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Abstract

As Additive Manufacturing (AM) enters the manufacturing industry,
the technology must adhere to stringent quality demands in terms of
dimensional and geometric accuracy. However, due to substantial differ-
ences in how these technologies realize three-dimensional geometries,
generalization of phenomena across AM technologies proves to be quite
difficult.

Laser-based Powder Bed Fusion (LB-PBF) is an industrialized AM tech-
nology capable of producing functional components and end-use parts.
However, to ensure consistent quality for larger production volumes
in a mass-customization setting, automated optimization methods and
process planning must be developed. This requires valid and reliable
data to enable the construction of prediction models.

This thesis is centered around the optimization of part build orientation
in LB-PBF of polymers (LB-PBF/P) for which a deterministic method
is proposed. The proposed method utilize mathematical models for
the effect of part build orientation on the accuracy of various geometric
features. To this end, an experiment has been conducted to generate data
for empirical modeling. Two new models are devised for the prediction
of cylindricity and flatness based on the experimental data.

Variations within and between production runs in LB-PBF/P obscures
the validity of experiments. The first Research Question (RQ) addresses
this issue and aims at generating valid data for the subsequent analysis.
A matrix layout in four dimensions is developed that enables the control
of experimental variables while gauging the effect of part placement and
production run. The experimental plan successfully enables the analysis
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of geometric and dimensional properties as a function of part build
orientation. Furthermore, the design makes it possible to characterize
the variation within and between different builds. The variation is found
to be significant in the y-direction of the build chamber, while x- and
z-directions appear to be more stable.

The second RQ utilizes the experimental data to reveal the effect of
part build orientation on the geometric accuracy of planes and cylinders.
First, the data is analyzed, and the conformance of theoretical models
is evaluated. This analysis reveals that existing models insufficiently
explain the effect of part build orientation on the geometric accuracy of
planes and cylinders. Therefore, novel empirical models are proposed
to better assimilate the observed behavior. The proposed empirical
models differ in shape from the theoretical models which are based on
the staircase effect. This indicates that the staircase effect alone cannot
precisely predict the accuracy of LB-PBF/P. Moreover, the proposed
models may widen the range of allowable orientations while meeting
tolerance requirements.

Finally, a third RQ aims at developing a deterministic method for op-
timizing accuracy by part build orientation. Mathematical foundations
are provided, and a method is described for identifying optimal part
build orientations given the geometric features of the part. The proposed
method relies on basic information about constituent geometric features
and can be populated with any differentiable function for each identified
feature type. Through the identification of critical points in a continuous
solution space, the optimal orientations are obtained.

The main contributions of this thesis concern the modeling accuracy as
an effect of part build orientation where the novel model for cylindricity
is particularly disruptive. For future work, the effect of part build
orientation on other tolerance characteristics should be investigated,
and the work should be extended to other materials and AM technologies.
Furthermore, the intelligence of such data and models may be integrated
into a digital pipeline for quality assurance throughout the value chain,
and the product’s life cycle.
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subsequent measurements.

The bounding box of a three-dimensional
object is the minimum rectangular cuboid
that contains the entire geometry.

The direction in which the layers are
stacked to form a three-dimensional ob-
ject in Additive Manufacturing (AM). Con-
sequently, all layers are orthogonal to the
build direction. For most AM machines,
the build direction is referred to as the z-
direction of the machine coordinate system.
The volume of the Additive Manufactur-
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to a volume in Powder Bed Fusion (PBF).
The energy density (FD) can roughly be
calculated as

P

ED =
vhw

where P is the laser power, v is the scan
speed, h is the scan line spacing, and w is
the layer thickness.

’[...] an algorithm that evolves a problem
solution over many iterations.” [2, p. 3]

The process of identifying geometric ele-
ments in a digital 3D model.

Generally, the simplest shape a system
manages. Specifically, in this thesis, all
but one of the common primitives from
Constructive solid geometry (CSG) are ad-
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spheres, and tori, while pyramids are con-
sidered as a set of planes.

The distance between two parallel scan
lines (hatch lines) in Laser-based Powder
Bed Fusion (LB-PBF). This distance ap-
plies to the hatch pattern of the part in-
terior, not the contour or edge lines.
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Notation
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Machine Coordinate System
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Nominal

Normal vector

Optimization

Description

The designed orientation of the part, i.e.
the orientation of the part when loaded
from the original file. This orientation is
the reference point for defining the part
build orientation.

The thickness of one layer of material in Ad-
ditive Manufacturing (AM), denoted herein
as [. In the present work, the layer thick-
ness is 120 pm unless explicitly defined
differently.

The three-dimensional coordinate system
of the Additive Manufacturing machine.
The origin is typically fixed towards the
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The length of an n-dimensional vector. In
Euclidean space with ¢ = [z, v, 2], the mag-
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effective as possible” [3]
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Chapter 1

Introduction

1.1 Background

Additive Manufacturing (AM) is increasingly utilized in manufacturing
systems alongside conventional manufacturing technologies. This means
that the quality requirements of already established processes are inev-
itably imposed on the newly developed AM technologies. However, the
young AM processes are not yet developed to the stage where quality
can be guaranteed to be consistent. Therefore, methods are required for
predicting, optimizing and verifying the quality of AM products.

AM had its genesis in the 1980s with Charles W. Hull [5] being credited
as the first inventor of an AM system, namely the StereoLithography
apparatus (SLA). Since then, the technology has been developed from a
rapid prototyping technique to a family of manufacturing processes cap-
able of producing functional components [4]. AM enables mass customiz-
ation and direct digital manufacturing of parametric designs conceived
with artificial intelligence. The ability to manufacture topology optim-
ized designs directly from computer models without human interaction
may indeed constitute major savings in global emissions — especially in
the transportation sector.

According to ISO/ASTM 52900:2015(E) [1], AM is defined as the “process
of joining materials to make parts from 3D model data, usually layer
upon layer [...]". This definition encompasses many different technologies
which generally can be divided into seven distinct process categories
as illustrated in figure 1.1. PBF may be regarded as one of the more
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Powder Bed
Fusion
(PBF)

Electron Beam
PBF
(EB-PBF)

Laser-Based PBF
(LB-PBF)

LB-PBF of
Metals
(LB-PBF/M)

EB-PBF of
Metals
(EB-PBF/M)

Figure 1.1: Process categories in AM as defined by ISO/ASTM [1], [6]. The
technology of interest in the current work, Laser-Based Powder Bed Fusion of
Polymers (LB-PBF/P), is highlighted and the relations to similar technologies
are visualized.

industrially viable AM technologies due to the ability to produce end-
use parts of adequate quality in relevant materials for an array of
purposes including the medical, aerospace, and automotive sectors [4].
This category of AM processes can be further divided based on the
energy source and material type [6]. The current work is limited to
the subcategory using a laser beam as a power source for sintering
polymeric powders as highlighted in figure 1.1. While popularly referred
to as Selective Laser Sintering (SLS), the term LB-PBF/P is adopted in
this thesis for clarity and conformance with ISO/ASTM 52911:2019(E)
[6].

Ideal manufacturing systems under the industry 4.0 paradigm should
be fully integrated, flexible, and autonomous. AM is considered to be one
of the enabling technologies of industry 4.0 [7], yet much effort remains
before full integration of AM processes in a digital pipeline is realized.
One of the remaining challenges is the qualification and documentation
of AM products — especially in a mass customization context. The com-
plexity of standardizing tolerance specifications for AM technologies is
highlighted by Ameta, Lipman, Moylan et al. [8] who outlines solutions
for linking process parameters to tolerance specifications. Yet, the pre-
diction and optimization of achievable tolerances remain a challenge in
most AM processes.

AM is largely based on the legacy STL (STereoLithography) file format
and related surface representations. However, these file types retain no
higher-level information about local topology which makes subsequent
optimization and prediction of final geometry difficult. Various opera-
tions in AM, therefore, rely on feature recognition algorithms to enable
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geometry-based operations, including the optimization of part build ori-
entation. A plethora of algorithms has been developed for partitioning
geometries in smaller entities to obtain a better surface finish [9], to fit
a large model in a smaller build space [10], or to use the constituent fea-
tures for Computer-Aided Process Planing (CAPP)/Computer-Aided Man-
ufacturing (CAM) [11]. The proper definition of rules is one of the major
challenges of deterministic approaches to feature recognition together
with high computational costs [11]. Evolutionary algorithms (EAs) [12]
and Machine Learning (ML) methods [11] have been proposed as altern-
atives to the rule-based algorithms, but the stochastic nature of these
approaches renders the results prone to variations. Reliable results are
necessary to achieve full integration with downstream processes in an
automated fashion.

The optimization of quality in LB-PBF/P is certainly complex with more
than 80 identifiable influencing factors [13]. Naturally, only a subset of
these are interesting in the context of optimization, and a large number
of both technology-specific and general methods have been proposed in
the literature. While many optimization methods have been developed
for improved mechanical properties [14], dimensional accuracy [15] and
surface quality [16], the optimization of geometric accuracy such as
flatness and cylindricity is not as heavily researched [17].

Many research efforts on part build orientation in AM utilizes EAs in
the search for the optimal orientation due to their ability to traverse
multimodal solution spaces [2], [18]. Methods explored in the literature
include Genetic Algorithms (GAs) [14], [19]-[24], Particle Swarm Optim-
ization (PSO) [19]-[21], and teaching-learning-based optimization [21]
to mention a few — all of which are stochastic methods. Deterministic
approaches, on the other hand, either resort to exhaustive searches
[25], or rely on gradients to guide the search [26]. While exhaustive
searches provide deterministic solutions for multimodal solution spaces,
they require discretization of the solution space. Conversely, continuous
functions may enable precise determination of local and global optima
through mathematical analysis. The potential of efficient deterministic
methods motivates more research on the precise identification of global
optima in the multimodal solution spaces of the orientation problem.

