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Abstract

This thesis investigates the potential of nonplanar robotic 3D printing for architectural applications
and develops novel methods to design nonplanar print paths for medium to large-scale robotic FDM
3D printing.

Latest developments in additive manufacturing have opened new possibilities for 3D printing objects
with unprecedented geometric complexity. However, these advancements are still hindered by the
inherent limitations of current printing techniques. Most 3D printing is 2.5D printing, where the
accumulation of material happens in planar layers. This results in various drawbacks, such as poor
surface quality on high curvature areas and a need for overhang support. In addition, 3D printing
produces parts that are inherently anisotropic, with considerably higher strength along the print
direction than orthogonally to it. Further research in controlling the orientation of print paths can help
alleviate those issues by aligning the path directions as needed to improve surface quality, reduce the
need for support, and optimize mechanical properties.

With the advent of robotic printing, it is possible to print material along 3D paths with variable
orientation and thickness. Consequently, paths can be customized to address the aforementioned
issues. However, there is a lack of methodologies for designing robot-fabricable, nonplanar print paths.
This research aims to address this gap with a focus on creating intuitive path design tools within
the reach of designers and on considering fabrication constraints inherent to nonplanar robotic 3D
printing.

The proposed computational approach is based on defining a parametrization function over a surface
and then tracing the paths as its isolines. The primary challenge then is selecting an appropriate
function that fulfills the intended objectives. With that, this research draws upon the wealth of
established methods for shape parametrization in computer graphics and repurposes them in the
novel context of robotic 3D printing.

Two methodologies are developed, namely designing a boundary-controlled and a vector-field-
controlled function. The first defines the function as the interpolation of the geodesic distance
from boundaries set by the user, resulting in paths always parallel to the boundaries and smoothly
interpolating the space between. The second defines a function considering a tangent guiding vector
field as its gradient. The user can then control the paths by applying constraints on the guiding vector
field, thus having control over both orientation (always orthogonal to the vector field) and spacing
(determined by the magnitude of the vector field).

To further enable control of the path layouts, an intermediate discrete representation is devised,
consisting of two coupled transversal strip networks overlayed into a strip-decomposable quad
(SDQ) mesh. Editing operations for altering the strips’ connectivity are developed to allow hands-on
manipulation of the SDQ mesh structure to suit specific design requirements or aesthetic preferences.

The 3D printing method selected as a case study is the robotic FDM extrusion of thermoplastics. In
the early research stages, prototypes are carried out using filament extrusion, and later, the paths
are adapted for pellet extrusion, which also enables the use of recycled plastics. A series of physical
prototypes are produced with both printing setups demonstrating the potential and challenges of the
proposed approach.

The research’s impact lies in design innovation and e LCciehcy. Nonplanar paths unlock a novel design
realm, enabling designers to not only shape the exterior but also manipulate the layered configuration



of the printed object, fostering artistic and structural innovations and broadening the creative domain
of 3D printing. From an e [ciehcy perspective, it minimizes material waste by reducing the need for
sacrificial support and enhancing surface quality.



Zusammenfassung

Diese Arbeit untersucht das Potenzial von nicht-planarem robotergestiitztem 3D-Druck fur ar-
chitektonische Anwendungen und entwickelt neue Methoden zur Gestaltung von nicht-planaren
Druckpfaden fur den robotergestiitzten FDM 3D-Druck im mittleren bis groRen Maf3stab.

Neueste Entwicklungen in der additiven Fertigung erd [ndn neue Mdglichkeiten fiir das 3D-Drucken
von Objekten mit ungewdhnlich komplexen Geometrien. Allerdings werden diese Fortschritte durch
die Grenzen der aktuellen Drucktechniken eingeschrankt. Meistens geschieht der 3D-Druck in 2,5D,
wobei Material in ebenen Schichten aufgebaut wird. Dies fuhrt zu Nachteilen wie schlechter Ober-
flachenqualitat bei stark gekrimmten Bereichen und einem Bedarf an Uberhangstiitzen. AuRerdem
sind 3D-gedruckte Teile oft anisotrop, mit groRerer Festigkeit entlang der Druckrichtung. Weiter-
fihrende Forschungen zur Ausrichtung von Druckpfaden kénnten diese Probleme mildern, indem sie
die Pfadrichtungen zur Verbesserung der Oberflachenqualitét, zur Reduzierung der Stlitzbedurftigkeit
und zur Optimierung der mechanischen Eigenschaften anpassen.

Mit dem Aufkommen des robotergesttitzten Drucks ist es moglich, Material entlang 3D-Pfaden mit
variabler Orientierung und Dicke zu drucken. Daher kdnnen Pfade angepasst werden, um asthetische
oder praktische Attribute wie Oberflachenqualitédt oder mechanische Leistung zu verbessern. Es
fehlt jedoch an Methoden zur Gestaltung von fur Roboter herstellbaren, nicht-planaren Druckp-
faden. Diese Forschung zielt darauf ab, diese Liicke mit einem Fokus auf die Erstellung intuitiver
Pfadgestaltungswerkzeuge fur Designer zu schlieBen und dabei die Fertigungsbeschrénkungen des
nicht-planaren robotergestiitzten 3D-Drucks zu bertcksichtigen.

