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ABSTRACT

COMPACT REPRESENTATION AND GENERATIVE DESIGN OF
VORONOI BASED 3D INTERNAL STRUCTURES USING 2D SLICES IN
ADDITIVE MANUFACTURING

Asik, Onat
M.S., Department of Mechanical Engineering

Supervisor: Assoc. Prof. Dr. Ulag Yaman

January 2024, [TI01] pages

This study introduces a novel method for the efficient modeling, compact represen-
tation and additive manufacturing of 3D Voronoi based internal structures, utilizing
2D Voronoi slices. This innovative approach is underpinned by a newly proposed
data format and a generative design methodology. The developed data format signifi-
cantly reduces manufacturing data size for various geometries, offering a notable im-
provement over traditional data formats. The proposed method is engineered to pro-
cess boundary representation data, alongside input parameters such as offset amount,
Voronoi seed count, and their spatial distribution. It efficiently generates 2D Voronoi
slices and NC files suitable for the Material Extrusion type Additive Manufacturing
processes, leading to the successful fabrication of the output geometry. To construct
3D Voronoi structures from these 2D slices, the study introduces an innovative offset-
ting technique. This technique is based on the unique characteristics of the Weighted
Voronoi Diagrams (also referred to as Power Diagrams) applied layer by layer. As
part of this approach, new Voronoi seeds were strategically integrated to ensure a
consistent Voronoi-to-Area ratio across the designated layers and coordinates. A sig-

nificant outcome of this developed method is the elimination of overhang and the need



for support structures in the fabrication of 3D Voronoi structures, achieved through

the controlled application of the offset parameter.

Keywords: Generative Design, Additive Manufacturing, Voronoi Diagrams, Compact

Representation, Data Size Reduction
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0z

3 BOYUTLU VORONOI TABANLI iC YAPILARIN 2 BOYUTLU DILIMLER
KULLANILARAK EKLEMELI IMALATA YONELIK URETKEN
TASARIMI VE SADELESTIRILMIS GOSTERIMI

Asik, Onat
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Doc¢. Dr. Ulag Yaman

Ocak 2024 ,[T101|sayfa

Bu c¢alismada, 2 boyutlu dilimler kullanilarak 3 boyutlu Voronoi tabanl i¢ yapila-
rin modellenmesi, sadelestirilmis sekilde gosterimi ve eklemeli imalat yontemiyle
tiretimi i¢in yenilik¢i bir yontem gelistirilmistir. Sunulan yontemle, iiretken tasarim
yontemi kullanilarak yeni bir veri aktarim formati ortaya konmugtur. S6z konusu veri
aktarim formati, gesitli geometriler icin geleneksel veri formatlarina gore iiretim i¢in
gerekli veri boyutunu onemli dlciide azaltmaktadir. Gelistirilen yontemde, hedef par-
canin sinir temsili verisi, ofset miktari, Voronoi tohum sayis1 ve bunlarin iki boyuttaki
konumlar1 girdi parametreleri olarak verilmektedir. Algoritmanin uygulanmasi sonu-
cunda sonu¢ geometrisinin gorsel gosterimi ve Malzeme Ekstriizyonu ile eklemeli
imalat yontemlerine uygun NC dosyasi ¢ikti alinmaktadir. NC dosyasi ¢iktisi kullani-
larak yapilan iiretimlerle, Onerilen yontemle ortaya ¢ikan geometrilerin tiretilebilirligi
gosterilmigtir . 2 boyutlu dilimlerden 3 boyutlu Voronoi tabanli i¢ yapilarin olusturul-
mast i¢in katman 6zelinde Agirlikli Voronoi Diyagramlarinin 6zelliklerini kullanan

bir ofsetleme yontemi kullanilmaktadir. Olusturulan katmanlar arasinda tutarli bir

vii



Voronoi-Alan orani saglamak icin yeni Voronoi tohumlar1 belirlenen kurallara gore
yeni katmanlara yerlestirilmektedir. Gelistirilen yontemde ofset parametresinin kont-
rolii ile Voronoi tabanl 3 boyutlu i¢ yapilarin imalatinda sarkma durumu engellenmis,

destek yapilarina duyulabilecek ihtiyac ortadan kalkmistir.

Anahtar Kelimeler: Uretken Tasarim, Eklemeli imalat, Voronoi Diyagramlari, Sade-

lestirilmis Gosterim, Veri Boyutu Kiiciiltme
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Problem Definition

Through the utilization of Additive Manufacturing (AM) methods, it is possible to
fabricate complex parts with internal structures. Among these internal structures,
Voronoi diagrams have been recognized. The Voronoi diagram is a data structure ex-
tensively investigated within the scope of computational geometry applications [J5].
Due to their mathematical properties and the capability to partition space into regions
based on proximity to a defined set of points, Voronoi diagrams have been employed
in various application fields such as mechanical engineering, civil engineering, archi-

tecture, biomedical sciences, geosciences, electronics, etc.

Fabrication of parts filled with 3D Voronoi based internal structures is mainly per-
formed with AM methods due to the complex shapes of Voronoi structures. Chal-
lenges arise when Voronoi structures diminish in size and the target parts to be filled
expand. Modeling and representing the 3D Voronoi based internal structures become
more challenging. In this context, the DARPA TRADES competition [6] exemplifies
the profound challenges faced by current computational methods in accurately rep-
resenting shape and material properties of internal structures at extensive scales and
in highly complex scenarios. The competition outlines a specific challenge: calcu-
lating integral properties, such as mass, and generating slicing profiles suitable for
3D printing a one cubic meter volume cube, filled with complex internal micro-truss
structures with irregular connections at a micro-scale of 0.Imm. This task under-
scores the complexities involved in the modeling, representation, and additive man-

ufacturing of large-scale and highly complex internal structures, mirroring the issues



encountered in working with 3D Voronoi based internal structures.

As in the case similar to DARPA competition, the modeling and generation of rep-
resentation outputs for Voronoi structures can become time-intensive, and data sizes
might escalate to terabytes levels, especially with formats based on Boundary Rep-
resentation (BRep) such as STL and AMF. Since a resolution exists while exporting
BRep based formats, the exactness of the geometry may not be preserved. More-
over, the fabrication process of parts filled with 3D Voronoi based internal structures
may be challenging since overhanging surfaces may create the risk of failure during

fabrication. These regions may require support structures.

1.2 Proposed Methods and Models

To overcome the problems stated in Section [I.T} a novel methodology is proposed
for efficient modeling, compact representation and AM of 3D Voronoi based internal
structures. The method is developed in Rhinoceros 7 Software Grasshopper module.
A custom Grasshopper Plug-In, named Voronoi3DGenerator is developed in Visual
Studio 2019 by using C# for efficient modeling combined with proposed custom .txt
based data format named .ont for compact representation. In addition, the necessary
NC files are generated for the output geometry and then manufactured using Fused
Filament Fabrication (FFF) type of AM machineries. As an advantage of the pro-
posed methodology, the support need and overhang risk for Voronoi structures over

the produced layers are also eliminated.

The STL data of the target part is imported into Rhinoceros software and the user sets
the input parameters Number of Voronoi Seeds, offset for enlargement and contraction
of Voronoi structures over the layers and layer height for AM. A pre-processing is
applied to prepare input for Voronoi3DGenerator Plug-In using built-in and external

Grasshopper blocks.

The modeling process is performed in Voronoi3DGenerator Plug-In to ensure con-
stant Voronoi density along the layers. The built-in Grasshopper functions as well
as the functions of external Plug-Ins such as SuperDelaunay and Clipper are used in

the development process and the target part filled with 3D Voronoi based structures is

2



taken as an output.

The output geometry is represented via an NC file for the fabrication by using the
external Plug-In, Droid. Since there don’t exist any built-in machine settings in Droid,
the output NC file is manipulated by using an example NC file, generated by the
standard slicer software with built-in machine settings, given as an input by using a
custom script. By this way, commands which are specific to the target FFF machine
are included in the generated NC file. The fabrication of the output geometry is

performed by using FFF machines.

For the representation, text based file format .ont which includes Voronoi Seed Point
coordinates, offset and layer height is proposed. The data size to represent the output
file is significantly reduced compared to BRep based representation formats such as
STL and AME. The output representation file, .ont, is imported to the program and a
geometry exactly the same as the output geometry is obtained, ensuring the proposed

data format is suitable for the data transfer process.

1.3 Contributions and Novelties

The contributions of the proposed methodology are as follows:

e A new method is proposed for the generative design of 3D Voronoi based inter-

nal structures from 2D Voronoi slices.

e Given an STL file, the part is filled with 3D internal Voronoi structures with the

developed Grasshopper Plug-In called Voronoi3DGenerator.

e A novel data format called .ont is proposed which provides an efficient repre-
sentation and significant data size reduction over conventional BRep data for-
mats for 3D Voronoi based internal structures. Moreover, the exactness of the

geometry is fully preserved in the data transfer process.

e Overhang and support requirement in the fabrication of 3D Voronoi based in-

ternal structures is eliminated by using controlled offset parameter.

3



e NC file is generated for the output geometry and fabrication is performed using
an FFF machine. The manufacturability without the need for support structures

is proven.

1.4 Limitations of the Proposed Method

This section delineates the constraints and limitations of the proposed methodology.

e While the developed method successfully prevents the requirement for support
structures within the internal Voronoi configurations, the boundary represen-
tation (BRep) of the geometry may present overhanging regions necessitating
support. These requisite structures for fabrication, particularly in the context of
Fused Filament Fabrication (FFF), are currently beyond the method’s capacity

to generate.

e In the modeling process of internal 3D Voronoi based internal structures us-
ing Voronoi3DGenerator, discontinuities occur during the post-offset process,
leading to the necessity of preserving the original vertex count in the inserted
cells. Consequently, these cells cannot initiate from a minimal size and ex-
pand continuously to eliminate concavity over the layers, a limitation not en-
countered in direct 3D Voronoi diagram generation. Additionally, there is an
observed phenomenon where cells sometimes vanish despite not being small,
which can lead to bridging challenges in subsequent layers, particularly when

lines above these regions are elongated.

e For FFF, the continuity of the path followed by the nozzle is crucial for mini-
mizing residual materials. While a continuous path algorithm is implemented,
it does not achieve complete continuity. Although most fast travel movements
occur along the printed Voronoi edges, there are instances of rapid travel be-

tween distant locations, which is sub-optimal for the manufacturing process.

These limitations underscore areas for potential enhancement and refinement in future

iterations of the method.



1.5 The Outline of the Thesis

Chapter [2| provides foundational background information essential for a comprehen-
sive understanding of the proposed methodology. Additionally, this chapter reviews
related works in the literature. Chapter [3|includes a detailed explanation of the pro-
posed method, including explanations and illustrations of utilized algorithms and
Grasshopper blocks. In Chapter {] visualization and fabrication results from vari-
ous test cases are demonstrated. This chapter also includes a comparative analysis
of the data sizes between the proposed .ont data format and traditional BRep format,
STL. Chapter [3] articulates the conclusions derived from the study, highlighting the
principal findings, their implications, and paths for future research. Finally, Appendix

[Alincludes the pseudocodes of the algorithms explained in Chapter 3]






CHAPTER 2

BACKGROUND INFORMATION & LITERATURE REVIEW

This chapter gives the necessary background information and critical concepts about

the thesis. Furthermore, related work to the presented study is discussed.

2.1 Background Information

This section includes comprehensive background information regarding the terminol-
ogy employed in the proposed methodology. As the proposed methodology is mainly
based on Voronoi diagrams, the definition and construction of Voronoi diagrams are
explained in detail. Additionally, the external Grasshopper Plug-In, Super Delaunay,
which plays a crucial role in the development of the Voronoi3DGenerator Plug-In,
is described, supplemented by application examples to illustrate its functionality and

integration.

2.1.1 2D Voronoi Diagrams

Voronoi diagrams, widely used data structures in computational geometry, are the
minimization diagram of a finite set of continuous functions. These functions, gener-
ally used as the distance functions to the specified object, can differ with the type of
application. The Voronoi diagram subdivides the embedding space into regions where
each region includes points closer to a given object than the others. Many variants of
the Voronoi diagrams have been defined considering the class of objects, the distance

functions and the embedding space [[7]].

Georgry Voronoi has defined the Voronoi diagrams as given a set of points p1, po, ...pn

7



in 3D space, called sites, the corresponding Voronoi tessellation is a set of cells C;
where each cell consists of all the points p at least as close to p; as to any other site [8]].
The corresponding Delaunay triangulation [9]] is a graph created by placing a straight
edge between any two sites that share a cell boundary in the Voronoi tessellation.
Thus, every site is connected to its nearest neighbors. This can be considered as a
general definition of Voronoi diagrams where Euclidian distance is used as a distance

function.
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Figure 2.1: Voronoi Diagram with Euclidian Distance Function

While Voronoi diagrams are used in various applications, it’s notable that there exist
applications where some modifications can be beneficial and practical compared to
original Voronoi diagrams. Objects other than points, different distance functions, and
higher order diagrams are utilized specifically considering the required application
[10].