One of the obstacles on the path to optimization of part quality in AM is
the need for prediction models. Theoretical models for single phenomena
have been derived [27]-[29], however, these models cannot include all
influencing factors of all the different technologies. Consequently, em-
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RQ3

Figure 1.2: Illustration of the hierarchical structure of the RQs where each
layer builds on the previous.

pirical models must be constructed for each and every technology. This
process is further complicated by the peculiarities of each machine etc.
limiting the external utility of the models.

This thesis describes findings, concepts, and methods that contribute
towards the optimization of geometric accuracy in LB-PBF/P. While
acknowledging the power of randomness when intelligently applied, the
approach described herein avoids the use of stochastic tools to enable
replication and minimize variation in manufacturing.

1.2 Research questions

A set of RQs is formulated to guide the work presented in this thesis. The
RQs are developed with the purpose of contributing towards enhanced
knowledge on quality in AM and LB-PBF/P in particular. Figure 1.2
illustrates the hierarchy of research questions where each layer builds
on the previous. The RQs are formulated as follows:

RQ1 How can experiments in LB-PBF | P be designed in a robust man-
ner?
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This RQ tackles the problem of process variation in a scientific setting,
i.e. if the process is subject to large random variations, how can exper-
iments be valid? The validity of experiments is pivotal to justify the
development of empirical models for optimization purposes. Hence, this
RQ is fundamental to later investigations and is situated at the core of
figure 1.2.

RQ2 How does part build orientation affect the geometric accuracy of
primitive shapes?

This RQ aims at exploring the relationship between the build direction
and the resulting geometric accuracy of fundamental geometric features.
Minor inaccuracies throughout the build process add up to significant
inconsistencies between nominal and actual geometries. These inac-
curacies may introduce challenges in assembly operations, and can also
increase material and energy waste during post-processing. As illus-
trated in figure 1.2, this RQ benefits from RQ1 and presumes validity
to enable experimental inquiries about the relationship between build
direction and geometric accuracy.

RQ3 How can the part build orientation be optimized to meet certain
tolerance levels in a deterministic manner?

This RQ explores the options with regards to optimization techniques
and available solutions and also aims at finding a novel solution free
from stochastic variables. Output from RQ2 enables intelligent decision-
making based on empirical data. In particular, the idea of identifying
thresholds of acceptable accuracy is pivotal as no process will ever be
completely free from inaccuracies. Managing variations is, therefore, a
central task in manufacturing management and operations for ensuring
consistent quality and meeting quality requirements.

1.3 Scope of the research

The work presented herein is focused on the AM category LB-PBF/P and
the experiments are performed with an EOSINT P395 using Polyamide
12 (PA12) in a 50/50 mix of virgin and recycled powder, and measure-
ments are performed on a Zeiss DuraMax CMM. Other materials and
machines are considered out of scope for the current research and thus
left for future work. Further details are described in chapter 4.
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This PhD thesis focuses on geometric accuracy, and also includes dimen-
sional accuracy to some extent. Although important and interesting,
other properties (e.g. mechanical properties) are out of scope and not
included in this study. The project is geared towards assembly features
of components produced by LB-PBF/P in commercial systems, hence
dimensions in the range of 4mm to 24mm are considered. At present,
this range is believed to include the critical values between fine and
coarse features.

1.4 Contributions of the thesis

This thesis describes five distinct contributions:

1. A robust methodology for experiments in LB-PBF/P with potential
utility beyond this technology

2. An open dataset with tolerance characteristics in LB-PBF/P for an
array of different shapes and dimensions

3. Improved knowledge on the variations between positions in the
build chamber of LB-PBF

4. Empirical models on the effect of part build orientation on geomet-
ric accuracy in LB-PBF

5. A novel method for flexible optimization of orientation in LB-PBF/P.

1.5 Thesis outline

The remainder of this thesis is outlined in figure 1.3 with a structure
designed to provide the necessary theoretic background before the core of
the thesis is presented. Hence, this general introduction is succeeded by
an in-depth introduction to AM and LB-PBF/P in particular in chapter 2.
Next, related work and state-of-the-art is reviewed in chapter 3 with
comments on strengths and shortcomings of previous studies. These
chapters provide the theoretical background for the presented work.

In chapter 4, the underlying philosophy of science is discussed before
the methodology is presented. A thorough description of the design
of experiments is also provided together with the means of data ana-
lysis. A brief overview of the experimental results is then presented
in section 5.1, before the generated empirical models are described in
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Introduction

Basics of AM

Literature review

Methodology

Results

Discussion

Conclusions

Figure 1.3: Outline of the thesis structure. The numbers assigned to each box
indicate the chapter number in this thesis.

section 5.2. The main body of the thesis is concluded by a description of
a flexible optimization method of part build orientation in section 5.3.

A thorough discussion on implications and shortcomings of the present
work is found in chapter 6. This includes remarks on limitations and
external validity, as well as relevant avenues of future research. Finally,
conclusions are presented in chapter 7 before brief suggestions for future
work are presented.
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Chapter 2

Introduction to Additive
Manufacturing

2.1 Basics of Additive Manufacturing

Additive Manufacturing (AM) is defined by ISO and ASTM as the “pro-
cess of joining materials to make parts from 3D model data, usually
layer upon layer [...]" [1, p. 1]. Also, a classification of seven distinct
processes is put forward where all processes conform to the definition
above while maintaining substantial differences. Table 2.1 showcases
these processes with their typical abbreviations and aliases.

The scope of this thesis is limited to a single process category, namely
PBF. Furthermore, sub-categories of PBF may be distinguished based
on the energy source, and material type. A brief introduction to PBF, the

Table 2.1: Process categories in AM outlined in ISO/ASTM 52900:2015(E) [1]

Process category Abbreviation Aliases

Vat Photopolymerization - Stereolithography, SLA
Sheet Lamination - LOM

Powder Bed Fusion PBF SLS, SLM, EBM
Material Extrusion - FDM, FFF
Material Jetting - Multi-Jet Modeling
Binder Jetting BJ 3D printing
Directed Energy Deposition DED —
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sub-categories, and their relation to this thesis is provided in section 2.4.
However, the concepts described herein have some applicability beyond
this domain under the premise that part build orientation affects final
part properties in terms of dimensional and geometric accuracy. At
present, this condition holds for any layered approach to AM as illus-
trated by the vast number of studies that include part build orientation
as a factor (see the literature review in chapter 3).

Most AM processes generally follow the same steps to fabricating an
object [4]. These steps can be arranged into three distinct phases, namely
an input phase, a build phase, and an output phase (see figure 2.1) [30].
The typical steps are as follows:

1. Geometry acquisition: A digital 3D model is obtained, generally
from Computer-Aided Design (CAD) or 3D-scanning.

2. Convert to STL: The 3D model may need to be converted to a
different file format, the most common file format in AM is the STL
file format [4].

3. Pre-processing: AM is a fully automated process, hence all de-
tails about the build process must be defined before its initiation.

4. Transfer to machine: The process plan is transferred to the AM
machine.

5. Machine setup: This involves securing a supply of raw material,
cleaning equipment, adjusting physical components, etc.

6. Build process: The build process may take up to several days to
complete depending on AM technology, part volume, layer thick-
ness, etc.

7. Remove part: Hot processes generally require a cooling period
and cutting tools may be necessary.

8. Post-processing: This may involve cleaning, sandblasting, heat
treatment, machining, etc.

9. Application: AM applications include functional components in
medicine, automotive, and aerospace.
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Application Post-processing Remove part Build process Machine setup

Figure 2.1: Typical workflow of AM processes. The hatched boxes under pre-
processing indicate that the operation is not necessary for all AM technologies
and machines. Adapted from [30]

2.2 Design for Additive Manufacturing

Additive Manufacturing (AM) constitutes a paradigm shift in engineer-
ing design [31]. Not only does AM enable the realization of complex
geometries unfeasible with conventional manufacturing, but it opens for
mass customization as a viable manufacturing paradigm [32]. On the
other hand, a new set of restrictions and challenges are encountered. To
unlock the full potential of AM, designers must consider the particular
technology from the very beginning of product development. The follow-
ing subsections are devoted to the descriptions of the possibilities and
challenges brought forward by AM.

2.2.1 Design opportunities

AM has gained widespread attention under the catchphrase "complexity
for free". While manufacturing an object by conventional means becomes
more complex as the geometric complexity of the object increases, this is
not generally the case for AM. Contrary to subtractive manufacturing
technologies where time and cost is highly dependent on the volume
removed from a workpiece, in AM, this relationship is inverted. Con-
sequently, topology optimization has become feasible for widespread
adoption, especially in aerospace where the mass of each component is



12 Introduction to Additive Manufacturing

crucial. The restrictions on geometric complexity have been lifted, and
designers are now free to explore intricate geometries without increased
manufacturing costs. This provides yet another incentive to minimize
material waste and energy consumption.

Because the volume of the object is an important factor in AM, the
products are often not solid. To reduce the volume while maintaining
the structural integrity of the object, lattice structures are used to fill
the interior with the desired ratio of material to void.

The geometric freedom provided by AM enables multiple components to
be manufactured in a single process. This also applies to assemblies and
moving parts. Consolidating designs reduces the number of manufactur-
ing steps, eliminates dividing lines and welds, and ensures a continuous
surface.

As a digital manufacturing technology, automated- and customized
designs are possible. The concept of mass customization implies mass
production of unique objects — a concept made feasible by AM. Para-
metric designs enable ergonomically customized products to be mass-
produced with minimal human interaction.