Der rechnergestutzte Ansatz basiert auf der Definition einer Parametrisierungsfunktion tber einer
Oberflache und dem anschliefenden Nachzeichnen der Pfade als Isolinien. Die Hauptaufgabe besteht
dann darin, eine geeignete Funktion auszuwahlen, die die beabsichtigten Ziele erfullt. In diesem
Zusammenhang zieht diese Forschung Methoden zur Formparametrisierung aus der Computergrafik
heran und verwendet sie im neuen Kontext des robotergestiitzten 3D-Drucks.

Zwei Methoden werden entwickelt: eine grenzkontrollierte und eine vektorfeldgesteuerte Funktion.
Die erste Methode definiert die Funktion durch Interpolation des geodétischen Abstands von be-
nutzerdefinierten Grenzen, was zu Pfaden fuhrt, die parallel zu den Grenzen verlaufen und den
Zwischenraum glatt interpolieren. Die zweite Methode basiert auf einem tangentenfiihrenden Vektor-
feld als Gradient. Der Benutzer kann Pfade steuern, indem er Einschrankungen ftir das Vektorfeld
festlegt, was ihm Kontrolle Gber die Orientierung (orthogonal zum Vektorfeld) und den Abstand
(abhangig von der Grof3e des Vektorfeldes) ermoglicht.

Um die Kontrolle Gber die Pfadlayouts weiter zu ermdglichen, wird eine diskrete Zwischendarstellung
entwickelt, die aus zwei gekoppelten transversalen Streifennetzwerken besteht, die in ein Streifen-
Zerlegbares Quadrat (SDQ) Netz tiberlagert sind. Bearbeitungsvorgénge zur Anderung der Verbindung
der Streifen werden entwickelt, um eine manuelle Manipulation der SDQ-Netzstruktur entsprechend
spezifischen Designanforderungen oder &sthetischen Vorlieben zu ermdglichen.

Fur die Fallstudie wurde die robotergestiitzte FDM-Extrusion von Thermoplasten als 3D-Druckmethode
ausgewahlt. Anfangs entstehen Prototypen durch Filamentextrusion; spater passt man die Pfade fur
die Pelletextrusion an, die auch recycelte Kunststo [e Verarbeiten kann. Mit beiden Druckverfahren
werden physische Prototypen erstellt, um das Potenzial und die Herausforderungen des Ansatzes zu
demonstrieren.



Die Auswirkungen der Forschung liegen in der Designinnovation und -e [ziehz. Nicht-planare Pfade
er6 [mdn neue Designmoglichkeiten, die es Designern erlauben, sowohl das AuRere als auch die
geschichtete Struktur der gedruckten Objekte zu gestalten. Dies fordert kiinstlerische und strukturelle
Innovationen und erweitert den kreativen Spielraum im 3D-Druck. E [ziehztechnisch verringert es

Materialverschwendung durch weniger Bedarf an temporéren Stitzen und verbessert die Oberflachen-
qualitat.
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Introduction

This dissertation investigates methodologies for reasoning about
and designing nonplanar print paths for robotic 3D printing,
considering user input and fabrication constraints. This chapter
introduces the topic, presenting the motivation and background
(Section 1.1), followed by the description of the problem statement
(Section 1.2). Next, the research objectives and methodology are
outlined (Section 1.3, Section 1.4), and nally, the contributions
(Section 1.5) and thesis structure (Section 1.6) are presented.

1.1 Background and motivation

Latest developments in Additive Manufacturing (AM) have opened
a new world of possibilities for the 3D printing of objects with
unprecedented geometric complexity, reshaping the landscape
of manufacturing and prototyping. The novel potential lies not
just in a morphological revolution but more so in improving con-
struction e ciency through intelligent material utilization. The
uniqueness of 3D printing lies in its ability to create customized
components by strategically allocating material within a structure
where it is needed, thereby minimizing waste and generating
lightweight, performative components. This is in stark contrast
with more traditional fabrication techniques, where customization
of components comes at a signi cantly higher cost in terms of
material and energy usage.

1.1.1 Printing outside the box

Conventionally, 3D printing takes place within the con ned space
of a 3D printer's box (Figure 1.1). Such printers are typically small
and compact, consisting of an outer frame, a build platform,
and an extruder, functioning with a 3-axes gantry type system.
A common size for the build space of a desktop 3D printer is
20x20x20 cm [1]. Thermoplastics, supplied as lament spools, are
usually the material used in these devices. The models are sliced
into planar paths using standard software that outputs Gcode, a
print description format that consists of XYZ coordinates for each
print position, complemented by machine instructions. While
these devices have catalyzed a revolution in how we manufacture,
their potential is often restricted by the very box that encloses
them.

