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Abstract

The use of 3D printing in the fabrication of building facades enables the creation of site-specific and
climate-adaptive envelopes, optimised to their unique environmental conditions. Over the past decade,
large-scale 3D printing (3DP) of thermoplastic materials, specifically Material Extrusion (ME), has advanced
significantly in terms of maximum extrusion rate and build volume and, as such, facilitates the fabrication of
large-scale translucent building components. Presently, it is feasible to 3DP elements several metres in size
using large-scale extruders fed by granular feedstock. However, this increase is facilitated by the extrusion of
thick, massive, beads which result in heavy and material inefficient components. Furthermore, the maximum
print speed is constrained by the need for the extruded material to cool down before adding the subsequent
layer, and is delayed for large extrusion sizes significantly. Consequently, today’s large-scale ME stands in
stark contrast to the potential of synthetic materials in architecture, particularly regarding attributes such as
lightness, transparency, and the ability to achieve large-spanning structures at affordable costs.

Therefore, this thesis investigates Hollow-Core 3D printing (HC3DP), a novel polymer 3DP method for
large-scale and lightweight elements. This approach is based on the idea of 3D printing with hollow sections;
as known from industrial plastic extrusion processes as die-extrusion. HC3DP advances ME to achieve
extrusion rates comparable to those of high-resolution 3D concrete printing. This thesis presents for the first
time tubular large-scale 3D printing with a bead cross-section of 24mm and beyond and, therefore, provides
new design opportunities for large-scale additive manufacturing. HC3DP enables the extrusion of hollow,
tubular beads and therefore results in significant material savings (50-85%). Additionally, the tubular bead
structure substantially enhances the material cool-down during the printing process, thereby increasing the
printing speed by a factor of 3-8.

HC3DP is specifically developed for improving the performance of ME in the use-case of 3DP facades and is
the core contribution of this thesis. This development entails research on several extrusion geometries at
different scales, including small and large-scale ME, and finally HC3DP. Furthermore, different cross-sections,
die geometries, and materials are investigated for HC3DDP, showcasing the versatility of the printing process.
After the implementation of HC3DP, several small-scale prototypes are printed and on larger prototypes,
physical experiments are conducted. A large-scale demonstrator explores the design space of HC3DP and
2.1m tall elements are 3DP to act a as quasi load bearing structure. In collaboration with researchers from
multiple disciplines, the performance of HC3DP is investigated, and aspects like thermal, structural, and
acoustics are compared to state-of-the-art large-scale ME methods. It is shown that all aforementioned
performances are significantly improved by HC3DP; a thermal resistance of triple-glazed windows can be
achieved, with high airborne sound insulation, and large span widths can be achieved due to the optimised
strength to weight ratio. Finally, based on these experimentally validated findings the production viability of
HC3DP for facade application is presented, with a facade fabrication speed of up to 1.5h/m2.

With the presented developments in HC3DP, the vision of customised, free-form designs and performative
facade elements is becoming more attainable. This represents a significant step towards reducing both the
primary and operational energy requirements of buildings. Additionally, it paves the way for an architecture
characterised by more diverse and spatially complex building envelopes.






Zusammenfassung

Der Einsatz des 3D-Drucks bei der Herstellung von Gebdudefassaden erméglicht die Schaffung standortspez-
ifischer und klimaangepasster Gebaudehiillen, die fiir die jeweiligen Umweltbedingungen optimiert sind.
In den letzten zehn Jahren hat sich der grofiformatige 3D-Druck (3DP) von thermoplastischen Materialien,
insbesondere die Material Extrusion (ME), hinsichtlich der maximalen Extrusionsrate und des Bauvol-
umens erheblich weiterentwickelt und erlaubt somit die Herstellung grofsformatiger, lichtdurchlassiger
Gebdudekomponenten. Gegenwirtig ist es moglich, 3DP-Elemente mit einer Grofie von mehreren Metern
mit Hilfe von grofien Extrudern herzustellen, die mit Granulat beschickt werden. Diese Skalierung wird
jedoch durch die Extrusion dicker, massiver Strange erreicht, die zu schweren und material-ineffizienten
Bauteilen fiihren. Dariiber hinaus wird die maximale Druckgeschwindigkeit dadurch eingeschrankt, dass das
extrudierte Material vor dem Auftragen der néchsten Schicht abkiihlen muss. Bei grofSen Querschnittsfldchen
ist die Abkiihlrate deutlich verlangsamt. Folglich steht das heutige groformatige ME in klarem Gegensatz
zum Potenzial synthetischer Materialien in der Architektur, insbesondere im Hinblick auf Eigenschaften
wie Leichtigkeit, Transparenz und die Fahigkeit, grofflachige Strukturen zu erschwinglichen Kosten zu
realisieren.

Daher wird in dieser Arbeit der 3D-Druck mit Hohlprofilen (HC3DP) untersucht, einer neuartigen Polymer-
3D-Druck-Methode fiir grofiformatige Leichtbauelemente. Dieser Ansatz basiert auf der Idee des Extrudierens
von Hohlprofilen, wie sie aus der industriellen Kunststoffextrusion als Die-Extrusion bekannt ist. Mit HC3DP
erreicht ME Extrusionsraten, die mit denen des hochauflosenden 3D-Betondrucks vergleichbar sind. In
dieser Arbeit wird zum ersten Mal ein Hohlprofil 3D-Druck in groflem Mafsstab mit einem Querschnitt
von 24 mm und mehr vorgestellt, wodurch sich neue Designmoglichkeiten fiir die additive Fertigung
ergeben. HC3DP ermdglicht die Extrusion hohler, rohrenférmiger Strange und fiihrt daher zu erheblichen
Materialeinsparungen (50-85%). Dartiber hinaus verbessert dies die Abkiihlung des Materials wahrend des
Druckvorgangs erheblich, wodurch sich die Druckgeschwindigkeit um den Faktor 3-8 erhoht

HC3DP wurde speziell fiir die Optimierung der Leistung von ME im Anwendungsfall von 3DP-Fassaden
entwickelt und ist der Hauptbeitrag dieser Arbeit. Diese Entwicklung umfasst die Erforschung mehrerer
Extrusionsgeometrien in verschiedenen MafSstében, einschliefSlich kleiner und grofler ME und schliefSlich
HC3DP. Dartiber hinaus werden verschiedene Querschnitte, Matrizengeometrien und Materialien fiir HC3DP
untersucht, um die Vielseitigkeit des Druckverfahrens zu demonstrieren. Nach der Implementierung von
HC3DP werden mehrere Prototypen in kleinem Mafstab gedruckt und fiir grofSere Prototypen werden
physikalische Experimente durchgefiihrt. Ein grofiformatiger Demonstrator erforscht den Gestaltungsspiel-
raum von HC3DP und 2,1 m hohe 3DP-Elemente werden fabriziert, die als praktisch tragende Struktur
dienen. In Zusammenarbeit mit multidisziplindren Forschungspartnern wird die Performance von HC3DP
untersucht und Aspekte wie thermische, strukturelle und akustische Aspekte werden mit state-of-the-art
ME-Methoden im groflen MafSstab verglichen. Es wird gezeigt, dass alle oben genannten Eigenschaften durch
HC3DP erheblich verbessert werden; es kann ein Warmewiderstand von dreifach verglasten Fenstern mit
hoher Luftschallddmmung erreicht werden, und aufgrund des optimierten Verhéltnisses von Festigkeit zu
Gewicht kénnen grofie Spannweiten erzielt werden. Abschlieffend wird auf der Grundlage dieser experi-
mentell validierten Ergebnisse die Produktionstauglichkeit von HC3DP fiir die Fassadenanwendung mit
einer Herstellungsgeschwindigkeit von bis zu 1,5h/m?2 vorgestellt.

Mit den vorgestellten Entwicklungen des HC3DP wird die Vision von mafigeschneiderten, frei gestaltbaren
Designs und performativen Fassadenelementen immer greifbarer. Dies kann ein wichtiger Schritt zur Senkung
des Primérenergie- und des operativen Energiebedarfs von Gebduden sein. Zudem ebnet es den Weg fiir
eine Architektur, die sich durch vielféltigere und raumlich komplexere Gebdudehiillen auszeichnet.
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INTRODUCTION AND MOTIVATION






1 Introduction

This thesis presents the development and scale-up of Hollow-Core 3D
printing (HC3DP), a novel polymer 3D printing (3DP) method for large-
scale and lightweight elements. HC3DP advances Material Extrusion
(ME) to achieve extrusion rates comparable to those of high-resolution
3D concrete printing. HC3DP facilitates the extrusion of hollow, tubular,
large-scale beads instead of solid ones and therefore allows for extreme
material savings (50-85%). Furthermore, the tubular bead structures
increases the material cool-down during printing process significantly,
and therefore, increases the printing speed by factor 3-6. HC3DP is
specifically developed for improving the performance of ME in the use-
case of 3DP facades and is the core contribution of this thesis. Together
with multidisciplinary research partners the performance of HC3DP
are investigated, and aspects like thermal, structural and acoustics are
compared to state-of-the-art large-scale ME methods. Finally, based
on these experimentally validated findings the production viability of
HC3DP for facade application is presented.

1.1 Motivation

This thesis is motivated by the significant challenges the construction
industry is currently facing, including environmental and sustainability
concerns, particularly in the context of the climate crisis. In combination
with rising costs of materials, compounded by a shortage of skilled labor,
and an increasing demand for more affordable housing. The urgency of
these issues is highlighted by the immediate needs to build more with
less, to construct high-performance structures, to focus on mono-material
building methods, and to achieve material efficiency in construction.
These challenges collectively emphasize the necessity to enhance the
efficiency of construction processes and innovate through technological
advancements. Therefore, there is a strong trend towards new, automated,
and flexible fabrication methods.

The current trends in the construction industry are characterized by
an increased use of technology and automation. This encompasses the
implementation of Building Information Modeling (BIM) and robotic

1.1 Motivation .......... 3
1.2 Research questions . . . . . 13
1.3 Methodology . . . . ... .. 14
1.4 Structure of the thesis . .. 16



4 1 Introduction

Figure 1.1: Predicted changed in cli-
mate zones due to climate change. (a)
shows the present-day map (1980-2016)
and (b) the future map (2071-2100).
Figure adapted from "Present and fu-
ture Koppen-Geiger climate classifica-
tion maps at 1-km resolution" [1].

manufacturing, which are pivotal in enhancing efficiency and accuracy in
construction processes. Furthermore, there is a greater focus on sustain-
ability and attention to the life-cycle of buildings. This aspect involves the
use of materials that have a lower environmental impact and emphasizes
the importance of reuse, recycle, and repurposing over creating new
developments. In addition, there is a rising demand for adaptability,
and prefabrication in construction projects. These approaches are aimed
at speeding up the building process while simultaneously reducing
costs, labor, and material requirements. Collectively, these trends reflect
a significant shift in the construction industry towards more sustainable,
efficient, and technologically advanced methods of building.

Alongside these trends, there is a growing interest in robotic 3DP, also
known as additive manufacturing (AM), in construction. This method
allows for greater automation in production and increases efficiency. 3DP
is a fabrication technology that creates parts by adding material, typically
layer by layer. This quasi waste-free fabrication method not only offers
material savings during production but also allows for the customization
of parts to specific needs. 3DP has been scaled up to create large-scale
elements relevant to architectural practices and when those large objects
can be tailored to a local construction site, they become multifunctional.
Such parts have the potential to reduce the variety of materials used and
eventually evolve into mono-material components, which can enhance
sustainability and recyclability. Alongside the trend of large-scale AM,
there is extensive research into the use of recycled materials, which can
improve the environmental impact of such designs. For ME, a thermoplas-
tic polymer is melted and deposited by a nozzle in consecutive beads that
solidify, usually into a disco rectangular section. This process promises
the efficient, waste-free fabrication of highly complex individualized
parts without custom molds or expensive tooling. Furthermore, buildings
typically consist of many non-repetitive, custom parts, in addition to
a limited number of repetitive elements. Optimized building elements
often result in complex, differentiated geometries, which are expensive
or impossible to fabricate with traditional means. Additionally, building
elements often benefit from an internal differentiation of their structure,
especially the integration of functional voids at different scales. Voids
can be devised to distribute material more efficiently, reduce weight,
integrate building services, or improve certain functional aspects, such
as acoustics and thermal insulation. For such complex geometries with
non-solid sections, AM is a promising fabrication strategy.
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3DP can benefit greatly facade construction as a site-specific design can
become a climate-specific design. The Képpen-Geiger map in Figure 1.1
provides an overview of the different climate zones, each representing
different boundary conditions in regard thermal, structural, or acoustic
requirements. For facade design and fabrication, the ability to adapt to
climate conditions (global), and site specific circumstances (local) are of
great importance. There are various ways in which a 3D printed (3DP)
facade can tailor its performance to specific sites or climates. For example,
in colder climates, a facade might have increased depth for better thermal
insulation; conversely, in hotter climates, it might incorporate self-shading
geometries to reduce the risk of overheating. However, these functional
adaptations need not be uniformly applied across a building. They can
vary depending on the orientation of the facades. For instance, in colder
climates, facades facing the sun can be designed to maximize solar gains,
while others focus on enhanced thermal insulation. HC3DP not only
facilitates the aforementioned strategies but also introduces an expanded
design space, extending adaptability beyond the geometric articulation
of the element. In HC3DP, the size, shape, and wall thicknesses of the
3D printed bead can be varied. This variation offers the opportunity to
approach the topic of adaptation with greater precision and resolution.
To revisit the previous example, in order to enhance solar gains, a layer
height of 25mm could be employed instead of the standard 2.5mm.
This increase in layer-height results in fewer layer interfaces, thereby
effectively increasing solar gain.

The construction sector is a significant contributor to global greenhouse
gas emissions, primarily through energy consumption during the opera-
tional phase of buildings. By focusing on designs that are tailored to the
specific climate and site, buildings can achieve higher energy efficiency.
This leads to reduced reliance on fossil fuels, lower carbon emissions,
and overall a smaller ecological footprint.

Climate-specific designs allow for the utilization of natural environmental
conditions to optimize heating, cooling, and lighting within a building.
For instance, in warmer climates, designing for natural ventilation and
shading can significantly reduce the need for climate control. Similarly,
in colder climates, maximizing solar gain and using thermal mass can
decrease heating requirements. These strategies not only cut down on
energy consumption but also lead to substantial operational cost savings
over the building’s lifecycle.

1.1 Motivation 5

Figure 1.2: (1) Construction material pro-
curement. Driven by carbon-intensive
manufacturing processes for materials
such as steel, concrete, aluminum, cop-
per, and plastic. (2) On-site construction.
Driven by fuel consumed by heavy con-
struction vehicles and other emissions.
(3) Operations. Driven by heating and
water utilities and electricity consump-
tion. (4) End of life. Driven by demoli-
tion, waste processing; can gain credits
for reuse and recycling [2].
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[3]: Delmastro et al. (2022), Building En-
velopes — Technology deep dive

[4]: Hartwell et al. (2021), ‘Circular econ-
omy of fagades’

[5]: Davies et al. (1981), ‘A wall for all
seasons’

[6]: Agusti-Juan et al. (2017), ‘Environ-
mental design guidelines for digital fab-
rication’

[8]: Crump (1994), ‘Modeling apparatus
for three-dimensional objects’

Figure 1.3: Polyvalent wall 1981, Mike
Davies and Richard Rogers [5]

[9]: Koehler (1955), Plastics in Building

[10]: Hékkinen et al. (2018), Plastic in
Buildings, A Study of Finnish Blocks of Flats
and Daycare Centers

1.1.1 Site-specific, high Performance Building Envelopes

Site-specific, high performance facades are a key factor to reach Net Zero
Emissions by 2050 [3]. Over the life-time of a building two drivers of CO»
emissions are the most prominent: grey energy, the sum of all energy
used to produce the materials for the building, and operational energy,
which is related to energy consumed during the use of use of the building
(Fig. 1.2). Today, the design and fabrication of high-performance facade
systems is being re-evaluated. Current methods rely on different material
systems assembled in a layered fashion. This increases complexity and
poses a challenge to circularity and positive end-of-life if multi-material
systems are connected or assembled in a non-reversible manner [4].

Multifunctional facades systems have been envisioned by architects
since the late 1970s, with an example being the polyvalent wall by the
british Architect Mike Davies [5]. The polyvalent wall exhibits multiple
performances in a single element and draws inspiration from nature
and process regulation in biological form. Recent advancements in 3D
printing enable the fabrication of large-scale bespoke elements at no extra
cost. Those elements hold the potential to increase functional integration
within one single component, which is found to be one of the key benefits
of digital fabrication [6]. Today, with AM technology the fabrication of
elements such as the poylvalent wall seem in reach, as mono-material,
multi-functional elements can now be 3D printed at large dimensions.

In this thesis, the chosen 3D printing method is Material Extrusion (ME)
[7], as this AM method allows to fabricate translucent, nearly transparent,
elements at large dimensions. ME uses thermoplastic feedstock for 3D
printing, and after patents have expired in 2011 [8], ME has become one
of the most used 3D printing methods entering the consumer market.
It has also received increasing research interest, focusing on providing
large-scale 3D printing systems. The aspect of CO2 reduction can be
addressed by ME using two strategies. To reduce the grey energy of
the 3D printed element, either the material consumption is reduced
significantly, or recycled feedstock can be used as the largest amount of
energy is spent on creating virgin materials. To address the operational
energy of buildings, 3D printing allows for the design and fabrication
of site-specific and high-performance facade solutions with its positive
implications mentioned above.

1.1.2 Plastic in Architecture and Buildings

Plastics have become an integral part of the construction industry, revo-
lutionizing various aspects of building design, materials, and processes.
Plastic materials offer numerous advantages such as durability, versatility,
and cost-effectiveness, making them highly desirable in construction
applications. Since their invention, different applications of plastic for
construction have been envisioned [9] and are still applicable today
[10].

The following section distinguishes the topic of plastic in architecture
and buildings. The first section discusses the developments of plastic
architecture and provides a concise history of synthetic materials, along



with their implications on design and fabrication in architecture. The
latter section offers a more pragmatic approach to synthetic materials,
highlighting their common use-cases within buildings.

Synthetic Materials in Architecture

The utilisation of synthetic materials in construction presents a diverse
array of architectural possibilities. These innovative materials, capable of
being shaped through processes such as forming, moulding, extrusion,
or winding, have significantly expanded the architectural vocabulary.
The advent of synthetic materials like plastic sheets, membranes, or
fibre-reinforced plastic shells has catalysed the development of a novel
architectural lexicon ranging from modular components that seamlessly
merge roof, wall, and slab elements to large-spanning organically shaped
roof structures. After their invention these materials displayed qualities
reminiscent of futuristic innovations, blending strength, transparency,
thermal insulation, and lightness. Finally leading to a new set of ar-
chitectural language and innovative construction schemes. One of the
first examples of using synthetic materials in architectures is the Dy-
maxion Dwelling Machines from Buckminster Fuller in 1927, promoting a
prefabricated, lightweight and easy to transport housing unit, drawing
inspiration from the car and aviation industry [11].

30 years later the Monsanto House of the Future, by the American archi-
tects Hamilton and Goody, was conceived as four prefabricated curved
plastic shells exhibiting a seamless transition between roof, wall, and floor.
In 1956, Alison and Peter Smithson envisioned an introverted, glossy
looking interior, not constrained by right angles, but seamlessly created
by glassfibre reinforced elements, also titled House of the Future. End of
the 1960s the technological advances ended the constraint of designing
and fabricating predefined/confined modules and allowed for open and
flexible floor plan arrangements. The FG2000 system was certified for
residential and commercial building in the US. The trend to create large
structures, and move away from small scale prefabricated modules con-
tinued in the 1950s and onwards, plastic sheets and membranes became
a solution to cover large-spanning structures, such as the geodesic domes
of Buckminster Fuller. The 1970 World Expo in Osaka is often understood
as the zenith of plastic architecture. The Fuji pavilion was made from
inflatable arches, similar to the US pavilion featuring a large-spanning
cable roof with inflated air cushions, or the Floating Theater[12]. The oil
crisis in 1973 ended the popularity of synthetic materials in architecture
abruptly, but only temporarily[13].

With the introduction of modern CAD software and the digitization of the
construction industry in the 1990s, synthetic materials and their flexibility,
efficiency and malleability became, once again, part of the architectural
discussion. Today, the most common use of synthetic materials is large-
spanning membranes, with examples such as the Olympic Stadium by
Frei Otto in Munich (1972), or the Rocket Tower, for the National Space
Center in London, by Nicholas Grimshaw and Partners from 2001, or as
a last example, the Allianz Arena from Herzo de Meuron from 2005 in
Munich. These membranes are often used in combination with pneumatic
actuation, as for the Festo headquarters in Germany, where the triple leaf
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Figure 1.4: Dymaxion Dwelling model,
with Buckminster Fuller.

[11]: Baldwin et al. (1996), Bucky works :
Buckminster Fuller’s ideas for today

Figure 1.5: Monsanto House of the Fu-
ture, 1957.

[12]: Chi (2014), ‘An outline of the evolu-
tion of pneumatic structures’

[13]: Simone Jeska (2008), ‘A Brief History
of Plastic Buildings’
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Figure 1.8: Dixie Cup advertisement,

1954. Single-use paper cups with
polyethylene coating.

assembly allows to actively control the climate within the atrium of the
building.

With the advent of large-scale 3D printing technologies, only recently,
additive manufacturing of thermoplastic materials has become a field
of interest for architecture. With a few pioneering architects and built
projects, presented later in section 1.1.4.

Synthetic Materials in Buildings

One prominent use of plastics in construction is in the form of polymer-
based building materials such as PVC (polyvinyl chloride), HDPE (high-
density polyethylene), PC (polycarbonate), and composite plastics, among
others. They are lightweight, strong, and resistant to corrosion, moisture,
and chemicals, making them suitable for a wide range of construction
applications. Plastic pipes and fittings have therefore gained immense
popularity in plumbing and drainage systems. Plastic pipes are also
widely used for gas distribution and electrical conduit systems due to
their safety, insulation properties, and cost-effectiveness.

Plastics in construction are also used for insulation purposes. Plastic foam
boards, such as expanded polystyrene (EPS) and extruded polystyrene
(XPS), provide excellent thermal insulation and are commonly used
in roofs, walls, and foundations at a low price. The affordability of
cheap insulation materials enables wider application in the mass market,
offering significant potential for sustainability benefits by enhancing
energy efficiency in more buildings. Besides insulation, recycled plastics
materials can be utilized in various construction products, reducing
waste and minimizing the environmental impact. Depending on the
application, plastics have a lower greenhouse gas impact than non-plastic
alternatives [14]. Plastics can therefore potentially play a crucial role in
sustainable construction practices.

1.1.3 The Perception and Problems of Synthetic Materials

The perception of plastic has undergone a significant transformation
since its invention to the present day. In the early 20th century, the advent
of plastics was hailed as a revolutionary development, promising a new
era of convenience and innovation. Initially, plastics were celebrated
for their durability, versatility, and the ease with which they could be
molded into a vast array of products, Figure 1.7, Figure 1.8. This novel
material symbolized modernity and progress, finding applications in
everything from household items to critical components in the aerospace
and automotive industries. However, over the past decades the challenges
related to increasing plastic consumption are becoming apparent. The
very durability that made it successfully also meant that most polymers
today are non-biodegradable, leading to high levels of environmental
pollution [15, p. 1.3cm], Figure 1.9. In the 21st century, the narrative
around plastic had shifted dramatically. Plastics became synonymous
with environmental crisis, particularly ocean pollution and their impact
on wildlife. Public awareness and scientific research have highlighted



the threats posed by plastic waste, leading to a growing movement
towards sustainable alternatives and increased recycling efforts. Today,
the perception of plastic is that of a double-edged sword, a material that
has been central to technological advancement and everyday convenience,
yet poses significant challenges for environmental sustainability and
global ecological health.

The construction industry is actively exploring ways to reduce plastic
waste, promote recycling, and develop eco-friendly alternatives [16-18].
Efforts are underway to find innovative solutions such as biodegrad-
able plastics, bio-based polymers, and improved recycling processes to
mitigate the environmental impact of plastics in construction [19, 20].
However, the way plastic is treated at the end of life is what is causing the
most negative impact on our environment. Plastic pollution is a imminent
problem since its invention and is becoming more significant with the
increasing yearly production volumes, [21, 22]. Today, however, stricter
regulations on recycling, the banning of land-filling, and biodegradable
bio-plastics as a alternative to petrol-chemicals provide hope to overcom-
ing today’s challenges. Nevertheless, it should be noted that mechanical
recycling usually goes in hand with a reduction of material properties
[23, 24]. However, studies show that the material is not severely affected
of up to 5 cycles [25], which would already improve the sustainability
of such 3DP materials. Once the material properties are not sufficient
anymore, the polymers must undergo tertiary recycling, which can in-
clude chemical, or energy recovery processes to transform them into
basic chemicals, fuels, or energy.