2.2.2 Design restrictions

When a three-dimensional geometry is realized layer-by-layer, each layer
requires some substrate on which to be deposited. For the first layer,
this is trivial as the substrate will be the build platform itself. However,
all subsequent layers require support from below which can be achieved
by the construction of sacrificial structures to support any overhanging
features. These structures, commonly known as support structures,
stabilize the part during the build, aid in dispersing thermal energy
in hot processes, and may prevent warping. Such structures should be
considered at the design stage to optimize their utility, limit negative
impacts, and ensure their safe removal. For LB-PBF/P, however, support
structures are generally not required.

Due to the layered manner of manufacturing, the thickness of the layers
determines the resolution in the build direction. Hence, features smaller
than the layer thickness cannot be realized. Additionally, all dimensions
in the build direction will be a multiple of the layer thickness. Slicing
software tackle this in different ways; some round off to the closest
slicing plane, and others simply follow the center plane of the layer.
Regardless of how advanced the technology is, some errors will arise if
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Figure 2.2: Errors arising from the layered manner of fabrication. Adapted
from [33].

the dimensions don’t match the layer thickness.

The layer thickness also gives rise to the characteristic staircase effect
of AM as displayed in figure 2.2. The deposition of layers in AM techno-
logies is (typically) unidirectional. Any feature that is neither parallel
nor perpendicular to the build direction will therefore exhibit a stepped
surface. This phenomenon should be considered in the design stage
to alleviate downstream processes from counteracting any unwanted
effects.

All AM technologies have limitations regarding the resolution in the
xy-plane as well. The laser in laser-based technologies has a certain
diameter, and so does the nozzle in extrusion-based technologies. Even
though a higher resolution can be achieved with SLA or jetting tech-
nologies, a certain limit on the resolution — thereby also accuracy — is
present for all current technologies also in the xy-plane. Additionally,
errors will occur within and between layers which further adds to the
inaccuracy of AM products. Figure 2.2 illustrates how these small errors
together with the staircase effect add up to significant deviations from
the designed (nominal) surface.

Some features may be problematic despite being within the limits of
resolution, such as thin walls, narrow slots, etc. Small protrusions may
be within the capabilities of the machine but are still unfeasible for
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production because they break during the removal- or post-processing
step. Narrow and deep holes may be problematic to clean, especially if
material adheres inside due to print-through, overcure, etc.

2.2.3 Geometric features in Additive Manufacturing

The term "feature" is rather vague without further introduction as it is
used to refer to a variety of different things — from physical entities to
abstract constructs. However, in the context of design and manufactur-
ing, a feature is a distinguishable geometric entity constituting a minor
part of a larger object. Zhang, Bernard, Gupta et al. [34] proposes the
following definition for features in the specific context of AM:

"An AM feature refers to an identified shape feature represent-
ing a certain shape pattern that has some significance or cer-
tain functions to a part and carries the information which is
important for the pre-processing, processing or post-processing
of AM.”

This definition is useful when considering process planning for all stages
of the AM process as it concerns the effect of the process on certain
geometric shapes and structures. The definition covers thin walls, lattice
structures, and geometric primitives. However, for this thesis, the term
"geometric feature" is used to cover solely the geometric primitives. This
distinction is made to limit the problem to surface types subjected to
tolerances for assembly purposes. Moreover, this limitation excludes
features that are more likely to yield invalid results and machine failures
from the study.

This thesis concerns the part build orientation based on the constituent
geometric features. Based on previous studies and geometric primitives
from CSG, planes, cylinders, cones, spheres, and tori are considered
herein. A clear description of all geometric features, including their
orientation, is required for automatic operations. For this purpose,
vectorial definitions are adopted as detailed in appendix A.

Some surfaces may, however, be difficult to categorize as any of the above.
These surfaces may be partitioned into small patches resembling the
surfaces above, but are more effectively handled as free-form surfaces
to reduce the number of geometric features. The definition of such
surfaces follows no set definition but may be determined from the general
direction of the surface, or its boundary.
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2.3 Tolerancing in the context of Additive Manufacturing

All manufacturing processes exhibit some degree of variation. Con-
trolling these variations is a matter of process control and optimization.
Ensuring the fit and function of products while allowing some variation
is however a matter of tolerancing. The Geometric Dimensioning and
Tolerancing (GD&T) standards ASME Y14.5 [35] and ISO 1101 [36]
are, in the words of Ameta, Lipman, Moylan et al. [8, p. 2], "[...] a
language to communicate acceptable 3D variations of geometric elements
in a part from design to manufacturing and inspection”. This section
briefly introduces the tolerance characteristics relevant to the current
work.

2.3.1 Flatness

The flatness of a surface can according to ISO 1101:2017(E) [36] be
measured as the distance between two parallel planes that contain all
the points of a surface between them. Because the flatness is a measure
typically applied to a larger surface, the sample may involve variations
from various sources including warpage, staircase effect, and residue.
The flatness of a surface may change due to post-processing activities
and comparisons must therefore be made on equal grounds, i.e. after
similar treatments.

This measure of flatness is vulnerable to variation in the inspection.
Consider for instance an inclined plane manufactured by AM affected by
the staircase effect. If the surface is inspected with a CMM one would
preferably include the lowest and highest points as depicted in figure 2.3.
However, if the machine fails to hit the lowest valley or the highest peak,
the recorded flatness will be more accurate than the real value. It is also
clear that the probe will act as a mechanical filter due to the inability
to reach the deepest corners. Consequently, the probe size should be
carefully selected to obtain the desired results.

2.3.2  Cylindricity

Cylindricity error is according to ISO 1101:2017(E) [36] defined as the
radial distance between two coaxial cylinders that contain all the meas-
ured points on the cylindrical surface. Similar to flatness, the cylindricity
characteristic is also susceptible to the staircase effect and the probe
size. Minor variations in inspection paths may alter the readings from
a CMM, but this measurement uncertainty is countered with a large
number of registered points.
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€ flatness

Figure 2.3: Measuring the flatness of a surface affected by the staircase effect
with a CMM. € ¢/4¢n.ss indicates the measured flatness.

2.3.3 Diameters

The diameter of a surface can be defined in multiple ways as displayed
in figure 2.4. The method selected for defining the diameter is typically
based on the function of the feature [37]. The minimum feature method
gives the circle with the smallest absolute deviations and is deemed
appropriate for estimating the ’true’ diameter of the cylinder for the
purpose of this work.

.
.t

I
.
SR, TR,

D=54.2
£=85

Figure 2.4: Illustration of diameter estimation from measured points and
the effect of methodology: From the left: the minimum feature method, the
minimum circumscribed circle, and the maximum inscribed circle. Adapted
from [37].

2.4 Powder Bed Fusion

Powder Bed Fusion (PBF) had its genesis shortly after SLA [38] and is
perhaps the most industrialized technology in the AM family. The tech-
nology is relatively stable, energy- and material-efficient, and produces
parts of good mechanical and dimensional quality. Predominantly poly-
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Figure 2.5: General schematic for a LB-PBF machine. The piston lowers the
powder bed and the recoater blade distributes powder from the powder bins.
Adapted from [41].

mers and metals are used, but applications of ceramics and composites
exist to a lesser extent [4], [39], [40].

The process is defined in ISO/ASTM 52900:2015(E) as a "...process in
which thermal energy selectively fuses regions of a powder bed.” [1, p.
2]. Figure 2.5 depicts a general schematic of a LB-PBF machine. The
process would begin by distributing a thin layer of powder material
on the build platform before the relevant regions are fused. The build
platform is then lowered by a distance equivalent to the layer thickness
before the process is repeated.

When the build process is complete, the built part will be contained in a
bin full of powder — commonly referred to as the ’part cake’. The part
cake is allowed to cool before as-built parts may be retrieved, and the
excess powder recycled. The material close to the surface of the produced
part will be affected by the residual heat from the process. This energy
will cause some of the grains to deform or otherwise deteriorate, which
renders parts of the part cake less viable for reuse [42]. The aging effect
may also influence powder properties within a single build [43]. The
as-built parts are typically subject to post-processing to alter mechanical
properties and/or to achieve the desired surface quality.
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00 Sintered particles

Figure 2.6: Illustration of sintering. From the left, particles are packed closely
together. Sintering fuses particles while retaining structural integrity.

Despite their common origins, the PBF-technologies have some funda-
mental differences that affect how they relate to the contents of this
thesis. Most notably, the processing of metals typically requires support
structures to help reduce residual stresses and prevent warping during
the build [4]. This is not required in LB-PBF/P because the energy levels
are much lower than those of the metal counterparts. Nevertheless, all
PBF processes will exhibit some degree of staircase effect as a result
of the discrete layers of material, thermal gradients impose a risk of
warping, and the powder will yield a rough surface on the as-built part.

2.5 Laser-based Powder Bed Fusion of Polymers

The AM technology investigated in this PhD thesis is LB-PBF/P where
the particles of a polymeric powder are fused by applying energy with
one or more lasers. The technology, typically referred to as sintering,
laser sintering, or Selective Laser Sintering (SLS), fuses powder by
increasing the temperature just enough for particles to bond without
fully melting. This is illustrated in figure 2.6 where the tightly packed
powder is sintered to produce a part. As the temperature increases, the
particles fuse, and the 'necks’ become wider thus reducing the presence
of pores [4]. Consequently, higher temperatures are also associated with
a higher shrinkage effect. The complexity of this process is significant as
it involves porous and brittle inter-layer structures from partial melting
and recrystallization [44].

In LB-PBF/P, the build chamber is preheated to a temperature just



2.6. Digital representation of 3D-geometries 19

below the melting temperature of the powder material. 3D objects are
realized through the repetitive process of powder distribution, build
chamber heating, and laser sintering. When the process is complete, the
part cake is allowed to cool before the finished parts may be removed.
The present work follows the rule of thumb stating that the part cake
should cool for at least as long as it took to build. Premature removal
increases the chances of warping due to rapid cooling upon removal.