Some variations of Voronoi diagrams are as follows:

Power Diagram (Laguerre Diagram)

Voronoi Diagrams with Manhattan Distance Functions

Farthest-Point Voronoi Diagrams

e Approximate Voronoi Diagrams

Figure [2.2] illustrates the example Voronoi diagrams constructed with different dis-

tance functions.



Figure 2.2: Voronoi diagrams generated with different distance function: (a) L2-
metric distance; (b) Manhattan distance; (¢) Chebyshev distance; (d) Chebyshev dis-
tance with axial scale; (e) L2-metric with axial scale; and (f) equidistant line distance.

The partitioned regions are presented in different colors. [1]]

Figure [2.3] presents a representative example of Voronoi tessellation in 3D. In this
tessellation, each Voronoi cell is bounded by a convex polyhedron. A key feature,
known as a Delaunay edge, a line segment linking two sites that share a polygonal
face, is bisected perpendicularly by the plane of the face, though it is notable that the
bisection point may not always reside within the face itself. Interestingly, when sites
are selected randomly from a uniform distribution, the average number of nearest
neighbors (which is equivalently the average number of cells sharing a face with any

given cell) reaches an expectation value of approximately 15.54 [2].

Figure 2.3: A Voronoi tessellation for 400 random sites (in gray), bounded by a cube.

Voronoi cell edges are shown in red, Delaunay edges in blue [2].



2.1.2 Power Diagrams

Power diagrams, also called Laguerre diagram of Dirichlet cell complex, have been
studied for a long time in mathematics and other areas of science. The power function
was mentioned as a generalized distance function by Laguerre and Voronoi. Power
diagrams play an important role in packing and covering spheres and illuminating

balls and are applicable to particular problems in number theory.

The power pow(x, s) of a point x with respect to a sphere s in Eucladian d-space
E? is given by d*(z,2) — r?> where d denotes Euclidean distance function, and z
and r are the center and the radius of s. The power diagram of a finite set S of
spheres in £? is a cell complex that associates each s € S with convex domain

{z € EY(pow(z,s) < pow(x,t),forallt € S — {s}} [10].

An example illustration of a power diagram can be seen in Figure [2.4]

Figure 2.4: Representation of 2D Laguerre Tessellation. Cyan circles are the genera-

tors with their weights, red lines are the resulting tessellation [3]]
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2.1.3 Super Delaunay Plug-In

The external Plug-In, Super Delaunay developed by Daniel Gonzédlez Abalde [11], is
utilized for the construction of Weighted Voronoi Diagrams, Minimum Spanning Tree

and Neighbouring Trees in the Voronoi3DGenerator Plug-In presented in Section

B21

In the Plug-In source code, the distance function for Voronoi diagrams is defined as
power metric and power diagrams are obtained. Firstly, Delaunay triangulation is
performed for the given set of points. For the Delaunay triangulation, a modified
version of the Bowyer-Watson algorithm is used. Delaunay triangulation is employed

in the construction of weighted Voronoi diagrams.

As stated in Section [2.1.1] the choice of distance functions utilized in constructing
Voronoi diagrams varies depending on the application. In Super Delaunay Plug-In, a
distance function is used, the same as the power diagrams based on circles. Conse-
quently, assigning weight values to each seed point becomes significant, thereby out-
lining their relative significance. Points with higher weight values are consequently
represented as larger in size, reflecting their increased influence within the diagram’s

structure.

The distance function for point p with respect to the target Orthoball is d*(p, z) —r* —

w(p); where d is the Euclidian distance function, z is the center of the Orthoball, 7 is

the radius of the Orthoball and w(p) is the weight of point p.

Figure[2.5|showcases an example of a Voronoi diagram generated with ten seed points
(sites) confined within a square boundary curve. In this illustration, all sites are as-
signed a zero weight value. The indices corresponding to each Voronoi site are also

prominently displayed for reference.

For the Voronoi cell Cy, a weight value of 50 is asserted and it’s observed that the
cell expands where the neighboring cells go under contraction due to the nature of the

Power diagram. The Voronoi diagram is illustrated in Figure

Now, the same weight value, 50, is asserted to the neighboring cell C7. It can be

seen that C'; expands while the boundary edge between C and C; turns back to the
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position at the original diagram shown in Figure [2.5] This phenomenon stems from
the equalization of weight values between the two cells, signifying a lack of relative
significance or dominance of one cell over the other. Consequently, their mutual
boundary reverts to its initial position observed in the original Voronoi diagram. This
characteristic is crucial in the developed algorithms explained in Chapter[3]to preserve
the convexity of 3D Voronoi structures. The aforementioned case is illustrated in

Figure 2./
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Figure 2.5: A Voronoi diagram generated with Super Delaunay for 10 randomly in-
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Figure 2.6: A Voronoi diagram generated with Super Delaunay for 10 randomly in-

serted seeds with weight asserted to the cell Cy

12



\9
AN
N
/ 5
//\

Figure 2.7: A Voronoi diagram generated with Super Delaunay for 10 randomly in-

\ 4
7
ST
/ I

/
/
/ 8

serted seeds with weight asserted to cells C; and C';

2.2 Literature Review

A literature review regarding the topics related to the research is presented in the

following subsections.

2.2.1 Design for Additive Manufacturing

Design for Additive Manufacturing (DfAM) is a design methodology used while de-
signing parts to be manufactured by AM methods to exploit the benefits of AM in
product innovation and manufacturing [12]. It’s also defined as “the use of design
thinking to help identify, validate and communicate high-value propositions enabled
by AM [13]]. By applying DfFAM methods, it’s possible to use the design freedom
of AM and create complex geometries while ensuring the manufacturability of parts
to be fabricated using AM processes [14]. Moreover, DFAM provides unique ad-
vantages, including complete control over lattice structures, programmatic capability,
and the capability to output both STL files and associated data for numerical analysis

[L15].

It is crucial for designers to comprehend the distinct design constraints included in

DfAM, as these constraints vary across different AM methods [[16]. The rules, guide-
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lines, and tools of DfAM need to be thoroughly understood and accurately applied
by designers. Generally, three principal tools are employed in DfAM methodolo-
gies: Topology Optimization, Lattice Generation, and Generative Design which can

be combined to improve the effectivity of DfAM [17].

Topology optimization is a computational method to find the optimum material distri-
bution in the defined design space under the specified boundary conditions. The extra
material in the design space is removed; therefore, the weight of the target part is
reduced while ensuring the required performance criteria are still satisfied [[18]. This
method is highly preferable in the application areas where weight reduction becomes
a crucial parameter such as aerospace, mechanical and civil engineering. AM meth-
ods are generally highly suitable for the fabrication of the output geometry since the
output geometry can be complex and challenging to manufacture by utilizing conven-

tional manufacturing methods.

Lattice structures are another significant tool in DFAM for improving specific prop-
erties of the target part, such as mechanical and thermal properties. These structures
exhibit a repetitive pattern that stems from interconnected struts, beams, and implicit
functions [19]]. These structures reduce material usage while improving mechanical
properties and are particularly utilized by AM methods due to their geometric com-
plexity. [20]. They find extensive application in the fields of aerospace, automotive,

and medical implants due to these advantageous properties [[19].

Further exploration of Generative Design as a tool in DfAM is presented in the Sub-

section [2.2.2)

2.2.2 Generative Design

In the research conducted by Han et al. [21], cross joints, crucial components in
structural engineering applications, have been designed using machine learning-based
generative design algorithms. Most generatively designed joints show novel configu-
rations that exceed the conventional bounds of design imagination, typically based on
experience. From several hundred automatically generated design alternatives, three

were selected considering the design objectives and cost efficiency for cross joints.
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These selections underwent further numerical analyses to identify the most suitable

configuration for the desired static behaviors.

The output geometries have been manufactured using AM methods to avoid tradi-
tional manufacturing limitations. The generatively designed joints demonstrated su-
perior mechanical performance while being lighter and more aesthetically appealing
than conventional cross-joint designs. Therefore, it’s indicated that generative design

can be a powerful tool for finding the optimal and creative design alternatives.

In their research, Isakhani et al. [22] employed a generative design approach for
a gliding wing, which assists the airplane pilot in maintaining the attitude of the
glider and controlling lift and drag. While the shapes of natural wings have evolved
over millions of years, artificial wing designs have been traditionally constrained to
human-conceived, sub-optimal conceptualizations. Therefore, a generative design
approach combined with artificial intelligence generates mechanically improved glid-
ing wings. This approach involves generating multiple performance-driven solutions
(wings) aligned with high-level objectives, utilizing an infinite-scale cloud comput-
ing solution executing a machine learning-based generative design algorithm. The
most promising Computer-Aided Solutions for Design concepts are subjected to rig-
orous numerical analysis, fabrication, and mechanical testing. These outcomes are
compared against existing literature for qualitative and quantitative analysis and vali-
dation. It’s concluded that generatively designed tandem wings show 78% increased
performance regarding withstanding fracture failure compared to the conventional
models. On the other hand, the weight is increased by 11% and stiffness decreased

by 14%.

2.2.3 Use of Internal Structures in Additive Manufacturing

AM is an enhanced manufacturing method to produce parts layer by layer based on
the designed model and has numerous advantages over the conventional manufactur-

ing methods and its application is spread in various fields. [23]

Internal structures are one of the topics mainly focused on AM. Since the part is pro-

duced layer by layer and not machined on its surface, it’s possible to produce internal
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structures in parts that enhance performance, mechanical properties and function-
ality [24]. The strength, stiffness and fatigue resistance of the components can be
improved by the usage of the specific AM methods [25]. The functionality enhance-
ments include improving fluid properties by producing fluid flow channels, which are
challenging to produce by conventional methods. Also, the electrical pathways can be

directly integrated into the parts during manufacturing in specific AM methods [26]].

Material usage and weight of the part are minimized by using internal structures,
which results in a cost and material-efficient production[27]. These internal struc-
tures include lattice structures, Voronoi Diagrams, channels, ducts and other complex
geometries [28]]. In the conventional machining processes, the part is shaped by the
removal of the material, whereas in Material Extrusion type of AM systems, only
the shell and internal structures are extruded through the nozzle. Also in powder and
resin-based AM systems, the unprocessed regions of powders and resins can be used

in the following productions.

2.2.4 Efficient Modelling and Representation Methods of Internal Structures

in Additive Manufacturing

Since the applications of AM have widely spread, efficient modeling and represen-
tation become more important. Commonly utilized data formats in AM applications
include STL, STEP, STEP-NC, AMF, and 3MF. The STL file format, a widely used
data exchange format, encapsulates waterproof mesh data comprising vertices and
faces of the specified CAD geometry. Similar to STL, the AMF format, which is
XML-based, extends its utility by including additional details such as materials, col-
ors, lattices, and constellations. The 3MF format, also rooted in XML, was developed
in coordination with the Windows Operating System design, aiming to provide users
with a seamless print control interface while addressing interoperability challenges.
The STEP and STEP-NC formats facilitate data exchange, containing comprehen-
sive details such as CAD geometry, tolerances, and specific AM process parameters.
Notably, STEP-NC enables the physical device control of computerized numerical
controllers (NC).

Other formats, such as IGES, NURBS, OBJ, and VRML, also offer varying levels of
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capability, information fidelity, and accuracy for 3D Printing. However, these formats
are less principal and infrequently employed among manufacturers and AM end-users
[29]. Each data exchange format presents a unique set of advantages and disadvan-

tages compared to others as detailed in Table [2.1]

Table 2.1: Advantages and Disadvantages of Data Formats in AM

Format Advantages Disadvantages
STL Simplicity for processing, No support for modern AM,
highly portable error-prone, poor scalability
STEP Supports precision mfg requirements Computationally complex
Paradigmally different,

STEP-NC Supports precision mfg requirements
no tesselated model

Wide support of AM capabilities .
AMF Currently less widely adopted

and future extensibility

Sophisticated process and .
3MF Currently less widely adopted

metadata support for inter-operability

In their research, Yaman et al. [30] developed a new methodology to compress bitmap
images used in fabrication with Digital Light Processing (DLP) type of 3D printers.
The paper uses exclusive OR operations for relative encoding among consecutive
binary images, which is uncommon in literature. By utilizing the developed method-
ology, the size of a binary image sequence can be significantly reduced compared
to commercial CAM software and other compression methods. Moreover, another
advantage of the proposed methodology is its ease of implementation and low com-
putational requirements. This enables it to function without needing a host PC during

fabrication.

In another study, a new method is proposed for efficient modeling and representa-
tion of the lattice structures, slicing algorithm in a streaming mode, density matched
and self-supporting lattice structures considered. When parts get larger or the unit
cell size of the lattice structure gets smaller, the modeling and representation of the

lattice structures become challenging due to the excessive memory requirement. To
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overcome these problems, the method includes an implicit solid representation of the
lattice structure with a weighted graph where unit cells’ radius values are stored in
the edge weights. As stated in the article, implicit representation comes up with the
advantages of easy computation of intersections, unions, differences, ease of han-
dling of topological changes, and ease of testing of the points whether they are on the
surface while having the disadvantages of difficulty of enumerating the points on the

surface and describing the sharp features, slow rendering of the part [31]].

