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Abstract

Abstract

To address the growing urgent need to reduce resource consumption, embodied en-
ergy, and waste in construction, this thesis presents a new method for the zero -waste
production of lightweight concrete structures using water -soluble sand formwork. The
application of lightweight construction principles allows the creation of efficient and
expressive structures with minimal material consumption and, consequently, an eco-
logical footprint. Due to its ability to take any conceivable shape, concrete provides
architects and engineers with virtually unlimited design freedom and is ideal for putting
these principles into practice. However, despite the wide availability of design solu-
tions known since the middle of the 20 ™ century, lightweight concrete structures are
still not widely used due to the lack of adequate sustainable production methods. This
often involves formwork manufacturing, which is still labor -intensive and wasteful and
accounts for over two -thirds of the production budget. Digital production methods,
such as additive and subtractive manufacturing, enable highly precise creation of geo-
metrically complex objects. However, their broader application in formwork production
is limited by their narrow specialization in the types of geometry produced, the gener-
ation of waste during processing, and the use of toxic and non -recyclable formwork
materials. Therefore, the emergence of a flexible and environmentally friendly form-
work method suitable for producing geometrically complex structures is necessary for

the broader application of lightweight construction with concrete .

Offering a comprehensive approach to the above-described problem, this thesis pro-
poses a novel zero-waste technology to produce lightweight concrete structures using
additive manufacturing of a specially developed water-soluble sand and binder mix-
ture. The powder-bed-based 3D printing of granular materials gives the greatest free-
dom in terms of geometric complexity, while the water -soluble nature of the formwork
material mix allows it to be fully recycled after casting and reused in further production

cycles. Following the overall goal of promoting lightweight concrete construction, this
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Abstract

technology also has an inverse effect on designing lightweight structures. It makes it
possible to realize structural morphologies that would be inefficient or even impossible
to produce with conventional formwork methods. The water solubility of the formwork
material allows the creation of structures with geometrically complex external shapes
and internal configurations. This enables not only improved structural performance but
also the integration of other functional elements , such as MEP systems, acoustic and

thermal insulation.

The work on the thesis includes the conceptualization of closed-loop production cycle,
the creation of an automated manufacturing process based on 3D printing of sand
molds with a specially developed material mix, and the development of necessary
accompanying CAD-CAM tools. The proposed technology is validated in the produc-
tion of formwork s for lightweight concrete structures of various scales, from small -

scale prototypes to architectural demonstrator.
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Kurzfassung

Kurzfassung

Als Antwort auf die dringende Notwendigkeit, den Ressourcenverbrauch, die graue
Energie und den Abfall im Bauwesen zu reduzieren, wird in dieser Dissertation eine
neue Methode zur abfallfreien Herstellung leichter Betonstrukturen mit wasserlosli-
chen Sandschalungen vorgestellt. Die Anwendung der Leichtbauprinzipien erméglicht
es, effiziente und ausdrucksstarke Bauwerke mit minimalem Materialeinsatz und so-
mit geringem 6kologischen FulRabdruck zu schaffen. Aufgrund seiner Fahigkeit, jede
denkbare Form anzunehmen, bietet Beton Architekten und Ingenieuren eine nahezu
unbegrenzte Gestaltungsfreiheit und eignet sich ideal fir die Umsetzung dieser Prin-
zipien in die Praxis. Trotz der seit Mitte des 20. Jahrhunderts bekannten gestalteri-
schen Mdglichkeiten sind Leichtba ukonstruktionen aus Beton jedoch noch nicht weit
verbreitet, da es an geeigneten nachhaltigen Produktionsmethoden mangelt. Dies be-
trifft haufig die Schalungsherstellung, die nach wie vor arbeitsintensiv und verschwen-
derisch ist und mehr als zwei Drittel de s Produktionsbudgets ausmacht. Digitale Pro-
duktionsverfahren wie additive und subtraktive Fertigung erméglichen die hochprazise
Herstellung geometrisch komplexer Objekte. lhre breitere Anwendung in der Scha-
lungsproduktion wird jedoch durch ihre enge Spezialisierung auf die Art der hergestell-
ten Geometrien, die Entstehung von Abfallen wahrend der Verarbeitung und die Ver-
wendung von toxischen und nicht wiederverwertbaren Schalungsmaterialien einge-
schrankt. Daher ist die Entwicklung einer flexiblen und umweltf reundlichen
Schalungsmethode, die fur die Herstellung geometrisch komplexer Strukturen geeig-
net ist, fir eine breitere Anwendung leichter Betonstrukturen im Bauwesen erforder-
lich.

Um einen umfassenden Ansatz fiir die oben beschriebene Problematik zu finden, wird
in dieser Dissertation eine neuartige abfallfreie Technologie zur Herstellung leichter
Betonstrukturen mittels additiver Fertigung einer speziell entwickelten wasserlosli-

chen Sand- und Bindemittelmischung vorgeschlagen. Der pulverbettbasierte 3D -
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Kurzfassung

Druck von granularen Materialien bietet die gréf3te Freiheit hinsichtlich der geometri-
schen Komplexitat, wobei die Wasserloslichkeit des Schalungsmaterials ein vollstan-
diges Rezyklieren nach dem GielRen und die Wiederverwendung in weiteren Produk-
tionszyklen ermoglicht. Im Hinblick auf das Ubergeordnete Ziel, den Leichtbau mit
Beton zu fordern, hat diese Technologie auch einen umgekehrten Effekt auf den Ent-
wurf von Leichtbaustrukturen aus Beton. Sie ermoglicht die Realisierung von Struktur-
typologien, die mit konventionellen Schalungsmethoden ineffizient oder gar nicht rea-
lisierbar waren. Die Wasserldslichkeit des Schalungsmaterials erlaubt die Herstellung
von Strukturen mit geometrisch komplexen Auf3enformen und Innenstrukturen. Dies

ermdglicht nicht nur eine verbesserte strukturelle Wirkung, sondern auch die Integra-
tion anderer Funktionssysteme, wie z.B. MEP -Systeme, verbesserte Schall- und War-
medammung etc. Die Dissertation umfasst die Konzeption eines geschlossenen Pro-
duktionszyklus, die Entwicklung eines automatisierten Herstellungsprozesses basie-
rend auf dem 3D-Druck von Sandformen mit einer speziell entwickelten

Materialmischung und die Implementierung der notwendigen begleitenden CAD -
CAM-Werkzeuge. Die vorgeschlagene Technologie wird bei der Herstellung von Scha-
lungen fir leichte Betonstrukturen in verschiedenen Grof3enordnungen, von kleinen

Prototypen bis hin zu architektonischen Demonstrationsobjekten , validiert.

XViii



1. Introduction

1. Introduction

1.1. Context

Today, the construction industry is still dominated by an extractive economic model

characterized by linear production processes, excessive consumption of natural re-
sources, and generation of non-recyclable waste. In concrete production and construc-
tion, the situation is aggravated by the cheapness and wide availability of raw materials
such as limestone, sand, and gravel, leading to their excessive extraction and dissipa-
tion. With ever -increasing demand driven by population growth, the annual global con-
sumption of concrete today reaches 30 billion tons, making it the most used building

material, responsible for 8% of global CO;emissions [1].

Consuming half of all materials used and producing a quarter of all emissions in the
industry, the cement and concrete sectors play an essential role in meeting the Paris
Agreement and decarbonizing the construction industry by 2050 [2]. This goal can only
be achieved through concrete and cumulative action by all stakeholders at all levels,
from cement to construction, along the entire value chain. To date, the following
measures have been identified as necessary to achieve carbon neutrality: kiln improve-
ments, alternative fuels, recycling of fines as raw materials, alternative binders, carbon
capture and storage, changes in concrete composition, and structural optimization. At
the same time, measures to reduce the demand for concrete at th e construction level
and the introduction of circular economy principles are assessed as the most straight-
forward scenario to implement, having the shortest implementation period with the

highest effectiveness [3].

Reducing the demand for primary resources in concrete construction can be achieved
by optimizing designs, production, and construction processes and increasing the
closed-loop use of materials and components [3]. Since concrete is currently used in-
efficiently in mass construction due to standardized cross -sections and dimensions of
structures caused by the limitations of production technologies, optimization of struc-

tural components can already result in more than 50% of material savings [4, 5].
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1.1 Context

Moreover, while previously resource -efficient concrete structures were difficult and
very expensive to realize on the construction site due to their geometrical complexity,

with the advances in digital fabrication, they can be realized off-site, in precast produc-
tion plants, where sufficient control of all parameters is possible, and the realization of

closed-loop processes can be facilitated.

1.1.1. Lightweight construction with concrete

Lightweight construction is a design philosophy that aims to improve resource effi-
ciency by designing structures of minimum weight that can carry the required loads.

It is an essential approach to designing concrete structures with minimal environmen-
tal impact, contributing to th e decarbonization of the construction industry, as it pre-
sents an integral approach to reducing the consumption of raw materials, energy, and
waste. Lightweight design can be implemented on the level of material, structure, or

system [8] or the combination thereof. Using high and ultra-high-performance concrete
(UHPC) with a favorable ratio of specific weight to strength enables a considerable
reduction of component cross -sections, reducing the overall environmental footprint
[9]. On the structural level, which presents the center of interest in this thesis, the
material is minimized by designing the structure to transfer the required loads towards
the supports with the minimum dead weight while satisfying all given constraints. This

means solving an optimization (minimization) problem in the design space with

Figure 1.1: Lightweight concrete structures in the 20th Century: a) Los Manantiales restaurant by

Felix Candela, 1958, Mexico city, [6] (Photo: Juan Guzman/Archivo Fundacién Televisa)

and b) Deitingen Siid Service Station by Heinz Isler,[7] (Photo: Heinz Isler).

20



1. Introduction

constraints. A lightweight design on a system level can be considered by integrating

other functional requirements.

At the structural level, optimization can be performed by finding the optimal shape or
topology of the structure [10]. In shape optimization, the search for the structure's
ideal external shape (surface) is carried out.In the design of concrete structures sub-
jected mainly to compressive stresses (favorable for concrete), shape optimization
leads to thin-walled shell structural typologies with small cross-sections. Some fa-
mous examples of thin shells were created by the pioneers of lightweight concrete
construction in the post -war period, such as Felix Candela (Figure 1.1a), Heinz Isler
(Figure 1.1b), Eduardo Torroja, and others.However, most structural typologies, espe-
cially in high-rise buildings, combine compressive and tensile stresses and contain
bending moments due to various constraints. Optimization of such structures can be
achieved by optimizing their topology, which inc ludes manipulation of material proper-
ties, purposeful placement of cavities, and determining the connectivity of the design

domain [11].

One approach to this is the so-called gradation technology, introduced into concrete
construction by Werner Sobek. It involves manipulating the mechanical properties of
concrete at the material level (microgradation) or introducing hollow bodies (mesogra-
dation) into the component's interior according to the structure's stress state under

the given loads to homogenize the stress field. In microgradation, mass savings can

be as high as 56% due to using concrete mixtures with lightweight aggregates and

Figure 1.2: Micrograded concrete beam (ILEK, University of Stuttgart) [12].
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1.1 Context
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Figure 1.3: Mesograded concrete slab, (ILEK, University of Stuttgart) [16].

pore-forming agents that achieve a bulk density of 210 kg/m® [13] (Figure 1.2). The
choice of mineral aggregates, such as expanded glass or clay, allows the production
of fully recyclable components . At the Institute of Lightweight Structures and Concep-
tual Design (ILEK), in collaboration with the Institute of Building Materials (IWB) and
the Institute of Systems Dynamics (ISYS), variable density concrete mixtures and an
automated method for the production of precast functionally graded concrete ele-
ments have been developed [14]. In mesogradation, larger mineral voids ranging in
size from 10 mm to 250 mm are introduced intothe c o mp on e nt ®Similariot er i or
hollow core slabs and the BubbleDeck system [15], the potential for optimal placement
of mineral hollow spheres with different packing densities has recently been investi-
gated at the ILEK [16]. Material savings of ca. 50% were reached in producing the 6m-
long mesograded concrete slab (Figure 1.3). Thin-walled concrete hollow spheres, pro-
duced in a centrifugal process, allow for the complete recycling of components as they
enable the elimination of plastic, which is implemented in commercial bubble deck

systems today.

A further approach to optimizing concrete structures is based on the distribution of a
single material with constant properties within the design domain by manipulating its
connectivity. The realization of such designs became possible with the advances in
digital production methods, which directly link Computer -Aided Design (CAD) and
Manufacturing (CAM) to machines with Computerized Numerical Control (CNC) and
robotics to produce the geometries generated by computational optimization tools.
For example, the structure of the functionally graded lightweight concrete shell, the

Rosenstein Pavilion, created at the ILEK, was optimized by distributing open porosity
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1. Introduction
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Figure 1.4: Topologically optimized concrete structures: a) Rosenstein Pavilion (ILEK, University of
Stuttgart) [17], b) topologically optimized concrete slab (Chair of Digital Building Technolo-
gies, ETH zurich) [20], c) topologically optimized post-tensioned concrete girder, (Ghent
University) [19].

according to the stress state in the structure. The resulting geometry was fabricated

from 69 individual segments cast with concrete into double -sided CNC-milled form-
work segments (Figure 1.4a)[17]. Material savings of 40% were achieved compared

to the solid shell of the same thickness. At ETH Zirich, extensive research has been
conducted on creating topologically optimized concrete structures, particularly floor
slabs, using 3D printed formworks (Figure 1.4b) [18]. As reported, up to 70% of mate-

rial savings could be achieved compared to the standard concrete slab of the same
dimensions. At the University of Ghent, atopologically optimized post-tensioned con-
crete beam was cast into robotically extruded concrete formwork segments (Figure
1.4c) [19]. Material savings of ca. 20% were estimated compared to the T -section

girder with identical overall dimensions.
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1.1 Context

1.1.2. Problem Statement

Although the optimized concrete structures, including those morphologies obtained
via topology optimization methods, are favorable in material savings, they are difficult,
if not impossible, to realize without an appropriate manufacturing technology or com-
plex casting systems [21]. Moreover, if formwork already accounts for up to 50% of
the total construction costs for geometrically simple construction elements [22], for
components with complex geometries, as lightweight structures often are, costs
reach as high as 80% [23].

In the 20™ century, to make the production of lightweight concrete structures eco-
nomically feasible, engineers tried to rationalize the design towards the producibility
of formwork, in particular through the use of ruled surfaces, such as hyperbolic parab-
oloids, to produce them with straight timber planks (shells of Felix Candela (Figure
1.5a)), or the use of templates of repeating shapes to reduce the cost of formwork
(ferrocement technology of Pier Luigi Nervi (Figure 1.5b)). In fact, the labor cost of
formwork led to the slow decline of concrete shells in the 1970s [24], and it became
clear that formwork techniques have more influence on the shape of the concrete

structures than even the characteristics of the structural material itself [25].

The spread of digital production technologies has enabled the manufacturing of digi-
tally created forms, including those generated with structural optimization methods
directly from CAD-CAM environment on CNC machines. Easilymachinable materials
such as wood and expanded polystyrene (EPS)have become state of practice for the
formwork production of unique building projects, such as the facade of the New cus-
toms yard in Dusseldorf [26], the roof of the Stadel Museum [27], the foyer of the
Building Academy in Salzburg (Figure 1.6a) [28] or Stuttgart 21 railway station (Figure
1.6b) [29]. Still, subtractive manufacturing is mainly suitable for creating thin-walled
and shellHike shapes since the geometrical complexity of the formwork surface is lim-

ited by the degrees of freedom (D OFs) of the tools used in CNC milling. Another sig-
nificant problem is the generation of waste during machining and the use of non -recy-

clable formwork materials. This makes the production of unique structures most
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Figure 1.5: Formwork solutions for 20th -century lightweight structures: a) timber falsework of the
hypar umbrella by Felix Candela[31], b) floorplan of the ribbed slab of the Gatti wool fac-

tory in Rome by Pier Luigi Nervi and its concrete stay-in-place formwork [32].

critical and forces designers to rationalize and unify the geometry of concrete ele-

ments to minimize the number of unique formwork segment s [30].

Additive manufacturing (AM) processes such as Material Extrusion (ME) or Binder Jet-
ting (BJ) replace subtractive methods for formwork production due to the more effi-
cient use of materials and higher geometrical freedom. While ME is more suitable to

produce vertical elements (columns and walls) due to the constraints in the layer over-
hang angle, BJ provides the highest geometrical freedom as it can circumv ent this
limitation due to printing in a powder bed. This technology can be suitable to produce
topologically optimized concrete structures. However, in the state of practice (compa-

nies such as Voxeljet or ExOne), chemically bound molds made from sand and furan
resin binders are mainly used. This leads to irreversible curing and difficulties in dis-

mantling and recycling formwork material.

Improving the ecological aspects of formwork production methods, without compro-
mising the economic ones, is a prerequisite for their competitiveness in the construc-
tion industry and has yet to receive sufficient attention [33]. Recently, there has been
a growing interest in the development of sustainable formwork production technolo-
gies that, for example, use alternative recyclable milling materials, such as wax [34],

sand [35], or ice [36]. More recently, these technologies have been expanded into AM
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Figure 1.6: Construction projects and formwork solutions for complex concrete structures: a) main
foyer in Building academy in Salzburg [28] (Photo: F. Hafele), b) CNGmilled styropor
formwork blocks [28] (Photo: soma architecture), c) view of the chalice columns at

Stuttgart 21 main railway station (Photo: Ingo Rasp), d) CNGmilled timber formwork for

chalice columns [40] (Photo: Achim Birnbaum).

of formworks, including 3D printing of wax [37] or water-soluble PVA-based polymers,
which can be dissolved in water and are biodegradable [38, 39]. The main challenge
here is to find a combination of materials and production techn iques that simultane-
ously combine technical and environmental advantages and do not limit design. Ad-

dressing these issues becomes the primary motivation for the current thesis.

1.2. Research goals

In the context of the above -described problems, the thesis aims to conceptualize a
fabrication method for zero-waste production of lightweight concrete structures using
a recyclable sand formwork system. Based on preliminary research and the analysis

of existing sustainable production methods used in construction and manufacturing,
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the most promising direction is identified in the application of water -soluble formwork
material systems in combination with powder -bed-based AM. To test this hypothesis,
the research is conducted in three stages: conceptualization of the closed -loop pro-
duction cycle, creation of an automated manufacturing process based on powder bed
3D printing of a specifically developed material mix, and validation of the technology
in the production of prototypes on various scales, from components to full -scale struc-

tures.