The construction sector is, after the packing industry, the second largest
market for plastic materials, 1.10.a . Figure 1.10.b compares the lifetime of
plastic elements for different industries, and displays for construction the
highest average lifespan of over 35 years. This stands in strong contrast
to the short life span of single-use plastic items, which accumulated to
139 million tons of waste in 2021 [22].
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Figure 1.9: Plastic pollution in the ocean
and mountains. Source: www.circular-
solutions.eu, unsplash.com
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Figure 1.10: Average lifespan of plastic el-
ements per sector. Source: OECD Statista
2023.
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Nevertheless, to provide meaningful applications of 3D printed plastics
in the construction sector several aspects must be considered. Mono-
materiality, and if not achievable, design for disassembly are key factors
to consider during the conception phase. If composites are fabricated
that cannot be separated at the end of life, the barrier for recycling
rises and plastic looses its value and turns from a material-feedstock to
material-waste. It could be argued that the issue with using plastics in
architecture and construction is not strictly related to the material itself
or its typical lifespan. Instead, the problem is more related to the end
of life scenario, such as the low rates of recycling and the uncontrolled
disposal of waste.

1.1.4 Large-Scale Material Extrusion

Large-scale 3D printing with plastics in construction is a relatively new
and emerging technology that has the potential to revolutionize the
way buildings and structures are designed and constructed. It offers
unique opportunities to manufacture complex and custom building
elements. The key benefits of large-scale 3D printing with plastics in
construction can be summarized as follows. 3DP offers the ability to
produce elements with high precision and minimal waste, marking a
significant advancement in building efficiency. This technology also
enables the creation of unique and complex designs, which would be
challenging or even impossible to achieve using traditional construction
methods. When it comes to sustainability, 3D printing with plastics
presents an opportunity, especially when using biodegradable plastics
derived from renewable resources. This approach not only contributes to
sustainability and provides a cradle to cradle construction scheme but also
allows for the creation of material-efficient or multifunctional components
from a mono-material. In terms of speed and cost-effectiveness, large-
scale 3D printing can significantly reduce labor costs in construction
projects, as it eliminates the need for formwork or molds, streamlining
the building process and tackling skilled labour shortage.

One of the first times Material Extrusion (ME) using granular feedstock
was presented was during the production of the endless chair by the
artist Dirk van der Kooji [26]. In parallel DUS Architects started the
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Figure 1.12: Example of large-scale thermoplastic extrusion in construction, 3D printed building envelope, interior wall elements , “urban
cabin” from DUS architects , concrete formwork for facades, oneC1TY Pavilion Branch Technologies.

development of a thermoplastic extrusion 3D printer for architectural
application at a large dimension [27]. Both introduced pellet extruders
that don’t rely on pre-manufactured filaments, but directly use granular
(pellet) feedstock, similar to injection molding machines. By using these
extruders, the output of printed material (kg/h) could be increased
dramatically. These large tool heads are mounted on either a robotic arm
with a high payload and long reach or on modified gantry systems, as
found in large-scale CNC milling. A 3DP setup usually consists also of
a pellet drying/storing system, including a material conveying system.
Since 2015 the Oak Ridge Laboratory has been researching ME with
a focus on maximizing material output, increasing the dimension of
the printed object [28], overcoming weak layer bonds [29], or material
characterization [30].

Fused granular manufacturing (FGM), large format additive manufactur-
ing (LFAM), or Big Area Additive Manufacturing (BAAM) all describe
the same ME process of using a granular (thermoplastic) feedstock to 3D
print objects at a large dimension. This technique is due to the possible
size of printed objects and material properties, most often used for auto-
motive, naval, aerospace, and architectural applications [31]. Irrespective
of the printing method, the application of 3DP polymers ranges from
3DP molds for concrete [32], 3DP of facades [33], or wall elements [34],
temporary structures [35], or furniture [36]. A more detailed review of
large-scale polymer extrusion can be found here [37].

The growing interest in polymer 3D printing for architectural applications
is reflected in the increasing number of commercially available printing
systems (e.g. thermwood, ingersoll), pellet extruders providers (e.g.
CEAD, Massiv Dimensions, Dyse Design), and companies/startups that
focus on providing products or services for large-scale 3D printing (e.g.
Nagami, Al build, The New Raw).

1.1.5 Towards 3DP facades, a Novel Vernacular
Architecture of the Digital Age?

Overcoming challenges in ME for 3DPF

To 3D print high-performance, and material efficient facades using
polymers, current ME methods must be critically examined. Recent
developments in ME have focused on scale-up of the fabrication method
by using large-scale pellet extruders, printing thicker beads at larger
layer heights [30]. This approach shifts the problem of the print speed

[28]: Love et al. (2015), ‘Breaking barriers
in polymer additive manufacturing’

[29]: Kishore et al. (2017), ‘Infrared pre-
heating to improve interlayer strength of
big area additive manufacturing (BAAM)
components’

[30]: Duty et al. (2017), ‘Structure and me-
chanical behavior of Big Area Additive
Manufacturing (BAAM) materials’

[31]: Pignatelli et al. (2022), ‘An
application- and market-oriented review
on large format additive manufacturing,
focusing on polymer pellet-based 3D
printing’

[32]: Jipa et al. (2022), ‘3D Printed Form-
work for Concrete’

[33]: Naboni et al. (2022), ‘Additive man-
ufacturing in skin systems’

[34]: Branch Technology (2022), Branch
Technology

[36]: The New Raw (2015), Crafting plasitc
waste with robots

[37]: Moreno Nieto et al. (2020), ‘Large-
format fused deposition additive manu-
facturing’

[30]: Duty et al. (2017), ‘Structure and me-
chanical behavior of Big Area Additive
Manufacturing (BAAM) materials’
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[38]: Roschli et al. (2019), ‘Designing for
Big Area Additive Manufacturing’

Figure 1.13: Diagram: From discrete
building elements towards mono-
material multi-functional elements, de-
signed at millimetre scale.

limitations from the extrusion rate of the hardware (kg/h), to the minimal
layer-time for the extrudate to cool down enough for the consecutive layer
to be printed on top [38]. Furthermore, this 3DP approach results in heavy,
material-intensive, components where thicknesses are not determined by
functional requirements like the strength of the element, but are dictated
by the fabrication constraints of large-scale 3D printing. This renders the
large-scale 3D printed elements not material-efficient and brings into the
question aspects of material consumption and sustainability. Therefore,
this thesis proposes to 3D print using non-solid sections that allow the
scaling and speeding up of the printing process through increased layer
heights and increased cooling rates.

Combining the benefits of large-scale ME with tubular extrusion is a
promising research avenue, especially with the focus on facade construc-
tion, that has not been investigated yet. HC3DP overcomes the downside
of current large-scale ME approaches, limited printed speed due to slow
cool-down [38], material in-efficient structures, while maintaining the
potential benefits of 3DP for facades, namely site specific-design, high-
performance, and functional integration in a, potentially, mono-material
construction scheme [39, 40].

Site-specific, high-performance facades

Vernacular architecture, deeply rooted in local traditions, materials, and
needs, offers a unique view into the cultural and environmental context
of a region [41]. The facades of vernacular buildings are often crafted
from locally-sourced materials and designed to naturally regulate climate
conditions. For instance, thick stone walls in mountainous areas provide
insulation against cold, while light, airy structures in tropical regions
allow for ventilation and cooling. These facades not only exhibit a harmo-
nious blend with the surrounding landscape but also reflect the ingenuity
and adaptability of local building practices. Emphasizing functionality
and sustainability, vernacular facades stand as build examples of a deep
understanding of the local environment and climate.

With industrialized products the way buildings are designed and fabri-
cated changed. Now, float glass is one of the most prominent facade types
in modern architecture with the need of additional functionalities added
to them in a layered fashion. For each functionality a new set of products
is added to the layered construction scheme of facade architecture. In-
creased performance comes today with increased complexity, as multiple
stakeholders, companies, products, and the interfaces between those
require meticulous coordination and integration, demanding advanced
project management and clear communication strategies to ensure all
components work synergistically. Multicomponent facades often face
challenges in being reused or recycled because they frequently use perma-
nent adhesive connections. These adhesives, such as silicone and epoxy
used for structural and weather-proofing, along with laminated glass,
hinder the ability to disassemble these components [42].

Standardized elements work effectively in new developments with uni-
form and straight facades, but they encounter difficulties when the
consistent pattern they are intended for is disrupted. Each building
consists of non-regular elements, such as connection to the ground, the



attic, and corner elements. Those rely on non-catalogue items and take
up significant manual labour and come at an increasing price.

Computational design paired with additive manufacturing technologies
will not only change the way architectural elements are designed, but
will also allow adjusting the material properties of those, all within one
process. This brings into question how facades will be designed in the
future and materialised with 3D printing. 3DP will cause a shift from
discrete building blocks towards a multi performance mono-material
construction, where the fabrication of facades can be changed at a
millimetre scale. Building blocks can be as small as droplets of material,
having different properties, gradients or blend functionalities. Can ME
become the future vernacular construction method for 3DP facades, in
a time where abundant polymer waste can be potentially turned into
high-performance, and site specific facade?

1.2 Research questions

This thesis investigates the potential benefits of 3D printing for building
envelopes and proposes a novel AM method for high-performance,
lightweight, and fast to fabricate 3DP facades. In order to prove that
Hollow-Core 3D Printing can be used to fabricate high-performance 3DP
facades, the following research questions are posed:

Potential and challenges of 3DP ME building envelopes

Facades are understood, due to their numerous requirements, as one
of the most complex building components. It is therefore important
to provide a hollistic understanding of state of the art of 3DP facades,
their design, fabrication, and assessment methods to identify research
gaps and future research trajectories. This will lay the foundation to
understand why and how 3D printed facades can be used in the future
and where their true benefits lies.

How can existing 3DP methods be altered for facade applications?

Different 3D printing methods have been developed for certain use-
cases. There are AM methods such as ME that cover a broader range
of applications, and there are highly specialized AM methods such as
3D concrete printing. For facade 3D printing no specific AM method
exist yet. Based on the findings of RQ1, ME has been identified as one
of the promising AM methods for facade application, as it allows to
3DP large-scale translucent elements. The goal of RQ2 is to develop a
new method for large-scale 3D printing, specifically designed for facade
applications, improving the performance of the printed element while
allowing for fast fabrication times. Key investigations are the hardware
(nozzles) and process (peripherals and software) developments, material
investigations and printing experiments.

Which facade relevant performances can be achieved with HC3DP?

After the successful development of the novel 3DP approach, it is impor-
tant to answer how HC3DP performs in comparison to state of the art ME
techniques. Facade related performances investigated in this thesis are
structural, thermal, as well as acoustics. Futhermore, as 3DP facades must

1.2 Research questions

RQ1

RQ2

RQ3

13



14 1 Introduction

Figure 1.14: Interdependencies in the
methodology.

cover numerous square meters of built volume, it is of great importance
to understand the fabrication viability of HC3DP in regards to fabrication
time, costs, and material consumption. These complex research questions
are therefore best addressed within an interdisciplinary research team.

1.3 Methodology

To answer the research questions experimental research was conducted
with the goal to develop a novel 3D printing method, based on tubular
extrusion. In parallel to the process development, the principal applica-
bility of HC3DP for facade construction is evaluated for functional goals,
such as strength-to-weight ratio, fabrication time, thermal, and acoustic
performance. These aspects are investigated using quantitative experi-
mental methods within an interdisciplinary research team, combining
expertise from different disciplines. Finally, an architectural demonstrator
explores qualitatively the design space of the novel AM method and
its architectural expression. In addition, this demonstrator pushes the
development of the process in regard to technological readiness and
results in quasi load-bearing components of 2.1m height.

1.3.1 HC3DP process development

The development of HC3DP contains several steps which can be catego-
rized as follows. Those steps are not linear and often involve revisiting
earlier steps based on new findings or challenges. The goal of this
methodology is not to create a ready-made product, but to contribute
to the broader scientific understanding of HC3DP and its potential
applications.

Conceptualization and Research Phase: The process starts by identi-
fying limitations or potential improvements of current 3DP systems for
the application of facades. The main limitations identified in current ME
methods, are speed, material consumption, and critical performances for
facades, such as thermal resistance. Based on these findings new concepts
and underlying principles are investigated and conceptualized.

Fabrication Setup: After the ideation, it is essential to establish a
prototypical fabrication setup. This includes the mechanical design
hardware, the software interface, and the printing process itself. Building
prototypes in a laboratory setting is essential for validating theoretical
concepts. This hands-on phase allows for the observation of how new
materials and processes behave under real world conditions. For HC3DP,
the prototypical fabrication setup was installed on an ABB IRB1600
industrial robot with a reach of approx. 1.5m. The system furthermore
consists of a pellet extruder with a maximum extrusion rate of 1 kg/h
and a nozzle with a hollow-mandrel supported by spider vanes.



Testing and Refinement: This prototypical fabrication setup was used
for rigorous testing to assess initial material behaviour, and to develop
an understanding of the correct process parameters. The testing revealed
issues with the inflation of the bead, and print path limitations. Based on
the testing results, the design of the system is iteratively refined. First,
by implementing peripheral hardware that increases the control over
the printing process (controllable pressure valve). Second, the nozzle
was redesigned and a different material was chosen to improve the heat
transfer to the plastic. Third, a revision opening was introduced, allowing
to unclog the nozzle in case of a failed print.

Scaling and New research: As a final step in the developed, the system
is transferred to a 6-axis robotic arm with a reach of 3 meters (ABB IRB
6700) equipped with a pellet extruder with an extrusion rate of max.
10kg/h, for the given material. The scaled fabrication setup allows for the
production of large-scale elements at a fast pace, such as 2 m tall cylinders
under 2h, and was used for the demonstrator in chapter 6. The increased
fabrication scale and speed was then tested for different thermoplastic
materials to investigate the versatility of the process. Furthermore, this
scale-up triggered the development of a theoretical thermal cool-down
model, to understand the implications of the thin-wall extrudate on the
cooling rate of the polymer. Finally, the increased scale of the hollow-
bead allows for the introduction of bespoke cross-sections, such as
reinforcement crosses or tube in tubes.

1.3.2 Interdisciplinary collaboration - performance
assesment

This thesis is part of a wider interdisciplinary research project within
the NCCR in Digital Fabrication in Architecture; and together the per-
formance of the HC3DP elements is investigated at different scales. In
addition the improvements are quantified against other, off-the-shelf
ME methods and 1:1 demonstrators are printed. The interdisciplinary
research stream contains internal and external collaborators. Together
with external collaborators the acoustic dampening effects of the HC3DP
elements is investigated (EMPA), and structural tests of ME and HC3DP
specimen are conducted (HSLU). With internal collaborators the thermal
resistance of ME and HC3DP elements is evaluated, and a first large-scale
ME facade prototype is 3D printed (GKR and A/S).

1.3.3 Demonstrators

Two large-scale demonstrators are collaboratively designed to evaluate the
architectural potential of ME for facade application and HC3DP for large-
scale architectural application. An initial facade prototype was fabricated
within the interdisciplinary research stream as a 1:1 demonstrator [43].
Although successfully printed, the demonstrator brings into question the
applicability of ME for facade architecture, as material consumption and
print time are too high (approx. 10-12 1 /m? at 50-70k g /m?) and therefore
render this process economically not viable. These early findings were
key motivators for the development of HC3DP.

1.3 Methodology
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tors and their function.

After an initial developement phase of HC3DP a second demonstrator
is formulated as a design brief for students of the MAS DFAB program
2023. "Protoplasto” pushes the development of HC3DP to a large-scale
and acts as a stress-test for the prototypical fabrication setup. For the
first time large-scale HC3DP elements, with a height of over 2m, are
fabricated to act as quasi-load-bearing columns.

1.4 Structure of the thesis

This thesis is a cumulative dissertation and contains seven manuscripts.
In addition, this introduction contextualizes the research, presents moti-
vation, as well as research questions, and finally introduces the methods
used. An overview of content, methods, and results precedes each in-
dividual manuscript and is followed by the manuscript in an adapted
layout. The chapter contribution and discussion summarizes the con-
tribution of this manuscript to the state of the art of large-scale ME
and the field of 3D printed facades. It also discusses the current status
of HC3DP for 3DPF and provides a comparison matrix based on the
findings of the individual peer-reviewed manuscripts. Finally, future
research trajectories are suggested.

is a review article published in the peer-reviewed journal Automation in

Pap er A Construction and presents a holistic perspective on state-of-the-art design,
3D printing, and assessment methods for 3DP facades [44]. It lays the
foundation for the thesis and the collaboratively conducted research.
—status: published

is a peer-reviewed conference publication in IOP Conference Series: Earth
Pap el' B and Environmental Science and focuses on the thermal performance of
regular large-scale ME elements [45]. The findings of poor thermal
performance, high fabrication, and high material consumption bring into
question the production viability of regular ME for facade application. It



became apparent that there is a need of change the 3D printing approach
fundamentally to increase performance while reducing fabrication time.
—status: published

is a peer-reviewed journal article in Additive Manufacturing and de-
scribes the fundamentels of the HC3DP process [46]. It highlights ben-
efits compared to off-the-shelf ME regarding material consumption,
increasing print speed, and maximum extrusion rate. It showcases that
different materials can be used for HC3DP and, finally, provides a
simplified cool-down model that is essential for understanding the con-
straints of layer times for large-scale AM that define the fabriction speed.
—status: published

is a peer-reviewed journal article in 3D Printing and Additive Manufacturing
and focuses on the increased cross-section of HC3DP [47]. First, it proves
that the extrudates’ cross-section can be varied significantly without
changing the hardware. Then bespoke die geometries are introduced that
create non-tubular cross-sections. Finally, design experiments provide
fundamental understanding on 3D printing features like bridging or
non-planar printing. —status: published

is a peer-reviewed conference article in Fabricate 2024 and provides the
first large-scale 3D printed HC elements in a quasi-structural applica-
tion [48]. 2.1m tall columms are 3D printed using HC3DP, resting on
bespoke concrete feet, cast into HC3DP formwork. The columns host
large-spanning space-frame roofs made from glass fibre tubes and 3D
printed connections. —status: published

is a peer-reviewed journal article in Building and Environment and it
investigates the increased thermal performance of HC3DP elements and
compares the findings to Paper B [49]. Furthermore, the introduction of
a high-performance composite, made from HC3DP and aerogel, enables
minimal fabrication time and offers superior insulation performance.
These materials are not permanently bonded, allowing for the polymer to
be recycled and the aerogel to be reused. Finally, different ME approaches
(FDM, ME, HC3DP) are compared to each other in regards to thermal
performance, fabrication time, and costs. —status: published

is a peer-reviewed journal article in Journal of Building Engineering and
summarizes the investigation of the structural performance of HC3DP.
First, tensile testing of off-the-shell large-scale ME is characterizing the ma-
terial. Then, 3PT bending tests of high-resolution HC3DP and ME are com-
pared to each other, having the same extrusion width. Followed by 3PT
bending test of large-scale HC3DP, with and without internal reinforce-
ment ribs. Then, the facade relevant scale is investigated by 3D printing a
series of different facade sections, providing fundamental understanding
on the behaviour or large-scale elements. Finally, these findings are used
to estimate the maximum spanning distance (maximum height) of a 3DP
facade. —status: internal review process NCCR-Facade stream

presents investigations on the airborne sound insulation of ME and
HC3DP elements and compares the results to established glazing prod-
ucts. —status: experiments concluded, conception paper

1.4 Structure of the thesis

Paper C

Paper D

Paper E

Paper F

Paper G

Appendix A
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Appendix B

Appendix C

complements the HC3DP experiments at large-dimensions by presenting
a series of design experiments, fabricated using a small-scale HC3DP
filament-based printing setup. The experiments were conducted by
students of the Master of Advanced Studies in Architecture and Digital
Fabrication program 2023.

presents an alternative use-case of HC3DP as formwork for concrete.
A 2.1m tall column of 500 kg is cast into a single outline HC print of
9.5kg.
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3D printing facades:

Design, fabrication, and assessment methods

2.1 Overview of Paper A

2.1.1 Content

This review paper explores various AM methods specifically applied in
facade construction. It covers various aspects, including computational
design strategies, fabrication processes and materials, and performance
assessment for 3DP facades. It delves into the use of diverse materials
like Thermoplastics, Clay-based materials, Concrete, and Metals in 3D
printing processes. Additionally, the paper examines alternative or non-
established 3DP techniques, offering insights into emerging trends and
innovations in the field. For each AM method the manuscript provides an
extensive table, summarizing research and applied projects. These tables
are a concise visual database for the state of the art. Furthermore, the
manuscript presents and discusses computational design and assessment
methods, showcasing how these approaches can enhance the efficiency,
accuracy, and sustainability of facade design and production.

2.1.2 Method

The review process consists of four steps. The first step is a comprehensive
literature search based on the combination of keywords referring to the
facade domain and 3DP domain. The second step entails a check on the
title and abstracts of the selected articles to exclude irrelevant material.
The third step is an extensive analysis of the selected articles in order to
develop a meaningful categorization system. The literature is categorized
into three main groups focusing on 1) the design of 3DP facades, 2)
fabrication processes, materials, and applications 3) the performance
assessment of 3DP facades. The fourth and last step consists of an
extension and refinement of the literature search based on the identified
categories. The corpus of reviewed studies covers approximately 180
items, the majority being peer-reviewed journal articles, book chapters,
and a few conference contributions.

2.1.3 Results

The review provides insights into the potential and limitations of 3DP
facades for different materials, while identifying future research in this
emerging field.

Design methods: The review emphasizes the importance of computa-
tional design in the 3D printing of facades, highlighting the complexity
of integrating fabrication and environmental parameters into the design
process. It discusses the use of parametric design and performance op-
timization tools to facilitate the exploration of optimized 3D printed
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facade designs. The review also underscores the unique feature of 3D
printing to design and fabricate infill structures, which can be optimized
and customized for specific boundary conditions and environmental
performance requirements.

Thermoplastics: The review highlights the potential of thermoplastics
in 3D printed facades, as they allow for mono-material, translucent facade
solutions that can have a positive impact on sustainability. The review
discusses the successful scaling up of thermoplastic 3D printing to facade
applications, with examples of real-scale projects. However, the review
also emphasizes the need for further research in areas such as thermal
insulation, reaction to fire and fire propagation, UV resistance, optical
properties, and connection details

Clay-based: The review states that 3D printing of clay-based materials
can be used for specific applications to achieve environmentally friendly
facade systems. The review discusses the challenges in 3D printing
clay-based materials, such as high deformation due to water content
and high post-processing firing temperatures, which can lead to sample
deformation and cracking. The response to harsh weather conditions, for
non-fired clay, requires further explorations and constructive measures
to protect the 3DP facade.

Concrete: Increased attention has been given to 3D printing of concrete
over the past two decades, with the maturity of this method demonstrated
by the presence of numerous start-ups and construction companies focus-
ing on concrete 3D printing. Various approaches for 3D printing concrete,
such as extrusion-based 3D printing, shotcreting, casting concrete in 3D
printed formwork, selected cement activation, and 3D printing of foamed
concrete, have been explored. Additionally, the environmental impact
of concrete 3D printing, including the use of alternative binding agents
and recycled aggregates, has been become an important research topic.
Facade-related topics, such as thermal and acoustic comfort, have not
been sufficiently investigated in the context of 3D printed concrete.

Metal 3DP: The review discusses the potential of metal 3D printing in
facade applications, particularly for the fabrication of small-scale elements
and nodes of bespoke curtain walls. It highlights the advantages of metal
3D printing, such as the free-form design potential of complex geometries
with superior mechanical strength, resistance to fatigue, and fracture
toughness. The review also outlines several challenges for metal 3D
printing processes, including limited component size, slow fabrication
time, high material prices, and the need for post-optimization steps.