Novel encoding strategies are developed by Vassier et al. [32] based on variations
of the existing AMF data format and a new ad-hoc hybrid file format. The strategy
mainly aims to encode the repetition of similar geometry fragments. The efficiency
of the strategies is proved by encrypting repetitive lattice and support structures. The
developed methodology also preserves the exactness of the geometry. It’s possible to
obtain data size reductions up to 84% compared to the size of files generated by the
state-of-the-art approaches. The process of identifying repeated patterns is executed
through a newly developed heuristic algorithm, specifically designed to address the

complexities of the underlying Weighted Exact Cover problem.

In another study, researchers developed a novel method to reduce the data size of
meshed 3D geometries featuring repetitive patterns. The key point in this method is to
encode a repeated feature as a singular mesh entity, rather than encoding each similar
mesh individually. This approach is particularly effective in structures with repeating
patterns, such as lattice frameworks. Remarkably, this method has demonstrated a
reduction in data size by up to 70% in certain meshes characterized by repetitive

elements [33]].

Within the DfAM domain, the CAD software nTopology employs a data transfer
methodology that avoids the conventional meshing processes in cooperation with
EOS. This method, known as Implicit Interop, is specifically engineered to overcome
the challenges of AM techniques. Implicit Interop facilitates the seamless transfer of
design data across platforms, including nTopology, EOS 3D Printing Solutions Com-
pany manufacturing machines, CAD, and CAE software, utilizing the nTop Implicit
File (.implicit) format. This file format, as outlined in [34], provides advantages over

the traditional BRep or mesh-based data formats, enhancing the efficiency and ef-
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fectiveness of data handling in DfAM processes. It’s stated that the following key

attributes of the nTop Implicit File format underscore its superiority and efficiency:

e nTop Implicit Files can be up to 99% smaller than meshes.

e nTop Implicit Files are generated up to 500x faster and load in up to 60% less

time in the receiving software.

e nTop Implicit Files are accurate and lossless geometry representations based on

mathematical functions, not surface approximations.

2.2.5 Applications of Voronoi Diagrams

3D Voronoi tessellations have broad applications, encompassing mechanical engi-
neering, civil engineering, architecture biomedical sciences, geosciences, and elec-

tronics.

Gomez et al. [35] used 3D Voronoi structures to mimic bone-like implantable struc-
tures (porous scaffolds), replicating natural bone properties across various levels in-
cluding biological, microstructural, mechanical, and mass transport characteristics.
The design process of 3D Voronoi structures is conducted using Rhino Grasshop-
per Software, with parts manufactured through Stereolithography to ensure biocom-
patibility. Mechanical and mass transport properties are modulated with gradient-
controlled interconnected porosity, controlled pore distribution, and controlled pore

shapes, benefiting from the unique properties of 3D Voronoi tessellation techniques.

In another research [36], initiative within the field of geosciences, 3D Voronoi tessel-
lation and Delaunay triangulation are applied. While raster structures such as voxels
and octrees are commonly used in the geographical information system (GIS) com-
munity, they exhibit limitations in modeling and analyzing 3D geoscientific fields.
A novel method based on 3D Voronoi Diagrams and Delaunay tetrahedralization is
proposed, offering significant advantages over the conventional tessellations. A key
benefit of employing Voronoi Diagrams for modeling 3D geoscientific datasets is their

ability to seamlessly handle faults and discontinuities in the data and phenomena.

Further research [37]] in the electronics field explores the use of 3D Voronoi structures
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for enhancing electromagnetic interference shielding in wearable pressure sensors.
The sensor modeling is performed in Rhino 7 Grasshopper software. Various sensor
types, with differing levels of porosity and porous structures tuned by the properties
of 3D Voronoi Diagrams, are fabricated using FFF techniques. The proposed design
approach demonstrates that intelligent sensors and wearable electronic devices can
be designed and manufactured with reduced weight while improving electromagnetic

shielding performance.

Another study [38] focuses on topology optimization using differentiable Voronoi
Diagrams. The objective is to minimize mean compliance through this innovative
method. The differentiable Voronoi Diagram offers an effective cellular representa-
tion for topology optimization, enabling a novel design space for effective exploration
of design alternatives compared to conventional methods. The efficiency of the op-
timized cellular structure is demonstrated with examples of anisotropic cells, such
as those found in femur bones and Odonata wings, which are cellular biomimetic

structures.

An additional study [39] introduces a design methodology, employing 3D Voronoi
Tube structures as structural grids for tall buildings. This approach investigates geo-
metrical patterns, characterized by varying degrees of density and irregularity along
the building’s height, focusing on mechanical properties such as relative density, ax-
ial, and shear stiffness. Furthermore, optimizing member sizes is integrated into the
process to fine-tune strength and stiffness throughout the building’s elevation. The
findings suggest that 3D Voronoi Tube structures are structurally efficient, conclud-

ing the high effectiveness of the proposed method.

The study of McMains et al. [40] focuses on the additive manufacturing of thin-
walled structures in a faster way while decreasing material usage. The main point
is offsetting the boundaries of 2D slices of thin-walled BRep geometry. While mak-
ing this offset operation, Voronoi diagrams with signed distance functions are used.
A height field is created by raising the vertices of Voronoi diagrams in z by their
signed distance. Offsetting operation by n is the same as slicing the resulting Voronoi

mountain with the plane z = n.

The Voronoi diagrams have their roots in nature and can be widely seen in many areas
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in nature [4]. Due to their shape and complete tessellation of the plane, it’s possible
to use the area in an efficient way. Since all the space is partitioned, Voronoi diagrams
give the possibility for squeezing as much as possible in a limited space, which can
be considered a reason to be observed in nature. Moreover, if something is growing at
a uniform rate from separate points, the Voronoi diagrams appear. Onion skin cells,
muscle cross-section, garlic bulb, wings of a dragonfly, soap bubbles, leaves, giraffe
coat patterns, corns, and jackfruit are examples of the Voronoi Diagrams observed in

nature and illustrated in Figure [2.8]

Figure 2.8: Voronoi Diagrams in Nature [4]
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CHAPTER 3

MODELING, COMPACT REPRESENTATION AND ADDITIVE
MANUFACTURING OF 3D VORONOI BASED INTERNAL STRUCTURES

In this Chapter, a methodology for modeling, compact representation and AM of 3D
Voronoi based internal structures are presented. The proposed method is employed

on the Rhinoceros 7 Software Grasshopper module.

Rhinoceros 7 is a Computer-Aided Design software that employs NURBS (Non-
Uniform Rational Basis Splines) geometry. Widely utilized in architecture, proto-
typing, engineering, and jewelry design, the software offers robust modeling capabil-
ities. Integrated within Rhinoceros 7, Grasshopper serves as a visual scripting mod-
ule, empowering users to utilize built-in and custom scripts for modeling tasks. In the
methodology, Grasshopper is used to implement the generative design approach and
visualize it within the Rhinoceros 7 canvas. Additionally, Grasshopper facilitates the

export of the NC file for manufacturing and the developed custom data format .ont.

The application includes five main steps which are explained in the following sections

of the Chapter.

Pre-Processing of input parameters in Grasshopper

Modeling of 3D Voronoi Structures using Voronoi3DGenerator Plug-In

Visualization of output geometry

Custom data format generation and application

Manufacturing of output geometry

The overall Workflow of the whole process is given in Figure
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3.1 Input Parameters and Pre-Processing for Voronoi3DGenerator Plug-In

The input parameters set by the user within the Grasshopper interface for the proposed

methodology, along with their detailed explanations, are as follows:

e Layer height [h (double): Since the parts are manufactured layer by layer in
AM, the thickness of the layer is an important parameter influencing the manu-

facturing process and quality of the final product.

e of fset (double): Offset parameter is utilized to increase the weights of the
cells in the Weighted Voronoi diagram generation. The use of parameter in

application is explained in Section [3.10]

e Number of Voronoi Seeds (integer): This parameter specifies the number of
Voronoi seeds that will be inserted into the base layer for Voronoi generation.

The use of parameters is explained in detail in Section 3.1.4

e Mesh of the target part: The user imports the mesh in STL format into the

Rhinoceros environment for subsequent processing.

This section includes the process of preparation of target geometry to be filled with
Voronoi structures. The operation is done within Grasshopper by using the built-in

blocks. The workflow is stated below in Figure[3.2]

3.1.1 Conversion from Mesh to BRep

Upon importing the STL formatted mesh file, it is rendered as a mesh within the

Rhinoceros Canvas. The motivation for transitioning from Mesh to BRep is twofold:

Conversion Centering Generation
Slicing of the
from Mesh of the BRep of the
Centered BRep
to BRep at the origin Voronoi Sites

Figure 3.2: Grasshopper Workflow
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firstly, it facilitates the utilization of component blocks in Grasshopper that are com-
patible with BRep input; secondly, the BRep structure affords a more streamlined and

adaptable framework for geometric manipulations compared to its mesh counterpart.

Operational processes begin within the Grasshopper Canvas. The Mesh block is
employed to retrieve the mesh from Rhinoceros, subsequently channeling it to the
Grasshopper Canvas. Sequentially, the FaceBoundaries block is utilized to transform
mesh faces into polylines. Thereafter, the Boundary Surfaces component is used to
convert boundary edge curves into their respective boundary surfaces. Following this,
the Join block unites all the created Boundary Surfaces. Following the process, the
unified construct is collected within the BRep block. The schematic for the operation

can be seen in Figure[3.3]

Figure 3.3: Mesh to BRep Conversion in Grasshopper Canvas

3.1.2 Centering of the BRep at the Cartesian Origin

The repositioning of the BRep such that it aligns with the absolute origin ensuring
the BRep base remains 0.1mm beneath the WorldXY plane is crucial for the follow-
ing application stages. This requirement arises due to the potential variability in the
spatial location of the exported STL data within the global coordinate framework,
which, in turn, could introduce complexities during the slicing and manufacturing
phases. For the tasks described in this subsection, native Grasshopper modules are

employed. The schematic can be seen in Figure [3.4]

The BRep input is taken from the output of the subsection "Conversion from Mesh
to BRep" (Section [3.1.1). Bounding Box block is used to compute the minimum
bounding box of the BRep object. Then, this bounding box is deconstructed by using

Deconstruct BRep block to obtain its vertices. By using the Vertices output given as
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a list, the vertices of the bounding box are collected. The first three vertex elements
are positioned in the bottom of the box and these elements are collected by using List
Item component by setting the indices as 0, 1 and 2. This vertices are used to create

the bottom base rectangle by using Rectangle 3Pt block.

Figure 3.4: Schematic of Centering of the BRep at Cartesian Origin in Grasshopper

At this point, the flow goes in two different ways: obtaining the translation vector
of the BRep and obtaining the surface where the Voronoi Seeds will be imported at
WorldXY plane. The flow is very similar, the difference is that SeedSurface should be
in WorldXY plane since the Voronoi Generation works efficiently in WorldXY plane.
In other planes, some errors occurred during the generation of Voronoi structures.
BRep should be 0.1 mm below the WorldXY plane to perform a slicing operation.
To obtain the translation vector, the centroid of the bottom base rectangle is obtained
by using Area block’s Centroid output. This centroid point includes the X, Y, and Z
coordinates of the translation vector to the Cartesian Origin. So, by using the centroid
point’s coordinates, a translation vector is constructed by using Vector XYZ block and
reversed by using Reverse block. Also, since the BRep should be positioned below 0.1
mm of plane WorldXY Addition component used to add 0.1 mm to the Z coordinate
of the Translation Vector. To obtain SeedSurface, the base rectangle is translated by

not considering this 0.1mm addition.

The BRep input is derived from the product of the subsection titled "Conversion from
Mesh to BRep" (see Section [3.1.1)). Utilizing the Bounding Box block, the minimal
bounding box surrounding the BRep object is computed. Subsequent to this, the
Deconstruct BRep block facilitates the disassembly of this bounding box to extract
its constituent vertices. Through the Vertices output, presented in list format, the

bounding box’s vertices are collected. Notably, the initial triad of vertex elements is
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located at the base of the box. To acquire these foundational elements, the List Item
component is invoked, designating the indices as 0, 1, and 2. These vertices are vital

in the generation of the base rectangle through the Rectangle 3Pt block.

At this juncture, the procedural flow divides into two distinct paths: firstly, to de-
rive the translation vector of the BRep, and secondly, to locate the plane onto which
the Voronoi Seeds will be projected in alignment with the WorldXY Plane. Though
these pathways exhibit marked similarity, it’s important to highlight that for optimal
Voronoi generation, the SeedSurface must conform to the WorldXY plane. Diver-
gences from this plane have precipitated errors during Voronoi cell formation. More-
over, to implement the slicing operation, the BRep ought to be positioned 0.1 mm

beneath the WorldXY Plane.

To extrapolate the requisite translation vector, the centroid of the base rectangle is
identified through the Area block’s Centroid output. This centroid inherently pos-
sesses the X, Y, and Z coordinates essential for translating to the Cartesian Origin.
Consequently, with these centroid coordinates in hand, a translation vector is synthe-
sized using the Vector XYZ block and subsequently inverted with the Reverse block.
Given the requirement that the BRep maintain a position 0.1 mm below the WorldXY,
the Addition component has been deployed to append this value to the Z coordinate
of the Translation Vector. To extract the SeedSurface, the foundational rectangle un-

dergoes a translation, omitting the previously mentioned 0.1mm adjustment.