Since the printing of the formwork in a powder bed imposes limitations on the maxi-
mum dimensions of formwork elements, and the water solubility of the formwork
system requires controlled moisture conditions, the field of application for this tech-
nology is primarily seen in precast concrete construction. At the same time, the di-
mensions of the designed precast concrete elements do not need to be | imited to the
sizes of the formwork segments, as they can be cast into assemblies from multiple
parts. The designed production unit also assumes the modularity of its components,
and its dimensions can be adapted to the specific production requirements in future

applications.

Production technology also has a reverse influence on design decisions. It imposes
certain constraints on the geometric characteristics of concrete components, such as
requiring the elimination of isolated voids inthe ¢ o mp o n e n t @& the conipkete i o r
removal of formwork material. Therefore, special attention is paid to integrating pro-
duction parameters into the design process and ensuring a continuous flow of infor-
mation from the design and simulation of the concrete part and its form work to the

export of the machine code for manufacturing.

Since production technology requires inputs of resources and energy, it has a particu-
lar impact on the environment and is not emission -neutral per se. However, if the
energy embodied in the production process is less than the energy saved through
lightweig ht design and waste elimination in production, the technology may prove

competitive with alternative formwork production methods.
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1.3. Research Methodology

The research is interdisciplinary, situated at the intersection of architecture, structural ,

and mechanical engineering, and conducted mainly in a physicalempirical manner. It

develops iteratively through working with materials, designing computational tools and

mechanical components, and running a series of production experiments.

The research is organized in three phases:

T

In the first phase, the closed -loop production cycle is conceptualized. It includes
the design of all necessary production steps, including the investigation of suit-
able formwork material mixes, the identification of relevant manufacturing pro-
cesses, and the detailed development of all process steps involved, including
automated formwork production, casting, demolding, and recycling of form-
work material mix.

Based on the production requirements defined in the first phase, in the next
phase, an automated formwork production unit is designed and built. All essen-
tial mechanical components are manufactured and assembled. Production pa-
rameters and their dependencies are tested in the series of experiments. Nec-
essary CAD and CAM tools are created to ensure continuous design -to-produc-
tion workflow.

In the third phase, using the design-to-production workflow created in phase 2,
various formwork production series are carried out to validate and improve pro-
duction process parameters, and the geometrical quality and mechanical prop-
erties of the formwork structures. Further, concrete components of various

sizes and levels of complexity are designed and manufactured.

1.4. Structure of the thesis

This thesis is organized into seven Chapters. Following the Introduction to the thesis,

Chapter 2 provides an overview of the state-of-the-art sustainable formwork produc-

tion technologies for complex concrete structures and is organized in to three parts. In
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1. Introduction

the first part, various available methods are presented and described. The second part
focuses on the recyclable formwork systems from soil granulates, such as clay, silt,
and sand. The third part presents the digital manufacturing of sand formworks, with a

focus on AM methods.

Chapter 3 presents the proposed technology and its individual steps and sets the
boundaries for the research, including fields of application and requirements for the

production process, formworks, and final concrete structures .

Chapter 4 introduces the digital manufacturing process of zero -waste sand molds. The
chapter is structured in three parts. The first part describes the choice of the selected
AM type. The second part presents the prototypical powder -bed-based 3D printer and
the full-scale production unit. In the third part, the necessary design-to-production
workflow is introduced, and the computational algorithm for preparing formworks for

production is presented.

Chapter 5 describes the material composition and mechanical properties of the water -
soluble sand mixtures investigated in the thesis and selected for testing on a 3D
printer, presented in Chapter 4. The chapter is organized into four parts. In the first
part, the positioning of the water -soluble sand molds is given within the classification
of the molding systems. In the second part, suitable granulate and binder materials
are selected for further investigation. Methods used for the analysis are presented in
the third part. Finally, the fourth part provides information on the material properties
of the investigated mixtures and gives an overview of t he selected mixes for further

production in Chapter 6.

Chapter 6 presents the results achieved using the proposed technology. It describe s
the various aspects of designing and fabricating lightweight concrete structures man-
ufactured with water -soluble sand formworks. The chapter is organized into three
parts, presenting the results achieved on various scales. In the first part, the design
and production of the small-scale prototype of afunctionally graded concrete structure

is presented to validate the main parameters of the developed technology. In the
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second part, the manufacturing of the reinforced concrete component 2 single-span
beam is presented to address the issues of scaling and reinforcement integration. The
third part describes the design and fabrication process of the architectural demonstra-
tor, Marinaressa Coral Tree. Here, the application of the proposed technology in the
production of lightweight concrete reinforced structures is demonstrated on an archi-

tectural scale.

Chapter 7 provides conclusions that can be drawn from the study. It describes the
main technological achievements, potential, and limitations, and offers a summary of

issues relevant to future work.
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2. State of the Art

This chapter discusses the current work on formwork development in concrete con-

struction, focusing on sustainable systems . Section 2.1 gives an overview of the types
of zero-waste formwork technologies available today suitable for geometrically com-
plex concrete structures. Further, in Section 2.2, recyclable soil-based formworks are
described in more detail, including those from clay, silt, and sand, as the potential
group providing the most design freedom in casting complex concrete structures . Fi-
nally, in Section 2.3 the state-of-the-art digital fabrication of sand molds is given, in-

cluding the established methods and development trends.

Formwork, also known as falsework, shuttering, sheathing, or mold 2 is a temporary
or permanent support for concrete used to shape and maintain fresh concrete when

casting or spraying until it reaches adequate strength. The final geometry and surface
quality of the completed concrete structure are highly dependent on th e formwork
system employed in the construction [41]. Several classifications of formwork sys-
tems can be found in literature based on the material, functional type [42], or produc-
tion method [33]. In this thesis, a classification of formwork systems based on their

sustainability criteria is proposed as shown in Figure 2.1

Steel
J Timber
_ Reusable/ Timber
Disposable 1 EPS
Sand+Furan
resin

f Adaptive

Formwork — Reconfigurable Pneumatic
systems 1Vacuumatic

— Standard

Concrete

‘— Sustainable =— Stay-in-place Sand
Metal

Fabric

Polymer

Wax

Ice

Sand, clay, silt

— Recyclable

Figure 2.1: Classification of formworks based on the sustainability criteria.
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2.1 Sustainable formwork systems for complex concrete structures

The distinction between standard and sustainable systems is drawn, where disposa-
ble or reusable formworks fall under the standard category. As effective as they are
for traditional construction, they do not provide sufficient flexibility for unique concrete

structures with complex shapes (reusable formwork) or fail to meet sustainability cri-
teria (disposable formwork) such as eliminating production waste. The sustainable
methods instead aim to provide geometric freedom and eliminate waste during pro-
duction. Their types, including reconfigurable, stay-in-place, and recyclable formworks,

will be discussed in more detail further.

2.1. Sustainable formwork systems for complex concrete structures

As sustainability is a broad concept that includes economic, social, and environmental
aspects, an overview of sustainable formwork systems will be given in terms of the
latter, i.e., environmental characteristics, namely the avoidance of waste during pro-

duction. This can be achieved through the following three main strategies :

1. to reuse the formwork that can be adjusted to changing configuration s of con-
crete structure s,
2. to keep the formwork permanen tly, preferably make it functional,

3. to recycle the formwork material.

As far as the production of complex shapes is concerned, these methods have mainly
emerged with the spread of digital production . However, some examples of sustaina-

ble formwork systems have been known since the early 20 ™ century.

2.1.1. Reconfigurable formworks

The idea of using flexible, adaptive, or reconfigurable formwork is based on adapting
the shape of a single formwork when casting concrete objects with various geome-
tries, thus avoiding production waste. Flexible systems can be mechanically or pneu-

matically actuated.

32



2. State of the Art

Mechanically actuated formworks

A mechanically actuated formwork is based on the principle of deforming a flat surface
into a desired curvilinear shape by pressing it against a rubber mat formed by a bed of
variable height pins. The earliest developments of pin-controlled adaptive molds date
back to the 19" century, with the first patents using automated actuators to create a
flexible, adjustable, double-curved mold for concrete casting in 1979 [43]. In the 1960s,
Renzo Piano first applied the pin-controlled flexible molding concept to construction
applications, designing a pin-controlled machine to produce doubly curved fiber -rein-
forced plastic (FRP) elements [44]. Concrete can be poured on a curvilinear surface,
e.g., by spraying or in a flat state of the formwork that is later brought to the required
geometry after the concrete setting. However, the latter requires careful concrete
composition and rheology control to prevent cracking and spalling [43]. Several aca-
demic research initiatives pushed the technology forward, including the Denmark -
based Adapa company (Figure 2.2a), which transferred it to commercial applications.
For the Kuwait International Airport project, they deployed the on-site fabrication plant
to produce 37,000 doubly-curved concrete thin-walled panels with 13,000 various ge-

ometries using just 85 adaptive molds [45].

Pneumatically actuated formworks

Pneumatic formwork s consist of a form -maintaining flexible membrane supported by
air. As the pressure is constant over the entire membrane surface, the formwork tends
to take a spherical shape, which can be influenced to a certain extent by custom -knit-
ted or glued membranes or pre -tensioning the membrane with windings or cables [46].
Therefore, This method is the most suitable for producing thin -walled concrete shells,
with the range of producible shapes being virtually limitless within the "pneumatically
possible"[25]. Since the first patents for pneumatic formwork for concrete shells were
granted in 1941, this method was widely used in the second half of the 20 ™ century
to build economical domed houses and other similar structures. Several methods of
concrete application are known to date, including shotcreting on inflated formwork or
on the flat surface of the formwork followed by inflation in a green state of concrete

[47], or inflating the formwork with cured concrete ( Figure 2.2b) [48]. The theoretical
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2.1 Sustainable formwork systems for complex concrete structures

Figure 2.2: Reconfigurable formworks: a) adaptive mold D200 by Adapa with the dimensions 3,400 x

2,400 x 900 mm [50], b) pneumatically formed concrete dome (TU Wien / Ohlinger +
Partner ZT Ges.m.b.H.)(Photo: Benjamin Kromoser) [51].

analog of pneumatic formwork s is vacuumatic formworks, whose structural integrity
depends on the negative air pressure difference. The method was pioneered by Frank
Huijben from Eindhoven University of Technology [49]. Vacuumatic formworks use
granular material enclosed in a flexible membrane and are stabilized by an internal
reduced pressure (vacuum), which, acting on the shell, holds the aggregate patrticles,
thus "freezing" their configuration. In the flexible state (no vacuum), the aggregate core
can be formed into any shape, while in the rigid state (maximum vacuum), the stabi-
lized granular material acts as a temporary loadbearing structure capable of supporting

the concrete mortar until it is sufficiently hardened.

2.1.2. Stay-in-place formworks

Stay-in-place (SIP), also known as lost formwork, is a formwork type that interacts
structurally with concrete and works as a self -supporting formwork during construc-
tion processes [52]. It can increase the load-bearing capacity of concrete or function
as reinforcement. Moreover, some types of SIP formwork s can extend the service life
of structures exposed to harsh environmental conditions, such as offshore structures.
SIP formworks enable to overcome the constraints that appear when working with

more complex geometries when demolding the formwork i s impossible without

breaking it. Generally described as permanent formworks, these may be of two types:
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rigid, such as a metal deck, precast concrete, wood, plastics, and the various types of
fiberboards; or flexible, such as fabric, reinforced water-repellent corrugated paper, or

wire mesh with waterproof paper backing [53].

Concrete formworks

The application of concrete as the functional, stay-in-place formwork for concrete
structures was already in use in the 20™ century, e.g., by Pier Luigi Nervi, who used
the precast ferrocement panels as the SIP formwork in the construction of multiple
buildings [54]. The molds were precast in the plant from plaster or polymer templates,
and were placed on the scaffold before the concrete was cast [55]. In 1996, Behrokh
Khoshnevis developed a so-called Contour Crafting method, where the concrete act-
ing as the exterior vertical wall surface was directly extruded using the 3-axis kinematic
system with a mounted extruder [56, 57]. This method eliminated the expensive form-
work and waste and enabled casting concrete into the core, thus providing the needed
strength of the structure as well as the integration of the reinforcement. The imple-
mentation of Contour Crafting in construction has increased exponentially during the
last decades. Further research has been focused on the improvement of the viability
of the process, the integration of functional elements and reinforcement [58], imple-
mentation of non-vertical geometries, improvement of mix design , including the use
of UHPC [59], and acceleration of the production speed. Most recent applications also
focus on using concrete 3D -printed SIP formworks for a wide spectrum of construc-

tion elements, including floor slab s [60] and bridges [19] (Figure 2.3a).

Foam formworks

Various extrudable and fast-curing foam materials with lower density can be used as
non-structural SIP formwork s for building physics or other functional purposes [61].
The University of Nantes has developed a 3D printing technique, BatiPrint3D™, that
utilizes the 3D printed expandable Polyurethane (PU) foamas aformwork for concrete
wall, acting as the thermal insulation for a an internal load-bearing concrete layer [66].

The technology was applied to build a 95m? social dwelling unit built in Nantes
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Figure 2.3: Stay-in-place formwork systems: a) topologically optimized post-tensioned concrete
girder produced with concrete 3D printed stay -in-place formwork (Ghent University)
[19], b) ribbed slab produced with Foamwork (Chair of Digital Building Technologies,
ETH Zurich) (Photo: Patrick Bedarf)[62], ¢) Stay-in-place 3D printed sand formwork for
topologically optimized slab (Chair of Digital Building Technologies, ETH Zurich)[20], d)
cut-out of the slab with formwork infill test ( Institute for Building Materials , ETH Zurich)
[63], €) Mesh Mould 2 doubly curved concrete wall produced with spatial reinforcement
mesh (Gramazio Kohler Research, ETH Zurich]64], f) KnitCandela concrete shell pro-
duced with knitted fabric formwork, (Block Research Group, ETH Zurich) (Photo: Mari-

ana Popescu)[65].
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in 2018 [67]. To address the environmental issues associated with applying synthetic
(polystyrene and polyurethane) foams, recent research in this area has focused on the
investigation of extrudable inorganic mineral foams for construction applications. Re-
searchers at ETH Zurich were recently using the combination of mineral foam 3D print-
ing (F3DP) and concrete casting to manufacture lightweight ribbed composite slab

prototype [68] (Figure 2.3b).

Sand formworks

At ETH Zurich, research hasbeen conducted on the use of 3D -printed SIP sand form-
works for UHPC prototypes with complex geometries over the past several
years. Powder-bed-based 3D printing of molds made from fine silica sand and furan -
based organic binderwas carried out on an ExOne SMax commercial 3D printer with
a maximum throughput of 86 I/h. The formwork was further infiltrat ed with phenolic
resin to increase its strength, achieving a compressive strength of 12.5 MPa and a
flexural strength of 6.5 MPa. The experiments involved the production of topologically
optimized slabs with dimensions of 1.8 x 1 x 0.15 m 3, with an outer layer of 9 mm

thick permanent formwork and short fiber reinforcement [69, 70] (Figure 2.3c, d).

Mesh Mold

At ETH Zurich, an alternative robotic manufacturing process has been investigated that
uses a grid of structural reinforcement as a fixed structural formwork for concrete [71].
This method is based on "Ferrocement"” technology (invented by Joseph-Louis Lambot
in 1848 and rediscovered by Pier Luigi Nervi), in which thin steel wire mesh is
coated with cement mortar . The reinforcement mesh is installed by an industrial robot
on a self-propelled platform. The machine automatically bends and welds the steel bar
to form a structure ready to be filled with concrete. The precast mesh molds can be
assembled on-site, then filled and finished using standard concrete handling and con-

struction equipment (Figure 2.3e).
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Fabric formworks

Compared to rigid formwork systems, fabric formworks have recommended them-
selves for their inherent capacity to deal with non -standard shapes as the material is
highly flexible and can deflect under fresh concrete pressure [72]. It is also preferred
because of minimal material usage, lightness of the system , and ease of assembly
and transport. As the fabric is deformed by the hydrostatic pressure exerted by the
wet concrete during casting, the final shape must be known in advance so that the
structural elements can be designed accordingly. Furthermore, the geometry must be
anticlastic if the formwork must be tensioned to maintain the required stiffness . The
research at ETH Zurich has shown that the fabric formwork can be used as a SIP
functional surface for thin concrete shells with complex geometry [73]. Combined with
computational knitting, it is possible to create non -developable surfaces, reproduce
the designed geometry to a great extent, and integrate the design features, such as

ribs, channels, and other functional cavities (Figure 2.3f).

2.1.3. Recyclable formworks

Although almost any material can be recycled to some extent and with some effort,

recyclable formwork includes materials that are relatively easy to mold and whose
recycling does not require significant energy and labor costs. Generally, the recyclabil-
ity of such formwork s is enabled by the reversible stability of their materials, which

can be affected by various processes such as heating, cooling or dissolution.

Polymer formworks

Recyclable plastic formworks utilize the properties of thermoplastics to melt at a rela-

tively low temperature (approx. 175 °C), making them relatively easy to recycle. When
combined with 3D printing, customized, geometrically complex designs can be cre-

ated. 3D printing is performed by heating a filament or pellet of plastic in the nozzle of

a print head and converting it from a solid state to a plastic state. When extruded, the
thermoplastic material cools down quickly, gaining sufficient strength to withst and the
hydrostatic pressure of the concrete. Researchers from the University of Kent exam-

ined the recycling possibilities of such formworks, which are mechanically removed
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Figure 2.4: Recyclable formworks from various materials: a) Eggshell 3D printed PLA formwork

(Gramazio Kohler Research ETH Zurich) [76], b) TailorCrete wax formwork (Gramazio
Kohler Research,ETH Zurich) [77], c) ice formwork, (KTH Royal Institute of Technology)
(Photo: Vasily Sitnikov)[78].

after the concrete is poured and hardened, the material is cleaned of concrete resi-
dues, collected, and crushed by machine for loading into a new production cycle [74].
The biggest challenge is to completely clean the plastic and remove all unwanted par-
ticles, as they are known to clog the extrusion nozzle and affect the quality of the
recycled plastic. Later, this method was further developed and tested at ETH Zurich
in the production of large -scale prototypes of structural, reinforced columns, and slab
elements using the same principle of formwork material recycling by shredding it after

demolding (Figure 2.4a) [75].

Wax formworks

Wax has been used as a molding material in arts and crafts for millennia and as a
popular molding technique for metal castings, a so-called lost-wax casting. With the
spread of digital fabrication, the interest in wax molds was revived in producing free -
form concrete structures. Researchers at ETH Zurich have developed the zero-waste
wax mold method TailorCrete, when the wax formworks were formed offsite by an
adaptive, pin-actuated mold (described previously) and, after solidifying, were
mounted on the standard support structure onsite for casting the concrete (Figure
2.4b) [79]. After concrete hardening, the molds were reused by melting the wax and

casting new shapes. Further, the researchers from TU Braunschweig have used CNC
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milling of wax blocks to produce formworks for free-form concrete casting [34]. Re-
cent developments have shown that wax formworks can also be reused in the pro-

duction of small series of precast elements, such as pollers [80]. Besides CNC milling,
the 3D printing of wax molds using robotic arms was proposed to address the problem
of latent heat in large wax blocks and to minimize the use of energy and material in

production [37].