Alternative AM methods: The manuscript also discusses alternative 3D
printing processes for facade applications. These processes include 3DP
of glass, self-healing, self-cleaning, CO2 capturing, and shape-memory
materials (SMM). SMM processes have been investigated for facade
applications due to their responsive behavior, which can modify the
facade response to the environment in real-time. The chapter highlights



the potential of SMM for active climate-specific facades, but also notes
the challenges associated with their durability and material degradation.
The chapter also discusses the use of 3DP for creating active membrane
elements and structures, as well as dynamic shading for facades using
4D-printed actuators that respond to various humidity levels.

Performance Assessement: Paper A provides a comprehensive sum-
mary of the challenges and advancements in evaluating the performance
metrics of 3DP facades. It highlights the difficulties in integrating and
measuring the thermo-optical behavior, weather resistance, and durabil-
ity of 3DP facades. The section emphasizes the challenges in obtaining
consistent performance results over a batch of 3D printed components,
as well as the limited predictability of the final outcome due to factors
such as material properties and printing parameters. Additionally, it
discusses the need for a better understanding of the effects of fabrication
parameters on optical properties and the interaction of thermal and
optical domains.
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Abstract This paper presents a state of the art review for 3D printed
facades. In the review, three main topics are identified: (i) computa-
tional design strategies for 3D printed facades, (ii) fabrication processes
and materials, and (iii) performance assessment. The design section
displays computational tools and methods for design to production of
3D printed facades. The chapter fabrication processes, materials, and
applications illustrates the technology potential for facade application
sorted by material groups. The performance assessment section presents
current approaches to evaluating and validating the performance of
3DP facades. Finally, knowledge gaps, challenges, and future trends are
discussed to offer insights into leading-edge solutions for facade design
and fabrication.

2.2 Introduction

Facades are among the most complex elements in a building. Besides
defining the architectural expression of a building, they represent the
boundary between the external and internal environment, controlling
the energy flow and matter from the outside to the indoor space. For this
reason, they have a considerable impact on the user’s comfort, indoor
spaces’ environmental conditions, and the buildings’ energy performance
[50]. Therefore, improvements in the performance of facades are essential
to meet the goals of Net Zero Emissions by 2050 [3].

To reach high levels of efficiency and functionality, current facades are be-



ing reevaluated. The focus is to develop integrated building components
tailored to the building’s use, services, location, and orientation [39].
Conventional facades typically have standardized and homogeneous
properties as they are assembled using multiple standardized, mass-
produced components. This fact limits their ability to be tailored to their
specific environmental conditions and their recyclability. A fundamental
shift towards site-specific facades would offer novel opportunities for air
tempering, improving indoor air quality, and electrical energy production
[51]. Moreover, it holds great potential for reducing the energy demand,
up to 30% (depending on specific climate and building type [52, 53]) and
improving indoor comfort. 3DP printing has the potential to propel this
development as it allows for the creation of multifunctional, bespoke
elements in a mono-material construction.

2.2.1 Site-Specific Facades

Site-specific facades are high-performance systems that can improve the
overall building performance. These improvements can be achieved by
site-specific construction or using active adaptive facade systems [54,
55]. Compared to traditional systems, they require advanced control
over their design, engineering, fabrication, and operations. Often, their
multiple performances and operating mechanisms are facilitated by sev-
eral functional layers [56], with increased complexity and sophistication
of the facade systems [57]. Moreover, it poses a challenge to circularity
and positive end-of-life of the components if multi-material systems
are connected/assembled in a non-reversible manner. For this reason,
next-generation facades are required to integrate the multiple perfor-
mative aspects with a clear design-to-disassembly strategy or create
mono-material elements to reach a sustainable outcome.

2.2.2 3D Printed Facades

The idea of adding multiple performances in a facade is far from new to
architecture. Vernacular examples of traditional architectural types show
a deep understanding of the role of facades as mediators between the
interior and the exterior. More recently, in 1978, British Architect Mike
Davies proposed the innovative concept of an integrated polyvalent wall,
which has multiple performances in a single element [5]. This facade
draws inspiration from nature and process regulation in biological forms.
For many years, however, technological gaps have prevented integrated
climate-specific facades from being considered a viable alternative for
the construction industry. This is because such facades were difficult to
manufacture, maintain, repair, and recycle [58, 59].

Only recently, advancements in material sciences, manufacturing, and
computational methods opened up a new set of opportunities to build
integrative climate-specific facades. Among these, 3D printing (3DP) is
an emerging fabrication technique that enables the production of cus-
tomizable components. The free-form design combined with the efficient
and optimized placement of material through 3DP opens up the possi-
bility for integrating multiple functionalities/performances in a single
element [60, 61]. Additionally, design freedom fosters the use of integra-
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tive design approaches with a closer interdependency between design,
material, performance, and fabrication. Consequently, a customizable
performative geometry can be 3DP from a mono-material, which is easier
to disassemble and recycle at the end of its life cycle. Moreover, seamless
design-to-fabrication workflows provide new opportunities for reducing
development time and cost, and increasing performance and profitability
[62]. Mass customization can be potentially achieved at no additional
cost, contrary to most traditional manufacturing techniques, for which
economic feasibility relies on large batch production [63]. Therefore, 3DP
offers the potential to materialize context-specific and high-performance
facades with novel aesthetics [64]. Material efficiency, low waste in
additive manufacturing, and the availability of low-embodied-energy
materials are promising solutions from a sustainability perspective [6,
65]. Moreover, the performance integration into a mono-material com-
ponent can overcome the recycling challenges, common to conventional
facades.

2.2.3 Scope and Methodology

We define the scope of this review paper considering a broad meaning
of the term facade. Facades are those vertical construction elements that
form the division between inside and outside environments. This includes
large-scale facade systems, such as concrete 3DP walls, single facade
panels, like in polymer 3DP, up to small-scale elements, like bespoke metal
connections and ceramic tiles, tackling either one or multiple functional
requirements of building facades on different scales. After defining the
scope, the review process consisted of four steps. The first step was a
comprehensive literature search based on the combination of keywords

/a7

referring to the facade domain, such as “facade”, “building envelope”,
“cladding”, “wall” and “enclosure”, and to the 3DP domain, such as “3D
printing”, “additive manufacturing” and “digital fabrication”. Scopus
was used as the main search database. The second step entailed a check
on the title and abstracts of the selected articles to exclude irrelevant
material. The third step was an extensive analysis of the selected articles
in order to develop a meaningful categorization system. As a result of
this step, the literature was categorized into three main groups focusing
on 1) the design of 3DP facades, 2) fabrication processes, materials, and
applications 3) the performance assessment of 3DP facades. The fourth
and last step consisted of an extension and refinement of the literature

search based on the identified categories.

The corpus of reviewed studies covers approximately 200 items, the
majority being peer-reviewed journal articles, book chapters, and a few
conference contributions. Given the novelty of the research field, the
review search was not limited to scientific articles but also included
websites, web articles, and architecture magazines. The reviewed contri-
butions belong to the domains of architecture, engineering, and material
science (see fig. 2.2.a.), and the average year of publication is 2019 (see fig.
2.2.b.). Apart from a few old publications, the majority of articles date to
the last four years, and the highest number of publications is from 2020,
demonstrating growing research interest in 3DP of building facades.

To the present day, comprehensive summaries of 3DP for the construction
sector exist [66—-68]. However, these publications evolve mostly around the
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topic of fabricating free-form design, large-scale structural components,
or in-depth technological details, without offering a comprehensive
overview of 3DP facades. Only one facade-specific review paper exists
[33]. None of these reviews, however, encompasses the entire process
chain from design to production, to performance evaluation of 3DP
facades, explores the relationship between these aspects and critically
evaluates them. This review paper closes this gap by providing an
extensive overview of the latest developments in the design, fabrication,
and assessment methodologies of 3DP facades. We present the state-
of-the-art and highlight the key challenges, research gaps, and future
opportunities. Different 3DP methods are categorized by material group,
with the aim of identifying the most relevant for the facade application.
The manuscript is structured as follows:

» Section 1introduces the research motivation and relevance for the
construction industry.

» Section 2 presents the most prominent design approaches for 3DP
facades, by elaborating on the topic of computational design and
performance integration.

» Section 3 focuses on material and fabrication processes. For each
material group, the latest developments in regard to fabrication
and performance integration are presented. Each subchapter is
concluded with knowledge gaps, future opportunities, and research
trajectories.

» Section 4 presents the performance assessment strategies for 3DP
facades. Simulation and life cycle analysis are identified as essential
elements when designing and building 3DP facades. Additionally,
the challenges of performance validation for 3DP facades through
experimental prototyping are listed.

» Section 5 concludes the presented sections highlighting challenges,
limitations, and future opportunities.

2.3 Design for 3DP facade

3DP or additive manufacturing (AM) offers novel opportunities in terms
of geometrical freedom and complexity. Along with these opportunities,
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comes also the challenges of designing for 3DP processes. Traditional
design tools and methods are not adequate for such complex production
processes [62]. Therefore, novel design methodologies are required for
3DP facades. Such methodologies have to consider a seamless integration
of 3D printing parameters and performative aspects of the facades in the
design process. These performances can be structural, thermal, acoustic,
and daylighting. Then, to fabricate these performance-informed designs,
the computational tools have to incorporate the material and fabrication
processes. Therefore, designing for additive manufacturing (DFAM)
of 3DP facades is a novel methodology, which requires an integrative
process between the computational design, material and fabrication, and
environmental performance integration, see Figure 2.3 [57].

2.3.1 Computational design

The design of a 3DP facade is a complex task due to the multitude
of fabrication and environmental parameters required to be integrated
into the process. For this reason, computational tools are imperative for
accommodating the increased complexity. Such tools should account for
the relations between multiple design variables, such as environmental
performances in an iterative generation of design alternatives [69]. Para-
metric design can offer iterative solutions by employing computational
tools such as Grasshopper (GH) [70], and Dynamo [71], which are directly
integrated into a 3D modeling software. Furthermore, parametric design
is often coupled with performance optimization tools that facilitate the ex-
ploration of optimized 3DP facade designs. Moreover, with the increased
computational experience of architects and engineers, engaging with



Application Programming Interfaces (APIs) and Software Development
Kits (SDKs) has brought new flexibility to modeling software.

One of the most unique features of AM is the possibility to design and
fabricate infill. Parts can be designed as a combination of a solid outer
shell and a porous internal articulation, as opposed to fully solid parts
(Figure 2.3.b.) [69]. Infill structures can be designed to decrease the
weight of 3DP parts and improve their performance by enhancing the
material’s base properties [72]. For application in facades, these infills
have the potential to be optimized and customized for specific boundary
conditions and environmental performance requirements [73]. Some
of the methods of modeling them are through cellular geometries or
lattice structures [74]. These geometries are often defined by periodic
repetition of unit cells or interconnected networks of struts, see Figure
2.3 [75,76]. A major design challenge of these infill structures is their
digital representation. Most commercial CAD software tools for AEC are
based on boundary representation (BRep). BRep is defined by a solid
shape, as a collection of connected surface elements [77].

While BRep representation is advantageous for subtractive manufactured
objects, it comes short for 3DP applications, particularly, for cellular
structures, due to their shape complexity [78]. This is because, BRep
are defined as collections of surfaces that can end up with mismatches,
discontinuities, self-intersections, and non-orientable faces in complex de-
signs [79]. Therefore, a solution for building complex cellular geometries
is implicit or volumetric modeling (VM). In VM, geometries are built by
function representation (FRep) instead of BReps. Geometric operations
and transformations are defined mathematically, and objects are only
generated in the final step, for rendering or export [80]. This approach
results in a faster computational process and minimal requirement for
post-processing. Commercial software packages such as Ntopology [81]
or spherene [82] have been developed to specifically aid the design of 3DP
cellular and lattice structures. Additionally, open-source plug-ins such
as Axolotl [83] are integrated in the Grasshopper parametric modeling
environment, which makes the process available to a wider public.

2.3.2 Performance integration

Integrating performance indicators in the computational design is essen-
tial to building a site-specific, sustainable, and cost-efficient 3DP facade.
These performance indicators can be integrated with optimization tools
that incorporate environmental parameters, such as daylight, as well
as structural strength, thermal, and acoustic parameters. To integrate
environmental performance aspects in the design process, several climate-
specific factors have to be considered. For example, Craveiro et al. [73]
displayed how 3DP fabrication parameters of concrete walls can include a
material design module with different types of cork-concrete aggregates.
The aggregate has thermo-mechanical performance assigned to discrete
parts of the geometry. Additionally to thermal performance, cost and fab-
rication efficiency can also be included as performance indicators in the
design process [84]. Mostafavi et al. [85] presented a design workflow for
optimized material distribution in a robotic fabrication process. Similarly,
Naboni et al. [86] developed an algorithmic design workflow for mate-
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rial and structural topological optimization on multiple interdependent
scales in the Trabeculae Pavilion.

To optimize the 3DP facade design, material efficiency is a fundamental
feature in the fabrication process. Together with the use of low-embodied
energy materials, the optimization of material distribution is a major
design direction in the challenge of the building sector decarbonization.
Topology optimization (TO) is an optimization method that combines
a numerical solution method, such as Finite Element Analysis (FEA),
with an optimization algorithm that iteratively improves the material
distribution within the design space, given a set of boundary conditions
and loads [87] (Figure 2.3). Several studies demonstrated the synergies
between TO and material design as 3DP allows the fabrication of com-
ponents with intermediate densities and material properties [88, 89].
Application of TO to the design of facade components can be found
in metal 3D printed connections with optimized material use and wall
components where structural optimization results in voids and cavities.
Those can integrate additional environmental performances such as
thermal insulation, soundproofing, and embedded utilities [90, 91]. More-
over, Kontovourkis et al. [84] explored topology optimization principles
for toolpath planning in robotic additive manufacturing (RAM) of clay
walls.

Nevertheless, there is a lack of complete software packages that combine
DFAM features with TO methodologies [88]. Manufacturing constraints
and parameters such as dimensional accuracy, printable overhang, need
for support material, and printing time are often accounted for at a
later stage of the design as a rationalization process of the initial opti-
mized design [92]. Such solutions are often application-specific and lack
generalizability. A few commercial software options, such as Optistruct
[93] incorporate 3DP constraints, lattice designs, and TO procedures.
However, the geometry complexity of these parts is often such that an
intermediate step of simplification and smoothening is needed before
the geometry can be transformed into a mesh for fabrication, as for the
Spider Bracket [76] or the Acoustic Mirrors [94]. Another challenge of
TO is the material properties description and validation of the entire
topologically optimized part and the 3D printed material. Additional
efforts towards the establishment of standard testing protocols and ma-
terial property databases are needed, along with real-time monitoring
of the production processes to correlate printing factors and part prop-
erties [66]. These aspects are especially crucial for facade application as
behaviors observed on a smaller scale need to be validated for large-scale
components. Yet, the advantage of TO is that it could potentially scale
up from the design of structural nodes to that of entire facade panels.
Paoletti et al. [95] describes the possibility of generative TO for the
optimal material organization according to wind load compliance and
stiffness. Moreover, since building facades are inherently multi-functional
components, the multi-objective TO, combining structure with thermal
control and daylighting, represents a promising design approach. Finally,
for application in facades, TO should embed additional safety levels or
redundancies to make the optimized design robust to disturbance events
such as unanticipated or exceptional loading cases and human factors
[96].

TO can work synergistically with infill design to materialize variable-



density components. A common approach is to design infill structures
with a chosen base shape to periodically fill the component’s volume
following a density map derived by TO [97]. For example, Naboni and
Kunic [75] propose a computational approach to design nature-inspired
cellular structures for materially efficient facade components. They also
show how to use TO and porous structures to design structurally efficient
objects that meet the 3DP constraints. The Spider Bracket features a
topologically optimized overall shape consisting of solid parts and
variable density lattice structures for reduced compliance and improved
thermal behavior [76].

Along with performance indicators, economy, printing time, and process
efficiency are also relevant criteria for displaying the full potential of
3DP facades [75],[85]. Sustainability aspects, such as the components’
life-cycle energy and carbon intensity, must also be included in DFAM.

2.3.3 Fabrication informed design

Material and fabrication methods are essential parameters for fabricating
a 3DP facade from a virtual design into a physical prototype. The process
by which material behavior, fabrication parameters, and geometry are
integrated into the computational design method is known as toolpath
planning, or slicing (see Figure 2.3). Slicing is the process of contouring a
3D model of the final object (e.g., STL file format) into its individual layers
[68]. From this layer-based information, the final tool path, such as a
G-Code, is created. Mature 3DP processes create fabrication data and tool-
paths using proprietary slicing software. Some slicing software supports
a novel data format, called Additive Manufacturing File (AMF). AMF
contains additional information compared to a standard-triangulation
file format. Print paths are often created based on customized compu-
tational tools for novel processes, such as concrete 3DP or large-scale
polymer extrusion. The toolpath can be defined with a Robot Code, such
as RapidCode or KRL, that contains the print path, tool orientation,
speed, and acceleration.

For facade elements, toolpath planning plays a key role in environmen-
tal performance. This is because performance is highly dependent on
the layer-to-layer bonding, irrespective of the 3DP method, [30, 56].
Ashrafi et al. [98] investigated the effect of layer properties, number
of contours, and printing time on the deformation of large 3D-printed
concrete elements. By testing different samples, material behavior, such
as geometry deformation and accuracy, was strongly correlated to the
toolpath design. Although slicing plug-ins such as Silkworm [99] exist,
in most applications, custom-made scripts are created to tune printing
parameters and robotic motion. Kontovourkis et al. [84] developed a
parametric-integrated algorithm to generate contour polylines by slicing
any geometry and offsetting them according to the printing parameters
(layer height and width). Their algorithm generates different infill ge-
ometries, based on the required density, and sorts the resulting polylines
to minimize the robotic movement during printing and non-printing
motions. Molloy and Miller [100] explored the potential of freeform 3DP
through direct toolpath planning and not relying on layer-based slicing
software. Their direct toolpath planning allowed them to print spatially,
overcoming the traditional 2.5D printing approach. While planar slicing
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[97]: Liu et al. (2018), ‘Current and fu-
ture trends in topology optimization for
additive manufacturing’

[75]: Naboni et al. (2019), ‘Bone-inspired
3D printed structures for construction
applications’

[76]: Materialise et al. (2021), The Spider
Bracket

[75]: Naboni et al. (2019), ‘Bone-inspired
3D printed structures for construction
applications’

[85]: Mostafavi et al. (2016), ‘Materially
Informed Design to Robotic Production’

[68]: Labonnote et al. (2016), ‘Additive
construction”

[30]: Duty et al. (2017), ‘Structure and
mechanical behavior of Big Area Addi-
tive Manufacturing (BAAM) materials’
[56]: Zhao et al. (2019), ‘Shape and Per-
formance Controlled Advanced Design
for Additive Manufacturing’

[98]: Ashrafi et al. (2021), “Experimen-
tal prediction of material deformation
in large-scale additive manufacturing of
concrete’

[99]: (2012), Silkworm

[84]: Kontovourkis et al. (2020), ‘Robotic
additive manufacturing (RAM) with clay
using topology optimization principles
for toolpath planning’

[100]: Molloy et al. (2018), ‘Digital Dexter-
ity. Freeform 3D Printing through Direct
Toolpath Manipulation for Crafted Arti-
facts’
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[56]: Zhao et al. (2019), ‘Shape and Per-
formance Controlled Advanced Design
for Additive Manufacturing’

[101]: Mitropoulou et al. (2020), ‘Print
Paths Key-framing’

[61]: Leung et al. (2019), ‘Challenges and
Status on Design and Computation for
Emerging Additive Manufacturing Tech-
nologies’

[102]: Lopez Taborda et al. (2021), ‘Design
for additive manufacturing’

[103]: Arefin et al. (2021), "Polymer 3D
Printing Review’

[104]: Thermwood (2023), Thermwood
LSAM - Large Scale Additive Manufactur-
ing

is a robust and simple technique, more advanced slicing methodologies
such as multi-axis, multi-directional, and adaptive slicing are being
investigated to mitigate the stair-step effect and minimize the need for
support structures [56, 101].

To summarize, the method of designing and building a 3DP facade has
to consider an interlinked process of computational design, performance
integration, and fabrication constraints. However, such methodologies
need a large number of iterations and evaluations in the design process
to identify optimized solutions. Complete software packages, such as
Ansys and 3D Experience, provide tools for geometry preparation, TO
procedures, FEA, validation, and printing process simulation. However,
these packages are not yet designed for large-scale applications; therefore,
custom software needs to be further developed for the application of 3DP
facades. Such workflows are usually project-specific, and the AEC sector
would benefit from the establishment of informed design approaches
with general applicability. Essential in this approach is also to provide
open access to tools and design methodologies to propel knowledge and
methods transfer between different disciplines within and outside the
AEC sector [61], [102]. Finally, a database of fabrication processes and
material properties would allow a comprehensive overview of the 3DP
facade design potential.

2.4 Fabrication, Materials, and Applications

The following chapter presents a state-of-the-art of 3DP technologies
for facade application, sorted by material groups. This section displays
studies and projects which aim to manufacture performative facade
components with varying degrees of complexity. The focus of this section
is to identify the implications of fabrication technology and material on
the design and manufacturing of 3DP facades. We discuss the benefits
and challenges connected to each technique and highlight their potential
for creating performative facade components.

2.4.1 Thermoplastics

Polymers can be 3D printed with a wide variety of processes, such as
material extrusion, Stereolithography, Multi Jet Fusion, PolyJet, Selective
Laser Sintering, and Digital Light Processing. These processes use differ-
ent polymer base materials to create 3D geometry, ranging from small to
large-scale applications. This paragraph focuses on material extrusion
processes that use thermoplastic polymers to create three-dimensional
objects. The major benefit of this technology is that it is the only 3DP
technology that can create translucent, nearly transparent components
at a large scale. For a more detailed review of other AM methods of
polymers, please refer to [103]. Thermoplastic extrusion uses filaments
or granular polymer materials as feedstock for 3D printing. The largest
thermoplastic extrusion setup can be currently found at Thermwood (30
x 6.7 x 3 m) [104]. Those systems are relevant for architecture, because of
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their fabrication size, material output (up to 68.0 kg/hr), and competitive
pricing. Furthermore, an increasing number of pellet extruder providers,
such as CEAD, MassivDimension, and Pulsar, offer easier access at a
competitive cost to large-scale thermoplastic 3D printing.

Table 2.1: Thermoplastic 3DP for facade application.

Description Image
Research projects
3DP shading devices. 2016
Additive Manufacturing for daylight. Towards a cus-
tomized shading device [105]. Delft University of Tech-
nology. Digital framework for the design of 3d printed -
daylighting and shading devices. >4
~ &
=
O J——

Fluid Morphology. 2017.

Fluid Morphology — 3D-printed functional integrated
facade [40]. Technical University of Munich (TUM).
Research on monomaterial functional integrated fa-
cade with a large-scale outdoor prototype.

Sponge 3D. 2017.

Developing an integrated 3D-printed facade with com-
plex geometries for active temperature control [106]. Delft
University of Technology. Investigations on closed
cellular structures for thermal insulation in a thermo-
plastic 3D printed facade.

Double Face 2.0. 2018.

Double Face 2.0 A lightweight translucent adaptable
Trombe wall [107]. Delft University of Technology.
3D printed Trombe wall for passively reducing the
energy demands of buildings. Combining polymer
3D printing with phase changing materials (PCM).

W~
o
M\

-2
Z

Artificial aging tests of 3DP shading elements.
2019.

Fabrication and durability testing of a 3D printed facade
for desert climates [108]. Politecnico di Milano. Artifi-
cial aging tests of thermoplastic 3D printed shading
elements. Testing different materials and objects of
different size.

33



34 | 2 3D printing facades: Design, fabrication, and assessment methods

Description Image

Digital Composites. 2019.

Digital Composites: Robotic 3D Printing of Continuous
Carbon Fiber-Reinforced Plastics for Functionally-Graded
Building Components [109]. ETH Zurich. Addon 3D
printing of continuous carbon fibers on polymer 3D
printed elements.

Infill design for insulating facade. 2020.

Performance-Driven Approach for the design of cellular
geometries with low thermal conductivity for application
in 3D-printed facade components [110]. Delft University
of Technology. Development of a digital workflow to
design to optimize thermal insulation of 3DP facades.

Facade prototype. 2020.

Large-scale 3D Printing for Functionally-Graded Facade
[111]. ETH Zurich. Research on connections, infill
design and prototyping using different large-scale
3D printing setups.