1

1.1 Background and moti-
vation .. ........ 1

1.2 Problem statement . . 9
1.3 Research objectives . . 10

1.4 Methodology . . ... 11

1.5 Contribution and
publications . ... .. 14

1.6 Thesis Structure . . . . 15

[1]: HUBS (2023), What is FDM 3D
Printing?

Figure 1.1: Ultimaker desktop 3D
printer, Wikipedia.
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Figure 1.2: RobotStudio 3D Printing
PowerPac, ABB robots 2020.

[2]: Shaker et al. (2021), “3D Printed
Concrete Tectonics'

[3]: Ariza (2022), "Adaptive Detailing'

[4]: Curth et al. (2023), Additive En-
ergy: 3D printing thermally performa-
tive building elements with low carbon
earthen materials

[5]: Seibold et al. (2018), *Ceramic Mor-
phologies: Precision and Control in
Paste-Based Additive Manufacturing'

[6]: Bedarf et al. (2021), ‘Foam 3D
printing for construction: A review
of applications, materials, and pro-
cesses'

The eld of 3D printing is on the verge of a signi cant paradigm
shift due to the latest trend of taking the extruder outside of the
printer's box and attaching it to a multi-axis robotic arm (Figure
1.2). Robotic arms with six or more degrees of freedom liberate
the print process from many of its conventional constraints, in
particular, the constraints of path planarity, small size restriction,
and material restriction.

Path planarity, an inherent characteristic of printing with three
axes, becomes obsolete when using a multi-axis robotic arm
to operate the extruder. In addition, the limitation on size is
mitigated as the printed object is no longer restrained by the
boundaries of the printer's enclosure. While the reachable space
of a robot is also restricted, it is considerably larger than that
of an average 3D printer. Not only the size of the overall shape
but also the size of the individual paths increases as industrial
robots have higher payload capacity and can manipulate more
massive extrusion tools. As a result, the novel recon gurable setup
promotes experimentation with diverse printing materials. All
these characteristics make robotic printing particularly attractive
for architectural applications, enabling the production of larger
and more sturdy structures with greater speed and geometric and
material exibility.

Current state-of-the-art research has made great breakthroughs
in leveraging the possibilities of scaling up the print process and
exploring diverse materials for architectural production, such
as concrete [2], steel [3], earth [4], ceramics [5], and foam [6].
However, there remains untapped potential in the realm of non-
planar printing techniques that depart from traditional at-layer
approaches. This thesis aims to address this gap by investigating
novel methodologies for designing and fabricating nonplanar
print paths that make use of the motion agility of a robotic arm,
pushing the current boundaries of additive manufacturing to
produce more e cient, aesthetic, and performative large-scale
prints.

1.1.2 Applications of nonplanar 3D printing in
architecture

Nonplanar 3D printing enables extended control over the layered
con guration of print paths, which has a variety of applications in
large-scale fabrication scenarios. Below, we outline some example
cases that can bene t signi cantly from its use.

Add-on printing. Add-on printing refers to the technique of 3D
printing directly onto nonplanar substrates to repair, enhance, or
extend the functionality of existing objects. Instead of starting
from scratch on a at surface, this method deposits material
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on the existing form of the object, which can be considerably
more e cient as it promotes reuse. Given that the substrate isn't
at, the process inherently requires nonplanar paths for accurate
deposition to ensure that the addition aligns with the irregularities
of the target surface. In architecture, add-on printing can be
combined with scanning and localization methods for reinforcing
structures, repairing cracks, and creating custom add-on interfaces
that enable functional extension of spaces.

Structural optimization. The anisotropic material properties of
3D printed objects are well known: the strength along the ber
direction signi cantly surpasses that of the orthogonal direction.
This characteristic, when synergized with nonplanar 3D printing,
0 ers avenues to optimize an object's structural properties to best
suit a particular load case. This principle has been explored in
smaller scales printing with thermoplastics in works such as [7,
8]. A notable larger-scale use of this principle for funicular forms
using concrete printing can be observed in the Striatus bridge [9]
(Figure 1.6). Leveraging this principle has the potential to produce
architectural components with optimized mechanical properties,
leading to notable savings in both material and fabrication time.

Production of overhangblpdating the print orientation dynamically
can create signi cantly larger overhangs than constant print
orientation, as adjusting the direction of print paths to t the
surface's inclination increases the interlayer support area (Figure
3.17). By smartly adjusting the tool orientation, we can produce
bigger overhangs and save material by reducing the need for extra
support. In addition, this adaptation makes the wall thickness of
overhanging areas more consistent, creating stronger parts. This
consistency in the wall thickness is particularly important for
large-scale shell printing, where the wall thickness contributes
signi cantly to the rigidity of the object.

Interface between di erent elemen@eating interfaces between dif-
ferent elements, such as architectural connections between beams
or links between di erent materials, can be challenging when
those elements have di erent orientations. Planar 3D printing can
only follow one direction, meaning that at those interfaces, the
object will have di erent properties and di erent surface quality.
Using nonplanar printing, one can adapt the print paths so that,
for example, they are always parallel on the borders where they
connect with other elements, thus creating more consistency and
boosting accuracy at the boundaries, where -in assemblies- it
matters the most.