Ice formworks

Castings in frozen molds, also known as the frozen process, were developed in the
1970s in Japan and the Soviet Union [81]. In the foundry industry, sand and water are
often used, molded into the desired template, and frozen to form the ice bridges be-
tween the grains and gain the required strength. To cast free-form concrete structures,
researchers at KTH Royal Institute of Technology froze the water blocks to ice and
CNC-milled them to the desired shape to use as formwork s (Figure 2.4c) [36]. A special
low-temperature hydrating concrete mix was used to cure the concrete properly. Re-
cycling such formworks is not a problem and is practically automatic when the form-
work melts. Ongoing research is directed towards producing more geometrically com-
plex spatial structures. For this, the /ce aggregate method has been developed,
whereby individual molds are first CNC-milled, ice cells are frozen in them, then as-

sembled and poured with concrete [82].

2.2. Recyclable formworks from soil materials

In general, the soil is an unconsolidated mineral or organic material on the immediate
surface of the Earth that serves as a natural medium for the growth of land plants. Soll
can be of several types, including sand, clay, silt, peat, chalk, or loam, based on the
dominating size of the particles within. As these materials are all easily formable and
the most present in almost every geographic region, various soil materials have been
used since the early civilizations as molds for various applications, including glassmak-

ing, foundry, sculpture, or construction [83285]. A brief description of the applications
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and molding methods of the different types of soil present in the literature will be

given next, focusing on their use for concrete casting .

2.2.1. Clay molds

Clay has been used as molding material since the Bronze Age primarily for bronze
casting, often as the binder to sand molds to improve their cohesiveness [81]. In re-
cent years, with the widespread adoption of AM and the strengthening of the environ-
mental agenda, robotic extrusion of clay as an inexpensive, accessible, and environ-
mentally friendly raw material has become very popular in design, architecture, and
construction [88]. One of the early applications of clay as a formwork for geometrically
complex concrete structures was at the Paris -Malaquais School of Architecture in col-
laboration with the UCL Bartlett School of Architecture, where the production of geo-

metrically complex forms for building applications was investigated [86]. During this
project, concrete twisted columns up to 2.5 m high and weighing up to 500 kg were

fabricated using arobotic arm and manual clay extruder (Figure 2.5a). Further research
at the University of Michigan focused on the combined incremental clay 3D printing

paralleled with concrete casting to extend the printable height limits. Demolding was
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Figure 2.5: Clay formworks for complex concrete structures: a) 3D printing of clay formwork for 2.5
m tall column and the view of the concrete column ( Paris-Malaquais School of Architec-
ture in collaboration with the UCL Bartlett School of Architecture ) [86], b) 3D printed

clay formwork with cast concrete (Taubman College) [87].
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carried out after 24-72 h (drying period of the clay formwork), when the clay shrank
and cracked upon drying, allowing it to be easily removed and recycled by rehydration

and loading into the extruder [89].

2.2.2. Silt molds

Silt is a granular material of the size between sand and clay and is composed mostly
of broken grains of quartz. The positive aspects of silt as a molding material for casting
were discovered and systematically used by the Italian-American artist and architect
Paolo Soleri, who experimented wit h the earth- particularly silt-casting techniques for
more than 25 years starting in the 1960 s [90]. He oversaw the large-scale experimental
construction site of Cosanti, Arizona, and established the Cosanti Foundation 2 the
experimental place for the earth-casting technique. He saw the earth, silt, and clay
materials as informative and alive opportunities to express the architectural and aes-

thetic properties of such liquid materials as gypsum and concrete and their structural
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Figure26: The use of silt molds by Paol o Sol etechniquea
[90], b) Paolo Soleri works on one of the sculptures, ¢) Paolo Soleri, Single Cantilever
Bridge, early 1960s, plaster, silt, and adhesive; top element: 16 x 15 x 78 in; base: 45.5
x 14.25 x 29 in. Collection of the Cosanti Foundation. Copyright Cosanti Foundation [91].
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characteristics. During the experimental workshops, he established the so -called
wash-away silt technigue, which was used for casting complex objects and formworks
with spatial structure (Figure 2.6a).His technique used silt to create a positive model
of the future final geometry cast in plaster or concrete. It was covered with a layer of

plaster and, if necessary, reinforced. Then, the silt was washed away from the cast
plaster model's interior, and th e final plaster or concrete was cast. Soleri has used the
wash-away silt technique to create objects of various scales, from small sculptures
and models (Figure 2.6b, c) to large-scale structures, particularly building domes at

Arcosanti.

2.2.3. Sand Molds

Sand has more than 5000 years of history of use as the molding material for various
casting applications, mainly for metal casting. Besides some evidence of its use in the
Bronze Age, its official introduction into foundry as molding material happened in t he
16" century in France, and the first application of bound sand molds can be traced
back to the end of the 19™ century [92]. Further, a brief overview of the early develop-
ment of concrete sand casting will be given, followed by the use of sand in the con-
struction of free -form shells in the post -war period and its revival in construction today

as a molding material due to its favorable forming and environmental characteristics.

Early developments

The early applicationof sand molds in the concrete industry is known from the manu-
facturing of artificial stone or cast stone 2 precast concrete elements, molded and
finished to resemble cut natural stone (Figure 2.7a) [93]. This technique became pop-
ular in late 19" and early 20"-century architecture in the United States and Canada
(Figure 2.7b). The production method involved applying a pattern to wet sand in a fresh
state to give it the desired profile, which was a negative relief mold for pouring liquid
concrete and was quickly patented [94]. The interest in sand molds for casting was
due to their cheapness and wide availability, as well as the increased strength of the
cast concrete due to the lack of mold release restrictions. The positive aspect of the

sand molds for concrete strength was also considered to be the absorption of excess
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Figure 2.7: Early developments in Cast Stone technology: a) elaborate capital being tooled by hand
after casting in sand, Buffalo Litholite Company [97],b) t he cover of t
from San d thdearliessnfonograph on sand casting concrete method, 1910
[93], ¢) View of the molding room at the Onondaga Litholite Co. [95].

moisture by the mold, which improved the properties of the concrete mix [93]. The
Onondaga Litholite Company became the pioneer in manufacturing sand-cast stone
with a production capacity of up to 17,000 m 2 a year (Figure 2.7c) [95]. The introduction
of the sand molding process in the first decades of the 20 ™ century led to a dramatic
increase in cast stone production, improvements in surface finish and appearance, and

eventually, its use in the construction of many prominent buildings [96].

Postwar period

After WWII, due to the scarcity of building materials, sand and soil were often used
as molding materials for large-scale free-form concrete shells. In 1955, Heinz Isler
used a mound of earth to cast a concrete bomb shelter, withstanding the load of 60
t/m? (Figure 2.8a) [98]. One early example of a full-scale structure using the same
method was the Albuguerque Civic Auditorium, an indoor arena designed by Fergu-
son, Stevens, and Associates and opened in 1957 [99]. The 19m high, 66m span con-
crete dome was cast on a mound of sand, gravel, and organic binder mix (Figure 2.8b).
When choosing a fabrication method, this was the cheapest option that saved the
contractor $50,000. The shell was reinforced in longitudinal and transverse directions

and had a variable thickness from 12 cm at the apex to 60 cm at the base. After the
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2. State of the Art

Figure 2.8: The use of sand as molding material in the 20" Century post-war concrete construction :

a) freely shaped earth hill method by Heinz Isler, 1955 (Photo: Heinz Isler) [98], b) the

pouring of concrete of the Albuquerque Civic Auditorium, 1956 [100], c) casting con-

crete panels on the sand bed for the Philips Pavilion at Brussels Expo 58 [101].

concrete was cured, the earth was removed from under the dome to create an arena

space.

In 1957, sand mounds were used to produce the concrete envelope of the Philips

Pavilion designed by Le Corbusier and Yannis Xenakis for the Brussels Expo B [102].

The pavilion®s envelope consisted of n
cated from individual cassettes and assembled on-site. Following the progressive and

futuristic character of the pavi | i with®cn

thick prestressed concrete shells. Each hypar shell was, in turn, prefabricated off-site

in sections on the open sand-bed molds, split into individual cassettes up to 1 m % in

size to facilitate transport (Figure 2.8c). One sand pad was formed for each section

consisting of several dozen cassettes. As the hypar is a ruled surface, the shape of

each cassette was formed by marking it out on a ruler using straight boards. Some

loam was added to the mix to ensure the stabil ity of the sand. On-site, the cassettes

were assembled, and the joints were grouted with mortar, followed by prestressing

of the whole structure.
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2.2 Recyclable formworks from soil materials

Contemporary developments

Recently, there has been a renewed interest in using sand molds in architecture and
construction due to th e need for sustainable production methods for individualized
concrete elements, the manufacturing of which can now be facilitated by digital pro-
duction. The research has been mainly conducted on smallscale academic projects
and student workshops [1032105]. In 2011, during student seminars at ETH Zurich,
the production of custom concrete components using new formwork strategies was
investigated. In particular, the potential for the robotic forming of loose sand followed
by the concrete pouring of 1 x 2 m wall panels was investigated (Figure 2.9a) [106].
Following the idea of the free -form earth hill described above, researchers at Cornell
University used a mechanically formed mound of loose sand as the mold for robotically
extruded doubly curved lattice concrete structure [107]. The 1-5 mm gravel was cho-
sen as a supporting aggregate for its jagged geometry, offering a relatively high repose
angle. The loose pile of gravel was mechanically formed to the needed shape using

t he pri nt e r-effectorg(Rgure2.90). e nd

The previously mentioned frozen method was further developed at the University of
Stuttgart with CNC -milling frozen sand and water blocks to produce free-form thin -

walled concrete facade and shell elements (Figure 2.9¢) [35]. The two -part formworks

Figure 2.9: Digital production of sand molds for complex concrete structures : a) robotic forming of

loose sand, Procedural Landscapesseminar (Gramazio Kohler Research,ETH Zurich)
[106], b) concrete extrusion on top of the grave | mound (Cornell University) [107], c)

CNC-milling of the frozen sand mold (ILEK, University of Stuttgart) [35].
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2. State of the Art

were CNC-milled, then assembled and cast with self -compacting concrete. To im-
prove the hydration of concrete, the form works equipped with integrated copper pipes
were warmed up to maintain the minimum temperature needed for curing. Other pro-
jects that have explored CNC milling of sand molds have used green sand: in this case,
sand was often mixed with oil, clay, or bentonite to improve the adhesion of the molds

during machining. Before milling, the sand-oil mass was compacted to increase the

density and avoid unwanted cavities [108].

2.3. Additive manufacturing of sand molds

As seen so far, digital manufacturing technologies have given a new impetus to pro-
ducing complexly shaped individual objects in concrete construction, enabling accu-
rate reproduction of digitally designed shapes, particularly those obtained through
structural optimization. From the available methods shown in Figure 2.10, AM has
been gaining more attention in recent years, as, when compared with subtractive and

formative manufacturing, AM has three main advantages:

1. removes traditional manufacturing constraints and provides more design free-
dom,
2. can shorten the supply chain and increase the profit for manufacturers,

3. has the potential to reduce the environmental impact [109].

Digital fabrication of formorks

I\
[ [ 1

Formative Subtractive Additive
‘ A
( ]

Forming CNC milling Material extrusion Powder bed 3D printing

@Q L]

Figure 2.10: Digital fabrication methods suitable for formwork production.
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2.3 Additive manufacturing of sand molds

AM originated as a method for rapid prototyping of design concepts, allowing design-
ers and engineers from various manufacturing and construction areas to test experi-
mental models without significant investment in downstream manufacturing pro-
cesses. As the processes became more accurate and versatile, the industry's focus
shifted from rapid prototyping to rapid manufacturing (at that time Solid Freeform Fab-
rication (SFF) that focused on the rapid production of three -dimensional objects from
a variety of molding materials: in particular polymers, metals, and ceramics [110]. As
technologies evolved, an appropriate prototyping method has been identified and de-
veloped for each material group, which has been categorized as Selective Laser Sin-
tering (SLS) for metals and ceramics, Stereolithography (SLA) for liquid resins, Fused
Filament Fabrication (FFF for plastics and 3D-Printing (3DP) (later more often called
BJ) for sand molds and cores of carious applications [111]. In the following, the most
critical milestones in the development of the technology of AM of sand molds in pro-
duction and the adaptation of this method to the manufacturing of formworks for con-
crete structures will be briefly described . Finally, main directions for increasing the
sustainability of production processes and current open areas of research will be out-

lined.

2.3.1. Additive manufacturing of sand molds in foundry and composites industr ies

As molds serve as an intermediate step towards the final product 2 concrete compo-
nent 2 their fabrication using AM is usually referred to as Indirect Manufacturing (IM)
[112]. The AM of sand molds gained popularity in the industry, as it enabled to remove
the additional labor- and time-consuming steps from the classical mold preparation
process, such as the manufacturing of the pattern and the core box), and reduced the

overall production time form several weeks to 24 -48 hours [113, 114].

Currently, two powder -bed-based AM processes, SLS and 3DP, are considered suita-
ble for digitally fabricating sand molds. The SLS method, patented in 1989 at the Uni-
versity of Texas in Austin, is based on selective sintering of the binder -coated sand
particles using a laser beam to induce the thermopolymerisation process of phenolic

resin (Figure 2.11a) [117]. To start the reaction, the laser heats the binder to at least
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Figure 2.11: Powder-bed-based 3D printing methods of sand molds: a) Selective Laser Sintering

[115] and b) Binder Jetting [116].

180 °C. After the part is sintered, additional curing of the green mold in the muffle

furnace is required to get the needed strength [118]. The SLS method was further
developed by a US-based DTM company (nhow 3D Systems) and by a German EOS
company in 1996. Typically, silica sand with an average grain size from 0.1 to 0.2 mm
is used and coated with a phenolic resin. It is essential to properly select the sand and
binder type to get appropriate thermal, physical, and chemical properties. Therefore,
the equipment and precoated sand powders are usually acquainted from the produc-
ers [119]. The critical process parameters are the scan spacingand speed, laser beam
power, and spot diameter. These last two determine the thermal radiant power den-

sity, which depends directly on the laser power and inversely on the spot diameter.

The scan speed directly impacts the machine's productivity [120]. Usual scan speeds
typically vary from 10 to 100 mm/s [121]. Due to the complexity of the technology,
low speed, and high cost of production, the companies mentioned above have recently

shifted their focus to manufacturing metal and plastic products. The AM of sand molds

is more dominated today by the 3DP technologies.

3DP (BJ or BJ3DP) is a layerby-layer process in which a liquid binder is selectively

applied with an ink-jet technique in accordance with the CAD model to a layer of

powdered material (usually silica or zircon sand) (Figure 2.11b) [124]. The first patent

was granted to Sachs at. al. from the Massachusetts Institute of Technology in 1993
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2.3 Additive manufacturing of sand molds

Figure 2.12: Binder-Jet 3D printers with a) cartesian displacement mechanism (Voxeljet VX 4000)

[122], and b) robotic arm displacement mechanism (Viridis3D) [123].

[125], and since then, the working principle remained unchanged. Today, several major
companies position themselves in the market of additively manufactured sand molds

and produce printing equipment, including Voxeljet, ExOne, Viridis3D, and Z Corp.
Voxeljet and ExOne use cartesian displacement machines while Viridis3D uses an in-
dustrial robotic arm as the displacement mechanism (Figure 2.12). The common ma-
terials used in this process are silica sand pre-coated with sulphonic acid as a catalyst
and furan resin as aprimary binding agent [126]. The process presents a no-bake tech-
nology where the mold is consolidated via a chemical reaction between powder and

binder material via a catalyst. The powder and binder materials are typically used in
proportions of 99% to 1%. Depending on the equipment's size, the production speed

varies from 30 to 140 I/h with a layer thickness of ca. 300 um . After printing, the mold
can harden with uncured and cured conditions. In the first case, the part consolidates
in 12 hours under ambient conditions. To improve its strength, the mold can also be

post-processed by heating (curing) in an airventilated oven at 110 °C for 2 hours.

2.3.2. Sustainability of 3D printed sand molds and development tendencies

One of the industry's main developmental foci is the transition to "green production,”
which implies reduced emissions/waste and a healthier and safer working environ-
ment. Stringent environmental regulations will severely restrict future molding and
core production technologies. As a response to this, there is an increasing focus on

creating more sustainable binder systems and processes for 3D printing sand molds.
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2. State of the Art

Research in this area focuses on transitioning from synthetic resins to inorganic bind-
ers and developing new organic binder systems based on biodegradable polymers
[127].

Sand molds with inorganic binders

Binders based on sodium silicate (also known as waterglass or water glass) are the
current main alternative to organic binders with synthetic resins. Moreover, starting in
the 1990s, instead of the CO.-based hardening process used in molding production in
the 20™ century, the drying-based hardening of waterglass molds is gaining more at-

tention [81].

Recently, several research groups have investigated the combination of a thermally
hardened sodium silicate binder with an AM as a sustainable mold-making method
[128]. The dry sodium silicate powder in the amount of 10 wt .% was premixed with

the sand prior to printing. Then, it was dissolved by the thickened water and hardened
by physical dehydration. After printing, the mold was infiltrated by an alcohol -water
solution to dissolve the remaining sodium silicate powders further and form more

stouter bonding bridges. After that, the sand mold was buried and baked in glass
beads of zircon sand at 250 °C to eliminate water and form a glass phase (SiO2),
through which the strength and gas volume of the sand mold w as further improved.

The resulting flexural strength of 4.5 2 5.65 MPa could be reached [129, 130].

Water-soluble sand cores

With the development of digital manufacturing, the design of molded parts has ad-
vanced significantly toward functional integration and complex geometries, including
cavities and undercuts. Traditionally, channels and cavities were formed using sand
cores from the same materials as the outer molds (chemically bonded sand and resin
mixtures). However, their removal from inside the casting by hot stripping, chemical
corrosion, or mechanical stripping, which destroyed the casting or required a special
device, made the casting more expensive and reduced production efficiency and sus-

tainability. Therefore, the development of easily removable sand cores, especially

51



2.3 Additive manufacturing of sand molds

water-soluble ones, has attracted increasing interest in recent decades, mainly in the

foundry and fiberglass composite industries.