2.6 Digital representation of 3D-geometries

In the digital world of today, hardly any product is created without
a digital model preceding its manufacture. The old drawing boards
are replaced by CAD software that enables the accurate definition and
inspection of any geometry. The generated digital models enable simula-
tions of all product life stages from manufacturing to end of life. Most
importantly, a digital model facilitates process planning and quality
assurance.

In AM, a digital model is necessary for process planning purposes. Before
a layer may be deposited, the contour of the layer must be obtained by
slicing the CAD model. However, when the first AM systems came
to be, the direct slicing of CAD files was infeasible due to the required
computational power. Slicing polyhedrons, on the other hand, was within
the realm of possibilities. Consequently, the STereoLithography (file
format) (STL)! was developed as a simple description of the surface part
surface to facilitate the slicing procedure.

The STL file format represents the surface of the geometry as a tessel-
lation of triangles. These triangles are defined by three vertices and a
unit normal vector pointing towards the exterior of the part as displayed
in figure 2.7. This yields a total of 12 floating-point numbers stored for
each triangular facet. For redundancy, the vertices of a facet are listed
counterclockwise when seen from the outside. This aids in the explicit
division of part interior and exterior. The contents of an STL file can
either be in ASCII format, which makes it accessible to humans, or a
binary format can be used to minimize file size and accelerate loading
time at the expense of human readability.

The approximation of curved surfaces to the tessellated surface found

!Conveniently, the acronym "STL" can also be described as Standard Tessellation
Language, however, STereoLithography (file format) is the original description [45],
[46].
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o ‘

solid <name>
facet normal <x> <y> <z>
outer loop
vertex <x> <y> <z>
vertex <x> <y> <z>
vertex <x> <y> <z>
> endloop
endfacet

w

:‘; . —— /,,.w/,d—,. .....
o endsolid <name>

(a) Illustration of a facet in the STL file (b) Syntax of an STL file in ASCII
with vertices and a normal vector. format.

Figure 2.7: Contents of the STL file.

in STL introduces a certain deviation from the designed surface. Most
commercial CAD systems allow the designer to impose tolerances on
maximum deviation from the designed surface. Naturally, tighter toler-
ances require more triangles in the STL file which affects the size and
processing time of the file. Nevertheless, the surface will always be an
approximation of the surface and errors will arise.

The inability of STL files to accurately represent curved surfaces, to-
gether with other desirable capabilities for a digital format for AM, has
led to the development of alternative file types in recent years [47]. An
effort towards a standard AM file format AMF [48] was initiated, but
may have been premature. Inspired by the AMF initiative, a consor-
tium of major corporations from software and AM industry has joined
forces in the development of the 3SMF file format set to replace the STL
file format as the industry standard. 3MF will be based on triangular
meshes, but claims to be complete, human readable, simple, extensible,
unambiguous and free [49]. This thesis focuses on the STL format due
to its widespread use in industry but acknowledges the rise of these
formats and their implications are discussed in chapter 6.

2.7 Digital operations in Powder Bed Fusion

When a digital representation of the object is acquired, the process
planning may commence with defining the build layout. Typically, the
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part build orientation is determined before the geometry is placed in the
virtual build space. At this point, multiple objects may be inserted in
the build space for simultaneous manufacturing. A separate software
may be used for this stage which may include a range of different tools
for optimization and automation.

After defining the build layout, the contour of each layer is obtained by
slicing the digital model with horizontal planes at intervals equal to the
selected layer thickness. The layer thickness is typically constant, but
adaptive layer thickness is also possible to mitigate the staircase effect
on inclined surfaces [50].

When the geometry is sliced, path planning is performed for each cross-
section. For PBF technologies, this entails defining scan paths for the
laser to follow, as well as parameters such as laser power, scan speed, and
hatch distance. The following sub-sections describe central parameters
and concepts for LB-PBF/P.

2.7.1 Contours and edges

To create a solid exterior of the manufactured part, the contour of each
layer is normally given a certain thickness before moving to the interior.
The contour of a layer constitutes the two-dimensional lines and curves
that will make up the part’s surface. The scanned contour is slightly
offset to account for the diameter of the laser beam, and the surrounding
powder being affected by energy dispersion. According to Electro Optical
Systems GmbH (EOS), the center of the laser beam will typically trace
the contour with a distance of ca. 0.33 mm.

For most layers, the contour offset is unproblematic. However, when a
sharp corner or a narrow passage is encountered, the offset will cause a
deviation from the nominal to the actual surface. These narrow edges
require the system to override the offset and apply a special approach.
A common solution is to draw a single line along the center of the edge
until it either reaches the exterior or the conditions for contour lines
apply again. This can however yield deviations on the final surface as
demonstrated in figure 2.8

2.7.2 Raster pattern and hatch distance

While a robust exterior is desired to maintain functionality and to pro-
tect the product, the interior of the part is not subject to the same
requirements. The density of the interior can be controlled to achieve
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Figure 2.8: Example of edge deviation on a surface. The object is obtained
from the experiment of which the details are provided in section 4.4.

the desired weight and weight distribution while withstanding the expec-
ted loads and stresses. Typically, the density of the interior is minimized
to save material and reduce the weight of the final component.

In LB-PBF/P, the interior of a layer is typically filled with alternating
hatching lines. For the AM machine employed in this project (EOSINT
P395), these lines follow the x- and y-axis of the Machine Coordinate
System (MCS) for every other layer, with a default hatch distance of 0.3
mm. The locations of all hatch lines are preset in the system but only
utilized if they fall within the contours of a layer. Consequently, the ith
hatching line along the y-axis will be a straight line from z,,,;,, to Z0z
at y = 0.3i mm. This rigidity results in a different number of hatching
lines for a part depending on where in the build space it is placed.

2.7.3 Energy density

The powder material used in PBF is sensitive to changes in temperature
(i.e. energy input) [51]. Changes in energy density (ED) influences
both mechanical properties and dimensional accuracy [52]. The ED is a
measure of how much energy is applied to a certain volume. According
to Czelusniak and Amorim [44], the ED can be calculated as:
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Figure 2.9: Illustration of the temperature distribution in the powder bed
(left) and throughout the part cake (right).
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where P is the laser power, v is the laser scan speed, & is the hatch
distance, and Az is the layer thickness. However, note that equation
2.1 takes no regard for the number of hatching lines falling within the
contour of the layer, and also disregards any additional settings such
as skin thickness and edge parameters. Nevertheless, an estimate can
easily be obtained by equation 2.1 without excessive computations.

Because of the iterative process of applying energy to the powder bed and
distributing fresh layers of powder, energy accumulates in the part cake.
However, due to energy loss to the environment together with internal
heat transfer, the temperature distribution is not consistent throughout
the part cake [53]. Generally, the center of the build is warmer than the
corners as illustrated in figure 2.9 [51]. The temperature distribution
can to a certain extent be controlled by part placement and dummy parts
may be introduced to ensure an even temperature distribution.

2.7.4 Print-through and laser angle

The laser of LB-PBF machines penetrates more than one layer of mater-
ial, securing proper bonding between the layers [54]. However, for the
first few layers and any down-facing surfaces, the laser will continue
through the surface and into the powder bed. This effect is present in
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several AM processes and is known as "print-through" or "overcure".
Naturally, this will yield larger dimensions in the build direction than
what was designed. Some software offers compensation mechanisms to
counter this effect by skipping the first few layers of any down-facing
surfaces.

The effect of print-through may manifest differently depending on where
the part is located in the build space. Because the effect is caused by
the laser surpassing the intended volume, the direction of the laser
(i.e. the angle between the relevant down-facing surface and the laser)
determines the magnitude of the effect. Because the laser beam typically
enters the build space through a mirror centered above the powder bed,
the laser angle will be higher farther away from the center of the powder
bed as illustrated in figure 2.10 This further implies that the effect
may appear, not only on down-facing surfaces but also on vertical- and
slightly up-facing surfaces.

The laser angle is found to impact surface roughness in Laser-Based
Powder Bed Fusion of Metals (LB-PBF/M) [55], and can be calculated
as:

¢ = /(i1,1) = arccos ( i l_,> (2.2)

where ¢ is the laser angle, 7i is the surface normal vector, and ['is the
direction vector of the laser. While print-through has received some
attention in research efforts, the laser angle is rarely mentioned as a
factor for final part properties. Based on recent studies, however, there
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Figure 2.10: Illustration of the laser angle (£), here relative to the powder bed.
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is reason to believe that the laser angle may have a significant impact
on dimensional and geometric accuracy.
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Chapter 3

Literature review

This chapter provides an overview of related works in the area of optimiz-
ation in AM with a particular focus on the optimization of orientation for
improved dimensional and geometric accuracy. Optimization is defined
by Merriam-Webster [3] as “an act, process, or methodology of mak-
ing something (such as a design, system, or decision) as fully perfect,
functional, or effective as possible”.

Optimization schemes in AM concerns all three groups of objectives
mentioned in the definition by Merriam-Webster [3]. Certainly, the op-
timization of product design is obvious in topology optimization where
computer-generated designs are produced from parametric models with
functional requirements and boundary conditions. System optimization
is evident in the continuous improvement of AM systems for consumers
and industry alike, including the business models and value chains de-
veloped for the new paradigm of manufacturing supported by disruptive
technologies. Finally, the optimization of decision-making processes
concerns AM at multiple levels from the selection of process parameters
to product development and strategy. However, optimization in AM is
perhaps most concerned with the improvement of quality, reduction of
cost, and elimination of waste.

The present work builds on theory from multiple domains, hence an
overview of related work will inevitably touch upon several different
fields. The following sections attempt to present relevant research efforts
in an orderly manner by roughly categorizing the publications according
to topics, aims, and scope.

27
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Figure 3.1: Historical view on publications related to part build orientation.
The graph is generated from Web of Science?.

