphics card are also described in ‘5. Rendering’.

Table 6.2: Overview of the measured results during different operations with Formware
3D.

Experiment (a) Experiment (b) Experiment (c)
Slicing duration 2 minutes 4 sec. 2 minutes 30 sec. 7 minutes 20 sec.
Max RAM usage during
slicing

31 GB 33.2 GB 58 GB

Max RAM usage during
rendering

1.2 GB 2.6 GB 3.9 GB

Max RAM usage during
visualization of slices

14.2 GB 15.6 GB 15.9 GB

Table 6.3: Overview of the measured results during different operations with the proposed
voxel-based approach. For experiment (b) and experiment (c) the results of memory
usage during meshing and after meshing are missing because the RAM usage during
mesh creation was too high for the used test machine.

Experiment (a) Experiment (b) Experiment (c)
Slicing duration 10 minutes 24 minutes 20 sec. 52 minutes 30 sec.
Max RAM usage during
slicing

11.6 GB 24.2 GB 51 GB

Max RAM usage during
rendering

52 GB - -

Max RAM usage after
mesh creation

4 GB - -

The results of the experiments clearly show that the voxel-based approach has limitations
when it comes to displaying many complex geometries because the RAM usage during
the mesh creation is high. A potential benefit of the voxel-based approach is that the
objects can be shown to a user the same way as they are printed in three dimensions.
The current vector-based approach only supports viewing the vector-based slices and/or
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viewing single images of the slices. Figure 6.6 shows these differences in visualization of
the sliced geometries.

Figure 6.6: Comparison of the slicing result of the voxel-based and vector-based approach.
The voxel-based result (a) shows the geometries as they are printed, each voxel is identical
with an exposed pixel in one layer. The vector-based result (b) was generated with
Formware 3D [86] and shows that a preview of exposed pixel is not available in Formware
3D.
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CHAPTER 7
Conclusion

The first research question, ‘What are the strengths and weaknesses of currently used data
formats for additive manufacturing?’, was answered with the review of existing literature.
To do so some elements of a systematic literature review were used. It was shown how
AM is defined and how it can be divided into sub-groups. Currently used data formats
were explained and strengths and weaknesses of these formats were explained. Many
sources indicate that the currently used STL file may be a threat to AM [16, 48]. However,
other data types are also problematic since they do not support setting properties or
materials at the level of individual voxels. In contrast, currently developed methods of
AM [1, 2, 3, 4, 5, 6, 7, 18, 44, 63] do allow the creation of objects with properties set at
the level of individual voxels.

The second research question is: ‘Are voxels an appropriate structure to represent data
for additive manufacturing with multiple (digital) materials?’. To answer this question,
we decided to find a suitable structure to store voxels and then attempt to perform all
operations required for an AM application.

As the first step, we compared 4 different data structures to see which one can be used
to support a voxel-based representation for geometries for AM. An octree with dynamic
depth was the only data structure that was capable of handling geometries with high
resolutions and a size beyond a few millimetres. This became apparent when trying to
load the geometry of the pre-sliced 3DBenchy: For the array the required RAM was 17
GB, for an octree with fixed depth it was 39 GB, for a combination of octree and array
it was 20 GB and for the octree with dynamic depth it was 372 MB.

The second step was to find methods that allow the processing of voxels. That includes
the operation of filling the octree with already sliced images, doing slicing, and filling the
octree with this and other forms of transformations. All of this was implemented, but
the transformations in particular were rather slow because they work by transforming
voxel after voxel without any form of parallelization. For example rotation the geometry
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of the 3DBenchy [71] took 4 minutes and 10 seconds for the voxel-based approach and 2
seconds for the vector-based approach (teste in PrusaSlicer [77]).

The third and last step was to render voxels. This comes with its own challenges and
requires a meshing algorithm to be created. To avoid the mesh generation taking too
long, it was implemented to run in parallel. Rendering was possible for complex models
of multiple centimetres size but was highly memory consuming. Loading the pre-sliced
3DBenchy [33] (with 100µm voxel size) and storing the results of the meshing algorithm
requires additional 450 MB RAM, the peak at the end of the meshing algorithm is
however height with a requirement of 1450 MB additional required RAM.

In the last chapter of the thesis, we compared the described voxel-based approach with
common vector-based approaches. This yielded the result that voxel-based approaches
are better suited for tasks where multiple (digital) materials are used and where the input
data is created by CT scanning or point clouds (3D scanner). They are, however, not
suited well if the output for the 3D printer must be a machine path (FDM 3D printers
for example). Furthermore, we tried to slice different simple geometries with only a few
voxels in size with two common slicers – the results show that 4 of 6 geometries were
sliced without any deviations from the expected result and the other two geometries had
50% and 25.7% of deviation from the expected result. This also shows that current slicers
can cause problems for small parts only the size of a few voxels. Lastly , we compared
the two approaches for the usage in large-scale lithographic printing. Because of the large
volumes that can be used in such machines slicing is very resource consuming (in terms of
RAM and CPU utilization) for both approaches. The proposed voxel-based approach is
however limited because the generation of the mesh for rendering and rendering itself take
more resources (in terms of RAM and graphics card utilization) than for vector-based
approaches. It might be a future challenge to solve these problems to be able to use a
voxel-based approach for large-scale lithographic printing.