Water-soluble sand molds are composed of a mixture of sand and one or a combina-
tion of binding agents with water -soluble properties. The cores are hardened via the
physical process of dehydration as opposed to the chemical reaction of polymerization
described previously. In recent years, microwave heating has been successfully used
to overcome the high energy consumption of convective h eating. The physical bond
enables the cores to be decomposed by solvents, such as water or other liquids. Cur-
rently, inorganic, and organic binder systems can be used as water-soluble binders,
including geo-polymers, salts, proteins, polysaccharides, and vinyls. Over the decades,
multiple patents were granted for the development of various material systems with

water-soluble binders using classical core preparation methods, including the inorganic
binders, such as borax-phosphate [133], or magnesium sulfate [134] and organic bind-

ers, such as polyvinyl alcohol [135], gelatine [136], or dextrin [137].

With the advances of AM, and primarily of BJ in core production, several attempts
have been made to combine the idea of producing sand molds, hardened with water -
soluble binders, with 3D printing. Minimal information is available on this topic, and no
open-source information on the recyclability possibilities of the soluble sand cores and
their binding materials can be found yet. In 2014, Voxeljet AG and Fluidsolids AG pa-
tented the method of producing water -soluble sand molds using the BJ technique,
described very generally [138]. By their invention, the water -soluble mold should com-
prise at least one water-soluble material, be produced with the BJ technique, and then
sealed on the surface with insoluble material. The mold could be cast with any hard-
ening flowable material. After hardening, it should be washed out, preferably with an
aqueous solution of a warm temperature (preferably up to 80 °C), typically higher than
the melting temperature of the bonding material used . No specified binder material
was described; the possible materials for use were listed, including polysaccharides,
proteins, salts, silicates, tannins, polyvinyl acetates, polyvinyl alcohol, polyvinylpyrroli-

done or a mixture thereof.

52



2. State of the Art

a b

Figure 2.13: Use of water -soluble sand cores for laminated composite products: a) Process steps
of manufacturing a motorbike swing arm made of GRP (from left to right) produced by

Voxeljet: 3D printed core; sized core; fine-coated core; laminated, already washed-out
core; painted motor-bike swing arm with metal inserts [131], b) washout tooling used by

ExOne company in production of laminated FRP composites [132].

One public mention has been found of Voxeljet's use of 3D -printed water -soluble sand
cores for the production of the FRP motorcycle rocker arm in 2015 [131]. A water-
soluble sand core with an inorganic binder was fabricated using the BJ method and
then cured in the oven to gain the necessary strength. The core surface was sealed
with a slurry and dried at 60-80 °C in a convection oven. Further, it was covered by a
water-based agent, which was brushed on the surface and dried repeatedly in the
oven at 60-80 °C. Finally, the core was laminated with a polyester material reinforced
by glass fiber tissue and washed out after hardening (Figure 2.13a). No further infor-
mation on recyclability/reusability was given. The binder specifications were not pro-

vided.

In 2016, researchers at ETH Zurich experimented with the AM of a geometrically com-
plex robotic leg structure. The component was produced on the ExOne S -Max printed
using the quartz sand and inorganic water-soluble binder, then sprayed with a sealing
layer and cured in the oven [139]. Another public mention was found of ExOne using

washout tooling to remove sacrificial cores in the production of FRP composite s (Fig-
ure 2.13b) [132]. This is probably related to ExOne researching the BJ of water-soluble
sand cores using a polyethyleneimine (PEI) binder in 2021[140]. The sand cores were

printed on ExOne X1-ab printer with aresolution of 200 um. The PEI binder was used
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2.4 Conclusion

as the solution supplied through the printhead . After printing, the part was cured in
the oven at 180 °C for 2 hours to gain strength. The maximum green strength of 6.28
MPa was reached. The tested specimens were used to laminate fiber composites,

and the core material could be washed out after hardening.

2.4. Conclusion

As can be seen from the state -of-the-art presented in this chapter, sustainable form-
work methods have a long history and diversity. Each group has evolved to fulfill a
specific purpose. With the advent of digital manufacturing, these methods have been

further developed by adapting available digital production techniques.

Common to all presented technologies is their narrow specialization in a particular type
of producible geometry, which is directly related to the forming method and materials
used. Thanks to their reusability, reconfigurable formwork systems present zero -
waste solutions. They are the most suitable for producing thin -walled or shell-like serial
objects or unique structures within possible configurations. Adaptive formworks are
suitable for facade and wall panels and pneumatic systems 2 for thin-walled shells of
a specific range of shapes. Stay-in-place formworks provide more freedom in the
choice of form as they do not need to be dismounted. However, they must be func-
tional to be effective, so materials should be selected that can fulfill a specific function,

e.g., load bearing, insulating, reinforcing, etc.

Recyclable formworks are the most flexible sub -type of sustainable formwork sys-
tems when combining geometric flexibility with waste minimization. They are the
most flexible when dealing with complex spatial structures with undercuts, bottle-
necks, inner channels, etc. However, the challenge is finding the best possible com-
bination of formwork properties, such as formability, sufficient temporary strength,
demoldability, and recyclability of the formwork material. The variety of recyclable
formwork systems pr esented in the state -of-the-art indicates a great interest in this
subject in academia and practice and a desire to find a balance between geometry,

material, and production process requirements. However, the processes of
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freezing/heating (as in the case of wax and frozen processes) lead to additional energy
expenses that need to be further investiga
sand formwork [35] has shown the limitations in terms of comfort in working in a

climatized environment, particularly the formwork handling (cleaning) at low tempera-

tures, making it difficult to use them in conventional production halls . The demolding

and recyclability procedures pose another challenge 2 the multistep production pro-

cess, which requires additional time, energy, and labor expenses.

In other manufacturing areas, mold production processes are increasingly focused on
the requirements of green production, i.e., with reduced energy and waste. The pop-
ular production of chemically bonded sand molds with furan resins will soon cease,
giving way to alternative, more environmentally friendly technologies. Current trends
in research and practice in AM of casting molds are focused on finding sustainable
alternatives, biomaterials, and non-toxic binders. Considering and adapting industrial
methods for use in the construction industry is of interest for more sustainable pro-

duction of concrete structures .

In this context, using water -soluble formwork systems is the most gentle and prom-
ising method, as it allows easy demolding of complex -shaped castings at room tem-
perature with virtually no restrictions, which also has no adverse effect on the con-

crete. The open questions, in this case, are:

1 the investigation of material system, which would combine the necessary
strength and geometric stability during formwork production, pouring and cur-
ing of concrete with sufficient water solubility at room temperature in the short-
est possible time, and

1 the conceptualization of a sustainable automated manufacturing process to pro-

duce geometrically complex molds using the developed material mix.

Thus, this thesis aims to find a combined solution to these two problems and proposes
technology for the automated production of geometrically complex concrete struc-

tures using 3D-printed molds from a mixture of sand and a specially selected binder.
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2.4 Conclusion

The general concept of the technology representing a closed-loop production cycle is
presented in Chapter 3. The conceptualization and production of an automated 3D
printing unit are described in Chapter 4 and the investigation of the suitable material
mix is presented in Chapter 5. The developed method is tested in the production of

various prototypes, described in Chapter 6.
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3. Zero-waste sand formworks for complex concrete structures

3. Zero-waste sand formworks for complex concrete structures

This chapter describes the general concept of the technology to produce geometrically
complex concrete structures using a recyclable sand formwork system. The technol-
ogy is conceptualized as a closed-loop production cycle, where formwork material cir-

culates as long as possible, eliminating waste production. Following the general de-
scription of the approach in Section 3.1, Section 3.2 describes the expected application
range of the technology, and Section 3.3 describes the requirements imposed on the

technology, including the production cycle in general, the involved production process

steps, the formwork, and the concrete component as the final product.

3.1. Technology concept

Figure 3.1 presents the concept of technological process for zero-waste production of
lightweight concrete structures using recyclable sand formworks. The closed produc-
tion cycle consists of 3D printing of formwork, pouring of concrete, demolding of con-
crete structure, and recycling of formwork material for use in subsequent production

cycles.

The formwork 3 D geometry is generated in a CAD program. For large-scale concrete
elements, the formworks are divided into individual segments depending on the di-
mensions of the operational volume of the 3D printer . Further, the 3D volumes are
sliced into layers, the printing routines are prepared for every layer and compiled into
the machine code for production. The overview of the computational workflow will be

described in Subsection 4.3.1. The formworks are produced on a powder -bed-based
3D printer, whose design is explained in Section 4.2. The printing process combines
all necessary steps for printing and curing the formwork , so no post-processing steps
for further hardening are needed and the formwork is ready for casting right after the

printing is done. The material system for formworks consists of a sand and water -
soluble binder that enables 3D printing of geometrically stable yet water-soluble form-
work's that can be easily recycled. Various material mixes areinvestigated in Chapter 4

and the most preferable one is selected to produce prototypes, described in Chapter 6.
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3. Zero-waste sand formworks for complex concrete structures

When 3D printing is accomplished, the formwork is cleaned up from the unbound sand
that is ready for reuse and loaded into the 3D printer again for further production. The
formwork is then prepared for casting. For large -scale components, several formwork
segments are assembled with each other. The reinforcement is placed, and the con-

necting elements are installed. The classical casting process then proceeded with.

After the concrete has hardened, the component can be demolded by submerging it
in the water bath or splashing it with room -temperature water from the hose. During
the research, both options were tested, with the first one prevailing for small -scale
specimens and the second one for bigger structures. In both cases, the container for
collecting sand and binder mix is required to collect all formwork material for further

recycling.

The recycling part of the production cycle starts with the separation of sand and binder
mix from the excess water. A filter system can be used for this. The wet mix is loaded

into the industrial, commercially available drying oven at 70 2 105 °C for 24 hours. After
the formwork material is dried, it is taken out and ground on the commercially available
grinding machine. After the grinding, the mixture is loaded into the 3D printer for fur-
ther production cycles. The comparison of the freshly prepared and re cycled material

mix will be given in the Subsection 5.5.4.

3.2. Application range

Due to the properties of the formwork material and the multistep production process

that requires controlled environmental conditions, the main application area of the pro-
posed technology is seen in the off -site production in the precast production plant. All
manufacturing steps of the closed-loop production cycle can be well adapted to flow

production line.

With this technology, concrete structures and their parts, components, and elements
can be produced. Moreover, consulting with precast production companies has indi-

cated the need for more sustainable formwork solutions for structures with custom
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opening systems, often requested by clients . Until now, such inlays have been exe-
cuted using EPS or timber formworks that also involve manual labor in mold prepara-
tion and demolding by plant staff (which is laborious due to concrete shrinkage and
often destroys the formwork, making it single -use). Thus, the broader application of
this technology is expected in the manufacturing of precast concrete structures that

need some degree of customization, including inlays, undercuts, and profiles that are

economically or ecologically unreasonable to produce otherwise.
Types of structures, producible with this technology:

1. structurally optimized precast concrete components ,
2. components with internal cavity system for functional integration:
0 concrete core activation,
o thermal insulation,
0 acoustic insulation,
o heating/cooling, another ductwork,
3. facade elements with functional integration :
o thermal insulation,
o0 daylight control,
0 support biodiversity,
4. non-construction components:
o furniture and landscape objects,
o thermal coolers,
0 engineering equipment made from mineral, self -hardening materials,

5. underwater structures.

3.3. Technology requirements

The requirements for developing technology include those for the production prod-
ucts, including concrete structures and formwork, and the production processes. Each
category should meet functional and non -functional requirements, i.e., environmental.

In the light of the Sustainable Development Goals (SDGSs), technology should be
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3. Zero-waste sand formworks for complex concrete structures

aligned with the Responsible Consumption and Production Goal (SDGL12)[141], which
aims at the efficient utilization of natural resources and reduction of industrial waste

through prevention, reduction, recycling, and reuse.

3.3.1. Formwork requirements

As a product of the developing technology, the formwork needs to meet the require-
ments applied to formworks for concrete construction to fulfill the three main criteria,

namely quality, safety, and economy [142], with a detailed description below::

quality: 1 the accuracy of formwork geometry (shape) during production,

casting and hardening,

1 the quality of formwork surface;

safety: 1 sufficient strength to sustain own weight during production, han-
dling, assembly, and demolding,
1 sufficient strength to sustain weight and hydrostatic pressure of

concrete during casting and hardening;

econ- 1 reasonable production time,
omy:. 1 reasonable production cost.
Quality

The formwork must be geometrically precise and stable at several stages of produc-
tion, from 3D printing, handling, and transportation to concrete casting and hardening.
The geometric precision set in CAD when designing concrete structures must be
maintained during the 3D printing. The dimensional tolerances must be within the ad-
missible range of those set in DIN 1045 -4 [143] for precast concrete structures. The
formwork should be geometrically stable, i.e., should not deform under the loads ap-

plied when handling, transporting, and, most importantly, casting. The combination of
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3.3 Technology requirements

strength and cross-sectional thickness should be designed appropriately to minimize

deformations.

The surface quality of concrete components depends on the mutual selection of two
parameters of formwork: the grain size of the formwork material mix and the height

of the print layer. If fine sand mixtures are used (0.1-0.3 mm), and the submillimeter
layer heights are applied, the surface quality (very rough to rough) comparable with

traditional timber formworks can be expected .

Strength

The formwork must safely carry the designed loads along all necessary process steps.
The formwork should carry its weight at all stages of the production process, including
3D printing, cleaning, transportation for assembly, assembly, and casting. After co n-
crete is hardened and no deviations are caused during this process, further reduction
of formwork strength (i.e., due to moisture absorption) is no longer crucial. Formwork
should sustain the hydrostatic pressure of the fresh concrete, which increases lin early
with the height of the component in the vertical direction. Anticipating the relatively
low strength of recyclable formwork mix, compared to steel or timber analogs, the
use of the formworks for precast concrete structures is seen as beneficial, as i t ena-
bles the orientation of components for casting to minimize their height, thus reducing

the hydrostatic pressure of concrete to a minimum .

Economy

The economic aspects of the final product consist of the total production time and
cost. Being a multi-stage production process, to be competitive with modern digital
production methods for complex concrete structures, the total production time of sim-
ilar quality products should not exceed the production time of similar processes. Cost
is expected to be affected by the duration of production as it consumes energy and
resources, human labor if applicable, and the cost of resources used in the process.
Thus, it is essential to keep the energy consumption of the production process low .

Also, the automation of as many production steps as possible will reduce the costs.
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Finally, the circulation of materials within the production process for as long as possi-

ble will reduce material consumption costs .

3.3.2. Material Requirements

Requirements that are set for materials used in production technology can be divided

into two groups :

1 product-oriented 2 provide needed quality and strength of the manufactured
formwork and concrete component.
1 process-oriented 2 quality and costs of production and processing of the mate-

rial within the production cycle, the possibility of its recycling.
The raw materials that are supposed to be used in the production cycle should be:

widely available,

inexpensive,

)
)
1 exhibit reasonable strength,
1 processable at moderate energy consumption,
1 non-hazardous

1

easily recyclable.

Since the primary material used in the production process?® sand® is readily available,
the focus will be on selecting binders that can meet the requirements listed above.
Moreover, to minimize the use of raw materials, recycled, upcycled materials, wastes,
and byproducts of other industries are also investigated. The study of suitable form-
work materials and the design of the formwork material mix are described in Chap-

ter 5.

3.33. Production cycle requirements

The requirements for the production cycle can be divided into functional and environ-
mental. Process functional characteristics include speed and quality of production,

while environmental characteristics include energy and resource inputs and outputs

63



3.3 Technology requirements

and, as a result, the overall environmental footprint. Since the production process con-
sists of several stages, the requirements for each production stage will be given. This
work focuses on the development of an automated 3D printing process of water -sol-
uble sand molds as a fundamental production step required for the successful opera-
tion of the technology in general. Other production steps, such as concrete casting,
demolding, and recycling, are first realized using existing equipment and facilities of
the Materials Testing Institute (MPA) on the campus of the University of Stuttgart.

Further automation of the production cycle will be put forward and constitute future

work on this topic .

3D printing of sand formworks

In general, 3D printing promises to reduce the environmental impact compared to tra-
ditional machining, especially in terms of material consumption, as it significantly re-
duces the amount of waste generated during the manufacturing process [144]. In-
deed, the layer-by-layer application of the material allows for more economical use of
resources. However, energy consumption can be 10-100 times higher than traditional
machining due to the specificity of the process [145]. Therefore, both resource and
energy use of the 3D printing process need to be considered when evaluating the

overall environmental footprint.

Based on the analysis of existing sand formwork manufacturing processes, which usu-
ally require post-processing in the form of curing, drying, or baking, in this technology,

drying will be included in the 3D printing module to avoid additional labor and tim e-
consuming equipment. As the 3D printing process consumes energy to operate com-
ponents such as motors, control systems and individual components of the printing

process, its energy consumption should be low to moderate. In this case, the drying
step is considered critical, and efficient drying systems are investigated in the design

of the 3D printing unit, which is described in detalil in Section 4.2.
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3. Zero-waste sand formworks for complex concrete structures

Casting

When casting concrete into sand formworks, it is necessary to ensure that the molds
are filled with concrete and that there are no blockages or voids. This requirement can
be met with the simultaneous fulfilment of the following criteria: formwork shape,
casting algorithm, and properties of the concrete mixture. The formwork shape must
be designed accordingly and checkedin advance to ensure that there are no cavernous
cavities, i.e., niches where air can accumulate during casting. If the shape cannot be
changed, this can be corrected by the orientation of the formwork in relation to the
casting direction. Nowadays, software, such as Altair® Inspirep Cast [146], can be

used to perform casting simulations.

Demolding

Demolding is an unavoidable part of any casting process using formwork and is some-
times time -consuming and labor-intensive due to the adhesion of the concrete to the
formwork due to its shrinkage. This requires brute force or heat, which can also lead
to damage. In this technology, special attention is paid to developing a formwork mix
that can exhibit a sufficient water solubility rate to avoid mechanical demolishing or
too long dissolution time of formwork material. Ordinary environmental conditions are
also favorable for the demolding process to reduce unnecessary energy consumption .
The demolding time should preferably be within reasonable limits and not exceed,

based on the scale of the producible structure, 10-20 minutes.

Recycling

Recycling is a critical part of the production process, providing its circularity. Although
theoretically, any material is recyclable, the priority for production technology is the
non-labor-intensive recycling of formwork material, if possible, repeatedly. Since recy-
cling also involves the use of machinery, it is an energy-intensive production step. In
this regard, paying attention to labor and energy consumption is necessary, keeping it
as low as possible. Suppose the water-soluble formworks are reversibly stable as they
are formed by physical processes of wetting and harde ning. In that case, the recycling

is performed by the repeated wetting and drying process, followed by grinding to
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reach the same granulate state of the mix suitable for 3D printing. The existing facili-
ties at the MPA, such as drying cabinets and grinding machines, will be used for recy-

cling.