Super Composite. 2021.
Super Composite: Carbon Fibre Infused 3D Printed Tec-
tonics [112]. Royal Melbourne Institute of Technology.
Centre for Innovative Structures and Materials, RMIT
University. Carbon reinforced components to over-
come weak layer-bonding.

Applied research projects

Europe Building. 2015.
Europe Building, 300m2 3DP facade for mobile event/-
conference space [113]. DUS Architects, Netherlands.

Urban Cabin. 2015.

Urban Cabin. Polymer 3D printed facade in combina-
tion with cast concrete [114]. DUS Architects, Nether-
lands.
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Description Image

AMIE. 2016.

Additive Manufacturing Integrated Enerqy—Enabling
Innovative Solutions for Buildings of the Future [115].
Oak Ridge National Laboratory, The University of
Tennessee, Skidmore, Owings & Merrill LLP. Devel-
opment and fabrication of a compact housing using
large-scale polymer extrusion.

Sensilab Studio. 2020.

Printed Assemblages, a Co-Evolution of Composite Tecton-
ics and Additive Manufacturing Techniques [116]. RMIT
University, Studio Roland Snooks. Large-scale poly-
mer 3D printing for indoor application.

One of the main challenges of thermoplastic 3DP is the anisotropic
mechanical behavior [30, 117]. The printing direction has a large impact
on the structural properties and, therefore, its final use case. In order
to overcome weak layer bonding, the project Cloud Effects from Studio
Roland Snooks [112] integrates channels in the 3DP elements that are in-
fused with continuous carbon fiber, after assembly into a larger structure.
Other projects rely on a substructure to take all critical loads or are not
intended for outdoor applications. Post-tensioning of elements as shown
by Biswas et al. [115] as a viable method of reinforcing the final geometry.
A more speculative approach has been investigated by Kwon et al. by
addon-3D printing continuous carbon fiber strands onto thermoplastic
3DP components [109].

Researchers have been increasingly investigating thermoplastic 3DP
for functional facade applications in the past decade. Researchers from
TU Delft developed a digital workflow in the Rhinoceros-Grasshopper
environment to design 3DP thermoplastic facades with internal cellular
structures to optimize thermal insulation [110]. Results were generated
using FEA simulations and calibrated by empirical data from standard-
ized heat flow meter tests. It was shown that a mono-material 3D printed
facade can be created with a 29 cm thick panel complying with the
thermal insulation requirements of the Dutch building code. ETH Zurich
researchers showed how a computational design tool can be used to
manipulate the infill structure of 3DP facades [111]. Furthermore, they
provided initial investigations on how a 3DP facade can be discretized and
assembled using 3DP connection details. Sarakinioti et al. investigated
closed cellular structures for thermal insulation in a thermoplastic 3DP
facade using an experimental ‘hot-box” set-up [106]. The authors showed
that by using a low-conductivity (PETG) material and specific cellular
structures, high-performance thermal insulation could be achieved.

Researchers focus also on using translucent/transparent thermoplastic
materials for creating functional prototypes at an architectural relevant
scale, see Table 2.1. A study at TU Delft investigated a multifunctional
3DP facade to account for annual seasonal variations in temperature

[30]: Duty et al. (2017), ‘Structure and
mechanical behavior of Big Area Addi-
tive Manufacturing (BAAM) materials’
[117]: Torrado et al. (2015), ‘Characteriz-
ing the effect of additives to ABS on the
mechanical property anisotropy of spec-
imens fabricated by material extrusion
3D printing’

[112]: Mohamed et al. (2021), ‘Super Com-
posite’

[115]: Biswas et al. (2017), ‘Additive Man-
ufacturing Integrated Energy - Enabling
Innovative Solutions for Buildings of the
Future’

[109]: Kwon et al. (2019), ‘Digital Com-
posites’

[110]: Piccioni et al. (2020), ‘A
Performance-Driven Approach for the
Design of Cellular Geometries with Low
Thermal Conductivity for Application

in 3D-Printed Facade Components’

[111]: Taseva et al. (2020), ‘Large-Scale
3D Printing for Functionally-Graded Fa-
cade’

[106]: Sarakinioti et al. (2018), ‘Develop-
ing an integrated 3D-printed facade with
complex geometries for active tempera-
ture control’



36 | 2 3D printing facades: Design, fabrication, and assessment methods

[106]: Sarakinioti et al. (2018), ‘Develop-
ing an integrated 3D-printed fagade with
complex geometries for active tempera-
ture control’

[107]: Tenpierik et al. (2018), ‘Double Face
2.0

[40]: Moritz Basil Mungenast (2019), ‘3D-
Printed Future Facade’

[108]: Grassi et al. (2019), ‘Fabrication and
durability testing of a 3D printed fagade
for desert climates’

[105]: Karagianni et al. (2016), ‘Additive
Manufacturing for daylight: Towards a
customized shading device’

[116]: Snooks et al. (2020), ‘Fabricate
2020

[113]: DUS (2015), Europe Building — DUS
Architects

[114]: DUS Architects (2015), Urban Cabin

[115]: Biswas et al. (2017), ‘Additive Man-
ufacturing Integrated Energy - Enabling
Innovative Solutions for Buildings of the
Future’

[118]: Burke (2019), 3D printing shapes
building industry, creates rapid construction
potential | ORNL

[106]. The concept uses air cavities and a water-based working fluid
to insulate and regulate heat flows through the facade. Tenpierik et al.
investigate the possibility of combining phase-changing materials (PCM)
with thermoplastic 3DP elements to create a Trombe wall [107]. They used
computational fluid dynamics (CFD) models to simulate phase change
materials encapsulated in 3d printed thermoplastic facades for thermal
control. However, the challenge of using phase changing materials in
combination with currently available 3DP thermoplastics is two-fold: a)
the 3DP parts might not always be watertight and therefore the liquid
PCM can escape the object, and b) the heat released from the PCMs might
deform the thermoplastic shell due to the material’s low glass-transition
temperature. The authors concluded that creating smaller, stacked, PCM
modules ensured less convective heat transfer in the vertical direction.
The authors concluded that creating smaller, stacked, PCM modules
ensured less convective heat transfer in the vertical direction.

A multi-performative approach was investigated by Mungenast on 3D
printed, mono-material (PETG), and multifunctional facade prototypes
[40]. Mungenast concluded the following: (i) layer alignment and inner
“infill” structures heavily influence structural failure; (ii) self-shading
geometries and internal cellular structures should be simulated and
designed to avoid facade overheating, to optimize daylight transmission,
and thermal insulation; (iii) UV testing resulted in discoloration; (iv) lack
of water tightness and presence of dust during the printing process led
to condensation and algae formation. Grassi et al. prototyped a facade
shading system for hot-dry climate conditions using high-temperature
resistant thermoplastic (Polylactic acid, PLA) with additives [108]. They
performed accelerated aging for durability testing (Temperature, UV
resistance) using the Reference Service Life method and concluded that
pure PLA shows better durability than fiber-reinforced (delamination)
and metal-colored PLA. Karagianni et al. developed a performance-
informed digital framework for the design of 3DP daylighting and
shading devices. These are fabricated using small-scale thermoplastic
3D printers and snap-fit connection allows for an easy assembly [105].
With “SensiLab Studio”(2017) and the project at “RMIT school of design”
(2020) [116] Studio Roland Snooks showcased large-scale thermoplastic
3DP for indoor applications, passing indoor fire and building regulations
in Australia. DUS architects created the facade for a temporary pavilion
for the European Union using bioplastics [113]. The printed elements
were partly used as a lost formwork for concrete. A similar approach
was taken for the Urban Cabin, a 25 cubic meter large cabin that was
entirely 3D printed out of biodegradable thermoplastics [114]. In a
collaborative research project, the Oak Ridge National Laboratory (ORNL)
has created the AMIE, the Additively Manufactured Integrated Energy
project [115]. The facade prototype (10.9m x 3.6m x 4.2m) is constructed
from multiple thermoplastic 3DP structural elements, which are insulated
using low-cost vacuum insulation pads. In another project, the ORNL
used thermoplastic 3DP formwork for casting bespoke concrete facade
panels [118].

Thermoplastic 3DP has been successfully scaled up to facade application.
Furthermore, they allow for mono-material facade solutions which can
have a positive impact on their sustainability. Although thermoplastics
has been recently used for real-scale projects, further research needs
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to tackle topics such as thermal insulation, the reaction to fire and fire
propagation, UV resistance, optical properties, and connection details.
Additionally, thermoplastic 3DP facades’ transmissive properties and
their potential solar gains require further investigation. The argument for
mono-material, multifunctional 3DP polymer facades need to be further
strengthened by investigations on sustainability aspects. It has been
shown that, depending on the method of recycling, thermoplastics can be
recycled up to 5 times without severely affecting the thermomechanical
properties [25]. Other studies show that recycling always goes in hand
with the degradation of material characteristics [23, 24]. However, these
studies directly recycle the specimens after testing them and do not
consider the lifecycle of a facade, or the aging behavior due to UV
radiation. Only by understanding the material lifecycle and the facades’
environmental and performative aspects, can holistic design approaches
toward mono-material 3DP thermoplastic facades be formulated.

2.4.2 Clay-based materials

3DP of clay-based materials contains a wide variety of approaches to
building environmentally friendly facades. Clay-based materials refer to
clay, adobe, cob, and rammed clay [119]. These materials are generally
composed of clay, gravel, sand, silt, and water, with sometimes additional
fibers and stabilizers. The fabrication technique of these materials is
dependent on the material type, and post-processing demands [120].
Adobe and green body clays can use material extrusion, compaction,
and molding [121]. Ceramics can be manufactured in a two-step process:
initially, a clay green body is digitally fabricated and then is fired in a
second step for hardening. Because ceramics require a sintering process,
they can be manufactured with binder jetting, digital light processing,
powder bed fusion, and sheet lamination. In facade applications, 3DP
of clay-based materials is advantageous because local materials can
be used. These can vary from small-scale elements such as tiles or
bricks to large-scale exterior walls [122]. Research on clay-based 3DP
facades focuses on using local clay materials to explore novel methods
for ecological wall construction, see Table 2.2 [123]. Facade elements have
been investigated for several performances, such as thermal insulation,
vapor permeability, mechanical strength, and construction efficiency.
For example, Dubor et al. and Wasp identified how such walls can be
optimized for thermal, ventilation, daylight, or structural performances
[124]. Gomaa et al. concluded that the integration of air cavities and
soil-straw elements in the fabrication process improved the thermal
insulation of brick elements [125]. Kontovourkis et al. [84] demonstrated
that toolpath planning control parameters such as 12 mm versus 4 mm
layer width results in optimized settings for 3DP wall components. These
researchers concluded that the printing time of bespoke wall elements
with complex shapes was similar to conventional ones.

The reasons for using adobe or clay for 3DP facade walls is because of their
beneficial mechanical strength, low material costs, and low environmental
impact [121]. Additionally, raw clay can be easily recyclable if they do
not contain limestone and cement. Nevertheless, 3DP of adobe and clay
is relevant for climates with lower relative humidity changes. This is
because certain 3DP clay-based materials require additional stabilizers

[25]: Vidakis et al. (2021), ‘Sustainable
Additive Manufacturing’

[23]: Latko-Duralek et al. (2019), “Ther-
mal, Rheological and Mechanical Prop-
erties of PETG/rPETG Blends’

[24]: Anderson (2017), ‘Mechanical Prop-
erties of Specimens 3D Printed with Vir-
gin and Recycled Polylactic Acid”

[119]: Gomaa et al. (2022), ‘Digital manu-
facturing for earth construction’

[120]: Perrot et al. (2018), 3D printing of
earth-based materials’

[121]: Wolf et al. (2022), ‘Additive man-
ufacturing of clay and ceramic building
components’

[122]: Abdallah et al. (2021), ‘3D-Printed
Biodigital Clay Bricks’

[123]: Fratello et al. (2020), ‘Innovating
materials for large scale additive manu-
facturing’

[124]: Dubor et al. (2018), ‘Energy Effi-
cient Design for 3D Printed Earth Archi-
tecture’

[125]: Gomaa et al. (2021), ‘3D printing
system for earth-based construction’
[84]: Kontovourkis et al. (2020), ‘Robotic
additive manufacturing (RAM) with clay
using topology optimization principles
for toolpath planning’

[121]: Wolf et al. (2022), ‘Additive man-
ufacturing of clay and ceramic building
components’
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[126]: Travitzky et al. (2014), ‘Additive
Manufacturing of Ceramic-Based Mate-
rials’

[127]: Lakhdar et al. (2021), ‘Additive
manufacturing of advanced ceramic ma-
terials’

[128]: Cruz et al. (2020), ‘Additive Man-
ufacturing of Ceramic Components for
Fagade Construction’

[84]: Kontovourkis et al. (2020), ‘Robotic
additive manufacturing (RAM) with clay
using topology optimization principles
for toolpath planning’

[129]: AlOthman et al. (2019), ‘Spatial
Print Trajectory’

[130]: Friedman et al. (2014), “Experi-
ments in Additive Clay Depositions’
[131]: Rosenwasser et al. (2017), ‘Clay
Non-Wovens: Robotic Fabrication and
Digital Ceramics’

or protection to prevent material degradation from precipitation, mold,
and high-temperature fluctuations in specific environments. A way to
mitigate these challenges is by using ceramics as a 3DP material [126].
Ceramics, compared to clay, have appealing physical and mechanical
properties, such as high-temperature strength, corrosion resistance, water
tightness, high hardness, superior mechanical properties, and electrical
and thermal conductivities [127]. For this reason, 3DP ceramics have been
implemented for facade application in the form of modular components,
such as bricks, tiles, or cladding [128]. Nevertheless, the disadvantages
of these materials is that they require additional fabrication energy due
to the sintering step, and they cannot be recycled and reused. Therefore,
ceramics are not considered a viable solution from a sustainability
perspective. An essential part of the 3DP process of clay-based materials
is the computational framework. Recent research in computational design
has focused on non-conventional form-finding [84]. AlOthman et al.
displayed how to 3DP spatial toolpaths compared to layered deposition
techniques to optimize fabrication time potentially and material use [129].
At the same time, Friedman et al. and Rosenwasser et al. incorporated
weaving techniques in the 3DP process. They proved the 3DP clay
potential on non-flat surfaces to reduce fabrication time [130, 131].

Table 2.2: Clay-based 3DP for facade application.

Description Image

Research projects

Clay Non-Wovens. 2017.

Clay Non-Wouvens [131]. Cornell Univer-
sity, Sabin Design Lab. Woven system
of porous cladding panels for natural
daylighting performances.

3DP earth architecture. 2017.
Energy Efficient Design for 3D Printed
Earth Architecture [124]. Institute for
Advanced Architecture of Catalonia.
Analysis of 3D printed mud perfor-
mance and simulation for the opti-
mization of a wall prototype.

Spatial Print Trajectory. 2018.

old, Spatial Print Trajectory: Controlling
Material Behavior with Print Speed, Feed
Rate, and Complex Print Path [129]. Har-
vard University. Controlling clay mate-
rial behavior with 3D print speed, ex-
trusion rate, and complex print path.
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Description Image

Biodigital Clay Bricks. 2021.
3D-Printed  Biodigital Clay Bricks
[122]. Universitat Internacional de
Catalunya, Helwan University. 3D
printed clay bricks.

CO-MIDA. 2022.

CO-MIDA : Biophotovoltaic Vertical Gar-
dens 3D Printed With Clay [132]. Insti-
tute for Advanced Architecture of Cat-
alonia. Ceramic modular tiles made
of 3D printed clay, for growing edible
plants in built environments.

Applied research projects

Cabin of 3D printed curiosities.
2018.

Innovating materials for large scale ad-
ditive manufacturing: Salt, soil, cement
and chardonnay [123]. Emerging objects.
Glazed 3D-printed ceramic cladding
system that serves as a rain screen.

New Delft Blue. 2019.

New Delft Blue [133]. Studio Rap.
Glazed ceramic tiles manufactured
with material extrusion.

TECLA. 2021.

TECLA Technology and Clay 3D Printed
House [134]. Mario Cucinella Archi-
tects, WASP. House built with raw
earth in a material extrusion process.

Nevertheless, 3DP of clay-based materials is confronted with several
fabrication challenges. High deformation is a predominant issue because
of the water content and post-processing firing temperatures. For instance,
shrinkage of the elements is a challenge due to water evaporation during
material drying or sintering, which in turn leads to sample deformation
and even cracking. The cracking of non-sintered clay constructions can be
solved by filling the gaps; however, this process requires post-processing.

39
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[135]: Seibold et al. (2019), ‘Janus Print-
ing: Coextrusion based Multi-material
Additive Manufacturing for Ceramics’

[136]: Furet et al. (2019), ‘3D printing for
construction based on a complex wall of
polymer-foam and concrete’

[137]: Wangler et al. (2019), ‘Digital Con-
crete’

[138]: Bhattacherjee et al. (2021), ‘Sustain-
able materials for 3D concrete printing’

[139]: Mohammad et al. (2020), ‘3D Con-
crete Printing Sustainability’

[138]: Bhattacherjee et al. (2021), ‘Sustain-
able materials for 3D concrete printing’

[140]: Xiao et al. (2020), ‘3D recycled mor-
tar printing’

[141]: Xiao et al. (2021), ‘Fiber-reinforced
mortar with 100% recycled fine aggre-
gates’

[142]: Kloft et al. (2020), ‘Reinforcement
strategies for 3D-concrete-printing’
[143]: Asprone et al. (2018), ‘Rethinking
reinforcement for digital fabrication with
concrete’

[144]: Mechtcherine et al. (2021), ‘Integrat-
ing reinforcement in digital fabrication
with concrete’

[145]: Bos et al. (2017), ‘Experimental Ex-
ploration of Metal Cable as Reinforce-
ment in 3D Printed Concrete’

[146]: Geneidy et al. (2020), ‘Simultane-
ous Reinforcement of Concrete While 3D
Printing’

[142]: Kloft et al. (2020), ‘Reinforcement
strategies for 3D-concrete-printing’

[147]: Bos et al. (2022), ‘The realities of
additively manufactured concrete struc-
tures in practice’

For facade application, water-tightness is required in specific climates,
which limits the use of clay-based materials. Additionally, printing-
induced defects, such as air inclusions in printed beads, reduce the
structural performance of the printed object compared to conventional
(e.g.-rammed) elements. However, controlled air inclusions potentially
have a positive impact on the thermal resistance of the printed component.
3DP of clay-based materials can be used for specific applications, to
achieve environmentally friendly facade systems. Sustainability plays
a key role in building 3DP clay-based facades. These materials are
advantageous due to their recyclability and minor negative environmental
impact. However, the challenges in the fabrication process require further
exploration that can be overcome by investigations on deformation
control, tensile strength optimization, and material response to the
environment. Future possibilities can rely on using multiple clay body
types, on making functionally-graded materials with a dual-material
nozzle and adding a fourth axis to the 3DP setup [135].

2.4.3 Concrete

In the past two decades, 3DP of concrete has gained increased attention
from the research community as well as industry. The maturity of this
3DP method is showcased by the high number of start-ups (e.g., Xtree,
Aeditve, COBOD, WASP) and construction companies focusing on this
specific part of 3DP for AEC, such as PERI, and SIKA. Concrete can be
3DP using different approaches like extrusion-based 3DP, shotcreting,
casting concrete in 3DP formwork, selected cement activation, or 3DP of
foamed concrete [136]. A comprehensive overview of different fabrication
methods of concrete 3DP can be found here [137]. The environmental
impact of concrete 3DP is largely defined by its binding agent [138]
and the construction scheme used [139]. High cement contents in 3DP
concrete increase the embodied energy of the printed object, and therefore,
alternative binding agents are investigated [138]. In parallel, the potential
of recycled aggregates is explored [140, 141]. Major research topics of
3DP concrete, like reinforcement and challenges in regards to scaling up
the process, have been investigated in depth by [142-144]. Over the past
years, different trajectories for reinforcing 3DP concrete structures have
been investigated. For extrusion-based concrete printing, those range
from embedding a metal wire within the bead while printing [145], or
shooting metal clamps through printed layers [146]. As an alternative way
to 3DP concrete, shotcrete has proven to incorporate regular rebar and
create load-bearing elements in an automated manner [142]. However,
its application compared to extrusion-based processes is low. Bos et al.
have concluded that the structural application of extrusion-based 3DCP
elements is still limited due to the lack of regulatory and limited options
for reinforcements [147]. Therefore contemporary projects mainly focus
on either, using 3DCP elements as lost formwork for regular reinforcing
and casting, or creating unreinforced masonry structures.

As concrete 3DP technology becomes more mature, the control over
fabrication parameters is improving, researchers recently investigated
topics that go beyond the free-form design and structural integrity of
the facade component, see Table 2.3. For facades application, thermal
resistance, sound insulation, and absorption are performances of great
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relevance. Research on these topics is summarized in the following
paragraphs.

Table 2.3: Concrete 3DP for facade application.

Description Image

Research projects

3DP foam for cast concrete. 2017.
Toward site-specific and self-sufficient
robotic fabrication on architectural scales
[148]. Mediated Matter Group, MIT
Media Lab, Massachusetts Institute
of Technology. Robotic on-site 3D
printed foam as lost-formwork for con-
crete.

Robotic concrete surface finish-
ing. 2018.

Robotic concrete surface finishing: a
moldless approach to creating ther-
mally tuned surface geometry for ar-
chitectural building components us-
ing Profile-3D-Printing [149]. Carnegie
Mellon University. Prototyping con-
crete surfaces to tune heat absorption,
storage, and dissipation.

Foamed 3DP Concrete. 2019.
Ultra-lightweight foamed concrete
for an automated facade application
[150]. RWTH Aachen. Development
of ultra lightweight foamed concrete
(150kg/m3) for spraying/extruding
onto vertical walls.

3DP of lightweight concrete.
2020.

Additive Manufacturing by Extrusion of
Lightweight Concrete - Strand Geometry,
Nozzle Design and Layer Layout [151].
Technical University of Munich. Inves-
tigations of nozzle design, layer layout
for lightweight concrete extrusion. Ad-
dition of perlite and wood particles to
improve thermal resistance.

Thermal and sounds isolation of
3DPC. 2020.

Thermal and Sound Insulation of Large-
Scale 3D Extrusion Printing Wall Panels

[152]. SCG Cement, Bangkok. Inves- R v &

tigation on thermal and acoustic in-
sulation of 3D concrete printed wall
elements.

S
Double wall Wall B
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[155]: Van Der Putten et al. (2020), ‘3D
Concrete Printing on Site”

[149]: Bard et al. (2018), ‘Robotic concrete
surface finishing’

Description

Shotcrete 3D Printing. 2020.
Shotcrete 3D Printing Technology for
the Fabrication of Slender Fully Rein-
forced Freeform Concrete Elements with
High Surface Quality: A Real-Scale
Demonstrator [153]. Technical Univer-
sity of Braunschweig. Fully reinforced,
large-scale demonstrator created us-
ing shotcrete 3D printing.

Thermally enhanced lightweight
concrete wall. 2021.

Additive Manufacturing of Thermally En-
hanced Lightweight Concrete Wall Ele-
ments with Closed Cellular Structures
[154]. Technical University of Munich.
Closed cellular infill structures for a
thermal performant 3DP concrete fa-
cade. Customization with 2D thermal
performance simulation.

Applied research projects

3DP foam for cast concrete. 2019.
3D printing for construction based on
a complex wall of polymer-foam and
concrete [136]. University of Nantes.
Robotic foam 3D printed formwork.
Deviation measurement and real-
world demonstrator.

On-site concrete 3DP. 2020.

3D Concrete Printing on Site: A Novel
Way of Building Houses [155] Ghent
University, Beneens Construction &
Interior, Saint-Gobain Weber Beamix.
3D printed house with different insu-
lation strategies.