The second research question can therefore be answered as follows: voxels are indeed
an appropriate structure to represent this data. They are better suited for the task
of representing geometries with multiple materials and allow their visualization in an
interactive way. The state of the art is extended by this thesis by presenting the difference
in what AM can do and what the used vector-based representations support. Furthermore,
the thesis demonstrates how a voxel-based approach can provide similar basic functionality
as the currently common approach but allows defining multiple materials.

7.1 Outlook
During the development of the artefacts that were required to answer the second research
question, we explained many limitations of the chosen implementations when processing
voxels. They are due to the limited scope of this topic. For transformations (scaling,
rotations, filtering with kernels), multiple threads may be used to make use of CPUs
with the ability to run several threads in parallel (this is very common in CPUs; the test
machine we used can run 24 threads on 12 cores).
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Another weakness is the maximum number of voxels that can be rendered, which is
limited because of the used meshing algorithm. Furthermore, optimizations may be used
to ensure that the created mesh uses less memory. That is especially important during
creation of the mesh because memory usage has a peak at the end of the used meshing
algorithm. Different methods (e.g. level of detail of rendered elements) to ensure less
voxel must be rendered may also help to reduce the mesh size. Finally, better shading
effects may help to create a rendered result that has higher quality.

Besides fixing weaknesses of the provided implementations, other aspects may also be
of relevance. The creation of support structures was not broached by this thesis but
may benefit from the ability to design voxels in the format in which they are printed.
Furthermore, direct transformation from a CAD format (STEP) to the voxel space may
be beneficial because the currently used vector-based file format that is commonly used
between the CAD software and slicer would no longer be needed.

Furthermore, voxels may be used in different applications not mentioned or evaluated in
this paper. This may also yield a standardized file type that can be used for transferring
geometries that are stored in voxels. Finally, voxel may not only be used to store
geometries in three dimensions but also in a fourth (likely time) dimension. Methods to
print objects in 4D are known [4] and therefore it might be of interest to use voxels also
to represent such objects.
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Appendix

Appendix A

Q1: Overview AND [Additive Manufacturing] (2019-2021 and Computer
Science)

• Overview AND Additive Manufacturing (2019-2021 and Computer Science): 55
results – 9 with relevant title

• Overview AND AM (2019-2021 and Computer Science): 36 results – 0 with relevant
title

• Overview AND 3D Printing (2019-2021 and Computer Science): 55 results – 0 with
relevant title

• Overview AND 3D Printing (2019-2021 and Computer Science): 51 results – 2 with
relevant title

• Overview AND 3DP (2019-2021 and Computer Science): 0 results – 2 with relevant
title

After doing the individual searches, the duplicate articles where removed – which left 9
results with relevant title. In the next step the abstracts were read to determine if the
results cover the wanted topic (a general overview of AM technologies). One result [63]
has not fulfilled the criteria – it mentions only thermal AM technologies. The remaining
results are:
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Title Year Published In
Additive Manufacturing Technologies: An
Overview about 3D Printing Methods and Future
Prospects [44]

2019 Complexity

Challenges and status on design and computation
for emerging additive manufacturing technologies
[89]

2019 Journal of Computing and Infor-
mation Science in Engineering

Advances in 4D Printing: Materials and Applica-
tions [4]

2019 Advanced Functional Materials

Analysis of requirements, potentials and risks
caused by using additive manufacturing [48]

2019 Procedia Manufacturing

An overview on 3D printing technology: Techno-
logical, materials, and applications [45]

2019 Procedia Manufacturing

Additive manufacturing adoption in product de-
sign: An overview from literature and industry
[46]

2020 Procedia Manufacturing

Overview of 3D additive manufacturing (AM) and
corresponding AM composites [10]

2020 Composites Part A: Applied Sci-
ence and Manufacturing

Q2: [Data Format] AND [Additive Manufacturing] (2019-2021)

• Data Format AND Additive Manufacturing (2019-2021): 39 results - 5 with relevant
title

• Data Format AND AM (2019-2021): 39 results – 4 with relevant title
• Data Format AND 3D Printing (2019-2021): 51 results – 4 with relevant title
• Data Format AND 3D-Printing (2019-2021): 36 results – 4 with relevant title
• Data Format AND 3DP (2019-2021): 0 results
• File Format AND Additive Manufacturing (2019-2021): 25 results - 2 with relevant

title
• File Format AND AM (2019-2021): 17 results – 3 with relevant title
• File Format AND 3D Printing (2019-2021): 46 results – 2 with relevant title
• File Format AND 3D-Printing (2019-2021): 36 results – 2 with relevant title
• File Format AND 3DP (2019-2021): 0 results