3.1 Related work on part build orientation

The determination of the optimal part build orientation soon became a
topic of interest with publications dating back to 1994 [56]. Figure 3.1
displays the results of a query on Web of Science? for scientific articles
using any synonym for AM and either the word "orientation" or the term
"build direction" in the title, abstract, or keywords. A critical point can
be identified around the year 2010 after which an exponential growth
in research interest can be observed. Note that the work of Allen and
Dutta [56] is not present in the graph because it was presented in the
Solid Freeform Fabrication Symposium. These proceedings are indexed
in neither Scopus nor the Web of Science. Furthermore, papers only
mentioning the specific technology and not any of the synonymous terms
for AM also suffer the same fate, including the seminal work of Cheng,
Fuh, Nee et al. [567].

Di Angelo, Di Stefano and Guardiani [58] recently reviewed the literat-
ure on the optimization of part build orientation in AM with a particular
focus on the objective functions used for the optimization schemes. The
authors proclaim in their introduction that “/dJespite the large number
of methods to search for the best build direction published in the related
literature, it remains an open issue.” [58, p. 2]. As the AM technologies
become increasingly sophisticated, the peculiarities will become more

%Web of Science is available from https://www.webofscience.com/.
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Table 3.1: Categories of optimization methods reviewed by Di Angelo, Di
Stefano and Guardiani [58].

Method Papers
Weighted sum 15
Primary and secondary objectives 10
Pareto front 9
Others 7
Total 41

Table 3.2: Categories of optimization methods reviewed by Qin, Qi, Shi et al.

[59].
Method One-step Two-step
Weighted sum 21 8
Min-max functions 29 3
Pareto front 7 0
Deviation function 0 1
Ordered weighted averaging operator 0 1
Fuzzy aggregation operators 0 1
Total 57 14

prominent and general applicability will no longer be feasible. The au-
thors divided the reviewed optimization methods into four categories as
displayed in table 3.1.

Qin, Qi, Shi et al. [59] also performed a recent review on "computer-aided
part orientation" where the focus is on the automatic methods for optim-
izing part build orientation. The review distinguishes between one- and
two-step methods and continues to present the different applications
based on technology and implementation. The categories of methods
reviewed in [59] are tabulated in table 3.2 where the reviewed literature
is categorized as either one-step or two-step methods. This separates the
methods for direct optimization based on the input geometry from the
methods where higher-level information is derived before the optimiza-
tion process. Evidently, the second review ([59]) is more comprehensive,
yet the authors outlines nine directions of future research, ultimately
emphasizing the continued need for research on part build orientation.
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Early efforts on optimizing the part build orientation were primarily
directed towards SLA. At the time, finding a stable orientation where
support structures could be easily produced and removed was of high
importance [56], [57]. The scope of the research efforts soon extended
to build time and surface quality [60], [61], and the cost inferred by
build time, pre-processing, and post-processing [62]. Later efforts have
included mechanical properties [63], functionally graded materials [64],
and lately also sustainability aspects [65].

Recent research efforts are predominantly aimed at specific applica-
tions and technologies [66]-[69]. The following subsections elaborate
on the existing literature on the effect of part build orientation on toler-
ance characteristics. Flatness and cylindricity are emphasized as these
characteristics constitute the main contributions of the current work.
Nevertheless, additional characteristics are included to provide context
and facilitate discussion on future prospects.

3.1.1 Part build orientation and flatness

The first model of accuracy in AM as a function of orientation was
presented by Arni and Gupta [27] who derived the theoretical model
in equation 3.1 for flatness error based on the staircase effect. The
authors employ a critical angle .. below which the entire surface will be
contained within a single layer of material, hence, no steps are produced
on the surface (see figure 3.2). The model can be expressed as:

ot {(Az +0.)cosl + (0zy)sinf  if O, <0< TF 3.1)

—(Az +6.)cos b + (0gy)sind if §T <O <7 — 0

where Az is the layer thickness, 6 is the angle between the surface
normal and the build direction, §, is the general deviation in the z-
direction, and d,, is the general deviation in the xy-plane.

3.1.2 Part build orientation and cylindricity

Similar to the work of Arni and Gupta [27] on flatness, Paul and Anand
[29] developed a theoretical model for cylindricity as a function of part
build orientation as displayed in equation 3.2.

Eeyl = Az - sin(0) (3.2)

where Az is the layer thickness and 6 is the angle between the cylinder
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[ ............... Nominal surface

Actual surface

Figure 3.2: Illustration of how steps are introduced on close to horizontal
surfaces. Adapted from [27].

axis and the build direction.

Senthilkumaran, Pandey and Rao [70] performed a central composite
design experiment to model the effect of multiple factors in LB-PBF/P
on form errors, one of the factors being the part build orientation. The
authors developed the following model for cylindricity [70]:

Ecyt =0.10874 + 0.0113 P + 2.606 x 10~%w — 0.0349D + 0.03496

(3.3)
—3.3833 x 1074PH — 6.61 x 107500 + 3.3466 x 10~1D?

where P is the laser power, v is the scan speed, 6 is the angle between
the surface normal and the build direction, D is the diameter of the
cylinder. Notably, the authors developed a similar model for flatness
but discarded the term with build direction due to the low significance
level. In other words, the models of Senthilkumaran, Pandey and Rao
[70] consider the build direction to be a significant factor for cylindricity,
but not for flatness. The experiment involved five levels for orientation,
ie. {0°,22.5° 45° 67.5°,90°}.

Another study was conducted by Ollison and Berisso [71] for Binder
Jetting (BJ) at three levels for orientation, i.e. {0°,45°,90°}. The results
from this study indicated comparable cylindricity at 0° and 45°, but
significantly larger errors for the horizontal orientation.
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3.1.3 The effect of part build orientation on other characteristics

Das, Chandran, Samant et al. [26] extended the work of Arni and Gupta
[27] and Paul and Anand [29] by also developing theoretical models
for perpendicularity, parallelism, angularity, conicity and runout errors.
Like their inspirations, these models are solely derived from the theoret-
ical staircase effect and therefore do not consider shrinkage, warping,
etc.

A great deal of work has been done to determine the relationship between
the part build orientation and the surface roughness. The first invest-
igations were performed for SLA [72], [73]. Experiments have later
confirmed similar behavior in LB-PBF/P [74].

While the studies on surface roughness involve a large number of orient-
ations, this is not the case for research on geometric and dimensional
accuracy where typically only 2-5 orientations are investigated (see e.g.
[70]1, [71], [75]). This constitutes a research gap where a more complex
relationship between part build orientation and final part properties
may be identified.

3.2 Variation and deviations in AM

Naturally, there are other sources of variations and deviations in AM
other than the part build orientation. Certainly, the part build orient-
ation is merely one of many parameters that cause variations in final
part quality. Similarly, tolerance characteristics are not the only way to
characterize form deviations. The following subsections provide a brief
overview of related subjects and associated quality measures.

3.2.1 Variations within and between builds

Despite the continuous efforts to develop a stable process, LB-PBF re-
mains prone to variation within and between builds [76]. Senthilku-
maran, Pandey and Rao [77] investigated the shrinkage effect in LB-PBF/P
and found larger variations in the y-direction than in the x-direction
within the build chamber. Similar results are reported by Gazzerro,
Polini and Sorrentino [78] who adds that the accuracy in z-direction
appears to be rather stable. The latter study also observed better mech-
anical properties towards the center of the build compared to the edges of
the powder bed. This complies with previous studies where the variation
is attributed to uneven temperature distributions [51]. Wang, Wang,
Zhao et al. [79] investigated the influence of other parameters on the
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shrinkage effect in LB-PBF/P using a neural network model, but part
build orientation was not part of the study.

Risenberg, Josupeit and Schmid [13] performed two builds to char-
acterize the quality in LB-PBF/P, but no dimensions were measured.
Nevertheless, the study found minor deviations between the two builds
in terms of mechanical properties and argues for good repeatability.
Furthermore, the authors mention variations in material properties
between positions in the build chamber but do not go into detail.

3.2.2 Compensating deviations in AM

Geometric deviations in layered manufacturing technologies can be
thought of as the sum of in-plane deviations and out-of-plane deviations.
In-plane deviations are those deviations that can be observed in a single
layer of material [80]. Conversely, out-of-plane deviations are deviations
observed across layers [81].

Modeling the various failure modes in AM enables the prediction of
actual geometry [31]. Consequently, if deviations can be predicted,
they can also be mitigated. Compensation of geometric deviations has
been proposed both for in-plane deviations [80], [82], [83] and out-of-
plane deviations [81], [84]. Skin model shapes have been proposed as
a means for modeling final shape deviations which enables simulation
and verification of assembly operations [85].

Machine Learning (ML) methods have been proposed to predict and com-
pensate geometric deviations [84], [86] as well as dimensional deviations
[87], [88]. By exposing the ML models to a certain number of training
geometries, they should be able to produce accurate predictions for any
future geometry. A major benefit from this approach is the ability to
handle free-form surfaces without explicit knowledge of shape features.
However, these methods require correct training reliable results and
must be validated carefully.

3.3 Other relevant work

For the problem of part build orientation in AM, a distinction can be
made between those who utilize the shape features of the part (e.g. [34],
[567], [89], [90]), and those who consider every single facet of the STL file
(e.g. [91]-[94]). The latter methods are greatly affected by the number of
facets in the STL file, and simplifications of the surface mesh is proposed
to reduce the computational cost [65]. However, the computational
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burden can be alleviated by handling features rather than single facets.
This can be accomplished either by using the native CAD file as basis for
optimization [95], [96], or the STL file may be pre-processed by feature
recognition to extract relevant geometric features from the surface mesh
[97], [98].