The outcome of the translation operation is visually represented in Figure This
illustration showcases a Truncated Pyramid Mesh positioned precisely 0.1mm below
the WorldXY Plane. Additionally, the terminal result of this translation procedure

results in the construction of the base rectangle, denoted as SeedSurface.

3.1.3 Slicing of the Translated BRep

The BRep, constructed in Section undergoes translation via the Move block,
guided by the translation vector retrieved in Section[3.1.2] Post-translation, this trans-
lated entity is the input to the Slice block, an external command integrated within the

Xylinus library. This specific block creates bounding curves, based on a user-specified
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Figure 3.5: Centering Operation of Truncated Pyramid Mesh at the Cartesian Origin

layer height, represented as a double value. Subsequent to this, the Slice block’s out-
put is orthogonally projected onto the WorldXY plane utilizing the Project block.
This operation is necessitated by the empirical observation that the Delaunay trian-
gulation of SuperDelaunay Plug-In exhibits optimized performance when operating
within the WorldXY plane. Alternative planes have been observed to cause compli-

cations.

To ensure fidelity in the 3D Voronoi Generator Algorithm, it becomes essential to
catalog the Z coordinates of the bounding curves, as these are required for accurate
spatial transformation to their designated positions. To facilitate this, bounding boxes
are synthesized around the bounding curves. Subsequently, these boxes are disassem-
bled to their fundamental components via the Deconstruct Box block. The resultant
output enumerates a domain of Z-coordinate values, typified by sequences such as
"0 to 0" and "0.2 to 0.2". To further refine this data, the Deconstruct Domain block
is employed, with its output undergoing a flattening procedure. This results in the
acquisition of Z-coordinate values of the bounding curves arrayed as a list. Addition-
ally, to fulfill requirements in the subsequent 3D Voronoi Generator Algorithm, the
layer count resulting from the Slice block is collected through the List Length block.
A comprehensive representation of the workflow regarding the slicing operation is

presented in Figure [3.6]
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Figure 3.6: Slicing Operation of the Translated BRep in Grasshopper

3.1.4 Generation of Voronoi Seed Points

The generation of Voronoi seeds on the initial layer is performed by using Populate
3D block. The number of points inserted into the initial layer is set as an integer
value. The surface for point insertion is taken from the output of Section [3.1.2] as
SeedSurface. As mentioned in Section [3.1.2] the SeedSurface is derived from the
bounding box of the BRep, so that the points will be inserted in the maximum cross-
section of the BRep. At the end of the block, SeedPoints are obtained as Point3D

objects. The Grasshopper schematic of the operation can be seen in Figure[3.7]

|

=
Populate Zg

JP\ease Enter the Number of Points (mt)L

‘1 60

°

Figure 3.7: Initial Layer Seed Points Generation in Grasshopper

3.2 Modeling of 3D Voronoi Structures using Voronoi3D Generator Plug-In

A custom Plug-In is developed, named Voronoi3DGenerator, in Visual Studio 2019
using template Grasshopper Assembly for Rhino 7 (C#) for 3D Voronoi generation.
The main algorithm is explained in Subsection [3.2.1] whereas the sub-algorithms are
explained in the following subsections. The pseudocodes of algorithms used in the

Plug-In are presented in Appendix[A] For the simplicity of the notation, the symbolics
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of the variables, listed in Table [3.1] are used in the explanations and pseudocodes of

the algorithms.

Table 3.1: List of Variables

Name Structure Type Symbol Description
pointsList List Point3D PL Stores the Voronoi Seed
points
insertedpointsList List Point3D IPL Stores the Voronoi Seed
points
offsetList List int oL Stores the tag of cell offset
weightList List double WL Stores the weights for each
point
sequenceList List int S Stores sequence of spanning
tree
spanTopology List int SL Stores the minimum

spanning tree topology

curveBounds List Curve CB Stores input boundary
curves
densityList List double DL Stores Voronoi density at
each layer
postoffsetList List double POL Stores the tag of cell offset

in post offset

commonpointsList List Point3d CP Stores intersection points of

three cells

targetpolyList List Polyline TPL Stores target Voronoi for
post offset
voronoiTree Tree Polyline vT Stores Voronoi cells
cvoronoiTree Tree Polyline cvT Stores continuous Voronoi
cells
neighTree Tree Polyline NT Stores neighbouring cell
indices
mspanTree Tree int MST Stores S L considering

continuous path

preoffsetTree Tree Polyline | POT Stores voronoi cells before

offset
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3.2.1 3D Voronoi Generator Algorithm

Algorithm I} 3D Voronoi Generator Algorithm, is the main algorithm for generat-

ing Voronoi structures.

The algorithm requires the following inputs:

List of points located in the WORLDXY plane which are the seeds of Voronoi
cells (P L) result of Section[3.1.4]

Number of layers (L) result of slicing operation explained in Section [3.1.3|

Z coordinates of the slices (zslices)

(of fset) value given as a user input for the offsetting Voronoi structures over

the layers

Outer bounds of the slices of BRep (C'B)

Layer height (k) for FFF manufacturing set by the user

The algorithm produces the following outputs:

e The neighboring cell topology as a tree (N'1')

Inserted points list (/ P L) for visualization of the points inserted

preoffsetTree (POT) to visualize the cells before post-offset operation

Minimum Spanning Tree (M ST)

Density list (D L) to observe the Voronoi density over each layer

Resulting Voronoi tree (V1)

Custom arrangement of (V'1") for FFF manufacturing continuous Voronoi tree

(cvir)

The workflow for the algorithm is illustrated in Figure [3.§]
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Execute
Optimize Weight
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\ 4

Update NT, MST and
DL
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Construct Continuous
Voronoi Tree (CVT) by
arranging VT
depending on MST

All layers calculated

for Inserted Cells
(Algorithm 8)

Figure 3.8: 3D Voronoi Generator Algorithm Workflow

are updated over each layer (lc).
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The weight list W L includes the weights in the Power diagram for each pointin PL, a
key variable for offsetting Voronoi cells over the layers. Offset list OL is constructed
to determine whether the cell is offset before over each layer. At the beginning of the

algorithm, W L and OL are filled with zeros for each point in PL. Both WL and OL

The input Curve Bounds C'B are on WorldXY plane as stated in Section [3.1.3]since
there existed problems while computing Delaunay triangulation other than WorldXY
plane. Therefore the actual Z coordinates of the slices are stored in zslices as a list to
transform the computed Voronoi structures to their corresponding planes followed by
(lc). The Weighted Voronoi diagrams are generated with an external Plug-In called

Super Delaunay. The Delaunay triangulation and Voronoi generation are performed



for the seed points in PL constructed over the Bounding Box of the BRep as stated
in Section [3.1.4] Super Delaunay generates Weighted Voronoi Diagrams with corre-
sponding weight values of points and trims the geometry with curve bounds C'B. The
neighbouring topology (/NT') and the minimum spanning tree (M ST') are calculated

using Super Delaunay depending on the generated Delaunay triangulation.

In a Weighted Voronoi Diagram (also known as a Power Diagram or Additively
Weighted Voronoi Diagram), each site or seed point doesn’t just have a location,
but also a weight associated with it. The weight introduces a level of influence or
power that each point has over its surrounding region as discussed in Section [2.1.2]
The boundary between the two sites is influenced by both the distance to the sites and
their weights. The boundary will be closer to the site with the smaller weight. There-
fore, weight values are significant in expanding and contracting the Voronoi polylines.
The Voronoi cells at the initial layer are constructed with zero weight values, mak-
ing the first layer the same as the traditional Voronoi Diagram. Determining which
points’ weights will be increased at the first layer is done by considering the branches
and edges of the calculated minimum spanning tree (M ST"). Elements at even levels
(e.g., levels 0 and 2) are assigned a weight value corresponding to the offset provided
as input within this spanning tree. In contrast, elements at odd levels (e.g., levels 1
and 3) were assigned a weight value of zero. As a result of this algorithmic approach,
the expansion and contraction of Voronoi cells were not localized to specific regions
but were uniformly distributed across the initial area. The calculated Minimum Span-
ning Tree M ST is illustrated for the second layer of a truncated pyramid with 50
Voronoi seeds. The weights asserted to the odd-level cells are shown with circles in

Figure 3.9
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Figure 3.9: Minimum Spanning Tree Generation and Weight Assertion for a Trun-

cated Pyramid

The preservation of convexity is considered significant due to the characteristics of
Voronoi Diagrams. To ensure convexity across all layers, the of f set values added to
weight of each cell are kept consistent. Consequently, when both neighboring cells
underwent expansion, the shared boundary between them remained unchanged, then
the convexity was conserved. Cells with a weight value of zero experienced gradual
contraction and eventually disappeared over the following layers. As a result, a de-
crease in the number of Voronoi cells was observed in the following layers, leading

to the progressive enlargement of the expanding Voronoi cells.

For each layer, the area of curve bounds C'B[lc] was calculated and the number of
cells appearing in the corresponding layer was collected. A density value defined as
the ratio of the area to the number of polylines is calculated and added to the density
list DL. If the current layer’s density is above the initial layer density then Voronoi
Structure Generation and Point Insertion Algorithm (Algorithm [6)) is called and
one seed point is inserted with the weight value of cells getting larger. A Voronoi
cell created with an inserted point is observed to be of substantial size, causing chal-

lenges in AM due to the absence of a supporting curve beneath, which could result
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in overhangs. Therefore, the minimum possible weight value for the inserted point
is calculated and the Voronoi diagram is constructed again with Algorithm |7, Op-
timization of Weights in Voronoi Structure Generation (OptimizeWeight). For
further reduction of the size, Post-Offset Algorithm for Inserted Cells, Algorithm
[8] is applied for the inserted points to achieve the minimum possible cell size without
changing the number of vertices before offset operation. The pre-offset Voronoi tree,
before post-offset operation, POT, is also collected for visualization and debugging

purposes.

The resulting Voronoi Tree structures for each layer are re-arranged and stored in
continuous Voronoi tree C'V'T" by considering the M ST for the maximum continuous
material extrusion in FFF production. The cells in branches of V1" are re-ordered

considering the indices of cells in the branches of M ST and C'V'T are constructed.

Consequently, neighbouring topology tree N7', inserted points list I PL, pre-offset
Voronoi tree POT’, minimum spanning tree M ST, density list D L, Voronoi tree VT,
and continuous Voronoi tree C'V'T" and loft tree LT" are obtained as the outputs of the

algorithm.

A Plug-In named Voronoi3DGenerator including the proposed 3D Voronoi Gener-
ator Algorithm is developed in Visual Studio C# Grasshopper Template. The corre-
sponding Grasshopper block can be seen in Figure [3.10]

q PL B NT
'l‘-“' IPL
( LH <
o POT
( Offset 8 MST
(]
( LN [ DL
(o]
= CVT
q CB |3)
'6 VT
Q zslices > LT

Figure 3.10: Voronoi3DGenerator Plug-In
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An implication of the Plug-In is demonstrated in Figure [3.11) and Figure [3.12) across
layer 60 and layer 190 for truncated pyramid geometry. Offset is 0.1, the layer height
is 0.2, and the number of initial Voronoi seeds is 50. The inserted points are shown
with their indices. As shown in Figure [3.13] the density values are above the initial
density until layer 8 due to diminishing cells. Therefore, points are inserted until layer
7 to decrease the density. After layer 7, since the geometry is a shrinking truncated
pyramid, density values continue decreasing and there is no need for an additional
point insertion. The boundary curve shrinks over the layers and the contracting and
expanding cells can be seen. Moreover, some of the cells are diminished due to the

changing boundary curve and size of the weight of the neighbouring cells.

Figure 3.11: Voronoi3DGenerator Result for Layer 60
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Figure 3.12: Voronoi3DGenerator Result for Layer 190
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Figure 3.13: Results of Density List (DL) for the Example Application
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3.2.2 Proximity Check Between Polyline Points and a Curve Algorithm

The pseudocode outlined in Algorithm[2] Proximity Check Between Polyline Points
and a Curve, performs a proximity check between a polyline and a curve. It deter-
mines whether any point of the polyline, denoted as P, is within a specified tolerance
distance from the curve, represented as C'. The inputs are the polyline P, the curve
C, and a tolerance value 7. The algorithm iterates over each point P; in P, computing
the closest point Cijosest On C' for each P;. It then calculates the distance d between
P; and Cosest, checking if d is less than 7. If d < 7 for any P;, the function sets a
Boolean variable a as true and terminates, indicating proximity between P and C'. If
no point in P is within 7 from C, a remains false, signifying that the polyline and
curve are not proximate based on the given tolerance. This function is used in the
program to control whether the edges of a Voronoi Cell are on the boundary curve

C'B or not.

3.2.3 Precision Adjustment of 3D Point Coordinates Algorithm

Algorithm [3| Precision Adjustment of 3D Point Coordinates, focuses on the pre-
cision adjustment of a three-dimensional point’s coordinates. Given a 3D point P
and a specified number of decimal places n, the function’s goal is to create a new 3D
point P’ whose coordinates are rounded versions of the original point’s coordinates.
The resultant point P’ has its coordinates finely tuned to the required decimal preci-
sion, making this function particularly useful in the program where precise geometric

positioning and calculations are crucial.