1.1.3 Scaling-up

Scaling up the print process is a necessary step to achieve produc-
tion at an architectural scale. It is made possible by employing

[7]: Tam et al. (2017), "Additive Man-
ufacturing Along Principal Stress
Lines'

[8]: Fang et al. (2020), 'Reinforced
FDM: Multi-Axis Filament Alignment
with Controlled Anisotropic Strength’

[9]: Bhooshan et al. (2022), “The Stria-
tus bridge’
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[10]: WASP (2018);The rst 3D printed
House with earth | Gaia

[11]: WASP (2018)Crane WASP, The
in nite 3D printer

Figure 1.3: Gaia, a monolithic 3D
printed House using earth, Wasp [10].

a robot with greater reach and payload capacity and increasing
the material deposition rate and the nozzle size. For instance,
transitioning from a 1mm diameter nozzle to a 4mm one can
alter the path layer height from 0.5mm to 2.0mm. Assuming the
layer height-to-width ratio remains constant, and the printing
speed is maintained, the material deposition rate increases 16-fold.
Therefore, 3D printing at an architectural scale can be time and
cost-e cient, bringing forth transformative prospects.

Large-scale 3D printing promises customization of architectural
components at little cost, morphological freedom, and unprece-
dented design exibility. Further, it opens avenues for optimizing
form and reducing material, thereby reducing structures' envi-
ronmental impact and carbon footprint and bringing forward a
functional revolution by embedding multifunctionality within
building components. The increase in size necessary for produc-
ing prints at a building scale can be approached in several ways:
by increasing the size of the machine setup, by using mobile
robots, or by partitioning the geometry into smaller pieces that
can be printed with a smaller setup and assembled afterward.

Increasing the size of the setup  For conventional 3D printing
processes, the printer size is a limiting factor, as it needs to
be larger than the object or structure being printed. Therefore,
constructing any structure requires a machine that is larger than
it. An example of employing a large-scale machine to produce a
full-scale monolithic building is the production of Gaia[10] by
Wasp, a 3D-printed house utilizing earth materials. The project
employs the Wasp Crane [11], available in various con gurations,
capable of printing areas up to 100 square meters, enabling the
creation of monolithic earthen houses with radial plans (Figure
1.3).

However, increasing the reach of the machine setup is limited by
nancial constraints and cannot be done inde nitely. Moreover,
printing monolithic buildings is restricted to on-site construction,
as transporting the produced structures is challenging. Addi-
tionally, such specialized large-scale machines are suitable for
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restricted tasks, lacking the versatility and adaptability of smaller-
scale robots. This specialization makes it challenging to achieve
cost-e ciency with the investment of acquiring them. Finally,
monolithic constructions can be hard to repair, modify, and ex-
tend.

Using mobile robots  Another approach to scaling up is to use
one or more mobile robots, which can move during the fabrication
process to produce structures larger than the space they could
reach otherwise. In Minibuilders [12] a family of three small robots
linked to sensors and a local positioning system is used to 3D print
shells that are signi cantly larger than the robots. In  Mobile Robotic
Fabrication System For Filament Structurgis3] a multi-robot system
of cooperative, mobile machines is employed that anchor lament
to create an in-situ human-scale tensile structure made of nylon
thread between two anchor surfaces (Figure 1.4). However, such
setups are very task-speci c, and have considerably lower payload
capacity and precision in comparison to industrial robots.

Partitioning and assembly A more common approach is the
partitioning of structures into smaller pieces that are printed
independently. As a result, a machine can produce structures of
much larger dimensions. An example of this is the Sensilab Studio
[14], by Studio Roland Snooks, a permanent robotically 3D-printed
meeting room (Figure 1.5) produced in pieces using polymer
extrusion. Similarly, the Striatus bridge[9], an arched, unreinforced
masonry footbridge, was composed of 53 3D-printed concrete
blocks assembled without mortar (Figure 1.6). In both projects,
the pieces were printed o -site using a standard industrial robot
in dimensions that enabled easy transportation to the site and
assembly.

However, this strategy brings its own set of challenges. It requires
careful planning of the design segmentation logic and assembly se-
guence. Detailing the connections and accommodating tolerances
are crucial steps in the process. Additionally, there might be a need

[12]: Jin et al. (2013),Minibuilders,
IAAC

[13]: Yablonina et al. (2017), "Mobile
Robotic Fabrication System For Fila-
ment Structures'

Figure 1.4:Mobile Robotic Fabrication
System For Filament Structures [13].

[14]: Snooks (2017)Sensilab studio

[9]: Bhooshan et al. (2022), "The Stria-
tus bridge'
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Figure 1.5: SensiLab Studio, a robot-
ically 3D printed polymer meeting
room located at Monash University in
Melbourne, by Studio Roland Snooks
[14].

Figure 1.6: Striatus bridge, an arched,
unreinforced masonry footbridge

composed of 53 3D-printed concrete
blocks assembled without mortar [9].