Chapter 4

Methodology

The validity of any research effort is determined by the methodology
behind it. For any research endeavor to produce valid and reliable
results, the methods and epistemological foundations should be carefully
and precisely described. This chapter presents the underlying philosophy
of science including the context and academic environment in which the
project was situated. The first subsection lays out the backdrop for the
selected methods which are described in detail thereafter. A separate
section is devoted to the description of the experimental work that was
conducted which includes an elaborate design of the experiment. Finally,
data exploration and -analysis are described before a brief disclosure of
limiting factors.

4.1 Transparency and open science

With the risk of repeating the philosophies of Descartes, the question
"how do we know that we know?” is relevant to any researcher when
disseminating their findings. Any research endeavor takes place in a
very specific environment, not only with regards to physical installations
or the geographical location, but also the academic environment with
its culture and traditions. Moreover, the time period with technical
developments and state-of-the-art, and maybe even the geopolitical
climate, can influence the significance of research results. A researcher
should therefore strive to disclose any relevant details about the context
of the research to improve the reliability and validity of the results.

In the digital world of today, where the scientific community is fragmen-
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ted and scattered throughout the world, the concept of open science is
on the rise. Making knowledge available to all — not just for the indi-
vidual enlightenment, but for others to validate, challenge, and oppose —
contributes towards an inclusive yet rigorous scientific community. The
availability of research regardless of circumstance remains a core value
in modern scientific discourse.

Digitization offers many opportunities along with at least as many chal-
lenges. Privacy and intellectual rights are tested in open science, and
the FAIR principles for scientific data [99] provide guidelines for how
scientific data is treated to maximize findability, accessibility, interoper-
ability and reuse. In the guidelines from the European Research Council
Horizon2020 program, it is stated that FAIR data should be "as open as
possible, as closed as necessary" [100]. The present work is conducted in
line with open science philosophy, and an effort has been made to comply
with the FAIR principles?.

The Norwegian University of Science and Technology (NTNU) slogan
"Knowledge for a better world” inspires the wide dissemination of re-
search for the good of all humanity. The current work is in its entirety
made publicly available through online data repositories, open-source
code, and open publications. Every step in the process has been scrutin-
ized for validity, and actions have been made accordingly to maximize
validity within the limitations of the project. By disclosing all details
pertaining to data generation, adopting the FAIR principles, and dissem-
inating results open access, the current work certainly contributes with
knowledge for a better world.

4.2 Contributions of papers

This thesis builds on six (6) papers, denoted P1-P6, written throughout
the PhD-work — five of which are published already, and the final paper
is accepted for publication. The thesis ties the papers together towards
a method for optimizing part build orientation. Figure 4.1 illustrates
how the papers address the various RQs posed in section 1.2.

The papers are summarized in table 4.1 and the individual contributions
are outlined in the subsequent paragraphs.

3The FAIR principles are available from https://www.go-fair.org/fair-principles/
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Figure 4.1: Relationship between papers and RQs.

Table 4.1: Overview of articles published in connection with this PhD project.

Number Year Main author Co-author(s) Journal

P1 2019 Leirmo, T.S. Martinsen, K. Procedia CIRP

P2 2020 Leirmo, T.S. Martinsen, K. Procedia CIRP

P3 2020 Leirmo, TL. Semeniuta, O. Procedia CIRP
Martinsen, K.

P4 2020 Leirmo, TL. Semeniuta, O. Procedia CIRP
Baturynska, I.
Martinsen, K.

P5 2021 Leirmo, TL. Semeniuta, O.  Applied Sciences

P6 — Leirmo, TL. Semeniuta, O. Open Engineering




38 Methodology

P1. Evolutionary algorithms in additive manufacturing systems
Background

The problem of determining a suitable part build orientation in AM is an
elusive problem in the sense that it may take many forms depending on
the context. Consequently, solutions have been proposed using a pleth-
ora of different methods and tools. One group of particularly popular
methods is the EAs — a subclass of artificial intelligence — where the
solution space is randomly sampled to converge towards the optimal
solution. This paper explores the existing alternative solutions to the
deterministic demand of RQ3.

Contributions

* Overview of past and current EAs in AM through a literature
review

* A discussion on the prospects of EAs in AM projecting increased
variation in method types — especially in the sources of inspiration
for EAs

P2. Deterministic part orientation in additive manufacturing using feature
recognition

Background

For AM to be viable in mass production, a certain level of predictability
is necessary. Existing methods for automatic determination of part
build orientation in AM typically include a stochastic component which
ultimately introduces variations into the production system. Automation
of this process is further hampered by the low level of information
available in the tessellated STL files which are used for file transfer in
AM. This paper address RQ3 and proposes a solution.

Contributions
* A deterministic method for finding a feasible part build orientation

in AM
* Demonstration of the efficiency gained from considering features

rather than triangles of the STL file.

¢ Execution times for a C++ implementation of exhaustive search
using feature recognition.
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P3. Tolerancing from STL data
Background

The conception of AM introduced a need for slicing digital models — a
task too complex for the computational power available at the time.
The solution was the STL file which represented the geometry as a
tessellation of triangles which made slicing much easier. However, the
file format remains and is to this day the most common file format in AM.
The determination and communication of tolerances are problematic due
to the limited information available in the primitive file format. This
paper relates to RQ2 and RQ3 and outlines a method for integrating
STL files in a digital pipeline for AM.

Contributions

* A method for applying tolerances to STL-models by vectorial toler-
ancing

* The concept of a digital pipeline for quality assurance in AM

* A simple case study demonstrating the application of the proposed
method

P4. Extracting shape features from a surface mesh using geometric reason-
ing

Background

Many applications benefit from higher-level information regarding the
geometry to be fabricated by AM. It is therefore valuable to develop
intelligent methods for reconstructing higher-level information from STL
files. The extracted information can be used for process planning, file
modification, prediction and analysis of mechanical behavior, etc. This
paper is closely related to papers P2 and P3, and contributes towards

RQ3
Contributions

* An analytic method for feature recognition from STL-files

* A classification of local topology in STL-files
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P5. Investigating the dimensional and geometric accuracy of laser-based
powder bed fusion of PA2200 (PA12)

Background

AM is increasingly used in the manufacturing industry for manufac-
turing end-use parts as well as prototypes, however, consistent part
quality remains an issue for all AM technologies. For LB-PBF/P, the
orientation and placement in the build chamber is known to affect final
part properties, however, conducting experiments that account for all
possible variations are both difficult and expensive.

The underlying assumption of previous works is that the effect of ori-
entation on accuracy can be inferred from an experiment with a small
number of orientations (typically 3—5 orientations). However, the hypo-
thesis of this work is that the relationship is more complex than what
such experiments could reveal, and that previous experiments may be
compromised due to insufficient control of auxiliary variables. Hence, a
robust experiment was designed and conducted to explore this relation-
ship in further detail. This paper describes the design and execution of
the experiment in detail and presents results to affirm the validity of the
results. Hence, this paper targets RQ1, and provides the foundations for
answering RQ2.

Contributions

* A robust experiment design and methodology for LB-PBF/P that
enables valid comparisons between different positions in the build
chamber. This can further be used for the construction of prediction
models.

* A novel test artifact with elements comparable to an existing arti-
fact for external validity

* An open data set available to the research community and the
public in the spirit of open research

¢ Evidence of variations between different positions in a single build
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P6. Minimizing form errors in additive manufacturing with part build orienta-
tion — An optimization method for continuous solution spaces

Background

The part build orientation in AM is a decisive factor for the final quality,
both in terms of dimensional and geometrical accuracy, and surface
roughness. Consequently, part build orientation has been subject to
optimization schemes for decades with varying scopes, objectives, and
complexities. Theoretically, the solution space for this problem is bound
to the surface of a unit sphere, however, this space holds an infinite
number of unique solutions due to the continuous space. Optimization
of part build orientation is therefore accomplished in one of two ways: (i)
a finite set of candidate orientations are derived from the solution space
by discretization or from the geometry by intelligent methods, or (ii) the
continuous solution space is traversed by evolutionary algorithms or
other stochastic methods.

This paper describes a method where the geometry defines a continuous
solution space where the critical points are derived mathematically.
Consequently, a solution to RQ3 is provided in this paper.

Contributions

* Strong mathematical foundations for part build orientation includ-
ing relevant formalizations

* A novel method for optimizing part build orientation from a con-
tinuous solution space

* Generic mathematical models aggregating objective functions for
separate feature types

® Validation of said method through two case studies

4.3 Research methods

Although being tightly connected in this thesis, the research questions
warrant the application of diverse research methods. RQ2 requires
investigation of literature, but benefit more from experimental work
that generates valid primary data for creating models that describe the
relationship between part build orientation and geometric accuracy. RQ3
is addressed by building on the data from RQ2 to develop an approach
for optimizing the part build orientation to meet tolerance requirements.
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Table 4.2: Overview of hardware and software used for various research
activities.

Activity Hardware Software

Design of experiments Computer MS Excel, Magics 23.01
Design of specimens Computer Solidworks 2018, MS 3D Builder
Manufacturing specimens EOSINT P395 Magics 23.01, EOS PSW
Measurements Zeiss Duramax Calypso

Data analysis Computer Python 3, Jupyter Notebook

RQ1 is a question of experiment design and is tightly connected to RQ2,
but requires further analysis and discussion around the applicability of
the design to other technologies and purposes.

The experimental work constitutes a major part of the project — especially
in terms of research methods and tools. An overview of the hardware and
software utilized in the various activities connected to the experimental
work is presented in table 4.2. Details on the experiment are also allotted
a separate section (section 4.4) where the characteristics are outlined.

4.3.1 Literature review

When the project was initiated in 2017, the topic was fuzzy and the
problem was not yet defined. However, with progress comes enlighten-
ment, and the topic was funneled into the problem defined in this thesis.
This journey is reflected in the keywords used to scrutinize databases
throughout the project. Writing papers along the way assisted in fo-
cusing the effort on sub-problems, and — to some extent — contain the
exploration of a vast ocean of available literature on related subjects.