3.2.4 Distinct Point Enumeration in a Geometric Polyline Algorithm

Algorithm 4} Distinct Point Enumeration in a Geometric Polyline, is proposed to
count unique points in a geometric polyline, symbolized as P. It creates an empty
HashSet S to store distinct points. Iteratively examining each point P; in P, the
algorithm adds P; to S only if it’s not already present, ensuring the uniqueness of
points. The outcome is the count of unique points in S, representing the total number

of distinct points in P, thus offering the elimination of the line segments whose two
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endpoints are at the same location with zero length.

3.2.5 Symmetric Index Sequence Generation from a Voronoi Structure Algo-

rithm

Algorithm [5| Symmetric Index Sequence Generation from a Voronoi Structure
(GenerateSequence), aims to create a symmetric sequence of indices from a Voronoi
structure V/, generating a list S. It starts by initializing S and calculating the total cell
count N in V. For each cell index ¢ up to % it adds both 7 and its symmetric coun-
terpart N — 1 — ¢ to S. If N is odd, the middle index % is also included to maintain
symmetry. The outcome is .S, representing a symmetrically ordered index sequence
from V. This algorithm plays a crucial role in ensuring a homogeneous distribution
of inserted points across different layers. It achieves this by symmetrically altering
the input of the spanning tree list. Such a modification effectively prevents the clus-
tering of inserted point locations along the same branch of the spanning tree, thereby

providing a more uniform distribution.

3.2.6 Point Insertion Algorithm

Algorithm [6] Point Insertion Algorithm (InsertPoint), aims to update the Voronoi
structure V1" by inserting new points based on a predefined sequence list .S, while
considering a boundary curve C'B and a list of density values D L. It analyzes each
layer beyond the initial one, assessing the layer’s density against the initial layer’s to
decide whether new point insertions are necessary for maintaining constant density
over the layers. Point Insertion Algorithm (InsertPoint) aims to locate the inserted

point at the intersection of three neighboring cells.

A particular cell P, which is expanding (indicated by an offset value of 1 in OL)
and not situated on the boundary, is chosen as the target cell for point insertion. The
algorithm then explores the neighboring cells P,, and P,, filtered by specific criteria:
they should not be on the boundary, should not be offset, and must not be recently
inserted cells. When these conditions are met, the intersection point / of these cells

is determined. If suitable neighbors are not found, the search continues with other
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potential cells. The layer does not undergo point insertion without an appropriate P.

Upon identifying the intersection point /, it is added to the P L for subsequent layer
generation. Additionally, a weight w, calculated as (lc — 1) x offset, is assigned to
ensure that /’s influence grows in the following layers. Concurrently, the algorithm
updates the weight and offset status of the target cell P in OL and W L to prevent
further expansion in subsequent layers. This algorithm aims to obtain a balanced and

strategically constructed Voronoi structure.

An application of the Point Insertion Algorithm is presented in Figure and
Figure [3.15] between layer 2 and layer 3 for truncated pyramid geometry. The input
parameters are set as Offset = 0.1, layer height = 0.2, and number of initial Voronoi
seeds is 50. The Voronoi cells are shown with their indices. Since the density in-
creases at layer 2, a point with an index of 50 is inserted. It can be seen that the

inserted point is located at the intersection point of the cells with indices 19, 35, and

49.
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Figure 3.14: Visualization of Target Layer Before Point Insertion
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Figure 3.15: Visualization of Target Layer After Point Insertion

3.2.7 Optimization of Weights in Voronoi Structure Generation Algorithm

Algorithm [/, Optimization of Weights in Voronoi Structure Generation Algo-
rithm, targets optimizing the weights (I L) of the inserted points in inserted point
list (/ PL) in a Voronoi structure (V1) to ensure cell formation with the possible
minimum weight. For each point (F;) inserted to V1" beyond a specific layer, the
algorithm adjusts its weight (W' L;) to maintain the existence and appropriate size of
its corresponding Voronoi cell (V' (). Initially, it reduces (W L;) iteratively until V C
ceases to exist, then slightly increases (IV L;) to find the minimum weight necessary
for V(C’s existence. In subsequent layers, if VV'C'is found to have more vertices than
when it was first inserted, the algorithm further reduces (I L;) to decrease V(’s
size. This is done while recalculating the Delaunay and Voronoi structures after each
weight adjustment to ensure the integrity of V1" over the layer. This process aims
to enhance the manufacturability of the Voronoi structure in material extrusion-based
systems through the optimization of the weights. This optimization is particularly
critical as it directly influences the size of the inserted points corresponding Voronoi
Cells (VC'). A smaller V' C reduces bridging distance, eliminating the failure risk in
the Material Extrusion type of AM.

Moreover, the algorithm conducts a comparison between the unique number of points
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of the inserted Voronoi Cell (V' (') in its initial layer of insertion and the current layer.
This constancy is crucial since the variation in the number of unique vertices leads to
discontinuities in 3D Voronoi Cells across the layers. If the inserted Voronoi Cell’s
number of unique vertices is larger than the number of unique vertices at the initial
insertion layer, the offset tag (O L;) is set to be -1 to decrease the weight of the inserted
cell in the following layers. This procedure is only applied to the inserted Voronoi

cells.

3.2.8 Post-Offset Algorithm for Inserted Cells

Algorithm (8] Post-Offset Algorithm for Inserted Cells, is designed to refine a
Voronoi structure, denoted as V, through the adjustment of vertices and optimiza-
tion of the structure. This process is guided by taking inputs of VT, PL , CB, OL,
WL, NT'. The underlying idea for this refinement is to minimize the bridge lengths of
inserted Voronoi cells, as the edges of these cells are situated on the edges of adjacent
cells. Excessively elongated edges can cause significant manufacturing challenges.
Therefore, the main objective of the algorithm is to achieve maximal refinement of
the cells by ensuring that the number of vertices in the refined cell (uniPoly) is the
same as that of the non-offset cell, thereby optimizing the structure for manufactura-

bility.

The algorithm’s core iteratively processes each layer [c within the Voronoi structure
VT, focusing on inserted points. For each point under consideration, the algorithm
first ensures that the corresponding Voronoi cell exists. If such a cell is present, the

target cell is added to the target polyline list 7'P L for further operations.

When a target point is processed for the first time, the algorithm triggers a sequence
of offset operations. The goal is to perform the maximum offset while maintaining
the number of vertices in the refined cell equal to that in the non-offset cell. This
is achieved using the offset functions the Clipper Plug-In provides. The offset oper-
ations are performed in WorldXY plane, then it’s transformed to the corresponding
plane with proper Z coordinate due to the requirements of the Plug-In. To ensure
smooth fabrication, the area of the resulting polyline is controlled in addition to main-

taining the number of vertices. During post-offset, it’s ensured that the area of the
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resulting cell does not go below 2mm?.

For points previously processed in earlier layers, the offset value is determined based
on the layer where the point was initially processed. Additionally, the algorithm
checks if the Voronoi cell ceases to exist following the offset operation. If so, the
offset value is added to post-offset list POL to ensure the existence of the Voronoi

cell.

The offset polyline is then collected, but the process does not conclude there. As a
following step, the algorithm translates the edges of neighboring cells to the nearest
points on the offset polyline, thus maintaining continuity. An additional algorithm
is applied to identify the closest point, determining which adjacent cell vertex aligns
with each vertex of the offset polyline. A further check ensures that vertices intended
for transformation are not located on the Boundary Curve (C'B). This is critical as
transforming boundary curve vertices would break the integrity of C'B. Therefore,
these boundary vertices are preserved unchanged and flagged. Additionally, vertices
of the offset polyline (Pex) corresponding to these boundary vertices are marked as

excluded, as they should not be present in the final geometry.

Following the translation of adjacent polyline vertices, the next step involves updating
the target polyline within the structure. This is accomplished by computing a convex
hull encompassing the offset polyline’s vertices (excluding Pex) and the boundary
vertices. Subsequently, the Voronoi structure V71" is updated with the geometry de-

rived from this recently calculated convex hull.

In Figure [3.16] the output of the algorithm is illustrated. The red cell shows the cell
before post-offset operation, and the cell colored black shows the resulting cell after
post-offset operation. The operation is performed for the inserted cell with index
50 and the cell is inserted at layer 2. After the post-offset operation, the number of

vertices in the target cell remains unchanged at 4, as shown in the figure.
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Figure 3.16: Visualization of Post-Offset Operation

3.3 Visualization of Output Geometry

The visualization of corresponding outputs of 3D Voronoi Generator Plug-In is per-
formed in Grasshopper canvas, by using Stream Gate blocks in Grasshopper to select

the target visualization geometry. Preview Gate Block and the target geometries can

be seen in Figure

{ Preview Target Layer '} Full Geometry

Target Layer

Target Cell

Target Cell Neighbours
Neighbor Cell Neigh Indices

Spanning Tree of First Layer

None

Figure 3.17: Preview Gate Block

Target geometries include:

e Full Geometry: The whole Voronoi structure is previewed.
e Target Layer: Only the target layer is previewed.
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Target Cell: Only the target cell at the target layer is previewed.

Target Cell Neighbours: Target cell’s all neighbours are previewed.

Target Cell’s Specific Neighbour: Target cell’s neighbour with a specific index

is previewed.

First layer’s Minimum Spanning Tree: The Minimum Spanning Tree at the first

layer is previewed.

The previewing options are beneficial since it’s very challenging to visualize specific
sections of the complex geometries. The output geometry appears to be Voronoi
structures as lines layer by layer and these layers can be very close to each other
such as 0.1 mm, therefore, it’s very difficult to distinguish individual lines. By using
the preview interface shown in Figure it’s possible to specify and visualize the
specified geometry depending on user inputs from Panel and Number Slider blocks.
This feature is very crucial, especially in the development and test stages of the Plug-

In, where effective examination of the geometry is required.

(0}
[ Target Layer | ©0 ]) 4 F
0 MAX VALUE 249

’ Neighbour Index | &0 J)

| Please Enter Target Cell (int) ‘

l.l i ( TargetCell. D ' Q ,
[ Indices of the First Layer Points @

[ Indices and layer number of Added Points @

4Shows non-offset polylines % Toggle True |

if true

Figure 3.18: Preview Interface

3.4 Custom Data Format Generation and Application

The provided pseudocode of Algorithm [J] titled Exporting .ont Data Format, out-
lines an algorithm for processing input of Plug-In component to export the suitable

special file format called .ont for compact representation and data size reduction.
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The .ont file is in the form of a standard .txt file where the input variables are ex-
ported as text. At the beginning of the file, the variables offset value (of fsetV alue),
layer height (lh) and seed coordinates list (L) are written into a text file. Then,
the boundary mesh (STL input geometry) is triangulated and converted to the ASCII
format suitable for writing into a .txt file in the specified path (output Path).

The Grasshopper C# block for the proposed algorithm can be seen in Figure [3.19]

H

offsetvalue

| Data Format Output Path

t File

layerHeight {0;0;0;0;0}
File exported
successfully!

C:\Temp\output-Data- seedPoints

Format.txt

mesh

Expor

outputPath

Figure 3.19: Export File C# Block

The structure of .ont data representation is illustrated in Figure [3.20]

[OFFSET_VALUE]
0.1 //Example double value for offset

[LAYER_HEIGHT]
.15 //Example double value for layer height

ITIAL_LAYER_VORONOI_SEED_COORDINATES]

GOLnMN—|

[
X
1.
4.
7.

[BREP_PART_STL]
solid part_name
facet normal ni nj nk
outer loop
vertex vlx vly vlz
vertex v2x v2y v2z
vertex v3x v3y v3z
endloop
endfacet

endsolid part_name

Figure 3.20: Output Data Format Structure
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Algorithm [I0] titled Importing .ont Data Format, is designed to read and interpret
data from .ont file, reconstructing a 3D geometry and extracting relevant parame-
ters like the variables of fsetValue, [h and seed coordinates list PL. Initially, the
algorithm checks for the validity of the provided file path and proceeds to read the
file line by line. It parses different sections marked by specific keywords: "[OFF-
SET_VALUE]", "[LAYER_HEIGHT]", and "[VORONOI_SEED_COORDINATES]". For each
section, it extracts and stores corresponding o f f setV alue and [h as double, and seed
coordinates list (P L) as Point3D objects. Furthermore, the algorithm processes mesh
data located between "solid" and "endsolid", constructing a 3D mesh from the parsed
vertex data. The final output includes of fsetValue, lh, seed coordinates list PL,
and the reconstructed mesh which will be processed to give input to Plug-In as input

parameters.

The Grasshopper C# block for the proposed algorithm can be seen in Figure [3.21]

to: ot
{-26.326435,
16.998222, 0}
{25.417823, -
33.673715, 0}
(28.809943,
28.20151, 0}

Data Format Input Path

C:\Temp\output-Data— FilePath
Format.txt

Figure 3.21: Import File C# Block

3.5 Manufacturing of Output Geometry

The method employed to fabricate the target geometry is explained in this section.
Due to the nature of the proposed methods, there existed duplicated lines where two
adjacent cells share in V'T'. Firstly, these lines are eliminated. Then an NC file is
generated with external Plug-In Droid with the desired manufacturing parameters
for FFF. Since Droid does not include machine-specific commands and parameters,

the generated NC file is manipulated by using an example NC file generated in the
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suggested slicing software of the 3D printer.