[15]: Anton et al. (2020), "Concrete
Choreography: Prefabrication of 3D-
Printed Columns'

[16]: RAP (2023), New Delft Blue
Studio RAP

Figure 1.7: Concrete choreography,
nine individually designed 2.7m tall
columns exhibited at the Origen Festi-
val in Riom, by Digital Building Tech-
nologies, ETH Zurich [15].

to plan for potential disassembly, adding further complications to
the planning and execution of such projects.

The size of the produced pieces is constrained by various factors
speci ¢ to each project. These include the reachable space of the
printing machine, the material's properties, transportation and
handling capabilities for the printed segments, assembly and
installation constraints, and the limitations imposed by safety reg-
ulations and building codes. Concrete Choreograplfiy/5] showcases
a series of concrete 3D-printed columns that reach a height of
2.70 meters (Figure 1.7), making use of the extents of the robot's
reachable space. Considerably smaller pieces are used in theNew
Delft Blue[16], assembled by a series of robotically printed ceramic
pieces similar in scale to bricks, by Studio RAP (Figure 1.8). In
this project, the limiting factor of the pieces' size is the material
properties rather than the reachable space of the robot.

As this thesis aims to produce methods that address large-scale ap-



1.1 Background and motivation 7

plications, the topics of segmentation and assembly are important
parts of this investigation. We explore methods for partitioning a
large complex print into smaller, manageable partitions and also
investigate the creation of connections between pieces to facilitate
assembly.

Print paths upsaling

Taking a closer look at large-scale 3D printing projects such as the
previously mentioned projects, we observe that as the printing

process is scaled up, both in terms of outer shape size and scale

of individual paths, the characteristics of the print paths change
signi cantly in the following ways.

Prominence With the increased size, the print paths become
more prominent. This heightened importance is twofold: visual,
as the linear texture created by the path lines becomes more
noticeable (Figure 1.9), and structural, as the paths' con guration
plays a larger role on the overall strength and stability of the
printed object. Thus, an increased focus on the design of the
print paths becomes more and more necessary in the larger scale
setting.

Morphology  The upscaling introduces challenges in features
commonly found in smaller-scale paths, such as sharp turns
and interruptions. The process of extruding a large amount of
material with a large nozzle is inherently less exible than smaller
material depositions. For example, due to the larger quantity of
material being extruded, it is hard to interrupt cleanly (Figure

1.10), especially since retractions are often unfeasible at larger

scales. Moreover, variations in the length of extrusion paths can
lead to artifacts. This occurs because paths of di ering lengths
cool down inconsistently. When new material is deposited over
these paths, the uneven cooling can adversely a ect the quality

Figure 1.8: New Delft Blue, archways
wrapped in unique 3D printed ce-
ramic tiles framing entrances to a
courtyard garden at the center of the
housing development in Delft, Studio
RAP [16].

Figure 1.9: Large scale robotic
3D printing of bespoke furniture
using recycled thermoplastics,
TheNewRaw, 2018.
https://thenewraw.org/

Pots-Plus

Figure 1.10: Artefacts produced due
to path interruptions.
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Figure 1.11:Ceramic 3D printing of
shell structures, Delta WASP, 2019.

Figure 1.12: Left: Diagram of shell
printing. Right: Diagram of volume
printing. lllustration from [17].

[7]: Tam et al. (2017), ‘Additive Man-
ufacturing Along Principal Stress
Lines'

[18]: Bi et al. (2021), ‘Generation of
E cient Iso-Planar Printing Path for
Multi-Axis FDM Printing’'

Figure 1.13:Left: Diagram of standing
shell printing, only the rst path lies
on external support. Right: Diagram
of horizontal shell printing, all paths
lie on horizontal support. lllustration
from [17]

of the subsequent layers, resulting in irregularities in the nal
print. Such constraints, coupled with the fact that thicker layers
produce more sturdy surfaces, have motivated a departure from
printing volumes to the printing of shells without typical desktop
3D printing components such as multiple o sets, hatch-like in Il
or sacri cial supports (Figure 1.12). In shell printing, the robot
typically prints with a spiral-like, uninterrupted motion (Figure
1.11). An internal structure might also be added, but only as part
of the single path that realizes the outer shell (Figure 1.7 left).

Therefore, the upscaling of paths goes beyond a mere geometric
modi cation of dimensions; it represents a fundamental quali-
tative transformation that necessitates novel design approaches.
Following this paradigm, the thesis focuses on shell printing
(Figure 1.12 left) with uninterrupted print motions to produce
paths that are scalable, meaning they have the geometric charac-
teristics that allow printing with larger material deposition rates.
Consequently, we focus on geometries that are commonly printed
with a shell geometry. These are geometries with low surface
detail and open boundaries.

Speci cally, this work focuses on the 3D printing of standing shells
(Figure 1.13 left), in which only the initial path lies on existing
support, while all subsequent paths are supported by the preced-
ing paths. This contrasts with the common horizontal printing

of shells (Figure 1.13 right), where the entire surface is printed
lying on existing support [7, 18]. This way of printing enables
material, time, and energy savings, as it requires considerably less
sacri cial support.