The literature has been collected by various methods along the way;
Structured and unstructured literature searches in academic databases
and search engines, e-mail alerts from relevant journals, social network
recommendations (i.e. ResearchGate), literature from colleagues and stu-
dents, and attendance at scientific conferences. Finally, backward- and
forward snowballing has been done, starting from literature acquired
from the aforementioned methods.

The plethora of terms and phrases surrounding AM complicate the
queries necessary to include all relevant literature. For instance, the
following string was used to obtain results pertaining to AM in a wide
sense:
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0.000160%
0.000140% 3D Printing
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Figure 4.2: The popularity of different synonyms for Additive Manufacturing
(AM) from 1980 to 2019. The graph is produced by Google Books Ngram Viwer*
based on the number of appearances in both popular and scholarly books.

"Additive Manufacturing" OR "Rapid Prototyping" OR "Layered Manu-
facturing” OR "3D printing" OR "Freeform Fabrication"

All of these terms and more have been used somewhat synonymously
over the last decades, and more exist for specific applications of AM
technologies, e.g. rapid tooling. Figure 4.2 displays how the popularity
of the different terms has developed over time. "Rapid Prototyping" was
the term initially used for the concept. However, as more technologies
were developed with more use cases, other terms became popularized.
The recent shift towards the term "Additive Manufacturing" is mainly
due to the standardization efforts in industry and academia, while "3D
printing" continues to be the preferred layman’s term.

4.3.2 Experiment planning

Based on experience from related works (such as the PhD project of
Ivanna Baturynska [41]), the build layout cannot be neglected in the
experiment planning. Furthermore, the relatively high cost of experi-
ments leave little room for errors in the planning process. Precautions
was therefore taken to minimize risk, and maximize the utility of experi-
ments. Together with the outbreak of the global COVID-19 pandemic,
the meticulousness of the experiment planning prolonged this process
significantly. The experiment was eventually conducted in May/June of
2020, approximately one year after the first layout was sketched. Details
on the experiment planning is presented in section 4.4.

4Google Books Ngram Viewer is available from https://books.google.com/ngrams.
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4.3.3 Analysis and modeling

The data acquired from the experiment enables the modeling of the effect
of part build orientation on select response variables. Initial analysis of
the data was aimed at characterizing the variation, and furthermore, to
investigate the validity of the generated dataset (as published in paper
P5[101]). The next phase entails the development of empirical models
from the experiment data (see section 5.2). This was achieved using
Python programming language and is elaborated in section 4.5.

4.4 Experimental work

A detailed description of the experiment is available in paper P5 (Leirmo
and Semeniuta [101]) where the validity of the data also is analyzed
and discussed. This section is dedicated to reporting and accounting for
the decisions made in the experiment design and underlining the main
characteristics of the experiment.

4.41 Artifact design

A plethora of benchmark artifacts already exists in literature [102], with
both NIST [103] and ISO/ASTM [104] contributing with geometries.
Nevertheless, every artifact is designed for a particular purpose, and
with the relatively large cost of AM, tailoring an artifact to maximize
utility while minimizing cost is justified. Hence, inspiration was drawn
from the artifact proposed by Minetola, Iuliano and Marchiandi [105] in
the design of a new test artifact that enables comparison with related
work.

The designed artifact collects multiple geometric features on a base
plate which facilitates inspection by CMM. The desire to incorporate
multiple dimensions in concave and convex versions inevitably yields
a relatively large artifact. The final design was only completed after
the feasibility of the total dimensions was confirmed in the build space
segmentation phase outlined in subsection 4.4.2. A concurrent process
of artifact design and build layout design maximizes the utility of the
experiment by allowing adjustments to be made in both regards before
arriving at a final solution. Moreover, a prototype was produced using
a Prusa i3 MK2.5 Fused Filament Fabrication (FFF) machine which
enabled details in the inspection stage to be considered in the final
design, including the fixture which is further detailed in subsection 4.4.3.
Details on the artifact design are available in appendix C.
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4.4.2 Build layout

Large variations have been observed in PBF from one build to the next,
and even within a single build [75], [77], [106]. Wu and Hamada advises
to "block what you can and randomize what you cannot” [107, p. 9].
Consequently, the experiment incorporated blocking strategies to enable
comparisons between builds, and between different positions within the
same build. The solution was a grid-like structure where 45 discrete
positions were defined in the build space. In this context, a position is
a point in the build space defined by Cartesian coordinates [:c Y z]
defined in millimeters relative to the machine coordinate system. This
point describes a fixed position in the build space where parts can be
fabricated under identical circumstances, i.e. the point is fixed relative
to layer thickness and hatch distance. While the purpose was to improve
the validity of the results, it also enables a rough analysis of the effect of
part location for these discrete positions.

Number of specimens

Previous studies typically consider 2-5 orientations when investigating
the effect of orientation on accuracy (see e.g. [70], [71], [75]). This,
however, appears to be insufficient for creating an accurate model of the
relationship. To enable a complex relationship to manifest, it is desired
to produce specimens at five-degree intervals.

Because LB-PBF/P does not require any support structuress, the results
may be expected to be symmetrical about the horizontal, i.e. up-facing
and down-facing surfaces may be evaluated identically as a function
of their offset from the horizontal orientation. However, due to print-
through, the bottom side may have a higher surface roughness than the
top. Similarly, the actual surface may also be slightly offset and impact
tolerance characteristics. It is therefore necessary to investigate the
full range of orientations from zero- to 180-degrees. With five-degree
intervals, this yields a total of 37 orientations.

Finally, three replications of each orientation are desired to enable the
analysis and characterization of variation. Consequently, 111 speci-
mens must be produced to realize the desired resolution of investigated
orientations, and also meet the demand for replication.
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Build space segmentation

The build volume of the EOSINT 395 is finite with fixed dimensions 340
x 340 x 620 mm in X-, y-, and z-direction respectively. Additionally, it is
advised to keep a certain distance from the edges (20 mm), as well as
the build platform (6 mm). This further decreases the available build
space to 300 x 300 x 614 mm.

The combination of available space and desired elements of the arti-
fact converged towards a 3 x 3 grid of fixed positions in the xy-plane
of the build space. Because there is no need for support structures in
LB-PBF/P, parts can be fabricated on top of each other without com-
promising the quality of already manufactured products. Consequently,
the 3 x3 grid of positions can be repeated in the build direction to yield
additional specimens from a single build.

To accommodate the designed artifact in any orientation in any position,
the distance between the centerline of each layer of parts must also be
roughly 100 mm. The thickness of the layers must be considered to
mitigate any variation arising from part placement with regards to the
layers. Therefore, the distance between the centerline of each layer is set
to a multiple of the layer thickness (120 uym). Considering the restrictions
above, three builds are necessary to fabricate 111 specimens).

The build space segmentation described above yields 135 positions over
three builds. Because the experiment requires 111 specimens to pro-
duce three replications of each orientation, there are 24 positions more
than what is strictly required. These additional positions offer a few
challenges and opportunities. Firstly, leaving the positions empty would
affect the temperature distribution in the vicinity by reducing the ED.
Similarly, utilizing this space to manufacture something else may also
distort the ED. Hence, the same geometry should be fabricated in all
positions of the build space to ensure an even temperature distribution
and avoid major differences in ED.

When it is clear that eight additional copies of the same geometry will
be fabricated in each build, it is desirable to make these specimens
useful. One approach would be to create multiple replications of central
orientations. However, this could introduce inconvenient variation in
input data for statistical analysis in later stages. Another utility of these
extra specimens is to use them to analyze and characterize variation
between- and within builds with higher accuracy than what the experi-



4.4. Experimental work 47

ment initially would accommodate. This is achieved by reserving some
of the fixed positions for these additional specimens. By reserving cor-
responding positions at every level in every build, the effect of build and
position can be analyzed separately from part build orientation. With
eight extra specimens in each build, one position in each level may be
reserved. The remaining three positions are reserved at levels 1, 3 and
5 for even distribution. Because these positions can be used as reference
points for the experiment, these are referred to as ’anchor positions’ and
’anchor specimens’ in this work.

Assigning orientations to positions

The experiment is designed based on the presumption that the variation
between- and within builds is non-negligible. Randomization is therefore
employed as a tool to avoid systematical variation. A spreadsheet in MS
Excel allowed the random assignment of part build orientations to the
defined positions in the build space. This was achieved as follows:
Compile the list of all non-anchor positions

Give all positions in the build space a number (1-45)°

Randomly assign each part build orientation a number [0, 1)

Sort the part build orientations based on the random number

ok b o+

The position of the part build orientation in the list correspond to
the position defined under item 1

This process was repeated separately for each build, and the layout was
implemented in Magics where the parts were first moved to their re-
spective positions before they were rotated according to the randomized
scheme above. The position of a part in the build space is defined by
the central point of the part’s bounding box in its initial orientation as
illustrated in figure 4.3. The bounding box of a three-dimensional object
is the minimum rectangular cuboid that contains the entire geometry.
In the present work, the edges of the bounding box are parallel to the
axes of the machine coordinate system.

The anchor specimens were rotated 90° to minimize the sintered area of
the relevant layers, and to contribute towards an even slice distribution.

® Anchor positions follow the same numbering scheme but are excluded from the
random orientation assignment scheme.
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(a) Top view (b) Above right back view

Figure 4.3: The bounding box of the test artifact.

The anchor specimens are rotated about the x-axis in the opposite direc-
tion to differentiate them from the main specimens of the experiment.
Specifics of the layout are available in appendix B, table B.1.

Additional objects

When all 135 specimens are placed in the build space, the slice distri-
bution exhibits large fluctuations in input energy between the layers of
specimens. To flatten this curve, additional objects were inserted in the
build chamber. Once again, an opportunity reveals itself to enrich the
experiment with additional data.