3.5.1 Elimination of Duplicate Polylines

The output geometry C'VT' is a data tree whose branches include Voronoi cells as
polylines in corresponding layers. Due to the Voronoi 3D Generator Plug-In’s na-
ture, duplicate lines exist since two adjacent cells share the common edge in the same
layer. When the manufacturability is considered, these common lines cause the noz-
zle to extrude material to a line segment twice in a layer, then the target layer height
cannot be obtained. Therefore, these common lines are eliminated by using the Algo-
rithm Eliminate Duplicate Lines in Voronoi Structure. The algorithm focuses
on analyzing and processing a data tree of Voronoi polylines, symbolized as C'V'T'.
Its primary objective is to traverse each branch within C'V'T', converting polylines
into NURBS curves and further decomposing them into their constituent curve seg-
ments. Unique curve segments are identified and collected, ensuring no duplicates
are retained. This collection of unique curves is then assembled into a new data tree,

as resultT'ree ready for NC file generation.

3.5.2 Continous Path Generation for Fabrication

The generation of the continuous path is crucial for extrusion-based additive man-
ufacturing systems. Discontinuous paths necessitate the retraction of the filament,
a mechanism that not only burdens the machinery but also poses a risk of residual
material accumulation. Therefore an algorithm written in Grasshopper C# script has
been found [41] and implemented. This algorithm, instrumental in processing the
output from Section[I1] efficiently handles a set of curves across various layers. The
operational principle involves initiating from a user-defined curve and sequentially
navigating to the nearest unvisited edge within the same layer. Encountering a pre-
viously traversed curve triggers an upward movement to a user-specified height, a
lateral transition to the coordinates of the preceding line, and a subsequent descent.

This procedure is reiterated until all curves in the layers are sequentially covered.

While the algorithm does not ensure an entirely continuous path, its capability to
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maintain edge-bound movement is considerably advantageous for the fabrication pro-
cess, a topic further elaborated in Section[3.5.4l An example path generated for a set

of curves within the same layer is represented in Figure[3.22]

Figure 3.22: Generated Path Using Continuous Path Generation Algorithm

3.5.3 NC File Generation for FFF Systems

For the manufacturing of output geometry, FFF systems are preferred since the out-
put geometry includes lines. FFF machines can easily manufacture these lines when
the nozzle follows the line segments. When the diameter of the nozzle and extrusion
width get larger, it’s possible to obtain thinner wall structures. By using larger diam-
eter nozzles, it’s possible to produce geometries with higher offsets since there will

be material below from the previous layer.

A Plug-In called Droid is used to generate an NC file from line segments by setting

the input parameters presented in Table[3.2]

Each FFF machine may have different NC file commands for the desired operations
such as heating the bed, nozzle, setting z offset, etc. On the other hand, Droid Plug-
In does not have an FFF machine database and is not familiar with the target ma-
chine’s NC file commands. Therefore, an example NC file prepared for the target

FFF machine is required for the operations before and after printing starts. An ex-
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Table 3.2: Fabrication Parameters for 3D Printing

Fabrication Parameters Value
Layer Height (mm) 0.2
First Layer Height (mm) 0.2
Nozzle Diameter (mm) 0.8
Infill 0
Print Speed (mm/s) 10
Travel Speed (mm/s) 50
Retraction (mm) 0
Filament Diameter (mm) 1.75
Flow Rate Percentage Multiplier | 100

ample NC file including these commands can be obtained from the common slicing
software (e.g. Cura) with a machine database. The Algorithm titled Example
NC File Segregation Based on Line Markers, is used to collect these commands
from an example NC file in .txt format. The user manipulates the .txt file manually,
by adding markers "START" before the line where the printing begins and "END"
after the lines where printing finishes. The algorithm processes the text file, specified
by its path (file Path). Its main function is to categorize the file’s content into two
segments: prependedT’ext including Header and appendedText including Footer.
The algorithm identifies key markers within the file, labeled "START" and "END".
It scans each line by order and adds the lines before the "START" marker to the
prependedT’ext list and those following the "END" marker to the appendedl'ext

segment.

In the output of Section [3.22] continuous path curves are moved to the center of the
build plate, since Droid generates the NC file related to the build plate origin located
in the bottom left (absolute origin) of the build plate.

The manufacturing parameters in Table continuous path curves, prependedText
including Header and appendedText including Footer are given as inputs to NC File
Generator Block. The generated NC file is saved in .txt format to the specified path

and printing information is presented in the panel. The described block is illustrated
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in Figure[3.24]
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Figure 3.23: Example NC File Processor Block
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Figure 3.24: NC File Generator Block

3.5.4 NC File Manipulation

When the continuous path generated in Section [3.5.2]is converted to an NC file, as
explained in Section [3.5.3] and imported into Cura, the nozzle typically follows the
path along the Voronoi edges. Therefore, if there occurs a small amount of residual
material on this non-extrusion movement, it will be mostly on the Voronoi edges
and in the following layers, it will be compensated. However, while making the fast
travel movements, it’s observed that the nozzle extrudes material, which should be
solved to obtain a successful fabrication. Also, even if this extrusion is eliminated,
it’s observed that when the nozzle makes the fast travel at the user-specified height,

the filament flows outside the nozzle due to a sudden pressure drop. Therefore, the
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generated NC file should be manipulated. The simulation in Cura for the first layer
of manufacturing Cone geometry before the manipulation process is shown in Figure

[3.25] and the original NC file is shown in Figure [3.26]

Figure 3.25: Simulation of the Original NC File in Cura Software

G92 EO

Gl X160.97 Y188.337 E0.10286 F6&00
Gl ¥X160.97 Y188.337 Z0.25 F3000
G92 EO

Gl ¥X149.119 Y183.762 E1.22219 Fe00
Gl X149.119 Y183.762 Z20.25 F3000
G92 EO

Gl X149.119 Y183.762 Z3.25 E0.28863 F600 ;target line
Gl X160.97 Y188.337 E1.51082

Gl ¥X160.97 Y188.337 Z0.25 E1.799%46
Gl X1€0.97 Y188.337 Z0.25 F3000
G92 EO

Figure 3.26: Segment of the Original NC File

The NC Manipulation for Path Adjustment Algorithm, Algorithm [I3] is designed to
manipulate the NC file from a given input file path (input Path). The algorithm’s pri-
mary objective is to adjust the path and (retractionLength) in the NC file. The NC
lines are read and each line is iteratively processed. The core logic of the algorithm

involves identifying specific G-code commands (specifically those starting with "G1"
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and containing a "Z" value) and determining if there is a significant increase in the
Z-axis value (more than 1mm). 1 mm is set as a threshold since the layer height is gen-
erally below 1mm and the user-specified height in Section [3.5.2]is more than 1 mm.
When such a condition is met, the algorithm modifies the E value (extrusion length) of
the previous line, applying the specified retraction length (retractionLength). Also,

the identified target line and the next two lines are removed.

Furthermore, the algorithm addresses cases where there are unnecessary fast travels
to the current location, resulting in lines with duplicated X and Y coordinates. These
duplicated locations can cause extrusion to stop. In such cases, the algorithm omits
adding the line to the modified NC file if it lacks extrusion (E value) and shares the
same X and Y coordinates with the last processed line. After processing all lines, the

algorithm writes the modified NC file to the specified output file path (output Path).

The simulation in Cura for the first layer of manufacturing Cone geometry after the

manipulation process is shown in Figure [3.27) and the original NC file is shown in

Figure [3.28]

Figure 3.27: Simulation of the Manipulated NC File in Cura Software
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Figure 3.28: Segment of the Manipulated NC File

The NC File Manipulator Block is illustrated in Figure[3.29|
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Figure 3.29: NC File Manipulator Block
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3.5.5 Time Complexity Analysis

An empirical examination of time complexity was undertaken, focusing on the vari-
able count of Voronoi seeds. Due to the challenging complexity of the analysis,
analytical solutions were unfeasible. The number of Voronoi seeds was systemati-
cally varied from O to 7000 at intervals of 500, with corresponding execution times
recorded. Subsequently, a graphical representation was generated and interpolation
was performed using MS Excel. The data points are interpolated with a polynomial
with second degree. The graph can be seen in Figure [3.30] The resultant algorithmic

complexity was determined to be O(n?).
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Figure 3.30: Number of Voronoi Seeds vs Execution Time Graph

3.5.6 2D Linear Interpolation

A methodology is employed to perform linear interpolation between the initial and the
final slices of the provided Brep input, aimed at reducing execution time by processing
only the initial and final slices of the BRep. This methodology is applicable under the
condition that the number of vertices of the polylines at the initial and final slices are

identical. Consequently, the polylines between the initial and final slices are lofted.

e The of fsetValue is multiplied by the length of the slices list to determine the

weight values assigned to the cells at the final layer.

e The z-coordinates of the initial and final slices (zslices) are acquired by ex-

tracting the elements at indices 0 and -1 of the deconstructed domain.

e The boundary curves of the initial and final slices are retrieved by extracting

the elements at indices 0 and -1 of the projected slices.

e The number of layers LN is designated as 2, reflecting the computation of only

the initial and final layers.

e The Grasshopper components for pre-processing the input parameters are illus-

trated in Figure [3.31]
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Curve Enund;

Figure 3.31: 2D Linear Interpolation Pre-Processing Blocks

The inputs are given to Voronoi3DGenerator Plug-In, resulting in the creation of
a loft tree (LT'), representing the customized arrangement of the resulting Voronoi
polylines. Subsequently, the generated tree serves as input for the Polylines Mesh Loft
block within the external FroGH Plug-In, initiating the 2D loft operation. Following
the completion of the lofting process, a Grasshopper script is executed to verify the
consistency between the number of items in the output of the Polylines Mesh Loft
block and the user-defined number of Voronoi Seeds. The outcome of this verification

process is displayed in a text panel.

4 Please Enter the Number of Points (int)

{0;0}

Interpolation
successful.

numberOfPoints (Il out D
( interpolationResult =

Figure 3.32: 2D Linear Interpolation and Verification Blocks
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CHAPTER 4

IMPLEMENTATION & TEST CASES

In this chapter, the results of the proposed methodology are presented, including
the visualizations and fabrications based on user-defined input parameters for dif-
ferent geometries, which are demonstrated respectively. Section {.1] includes gen-
eral methodology, while Section 4.2] encapsulates the outcomes for 2D Interpolation

methodology.

4.1 Results and Visualizations for Voronoi3DGenerator

The comparison of the data sizes between the recently developed .ont format and
the conventional STL format are illustrated in Table 4.1 emphasizing the proposed
approach’s data handling and representational efficiency. Due to the complex nature
of the polyline Voronoi structures generated, they could not be transformed into sur-
faces; thus, to maintain consistency, the same number of Voronoi seeds was inserted
across all target geometries using the built-in Voronoi 3D block. In the slicer software
Cura, Surface Mode should be selected and Infill should be set to zero to print the

exported STL with zero surface thickness.

The resultant geometries were exported in the binary and ASCII STL format, allowing
for a direct comparison with the .ont file format in Kilobytes (kB). The proposed data
format .ont undergoes compression via RAR archiving, chosen due to the compact bi-
nary formatting of the STL data, ensuring equitable comparison. The uncompressed
.ont file is compared with the ASCII STL file. The comparison between data sizes of
the proposed data format .ont and the conventional BRep data format STL for both

compressed and uncompressed cases are illustrated in Table The presented table
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also details the input parameters such as layer height, offset, and seed count utilized
by the Voronoi3DGenerator (see Algorithm|I)) to provide visual representations and
fabrication results. The result of the representation data size underscores the effec-
tiveness of the proposed methodology. The parts have been fabricated with Creality

Ender 3 V2 FDM machine. The manufacturing parameters are shown in Section

B33 Figure 32

Hyperlinks are included for each geometry, labeled as Cone (), Truncated Pyramid
(2), Large Truncated Pyramid (3)), and Stanford Bunny (4) and Hypothetical Rectan-
gular Prism (5).