3.4. Conclusion

In this chapter, the general approach to production technology, its applications, and
the requirements for the products and the manufacturing process itself was pre-
sented. Since the primary motivation is to create a closed-loop production cycle suita-
ble to manufacture geometrically complex concrete spatial structures, all stages of the
production process must be considered. However, the focus of the present work is
put on the investigation of the automated 3D printing unit, descri bed in Chapter 4 and
suitable material mixes, described in Chapter 5 as process fundamental parts. The
remaining steps, including concrete casting, formwork demolding and recycling, will
be investigated using existing equipment located on the university campus to prove

the overall applicability of the technology to produce lightweight concrete structures .
Validation of the entire production cycle will be presented in the production prototypes

and architectural demonstrators described in Chapter 6.
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4. Additive manufacturing of water -soluble sand formworks

4. Additive manufacturing of water -soluble sand formworks

AM of water -soluble sand molds is at the core of the production technology presented

in Chapter 3. This chapter describes the process of setting up an automated powder -
bed-based 3D printing unit and the necessary CAM routines for the preparation of
formworks for production . In Section 4.1, the selection of a suitable process type from
the available powder-bed-based AM processes, is described. Further, in Section 4.2,
the setup of the 3D printer, including the small -scale mockup and the final full-scale
machine, is presented. Finally, in Section 4.3 the design-to-workflow and the algorithm

developed to prepare production files for printing are introduced .

4.1. Selection of the additive manufacturing process type

Powder-bed-based 3D printing processes are a general category with many subtypes.
To determine the 3D printer configuration, the type of 3D printing process that would

best meet the technology criteria outlined in Subsection 3.3.3 was chosen. The main
parameters for process selection are the preparation and processing of materials

(sand, binder, and water) and the method for binder activation and curing.

Figure 4.1 presents the three possible types of AM of sand molds, including SLS, BJ
and Selective Binder Activation (SBA). The main differences are in the consolidation
mechanism and the position of the binder in the system . As the main principle of SLS
is the use of the laser to sinter the sand particles precoated with a binder, the binder,
in this case, should be molten and used to precoating the sand (Figure 4.1a). If organic
binders that have relatively low melting point s are used (e.g. dextrin 2 53 °C, PVA?2
230 °C), the relatively low power laser can be installed. However, the inorganic salt
binders with much higher melting points than 1000 °C would require a more powerful
laser, comparable to one for sintering the sand grains directly, which is an energy-
intensive process. Moreover, the binder must be preprocessed in the liquid state to

precoat the sand grains, adding extra steps to production. By manufacturing water -
soluble sand molds, the binder is instead expected to be activated by water, providing

relatively equal conditions for the processing of organic and inorganic binders. From
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Figure 4.1: Types of powder-bed-based additive manufacturing: a) Selective Laser Sintering (SLS)

b) Binder Jetting (BJ), ¢) Selective Binder Activation (SBA).

the speed of the process, the SLS is usually around ten times slower than BJ due to
the single spot of consolidation compared to the inkjet printheads operating with doz-

ens or hundreds of nozzles. Finally, laser installation and safety during the construction
and operation of custom-made 3D printer is considered less safe as it requires addi-

tional safety measures, including a full enclosure of the production machine, etc.

BJ's application in producing water-soluble sand formworks is deemed more plausible
(Figure 4.1b). The processing steps, such as wetting and drying, can be easily trans-
lated into the logic of layer-by-layer jetting the binder solution (binder premixed with
water) using a printhead onto a thin layer of sand particles. The following drying could
be performed using a standalone oven or integrated into the production process using
heaters. However, one of the difficulties for BJ is the need to regularly clean the print-
head during and after printing to prevent the sedimentation and/or hardening of the
binder inside the printhead mechanism, especially when testing various organic and
inorganic binders that are not fully water -soluble. The printheads used in this method
are often considered as consumables and exchanged frequently. Until the end of the
research, it was unclear what binders will be chosen, what effects they can have on
the liquid supply system and if they can cause such clogging of the nozzles and sedi-

mentations inside the printhead. Therefore, the third process type 2 SBA?2 was chosen
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4. Additive manufacturing of water -soluble sand formworks

(Figure 4.1c). The difference with BJ is the pre -mixing of the binder with the sand in a
dry state so the mixture can be stored and reused. At the same time, only water is
applied to the surface of the powder layer that selectively activates the binder be-
tween the sand grains. As only water (preferably distilled) is fed through the printhead,
this extends the service life of the equipment and eliminates any condensation/depo-

sition problems within the kinematic mechanisms.

4.2. 3D Printer development

Two options were considered when developing a 3D printer during the research: a)to
use an existing machine and adapt it to the processing steps of the developing tech-
nology or b) to build a new kinematic system with all the needed mechanical compo-
nents. Compared to FFF3D printers, which are widely available, including open-source
assembly instructions and software, powder -bed-based 3D printers, especially for
large-scale applications, are expensive and closed systems with an unclear ability to
integrate custom-made components and untransparent CAM software. The choice
was, therefore, made to develop own 3D printing device using commercially available

individual mechanical components, where possible.

Two production units were designed, assembled, and tested in this work . First, a sim-
plified powder bed with an automated platform -lifting mechanism (Z-axis) was
mounted on an existing 3-axis CNC machine (Subsection 4.2.1) to investigate and ver-
ify all process parameters. After all the functionalities and necessary mechanical com-
ponents were identified , the full-scale 3D printer was designed and built (Subsection

4.2.2).

4.2.1. Prototype

The prototype, depicted in Figure 4.2 with a powder bed of 40 x 40 x 30 cm? (ca. 76
kg of sand), was mounted onto the operating table of an existing BZT CNC machine
located at the ILEK. Thisenabled to skip the construction of the full portal kinematics
and focus directly on testing functional components for the printing process. The pow-

der bed and powder distribution system were custom -made, and the printhead and
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Figure 4.2: Prototype of the powder-bed-based 3D printer: a) front view, b) close-up of the printing

a

process.

drying units were purchased and integrated into the custom control system developed
by colleagues from the Institute for Control Engineering of Machine Tools and Manu-

facturing Units (ISW) at the University of Stuttgart.

Kinematic system

The powder bed was equipped with a platform moving along the Z -axis, controlled by
a NEMA 23 stepper drive (see Figure 4.3). A compression elastic band was installed
in the seam between the platform and the powder bed walls to prevent sand sifting.
The platform was moved by transmitting drive revolutions through a gearbox and belt
to four linear actuators connected to the platform from below. The Z-axis motor was
controlled via the digital output s from the CNC machine. The movements of the print-
ing components (printhead, powder distribution, and drying system) w ere controlled

directly by the main CNC interface as X, Y, and Z motions of the ma ¢ h i tnaee&s.

Powder diistribution

The sand was supplied using a top-feed system, which eliminates the need for a re-

serve tank and saves space but requires sand refilling during printing. The sand was
loaded and fed from a 4.8 dm® (8 kg of sand) hopper mounted on a CNC machine
traverse equipped with an 8-section wheel dispenser and a blade for leveling the sand

during distribution. The wheel was driven by a NEMA 23 stepper drive controlled
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Mounting element on the
traverse of the CNC-machine
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length
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print-head (nozzle diameter = 130 pm)

Hopper with dispensing wheel,
powered by the stepper drive and leve-
ling blade

Aluminium cage of the powder-bed

Moving platform with the elastic
compensating band on the perimeter

Base plate with linear actuators, con-
nected to the drive via reduction gears
and the belt

Z-axis stepper drive

¢

Figure 4.3 Diagram of the main components of the prototype 3D printer.

through the digital output of the CNC machine. To apply the layer, the movement of
the hopper in the X-direction was paralleled with the rotation of the wheel by the re-
quired number of revolutions per unit length, based on the required amount of powder

at a given layer height and immediately leveled by the blade.

Liquid dispensing system

The choice of printhead for the process is an important consideration, as it largely
determines printing speed and quality. The printhead type should be selected based
on the application and the requirements for the types of inks to be processed. In inkjet
printing, continuous inkjet (C1J) and drop-on-demand (DoD) systems are mainly used
[147]. In CIJ, the droplets are continuously generated, and later, the unwanted ones
get diverted electrostatically into a collection device (catcher, gutter) and recycled
within the system, letting the wanted ones to hit the printing surface. In DoD, the
droplets are produced discreetly (only when needed) using electrical signals. The crit-

ical advantage of DoD over ClJ is the more straightforward design of the ink supply

71



4.2 3D Printer development

system, which means there is no need to pressurize and recirculate the ink . The DoD
systems are also more common today and more accessible to find in the configuration
needed for the specific functional requirements of the application. The DoD allows
better control over droplet positioning, so it is the preferred technique for hig h-resolu-
tion graphics and material inkjet printing. Therefore, the DoD system was chosen for

this work.

Today's most common types of DoD systems are thermal inkjet, piezoelectric inkjet,
or electromagnetic (valve-jet) [148]. The printing resolution requirements and the type
of ink used determine the use of each type . If the print volume needs to be large (such
as for building applications) and the resolution of the printed part does not require high

accuracy, a valvejet system is the prefer red choice.

Printheads typically use a pressurized ink supply through a relatively large nozzle
opened and closed by a mechanical actuator (also called needlebased printing). An-
other advantage of the valve-jet printheads is the permissible ink viscosity range,
which is generally much wider than that of other inkjet printers . Valve-jet printheads
can process water-based inks, which are difficult to use with other systems because

they have low viscosity [149].

When selecting a printhead for this technology, the focus was set on high printing
speed, printing resolution between 0.5 and 2.5 mm with the possibility of its variation,
and the ability to print water -based inks, in particular distilled water without additives.
From the available market solutions, the REA JET 2.0 printhead with 32 nozzles from
REA Elektronik GmbH was selected as the most fitting to the requirement list . The
printhead has a maximum print length of 135 mm and a nozzle spacing of 4.5 mm. It
can be configured with different nozzle orifice diameters . For this application, 130 pm
nozzles have been selected to achieve a surface droplet diameter in the range from
0.5 to 2.5 mm. The water is supplied to the printhead at an operating pressure of 0.4 -

0.6 bar from a pressurized tank equipped with a pressure sensor. Distilled water is
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Figure 4.4 Printing settings of the printhead REA JET 2.0 with various printing resolutions: a) 2.5

mm, b) 0.5 mm, c) close-up of the printing tests with variable resolution from 2.25 to

0.8 mm.

used to prevent any condensation in the ink supply system and print-head to prolong

its service life.

The droplet size depends on the pressure inside the printhead, the nozzle diameter,
and the nozzle opening duration. A uniform droplet filling in the X and Y axes is pro-
duced by the combination of the correct droplet diameter per unit area (cell) and the
distance between the two adjacent droplets (period). Within this period, the opening
time is controlled using a pulse-width modulation (PWM) signal . It can be varied within
the period length in 1 ms steps (minimum signal duration according to the factory
settings of the printhead) (Figure 4.4). This, in turn, results in the setting of the print-

head movement speed along the X-axis.

The resolution variation within the system is possible by rotating the printhead in rela-
tion to the printing direction on a defined angle with further automated adjustment of
the parameters described above. As each nozzle can be controlled individually,a cus-

tom control system is implemented where the droplet distribution is adjusted based
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on the defined angle. To produce closed areas in this way, the droplet size must cor-
respond to the nozzle spacing. Since the angle of the print head can be freely varied

from 0° to 89°, the print resolution can be set in the range from 4.5 mm to 0.13 mm .

To achieve the correct image proportion during the printing process, it is necessary to

include the opening delays for each printhead nozzle, which dependonthepr i nt head ®s
rotation angle with respect to the X axis. As can be seen in Figure 4.4, printing with a

resolution of 2.5 mm is possible at a maximum printhead speed of 4,500 mm/min with

almost fully opened nozzles at the full period times while with a resolution of 0.5 mm

at speeds well over 32,000 mm/min with the 28% of the nozzle opening time. These

parameters determine the printing process's boundaries , that can be further adjusted

during the testing phase by adjusting the nozzle diameters of the printhead and other

parameters of both components and kinematic system (such as limit speeds of axes

movements).

Drying System

Water-soluble sand mold gains strength through the physical process of binder dehy-
dration; therefore, this process should be considered when developing the printing
process. The standard procedure introduced in Subsection 2.3.2, is to cure the mold
in the heated powder bed for an extended period or dry it externally in the oven or
microwave. This is an extra production step requiring additional equipment and han-
dling of the mold, which, being in the green state, has low strength and can easily be
damaged and deformed. Moreover, the curing using convective heating leads to the
non-uniformity of mechanical properties of the cured mold. When moisture evapo-
rates, binder particles move from the center of the mold cross -section to the periph-
ery, often leading to its deformation, cracking, bloating, inhomogeneity, and other de-
fects. The larger the size of the mold, the stronger the effect. Therefore, in order to
reduce the number of manufacturing operations requiring manual labor, which can
lead to errors and inaccuracies, and to control the quality of the mold curing to its full

depth, a drying step was included in the 3D printing process, where, after selective
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Figure 4.5: Heating by means of the infrared drying: a) absorption efficiency of water with various

wave length of infrared radiation [126], b) installation of infrared dryers for evenly dis-

tributed drying, c) drying of the printed layer on the prototype 3D printer.

binder activation using the printhead, every layer was dried with the help of heating

units installed on the CNC-machine traverse.

In industry, two basic principles are used for rapid drying: convective (CV) and infrared
(IR). Convection transfers heat using the air medium. The lower the air humidity and
the higher the airflow rate, the faster the drying of the material. Convection drying has
low energy efficiency, high heating inertia, and thus, longer drying times and low heat

transfer rates. In addition, the airflow in convection dryers can deform the final product

[150]. Infrared systems instead transfer heat without any contact medium. They emit
electromagnetic waves converted into heat only when they meet the material. Addi-
tionally, infrared radiation has a much higher thermal conductivity than convection and

a shorter response time.

The type of infrared heater must be carefully chosen as it significantly affects the dry-
ing efficiency of water -based inks. The water evaporates quickly when irradiated with
medium -wave infrared radiation (MWIR) (see Figure 4.5a). This is because the medium
wave radiation is absorbed very efficiently by water and then directly converted into

heat. The IR emitters can be supplied with different emitting materials. For the
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prototype 3D printer, carbon emitters with a 30 cm functional length from Heraeus
Noblelight GmbH were used. Carbon Infrared emitters combine a medium wave spec-
trum with fast response times and high -power outputs. Four heaters (1000 Watt each)
were installed at a distance of 10 cm from the powder bed and the distance of 5.5 cm
bet ween e ac bstoptovide thekrsgula and equalized drying of the full pow-
der bed area (Figure 4.5b). The heaters were supplied with controllers that enabled
the regulation of their power with an analog signal between 0 V and 10 V from the
PLC (programmable logic controller), representing 0%-100% of their intensity . In the
development process, 70% to 90% intensity was mainly used (Figure 4.5c). Finally,
the medium from which the water needs to evaporate also plays a significant role in

the efficiency of the drying process. As the used quartz sand has a relatively high
reflectance, it was recommended by the supplier not to exceed the layer depth of 5

mm.

4.2.2. Fullscale 3D printer

Based on the experience from the prototype 3D printer, the selection and testing of
all the needed components for the printing process, as well as the design, assembly,
and testing of the full -scale 3D printing unit, was conducted (Figure 4.6). The machine
should serve to validate the developed process in the production of building compo-
nents and be suitable for further modification and integration into the automated pro-
duction chain (flow production line). For this, all the components were designed to be
modular so they could be easily exchanged, joined, and adapted. The mechanical de-
sign of the kinematic system, the assembly of the machine, and the control system
were done by the researchers from the Institute for Control Engineering of Machine
Tools and Manufacturing Units (ISW). The individual components of the printing pro-
cess (printhead and IR emitters) tested in the prototype 3D printer have been trans-
ferred to the larger machine with the necessary adjustments to increase productivity.
Based on the evaluation of the production efficiency of the 3D printer prototype, the

necessary technological adaptations were made to improve it on a full-scale unit.
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Figure 4.6: View of the full -scale 3D printing unit for production of water -soluble sand formworks : a)
view of the kinematic system of the machine, b) view of the production process of the

water-soluble sand formwork (drying step).

Kinematic system

The machine is a 3-axis kinematic system with overall dimensions of 2,190 x 2,175 x

2,030 mm? (h) (seeFigure 4.7). A powder bed with dimensions 1,000 x 700 x 400 mm?
(h) and a printing area 0f910 x 700 mm? is mounted in the central part at a height of
1,560 mm from the floor level. The platform is equipped with a mobile platform driven

by a linear motor. The platform is removable and can be pulled out on rollers for mold

cleaning and replacement purposes. Thus, the moving platform is not mechanically
connected to the motor but rests on four ball-shaped self-leveling couplings. The cen-
ter of the coordinate axes is in the upper left corner of the powder bed. The linear X -
axis is arranged modularly so that it can be extended or connected to other automated

production modules. The printhead and IR lights are mounted on the Y-axis traverse.
In addition to the machine itself, a mobile module on wheels with dimensions 1 ,060 x

890 x 1,130 mm? (h) is provided for connection and transportation of the powder bed.

Powder distribution
The powder dispensing system is a top -feed system, but compared to the prototype

3D printer, it is stationary, has a larger capacity, and, as a result, has a higher weight
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top-feed system with 2 hoppers
and 8-cell wheel with 2 drives

X axis, extendable
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Z axis of the powder bed

mobile unit for extraction and
exchange of the powder bed

Figure 4.7: Isometric view of the 3D printer and its individual components.

(see Figure 4.7 and Figure 4.8). The system consists of a static hopper and a movable
blade. The funnel-shaped dispenser consists of two 500 -mm-long chambers with a
total length of 1,000 mm (to cover the entire length of the powder bed), has a total
volume of 0.16 m?® (approx. 200 kg of powder), and is equipped with an 8-section
wheel controlled by two parallel drives mounted at each end . The sand for each layer
is first poured from the hopper onto the surface of the powder bed and then distrib-
uted by a blade. The blade is gripped by linear solenoids mounted on the Y -axis. This
solution made it possible to avoid the installation of a second traverse and unneces-
sarily increase of dimensions under significant loads. In front of the powder bed, an

overflow container for the excess sand is additionally mounted.
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front overflow DoD camera ventilator movable hopper
chamber printhead ‘ IR dryers blade with sand

Figure 4.8: Section of the printing area of the 3D printer with description of its main components.

Liquid dispensing system

The DoD printhead is mounted on the Y-axis traverse on a cylindrical positioner for
print angle adjustment. The print angle is set manually prior to production. An addi-
tional automated axis is planned for future installation to adjust the angle directly, au-

tomatically, and dynamically during printing.