Different research trajectories have been investigating the thermal perfor-
mance of 3DP concrete or how to thermally insulate the 3DP building
component. For extrusion-based 3DP concrete, two main strategies are
identified: i) cladding the finished component with insulation mate-
rial, and ii) filling up the internal cavities with insulation material. The
KampC-House showcases both examples in a real-world application
[155]. In addition to that, Bard et al. [149] introduced ‘thermal design’
within the robotic construction of building components by connecting
the behavior of airflow and heat transfer with robotic tool-path planning.
The researchers used the process to prototype the surface geometry of
concrete facades to tune heat absorption, storage, and dissipation. The
process combined measured thermal data and simulated input with
robotic manufacturing techniques. 3DP polymer foam can be used as
a lost formwork for cast concrete, as a load-bearing approach for in-
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sulating facades [148]. A similar approach is used by Furet et al. and
the company Batiprint3d where a mobile robotic arm sprays foam as
a lost formwork on the construction site [136]. However, the potential
health risks connected to the organic foam of these methods require
an investigation of alternative solutions, such as inorganic foams [156].
Adams et al. demonstrated how concrete can be foamed in a shotcrete-3D
printing approach. The research successfully identified that a concrete
foam with a density of only 150 kg/m3 can be applied to vertical surfaces
[150]. Although this ultra-lightweight foamed concrete mix displays good
thermal performance and fire resistance, the material strength is very low
and thus not suitable for facade application. Another approach to increase
the thermal resistance of 3D-printed concrete is the use of lightweight
additives. The research from Liu et al. used expanded perlite to replace
sand in the dry mix shotcrete [157]. They proved that 75% sand substi-
tuted with expanded perlite aggregate offers superior thermal properties
without compromising its mechanical performance. Additionally, Henke
et al. used perlite or wood aggregates to create lightweight mixes for
extrusion-based concrete 3D printing [151]. Dielemans et al. investigated
cellular geometries as thermal insulation for 3D-printed concrete struc-
tures by using a design workflow that includes geometric, material, and
fabrication parameters. The authors used 2d (conduction and radiation)
heat transfer models and concluded that cell partitioning along the heat
transfer direction improves thermal insulation by limiting convection
even if the air-solid ratio decreases [154]. Similar to this research, on how
the geometrical features of 3DP concrete can increase thermal resistance,
Prasittisopin et al. investigate how geometrical differentiation improves
acoustic properties [152]. However, this research trajectory seems to offer
only limited applicability, as sound absorption can only be achieved
for specific frequencies. Further research is needed to understand and
improve the acoustic properties of 3DP concrete.

To conclude, concrete 3DP has the potential to create bespoke facade
components. Major improvements in process and material development
have made it possible to create components at an architectural scale.
Nevertheless, facade-relevant topics, such as thermal and acoustics
comfort, have not yet been sufficiently investigated. The manufacturing
parameters of the printed component, as well as the assembly details, have
a great impact on acoustics performance. The physical separation of single
3DP components needs to be investigated to holistically tackle this topic.
For this reason, the topic of connections and how to accommodate thermal
expansion and air-water permeability requires further investigation [158].
Nevertheless, the potential 3DP concrete for facade applications confines
in successfully combining the displayed research examples. For example,
a fully reinforced shotcrete wall element [153] can be combined with
lightweight, thermally insulated shotcrete layers [157] that not only
increase the thermal performance but have the potential to increase sound
absorption and improve indoor comfort. Additionally, the fabricated
geometry can be designed to enhance the thermal performance [154] to
create a high-performance bespoke facade element.

2.4.4 Metal

Metal 3DP has been progressively adopted in the construction, biomedi-
cal, aerospace, automotive, and marine industries [159]. For this technique,

[148]: Keating et al. (2017), “Toward site-
specific and self-sufficient robotic fabri-
cation on architectural scales’

[136]: Furet et al. (2019), ‘3D printing for
construction based on a complex wall of
polymer-foam and concrete’

[156]: Bedarf et al. (2021), “‘Foam 3D print-
ing for construction’

[150]: Adams et al. (2019), ‘Ultra-
lightweight foamed concrete for an auto-
mated facade application’

[157]: Liu et al. (2014), “Thermal prop-
erties of lightweight dry-mix shotcrete
containing expanded perlite aggregate’

[151]: Henke et al. (2020), ‘Additive Man-
ufacturing by Extrusion of Lightweight
Concrete - Strand Geometry, Nozzle De-
sign and Layer Layout’

[154]: Dielemans et al. (2021), ‘Additive
Manufacturing of Thermally Enhanced
Lightweight Concrete Wall Elements
with Closed Cellular Structures’

[152]: Prasittisopin et al. (2020), “Thermal
and Sound Insulation of Large-Scale 3D
Extrusion Printing Wall Panel’

[158]: Pessoa et al. (2021), 3D printing in
the construction industry - A systematic
review of the thermal performance in
buildings’

[153]: Hack et al. (2020), ‘Shotcrete 3D
Printing Technology for the Fabrication
of Slender Fully Reinforced Freeform
Concrete Elements with High Surface
Quality’

[157]: Liu et al. (2014), “Thermal prop-
erties of lightweight dry-mix shotcrete
containing expanded perlite aggregate’

[154]: Dielemans et al. (2021), ‘Additive
Manufacturing of Thermally Enhanced
Lightweight Concrete Wall Elements
with Closed Cellular Structures’

[159]: Buchanan et al. (2019), ‘Metal 3D
printing in construction’
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[67]: Ngo et al. (2018), ‘Additive manu-
facturing (3D printing)’

[160]: Das et al. (2016), ‘Metallic materials
for 3D printing’

[161]: Duda et al. (2016), ‘3D Metal Print-
ing Technology”

[162]: Vitug (2020), Rapid Analysis
and Manufacturing Propulsion Technology
(RAMPT)

[163]: Gardner et al. (2020), ‘Testing and
initial verification of the world’s first
metal 3D printed bridge’

[164]: Shakeri (2022), Remnants of a Future
Architecture, by Roland Snooks

[165]: Frazier (2014), ‘Metal Additive
Manufacturing’

[166]: Raspall et al. (2018), ‘International
Association for Shell and Spatial Struc-
tures (IASS)’

[167]: Kassabian et al. (2017), ‘3D Metal
Printing as Structure for Architectural
and Sculptural Projects’

[60]: Straufs (2013), “AM Envelope: The
potential of Additive Manufacturing for
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[168]: Mohsen (2020), Li3-Method

[76]: Materialise et al. (2021), The Spider
Bracket

[169]: Galjaard et al. (2015), ‘New Oppor-
tunities to Optimize Structural Designs
in Metal by Using Additive Manufactur-
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cent developments in metal additive
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[172]: Attaran (2017), ‘The rise of 3-D
printing’
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ing Technology’
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[171]: Aghaei Meibodi et al. (2019), ‘Be-
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metal and alloys are usually used in powder or wire form [67, 160]. These
materials are melted by a high-energy source in a layer-by-layer deposi-
tion to form a solid part. For Metal 3DP different processes can be used.
The most notable techniques are powder bed fusion, direct energy depo-
sition (DED), binder jetting, sheet lamination, material extrusion, and
stereolithography [161]. For large-scale fabrication, several projects have
displayed the potential of metal 3DP, with DED as one of the widest-used
techniques. For example, NASA 3DP with DED, a rocket thrust chamber,
as part of the Rapid Analysis and Manufacturing Propulsion Technology
project [162]. MX3D manufactured a metal bridge with wire arc additive
manufacturing (WAAM), which is also a DED technique [163]. Similarly,
Roland Snooks, together with RMIT Architecture Tectonic Formation
Lab and FormX Technology, fabricated with WAAM a large-scale metal
installation [164]. Nevertheless, these AM large-scale developments have
not yet been used to fabricate facades.

For facade application, metal 3DP has been mostly investigated for
the fabrication of small-scale elements and nodes of bespoke curtain
walls, see Table 2.4. Nodes are essential facade elements with high
structural demands. The metal 3DP process is advantageous for node
manufacturing because of the free-form design potential of complex
geometries with superior mechanical strength, resistance to fatigue and
fracture toughness [165]. For this reason, in the last decade, metal 3DP
nodes have been of particular interest to industry and academia [166, 167].
For example, the Nematox node has been designed for critical zones of
bespoke facade geometries where high mechanical strength is required
[60]. Li3 Lithium Designers GmbH has been developing topologically
optimized 3DP metal nodes for custom facade-systems designs [168].
These nodes have been augmented through topology optimization by
distributing the material where it is required and creating lightweight
parts. Others also used topology optimization by enabling a free-form
design that responds to structural loads [76, 169].

However, there are multiple challenges for metal 3DP processes. For
example, powder-based 3DP techniques suffer from limited component
size, a slow fabrication time, and high material prices [170]. Although
stereolithography or digital light processing are high-precision tech-
niques, they require post-processing and have a small build volume
[171]. Direct energy deposition, such as wire arc-based technique, can
potentially facilitate large-scale components [172]. For the application
of facades, metal large-scale manufacturing is challenging and relies
heavily on material properties and fabrication constraints. For this reason,
there have been scarce investigations on large-scale Metal 3DP facades. A
cost-effective material with lower porosity would be advantageous with
a deposition strategy to prevent cracking, delamination, swelling, and
warping [161]. Additionally, the post-optimization steps of facade nodes
require high-level and time-consuming computational skills [169]. This
is because the optimization process is not entirely automated. A human
operator usually investigates the quality control of these metal parts and
modifies them accordingly throughout the entire design-to-fabrication
process. The Bespoke Cast Facade is a rare example of a large-scale cast
aluminum structure in a 3DP sand mold [171]. Current investigations of
metal 3DP facades are still in development and require quality control.
The lack of standardized guidelines and practices limits the validation
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and reliability of these results.

Table 2.4: Metal 3DP for facade application.

Description Image

Research projects

Tensegrity node. 2015.

New Opportunities to Optimize Struc-
tural Designs in Metal by Using Addi-
tive Manufacturing [169]. Arup. Com-
parison between a traditional node in
galvanized steel, and a 3DP one made
from maraging steel.

Nematox II. 2016.

AM Envelope: The potential of Additive
Manufacturing for facade construction,
Architecture and the Built environment
[60]. Delft University of Technology.
Printed nodal point in aluminum for
bespoke glass windows.

The Spider Bracket. 2016.

39] The Spider Bracket: A Topology Op-
timization Project by Altair, Materialise
and Renishaw [76]. Topologically op-
timized bracket manufactured with
laser melting process.

Bespoke node. 2017.

3D metal printing as structure for ar-
chitectural and sculptural projects [167].
3DP connectors for articulated glass
panels in a facade.

3D Printed Space Frames. 2018.
3D Printed Space Frames [166]. Singa-
pore University of Technology and De-
sign, Massachusetts Institute of Tech-
nology. 3DP nodes with tags to facili-
tate an easy assembly process.
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[174]: Colorado et al. (2020), ‘Sustainabil-
ity of additive manufacturing’

[175]: Gomez et al. (2021), ‘3D-Printed
Self-Healing Elastomers for Modular
Soft Robotics’

[176]: Behera et al. (2022), ‘Chapter 19 -
Fabrication of nanostructures with excel-
lent self-cleaning properties’

[177]: Gutierrez et al. (2021), “The poten-
tial of additively manufactured mem-
branes for selective separation and cap-
ture of CO2’

Description Image

Cast Alu in 3DP mold. 2019.
Bespoke Cast Facade: Design and Additive
Manufacturing for Aluminum Facade EIl-
ements [171]. ETH Zurich. Aluminum
poured in a 3D printed sand mold for
facades.

Applied research projects

Facade inserts. 2019.

3D-Printed bespoke facade [173]. FIT Ad-
ditive Manufacturing Group. Facade
panel inserts customized by 3DP.

Alu 3DP nodes. 2020.

Design to Manufacture of Complex fa-
cades [168]. Lithium Architects GmbH.
N-AM Li3 project component test —
Steel construction connected to the N-
AM Li3 node.

To summarize, metal 3DP has been mostly investigated for bespoke
nodes, as it offers excellent opportunities for structural elements. These
materials have a high degree of recyclability, compared to polymers,
concrete, and ceramics [174]. Additionally, free-form design and topology
optimization facilitate the fabrication of efficient and custom-tailored
features. Nevertheless, 3DP of large-scale facade components are still
in its infancy. Further investigation is required to implement large-scale
3DP nodes in real-world case scenarios. Such as building elements that
integrate well with 3DP facade nodes and would create added value in
terms of environmental performance and CO2 footprint. However, as the
commercialization of WAAM advances, the authors see the potential for
durable and bespoke large-scale metal facades

2.4.5 Alternative Processes

This section presents experimental materials and fabrication techniques
that, although relevant for facade application, are still in an early stage of
development and have not reached an architecture-relevant scale. Such
limitations indicate that these processes fall in the category of future
potential rather than an applied facade fabrication technique. The alterna-
tive methods of this section include glass 3D printing, self-healing [175],
self-cleaning [176], CO2 capturing [177], and shape-memory materials
(SMM), see Table 2.5. Generally, SMM, also known as smart materials,
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are the materials investigated the most and have been classified as 4D
printing processes. SMMs respond to various actuation mechanisms,
such as pre-tension [178], or changes to moisture, temperature, light,
current, or pH level [179-181].

Shape Memory Materials

SMM processes have been investigated for facade applications due to
their responsive behavior. It has been theorized that climate actuators
can modify in real time the facade response to the environment, such
as sun, humidity, wind, and temperature fluctuations, see 2.5. The
manufacturing principles include design strategies towards material
modification, and geometry amplification [182]. For example, Yi et al.
investigated 4D printing for a climate-specific building skin. A two-way
shape memory effect of the 3DP polymer was analyzed in a small-scale
prototype, which demonstrated reliable reversibility of the shapeshift
[183]. Another design potential for facade application is the 3D printing of
polymers on textiles, creating active membrane elements and structures
[178]. Dynamic shading for facades has been investigated using 4D-
printed actuators that respond to various humidity levels [184, 185]. The
results prove the potential of self-actuated mechanisms for responsive
facade designs.

SMM showcases a great potential for active climate-specific facades.
However, there are significant challenges in regard to facade application,
as SMM are typically less durable and relatively fragile [186]. Additionally,
material reversibility to the original configuration becomes challenging
after repetitive use. For this reason, future developments require a
multidisciplinary approach to achieve the technological transfer from
material science to architecture. Furthermore, advancements in materials
and fabrication processes are essential to solve the issue of material
degradation [187].

3D Printing of glass

Despite the notorious difficulties in shaping glass due to the high tem-
peratures required, it has been investigated as a material for 3DP [188].
3D printing of glass comprises a variety of techniques: Stereolithography
(SLA) and digital light processing (DLP), Selective laser sintering /melting,
direct ink writing, and vat photopolymerization [189]. These techniques
allow high-resolution fabrication of complex components for optical
and microfluidic applications. Only recently, extrusion-based processes
have been investigated to scale up to an architecturally relevant scale.
Researchers from MIT, demonstrated the capability of large-scale glass 3D
printing through the fabrication of three-meter tall columns assembled
out of multiple large-scale components [190]. Maple Glass Printing [191]
is an Australian company that also focuses on scaling up this technique
and its commercialization. Their current 3D printer offers a build volume
of 170 x 200 x 300 mm.

In the future, 3DP glass will hold great potential for the application of
facades due to its mechanical strength and optical transparency. Still in its
infancy, further research needs to investigate performance characteristics

[178]: Agkathidis et al. (2019), ‘Active
membranes’

[179]: Vazquez et al. (2019), ‘Designing
for shape change’

[180]: Abdel-Rahman et al. (2018), “‘Heat-
actuated auxetic facades’

[181]: Ahmed et al. (2021), 4D printing’

[182]: Vazquez et al. (2019), ‘Shape-
changing architectural skins’

[183]: Yi et al. (2021), ‘Prototyping of 4D-
printed self-shaping building skin in ar-
chitecture’

[178]: Agkathidis et al. (2019), ‘Active
membranes’

[184]: El-Dabaa et al. (2021), ‘4D printing
of wooden actuators’

[185]: Correa et al. (2015), ‘3D-Printed
Wood’

[186]: Mallakpour et al. (2021), ‘3D and
4D printing’

[187]: Alshahrani (2021), ‘Review of 4D
printing materials and reinforced com-
posites’

[188]: Kotz et al. (2017), ‘Three-
dimensional printing of transparent
fused silica glass’

[189]: Zhang et al. (2021), ‘3D printing
of glass by additive manufacturing tech-
niques’

[190]: Inamura et al. (2018), ‘Additive
Manufacturing of Transparent Glass
Structures’

[191]: Maple Glass Printing Ltd. (2021),
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as well as improvements in the fabrication process to fully harvest its
potential.

Table 2.5: Alternative 3DP processes for facade application.

Description Image

Heat-actuated auxetic facades.
2018.

Heat-Actuated Auxetic Facades [180]. Au-
todesk, Steinberg Architects. Auxetic

patterns for reconfigurable shading ‘

elements in a facade.

1

4DP hygroscopic actuators. 2018.
4D printing of wooden actuators: en-
coding FDM wooden filaments for ar-
chitectural responsive skins [184]. Arab
Academy for Science, Technology and
Maritime Transport. 3DP wooden re-
sponsive actuators for adaptive fa-
cades with dynamic shading configu-
rations.

3DP glass. 2018.

Additive Manufacturing of Transparent
Glass Structures [190]. Massachusetts
Institute of Technology. Demonstra-
tion of novel large-scale glass 3D print-
ing technology through the design of
3-m tall columns.

Thermoresponsive facade ele-
ments. 2019.

SMP Prototype Design and Fabrication
for Thermoresponsive Facade Elements
[192]. University of Seoul. Shape Mem-
ory Polymers prototypes are proposed
in cell types for facade shading.

4D-printed self-shaping build-
ing skin. 2021.

Prototyping of 4D-printed self-shaping
building skin in architecture: Design, fab-
rication, and investigation of a two-way
shape memory composite [183]. Ajou Uni-
versity. Design, fabrication, and inves-
tigation of a two-way shape memory
composite facade panel.




2.5 Performance Assessment for 3DP Facades | 49

Description Image

Hygroscopic actuators. 2021.
3D-Printed Wood: Programming Hygro-
scopic Material Transformations [185].
University of Stuttgart, Massachusetts
Institute of Technology. 3DP custom
wood grain structures to promote tun-
able self transformation.

3DP glass. 2022.

Glass 3D Printing, Maple Glass Print-
ing Ltd [191]. Maple Glass Printing.
Demonstration of commercializing re-
cycled glass 3D printing technology.

2.5 Performance Assessment for 3DP Facades

State-of-the-art research in 3D printing in architecture and construc-
tion demonstrates iterative workflows that integrate essential facade
performances in the design process. The reviewed studies highlight the
difficulties connected to integrating and measuring the performance met-
rics of 3DP facades. Irrespective of the material-technology combination,
researchers and designers face similar challenges when it comes to quan-
tifying the thermo-optical behavior, weather resistance, and durability of
3DP facades.

First of all, obtaining consistent performance results over a batch of
3DP components is usually a challenging task [64], for the difficulty in
maintaining continuity and quality in the extrusion process [125]. More-
over, insufficient control over the rheological and hardening properties
of the printing materials poses a challenge to the achievement of high
performances [84]. This is even more crucial in ceramic manufacturing,
as the sintering or curing process contributes to uneven shrinkage and
microcracking of the elements. This brings limited predictability of the
final outcome, contributing to challenges in standardizing 3DP ceramic
parts for performance assessment. Moreover, the material type and mix
play an essential role in thermal conductivity characterization. Thermal
performance simulation of 3DP cellular structures requires an under-
standing of the multiple heat transfer modes within porous geometries.
It needs to include the modeling of 3-dimensional buoyancy-driven heat
transfer and its validation through experiments [154]. In the study of
insulation and thermal bridging, the effect of printing parameters, such as
layer thickness and height, has not been sufficiently researched [154, 193].
Regarding solar and daylighting properties, specifically thermoplastics,
the relation between printing settings, geometry, and performance needs

[64]: Paoletti (2017), “Mass Customization
with Additive Manufacturing’

[125]: Gomaa et al. (2021), ‘3D printing
system for earth-based construction’

[84]: Kontovourkis et al. (2020), ‘Robotic
additive manufacturing (RAM) with clay
using topology optimization principles
for toolpath planning’

[154]: Dielemans et al. (2021), ‘Additive
Manufacturing of Thermally Enhanced
Lightweight Concrete Wall Elements
with Closed Cellular Structures’

[154]: Dielemans et al. (2021), ‘Additive
Manufacturing of Thermally Enhanced
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with Closed Cellular Structures’

[193]: De Witte et al. (2017), ‘Convective
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[40]: Moritz Basil Mungenast (2019), ‘3D-
Printed Future Facade’

[105]: Karagianni et al. (2016), ‘Additive
Manufacturing for daylight: Towards a
customized shading device’

[106]: Sarakinioti et al. (2018), ‘Develop-
ing an integrated 3D-printed facade with
complex geometries for active tempera-
ture control’

[194]: Seshadri et al. (2021), ‘Parametric
design of an additively manufactured
building facade for bespoke response to
solar radiation’



50 | 2 3D printing facades: Design, fabrication, and assessment methods

[40]: Moritz Basil Mungenast (2019), ‘3D-
Printed Future Facade’
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Prediction of Dynamic Complex Fenes-
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[197]: Piccioni et al. (2023), “Tuning the
Solar Performance of Building Facades
through Polymer 3D Printing’
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mental design guidelines for digital fab-
rication’
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mental design guidelines for digital fab-
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to be investigated [40, 105, 106]. In this direction, Seshadri et al. [194]
propose a data-driven characterization of the optical performance of
3DP facades to be embedded in a parametric design tool for building
facades. However, there is still a lack of understanding of the effects
of fabrication parameters on optical properties and the interaction of
thermal and optical domains.

The application of standardized durability and weather-tightness testing
procedures to 3DP facades is in its infancy. Preliminary and short-term
accelerated testing has been performed, and observed UV degradation
of 3DP polymer samples[40, 108]. Due to the lack of built examples,
however, standardized testing of full-scale prototypes is also required to
obtain representative results for the expected service life of 3DP facade
components. In general, the effects of coating and post-processing to
achieve weather resistance have not been sufficiently addressed [106,
108].

2.5.1 Performance indicators and standards

The performance characterization of digitally fabricated facade compo-
nents poses a series of challenges. First, the simplified models prescribed
by facade standards (e.g., ISO 6946, ISO 10077-12, and ISO 15099) can not
fully be applied to complex and bespoke geometries [195, 196]. Further-
more, the standard averaged performance indicators, such as u-value
or solar heat gain coefficient (SHGC), are not able to capture the hetero-
geneous and site-specific properties that 3DP facades can exhibit [197].
Secondly, as no specific fabrication standard has been established for 3DP
facades, complying with existing norms is a challenge, and extensive
testing is required [158]. This can mean a huge effort when bespoke
geometries are involved, and it is often not feasible to test all the different
specimens. Therefore, a combination of analytical, computational, and
experimental methods should be used for effective performance assess-
ment. Such an approach has not been found in most of the reviewed
studies, and the development of general methodologies of performance
assessment of non-standard facades [198] holds great potential for 3DP
components.

Besides performance capabilities, environmental impact is becoming a
crucial aspect in facade design [68, 199]. The application of LCA to 3DP
building components is currently at an early stage. However, some studies
reveal that the fabrication process itself contributes minimally to the
overall environmental impact of the components [6]. Material production
has the highest environmental impact and, therefore, reduction in the
amount of material use and embedding multiple functionalities in a single
component are critical strategies [6, 200]. In light of this, there have been
efforts towards 3DP of recycled polymers with built examples relevant
to the building scale [36, 201]. However, none of the reviewed studies
addresses the assessment of operational emissions of spaces or buildings
equipped with such components, which would clarify the impact of
hybrid and tailored performances in the use phase of these components
[65]. A comprehensive assessment of building facades, and 3DP ones,
should include environmental impact indicators. Additionally, there is a
growing research interest in the social and economic implications of 3DP
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in relation to business models, labor market, and working conditions
[202].

2.5.2 Need for new modeling approaches

As presented in the previous section, the challenges of performance
assessment of 3DP parts connect to the complex interactions between
material, geometry, and fabrication. On the first level, the properties of
the 3DP materials are affected by the fabrication process. The extrusion
and subsequent layered deposition of material cause changes in material
properties and anisotropy, so the thermal, mechanical, electrical, and
optical behaviors of the 3DP material differ from those of the solid
one [203, 204]. Furthermore, AM-induced geometrical irregularity can
have important effects on their mechanical behavior [205, 206]. For 3DP
facades, structural anisotropy has been widely investigated, and different
studies show how to account for this in the design of the components [56,
117, 207, 208]. The effect of fabrication parameters on other properties
such as thermal conductivity [209], optical properties [210], and electri-
cal insulation [211] is mainly under investigation outside the building
domain. Performance modeling of 3DP facade components could greatly
benefit from the adoption of well-established methods from other fields,
such as automotive, aerospace, and material engineering. Fabrication-
induced material behaviors and properties are often investigated through
experimental campaigns. Small-scale material samples are fabricated
and tested to obtain material properties databases [207, 212]. Moreover,
experimental data can be used to train generative statistical models
allowing for structural performance predictions for AM steel, at higher
dimensional scales [213]. Another approach is the simulation of the 3DP
process by means of computational fluid dynamics (CFD) and finite
element (FE) simulation. It was shown that the numerical study of the
rheological behavior of the printing material and its hardening is key to
understanding the properties of 3DP parts [214, 215]. At the component
level, the 3DP material behavior and the geometry-dependent properties
need to be simulated. This is a common challenge when designing infill
porous structures, and TO components (Section 2.4.4) [73, 76]. In contrast
to traditional standardized facade components, 3DP ones often exhibit
heterogenous properties [110, 111]. Therefore, the validation of numerical
models is done through testing of large-scale components [152, 195].