Table 4.1: Comparative Results of File Sizes Based on Input Parameters for

Voronoi3DGenerator Plug-In

Target Geometries
Specifications and Results 1 2 3 4 ~J
Layer Height (mm) 0.2 0.2 0.2 0.25 2
Offset (mm) 0.2 0.5 0.2 0.4 0.1
Number of Seeds 40 10 300 40 4000
.ont Data Size Uncompressed (kB) 26 4 13 68 140
.ont Data Size Compressed (kB) 2.8 0.7 6.1 15 71
ASCII STL Data Size (kB) 9893 | 649 | 17344 | 3820 | 392000
Binary STL Data Size (kB) 1440 | 98 2622 | 601 | 70200
Uncompressed Size Reduction (%) | 99.74 | 99.38 | 99.93 | 98.22 | 99.96
Compressed Size Reduction (%) | 99.81 | 99.34 | 99.77 | 97.50 | 99.90

* Cone

A truncated cone with 40 mm base, 30 mm top diameter and 30 mm height has been
modeled and fabricated using the proposed methodology. The generated geometry
and fabrication results are illustrated in Figures 4.1} 4.2] 4.4] and .5 The fabrication
of the target geometry lasted 5 hours.
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Figure 4.1: Top View of Generated Cone

4

Figure 4.2: Perspective View of Generated Cone
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Figure 4.3: Top View of Fabricated Cone

Figure 4.4: Bottom View of Fabricated Cone
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Figure 4.5: Perspective View of Fabricated Cone

* Truncated Pyramid

A truncated pyramid with 67mm x 67mm x 50mm dimensions 10°draft angle has
been modeled and fabricated. The Voronoi polylines are meshed and NC file for
the resulting STL geometry is generated in CURA software, unlike the other target
geometries since the number of Voronoi polylines is relatively low and the resulting
geometry is not complex. The results are illustrated in Figures [4.6] M.8and 4.9

The fabrication of the target geometry took 6 hours.
* Large Truncated Pyramid

A truncated pyramid with dimensions 180mm x 180mm x 30mm and 10°draft angle
has been modeled and fabricated to demonstrate the effectiveness of the proposed
methodology in fabricating parts filled with a high number of Voronoi structures. The
generated geometry and fabrication results are illustrated in Figures .10} @.11] and
M.12)and .13] The fabrication of the target geometry took 29 hours.
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Figure 4.6: Top View of Generated Truncated Pyramid

Figure 4.7: Perspective View of Generated Truncated Pyramid
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Figure 4.8: Top View of Fabricated Truncated Pyramid

Figure 4.9: Perspective View of Fabricated Truncated Pyramid
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Figure 4.10: Top View of Generated Large Truncated Pyramid

Figure 4.11: Perspective View of Generated Large Truncated Pyramid
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Figure 4.12: Top View of Fabricated Large Truncated Pyramid

Figure 4.13: Perspective View of Fabricated Large Truncated Pyramid

* Stanford Bunny

Stanford Bunny is a challenging geometry since multiple cross-sectional areas exist in

the same layer in some regions. It’s proven that the proposed methodology is suitable
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also for complex geometries. The generated Stanford Bunny geometry results are

illustrated in Figures [4.14, [4.15] [4.16] and 4.17]

3

Figure 4.14: Top View of Generated Stanford Bunny

Figure 4.15: Perspective View of Generated Stanford Bunny
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2y

Figure 4.16: Bottom View of Fabricated Stanford Bunny

e

Figure 4.17: Perspective View of Fabricated Stanford Bunny

* Hypothetical Rectangular Prism

The Hypothetical Rectangular Prism geometry has been filled with 3D Voronoi based

structures to prove the proposed methodology can be used to model the geometries in

69



large sizes filled with tiny internal structures as in the case of the DARPA TRADES
competition [6]. The results of the generated rectangular prism with 1000mm x

1000mm x 40mm dimension are illustrated in Figures d.18]and .19

Figure 4.18: Top View of Generated Hypothetical Rectangular Prism

Figure 4.19: Perspective View of Generated Hypothetical Rectangular Prism
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4.2 Results for 2D Linear Interpolation

The specifications and results for a cube with a 50 mm edge length using 2D Linear

Interpolation methodology have been illustrated in Table .2}

Table 4.2: Comparative Results of Execution Times Based on Input Parameters for

Voronoi3DGenerator Plug-In

Target Geometry
Specification and Results Cube Cube
Layer Height (mm) 0.2 0.1
Offset (mm) 0.3 0.15
Number of Seeds 8 8
Regular Execution Time (ms) 3100 6000
Execution Time with 2D Interpolation (ms) 18 16
Reduction Percentage (%) 99.42 99.73

The generated geometry results are illustrated in Figures 4.20] and [4.21]

Figure 4.20: Top View of Interpolated Cube
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Figure 4.21: Perspective View of Interpolated Cube
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CHAPTER 5

DISCUSSIONS & CONCLUSION

This thesis comprehensively investigates the efficient modeling, compact representa-
tion, and additive manufacturing of 3D Voronoi based internal structures derived from
2D Voronoi layers. The primary motivation underpinning this research was to develop
a generative design algorithm capable of producing 3D Voronoi based internal struc-
tures through the utilization and manipulation of 2D Voronoi layers. A key aspect of
this effort was the reduction of data size required to represent the generated structures
while ensuring the exactness of the generated geometry. Additionally, a significant
achievement of this research is the demonstration of successful geometry fabrication
utilizing FFF machines. This process notably eliminates the requirement for support
structures, effectively facilitating the production process and thereby representing a

key conclusion of the proposed methodology.

Through the application of generative design and a compact representation of 3D
Voronoi based internal structures methodology, the user inputs, mesh, layer height,
the number of Voronoi Seeds, and offset are taken and the output geometry, the input
mesh filled with 3D Voronoi based internal structures, is obtained. For the gener-
ation of the 3D Voronoi based internal structures, a Rhinoceros Grasshopper Plug-
In, named Voronoi3DGenerator, is developed using Visual Studio C# template for
Grasshopper Assemblies. The program aims to maintain constant Voronoi density

through each layer of sliced geometry.

A new data format called .ont has been proposed for representing output geometry
compactly. This proposed text-based format, generated by a custom C# script, in-
cludes layer height, offset, Voronoi seed coordinates, and the representation of the

input mesh in the same format as an STL file. The size of the representation data is
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significantly reduced compared to the conventional BRep data format, STL. When the
size of the parts increases and the internal structures become smaller, the effective-
ness and data reduction ratio are significantly improved. This is because the proposed
methodology is primarily based on the initial layer data, and the subsequent layers

are constructed generatively.

Moreover, the exactness of the output geometry is fully conserved since a resolution
does not exist in the process of generating representation file. In other words, the exact
geometry can be obtained as the .ont file is given as input to the Voronoi3DGenerator
Plug-In. In addition to the script that generates .ont file, a custom script is also devel-
oped to interpret the information within the .ont file and provide them as input to the

developed Voronoi3DGenerator Plug-In.

In addition to generative modeling and compact representation of parts filled with
3D Voronoi based internal structures, these parts are manufactured. Manufacturing is
performed by using FFF machines. The required NC file for fabrication is generated
in Grasshopper by using external Droid Plug-In. The NC File Generator Plug-In
Droid does not generate NC files by considering the continuity of the paths; thus,
extra materials and retractions are often observed during fabrication. To overcome
these issues, the Voronoi cells are arranged considering the Minimum Spanning Tree

of the corresponding layer.

Additionally, a continuous path generation algorithm is utilized. In this way, the con-
tinuous path where the material is continuously extruded from the nozzle is aimed to
be maximized. This reduces the fabrication process’s unwanted material and exces-

sive number of retractions.

As Droid does not have built-in machine configurations, the specific commands for
the target machines are not included in the generated NC file. Therefore, the Header
and Footer of the NC file are obtained using an example NC file generated by a com-
monly used slicer software, Ultimaker Cura, as it has built-in machine configurations
and can include machine-specific commands. The user takes an example NC file out-
put from slicer software and adds markers inside the NC file as START and END. The
lines before marker START and after marker END are collected and given as Header

and Footer to Droid. This is because the preparation and finalizing commands are
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generally machine-specific. The generated NC file is tested using slicer software to
observe the simulated printing process. Finally, the NC file output of Droid was ma-

nipulated and the parts were fabricated using FFF machines.

As evident from the findings, the utilization of the .ont format leads to a substantial
reduction in data size compared to the conventional Brep data format, STL. Notably,
the effectiveness of the proposed methodology exhibits a significant enhancement
with an escalation in the number of Voronoi seeds and the size of the respective part.
This phenomenon is attributed to the direct dependence of the representation data in
the .ont" format on the initial layer parameters and the boundary mesh of the target
part. Consequently, an expansion in the size of the part and an increase in the num-
ber of Voronoi seeds do not proportionally escalate the data representation size. In
contrast, conventional methods, such as STL, experience a considerable rise in data
size with a significant increase in the number of meshes. The tabulated results in
Table [.1] illustrate a remarkable data size reduction up to 99.78%, underscoring the

pronounced effectiveness of the presented methodology.

Moreover, a custom 2D Linear Interpolation methodology is employed for simple
geometries, where the number of vertices of the Voronoi cells at the initial and final
layers remains constant. The primary objective is to compute only the initial and fi-
nal layers of the slices, thereby reducing execution time. As demonstrated in Table
4.2] the execution time decreases by up to 99.73% for a simple cube geometry since
instead of computing 500 layers, only 2 layers are computed. However, this interpola-
tion methodology is infeasible for complex geometries where cross-section changes,

and cases involve cell extinction or insertion.

In future developments of the Voronoi3DGenerator algorithm, an alternative ap-
proach to the post-offset operation for inserted points should be considered. The
current methodology results in discontinuities during the post-offset process, leading
to the necessity of preserving the original vertex count in the inserted cells. Conse-
quently, these cells cannot initiate from a minimal size and expand continuously, a
limitation not encountered in direct 3-D Voronoi diagram generation. Hence, there
exists an opportunity for substantial enhancement of the algorithm in this aspect. The

failure case where the preservation of the original vertex count is not considered is
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illustrated in Figure The figure on the left is the previous layer and the figure on
the right is the current layer. The black lines show the cell after the post-offset oper-
ation, whereas the red lines show the cell before the post-offset operation. The blue
circle shows where the discontinuity occurs between two layers when the number of

vertices of the cell increases.

102-4 © | .102@ |

Figure 5.1: Failure Case where Discontinuity Occurs

Additionally, the fabrication of the resultant geometries presently does not produce a
completely continuous path. While partial continuity is achieved, it is not complete,
resulting in the presence of residual materials post-fabrication, which necessitates
removal. The implementation of an algorithm similar to that discussed in the work of
Ozcan M. and Yaman U. [42]] may offer a solution, enabling the generation of fully
continuous paths for the internal 2D layers of the Voronoi structures. Also, the current
methodology can produce parts with a single shell, which increases the potential risks

of surface defects during the fabrication process.

Moreover, the utilization of implicit representation for the outer boundary could be
explored as a further study. If the boundary mesh can be implicitly represented, it
could lead to a further reduction in the data size of the .ont file, considering that the

bulk of the data size is attributed to the BRep mesh within the file.

Furthermore, while the internal Voronoi structures do not require support structures,

the boundary geometry might exhibit overhang areas. The current version of the
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proposed algorithm cannot address such scenarios. Developing a specialized method
for creating support structures in overhanging regions of the boundary geometry is

thus a potential area for future enhancement.

In the current scope of this research, the generative design process is not configured to
achieve specific target objectives, such as prescribed mass, maximal strength, or min-
imal compliance, primarily because the methodology lacks analysis tools and does
not encompass iterative refinements. The geometry generation is directly dependent
on the user-provided input parameters. Future work could enhance this process by
incorporating iterative adjustments of parameters like Number of Voronoi Seeds and
offset. Such advancements would enable the system to iteratively converge towards
user-defined target objectives, thereby augmenting the functionality and adaptability

of the generative design process.
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APPENDIX A

PSEUDOCODES OF ALGORITHMS

Pseudocodes of the algorithms used and explained in Chapter [3| are provided in this
chapter. The symbolics of the variables defined in Table are used to simplify the

notation.

The symbolics of the variables defined in Table [3.1] are used to simplify the notation

in the following pseudocodes.
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Algorithm 1 3D Voronoi Generator Algorithm

Inputs: Point List PL, Number of layers [n, z coordinates of slices zslices, of fset,
Curve Bounds C'B, layer height [h
Outputs: N7, IPL, POT, MST, DL, VT,CVT
1: for each pointin PL do
2: AddOto OL
3: end for
4: for each pointin PL do
5 AddOto WL
6: end for
7. for lc from O to In do
8: Create a transformation vector x form for Z coordinates based on zslices|lc]
9: Clear SL
10: if [c > 0 then
11: for i from O to W L.Count do

12: if OL[i] = 1 then

13: Increase W L[i] by offset

14: end if

15: if OL[i] = —1 then

16: Decrease W L[i] by offset

17: end if

18: end for

19: end if

20: if DL[lc — 1] > DL]0] then

21: Calculate sequence Call GenerateSequencel I’
22: Insert point Call InsertPoint(V'T", S, PL , C'B)
23: end if

24: Compute Delaunay triangulation at WORLDXY Plane by using SuperDe-
launay

25: Transform C BJlc| to the current Z value of the layer using x form

26: Transform Delaunay triangulation to the current Z value of the layer using
xform

27: Compute Voronoi diagram and trim it inside C' B|[lc| using SuperDelaunay

28: Add Voronoi to V'T" with branch ¢

29: Call OptimizeWeight( VT, PL, 80 L, CB) for inserted points




30: for ; from O to delaunay. Vertices.Count do

31 Compute neighbouring topology by using SuperDelaunay
32: Add neighbouring topology of current [lc] to NT

33: end for

34: Construct Minimum Spanning Tree using SuperDelaunay

35: Add Minimum Spanning Tree to SL for the current layer [Ic]

36: if lc = 0 then

37: for ¢ from 0 to SL.Count — 1 with step 2 do

38: if WL[SL[i].Value] = 0 then

39: Set WL[SL[i 4+ 1].Value] to W L[SL[i + 1].V alue] + offset
40: Set OL[SL[i + 1].Value] to 1