Drying system

For the full-scale machine, the carbon emitters were replaced by twin -tube quartz
emitters with a working length of 550 mm each (Heraeus Golden 8) , obtained from
the same producer. They have favorable properties on the middle wavelength range
with a larger radiation area. Six emitters were mounted on the bottom surface of the

Y axis in two rows of three, staggered to evenly distribute the heating over an area of

350 x 1,000 mm? (see Figure 4.8). In addition, the heaters were equipped with fans
mounted behind the Y -axis traverse to improve the drying process by exhausting the

moist vapor generated during drying.
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4.3. Design-to-production workflow and communication architecture

While creating the custom 3D printer, the question arose of realizing the smoothest
possible design-to-production workflow, which should be flexible, transparent and en-
able to adjust individual production parameters both during the production and in the
design phase, when generating the formwork geometries. When working with com-
mercial ink-jet 3D printers, the interface between design and production is usually lo-
cated at the export of the 3D solid model of the object to the printer CAM software,
often supplied together with 3D printer itself. There, the 3D model is sliced into layers
depending on the equipment ®s production sett.i
as the stack of the Bitmap images (b/w or grayscale for monomaterial printing, and
CMYK or RGB for multimaterial polyjet printing). The bitmap images are then recog-
nized by the 3D printer and are translated into movements of the kinematic axes and
the signals for the individual printhead nozzles. These programs usually represent
black-box solutions and are hard to modify. In this regard, it was decided to perform
all necessary computational routines for preparing production files directly in the CAD
environment and use a machine code as the interface between CAM software and
the custom 3D printer PLC. The machine code should have all the necessary com-
mands for printing that should be translated into the appropriate signals for the kine-
matics and printing equipment. In Subsection 4.3.1, the CAD-CAM tool for generating
the formwork geometries following by the algorithm for creating the machine code is
described. Further, in Subsection 4.3.2 communication architecture between CAM,

PLC and CNCis presented.

4.3.1. CAD-CAM tool

Computational design software allows to work not only with geometry generation and

manipulation but also to automate large amounts of data processing via visual pro-
gramming. In this regard, it is very convenient to combine the process of designing
formwork shapes, creating the necessary calculations, and preparing machine code
within one digital environment . For this purpose, the Rhinoceros 3D software with

Grasshopper 3D visual programming platform was used to carry out all the individual
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Figure 4.9: Design-to-production workflow within Rhinoceros 3D environment.
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Figure 4.10: Generation of formwork geometry in Grasshopper 3D and slicing to contours: a) input
concrete geometry represented by watertight mesh, b) hollow formwork geometry,
represened by volume, c) sliced formwork geometry on layers for printing, represented

by surfaces.

steps of the CAD-CAM process. The computational workflow is shown in Figure 4.9

and its individual steps are described further in detail.

Concrete geometry

The process starts with creating or importing a 3D model of concrete structure. Its
geometry can be designed directly in Rhinoceros 3D or imported from other model-
ing/optimization programs. To illustrate the approach, the spatial porous lattice with an
overall dimensions 100 x 100 x 100 mm? is taken as an example (Figure 4.10a). An
essential prerequisite is that the object must be a NURBS solid or watertight mesh for

further operations to be successful.

Formwork geometry generation

Volumetric modeling can be used to generate the formwork geometry as it eases the
conduction of Boolean operations on custom, often complex mesh geometries [151],
which would be complicated and/or time -consuming to do otherwis e. In this case, the
imported watertight geometry of the concrete component is first transferred to the
volumetric object using available Grasshopper plugins for volumetric modeling (such

as Dendro [152], Axolotl [153], or similar). Then, the formwork volume is generated by
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4. Additive manufacturing of water -soluble sand formworks

offsetting the outer volume boundary to the defined distance based on the size and
complexity of the 3D object and the desired strength of the formwork for casting . The
wall thickness should be sufficient to withstand the concrete's hydrostatic pressure,
given the formwork material's mechanical properties . Then, the hollow formwork vol-
ume is created by subtracting the concrete volume from the offset formwork volume
(Figure 4.10b). When preparing formworks for large -scale concrete castings that are
bigger than the powder bed volume of the 3D printer, the main formwork volume can
be subdivided into individual segments by Boolean operations. Further Boolean oper-
ations are performed considering the expected orientation of the formwork during

casting, including pouring holes, air vents, and inserts for connectors and positioners.

Definition of printing process parameters

When the formwork geometry has been generated, the desired production parame-

ters, such as print resolution and print speed, are determined based on the acceptable
range of printhead settings and movements of kinematic axes described in Section
4.2. The setting of the desired resolution automatically determines the rotation angle

of the printhead, and the layer height set to 75% from the cell size in the X -Y plane
(due to the droplet shape by water -jetting). The maximum speed of the printhead
movement along the Y axis is currently limited to 8000 mm/min and along the X axis

2 t0 16.000 mm/min . For the example depicted in Figure 4.10, the print resolution was
set to 0.8 mm, resulting in a layer height of 0.6 mm and a printhead orientation angle

of 79.75°.

Slicing of the geometry

The formwork volume is sliced into individual contours for printing based on the as-
signed layer height. The boundaries of the contours are used to generate printing com-
binations, and the area of every contour is used to calculate the necessary drying
times. Figure 4.10c depicts a sliced formwork consisting of 167 layers with a height

of 0.6 mm.
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Figure 4.11: Generation of a) printing trajectories and b) lighting times.

Generation of printing trajectories and nozzle configurations

Based on contour geometry and the angle of printhead rotation, first, the trajectories
of the printhead are computed to determine the movements of the X and Y axes of
the printer (shown in Figure 4.11a in blue). Then, trajectories of 32 nozzles are com-
puted (shown in Figure 4.11ain light grey). The states of every nozzle in binary mode
(02 off, 1 2 on) are computed as the intersection events between every nozzle trajec-
tory and the contour of the printed part. As the printhead is rotated, the final coordi-

nates of the state change events are computed based on the printhead rotation angle.

Generation of drying times and light positions

Contour geometries and positions are also used to identify the position of lights and
drying duration for every layer. The area of every contour in relation to its perimeter is
calculated to determine the volume of water that needs to be evaporated per layer
and, subsequently, the drying time (see Figure 4.11b). For contours larger than the
total width of the IR emitters (350 mm), the second position of lights and the move-
ment trajectory between them are calculated. The sum of these parameters forms the

drying positions and times for all layers.
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4. Additive manufacturing of water -soluble sand formworks

Calculation of the total printing time

Based on the outputs of all computed printing routines, the entire printing process
duration is calculated by summing up the times of all process steps, including the sand
disposal for every layer, positioning movements, printing, and drying. If all the criteria
are satisfied, the final structure of the machine code is compiled. Otherwise, the input

parameters are adjusted, and the algorithm can be rerun.

G-code compilation and export

In the final step, all the outputs of the individual algorithm processes are compiled
together into one structure of G -code - the most widely used CNC and 3D printing
programming language (see Figure 4.12 left). The file consists of the header with the
primary set of printing parameters, such as axes speeds, heating intensity, and other
fixed values. Further, the main layer body with printing trajectories is compiled includ-
ing the X and Y coordinates for every event of the nozzle change configuration. After
the main body, the drying routine part is compiled , including the positioning of IR lights
and drying duration. Finally, the new layer deposition package is compiled, including

the Z-axis movement, the preparation, and the spreading of the new sand layer.

4.3.2. Communication architecture

The G-code acts as an interface between CAD -CAM software and the 3D printer op-
erating system (Figure 4.12). The machine is equipped with a built-in industrial com-
puter, where the kinematics and all the printing process components, including sand

feeding system, printhead, IR heaters, and ventilators, are controlled by an industrial
control system from Beckhoff a nd its corresponding software TwWinCAT 3.1. The G-
code is loaded into the Real-Time System (RTS) of the Beckhoff control via Human
Machine Interface (HMI). The G-code includes the G-commands for CNC axes move-
ments and M -commands that are transferred into the respective signals for the print-
ing process devices. Using a CNC is essential for the precise synchronization between
the axis movement and the nozzles with an opening time in the order of a few milli-

seconds [154]. Thus, the nozzle positions at the nozzle state change aretransferred to
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Figure 4.12: Communication architecture.

the movements of the CNC axes. The nozzle configurations at every state change are
represented by a binary number and transferred to the PLC and further to the printhead
controller. The printhead's nozzles in the PLC are actuated accordingly via digital out-
puts and PWM. The PLC also controls additional functional elements of the 3D printer,
such as the feeding recoater and IR heater. In the PLC, adjusting and varying printing
parameters on the fly is possible. They include the resolution of the printing, the water

flow volume, and the intensity of IR lights (via analog signal between 0 V and 10V,

representing 0% - 100% of light power intensity ).

4.4. Conclusion

This chapter described the development of an automated powder bed 3D printing ma-
chine to produce water -soluble sand formwork s. It included selecting the printing pro-
cess technology, developing the prototype 3D printer for testing printing components,
and assembling and testing the full-scale 3D printing unit. Creating a customized ma-
chine allowed it to be designed according to the requirements of the production pro-

cess with transparent and adjustable process control. The developed design-to-
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4. Additive manufacturing of water -soluble sand formworks

production workflow enabled a smooth link from design to production and the adjust-
ment of both groups of parameters while testing. The assembly of the prototype 3D
printer allowed the testing of different water -soluble mixtures (described in detail in
Chapter 5) and the validation of process components at an early stage of project de-
velopment while the full -scale 3D printer was under construction. The type of techno-
logical process chosen (SBA) allowed different binders to be tested without compro-

mising the mechanical components investigated .
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5.1 Water-soluble sand molds within the classification of sand molds in production industry

5. Material composition and properties of 3D printed water -soluble sand
formworks

This chapter describes the study of different formwork materials based on sand and
water-soluble binders that can be used for 3D printing of water-soluble sand molds for
complex concrete structures. In Section 5.1, a classification of water-soluble sand
molds is presented in relation to their forming processes within the framework of
sand-forming methods in production . Further, in Section 5.2, the main groups of pow-
der and binder materials are selected to test in 3D printing of water-soluble sand
molds. The methods for the evaluation of the resulting mold properties are presented
in Section 5.3. Based on the results obtained from the production test series, the prop-
erties of the different mixtures are analyzed in Section 5.4 and the most suitable com-

bination is chosen to produce prototypes described in Chapter 6.

5.1. Water-soluble sand molds within the classification of sand molds in pro-
duction industry

Within the classification of sand molds for casting applications presented in Figure 5.1,
the water -soluble sand molds fall into the category of single -use molds (also referred
to as lost or expendable molds), as they are destroyed/decomposed after casting and
demolding, as opposed to multiple -use molds (also referred to as permanent molds),

which are reused in further production cycle s. The application range of such molds is

Molds —
— Single -
US€ | Hardened
Molds
— Reversible —

L pi Inorganic 7:'7 Salfs

- Binder | Geopolymers
-activated —
~ Solvent
(— Proteins

— Organic , Polysaccarides

Vinyls

Figure 5.1: Positioning of water -soluble sand molds within the classification of sand -casting

molds.
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usually the production of complex castings with undercuts and bottlenecks , as well as

casting cores.

The single-use recyclable molds can be green or hardened, depending on the casting
shape's complexity and the mold's mechanical properties that are needed during cast-
ing. The green molds are all uncured molds that remain in a plastic state during casting,
retaining their shape only by cohesion and exhibiting relatively low strength. As they
do not undergo any hardening process, they can be easily reclaimed, and material can
be reused multiple times. Due to the ease of production and mold composition, up to
76% of all castings (with relatively simple geometries) are still made using green
molds [81]. However, the use of green molds becomes impractical for casting com-
plex, spatial geometries. For this purpose, hardened molds are used. Hardened molds
can be further distinguished by the nature of the consolidation mechanism, namely
irreversibly hardened(chemically bonded) and reversibly hardened (physically bonded).
The first group is the most used so far in foundries and other manufacturing industries,
as well as in 3D printing. The consolidation takes place via the CO. process (when
inorganic binders, such as waterglass, are used) or via a polymerization reaction with
or without curing (when organic binders, such as furan resins, are used). Due to the
strong bonds formed by chemical reaction, the irreversibly hardened molds exhibit
considerably high strength. However, until now, the recycling of chemically bound
sand molds has yet to achieve convenient results, and such molds are considered

disposable.

Physically bonded molds can be recycled instead because solidification by dehydration
or change of state is a reversible process. Such molds can be decomposed, and their
material can be reused. The reversible hardening can be obtained with or without

binder. Hardening processes without binder can be achieved by external stimuli, such

as vacuum forming (also mentioned in Subsection 2.1.1 as vacuumatics) and change
of aggregate state (e.g., freezing, mentioned in Subsection 2.1.3 as frozen process).
Such processes usually require special conditions or equipment for operation. For the

binder-activated hardening process, soluble binders are used. They are activated by
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the addition of water, followed by the solidification of the mold by dehydration. This
method is currently gaining interest in the production of castings with complex internal
cavities (see Subsection 2.3.2), as washing out with water is the gentlest demolding
procedure and does not require coarse mechanical cleaning that could damage the
mold. Water solubility, in turn, affects strength, which is much lower than of chemi-
cally bonded molds, because the bonds formed by the dehydrated binder are much

weaker.

5.2. Selection of powder and binder materials

Based on the studied data on the use of different material mixes to produce water -
soluble molds available in literature, various matrix materials (granulates), as well as
binders, were selected for experiments to produce water-soluble formwork s using
both classical hand-packing method and 3D printing. The overview of the selected ma-

terials and their properties is given in Table 5-1 with a brief description below.

5.2.1. Aggregate molding materials

Aggregate (matrix, particulate, or granulate) materials are the main component s of the
sand molds, usually accounting for 90-98% of the total mixture volume. The shape,
type, and size of the grains of aggregate material play a vital role in mold making, as
they profoundly affect mo | dstesigth [155]. Sub-angular and angular grains have
higher strength values compared to the rounded ones. Several aggregate materials
were considered in the production of sand molds to understand their influence on the

resulting mold properties.

Silica sand (quartz sand) is the most used particulate material for mold production due
to its wide availability and low price. It is mainly composed of silica (SiO;) and has high
refractoriness, strength, hardness, and thermochemical stability . Most silica sands ap-
plied to molds and cores have grains within the dimensional range of 2002250 pm,
which assures obtaining a good final surface and low binder consumption. For the

experiments, the locally sourced quartz sand from Holcim Kies und Beton GmbH with
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Table 5-1: Preselection of particulate and binder materials for water -soluble molds.

Properties . ' Melting $O|Ubl|lty Hasards; .
Chemical particle . in 20 °C Microstructure,
. . point, NFPA .
Material formula size, pm water magnification x 4
°C 704
category (g/100ml)
Particulate materials
Qi S0,  63-250 1650 - 2:0-0
sand 4
Quarry 2500 1650 - 2-0-0
waste
Desert Si0,  100-300 1650 - 2-0-0
sand
Binders
Inorganic
Salts
Magnesium | \1050, 30 1124 35.1 1-0-0
sulfate
Geopolymers
Sodium Na,SiO; 300 1088 222 3-0-0
Silicate
Organic
Vinyl Polymers
Raljiny] C,H,0 50 180 0-0-0
Alcohol =
Carbohydrates
Dextrin C6H 1 005 20 50 10 0-0-0
Carboxyl-
methyl- CgH;60¢ 40 274 2 0-1-0
cellulose
Proteins
Gelatin C31H27NO4 200 38 6.7 0-0-0
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a grain size of 632250 um and a bulk density of 1,2 g/cm * was used. It provides suffi-

cient packing densities for layer heights down to 0.5 mm.

Desert sand. Instead of river sand, the consumption of which aggravates the ecologi-

cal situation, the desert sand could theoretically be used in the production of form-

works since its influence on the strength of the formwork is not as critical as for con-
crete products. The main component of desert sand is the same as river sand (SiO.
and Al20s), but the shape of the particles is more rounded [156]. The round shape of
the grains may adversely affect the strength; however, this sand is tested in the pro-
duction of water -soluble sand molds, whose strength development mechanism may

depend more on the binder properties and the packing density. Terrarium sand with
1002300 pum grain from Schicker Mineral GmbH & Co. KG, which was locally mined
and processed in Germany, was used for experiments as an analogue ofnative desert

sand.

Concrete-crushed sand. As an alternative to raw materials, secondary resources, in-
cluding those derived from recycling construction waste , can be used to produce form-
works. Concrete-crushed sand is an aggregate obtained from the processing of
crushed concrete. For high-resolution 3D printing, the tiniest fraction available (0-2mm)
was tested. The locally produced concrete-crushed sand from Heinrich Fees GmbH &
Co. KG was taken for experiments. It mainly consists of crushed concrete (98,9%) but
also contains tiny portions of other construction waste s, such as crushed bricks

(0,7%), bitumen -containing materials (0,3%), and timber rests (0,3%).

5.2.2. Water-soluble binder materials

According to the classification presented above, water -soluble binders provide the
mold's reversible hardening. They are activated by the addition of water and consoli-
date sand grains upon dehydration. Repeated wetting leads to their partial or full dis-
solution and the mold's decomposition. Organic and inorganic water -soluble binders

can be used, and their selection is presented below .

92



5. Material composition and properties of 3D printed water -soluble sand formworks

Water-soluble inorganic binders

The inorganic binders that can be used in the production of water -soluble molds can
be classified as salt-based and geopolymers. Various salt types, such as chlorides,
carbonates, phosphates, and sulfates, can be used. However, the first three types are
mainly utilized in salt-based molds rather than the binders in sand-based molds. There-
fore, only a sulphate-based binder was selected for further investigation . From the

geopolymer group, the most often used ty pe, sodium silicate, was used.

Magnesium sulfate (also known as Epson salt) is an inorganic substance, a salt of
magnesium metal and sulphuric acid (MgSOy). It is supplied in the form of white pow-
der, forms several crystalline hydrates, and has a multitude of applications in several
industrial sectors, such as agriculture, medicine, chemistry , and construction. Magne-
sium sulfate has a high solubility in water of 35.1 g/100ml at 20 °C [157] and consid-
erably hygroscopic, often used as the drying agent. It is practically harmless to health
and the environment. As reported in the literature, the water -soluble sand core with
magnesium sulfate hardened via double microwave heating reached the flexural
strength of 0.621.2 MPa [158, 159]. For the experiments, 99% pure dehydrated mag-

nesium sulfate in powder form was obtained from the Grissing GmbH.