Multiscale modeling is a commonly used approach in engineering to
bring together the physical phenomena that occur at various dimensional
scales in 3DP components, and enable the designer’s control over the
entire process [216]. This approach is based on the simultaneous modeling
of the physical phenomena occurring at the material and component level
and bridging between the scale by means of homogenization, averaging
techniques, and statistical analysis, among others [217]. Over the last
decade, multiscale approaches to modeling have reached maturity for
3DP metal parts [218] and accelerated the establishment of metal 3DP
for fabricating functional parts. The authors believe that this approach
would be beneficial to improve the fundamental understanding of the
behavior of 3DP components for facade applications and enhance their
performance. Because of this new level of complexity, there has been
little attempt at investigating the behavior of 3DP facades once applied
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to buildings. The lack of built examples and post-occupancy data makes
it imperative to investigate each project’s performance and durability
aspects. At the same time, current building performance simulation (BPS)
tools often lack the ability to account for interactions between physical
domains, and spatial and time scales [59]. Building-scale performance
assessment could be done in living labs where research buildings are used
as a test-bed for the performance monitoring of innovative components
[219-221].

2.6 Discussion and Conclusion

In this chapter, we reflect on and discuss the different aspects of 3DP
of facades reviewed in this paper. Over the last decade, research has
focused on establishing large-scale 3DP processes in the AEC sector using
different technologies, resulting in general public awareness, investments
of established construction companies in 3DP technologies, as well as the
creation of start-ups. However, research related to 3DP facades is a novel
topic, which has gained increased visibility in the past decade. To this
date, few fundamental studies have tackled this topic, as most reviewed
articles focused on demonstrating the 3DP facade fabrication potential.
The performance aspects of these facades, like thermo-optical properties,
need more in-depth, incremental research efforts. With similar effort,
assembly details and installation requirements, such as panel-to-panel
and panel-to-structure connections, need to be investigated. Therefore,
this review provides a comprehensive overview of 3DP facades to guide
novel research and identify future trends.

2.6.1 Design and performance assessment

We have identified that most reviewed articles tend to establish project-
specific workflows and methodologies, as no comprehensive standard-
ized design software, printing, or assessment tool exists to this date.
Most of the research is conducted with in-house developed processes,
including hardware, printing material, and software. This process results
in a lack of a generalized database for researchers to compare mate-
rial properties, printing settings, or performance measurements. With
open-access databases, as for instances established for metal forming and
composite materials, a closer collaboration between industry, academia,
and regulatory authorities can be achieved towards the development
of new building components. In line with this observation, none of the
reviewed articles described the modification of the 3D printing process,
or hardware, as well as material, for improving the performance of a 3DP
facade and designers’ control over it.

So far, performance-informed computational strategies, like topology
optimization, are mainly found in the application of metal 3D printing
for bespoke connections. Other facade-relevant attributes like thermal re-
sistance and optical properties are not yet fully integrated into the design
process considering environmental boundary conditions. Moreover, the
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use of infill structures and their influence on fabrication (e.g., printing
time, weight) and performative aspects (e.g., U-value, SHGC, optical and
acoustic properties ) are not investigated sufficiently yet.

2.6.2 Fabrication maturity and potential
commercialization

Over the last few years, 3DP technologies have become more mature
and commercially available. There is a tendency to move away from
in-house developed 3D printing equipment towards commercially avail-
able systems, which was until now hindering the reproducibility and
comparability of experimental results. Research can now focus on more
facades-related research like material development, testing of weather
resistance, or the aging behavior of 3DP objects. Additionally, the com-
moditization of large-scale 3DP equipment will allow for easier access
and more research activities, which finally increase comparative studies
and data sharing. The authors believe that this development will propel
the research and commercialization of 3DP facade systems. 3D concrete
printing is, until now, the only process that has successfully moved from
academia to industry, which is reflected in the high number of companies
and startups focusing on different aspects of 3DP concrete. Although
researchers describe in detail the material characteristics and printing
parameters for other 3DP methods, there is a lack of knowledge transfer
from academia to the industry of those. In general, only a few companies
provide general price market information and estimation of costs per
square meter of 3D printed facade elements, or how many printers it
would take to 3D print the entire facades of a building in a reasonable
cost and time frame. The question of logistics or in-situ printing against
pre-fabrication for the use-case of 3DP facades is not been sufficiently
addressed yet.

The authors identified that the selected 3DP material defines the applica-
tion scale and functionality of the 3DP facade, see Table 6. Polymers dis-
play ease of integrating multiple functionalities in a translucent element.
Non-fired clay-based materials are low-embodied energy alternatives
for 3DP facades. Concrete shows great potential for large-scale in-situ
fabrication. Metal 3D printing is mainly used for high-precision joining
elements requiring mechanical strength.

2.6.3 Sustainability and impact

The urgent challenge of decarbonization of the building sector is leading
the construction industry towards more performative and sustainable
building components and systems. The authors believe that 3DP can
contribute to this transition by enabling site-specific, high-performance
facade components with low environmental impact. Although the life
expectancy of 3DP facades still needs to be assessed, several studies
highlight the positive impact of mono-material components, which can
be easily replaced and recycled at the end of their life cycle. Moreover, as
the 3DP construction sector develops, consolidation of recycling schemes
and growing implementation of recycled material 3DP is expected.
Comprehensive sustainability assessment methods should be applied to
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the 3DP components, combining environmental impact with economic
and social sustainability. This would unveil the socio-economic aspects
connected to a shift to 3DP building components in the construction
industry, in relation to working conditions, safety, employment patterns,
and the role of users.

2.6.4 Conclusion

To conclude, although 3DP provides the opportunity to create site-specific
designs, the review revealed that, to the present date, this potential mainly
remains untouched. The question of true added value of 3DP for the
application of facades remains open, as the potential benefits need to
face the challenges in regards to scalability and economic viability. The
authors believe that this lack of development is due to the fact that large-
scale 3DP methods only recently became available to a broader audience.
Furthermore, facades are among the most complex building components,
and, thus, difficult to be extensively investigated within single research
projects. Therefore, the authors identify the need for a multidisciplinary
research approach and collaborations, as well as large-scale demonstrators
that bring together expertise on computational design, digital fabrication,
material development, and performance assessment. More fundamental
research is required to understand the relationship between fabrication
constraints, material behavior, and computational design. A thorough
understanding of these aspects will allow 3DP facades to move from
prototypical demonstrators to viable solutions for the building industry.
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Printing thermal performance:
an experimental exploration of 3DP polymers
for facade applications

3.1 Overview of Paper B

3.1.1 Content

This study investigates the potential of ME for the fabrication of mono-
material translucent facade components, tailored according to climatic
conditions and functional requirements. The study aims to develop
building components that provide energy efficiency while producing
minimal environmental impact. The research investigates the effect of
component geometry on the thermal insulation properties of 3DP objects
with bespoke internal structures. Different prototypes are fabricated
using a robotic polymer extruder, and their thermal properties are being
measured following a hot-box test method. The experimental results are
then used to calibrate a heat transfer simulation model describing the
joint effects of conduction, natural convection, and infrared radiation
through the components.

3.1.2 Method

A combination of experimental and numerical simulation methods is
used to investigate the thermal insulation properties of 3D printed objects
with bespoke internal structures. The study involves the fabrication of
three different specimens of size 500x500x150mm using a large-scale
polymer extruder mounted on a 6-axis robot. The material chosen for
the experiments is PETG, a glycol-modified PET thermoplastic. The
thermal properties of the specimens are measured following a hot-box
test method, and the experimental results are used to calibrate a heat
transfer simulation model describing the joint effects of conduction,
natural convection, and infrared radiation through the components. The
effective thermal conductivity is derived from the heat flow throughout
the sample per unit area, and the sample’s total thermal resistance and
U-value are calculated. The experimental setup includes a metering
chamber consisting of a box of dimensions 1 x 1 x Im approximately,
with a total of 35 sensors measuring the state of the chamber. The data
acquisition is made through a NI cDAQ-9133, and LabView collects and
records data with a one-second resolution.

3.1.3 Results

The study demonstrates the possibility of fabricating facade components
through 3D printing of polymers and provides insights into the thermal
behavior of polymer 3DP facades on a large scale. The findings suggest
that tailored 3DP components can be designed according to climate-
specific insulation requirements, and the orientation of the cavities does
not significantly affect the thermal properties of the components. The

3.1 Overview of PaperB . ... 57
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research also provides guidelines for designing thermally insulating
3D printed facade elements that offer a low environmental impact yet
performant alternative to traditional components. Although U-values of
1.0 W/m?K are achieved, these elements take a significant time to print.
In hand with the long print time, the weight per m? of these elements is
as high as 50 kg/m?. This brings into question the production viability of
off-the-shelf ME for the application of facades and is one of the drivers
for the development of a novel approach to large-scale ME.

3.1.4 Authors contribution to the paper
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Abstract The decarbonisation of the building sector requires the de-
velopment of building components that provide energy efficiency while
producing minimal environmental impact. We investigate the potential of
polymer 3D printing (3DP) for the fabrication of mono-material translu-
cent facade components, whose properties can be tailored according to
climatic conditions and functional requirements. These components bear
the potential to reduce energy consumption in buildings and, at the same
time, can be fabricated with minimal environmental impact thanks to
the recyclability of the feedstock material. In this study, we explore the
effect of component geometry on the thermal insulation properties of
3DP objects with bespoke internal structures. Different prototypes are
fabricated using a robotic polymer extruder, and their thermal properties
are measured following a hot-box test method. The experimental results
are then used to calibrate a heat transfer simulation model describing
the joint effects of conduction, natural convection and infrared radiation
through the components. We show that it is possible to fabricate insulat-
ing polymer components providing thermal transmittance ranging from
1.7 to 1 W/m?K only by changing the internal cavity distribution and
size. This proves the possibility of designing 3DP thermally-insulating
components for different climatic conditions and requirements. This
study provides the first insights into the thermal behaviour of polymer
3DP facades on a large scale. The results suggest that this innovative
manufacturing technique is promising for application in facades and en-
courages further research toward performant and low-embodied energy
3DP building components.

3.2 Introduction

Achieving energy efficiency while minimising environmental impact is a
stringent requirement for the decarbonisation of the building sector [222].
In this context, the building facade plays a key role as it greatly impacts
the amount of energy needed to provide comfort in buildings. Moreover,
the way facades are constructed significantly contributes to the embodied
emission impact of buildings [3]. Therefore, creating high-performance
facades is imperative to achieve the Net-zero by 2050 goals.

Advancements in large-scale 3D printing (3DP), in combination with
computational design, have shown that it is possible to fabricate building
components with embedded performances that can be tuned for their
specific application [223, 224]. Thanks to 3DP, designers can not only
control the shape of an object but can also define its internal articulation
using infill structures to ensure structural integrity during printing and
reduce material use [84, 147, 225]. Recent studies have focused on the
design of infill structures to achieve thermal performance in 3DP wall
components, out of earth-based materials [124, 226] and concrete [154,
227,228]. To improve the thermal performance of 3DP concrete elements,
concrete mixtures with air inclusions or low conductivity materials can
be used [195], and insulating materials can be simultaneously extruded
along the concrete layer or fill the infill cavities [136, 158]. However, the
inclusion of additional materials compromises the ease of fabrication
and assembly, and recyclability.
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As an alternative, thermoplastic polymers have also been proposed for the
fabrication of facade components, taking advantage of their translucency,
light weight and low thermal conductivity. Monomaterial components
that integrate thermal insulation and seasonal thermal control have
been designed in [40, 106, 107, 110]. Most thermal insulation studies
investigate millimetre-scale geometrical articulations fabricated using off-
the-shelf desktop 3D printers. These infill designs are based on periodic
porous structures [229, 230], with limited scalability potential. Recently,
large-scale polymer extruders have been used to improve scalability and
material output. Those can print polymers with a material output up to
225Kg/h [104], and a generally lower print resolution. To this date, there
is little to no research on how the internal articulation of polymer 3DP
components influences thermal performance at an architectural scale.
This knowledge is required to fabricate thermally insulating 3DP facade
elements efficiently.

This study investigates the integration of thermal insulation performance
in 3D-printed polymer facades by exploring the interplay of geometry and
performance in infill structures. Combining experiments and numerical
simulations, we retrieve guidelines for designing thermally insulating
3DP facade elements that provide a low environmental impact yet
performant alternative to traditional components.

3.3 Methods

The following chapter presents the robotic 3DP setup for the creating of
bespoke, large-scale prototypes and the design intent for the specimens.
After that, we introduce the testing apparatus used for the heat flow
experiments and the steady-state method for the thermal characterisation
of building components. Finally, we present the experimental procedure,
along with the numerical simulation models used for the validation.

3.3.1 Samples design and 3D printing

To conduct the thermal experiments, we print three different specimens
of size 500x500x150mm. These large dimensions are chosen to allow for
a 1:1 scale testing scenario. The large area reduces edge effects during
the measurements, as sensors can be placed in the centre and far away
from the borders/border conditions. The thickness of 150mm results
from preliminary studies conducted by the authors. In particular, this
thickness is identified to withstand the structural loads considered for
application as a 3DP facade.

The specimens are 3D printed using a large-scale polymer extruder
mounted on a 6-axis robot (fig.3.1). The material chosen for these ex-
periments is PETG, a glycol-modified PET thermoplastic [231]. PETG is
a well-known polymer, most often used for medical products or food
applications due to its transparency, chemical, and structural resistance
[232]. Extrusion-based polymer 3D printing (also referred to as BAAM



- Big Area Additive Manufacturing or LSAM - Large Scale Additive
Manufacturing) is a process where feedstock material is heated up in
an extruder and deposited successively line by line, layer by layer. The
extruder used has three different heating zones and a maximum output
of 12 kg/h [233]. A 5mm nozzle was used for the fabrication of the
specimens. Considering the challenge of creating horizontal surfaces
with large-scale polymer 3DP by simple bridging [234], the authors
decided to seal the top and bottom surfaces of the specimens by gluing
a 3mm polystyrene sheet onto them. The samples are printed with a
layer height of 2.5mm and a line thickness of 6mm, resulting in samples
between 8.75 and 12.6kg.

The specimens are designed to form a continuous 3D printing path,
resulting in a continuous extrusion of material with no start/stop. Inter-
sections can be printed by simple crossing; this way, the material just
“dwells” on top of the previous layer, forming a small knot, see Figure
3.2.b. A continuous print path was chosen due to a lack of a proprietary
start/stop mechanism for the printing setup. Compared to continuous
print paths, start/stop ones might result in local discontinuities and
voids in the printed object. These compromise the parts’ air-tightness
and therefore have a negative impact on the thermal performance of the
object. Figure 3.2.a shows 3DP studies on continuous infill patterns. The
chosen pattern is able to control the dimension of air cavities along the
thickness of the element without significantly increasing the amount
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Figure 3.1: a. Robotic 3D printing
setup, comprising a CEAD E25 extruder
mounted on an ABB IRB4600. b. Close-
up of the polymer printing process:
PETG printed with 2.5mm layer height
and 6mm layer width.

Figure 3.2: a. Studies on continuous
print paths. Different arrangements of in-
fill lines allow for differentiation within
the 3DP component. b. Close-up of self-
intersecting print path, crossing within
the same layer forces the material to
dwell and form a knot.

[233]: CEAD (2022), E25 printing head. for
large-scale additive manufacturing

[234]: Eyercioglu et al. (2019), ‘Determi-
nation of the Maximum Bridging Dis-
tance in Large Scale Additive Manufac-
turing’
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Figure 3.3: Boundary conditions for the
numerical models. a. 3D model of sam-
ple R1 for the FE simulation. From this,
2D representation are derived based on
the cross-section b. and the longitudinal
section

Figure 3.4: 3DP specimens for the ex-
perimental campaign. a. R1, one cavity
approx. 15cm. Weight: 8.8kg. b. R2, two
cavities approx. 7.5cm. Weight: 10.5kg. c.
R3, three cavities approx. 5cm. Weight:
12.5kg.

[235]: Amaral et al. (2017), ‘Polyurethane
foams with microencapsulated phase
change material’

[236]: Meng et al. (2015), ‘Feasibility ex-
periment on the simple hot box-heat
flow meter method and the optimiza-
tion based on simulation reproduction’
[237]: Buratti et al. (2016), “Thermal Con-
ductivity Measurements By Means of a
New ‘Small Hot-Box” Apparatus’

[238]: C16 Committee ASTM Interna-
tional (2019), Practice for Calculating Ther-
mal Transmission Properties Under Steady-
State Conditions

[239]: C16 Committee ASTM Interna-
tional (2019), Test Method for Thermal Per-
formance of Building Materials and Envelope
Assemblies by Means of a Hot Box Apparatus

[240]: Soares et al. (2019), ‘Laboratory
and in-situ non-destructive methods to
evaluate the thermal transmittance and
behavior of walls, windows, and con-
struction elements with innovative ma-
terials’
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of material used (Figure 3.4). It consists of a zig-zag pattern (primary
lines) and a separator between the inner and the outer wall of the object
(secondary lines). The pattern is kept as simple as possible to ensure
good printing quality and ease of study. The distance between the base
triangles (primary lines) is kept constant at 1225mm, which results, de-
pending on the amount of separator (secondary lines), in a 10 -18% infill
percentage. The separator lines divide the air domain within the panel,
creating smaller cavities to potentially increase the thermal insulation of
the component.

3.3.2 Hot-Box Apparatus

The tests are conducted using a hot-box apparatus, according to the
hot-box heat flux meter approach (HB-HFM) [235-237]. The HB-HFM
approach is based on the steady-state method for the thermal character-
isation of building materials and envelope assemblies [238, 239]. The
method measures the heat flux through the component to be studied and
the temperature profile across it [240]. The hot-box apparatus comprises
a cold chamber kept at a constant low temperature, containing a metering
chamber kept at a higher temperature. The specimen to be tested is
placed on a mounting ring at the interface between the two chambers.
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The air temperature inside the metering chamber and in the cold chamber
is monitored using platinum resistance thermometers (PT100) and the
specimen wall temperatures. The heat fluxes through the specimens are
measured using a heat flux transducer.

The experimental setup is in an underground laboratory room enclosed
by concrete walls and slabs, ensuring stable temperature conditions and
minimal thermal disturbances. The metering chamber consists of a box
of dimensions 1 x 1 x Im approximately (Fig 3.5. The chamber’s walls
are made of a thick insulation layer of two XPS panels (2 x 8 cm) and a

plywood sheet (2 cm) to ensure minimal heat losses through the structure.

The top side of the box consists of a 3.5 cm concrete slab and an outer
insulation layer of XPS (8 cm). The concrete slab is the prototype of a
thermally active building system (TABS), as described in [241]. It embeds
water pipes for cooling and heating through water and takes advantage

of the high thermal storage of concrete to dampen temperature peaks.

Finally, the front panel comprises a double layer of XPS insulation (22 cm)
and accommodates a wooden frame to mount the testing specimen.

A total number of 35 sensors measures the state of the metering chamber
(Fig 3.5.a). Most sensors are placed on the floor and wall surfaces of
the metering chamber and on the TABS. Pairs of resistance temperature
detectors (RTDs) of type PT100 (Omega Engineering) are placed on

each side to measure the specimen’s surface temperatures (Fig 3.5.b,c).

Moreover, a heat flux plate of type HFP01 (Hukseflux) is placed in the
centre of the specimen’s outer surface to measure normal one-dimensional
heat flux. Infrared thermography was used to guide the correct placement
of thermocouples and heat flux transducer, minimising inaccuracies
due to specimen heterogeneity and edge effects (Fig 3.5.d). The data
acquisition is made through a NI cDAQ-9133, and LabView collects and
records data with a one-second resolution.

3.3.3 Experimental Procedure

To better understand the relative effect of air buoyancy on the overall heat

transfer, each sample was measured for two different cavity orientations.

One measurement is done for the configuration with the cavities running
parallel to the ground (along the x-axis, 3.6.b) and then rotated by 90
degrees (along the z-axis, 3.6.a) so the internal cavities allow for air
movement from top to bottom. To minimise possible air leakages and to
accommodate fabrication tolerances, the specimens are installed in the
box by placing a rubber gasket around them. A total of seven RTDs were
placed on the specimen: four on the surface exposed to the room and three
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Figure 3.5: a. Schematics of the hot-box
setup. b. Front view of the experimen-
tal chamber with testing specimen. c.
Example of RTD and heat-flux sensor
placement on testing specimen. d. Ther-
mographic images of a tested sample,
guiding the sensors placement.

[241]: Lydon et al. (2019), ‘Coupled sim-
ulation of thermally active building sys-
tems to support a digital twin’
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Figure 3.6: a,b. Schematics showing dif-
ferent testing directions for the 3DP sam-
ples. c. Schematics of thermal sensor
placement, measuring the sample’s sur-
face temperatures at the connection of
contour and infill and at the middle of
an air cavity.

[242]: Secretary (2014), ISO 9869-
1:2014(en), Thermal insulation — Building
elements — In-situ measurement of ther-
mal resistance and thermal transmittance —
Part 1: Heat flow meter method

[242]: Secretary (2014), ISO 9869-
1:2014(en), Thermal insulation — Building
elements — In-situ measurement of ther-
mal resistance and thermal transmittance —
Part 1: Heat flow meter method

[243]: Sanchez-Calderdn et al. (2022),
‘Methodology for measuring the ther-
mal conductivity of insulating samples
with small dimensions by heat flow me-
ter technique’

[244]: Cengel (2003), Heat Transfer

[242]: Secretary (2014), ISO 9869-
1:2014(en), Thermal insulation — Building
elements — In-situ measurement of ther-
mal resistance and thermal transmittance —
Part 1: Heat flow meter method
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on the surface exposed to the metering chamber. The sensors are placed in
this way to measure the expected extreme surface temperature conditions
due to the cavities, either at a full-depth cavity or the connection point of
the primary infill lines with the contour of the specimen (3.6.c).

Experiments start with placing the sample in the metering chamber
and activating the pump for water circulation in the TABS at 40 °C.
Measurements were performed for a minimum of 72 h to ensure steady-
state conditions. For the termination of the test, it was verified that the
results obtained at the end of the test do not differ by more than + 5%
compared to the previous 24h [242]. Recorded data show that steady-state
conditions are met a few hours after the test initiation due to the elements’
low thermal mass; in most cases, the results converge before 24h, as in
Figure 3.7. This suggests that the duration of the experiments could be
greatly reduced.

Data are analysed using the average method [242]. Mean values for heat
flow density rate and temperature difference between the two sample’s
surfaces are obtained by averaging over the last 10h of measurement.
As in [243] a value of effective thermal conductivity (A.fy) is derived
following the one-dimensional solution of Fourier’s law [244]:

qd

-T2 [W/mK]

dT
q= —)\gffE = Aefr = T (3.1)

where g is the heat flow throughout the sample per unit area in W/m?, d
is the sample’s thickness in m, T2 is the temperature of the cold source,
T1 is the temperature of the hot source, and AT is the temperature
difference across the sample in K. In order to retrieve standard thermal
performance indicator for building elements [242], from the effective
thermal conductivity we derive the sample’s total thermal resistance (R)
and the u-value (U):

d
Rior = Rej + v— + Ry [m*K/W] (3.2)
eff
U= [W/m*K] (3.3)
Riot

where R;; and R,, are the resistance of the air boundary layers at the
internal and external surface of the component, equal to 8 W/m?K and
25 W/m?2K respectively. To reach appropriate confidence, the experimen-
tal results of the testing apparatus were benchmarked by performing
measurements on a specimen with known thermal characteristics. The
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experimental procedure was performed on an XPS panel of known ther-
mal properties (A= 0.035 W/mK). Results from the experiment differ
by less than 3% from the nominal properties of the product, which is
considered an acceptable accuracy for the experiment.