1.1.4 Designing the object versus designing the paths

Slicing in 3D printing, i.e., designing print paths that approximate
a target shape, is traditionally viewed as a post-processing step.



It occurs after the design process has been completed, which
primarily focuses on the geometry of the shape without accounting
for the orientations of the print paths. To promote printability,
simple heuristics are sometimes considered in the design of shapes,
for example, by ensuring that the overhangs are limited. However,
for the most part, it is up to a black box postprocessing slicing
algorithm to devise the necessary strategies to make the print
possible, for example, by introducing sacri cial supports and
in lls. This thesis focuses instead on the orientation of print paths
as the primary design domain, while the geometry of the shape
is considered as given.

It is crucial to acknowledge that this also represents a disconnect
in the process. Ideally, both the outer geometry and the print
paths are designed concurrently as integral aspects of the same
procedure. Sometimes, a small change in the shape's geometry
can go a long way in improving printing feasibility, while in other
cases, changing the paths' geometry is the best strategy. However,
the scope has been intentionally con ned to the design of paths
to provide a more precise frame of the current research, thereby
enabling a deeper exploration of path design processes.

1.2 Problem statement

This work investigates the design of nonplanar print paths for the
fabrication of shell structures, focusing on geometries with low
surface detail and open boundaries that are commonly printed
as shells. The aim is to develop methodologies that can be ap-
plied to large-scale printing setups, considering the particular
characteristics of scaling up print paths described above (Section
1.1.3).

The challenge of designing paths for nonplanar 3D printing of
shells consists of trying to approximate a surface with a set of
freeform continuous curves that ful Il certain objectives and are
feasible for fabrication. This poses a challenge of both conceptual
and geometric nature. In short, the conceptual challenge can be
summarized in the questions: "What goals should the print paths

1.2 Problem statemen

ful llI?" and "How can these be translated into a geometric problem

to be solved?Then, the geometric challenge consists of devising
strategies that respond to these goals.

Conceptual challenge  Unlike planar slicing, where a limited
set of con guration parameters leads to a well-de ned slicing

task with a clear solution, nonplanar slicing poses a problem
that is not as well-de ned. The set of all possible freeform curves
on a surface is in nite. However, only a small subset of those
is desirable, and an even smaller subset is printable. Additional

9
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requirements need to be set to arrive at a tangible problem for
selecting paths.

Therefore, rst, one must de ne what is desirable and what
is printable, in other words, which are the speci c objectives
and constraints that the slicing is addressing. When we talk of
objectiveswe refer to the high-level goals set by the user. These
are typically associated with the anticipated performance of the
paths, for instance, to improve the print's structural or aesthetic
qualities. Constraints on the other hand, are tied to the fabrication
process. These can be material-related (i.e., constraints stemming
from the properties of the printing material), tool-related (like
the characteristics of the extrusion logic and printing nozzle),
and robot-related (which encompass the operational limits of the
robot, or potential collisions during the process).

This thesis develops methodologies that consider these objec-
tives and constraints and incorporate them into computational
techniques for designing print paths. The aim is to translate the
high-level speci cations into exible and robust slicing strategies
that lead to fabricable paths.

Geometric challenge  Once the objectives and constraints have
been de ned, the geometric challenge consists of formulating
strategies that address them. This is not a trivial task, as many of
the goals are con icting, and a compromise needs to be found
among them. Further, due to the large number of objectives and
constraints, it can be hard to devise a strategy that addresses all of
them with strict guarantees, strategic decisions need to be made
regarding employing shortcuts or simpli cations for certain goals,
for example, by using heuristics.

1.3 Research objectives

To respond to the challenges described above, the following
research objectives emerge.

1. Path design methodologid3evelopment of methodologies
for generating nonplanar paths for large-scale applications
considering user-de ned objectives and fabrication-related
constraints. The aim is to establish user-controlled strate-
gies, wherein the user o ers initial inputs and might also
intervene during the slicing process, thus maintaining a
degree of control over the slicing.

2. Partitioning methodologieevelopment of methodologies
for partitioning the geometry into smaller patches following
the paths' con guration that are feasible to print separately
and assemble afterward. This also includes the design of



connection details and the development of strategies for
handling tolerances.

3. Fabrication setupEngineering of a suitable setup, which
includes hardware and software that enables the realization
of nonplanar print paths.

4. Prototyping.Application of the developed methods to realize
nonplanar shells of varying scale and geometric complexity,
thus evaluating their feasibility.

1.4 Methodology

The methodology of this work consists of the following work
packages.