Sodium silicate is a colorless compound of oxides of sodium and silica with a water
solubility of 22.2 g/100ml at 25 °C. It is commonly used in hydrated form as a binder
in the manufacturing of sand molds and cores, where irreversible gelling reactions
occur under the influence of carbon dioxide (CO. process). However, recently, the hot
box curing process in the oven/microwave started to gain more attention as a more
sustainable alternative. Curing occurs in a core box at 140-200 °C, and after the outer
shell is formed, curing takes place in a microwave oven until the water has completely
evaporated. It is claimed that the process is reversible, the core material can be recov-
ered by re-wetting, and the strength is comparable to traditional molds with organic
binders [160]. For the experiments, the technical sodium silicate granulate powder

was obtained from Fisher Scientific GmbH.
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Water-soluble organic binders

Water-soluble organic binders include materials made from carbon compounds that
dissolve, disperse, or swell in water and, therefore, alter the physical properties of
agueous systems. Specific synthetic and natural polymers and sugars are commonly
used as binding agents. One synthetic binder3 polyvinyl alcohoP and biopolymers3

gelatin, starch, and cellulose were used in th e experiment.

Wynils. Polyvinyl Alcohol (PVA) is a hydrophilic synthetic polymer generated by the hy-
drolysis of polyvinyl acetate, which is formed by the polymerization of vinyl acetate.

Polyvinyl alcohols (PVA or PVOH) are used in a wide range of applications, e.g.as
binders in paints and coatings systems, for heat-sealable paper coatings, wood pri-
mers, and for modifying dispersion adhesives. In the production of sand molds, the
binder can be added in the amount of 3 wt.%. To activate the binder, the mold should
be heated at least up to 60 2 126 °C. It is reported that the PVA binder is not readily
hygroscopic, which pr o[l3]nThyestensild strengtioof ttheR3D-
printed sand molds with PVA cured for 24 hours at the temperature of 28 °C resulted
in 2.31 MPa [124]. For the experiments, polyvinyl alcohol in powder form was obtained

at Backstein Engineering GmbH.

Proteins. Gelatine is a translucent, colorless, flavorless natural polymer derived from
collagen taken from animal body parts. It is often used in the food industry, pharma-
ceuticals, and as a binder in construction, paper industry, and other fields. The binder
is usually available as a dry fine powder and has a solubility in warm water of 6.7
9/100ml with a melting point of 31-34 °C. A gelatin-based binder GMBONDu was
patented by General Motors in the 1990s for the production of water -soluble sand
cores [161]. In their manufacturing process, 1 wt .% of gelatin powder was mixed with
sand and 2 wt.% of water to precoat the sand grains. Further, another 2 wt .% of water
was added to activate the binder in core production. The binding mechanism was
completed via dehydration by drying at 802120 °C. The strength of the dried core
reached 2.2 MPa, which was comparable to the phenolic urethane cold -box (PUCB)

process.
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Polysaccharides are polymers commonly found in nature including cellulose, starch,
pectin, and hemicelluloses. Natural starch, cellulose, or their modifications, including
dextrin, carboxymethyl starch, or carboxymethyl cellulose, are currently gaining more
attention and are proposed to replace some synthetic additives for molding purposes
to reduce the negative environmental impact. They are renewable raw materials, bio-

degradable, and relatively cheap[139].

Carboxymethyl cellulose (CMC) is a linear derivative polymer of cellulose. CMC has
adhesion, thickening, emulsifying, suspending, and other properties, so it is widely
used in food, daily chemicals, construction, and other industries as a technological
additive and binder. CMC is a hydrophilic white powder, has a melting point of 274 °C ,
and is soluble in water (2 g/100 ml). In sand mold production, 0.5-2 wt.% of binder is
added to the sand and water mix. The dry strength is achieved after 1%z hours of curing
at 200 °C and reaches 2.7 MPa[162]. For the experiments, the CMC in off -white pow-

der was obtained from Kremer Pigments GmbH & Co. KG.

Dextrin is a product of the partial thermal decomposition of natural starch. Starch is
made from corn, especially maize and potato, but only in modified for m (yellow dextrin)
it can be successfully used as the binder for mold production as it exhibits higher
strength in green and dried states. Dextrin has a melting point of 54 °C and is soluble
in hot water (10 g/100ml). The amount of 4-7 wt.% binder can be added to sand and
water for mold production . The tensile strength after curing at 150 °C reaches 2.5 MPa
[163]. The yellow dextrin powder was obtained from Werth Metall GmbH for the ex-

periments.

5.3. Methods

For comparative analysis of test samples using different binders and granular materi-
als, the following methods of qualitative and quantitative evaluation of their properties

were applied:
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5.3.1. Optical microscopy

The light microscopy images were used to investigate the microstructure and grain
size of the obtained granulate and binder materials. For this, the Mikromed C-11 optical
microscope, equipped with lenses of 4x/0,1 and 10x/0,25 magnification, and the digital
camerawere used. To analyze the obtained images the ToupView software with lens

calibration was used.

5.3.2. X-ray microtomography

The microstructural evaluation of the samples was made with computer tomography

2 a non-destructive method for visualizing the internal structure of a sample. An indus-
trial computer tomograph , installed in the Institute of Computer Architecture and Com-
puter Engineering (ITI) at the University of Stuttgart, was used (see Figure 5.2). It con-
sists of an X-ray source, a rotation table, and an Xray detector. The samples were
placed on a rotation table and then X-rayed, which produced a shadow image that
showed the attenuation of the X-rays along the line from the X-ray source for each
pixel of the detector. The sample was rotated through 360°, whereby images were
taken at regular intervals of 0.1°. A reconstruction algorithm was then used to calculate
a volume data set from every data set.

X-ray source

i

Rotary table

Figure 5.2: Computer tomography setup at the Institute of Computer Architecture and Computer En-

gineering (ITI) (mage: Jajnabalkya Guhathakurtg
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5.3.3. Mechanical properties

The tests to identify tensile and compressive strength of the manually prepared and
3D printed sand mold samples were conducted on 40 x 40 x 160 mm? prisms at the
TESTING combined Compression / Bending Machine (500 kN / 30 kN) from Bluhm &
Feuerherdt GmbH provided by the Institute of Building Materials (IWB) at the univer-
sity campus. The tensile strength of the specimens was determined using the three -
point bending test in accordance with DIN EN 196-1 [164]. The testing machine was
equipped with a bending test device with two support rollers and a third load roller
mounted in the center. The prism was placed centrally on the support rollers, and the
load was force-controlled with a uniform load increase of 50 +10 N/s until breakage
(Figure 5.3a). The maximum load values for each material mix were obtained from

three prism tests . The tensile strength 'Y was calculated using the following formula:

Where:

Y isthe tensile strength in MPa;

"O is the breaking load applied to the center of the prism in N;

Figure 5.3: Mechanical tests of the hand -prepared and 3D printed specimens: (a) bending test of

the 3D printed specimen, and b) compression test of the 3D printed specimen .
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a the distance between the rollers in mm,

@ is the side length of the cross -section of the prism in mm.

The compressive strength test was conducted on the same equipment on the halves
of the prism left from the tensile strength test, according to DIN EN 196-1 [164]. The
prisms were placed on the 40 x 40 mm? prism plate, and the load was applied from
the top plate in a force-controlled manner until breakage (Figure 5.3b). The maximum
load values for every material mix were obtained from six prism halves. The compres-

sive strength 'Y was calculated as the mean value using following formula :

Where:
'Y  the compressive strength in M Pg;
"0 the maximum load at break in N;

p @ Tthee area of the plates (40 x 40 mm 2) in mm?.

5.3.4. Hygroscopicity

Hygroscopicity is the capacity of the mold to react to the moisture content of the air
by absorbing or releasing water vapor. The basic method for determining moisture
absorption is to keep the sample in a constant humidity environment for a certain pe-
riod and weigh the sample before and after ward. The moisture-absorption rate 0 of
water-soluble sand mold samples was calculated based on the formula following the
approach from [165]:
O pmmhk i
0
Where:
0 is the moisture-absorption rate of the sand sample in %,
0 is the mass of water -soluble sand formwork sample exposed to the constant
moisture environment for 0hours in grams,

0 is the initial mass of the sample in grams.
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The hygroscopicity of water -soluble sand molds was measured by putting the samples
into the wet room at th e MPA with a humidity level of 99%. The mass was measured

at the beginning of the tests and after 24 hours of exposure.

5.3.5. Water solubility

Water solubility rate is a measure of the amount of material that can be dissolved in
water over a given period. It can be calculated using the equation following the ap-

proach from [165]:

Where:

'Y s the solubility rate of the sample in kg/m#*min,
0  isthe mass of the sample in kilograms,

"Y s the surface area of the sample m?,

is the solution time of the sample in minutes.

The water solubility of the sand molds was tested by submerging the prism sample
of 40 x 40 x 53 mm? into the still water and measuring the speed of the dissolution

over time.

5.4. Material properties of water -soluble sand molds

Based on the requirements for materials used in this technology (described in Subsec-
tion 3.3.2), sand formwork samples made from selected granular materials and inor-
ganic and organic binders were prepared using the same percentage of binder addition
(6 wt.%) and investigated . For comparative analysis, the samples were prepared by
two methods: a) classical, manual molding by volume packing into the pattern with
following drying in the oven and b) 3D printing. Samples produced by the two methods
were compared to determine material properties and the effect of manufacturing pro-
cess parameters on changes in their characteristics. The selection criteria chosen for

the evaluation process included:
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geometric accuracy,
tensile and compressive strength, its comparison with literature values

moisture resistance,

= =2 =4 =2

water solubility .

5.4.1. Preparation of samples

Five prism samples of 40 x 40 x 160 mm?® were prepared both manually and by 3D
printing to determine the main characteristics of the mixtures, such as tensile and
compressive strength, water solubility and hygroscopicity. Additionally, three -dimen-
sional cylindrical objects of different configurations were 3D printed to investigate the

geometric accuracy of the 3D -printed samples.

Preparation of reference samples by manual volume-packing

The reference samples were made in the MPA Binding Agent Laboratory. First, the
sand in dry condition was premixed with binders in the proportion of 94% / 6% in the
mixer for 3 minutes to reach the homogeneous mix ( Figure 5.4a). After, 6-8% water
was added to the mixture to achieve homogeneous wetting and the activation of the
binder. After mixing, the material mixtures were compacted in the steel prismatic
formworks , then removed from the formwork, and laid onto the supporting plates for
drying (Figure 5.4b). Finally, the samples were cured in the drying cabinet for 24 hours
at a temperature of 105 °C, then cooled down at the ambient temperature and pre-

pared for testing.

Preparation of 3D printed samples

For comparison with the reference samples, the 3D -printed samples were produced
on the full-scale 3D printing unit with a resolution of 1.5 mm and a layer height of 1.125

mm (40 layers in total, including a support structure for prisms) (Figure 5.5). Five 40 x
40 x 160 mm? prisms were printed for each mixture, and 30 x 40 mm?cylinders of
different configurations were printed to evaluate the geometric accuracy of the printed

molds. For 3D printing, the sand and binders were premixed in a dry state in the
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5. Material composition and properties of 3D printed water -soluble sand formworks

Figure 5.4: Preparation of water-soluble sand formwork samples by hand-packing method using
various binders: a) mixing of the materials, b) forming of prisms, c) drying of prisms in
the drying cabinet.
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Figure 5.5: Preparation of samples with 3D printing: a) CAM file with prism and cylinder geome-
tries, b) 3D printing (IR drying step) of the two mixtures with various particulate materi-

als (left 2 concrete crushed sand, right 2 desert sand), c) view of the 3D printed samples
with various mixtures.
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5.4 Material properties of water -soluble sand molds

proportion of 94% / 6% and loaded into each hopper to print two mixtures in one
production step. The parallel printing of two mixtures took 1 hour 20 mins. After the
printing, the samples were removed from the powder bed and cooled down before

testing.

5.4.2. Process-related density, microstructure and geometric accuracy

Density and microstructure of hand -prepared and 3D printed samples.

The densities of reference and 3D printed samples are presented in Figure 5.6. The
density of the hand-prepared samples ranges from 1.17 to 1.51 kg/m?3, whereas that
of 3D printed samples ranges from 1.09 to 1.20 kg/m?®, which can be compared with
the bulk density of the loose sand. The density of 3D printed samples is generally
lower by 6-14%. This is due to the method of preparing the samples by hand using
compaction, compared to 3D printing, where loose powder distribution is used, and

no compaction is applied. The dextrin mixture shows the highest density when hand -
packed due to the better packing density of sand particles and dextrin granules. The
variation in density can be seen when analyzing the microstructure of the fragments

of samples scanned by computed tomography at a resolution of 11 um ( Figure 5.7).
When comparing the manual and 3D printed samples, the microstructure of the latter

exhibits larger cavities, mainly in horizontal and vertical directions caused by the 3D
printing process (rows of water droplets) and the redistribution of material around the

droplets, as well as delamination of layers during printing.
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5. Material composition and properties of 3D printed water -soluble sand formworks

e ) @ 3

Figure 5.7: The comparison of the microstructure of the hand -prepared and 3D printed samples: a)
the view of the samples, b) the CT-slice of the hand-prepared sample, c¢) the CT-slice of

the 3D printed sample (Images: Jajnabalkya Guhathakurta).
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Figure 5.8: Evaluation of the geometric precision of the 3D printed sand formwork samples : a) com-
parison of the CT-scans of two cylindrical 3D printed samples with reference CAD mod-
els, b) top view of the CT -slice with marked deviations, c) section of the hollow 3D
printed cylinder with marked deviations, d) section of the 3D printed cylinder with com-

plex tetrahedral cavity with marked deviations (Images: Jajnabalkya Guhathakurt.
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5.4 Material properties of water -soluble sand molds

Geometric accuracy of 3D printed samples

Cylindrical 3D printed formworks were scanned in their entirety at a resolution of 500
pm and compared with CAD models to evaluate printed geometry deviations and their
possible causes. As shown in Figure 5.8, the overall deviations do not exceed 1 mm.
The most significant deviations are visible on the outer side walls of the molds. They
are due to the local water overflow caused by the deceleration of the printhead when
the first nozzle along the printing trajectory is opening. This can be eliminated by add-
ing dynamic speed control into the machine control system. Further, slight defor-
mation of the bottom surface of the molds is present due to the warping while I R
drying of the thin surface of the first print layer. This effect was most frequently ob-
served when printing material mixes with organic binders, which are more prone to
deform due to temperature gradients. This can be eliminated by two measures: 1)
rotation of the 3D model within the powder bed to minimize long and slender down -
facing surfaces, and 2) to model the support structures, that can prevent the corners
of the geometry from lifting while printing [166]. The second measure was used to
prevent warping of the 3D printed prisms as the change of the mold®s or i ent ati o
would affect the arrangement of layers and, consequently, the mechanical properties

of the samples.

5.4.3. Mechanical properties of water -soluble molds

The tensile and compressive strength properties of the hand -prepared and 3D-printed
samples were obtained based on the method described in Subsection 5.3.3. Figure
5.9 presents the comparison of compressive and tensile strength of hand -prepared
and 3D-printed samples grouped based on the binder type. The mixture with PVA
binder exhibits the highest strength values both in compression and tension (18.56 2
7.15 MPa and 9.2624.37 MPa resp.), while the ones with cellulose (0.4120.47 MPa
and 0.1120.34 MPa), and magnesium sulfate (0.5521.25 MPa and 0.120.82 MPa) bind-
ers - the lowest. The strength of the 3D printed samples produced with sodium sili-

cate, PVA, and dextrin binders is considerably lower (86%, 61%, and 76% resp.) than
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Figure 5.9: Tension and compression strength of hand -prepared and 3D printed samples in compari-

son with literature references.

that of the hand -prepared ones. This can be attributed to the lower packing density of
the 3D printed samples, which causes weaker bonding between the binder and sand
particles. In the case of magnesium sulfate, cellulose, and gelatine samples, the op-
posite tendency can be observed to be attributed to the bonding performance of the
binder while heating by convection when irregularities of binder distribution from the

center to the periphery of the cross -section occur, that, in turn, affects the mechanical

properties when testing.

5.4.4. Hygroscopicity of water -soluble sand molds

The hygroscopicity of the hand-prepared samples was tested for 24 hours in the wet
room under a humidity of 99% and calculated based on the method described in Sub-
section 5.3.4. Figure 5.10a presents the hygroscopicity of hand-prepared and 3D-
printed samples with various binders. The cellulose -based samples exhibit the highest
hygroscopicity rate after 24 h of 12.5% 214%, whereas dextrin -based ones have the
lowest rate of 3.4 23.7%. In general, the hygroscopicity of 3D printed samples is about
10% higher due to increased capillarity due to the lower packing density of the sam-

ples.
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Figure 5.10a) Hygroscopicity of hand-prepared and 3D printed samples and b) water solubility of

hand-prepared and 3D printed samples.

5.4.5. Water solubility of water-soluble sand molds

The water solubility of the hand-prepared and 3D-printed samples was tested by im-
mersing them in a container of still water at room temperature and recording the dis-
solution time (Figure 5.11). Figure 5.10b depicts the water solubility rates of hand-
prepared and 3D-printed water -soluble sand formwork samples with various binders
calculated based on the method, described in Subsection 5.3.5. The samples with
magnesium sulfate binder have the highest solubility rate (13.23 kg/min*m ?), and the
mold dissolves within several seconds. The organic binders generally exhibit lower
solubility rates since, with the addition of water, they first transform into the jelly con-

sistency before being completely dissolved. The 3D printed samples exhibit generally
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Figure 5.11: Solubility of the 3D printed sample in water after a)0, b) 60, and c) 120 seconds.
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5. Material composition and properties of 3D printed water -soluble sand formworks

higher solubility rates, similar to hygroscopicity, as they have looser microstructure
and weaker bonds between binder and sand particles. The cellulose-based and PVA
based samples exhibit the lowest solubility rates (1.1 kg/min*m 2 and 2.02 kg/min*m 2
resp.) resulting in dissolution times of 10 and 6 mins. In addition, these binders tend
to turn to jelly consistency and hold the particles together, requiring mechanical assis-

tance to decompose the mold completely.

5.5. Selection of preferrable binder type and further experiments

Based on the results of screening, the dextrin -based material mixture was selected
for further investigation on the effect of parameters such as differen t granulates,
binder content, and recycled mixtures on the mechanical properties of the samples.
Dextrin-bonded sand molds present the most favorable combination of material prop-
erties investigated above. Although their strength is lower than that of PVA -bonded
formwork s, it is comparable to literature data for this type of formwork and is sufficient

for the purposes of the proposed technology. Moreover, dextrin -bonded molds exhibit
the lowest hygroscopicity of all tested samples, combined with a sufficient water sol-
ubility rate of 3.35 kg/min*m 2, and dissolve without mechanical assistance within 3.5
minutes (unlike PVA and cellulose). Dextrin is also more stable during 3D printing than
PVA, which quickly becomes plastic when heated and partially adheres to sand gran-
ules not wet with water, making the entire printing volume covered by IR emitters

hardly reusable.