41: end if

42: end for

43: end if

44: Add SL to M ST to obtain spanning tree of whole geometry
45: Arrange V'T' considering M ST
46 Construct C'V'T" with arranged VT’

47: Calculate area of the current layer

48: Initialize polycounter to 0

49: for i from 0 to V1. Branch(lc).Count do

50: Get the polyline P = VT.Branch(lc)]i]

51: if P is not null then

52: Increment polycounter by 1

53: end if

54: if area # 0 then

55: Calculate density: density = Z%

56 Add density to DL

57: end if

58: end for

59: Call Post-Offset Algorithm for Inserted Cells (V1', PL , CB, OL, WL,
NT)

60: end for

61: return NT, IPL, POT, MST, DL,VT,CVT
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Algorithm 2 Proximity Check Between Polyline Points and a Curve

Inputs: A polyline P, a curve C, a tolerance value 7
Output: Boolean value indicating if any point of P is within 7 distance from C'
1: Initialize a boolean variable a as false
2: for each point P; in P do
3: Get P, from P
4: Find the closest point Cyjgses On C' to P
5: Calculate the distance d from P; to Cyjogest

6: if d < 7 then

7: Set a to true
8: break

9: end if
10: end for

11: return a

Algorithm 3 Precision Adjustment of 3D Point Coordinates

Inputs: A 3D point P, Number of decimal places n

Output: A new 3D point P’ with coordinates rounded to n decimal places

Ju—

. Extract the X, Y, and Z coordinates of P
2: Round the X, Y, and Z coordinates of P to n decimal places
3: Create a new 3D point P’ with the rounded coordinates

4: return P’

Algorithm 4 Distinct Point Enumeration in a Geometric Polyline

Input: A polyline P

Output: The number of unique points in P
1: Initialize an empty HashSet S for unique points
2: for each point P; in P do
3 if P; is not already in .S then

4: Add P;to S
5: end if
6: end for

7. return the count of points in S
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Algorithm 5 Symmetric Index Sequence Generation from a Voronoi Structure (Gen-

erateSequence)

Input: A DataTree of Voronoi Polyline cells VI’

Output: A list S representing a symmetric sequence of indices

1:

2:

3:

10:

Initialize an empty list S for the sequence
Get the count V of cells in the first branch of V'
for each cell index ¢ from O to % do

Addito S

Add the symmetric index N —1 —ito S

- end for

if V is odd then
Add the middle cell index & to S
end if

return S
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Algorithm 6 Point Insertion Algorithm (InsertPoint)
Imputs: V71,5, PL,CB, DL, OL, WL
Outputs: Updated PL, OL, WL, IPL

1. if Layer count L greater than 1 and previous layer’s density in DL greater than

the first layer’s then

2: for each index i in S do
3: if OL atindex i is 1 then
4: Retrieve polyline P from previous Voronoi layer V17,4
5: if P is null then
6: Continue to next iteration
7: end if
8: Check if P is on boundary Call Proximity Check Between Polyline
Points and a Curve(P, C'B)
9: if P on boundary then
10: Continue to next iteration
11: end if
12: for each segment in P do
13: Retrieve and round segment’s starting point
14: Add rounded point to C'P1
15: end for
16: for each neighbour index j of current cell do
17: Retrieve first neighbour polyline P,, from V17_,
18: if P,, is on boundary V an inserted cell V getting larger then
19: Continue to next neighbour
20: end if
21: for each segment in P, do
22: Retrieve and round segment’s starting point
23: Add rounded point to C'P2
24 end for
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25:

26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44.

45:

46:

47:

48:

49:

50:

for each second neighbour index excluding current one do
Retrieve and process second neighbour polyline P,
if P, is on boundary V an inserted cell V getting larger then
Continue to next neighbour
end if
for each segment in P, do
Retrieve and round segment’s starting point
Add rounded point to C' P3
end for
if intersection of C'P1, C'P2 and C'P3 lists is non-empty then
Store intersection point as /
Jump to EndOfLoops
end if
end for
Clear CP1, C' P2 and C'P3 for next iteration
end for
end if
end for
end if
label EndOfLoops:
Add I to PL for next layer Voronoi generation
Add w to W L as the value of (lc — 1) % of fset for corresponding [
Add integer 1 to OL for corresponding
Set w; as (Ic-1)*offset
Set OL; as 0
return PL, OL, WL, IPL
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Algorithm 7 Optimization of Weights in Voronoi Structure Generation Algorithm
(OptimizeWeight)

Inputs: VT, PL,WL,CB

Outputs: Updated VT, W L

1. for each added point P; in V7' from a certain layer onwards do
2: Calculate index for P;

3: if Voronoi cell V C exists for P; then

4: if first-time creation of V' C' then
5: repeat
6: Reduce weight W L, of P,
7: Recalculate Delaunay and Voronoi structures
8: Check if V' C still exists for P;
9: if V'C' does not exist then
10: Revert the last weight change in W L;
11: Recalculate Delaunay and Voronoi structures
12: Break the loop
13: end if
14: until minimum weight for P; to create VV'C' is found
15: end if
16: Determine the layer where P; is added
17: if current layer is above the addition layer and V' C' exists then
18: Compare unique vertex count of current and initial layers for V'C'
19: Call Distinct Point Enumeration in a Geometric Polyline(1/ ()
20: while vertex count of V(' is greater than the initial addition layer and

cell exists do

21: Decrease weight W L; of P, to make its cell smaller

22: Update the OL; of P, as -1 to provide contraction in subsequent
layers

23: Recalculate Delaunay and Voronoi structures
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24 Update unique vertex count of V'C'

25: Call Distinct Point Enumeration in a Geometric Polyline(1/ ()
26: end while

27: end if

28: end if

29: end for

30: return V1, WL
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Algorithm 8 Post-Offset Algorithm for Inserted Cells

Inputs: VT, PL,CB,OL WL, NT
Output: Modified Voronoi structure V1" with reduced cell size

1:

2:

3:

10:

11:

12:

14:

15:

16:

17:

19:

20:

21:

22:

23:

Initialize uniOut, uniPoly to 0
Initialize count to the number of cells in the first branch of VT’
Initialize POL with zeros for each cell in the first branch of VT’
Set offsetResolution to 0.1
for each layer /c from O to [n do
for each target point targetpoint from VT.Branch(0).Count to
VT.Branch(lc).Count do
if Voronoi cell VT.Branch(lc)[targetpoint] exists then
Add Voronoi cell to T'"PL
Calculate new origin and existing origin based on Z value of target
point
Define XY and Z planes for offset operations
Initialize or update POL for the target point
if first-time operation for target point then
Initialize offset for the target point in POL
repeat
Perform offset operation on target Voronoi cell using Clipper
Plug-In
Calculate number of vertices after offset
Calculate area of the resulting cell after offset
if resulting cell does not exist OR number of vertices de-
creased OR area < 2 mm? then
Perform offset in negative direction
Finalize cell shape and break loop
end if
Increase offset by resolution

until The Loop is break
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24: else

25: Perform offset operation for previously handled points

26: end if

27: Collect vertices of the cells adjacent to the target cell

28: Check whether the vertices are on the boundary (C'B)

29: if neighbour cell’s vertex is not on the boundary then

30: Transform the vertex to the closest point of the offset cell

31 end if

32: else

33: Do not transform the vertex

34: end if

35: Process each vertex of target polyline for boundary check

36: if target polyline’s vertex is on the boundary then

37: Add this vertex to the convexhulllist

38: else

39: Add the closest vertex of the offset cell to the convexhulllist

40: end if

41: Compute convex hull with the points convexhulllist in and update offset
point list

42: Clear auxiliary lists for the next iteration

43: end for

44: end for

45: return VT
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Algorithm 9 Exporting .ont Data Format
Inputs: Offset value (of fsetValue), layer height (lh), seed coordinates list (PL),

mesh structure (mesh), output file path (output Path)
Outputs: Output content written to file, success message stored in A
1: if mesh is null or invalid then
2: Set A to "Invalid mesh provided."
3: return
4: end if
5: Initialize content string (content) to empty
6: Append "[OFFSET_VALUE]J\n" and of fsetV alue to content
7. Append "[LAYER_HEIGHT]\n" and /A to content
8: Append "[VORONOI_SEED_COORDINATES]\n" to content
9: for each point P in PL do
10: Append coordinates of P to content
11: end for
12: Append "[BREP_PART_STL]\n" and "solid mesh\n" to content
13: Convert quad faces of mesh to triangles
14: Compute face and vertex normals of mesh
15: Compact mesh

16: for each face 7 in mesh do

17: Define face as mesh faces at index ¢

18: if indices of face are valid then

19: Append facet normal and vertex coordinates to content
20: end if

21: end for

22: Append "endsolid mesh\n" to content

23: if output Path is not empty then

24: Write content to file at output Path

25: Set A to "File exported successfully!"

26: else

27: Set A to "Please provide a valid output path."

28: end if
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Algorithm 10 Importing .ont Data Format
Input: File path (file Path)

Outputs: Seed coordinates list (P L), Offset value (of fsetV alue), Layer height (Ih),

Reconstructed mesh (meshQOut)
1: Initialize PL as an empty list of Point3D
2: Initialize of fsetValue and [h to O
3: Initialize meshOut as an empty Mesh
4. if filePath is empty or file does not exist then
5: Print "Invalid file path provided."
6: Set outputs PL, of fsetValue, lh to null/O and return
7. end if
8: Read all lines from the file at file Path into lines
9: for each line 7 in lines do
10: Trim the line and store in line
11: if line equals "[OFFSET_VALUE]" then
12: Parse next line as of fsetV alue and increment ¢
13: else if /ine equals "[LAYER_HEIGHT]" then
14: Parse next line as [h and increment ¢
15: else if [ine equals "[VORONOI_SEED_COORDINATES]" then
16: Increment ¢ and parse subsequent lines for seed coordinates until next
section
17: else if /ine starts with "solid" then
18: Increment 7 and parse subsequent lines for mesh data until "endsolid"
19: end if
20: end for

21: Assign PL, of fsetValue, lh, and meshOut to corresponding outputs
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Algorithm 11 Eliminate Duplicate Lines in Voronoi Structure

Input: Data tree of Polylines VT’

Output: Data tree of unique Curves resultTree

1: Initialize a new data tree resultT'ree for Curves

2: for each branch path in V'T' do

3: Initialize a list uniqueCurves for storing unique Curves
4: Get the list of Polylines polylines from V'T" at path
5: for each polyline in polylines do
6: if polyline is not null then
7: Convert polyline to a NURBS Curve nurbsCurve
8: if nurbsCurve is not null then
9: Duplicate nurbsCurve into constituent Curves curves
10: for each curve in curves do
11: if curve is not already in uniqueCurves then
12: Add curve to uniqueCurves
13: end if
14: end for
15: end if
16: end if
17: end for
18: for each uniqueCurve in uniqueCurves do
19: Add uniqueCurve to resultTree at path
20: end for
21: end for

22: return resultTree
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Algorithm 12 Example NC File Segregation Based on Line Markers

Input: File path (file Path)

Outputs: Prepended text (prependedT’ext), Appended text (appendedT'ext)

1:

2:

3:

10:

11:

12:

13:

14:

Read all lines from the file at file Path into lines

Initialize prependList and appendList as empty lists of strings

Initialize lastG1Index and firstG1lIndex

Find the first index of a line starting with "START" and store in firstG1lIndex

: Find the last index of a line starting with "END" and store in lastG1Index

. for each line 7 in lines do

if ¢ is less than firstG1Index then
Add line 7 to prependList
else if ¢ is greater than lastG'1Index then
Add line 7 to appendList
end if
end for
Set prependedText to the contents of prependList
Set appendedT ext to the contents of append List
return (prependedT’ext), (appendedT ext)
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Algorithm 13 NC File Manipulation for Path Adjustment

Input: Output file path (output Path), Input file path (¢:nput Path), Length of retrac-

tion (retractionLength)

Output: Modified NC File saved to output Path

1:

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

19:

20:

21:

22:

23:

24

25:

if input Path does not exist then
Exit
end if
Read all lines from input Path into gcodeLines
Initialize an empty list modifiedLines
Initialize previousZ as NaN
Initialize linesToSkip as 0
Initialize lastX and lastY as NaN
for each line in gcodeLines do
if linesToSkip is greater than O then
Decrement linesToSkip
Continue to next iteration
end if
if line starts with "G1" and contains "Z" then
Extract Z value from line
if Z value increased more than Imm from previousZ then
if modifiedLines is not empty then
Modify E value of last line in modifiedLines
retractionLength
end if
Set linesToSkip to 2
Update previousZ with current Z value
Continue to next iteration
end if
Update previousZ with current Z value

end if

using
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26:

27:

28:

29:

30:

31:

32:

33:

Extract X and Y values from line

if line starts with "G1" and does not contain "E" and (lastX, lastY) is the same

as (currentX, currentY) then

Continue to next iteration (Skip lines with same X and Y coordinates and

no extrusion)
end if
Add line to modifiedLines

Update lastX and lastY with current X and Y values

end for

Write modifiedLines to output Path
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