1.4.1 Selection and assessment of 3D printing technique.

We focus on the case study of robotic Fused Deposition Modeling
(FDM) 3D printing of thermoplastics. Plastic 3D printing nds
various applications in architecture, such as the printing of facade
panels [19, 20], bespoke oors [21], formwork for concrete casting
[22 24] or full-scale pavilions [25 27]. Thermoplastics are chosen
for their favorable material properties in 3D printing, which
prevent easy failure, allowing this thesis to primarily address
geometric challenges rather than focusing on an intricate material
system. An additional bene t of using thermoplastics is their
inherent recyclability. 3D printing with thermoplastics allows
for the creation of mono-material components and assemblies
that can be easily disassembled and ground back into their base
material, promoting a sustainable cycle of reuse. However, it
is important to consider that each recycling cycle degrades the
material's properties.

We examine two methods for FDM printing: lament extru-
sion and pellet extrusion. Filament extrusion involves using pre-
arranged material in lament spools, whereas pellet extrusion
operates by extruding raw granules of material. In the early stages
of research, lament extrusion is employed due to its ease of
setup. However, pellet extrusion o ers notable advantages such
as cost-e ectiveness, which facilitates scalability, the ease of using
recycled plastics, and the ease of experimenting with diverse
thermoplastics. As a result, pellet extrusion is used at the later
research stages and for producing the large-scale demonstrator.

1.4.2 Computational methods for nonplanar 3D printing

The computational design of print paths considering the objectives
and constraints described above is the main focus of this thesis.
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Figure 1.14: Diagramatic descrip-
tion of two methods for guiding

path orientations. Left: Boundary-
controlled function. Right: Vector-
eld-controlled function.

[8]: Fang et al. (2020), “Reinforced
FDM: Multi-Axis Filament Alignment
with Controlled Anisotropic Strength'
[28]: Dai et al. (2018), "Support-Free
Volume Printing by Multi-Axis Mo-
tion'

The computational approach is based on de ning a parametriza-
tion function over the surface of a shape and then tracing the
paths as its isolines (Chapter 3). The primary challenge then is se-
lecting an appropriate function that ful lls the intended objectives
and constraints. With that, this research draws upon the wealth
of established methods for shape parametrization in computer
graphics and repurposes them in the novel context of robotic 3D
printing.

Two methodologies are developed, namely designing a boundary-
controlled (Section 3.1) and a vector- eld-controlled (Section 3.2)
function. The rst de nes the function as the interpolation of the
geodesic distance from boundaries set by the user, resulting in
paths always parallel to the boundaries and smoothly interpo-
lating the space between (Figure 1.14 left). The second de nes a
function considering a tangent guiding vector eld as its gradient,
enabling control over both orientation -always orthogonal to the
vector eld- and spacing -determined by the magnitude of the
vector eld- (Figure 1.14 right).

Incorporation of user-de ned objectives

The user's control over the produced print orientations is a primary
objective of this research. This contrasts with the common practice,
where print path orientations are produced from an inaccessible
optimization process that relies on an optimization process and
cannot be steered by the user [8, 28].

We incorporate user input primarily through alignment objectives,
meaning that the user can decide what the resulting paths should
be aligned with. This can be curves drawn on a surface but also
higher-level objectives such as alignment with principal curvature
directions or boundaries.

In addition, we allow users to intervene during the design process,
enabling direct control over the paths and facilitating further
customization and re nement of the resulting paths. This is
achieved using the intermediate discrete representation based on
strips and a set of editing operations, detailed in Chapter 4.



Incorporation of fabrication constraints

In fabrication processes where many parameters and unknowns
are included, it is often di cult to give hard guarantees on the
de nitive fabricability of the resulting shape. Attempting to do
this would be beyond the scope of the current thesis.

Instead, we take an empirical approach and rely on heuristics to
incorporate fabrication constraints. These have been determined
with print experiments and observations on the most important
properties that large-scale paths must have to be favorable for the
fabrication process. We consider the following heuristics as desired
characteristics of the produced paths promoting fabricability for
the 3D printing of standing shells.

I C1: Uniformity of spacingThe paths should be arranged in
an as uniform as possible way over the surface, and there
should be no holes or gaps between them.

I C2: Smoothnes§.he axis curves of the paths should vary
slowly in space without sharp turns or self-folding.

| C3: Continuity. Each path should span from boundary to
boundary, or it should be a closed curve so that no paths
are interrupted in the interior of the shell or its partitions.

| C4: TopologyThe topology of the paths network should be
simple or possible to decompose into simple partitions with
feasible print sequences.

In Chapter 3, we discuss how these are incorporated into the path
design strategies.

Partitioning and assembly

To further promote scalability, this thesis delves into partitioning
strategies that decompose a surface into smaller parts that are
printed separately and assembled afterward. This includes the de-
velopment of strategies such as assembly sequencing, connection
details, and tolerances handling (Section 5.2.1).

1.4.3 Physical prototyping

This work package includes engineering a fabrication setup that
enables printing nonplanar paths (hardware and software) and
the creation of prototypes in various scales (Chapter 5).

1.4 Methodology
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[29]: Mitropoulou et al. (2020), "Print
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Hardware This thesis makes the assumption that most robotic
planar printing setups can be used for printing nonplanar paths
with minimal hardware modi cations. To validate that, it aims to
use existing hardware repurposed from more conventional planar
printing processes with as few adjustments as possible (Section
5.3).