5.5.1. Influence of aggregate type on mechanical properties of sand molds

In Figure 5.12a, the compressive and tensile strength of 3D printed dextrin-bonded
sand molds with different types of aggregate s (river sand, desert sand, and concrete
crushed sand) are shown. Compressive strength was also measured along and across
the printed layers to investigate their influence on the mechanical properties of the
molds. The specimens fabricated using river sand exhibit the highest compressive
strength values of 3.06 MPa and 2.8 MPa along and across the printed layers anda

tensile strength of 1.55 MPa. This can be attributed to the angular shape of the sand
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Figure 5.12: Tensile and compressive strength of 3D printed samples with dextrin binder: a)using

various aggregate types, and b) using various binder content.

grains, which results in better adhesion to the binder particles. The desert sand sam-
ples show slightly lower strength values, which can be attributed to the rounded shape

of the grains and weaker bonding with the binder. The concrete crushed sand speci-
mens exhibit significantly lower compressive strength of 0.49 MPa across and 0.45
MPa along printed layers, and a tensile strength of 0.34 MPa. This is explained by the
larger grain sizesreaching up to 2 mm that leads to lower packing density of the mix-

ture and, consequently, lower contact area of the grains with the binder.

5.5.2. Influence of binder content on mechanical properties of sand molds

In Figure 5.12b, the mechanical properties of samples with river sand and different
binder content (2-10 wt.%) are shown. Tensile strength increases proportionally from
0.7 to 1.9 MPa to the increase in binder content. Compressive strength increases
sharply from 0.7 MPa to 2.3 MPa, with increasing binder content from 2 wt% to 4wt% |,
followed by a less sharp increase and a final decreasein binder content of 10 wt .%.
This can be attributed to the proportion of binder to granular material in relation to the

binder particle size. During printing, there were also some issues with printing the 10
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5. Material composition and properties of 3D printed water -soluble sand formworks

wt .%-binder mixture, where the excessively high binder content caused the layer to
boil and peel off from the underlying layer, which could account for the slightly lower

compressive strength values. Thus, a binder content of 6 wt.% to 8 wt .% was chosen
as preferable to stably produce molds with both sufficient strength and economical

binder consumption.

5.5.3. Recycling of sand-binder mixture

In the production of water -soluble sand molds, the formwork material can be reused
in three different ways during various stages of production process: a) direct reuse of
the unbound sand-binder mixture after 3D printing; b) recycling of the bound but un-
dissolved sand-binder mixture after 3D printing, and c) recycling of the dissolved sand -

binder mixture after casting and demolding.

Direct reuse can be carried out an unlimited number of times without additional post-
treatment because during the drying process, infrared radiation does not affect the
properties of the binder that is not activated with water. The bound but not dissolved
formwork is recycled by breaking it into smaller parts and milling it on an industrial
crusher to the desired particle size. For the experiments, the Retsch BB 200 jaw

crusher available at the MPA facilities was used (Figure 5.13b). Recycling the

a b c

Figure 5.13: Recycling of sand-binder mixture: a) lumps of sand-binder mixture after drying, b)

Retsch industrial jaw crusher, c) crushed sand-binder mix ready for reuse.
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5.5 Selection of preferrable binder type and further experiments

formwork material used for casting and demolding by dissolving it with water is carried

out by separating the mixture from excess water and dehydrating it in a drying cabinet
at 105 °C for 24 hours. The mixture then consists of lumps of solids as the binder has
been reactivated during drying (Figure 5.13a). These parts are broken into smaller por-
tions and placed in a jaw crusher. Most often, the desired size of particles is set to 1
mm . After grinding, the powder looks like in Figure 5.13c and is ready to be fed into

the 3D printer for production.

5.5.4. Mechanical properties of recycled mixtures

The raw and recycled mixtures are presented in Figure 5.14a. The mixtures have com-
parative particle sizes, but the recycled mixture is more inhomogeneous, which leads
to lower packing density while printing. To compare the mechanical characteristics of
the recycled and raw mixes, control specimens produced from the recycled mix were
3D printed with the same production settings and subjected to bending and compres-
sive tests. The density of the 3D printed samples produced with recycled mix is gen-
erally 10-15% lower than those produced with raw mix due to the lower packing den-

sity of the mix (Figure 5.14b). In Figure 5.14c, the comparison of the mechanical prop-

erties of the two mixtures is presented. As expected, specimens produced from
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Figure 5.14: Properties of raw and recycled sand and binder mixtures: a) view of the raw and recy-
cled sand-binder mixtures, b) densities of raw and recycled mixtures, c) mechanical

properties of raw and recycled mixtures.
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5. Material composition and properties of 3D printed water -soluble sand formworks

recycled mix have a 10%-25% reduction in strength . This can be explained by the
reduced packing density and partial reduction of the binder content in the mix after
demolding, as some binder may be completely dissolved in water and/or pass through

the filtration system.

5.6. Conclusion

In this chapter, the properties of mixtures of sand and various water -soluble binders
suitable for 3D printing of formworks were studied . Based on the available information
from the literature, several aggregate materials and two groups of binders (inorganic
and organic) were selected for tests. Sulfate salts and silicates were used as inorganic
binders. Organic binders, including proteins, sugars and vinyls, were also investigated
since they provide better processing characteristics for the chosen producti on method
as they are only partially soluble in water, allowing them to be processed without ad-

ditional effort, unlike salts.

When selecting the material mix for further work, the set of properties was evaluated,
including processing characteristics during 3D printing (behavior of the mixture when
wetting and drying with IR emitters), mechanical characteristics, hygroscopicity, water
solubility, and recyclability potential. Some binders met the criteria only partly, e.g.
molds with the PVA binder exhibited the highest strength values but were very difficult
to process, as the binder particles were melting while IR -drying in areas not affected
by water. Magnesium sulfate, being an inorganic binder, showed the most stable re-
sults during the printing process with almost no surface warping problems and dis-
solved very quickly in water. However, it showed high hygroscopicity and very low
strength characteristics, making it unsuitable to produce large formwork s. As a result,
the dextrin-based sand mixture was chosen to produce specimens described in Chap-
ter 6. It exhibited acceptable strength values, at the same time had a low hygrosco-
picity of 3.7% in 24h and a relatively high water solubility rate of 3.35 kg/min*m ?,

equiv. to 3.5 minutes of dissolution in room temperature still water.
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The study of different aggregate materials also showed the possibility of using differ-

ent types of sand and other particulate materials. With the slight reduction in strength
properties, sands with rounded grain shapes (such as desert sands) can be used How-
ever, attention should be paid to the size of the grains and the gradation curve to
ensure a suitable packing density with respect to printing resolution and the size of

binder particles.

Finally, recycling water-soluble sand molds with an organic dextrin binder also repre-
sented a feasible procedure that, however, requires additional equipment . The physi-
cal reaction that is in the basis of the mold hardening makes it reversible and easily
repeatable in several production cycles. As organic binders are only partly soluble in
water, their reclamation along the sand mass, followed by further dehydration, leads

to almost complete reuse . However, attention should be paid to the filtering system

to prevent smaller binder particles (e.g., dextrin 2 17 pum) from sieving through the
filter and being lost. Also, the industrial milling procedure should be adjusted to the

needed resulting grain sizes to control the packing density of the resulting mixture .
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6. Results

In this chapter, prototypes - lightweight concrete structures made with water -soluble
sand formwork - are presented. The formworks for the prototypes are designed with
the developed computational workflow described in Subsection 4.3.1 and manufac-
tured on a 3D printer, presented in Subsection 4.2.2, using the material mix investi-
gated in Section 5.4. Three prototypes are described further, demonstrating the es-
sential steps in technology validation on various scales: from small-scale object 2 func-
tionally graded concrete component (Section 6.1), to middle-scale structural
component 2 single-span beam (Section 6.2), and finally to architectural demonstrator

2 lightweight concrete structure (Section 6.3).

During the production of the small -scale concrete structure, all parameters necessary
for the quality and stable manufacturing of designs with complex geometries were
investigated. In the fabrication of a single-span reinforced concrete beam, attention
was given to producing larger functional components from multiple formwork seg-

ments to explore local and global tolerances when scaling up, as well as reinforcement
integration. Finally, the experience gained, and all the necessary process adaptations
were applied in the design and production of the architectural demonstrator 2 Marina-
ressa Coral Tree2 a 3 m high functionally graded, modular, and fiber-reinforced con-
crete structure. Each section presents the prototype design process, the design and
manufacturing of its formwork, and the production of the concrete structure . In con-
clusion, the main outcomes are outlined, and the performance of production technol-

ogy is discussed.

6.1. Functionally graded concrete lattice structure

The functionally graded concrete block with an overall dimension of 420 x 100 x 100
mm? and gradient hexagonal continuous lattice structure (Figure 6.1) was designed
and produced using 3D water-soluble sand formwork. The following production pa-
rameters were investigated: the producibility of filigree concrete structure with casting

method, the quality of the sand formwork , and the duration of the production process.
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6.1 Functionally graded concrete lattice structure

700

Figure 6.1: Design-to-production workflow of the functionally graded concrete lattice structure : a) ini-
tial hexagonal lattice structure, b) graded concrete lattice with variable strut thickness of
10-20mm, c) formwork geometry with wall thickness of 5 mm, d) sliced geometry with

printing trajectories.

The design-to-production workflow , partially covered in [167], is presented in the fol-

lowing subsections.

6.1.1. CAD-CAM workflo w

The design of the concrete structure and the creation of the formwork body for pro-

duction were carried out in a digital environment of Rhinoceros 3D/Grasshopper soft-
ware following the algorithm presented in Subsection 4.3.1. A continuous periodic
hexagonal lattice with a cell size of 20 mm was modeled as curves and taken as input
data for the concrete geometry (Figure 6.1a). The functionally graded concrete struc-
ture was generated using a volumetric modeling approach by assigning the gradient

thickness of struts varying from 10 mm to 20 mm in diameter ( Figure 6.1b). Then, the
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watertight mesh of formwork geometry was generated with athickness of 5 mm (Fig-
ure 6.1c). External walls were added only from the four sides, while the top and the
bottom of the formwork remained open for easier cleaning and casting procedures.
The formwork 3D geometry was then aligned in the virtual volume of the powder bed,
the printing resolution was set to 1.2 mm, determining the layer height of 0.9 mm.
The 3D geometry was sliced into 111 layers, and the trajectories of the printhead for
each layer, as well as corresponding nozzle configurations, were generated (Figure
6.1d). Finally, the G-code data structure was compiled, and exported to the 3D printer

for production.

6.1.2. Fabrication of formwork

The sand formwork was produced on the full-scale 3D printing unit, described in Sub-
section 4.2.2. The production time was influenced by four basic parameters: printing
resolution, print speed, drying time, and the time for functional movements, including

the new layer deposition. The printing speed was set to 8,000 mm/min, resulting in a

Figure 6.2: Production sequence of functionally graded concrete lattice structure : a) printing of the

formwork layer with DoD printhead, b) IR drying of the layer immediately after printing,
C) casting of the concrete lattice structure with SikaGrout®-551, d) demolding the con-

crete structure by washing out the formwork with room temperature water.
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6.1 Functionally graded concrete lattice structure

printing time of 16 seconds per layer (Figure 6.2a). The drying time for every layer was
around 65 seconds, depending on the layer properties (area/perimeter) and the
amount of water for evaporation ( Figure 6.2b). Applying a new sand layer and all other
positioning movements per layer t ook 40 seconds. Thus, at a resolution of 1.2 mm,
the total printing time for a formwork body with dimensions of 430 x 110 x 100 mm3
took 224 min (about 3.7 hours), which was consistent with the estimate made in the

CAM environment.

6.1.3. Casting and demolding

After the printing process was finished, the mold was taken from the powder bed , and
the rest of the loose sand was cleaned with pressurized air. All the unbound sand was
immediately available for reuse in further production cycles. The geometric features
of the concrete structure, such as the smallest size of individual structural elements
(20 mm), determined the choice of the concrete mix. For casting, the self -compacting
mortar SikaGrout®-551 with a maximum aggregate size of 1 mm was used (Figure
6.2c). lthasthenecessary fluidity (even without
demi x, doesn®t r equianddas dncearlynsirengtk of 4chMPR, is; g
that the component can be demolded after 24 hours, considerably reducing the overall

production time..

After concrete hardening period, the formwork was placed on a grid above the con-
tainer and rinsed with running water. The formwork was easily dissolved in cold water,
and the complete demolding process t ook a few minutes (Figure 6.2d). To recycle the
formwork material mix, the sand -binder mixture was separated from excess water,
collected in a container, and placed in a drying cabinet at 105 °C for 24 hours. Finally,
the dried mixture was ground in a crushing machine and loaded to the 3D printer for

further production.

6.1.4. Discussion

Figure 6.3 presents the view of the resulting functionally graded concrete block and

its formwork. The result shows that the final geometry of the concrete specimen

116

t

he

ot}
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corresponds to its reference CAD model, and it has been cast into the formwork com-
pletely without occasional cavities or other flaws . The production parameters, such as
1.2 mm resolution, water content, IR -radiation power, and duration, were sufficient to
fully dry every layer of the mold during 3D printing. The porous geometry of the form-
work also enabled to avoid the warping of the bottom layers due to temperature gra-
dients. The formwork retained its shape and did not deform either duri ng the pouring
or hardening of the concrete. Due to the low shrinkage rate of mortar and the relative
softness of the formwork contact layer that becomes slightly moist upon contact with
concrete, no shrinkage cracks were observed on the thinnest struts of the concrete

specimen.

However, during production it was observed that production parameters require fur-
ther improvement. The critical production step was the IR drying time for every layer,
which accounted for 75% of the total printing time. Even considering the fast response
time of the lights, the first printed layers took longer to dry because heat had to first
build up in the powder bed to provide better starting conditions for faster water evap-
oration. Several solutions to this problem have been considered, including powder bed
preheating and water heating. Nevertheless, an increase in the efficiency of IR drying
can be expected with an increase in the size of the parts produced since the decisive
drying parameter is the amount of water per unit area illuminated by the emitter.
Therefore, it was decided to increase the number of IR emitters from 4 (installed on a
full-scale 3D printer from the prototype machine) to 6 with increase d length and

power.

6.2. Single-span lattice beam

A 1.2 m span single-span reinforced concrete beam with a functionally graded lattice
structure was fabricated using water -soluble sand formwork (Figure 6.4). The focus
was put on verifying the possibility of fabricating structural components with dimen-

sions larger than the printer's powder bed, casting in multi -component formwork, and

incorporating additional elements such as reinforcement. A single-span beam's design
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a

Figure 6.3: View of the functionally graded concrete lattice structure and its 3 D printed formwork :

a) view of the full prototype, b) close-up of formwork and concrete structures.

and manufacturing process is presented in the following subsections, partially covered

in [168].

6.2.1. Design of the single-span beam

The design of the single-span beam is based on the approach to the design of light-
weight concrete structures developed at the ILEK over the past decades. It is based
on reducing the weight of the concrete component by distributing the material in a
given design domain according to the stress state of the structure under given loads,
also known as functional gradation [5]. However, the production method dramatically

influences how the stress field is materialized in a concrete structure . This prototype
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Figure 6.4: View of the single-span lattice beam, its water -soluble sand formwork and formwork ma-

terial ingredients: river sand, dextrin, and water.

aims to explore the potential of the developed technology in the design of new struc-
tural typologies that are theoretically known but have not been realized in concrete so

far due to the difficulty in production .

The design approach is based on materializing the stress field by modeling a conformal
lattice structure oriented along the principal stress trajectories to minimize bending
moments and maximize axial forces [169]. Its modeling began with the structural anal-
ysis of the given design domain filled with uniform solid material and the extraction of

the principal stress vectors under the distributed load (Figure 6.5a). Then, based on
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N7 e SO =) a) structural analysis of the given design
e m
jﬂﬂl‘ﬂi//{(,‘/:/rgfgﬁﬁ///. ) \\\\\Q?:.\\‘\\.:\\i::“:m N domain, extraction of the principa|
% R SR LN KKK ‘W‘F‘\ '
ISR, NN

:
:
G NS

= LS \ stress vectors
tension

compression

b) modelling and structural analysis
of conformal lattice structure

c) modelling of the concrete
solid structure

d) generation of formwork
water-tight mesh

Figure 6.5: Design of the single-span concrete lattice beam and the generation of formwork geome-

try.
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6.2 Single-span lattice beam

the obtained directions and magnitudes of principal stresses, a conformal lattice struc-
ture with a given cell size range was created (Figure 6.5b). The scale was determined
by production constraints, such as the minimal concrete strut diameter and minimal
formwork geometrical entity. The second round of structural analysis , applied to the
lattice structure , was performed to assign the required cross -sections of the members
and identify the necessary regions that should be reinforced (Figure 6.5b). Based on
the data of the obtained cross-sections, the final concrete structure was modeled us-

ing volumetric modeling approach considering manufacturing constraints (Figure 6.5c).

6.2.2. Design and production of the formwork

When the concrete geometry was ready, a watertight formwork mesh with a thick-
ness of 13 mm was created, sufficient to withstand the concrete's hydrostatic pres-
sure, especially in the support areas where the concrete's mass was maximum (Figure
6.5d). To fit the powder bed and be printed in one production step, the formwork body
was then divided into three parts, following the directions of the main lattice lines, and

oriented in the virtual powder bed volume to optimize production time (Figure 6.6a).

The printing resolution was set to 1.2 mm, and the formwork was sliced into 137
layers with a layer height of 0.9 mm (Figure 6.6b). Finally, the complete structure of
the G-code file, consisting of printing routines, IR drying periods, and service move-

ments for all layers, was compiled and sent to the 3D printer for production. Total

Positioning Printing
movements 18%
24%
IR-Drying
58%
a b o

Figure 6.6: Preparation of formwork for 3D printing: a) segmentation of formwork and orientation
inside the powder bed, b) slicing of the formwork geometry and generation of printhead

trajectories, c) estimation of the printing time and the total duration of production steps.
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6. Results

Figure 6.7: Production of the 3 -part formwork for the singe-span lattice beam: a) IRdrying of the 3D

printed formwork layer, b) cleaning of the formwork segments from unbound sand after

printing.

printing time took 5.5 hours, including 60 minutes (18%) for printing, 190 minutes

(58%) for drying, and 80 minutes (24%) for positioning movements (Figure 6.6c). As
the total formwork width of 263 mm was larger than the coverage area of IR emitters
mounted in two groups ( Figure 6.7a), the second lighting position and drying time w ere

introduced.

6.2.3. Casting and demolding

After the printing was finished, formwork segments were excavated from the powder
bed, cleaned from unbound sand with a vacuum cleaner and pressurized air Figure

6.7b), and assembled for casting (Figure 6.8). To prevent accidental shifting and

Figure 6.8: Assembly of the 3 -part formwork for casting and placement of the reinforcement.
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