For the first iteration, two sample types were adopted. Firstly, the
fabrication of hollow boxes is an elegant solution for retrieving powder
samples from within the build. With this in mind, four boxes were
inserted between the part layers. Secondly, because cylinders were of
particular interest, the fine cylindrical geometry (CA_F) of ISO/ASTM
52902:2019(E) [104] was utilized. Clusters of six specimens in orthogonal
directions were replicated 12 times in each build to produce a total of
216 additional parts.

Furthermore, 32 replications were produced along the edges of each build
to enable the investigation of how the laser angle affects cylindricity.
50% of these specimens were fabricated with the axis parallel to the
build direction, while the remaining 50% was re-oriented to align with
the laser angle. The alignment was achieved by rotations R, and R,
about the x- and y-axes of the part’s bounding box. The magnitudes for
rotations R, and R, was derived from the part coordinates as follows:



4.4. Experimental work 49

R, = arctan (pyl—ly> 4.1)

z

e — |
R, = arctan <pl$> 4.2)

z

where p, and p, are the x- and y-coordinates of the part’s center point,
and [, [, and [, are the x,- y-, and z-coordinates of the last deflection
point of the laser beam before entering the build space. While the
position of the part relative to the machine coordinate system is set by
the user and therefore readily available, the position of the last deflection
point is unfortunately confidential and unavailable. Consequently, this
location is estimated based on external measurements and best guesses
to be centered above the build space with respect to the x-y plane at a
height of approximately 600 mm.

The introduction of these additional objects improved the slice distri-
bution, but there was still room for improvement. A third object was
designed specifically to fit in the corners of the build space without en-
tering the buffer zone around each position. This object was designed by
CSG using Microsoft 3D Builder in three steps; (i) the shape and size of
the available space were estimated and created as a solid part, (ii) the
linear artifact (LA) of ISO/ASTM 52902:2019(E) [104] was used to make
imprints in the geometry, and (iii) the larger open areas were used to
create small cylindrical imprints. This corner geometry’s main purpose
is to even out the slice distribution for better temperature distribution.
However, the imprinted geometries enable inspection of linear accuracy
in xX-, y-, and z-direction in all corners of each build, as well as roundness
errors.

4.4.3 Data collection

An inspection strategy was developed for a Zeiss Duramax CMM, and
a fixture was designed specifically for the experimental artifact (see
appendix D). The CMM ensures accurate measurements by Computer
Numerical Control (CNC) which minimizes measurement uncertainty.
The fixture is a clamping device that holds the specimen in place dur-
ing the inspection, and also ensures close to identical placement of all
specimens in the CMM. A 3 mm ruby probe was used to perform the
inspections. This dimension act as a mechanical filter that reduces the
noise from surface roughness which is not the focus of this study.
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Before the CMM can run an inspection in CNC mode (i.e. fully auto-
matic), a base alignment must be established. This alignment allows
the machine to know where the specimen is located in the measurement
volume, and how it is oriented. Because the Duramax CMM does not
employ any sensors apart from the inspection probe, the position and
orientation are communicated to the machine by manually measuring
a set of points on the specimen. This process, referred to as manual
alignment, was in this experiment performed for every single inspection.
Note that the same position and orientation could be assumed for every
specimen because the fixture would eliminate most variation in this
regard. After all, form features are approximated, and form deviations
are computed relative to the fitted feature — not its nominal position.

All inspections were repeated thrice to counter measuring uncertainty.
This repetition included re-mounting the specimen in the fixture and the
subsequent establishment of a base alignment to incorporate natural
variation from this procedure.

4.5 Data processing and analysis

The data collected from the CMM was aggregated in a Zeiss proprietary
database as tolerance characteristics. The data was exported from this
database as Comma-Separated Values (CSV) files that are compatible
with third-party software. This raw data was made available through the
open repository together with supporting information about experiment
execution and meta data®.

The collected data was cleaned and analyzed with Python programming
language in a Jupyter Notebook environment. The generated code was
made accessible through GitHub repositories linked to the relevant
publications. Several analyses were performed to explore the dataset
and to perform statistical tests. Figure 4.4 give an overview of the
information flow in the experiments. The icons associated with each
python package symbolize their utility in the project. Starting at the
top of the python packages in figure 4.4, pandas [109] is used to store
and manipulate tabular data, i.e. import and filter the experiment
data. Continuing clockwise, NumPy [110] is used for heavy lifting
in computations, especially matrix and vector operations. Matplotlib
[111] and seaborn [112] are both used for exploring and visualizing
data, however, seaborn offer some additional functionality for statistical

5The data is made available through the open repository DataverseNO [108].
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Figure 4.4: Information flow in the experiment from layout planning to model
development.

analysis [112]. Finally, SciPy [113] is used for statistical analysis and
curve fitting in the modeling stage.

In addition to the packages directly related to the analysis of experi-
mental data, the python package SymPy [114] has been utilized as a
symbolic solver for performing mathematical operations — especially in
the context of paper P5. Naturally, many tools and methods have been
explored and discarded throughout the PhD project. Remnants of this
may have a certain influence on the results, but the tools and methods
presented above are responsible for the main contributions towards this
thesis.
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Chapter 5

Results

This chapter summarizes all the results through three sections — one
for each RQ as illustrated in figure 4.1. The first section describes the
results from the experiment, and more importantly, the findings related
to the robustness of the experiment in terms of variation within and
between the builds. The second section develops empirical models based
on the experimental data, and the third section describes a deterministic
method for the optimization of part build orientation in a continuous
solution space.

5.1 Experimental results

The experiment successfully generated a large amount of data as made
available through an open repository [108]”. This section presents these
data through five sections; Firstly, the validity of the acquired data is
analyzed and commented to give a solid foundation for the following
sections, subsequently, the central characteristics are investigated in
separate sections, before the final section describes other data obtained
from the experiment. This section forms the basis for answering RQ1
with support from paper P5 [101], and further provides the foundation
for later sections.

"The dataset is available in the open repository DataverseNO with DOI
10.18710/DHACHZ [108]. The interested reader is referred to the article by Conz-
ett [115] for more information on the repository and its relation to the FAIR principles.
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5.1.1 Variations in the experiment data

All manufacturing processes, as well as inspection methods, are inher-
ently prone to variations [116]. Despite the measures taken in the
experiment design to reduce variation, some discrepancies are to be
expected. Full disclosure and a thorough analysis of observed variation
is necessary to establish a good foundation for data analysis. A full
analysis of variations in the dataset is presented in paper P5 [101], but
is also repeated here for coherence.

Firstly, the validity of the measurements is verified by analysis of vari-
ation between repeated measurements. When the validity of meas-
urements is confirmed, the variation between the different builds is
investigated. Comparable results between the builds are fundamental
for the validity of the experiment and are required for the subsequent
analysis of variation between positions in the builds as presented in the
final subsection.

Variation between repeated measurements

Each specimen was inspected thrice, including mounting and dismount-
ing of the specimen in the fixture. This means measurement uncer-
tainty is also included in the analysis of variation between repeated
measurements. Figure 5.1 compares the three repeated inspections of
HX1_Planel from a randomly selected specimen, i.e. specimen number
6 from build 3 (i.e. Build3_#6_HX1_Planel). Each green line in figure
5.1 corresponds to the measured deviation from the ideal plane with
the minimal and maximal points indicated with red circles. The plots
display minor variations between the inspections, but the location and
magnitude of the hills and valleys are close to identical. The meas-
ured error values for flatness are 0.062, 0.058, and 0.059 mm for the
respective repetitions.

Table 5.1 displays a statistical description of the variation between re-
peated measurements of flatness, cylindricity, and diameter aggregated
for all specimens where Rep 1-3 corresponds to the first, second, and
third repeated inspections respectively. The column Mean contains the
data for the mean of the three repeated measurements of each charac-
teristic. Finally, A is the difference between the smallest and the largest
value among the three repeated measurements.

A slight decrease in the observed error can be observed through the
repeated inspections as evident in table 5.1. This may be attributed to
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(c)

Figure 5.1: Measured flatness for three repeated measurements for specimen
Build3_#6_HX1_Planel. (a) 1% inspection: 0.062 mm; (b) 2" inspection:
0.058 mm; (c) 3" inspection: 0.059 mm.

Table 5.1: Statistical data for repeated measurements.

Rep 1 Rep 2 Rep 3 Mean A

n 3510 3510 3510 - —
T 0.088577 0.084998 0.083011 0.085529 0.008634
o 0.122123 0.118936 0.117179 0.119282 0.011865
Min —0.544659 —0.540020 —0.537463 —0.540714 0.000022
25% 0.068541 0.066567 0.065653 0.066977 0.002682
50% 0.090128 0.087218 0.086086 0.087838 0.005521
75% 0.132110 0.127516 0.124374 0.127606 0.009823

Max 0.626687 0.576267 0.542467 0.559931 0.256032
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any residual powder being brushed off between the inspections. Regard-
less, the variations observed between the repeated inspections of table
5.1 appear to be minimal. Figure 5.2 displays normalized histograms
for these characteristics individually, and in concert. The plots seem to
generally follow a log-normal distribution where a high share of the data
points are located close to zero. Hence, a log-normal curve is fitted to
the data and plotted together with the histograms, and the final panel
compares these log-normal distributions. Among these characteristics,
diameter stands out as slightly less repeatable.

Looking at the A column from table 5.1, it may be observed that the
standard deviation of A values is approximately ten percent of the layer
thickness. This is probably coincidental, but nevertheless illustrates
the magnitude of measurement error. The analysis from figure 5.2
indicates a smaller variation in the measured values for flatness and
cylindricity compared to diameter. Consequently, these characteristics
are better suited for the development of precise empirical models in later
stages (see section 5.2). The analysis of measurement variation however
indicates that the measurements are valid, and the mean value of the
three repeated measurements can be used as an estimation of the true<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>