Software The fabrication-enabling software includes develop-
ing a new print le format for describing the nonplanar print
process, establishing communication with the robot and tool to
monitor and update extrusion speed on the y, and adapting
existing robotic motion planning algorithms to tackle the speci c
challenges of nonplanar printing (Section 5.4).

The goal of physical prototyping is to evaluate the developed
methods and iterate by making adjustments and improvements to
the work ow based on the results of the physical experiments.

1.5 Contribution and publications

The scienti c outcomes of this research are novel methodolo-
gies for reasoning about and designing nonplanar paths for the
fabrication of shells at an architectural scale, considering user
objectives and process constraints. These contributions have been
disseminated in the following peer-reviewed publications.

1. Print Paths Key-framing: Design for nonplanar layered robotic

FDM printing [29] presents the method for generating a
boundary-controlled parametrization function to guide
path orientations.

2. Nonplanar 3D Printing of Bifurcating Formg30] develops
further the boundary-controlled parametrization function
focusing on bifurcating shapes and their particular chal-
lenges and characteristics.

3. Fabrication-Aware Strip-Decomposable Quadrilateral Meghés
presents the method for generating a vector- eld-controlled
parametrization function for guiding print path orientations.
Further, it details the creation of a discrete quad mesh
representation based on two transversal networks of strips
that enable editing the path network. 1

4. Nonplanar 3D printing of double shel[81] presents an applica-
tion of the vector- eld-controlled parametrization function
and strip-based representation for the realization of double
shells with transversal path orientations. 2

The thesis draws signi cant content from the publications above,
using their insights to craft a comprehensive description of all the
methods developed in this research.
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In the following chapters, excerpts taken from one of the author's Sidenote stating the source of the ex-
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states the source of the excerpt.

1.6 Thesis Structure

The thesis is structured in the following chapters.

The current introductory chapter has dealt with the context
and motivation of this work, introducing the speci c challenges
presented by nonplanar 3D printing, the research objectives, and
the methodology with which they will be addressed.

The second part, Context(Chapter 2), provides a more detailed
background, key concepts, and the literature review.

The third part, Parametrization functiofChapter 3), presents the
two methodologies for generating a parametrization function
for guiding the path orientations, the boundary-controlled and
vector- eld-controlled function, as well as a comparison of the
two.

The fourth part, Strips representatioChapter 4), presents the dis-
crete representation of nonplanar paths based on two transversal
strip networks combined into one strip-decomposable quad mesh.
It describes the advantages and uses of this representation, many
of which go beyond the requirements of 3D printing and can nd
applications in various other fabrication work ows.

The fth part, Physical prototyping(Chapter 5), addresses the
strategies related to fabrication, such as the repurposing of existing

hardware, the development of software, and assembly details.

It presents numerous prototypes created in the course of this

research, culminating in the creation of the nal demonstrator.

The last part, Conclusion(Chapter 6), summarises the thesis results,
outlines the contributions, and presents an outlook and discussion
with critical re ections on nonplanar robotic 3D printing.






Context

This chapter presents an overview of key terms and their meaning
in this thesis. Next, it presents prior art closely related to the topics
addressed in this work to situate it within the context of existing
research.

2.1 Keyterms

Planar print paths refer to the linear or curved trajectories that
the nozzle follows, which lie on a single plane for each layer of
the object being printed. We can distinguish two aspects to a
path's geometry: rst, the axis curve (Figure 2.1, in red), which

de nes its directional trajectory, and second, the section's shape
and orientation (Figure 2.1, in black).

An axis curve that does not lie on a plane produces a nonplanar
print path (Figure 2.2 right). Often, in nonplanar print paths,
the geometry and orientation of the path's section also vary by
changing the layer height and layer width or by rotating the
section about the axis curve. However, changes in the section's
orientation can also happen on paths that have a planar axis curve
(Figure 2.2 middle). In this work, nonplanar print paths refer to
all print paths where the axis line does not lie on a plane and/or
the path's section geometry and/or orientation vary.

We use the term 3-axes printing to refer to printing processes
that are carried out with the tool always maintaining constant
orientation (Figure 2.3a). This does not necessarily imply that
the printing machine is of gantry type (i.e., with three degrees
of freedom, x, y, and z). In fact, often, printing that utilizes a
robotic arm does not use its full extent of motion capacity and
maintains constant tool orientation. From the perspective of this
thesis, such examples are 3-axes printing since the produced
motion could have been realized by a 3-axes machine. In contrast,
with multi-axis printing , we refer to the print processes that
include reorientation of the tool head and/or the print object

2

21 Keyterms........ 17
2.2 From planar to nonpla-
nar printing . ... .. 19

2.3 Guiding print paths . 23
2.4 Fabrication-aware

strips . ... ... ... 25
2.5 Partitioning for 3D
printing . . ... .... 26

Figure 2.1: Path section (black) and
path axis line (red)

Figure 2.2: Left: Planar paths. Middle:
Paths with planar axis curve and vari-
able section orientation. Right: non-
planar paths.
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