3.3.4 Numerical Study

Experimental results were validated against FE simulations simulating
the heat transfer through the 3DP samples under experimental conditions.
The heat transfer and fluid flow modules of COMSOL Multiphysics® [245]
were used for the simulations. Conductive heat transfer happens through
the solid thermoplastic domain, with thermal conductivity Apetg equal to
0.2 W/mK [246] and, less significantly, through the fluid domain of the air
cavities (Aair=0.025 W/mK). Convective heat transfer occurs in the cavity
and is driven by buoyancy effects originating from air density difference
due to the temperature gradient. Radiative heat transfer between the
infill walls with emissivity € equal to 0.9, as reported in [247]. Radiation
enhances air circulation [248] and strongly depends on the walls surface
temperatures. Two heat fluxes are imposed at the two sides of the sample,
with a cold temperature (Tex) of 22 °C and a hot temperature (Tin) of
35°C, to match the experimental conditions. The boundary conditions are
summarised in Figure 3.3. From the 3D representations, simplified models
were created to reduce the computational effort. The models are based on
a 2D representation of the samples” geometry. They are modelled using
the heat transfer in solids and fluids module, coupled with the surface-to-
surface radiation interface. Two 2D simplifications can be derived from the
model by choosing a longitudinal (Figure 3.3.b) or cross-section (Figure
3.3.a), section A-A and B-B respectively. The cross section allows the
modelling of the triangular-trapezoidal cavities, while the longitudinal
section reduces the cavity to two facing walls. For geometries with
cavity orientation along the x-axis, air convection is simulated explicitly
using the laminar flow interface and the Boussinesq approximation [249].
For geometries with cavities along the z-axis, convection is modelled
implicitly [250]. The fluid domain is still modelled for conduction, but
airflow fields and velocity are not computed. Instead, convection is
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Figure 3.7: Recorded data during the 72h
experiments. a. Measured temperatures
inside the hot-box (red) and room tem-
perature (blue); b. Measured heat flux
(green) and calculated effective thermal
conductivity (yellow).

[245]: COMSOL (), COMSOL

[246]: MatWeb, LLC (), MatWeb: Material
Property Data. Overview of materials for
PETG Copolyester

[247]: Badarinath et al. (2022), ‘Real-Time
Sensing of Output Polymer Flow Temper-
ature and Volumetric Flowrate in Fused
Filament Fabrication Process’

[248]: Mezrhab et al. (2006), ‘Computa-
tion of combined natural-convection and
radiation heat-transfer in a cavity having
a square body at its center’

[249]: Kleinstreuer (), ‘Engineering Fluid
Dynamics: An Interdisciplinary Systems
Approach’

[250]: COMSOL (), Modeling Natural and
Forced Convection in COMSOL Multi-
physics®
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[242]: Secretary (2014), ISO 9869-
1:2014(en), Thermal insulation — Building
elements — In-situ measurement of ther-
mal resistance and thermal transmittance —
Part 1: Heat flow meter method

Figure 3.8: Overview of experimental re-
sults: effective thermal conductivity for
the six tested samples. Error bars rep-
resent the uncertainties of the measure-
ments.

accounted for by defining an increased thermal conductivity based on
an empirical correlation factor that depends on the cavity dimensions
and the temperature variation across the cavity. This correlation factor is
based on rectangular cavities; therefore, the triangular and trapezoidal
cavities are transformed into rectangular air cavities with the same area
and aspect ratio, as explained in ISO 10077-2 [242].

3.4 Results

3.4.1 Experimental results

The results of the experiments are summarized in Figure 3.8. An effective
thermal conductivity in the range of 0.19 - 0.36 W/mK was observed,
corresponding to a U-values from 1 to 1.7 W/m?K. These results confirm
the significant effect of geometry on the heat transfer in 3DP components
with bespoke cavities. Repetition of the experiments for sample Rl in
the two-cavity alignment showed good accordance of results, with an
error below 2%. Similarly to porous media, an increase in the number
of air cavities inhibits heat transfer and hence positively correlates with
thermal insulation [106, 110, 229]. In porous media, however, an increase
in air cavity numbers usually results from higher porosity and lower
relative density; in our sample, the relative density increases with the
number of air cavities due to the additional separating layers. This shows
that, for large-scale cavity structures, there is a trade-off between the
increase in thermal insulation due to the introduction of air layers and
the decrease of insulation due to the enhanced buoyancy-driven effects in
wider cavities [251]. Therefore, adding additional cavities in the geometry
while keeping the component’s width constant correlated to a decrease in
effective thermal conductivity, as also reported by [252]. Moreover, it was
found that orientation does not affect thermal conductivity significantly
for this cavity dimensions. A slightly lower thermal insulation is observed
in R1 for the horizontal cavity arrangement, but this effect is not visible
in the other samples.
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3.4.2 Numerical results

The 3D FE model allowed observation of the three heat transfer modes
through the 3DP component, as shown in Figure 3.9. The results confirm
the presence of a radiative heat exchange between the cavity walls. More-
over, buoyancy-driven air flows develop with the cavities and ultimately
affect the thermal stratification in the components. Results from the 3D
and 2D numerical models were compared with the experimental results.
Figure 3.10 shows there is generally good accordance between simula-
tions and experiments, with deviations between 4 - 15%. Furthermore,
the trends observed in the experimental study are also confirmed in
the simulation results. A more significant deviation is found for the
2D model representing section B-B. Compared to the experiments, this
model overestimates the thermal transmittance of the component R1 by
35%, assumably due to the impossibility of modelling surface-to-surface
radiation between all the cavity walls. The difference between simulated
and measured values increases with the number of cavities, which could
indicate inaccuracies in the description of the heat transfer mechanisms of
multiple cavities in series. Nevertheless, the 2D models based on section
A-A can describe the physical behaviour of the system and, thanks to the
fast computation time (<1 min), can be effectively used to support the
component’s design.
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Figure 3.9: FE simulation results for sam-
ple R1. The joint effects of radiative, con-
vective and conductive heat transfer in-
fluence the thermal stratification in the
sample.

Figure 3.10: Comparison of results for ex-
periments, 3D and 2D simulations. The
error bars represent the measurement
uncertainties.



68 | 3 Printing thermal performance: ME for 3DP facades

Figure 3.11: Comparison of thermal per-
formance of 3DP facade and traditional
facade components.

[253]: Zhou Shengrong (2021), An Envi-
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3.5 Conclusions

3.5.1 Design Guidelines

This study demonstrated the possibility of fabricating facade compo-
nents through large-scale 3D printing of polymers. It was shown that
by managing the cavities’ size and arrangement, a reduction in thermal
insulation could be achieved by up to 60%. This suggests that tailored
3DP components can be designed according to climate-specific insulation
requirements. The combination of experimental and simulation analysis
enabled a first understanding of heat transfer mechanisms into 3DP com-
ponents with internal cavity structures. We observed a trade-off between
the increase in thermal insulation due to the air layers and the decrease
in insulation due to the enhanced convection effects. Therefore, partition-
ing the air layers into smaller cavities has proved to decrease thermal
transmittance. Moreover, the orientation (x-axis, z-axis) of the cavities
does not significantly affect the thermal properties of the components,
irrespective of the number of cavities.

3.5.2 Outlook

The tested prototypes revealed good insulation properties comparable to
high-performance triple glazing (Figure 3.11). Compared with standard
facade components, the 3DP components provide such insulation at a
relatively low weight, making them promising for application in buildings
(e.g. for retrofits with weight constraints and buildings with lightweight
bearing structures). Considerations of the life-cycle environmental impact
of 3DP components could further highlight their potential. Compared to
standard facade systems, the proposed mono-material 3DP components
would be easy to replace and recycle, while the use of recycled polymers
would significantly lower their embodied emissions [253].

Building upon this study, the thermal insulation properties of 3DP facades
can be further improved by introducing additional cavities within the
element thickness. However, creating additional cavities comes with
higher weight, printing time and cost, and reduced light transmission,
and a trade-off needs to be identified. Using different layer thicknesses for



the element, thicker for the outline and thinner for the infill, could help
reduce the part’s weight while ensuring structural stability. Moreover,
polymers with lower thermal conductivity could be investigated such
as ABS (A1=0.14-0.21 W/mK) and PP (1=0.12-0.22 W/mK). Alternatively,
the cavities could be filled with a low-conductivity material reducing
convective heat transfer. However, this could significantly compromise
the component’s optical transmission properties and ease of disassembly.
Low-emissivity materials/coatings could also be applied to reduce
radiative heat transfer in the cavities.

Finally, to fully characterize the performance of translucent 3DP facades,
the influence of solar radiation on the heat transfer needs to be investi-
gated, considering the geometrical complexity of the elements. 3D print-
ing creates anisotropic elements with layered resolutions, resulting in
angle-dependent, directional transmission of solar radiation [197]. By cou-
pling thermal and optical domains, we can define seasonal /temperature-
dependent solar heat gain coefficients (SHGC) and U-values, which
would better capture the component behaviour.
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Large-scale Hollow-Core
3D-Pr1nt1ng (HCSDP): a polymer 3D

printing technology for large-scale ultralightweight
components

4.1 Overview of Paper C

4.1.1 Content

The manuscript discusses the development and application of hollow-
core 3D printing (HC3DP) technology for large-scale 3D printing. For
the first time, large-scale (>20mm) hollow beads are used for ME. The
content of this paper includes the challenges of current pellet extrusion
methods, the impact of material properties on the 3D printed parts,
and highlights the need for alternative approaches to large-scale 3D
printing processes. HC3DP focuses on minimizing the environmental
impact, improving material efficiency, and increasing the printing speed
by using hollow, tubular beads. Additionally, the document presents key
parameters for successful HC3DP and states HC3DP guidelines. The
study also quantifies material savings and print speed compared to ME
and presents internal subdivisions for hollow 3D-printed beads.

4.1.2 Method

Process Development: The methods in the study involve the devel-
opment and implementation of Hollow-Core 3D Printing (HC3DP)
technology for large-scale thermoplastic extrusion. This includes the
design and fabrication of bespoke nozzles with different cross-sections
(6 and 24mm), with and without internal reinforcements. Printing exper-
iments are conducted using different nozzles with and without internal

air supply.

Printing experiments and thermal cooldown: The method for the
thermal cooldown analysis involves conducting thermal imaging of the
printed polymer samples to assess the cooldown rate of the material. The
study uses a thermal camera (B1L - Hikmicro) to capture thermal images
of the printed samples at specific time intervals after the completion of
the printing process. The thermal images are taken at the end of the
print, as well as 5 and 20 minutes after the print is finished. This allows
for the measurement of the temperature distribution and cooldown
characteristics of the printed polymer samples over time. The comparison
of the cooldown rates between regular material extrusion (ME) and
HC3DP provides the data to develop a simplified cool-down model to
describe the thermal behavior of the two printing methods. Additionally,
the authors conduct initial material experiments using four different
compounds. Printing parameters such as temperature, extrusion rate,
and internal air-pressure are adjusted to facilitate the successful printing
of a cylinder of 40cm diameter. To successfully HC3DP with internally
reinforced beads, printing experiments are conducted and the concept of
differentiated air-pressure values per print point is introduced.
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Extrusion-rate and print time comparison: The print time comparison
for different 3DP technologies describes the fabrication time required
for a 2m-tall cylinder with a diameter of 40cm. For large-scale HC3DP,
this involves the fabrication of 2m-tall cylinders printed using HC3DP
at a layer height of 199mm. This print time is then compared to the
average fabrication speeds of other 3D printing technologies. For ME and
small-scale HC3DP, the maximum extrusion rate for the given geometry
determined in this manuscript is used to calculate the print time. For
commercial 3DP methods, the calculations are based on data provided
by the manufacturer, and for concrete 3DP, the calculations are based on
published data.

3PT bending tests: 3PT bending tests are conducted using a Zwick
1484 with specimens of 270 mm support span. The bending tests aim
to assess the mechanical behavior and performance of the 3D-printed
hollow beads, with and without internal reinforcement inside the bead.
The study utilizes two models for calculating bending stress: one for
rectangular hollow beams and another for elliptical hollow beams, as
detailed in appendix 4.6. The results of the bending tests are used to
compare the different die geometries and evaluate their impact on the
mechanical properties of the 3D-printed hollow beads.

4.1.3 Results

The study investigates the use of hollow-core 3D printing (HC3DP) for
large-scale applications and evaluates its potential benefits in terms of
extrusion rate, printing speed, material savings, and mechanical proper-
ties. The study finds that HC3DP can produce large-scale, lightweight
elements using different materials and internal subdivisions for large-
scale HC3DP beads. The 3PT bending tests provide valuable insights into
the mechanical behavior of the 3D-printed hollow beads with different
die geometries, contributing to a better understanding of their structural
performance. Additionally, the study highlights the superior cooldown
rate of HC3DP compared to regular material extrusion, emphasizing its
potential benefits for large-scale 3D printing applications.

4.1.4 Authors contribution to the paper
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Abstract Material extrusion (ME) has become a popular 3D printing
method for large-scale applications such as in the automotive, naval,
aerospace, and architecture sectors. It allows the production of complex,
customized parts without the need of labour-intensive molds. The in-
creasing need to produce larger and larger parts has been addressed
with the introduction of large pellet extrusion systems to increase the
extrusion rate. With these extruders the production time is not limited
by the extrusion rate of the extruder (kg/h) but by the time the material
needs to cool down before the next layer can be printed consecutively.
Furthermore, larger bead dimensions result in increased material usage
and, therefore, might affect the environmental impact of the printed
element. In this study, a method for large extrusion 3D printing based on
hollow beads is proposed, to address the limitations of speed, cooldown
and maximize the extrusion rate of thermoplastic 3D printing. This
paper introduces Hollow-Core 3D printing (HC3DP) and compares it to
off-the shelf large-scale pellet extruders and their maximum achievable
extrusion rate for a given geometry. A comparative analysis of cooldown
characteristics between conventional thermoplastic extrusion 3D printing
and HC3DP validates that the latter increases the maximum possible
extrusion rate. Additionally, the successful 3D printing of large-scale
beads with multiple polymer feedstocks is demonstrated. Then the data
associated with printing speed and material usage is presented and
discussed in comparison with thermoplastic and other large-scale 3D
printing methods. The fabrication of large-scale hollow-core beads at
a dimension of 24x20mm is showcased with an extrusion rate of 7250
mm3/s (1308 material, 5941 air). HC3DP for large-scale applications
is validated through the production of 2-meter tall cylinders with a
diameter of 400 mm in less than two hours. Furthermore, bespoke die
geometries that subdivide the inside of hollow 3D-printed beads are pre-
sented. To successfully print those, the concept of differentiated internal
air pressure per print point is introduced. Finally, 3PT bending tests are
conducted to compare different die geometries. In conclusion, this study
presents a printing method that highlights the benefits of hollow core 3D
printing for large-scale applications, showcasing its positive impact on
both the printing process and resulting part properties. By addressing
the limitations of traditional approaches, HC3DP pushes polymer 3D
printing into a scale relevant for architecture and construction, offering
similar extrusion rates as concrete 3DP.

4.1 Overview of Paper C
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Figure 4.1: Summary of printing strate-
gies investigated.
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4.2 Introduction

Material extrusion (ME) is gaining popularity for large-scale applications
such as automotive, naval, aerospace, and architecture [31]. It allows
the production of complex, customized parts without the need of labor
intense molds. Over the last few years, there has been a tendency to
scale up the volumetric output of this printing process by introducing
large pellet extrusion systems. These extruders use granular feedstock
and extrude beads of approx. 10 mm width [30]. With these extruders,
new fabrication constraints arise as the production time is not limited by
the extrusion rate of the extruder (kg/h), but by the time the material
needs to cool down before the next layer can be printed consecutively
[254]. The larger the bead cross-section, the longer the material takes
to cool down (surface-to-volume ratio). Furthermore, larger bead di-
mensions result in increased material usage and, therefore, might affect
the environmental impact of the printed element. There is a need to
find alternative approaches for large-scale 3D printing processes to keep
its ecological footprint as small as possible. One way to address this
challenge is to find alternatives to petroleum-based polymers [255], or to
establish cradle-to-cradle production schemes. A fundamental shift in
the 3D printing process is not yet investigated.

To close this gap, a large-scale thermoplastic extrusion process based
on hollow-core-extrusion 3D printing (HC3DP) is presented (Fig. 4.2).
The approach is to print with hollow beads instead of massive ones, to
scale-up the 3D printing process through increased layer heights and
faster cooling rates while reducing material consumption. Furthermore,
HC3DP at large dimensions allows for the internal subdivision of the
3D-printed beads and has the potential to enhance the final components’
properties.
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4.2.1 Contribution and Outline

This manuscript contributes to the state of the art by introducing a 3D
printing method of large-scale hollow-core plastic beads based on pellet
extrusion. The text is structured as follows; first relevant state-of-the-
art is presented and current challenges and drawbacks of ME at large
dimensions are discussed. Then the concept of HC3DP is introduced
and the fabrication setup and process are described. Initial material
tests are conducted and the difference in the cool-down rate between
HC3DP and regular ME is described. Large-scale HC3DP elements are
printed and compared to state-of-the-art 3D printing methods regarding
material consumption and print time. Finally, bespoke die geometries
are introduced that subdivide the hollow beads into separate air pockets.
3PT bending tests are conducted to compare the different die geometries.
The outlook outlines future research trajectories and discusses potential
functional integration.

4.2.2 Thermoplastic extrusion

Since its invention in 1989 [8], 3D printing thermoplastics has become
one of the most used additive manufacturing (AM) technologies today,
especially for prototyping [256, 257]. The latest advancements on ther-
moplastic 3D printing focus on scaling up the material output (kg/h) by
introducing granular feedstock extruders. Those so-called pellet extrud-
ers don’t rely on pre-manufactured filaments but directly use granular
(pellet) feedstock, similar to injection molding machines. By using these
extruders, the output of printed material was increased from approx.
0.25 to over 50kg/h [30]. These large tool heads are mounted on either a
robotic arm with a high payload and long reach, or on modified gantry
systems, as found in large-scale CNC milling. A 3DP setup based on
pellet feedstock usually consists of an extruder, a pellet drying/storing,
and a material conveying system. Fused granular manufacturing (FGM),
large format additive manufacturing (LFAM), or Big Area Additive
Manufacturing (BAAM) all describe the process of using a granular
(thermoplastic) feedstock to 3D print objects at a large dimension. To
address the different extrusion-based 3D printing technologies with
plastic, they are here referred to as Material Extrusion (ME).
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Figure 4.2: Sections of 3D printed single
wall samples. (a) regular 3DP using a
pellet extruder (b) HC3DP with a 6mm
bead width and 5.5mm layer height. (c)
HC3DP 24mm bead width and 18mm
layer height. Regular ME results in a
disco-rectangular shape, HC3DP in sag-
ging beads.

[8]: Crump (1994), ‘Modeling apparatus
for three-dimensional objects’
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[257]: Barnatt (2013), 3D Printing: The
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[30]: Duty et al. (2017), ‘Structure and me-
chanical behavior of Big Area Additive
Manufacturing (BAAM) materials’
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4.2.3 Pellet extrusion 3D printing

One of the first times ME using granular feedstock was presented was
during the production of the endless chair by the artist Dirk van der
Kooji [26]. In parallel, DUS Architects started the development of a
thermoplastic extrusion 3D printer for architectural applications of large
dimensions [27]. Since 2015 the Oak Ridge National Laboratory has been
researching ME with a focus on maximizing material output, increasing
the dimension of the printed object [28], overcoming weak layer bonds
[29], and characterising different printing materials [30]. ME is, due
to its large build volume and material properties, most often used for
automotive, naval, aerospace, and architectural applications. A detailed
review of large-scale polymer extrusion can be found by [31, 37]. For
architectural applications, 3DP polymers are used as molds for concrete
[32], 3DP of facades [33, 44], wall elements [34], temporary structures
[35], or interior elements such as furniture [36]. The growing interest in
polymer 3D printing for diverse applications is reflected in the increasing
number of commercially available printing systems (e.g., Thermwood,
Ingersoll), pellet extruder providers (e.g., CEAD, Massiv Dimensions,
Dyse Design), and companies/startups that focus on providing products
or services for large-scale 3D printing (e.g. Nagami, Al build, The New
Raw).

4.2.4 Challenges

Although extrusion rate and print bed size have been increased, two
major challenges need to be addressed to render the process economically
and environmentally viable. One challenge of pellet extrusion methods
is the printing process itself [258] due to the slow cool down of thick
beads. One can speed up the printing process by increasing the extrusion
diameter. However, because the extrusion height and width are coupled
(ratio approx. 1:3), this further increases the amount of extruded material.
Moreover, the large extruded volume decreases the cool-down rate of
the printed material (surface vs. volume) [259] and has been found to
be the major limiting factor for large-scale polymer applications [38,
260]. Therefore, unless very large pieces are required, the fabrication
time is determined by the minimal layer time (the time the polymer
needs to cool down) and results in reduced print speed. One approach to
overcome this is to print multiple objects simultaneously. However, this
might be challenging as travel moves need to be introduced, the material
flow needs to be interrupted, and these starts/stops usually result in
visible artefacts in the printed objects. Furthermore, not all commercially
available ME systems are equipped with this functionality. Another
challenge of current pellet extrusion methods is to improve the properties
of the 3D printed parts: a large extrusion diameter leads to material
intense parts. Hence, the resulting material properties are suboptimal
compared to plastic elements fabricated by standardized fabrication
processes such as injection molding or die extrusion. Wall thicknesses
are not dictated by, for instance, structural or optical requirements but
rather by the thickness of the extruded bead. This can result in walls that
are thicker than required, using more material than needed.



4.2.5 Complex extrusion systems

Over the last few years, complex 3D printing systems have been investi-
gated to create lightweight large-scale elements or improve functional
integration. Complex extrusion systems go beyond standard AM tech-
nologies as defined in the ISO standard. They allow the fabrication
of unseen structures that are hard or impossible to create with tradi-
tional manufacturing techniques, even off-the-shelf 3D printing systems.
Examples include actuated multi-nozzle tool heads that allow for dy-
namic co-extrusion [261], spatial 3D printing of thermoplastics to create
lightweight cellular-like structures [34], or rotational co-extrusion tech-
niques featuring different mechanical properties [262]. These complex
printing systems rely on sophisticated control, measuring, or sensing
devices to generate a desired outcome. The 3DP path is not only defined
by a series of points in space and speed control of one motor (e.g., RP-
M/min) but rather through a plethora of different mechanisms that need
to be orchestrated.

For thermoplastics, 3DP of tubular polymer beads was initially envisioned
by [263] and first implemented by Hopkins et al. [264]. They showed
that it is possible to 3D print tubular beads in a layered fashion, not
only as in regular 3D printing but also free in space without being
supported from below. However, the experiments are limited to 3D
printed samples of approx. 10cm in height for a vase-like object, and
larger sculptural elements like a freestanding logo/lettering or a self-
supporting spiralling tube with a bead size of approx. 8mm. The extrusion
rate of their custom filament 3D printing setup can be calculated based on
the die dimension and maximum extrusion rate of the thermoplastic 3D
printing tool, 44.73mm3/s (10.4mma3 plastic, 33.39mm3 air). Although
the first ones to present tubular extrusion 3D printing, the questions on
the feasibility of scaling up the process remain unexplored, while the
potential opportunities for large-scale applications are not discussed or
investigated. Transferring this method to pellet extrusion systems will
allow increased material output, which is crucial for large-scale 3DP,
and therefore explored in this paper. Furthermore, the potential benefits
of large-scale HC3DP need to be outlined and quantified in regard to
material savings and increased volumetric output. No comparison to
other polymer extrusion systems or other large-scale 3DP methods exist
yet. There is no information about using different feedstock materials
or the fabrication of large-scale elements using HC3DP. Finally, until
now there has been no precedence of bespoke internal geometries within
3D-printed hollow beads

4.3 Method and Materials

4.3.1 Hollow core 3D printing (HC3DP)

3D printing with pellet extruders is a process of creating a three-
dimensional object by depositing layers of thermoplastic granular feed-
stock that is melted and extruded through a nozzle. Pellet extruders
are used where large-scale components are required. The process of 3D
printing with pellet extruders typically involves the following steps:
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Figure 4.3: Schematic hardware setup for
HC3DP. (a), HC3DP nozzle. (b), pellet
extruder. (c), Robot, or gantry system. (d),
the control unit for printing, including
feedback processing. (e) robot controller.
Right: Close-up of the closed-loop hollow
core extrusion system and air inlet.