After removing duplicates from the individual searches, 9 articles with a relevant title
where left. One of them was published in the Journal of Geomatics and was not available
for download and therefore left out. Next step was to check the abstracts to determine
which of the results handles relevant content. One result [90] handles only upscaling of
the printing process and printer itself, file preparation is not touched there, therefore
this result was removed. All other 7 results had a relevant title:
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Title Year Published In
3D model representation and data exchange for
additive manufacturing [26]

2019 Lecture Notes in Mechanical En-
gineering

A G-code generator for volumetric models [91] 2019 A G-code generator for volumet-
ric models

Data model for additive manufacturing digital
thread: state of the art and perspectives [19]

2019 International Journal of Com-
puter Integrated Manufacturing

Investigating the impact of additive manufactur-
ing data exchange standards for re-distributed
manufacturing [27]

2019 Progress in Additive Manufac-
turing

Multi-attribute Voxelization Technology of AMF
for 3D Printing [92]

2019 2019 IEEE 6th International
Conference on Industrial Engi-
neering and Applications

Lightweight Mesh File Format Using Repetition
Pattern Encoding for Additive Manufacturing [28]

2020 CAD Computer Aided Design

Tolerancing from STL data: A Legacy Challenge
[29]

2020 Procedia CIRP

Q3: [Data Format] AND [Voxel]

• Data Format AND Voxel: 195 results – 15 with relevant title
• File Format AND Voxel: 67 results – 4 with relevant title
• Stl AND Voxel: 61 results – 9 with relevant title
• 3mf AND Voxel: 1 result – 1 with relevant title
• Step and Voxel: 2,310 results – too much to handle (even with filtering)

7 of the results did not cover the wanted topic, the remaining 8 results are:
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Title Year Published In
STL 2.0: A proposal for a universal multi-material
Additive Manufacturing File format [31]

2009 20th Annual International Solid
Freeform Fabrication Sympo-
sium

Efficient sparse voxel octrees [93] 2010 The 2010 ACM SIGGRAPH
Symposium on Interactive 3D
Graphics and Games

Voxelization algorithm based on STL model [94] 2016 Springer International Publish-
ing Switzerland 2016

Compressing color data for voxelized surface ge-
ometry [95]

2019 IEEE Transactions on Visualiza-
tion and Computer Graphics

Multi-attribute Voxelization Technology of AMF
for 3D Printing [92]

2019 2019 IEEE 6th International
Conference on Industrial Engi-
neering and Applications

Pre-processing of additive manufacturing input
files for numerical simulation [96]

2020 Acta Polytechnica CTU Pro-
ceedings

Psvdag: Compact voxelized representation of
3D scenes using pointerless sparse voxel directed
acyclic graphs [97]

2020 Computing and Informatics Vol.
39

Geometry Design Using Function Representation
on a Sparse Hierarchical Data Structure [98]

2021 Computer-Aided Design journal
133

Q4: (Strengths OR Weaknesses OR Assessment) AND (Data Format OR
[Format Examples]) AND Additive Manufacturing

• Strengths AND Data Format AND Additive Manufacturing: 9 results – 0 with
relevant title

• Weaknesses AND Data Format AND Additive Manufacturing: 1 result – 0 with
relevant title

• Assessment AND Data Format AND Additive Manufacturing: 4 result – 2 with
relevant title

• Strengths AND STL AND Additive Manufacturing: 15 results – 0 with relevant
title

• Weaknesses AND STL AND Additive Manufacturing: 1 result – 1 with relevant
title

• Assessment AND STL AND Additive Manufacturing: 10 result – 1 with relevant
title

• Strengths AND 3MF AND Additive Manufacturing: 0 results – 0 with relevant
title

• Weaknesses AND 3MF AND Additive Manufacturing: 0 result – 0 with relevant
title

• Assessment AND 3MF AND Additive Manufacturing: 0 result – 0 with relevant
title
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• Strengths AND STEP AND Additive Manufacturing: 323 results -> 2019-2021 and
computer science: 13 results – 0 with relevant title

• Weaknesses AND STEP AND Additive Manufacturing: 4 result – 0 with relevant
title

• Assessment AND STEP AND Additive Manufacturing: -> 2019-2021 and computer
science: 353 results – out of scope

• Strengths AND AMF AND Additive Manufacturing: 3 results – 0 with relevant
title

• Weaknesses AND AMF AND Additive Manufacturing: 1 result – 1 with relevant
title

• Assessment AND AMF AND Additive Manufacturing: 1 result – 0 with relevant
title

Without duplicates this search string leads to 3 results with relevant title, also each of
the abstracts was relevant and all results were available:

Title Year Published In
CAD Issues in Additive Manufacturing [8] 2014 Comprehensive Materials Pro-

cessing
Thirty thousand 3D models from thingiverse [99] 2018 Data
Tolerancing from STL data: A Legacy Challenge
[29]

2020 Procedia CIRP
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Appendix B

Documentation of the used slicing settings for the CHITUBOX slicer:
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Appendix C

Documentation of the used slicing settings for Formware 3D:
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