[265]: Vlachopoulos et al. (2003), ‘Poly-
mer processing’

[263]: Brad Michael Bourgoyne (2015),
‘Method and apparatus for additive fab-
rication of three-dimensional objects uti-
lizing vesiculated extrusions, and objects
thereof’

[264]: Hopkins et al. (2020), ‘Additive
manufacturing via tube extrusion (AM-
TEx)’
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» Material Preparation: The first step is to prepare the material
for 3D printing which starts by drying the granular feedstock
(temperature and drying time are defined by the polymer). Then
the thermoplastic pellets, which are typically fed into the extruder
hopper through a conveyor system, are heated inside the extruder
(heating zone) to a specific temperature to melt the material and
prepare it for extrusion.

» Extrusion: Once the material is molten, it is forced through a nozzle
using a screw or piston that pushes the molten material through
the nozzle at a controlled rate. The nozzle is typically mounted on a
movable gantry system or a robotic arm that deposits the material
layer by layer to create the desired shape. The size of the nozzle
determines the thickness of each layer, as the two are correlated.

» Cooling: After each layer is deposited, the material needs to cool
and solidify before the next layer is added. This is typically achieved
through a combination of cooling fans and ambient air or by using
a heated chamber to control the temperature and humidity. Usually,
this cool-down rate defines the layer-cycle time.

» Finishing: Once the printing is complete, the object may need
to undergo additional post-processing, such as milling, sanding,
painting, or coating, to achieve the desired finish.

Although the production of tubes /pipes from granular polymer feedstock
is well known as die-extrusion [265] and was initially introduced for
filament based robotic 3D printing by [263, 264] it remains unexplored
for large-scale 3DP. To 3DP hollow-core beads instead of solid ones,
adjustments to the aforementioned fabrication setup need to be made. A
custom nozzle, compressed air, and a control system must be introduced.
This control system manages the printing parameters like temperature,
extrusion rate, as well as air pressure for maintaining an inflated bead.
The nozzle consists of a hollow mandrel supported by spider vanes to
split the molten granular material into a thin wall and an empty core (Fig.
4.3). This hollow mandrel contains a cavity through which air is blown
through the hollow core and into the 3DP bead. Providing a certain level
of air pressure inside the bead prevents it from collapsing [263, 264]. The
HC3DP nozzle replaces the existing nozzle of the pellet extruder and can
therefore be easily adopted.
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Table 4.1: Comparison of different nozzle geometries and wall thicknesses. Material savings are calculated in comparison to a full bead.

Name | Outer diameter | Wall thickness | Area full material | Hollow area | Plastic area | Savings
[mm)] [mm] [mm2] [mm2] [mm?2] [%]
o6wl | 6 1 28.27 12.57 15.71 44.44
024w2 | 24 2 452.39 314.16 138.23 69.44
024wl | 24 1 452.39 380.13 72.26 84.03

4.3.2 Printing setup and saving potential

For the experiments, different nozzles are mounted on a commercially
available pellet extruder from SAEKI Robotics [266]. The extruder has
three different heating zones and is mounted on an ABB IRB 6700 6-axis
robotic arm. The robot has a reach of over 3m and a payload of 150kg.
For ease of use, a 2x1m wooden plate is used as a print platform which
allows for temporarily fixing the large-scale 3D printed objects. The goal
of this experimental setup is to allow the creation of elements at large
dimensions.

[266]: SAEKI Robotics (), SAEKI Robotics

The HC3DP nozzles described in the Table 4.1 low differ in overall size
and wall thickness. The most right column shows the material savings
compared to an equivalent full cross-section. Depending on the diameter
of the printed bead and the wall thickness, material savings can be
as high as 84%. However, this initial calculation does not consider the
disco-rectangular shape of the extruded bead nor shape deviations of
large-scale HC3DP beads.

4.3.3 Thermal imaging and material testing

For large-scale ME, the insufficient cooldown of the printed beads holds
the risk of sagging/deforming or even collapsing of the 3D printed
object [38, 260]. To illustrate the impact of the cooldown rate of the

. . . . . [38]: Roschli et al. (2019), ‘Designing for
printed polymer and its correlation to extrusion rate, several single-

Big Area Additive Manufacturing’
outline cylinders with a diameter of 40cm, a height of 25cm, and a bead [260]: Borish et al. (2020), ‘Real-Time

width of 6mm are 3D printed. First, the maximum extrusion rate of a Defect Correction in Large-Scale Poly-
mer Additive Manufacturing via Ther-

lar 3D-printed cylinder i irically determined. O ltipl
regular printed cylinder is empirically determine ver multiple Imaging and Laser Profilometer’

prints, the print speed is increased until the print fails due to overheating,
see Fig. 4.9. The printing temperature is kept constant while the material
flow is increased to keep the bead width at 6mm. Then HC3DP with
identical settings and bead width is used to successfully 3D print the
cylinder at the same and even higher extrusion rate. The cooling fan was
disabled during these tests to keep the results comparable. The cooling
rate of regular and HC3DP beads is documented using a thermal camera
(BIL - Hikmicro), taking images at the end of the print, as well as 5 and
20min after the print is finished. The thermal camera is fixed at a distance
of Im from the center of the printed cylinder. The material used for these
experiments is Polyethylene terephthalate glycol (PETG).

The selection of printing material has several implications on the per-
formance of the final product and determines its environmental impact.
There is a wide range of thermoplastic materials available for 3D printing.
Amongst the most common are PLA, ASA, PETG, and ABS with or
without fibers. To prove the viability of the proposed printing method,
40x40x30cm cylinders are 3D printed using different materials. This
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Table 4.2: Comparison of different nozzles, showing area of extruded plastic and internal voids [mm?2].

Name Outer diame- | Wall  thick- | Cores Plastic cross | internal ratio  plas-
ter ness section void tic/air
[mm] [mm)] [amount] [mm?2] [mm?2] [%]
024wl 24 1 1 73.5 380.13 16.25
024w?2 24 2 1 138 314.39 30.5
024wlQuad | 24 1 4 117.29 334.68 25.93

[232]: Petrov et al. (2021), ‘Research into
the effect of the 3D-printing mode on
changing the properties of PETG trans-

parent plastic’

[231]: Sepahi et al. (2021), ‘Mechanical
Properties of 3D-Printed Parts Made of

Polyethylene Terephthalate Glycol’

study should be understood as a first proof of concept and is not an
extensive investigation of printing parameters and material behavior. In
total, four different materials are tested:

» Polylactic acid (PLA), bio-based and biodegradable

» Cyclic olefin copolymer (COC), translucent amorphous polymer

» Polypropylene (PP), second most produced polymer

» Polyethylene terephthalate Glycol (PETG), nearly transparent poly-
mer

For the large-scale experiments described in chapter 4.4.4, PETG was
used due to its high transparency, chemical, and structural resistance
[232]. PETG is an established material for manufacturing products for
medical and food applications. It is a co-polyester of PET with an extra
monomer which suppresses the crystallization process [231] and increases
its moldability, making it the preferred option for 3D printing compared
to PET.

4.3.4 Large-scale experiments and comparison

To prove the viability for large-scale applications cylindrical elements of
0.4x2.0m are printed and compared to two conventional ME methods. The
proprietary slicing software Blade from the company BigRep is chosen
to represent filament-based extrusion systems. Furthermore, values for a
standard pellet extruder system with a 6mm nozzle are calculated. Here,
the maximum extrusion rate, experimentally determined in Section 4.4.2
is considered. Finally, the print time, material consumption, and weight
of the printed objects are compared.

4.3.5 Bespoke die geometries and structural experiments

Large-scale HC3DP allows for the fabrication of large bead sizes, 24mm
and above. This provides the opportunity to experiment with different
wall thicknesses and introduce internal geometries into the 3D-printed
bead. Those internal subdivisions of the bead can be used for reinforcing
the large-scale thin-walled beads, or allowing for the individual trans-
portation of fluids or encapsulating other materials. Therefore, three
types of HC nozzles are designed and prototyped using 3DP of alu-
minium (Fig. 4.4). All nozzles have an outer diameter of 24mm, a) is a
nozzle with no internal geometry and a wall thickness of Imm, b) is a
nozzle with a 2mm wall thickness, and ¢) contains a cross to reinforce the
bead and separates the bead into four individual areas. A more detailed
overview can be found in Table 4.2.
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Figure 4.4: Different nozzles types, pro-
totyped using 3DP of aluminum.

Figure 4.5: Sample preparation for 3PT
bending tests.

To conduct 3PT bending tests, comparing the different die geometries
to each other, basic rectangular elements with a footprint of 500x50mm
and a height of approx. 250mm are 3D printed. The rectangular shape is
chosen for the sample to be stable enough to be printed without support,
and the distance between the two outlines helps to accommodate for the
minimal features size/turning radius of large-scale HC3DP. Due to the
large diameter of the HC bead, a minimal radius at corners/ distance
between two points is needed, as otherwise, the risk of self-intersection
and overinflation increases.

The tested samples have a length of 300mm and consist of three undis-
turbed layers (Fig. 4.5). The last and first 30mm of the samples are cast
into an epoxy resin foot to avoid collapse at the supports during testing.
First, one side is cast and once the resin is hardened, holes are drilled into
the resin to allow for air circulation. This makes sure that while casting
the second side, the resin can enter all internal voids and spread evenly.
Finally, the resin blocks are sand to make flat contact with the supports
of the universal testing machine (Zwick 1484). The distance between the
supports is 270mm and the testing speed is 6mm/s. Before testing, the
middle area of the samples are taped with a glass fibre reinforced tape
(1 turn with 5mm overlap). The tape should prevent brittle failure and
allow for a more equal load distribution into the not perfectly printed
elements.
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Figure 4.6: (a) Initial experiments of
HC3DP without air support, resulting in
non-inflated beads. Only two out of 13
beads remain non-solid. (b-g) Series of
test prints adjusting printing parameters
to increase print quality.

[265]: Vlachopoulos et al. (2003), “Poly-
mer processing’

[263]: Brad Michael Bourgoyne (2015),
‘Method and apparatus for additive fab-
rication of three-dimensional objects uti-
lizing vesiculated extrusions, and objects
thereof’

[264]: Hopkins et al. (2020), ‘Additive
manufacturing via tube extrusion (AM-
TEx)’

[264]: Hopkins et al. (2020), ‘Additive
manufacturing via tube extrusion (AM-
TEXx)’

4.4 Results

4.4.1 Process development and geometrical limitations

The following section describes the development of HC3DP for large-scale
applications and highlights process-specific constraints. The first design
iteration of the hollow-core nozzle had a 6 mm orifice and a solid 4 mm
mandrel supported by spider vanes and was fabricated using metal 3D
printed (DMLS) titanium. During initial experiments, the pellet extruder
was rotated to have an angle of 45 degrees in relation to the print platform.
Although successful for some layers/beads, it was impossible to maintain
hollow beads throughout the entire object (Fig. 4.6.a). Therefore, the
authors decided to introduce air support during the printing process.
This approach is similar to the blow extrusion of standardized tubes or
pipes. This fabrication technique either operates by pulling a vacuum
around the extruded bead or by using positive pressure inside the hollow
bead [265]. However, as 3D printing is a fabrication process designed for
non-standard production, the latter approach was chosen, confirming
the previous findings of [263, 264]. To enable the extrusion of large-scale
hollow beads using a pellet extruder and provide a higher degree of
control, an electronic pressure regulator is introduced. To facilitate air
support, the second iteration of the HC nozzle features an air inlet on
the side, allowing air to enter the nozzle and flow into the extruded
hollow tube. The introduction of air as support during the print process
was successful and led to a series of test prints to iteratively increase the
print quality by finding the correct parameters (Fig. 4.6). By introducing
the air pressure inside the 3DP bead, the tool head can be positioned
perpendicular to the printing platform (Fig. 4.3). Avoiding the constant
rotation of a tool reduces tool path planning complexity and therefore
makes the process more convenient to use.

The five major parameters for a successful hollow-core 3D print are
identified as robot speed, extrusion rate, melting temperature, internal
air pressure, and external cooling fan. With this, the authors extend the
key parameters identified by [264] (speed and flow) in order to gain
a higher level of control. When printing with a pellet extruder it is of
great importance being able to control all the aforementioned parameters
as the process appears to become more sensitive. The external cooling
fan works hand in hand with the internal air pressure to maintain the
cylindrical shape of the hollow-core extruder bead and prevents the bead
from collapsing or overinflating.

The following recurring errors were observed during the initial test prints
(Fig. 4.7):



wall thickness [mm] 1 na na 6.00

layer width [mm] 65 5 6

250

layer height [mm] 52 25 25

printed width [mm] 200 200 200

5.50

1.00

printed height [mm] 186, 193 200
weight [g] 1261 2194 2076
volume [mm3] 241800 193000 240000
scale factor 0.99) 124 1

normalised weight [g] 125.16 272.83 2976

Saving compared 3DP 54.12%

» Overinflation due to too high pressures, too little extrusion, or
material feeding failures

» Sharp corners may result in an internal collapse. The material is
forced to twist around itself as the toolhead does not rotate with
the change of print direction.

» Self-intersecting toolpaths are challenging and may result in print
failures as the freshly extruded hollow-bead collides with the
already solidified bead and gets pierced.

4.4.2 Material consumption and cool-down

One of the major implications of HC3DP in comparison to regular
ME is the reduction of material usage. Fig. 4.8 compares the material
consumption for 200x200x6mm samples printed with HC3DP, regular
ME, and a PETG sheet. The printed sample has a wall thickness of Imm,
and the chosen material is PETG. For a 6mm bead width (nozzle o6w1),
the material savings of HC3DP are over 50% and can vary depending on
the wall thickness of the extruded bead.

Another significant benefit is the increased cool-down rate of HC3DP
in comparison to regular ME. The print speed of large-scale ME is often
limited by the cooldown of already printed layers [38, 260]. To determine
the maximum extrusion rate for traditional ME of the sample geometry
(cylinder 40cm diameter), multiple samples were printed at a speed of
20, 30, 40, and 50mm/s. The print with a speed of 50mm/s failed due
to overheating (Fig. 4.9. c). However, the failure speed/ minimal layer
cycle time is expected to be between 40 and 50mm/s printing speed,
equivalent to a layer cycle time between 25 and 31s Table 4.3 shows a
more detailed comparison of the printed cylinders and their maximum
extrusion rate. The extrusion rate is calculated as follows:
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Figure 4.7: Typical printing errors of
HC3DP. (a) Sharp corners can result in
overinflation of the extruded bead. (b)
Crossing of printpaths often results in a
collapsed bead.

Figure 4.8: Comparison of HC3DP, reg-
ular 3DP, and a PETG sheet of similar
size. The material savings of HC com-
pared to TE3DP are over 50%. Samples
size 200x200x6mm. Measured results
and normalized values for a plate of
200x200x6mm.

[38]: Roschli et al. (2019), ‘Designing for
Big Area Additive Manufacturing’
[260]: Borish et al. (2020), ‘Real-Time
Defect Correction in Large-Scale Poly-
mer Additive Manufacturing via Ther-
mal Imaging and Laser Profilometer’

extrusionrate = (sectionyorymer+sectiongiy)[mm2lsprintingspeed[mm/s]
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Figure 4.9: Printed samples 40cm diame-
ter, 20cm height. (a) Regular large-scale
3D printing, buildup rate 5.97mm/min,
resulting in print failure. (b) HC3DP,
buildup-rate 9.19mm/min. Thermal im-
ages after Imin, 5min and 20min
cooldown time. (c) Cut sample of col-
lapsed regular ME due to overheating.

Table 4.3: Maximum extrusion rate of traditional ME and HC3DP, assuming a symmetric disco rectangular shape. Ambient temperature

10.5°C.
Type width | height | temperature | diameter | length / layer | printspeed | extrusion rate
[mm] | [mm] | (z1-z2-z3) [C] | [mm] [mm] [mm/s] [mm3/s]
TE3DP 6 2.5 160 - 200 - 210 | 400 1256.64 45 614.64
HC3DP 6 5.5 160 - 200 - 210 | 400 1256.64 35 927.79
improvement 150.95%

[259]: Compton et al. (2017), “Thermal
analysis of additive manufacturing of
large-scale thermoplastic polymer com-

posites’

Subsequently, the same geometry is 3D printed using HC3DP with an
identical bead width of 6 mm. The authors could prove that HC3DP
can fabricate the same object at an increased extrusion rate compared to
traditional ME. The improvement is over 50%, depending on how the
extrusion rate for ME is defined. To calculate a successful ME at a print
speed of 45 mm/s is assumed. For both sets of experiments (regular ME
and HC3DP) the object fan described in Section 4.3.1 was deactivated.
The authors believe that the extrusion rate improvement can be even
more significant when active cooling is enabled.

As documented in Fig. 4.9 and Fig. 4.11, the cool-down rate of HC3DP
is superior to regular ME. One minute after finishing the print, the
measurement point P1 is measured to be at 165.3 °C for regular ME and
91°C for HC3DP. After 5min, regular ME holds a temperature of approx.
72.1°C, whereas the HC3DP sample is already cooled down to 32.2 °C.
Twenty minutes after the print has finished ME has a temperature of
28.3°C and HC3DP 16.1°C. Although those measurements are not to be
understood as absolute accurate, the results are comparable to each other
and showcase a dramatic increase in cool-down.

Specifically interesting in the rapid drop down in temperature for the
most upper layer (Fig. 4.11). The boundary conditions for large-scale
polymer extrusion 3D printing has been described by [259]. However,
their thermal model still needs to be adapted for the double-sided
cooling of tubular 3D printed beads. Therefore, the authors propose to
distinguish between two phases of cooldown. In the most upper layer,
the cross-section material to be cooled is proportional to the surface from
which radiation can emit heat, which is the sides and the top surface.
In this case simply the bead wall thickness is considered. For all layers
below, the interfaces of two beads also have to cool down and they will
do so by transferring heat to the side walls (Fig. 4.11 right). An equivalent
wall thickness is calculated by distributing all extruded material onto the
area of the side walls:




beadwallthickness*(areaof interface +areaof sides)/areaof sides
(41)

In order to build a first order model understanding and in lack of active
cooling and for thin sections, thermal radiation, heat conduction and
heat convection should be considered. To find the critical phenomena,
the Nusselt number Nu is considered [267]. For the most upper layer
free convection from a horizontal layer is considered, giving Nu in
the range of 60, while for the lower layers a vertical wall and inner
geometry are considered, giving Nu of 70 and 56 respectively. This
shows that convection dominates over conduction. Furthermore, thermal
radiation heat flow from the respective surfaces is compared to thermal
convection, giving similar heat rates for both the upper most layer (71W
compared to 75 W) and layers below (161 W compared to 179 W). Given the
similarity, thermal radiation is then considered as a simplified surrogate
system. Furthermore, the Biot number is considered to distinguish
heat conduction in the material and convection at the surface, giving
a convection dominated system for the upper most layer and a mixed
one for lower layers. This will mean that temperature decrease takes
longer in lower layers compared to the simplified model presented here.
Since temperature difference is smaller from layer to layer than to air
temperature and the distance is longer, the Biot number for lower layers
indicates that heat transport from one layer to another is negligible
compared to convection. Thus the net radiative heat transfer from the
surface to its surrounding is considered, which is the radiation leaving
the material, minus the heat arriving from the surrounding. The rate of
net heat transfer is calculated with the Stefan-Boltzmann law according
to ed A(T* - T}) with T the temperature of the surface, T, the temperature
of the environment, A the radiating surface, o the Boltzmann constant
and ¢ the emissivity and assuming similar values for both surface and
environment.

The temperature of the material decreases over time by the rate of the
net heat transfer, with the material volume as its heat reservoir. For
simplicity a here encapsulates all factors not related to geometry and
temperature.

dT
—EV =a A(T* =T

This form of differential equation is inconvenient to solve by separation
of variables and thus the following approximation is used, where the
factor (T* — T}) is expanded to (T — T,)c with ¢ = (T + T,)(T? + T?). Tt
can then be assumed that for small changes of temperature the factor is
constant and the integration can be done for small temperature changes.
The ratio é is related to the equivalent wall thickness b as follows % = %

The equation thus writes as:

T gr it ge
/ - / Ly
r T-T, t b

]
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[267]: Churchill et al. (1975), ‘Correlating
equations for laminar and turbulent free
convection from a vertical plate’
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Figure 4.10: Qualitative temperature evo-
lution for full walled filaments and HC
(0.6min with Imm, then 3mm.)

Figure 4.11: Comparison between ex-
perimental results. Model ME b=6mm,
Model HC b=Imm for 0.6min, then
b=3mm. Right: Diagram of equivalent
wall thickness.
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where Tj;1 is the material temperature at time ¢;,1. After integration of
both sides of the equation, the relationship writes as:

Tiy1 —Te

ac
ln(ﬁ) = ?(t] +1- t])

Separating for the temperature at time the equation writes:

cAt

T = (T;—T)e” & +T,

This relationship shows elegantly that the time to cool a bead by a certain
amount is directly proportional to the wall thickness. For a HC filament,
the surface available to radiate from is disproportionately higher in the
top layer than in consecutive layers, thus while it is fully exposed it can
cool much faster than an equivalent full section filament. This in terms
means that HC filament can be extruded at a much higher rate. This
phenomenon is illustrated in Fig. 4.10.

The model is compared to the experimental results in Fig. 4.11 using
a fitting value. The results show that the model captures the rapid
temperature drop of HC compared to ME and shows excellent agreement
up to 5min after printing. At later stages heat transfer between layers
might have a significant effect on the cooling rate, leading to a bigger
discrepancy at 10 and 15min.

To summarise, the reasons for the increased extrusion rate are two-
fold: HC3DP allows the extrusion of more rounded beads compared to
traditional ME due to the inflation of the bead. The ratio of extrusion
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width to extrusion height is closer to 1:1 instead of the commonly used

3:1, which increases the layer height without increasing the layer width.

Furthermore, the increased cooldown rate of the most upper layer allows
for a shorter layer cycle time and thus increased extrusion rates.

4.4.3 Large-scale HC3DP and materials

The following section introduces 3D printing of large-scale hollow beads
with an orifice of 24mm. Then the results of printing with different
materials are described. The focus here lies in showing the potential
of HC3DP to fabricate elements at a large dimension and not on the
individual printing parameters.

Fig. 4.12 shows the first large-scale nozzle for HC3DP with an orifice
of 24 and a wall thickness of 2mm. Furthermore, it displays the first
extruded bead, as well as a cut sample. The experimental fabrication
setup described in section 4.3.1 did not need adjustments to print larger
bead sizes. Simply the nozzle was replaced. In regard to the printing
parameters, the material flow, as well as the air pressure, needed to be
increased to extrude at an increased scale.

In total, the authors successfully printed large-scale HC samples using
four different thermoplastic materials. It was found that all materials
can be 3D printed using HC3DDP, although the printing parameters like
extrusion rate, print speed, and air pressure were adjusted during the
experiments. The observations can be summarized as follows: PETG
creates elements with high transparency (see Fig. 4.7.c and 4.8.a.): This
can be explained by the thin wall thickness of the 3D-printed hollow bead
and the reduction of layer interfaces. Those interfaces mainly determine
the light transmittance through a 3DP component [197]. It can be printed
with consistent quality. COC showed the greatest deviation between the
original print path and the final object, which might indicate excessive
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Figure 4.12: HC3DP nozzle with a 24mm
orifice and a 2mm wall thickness. (b):
Extruded PETG bead. (c): 3D printed
sample, cut, with a hand to represent
scale and transparency.

Figure 4.13: HC3DP cylinders. (a) PETG,
(b) PP needed an increased printing
speed to maintain layer adhesion, the
print speed was increased from 6 mm/s
to 10 mm/s. Lower row: 40cm diameter
samples printed using different materi-
als. (c) PETG, (d) PLA, (e) COC, and (f)
PP.

[197]: Piccioni et al. (2023), “Tuning the
Solar Performance of Building Facades
through Polymer 3D Printing’
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shrinkage. Furthermore, it required the highest pressure values to stay
inflated. Only for COC it was necessary to supply air to both air inlets of
the nozzle. PLA was easy to print and closely maintained the desired
shape. PP needed to be printed at a higher print speed (10 vs. bmm/s) as
the layers did not adhere to each other (Fig. 4.13). The individual printing
parameters can be found in Table 4.

Table 4.4: Summary of printing parameters used during the material testing. For al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>