<]
TUDelft

Delft University of Technology

Digital fabrication with concrete beyond horizontal planar layers

Lowke, Dirk; Anton, Ana; Buswell, Richard; Jenny, Selen Ercan; Flatt, Robert J.; Fritschi, Ena Lloret; Hack,
Norman; Mai, Inka; Popescu, Mariana; Kloft, Harald

DOI
10.1016/j.cemconres.2024.107663

Publication date
2024

Document Version
Final published version

Published in
Cement and Concrete Research

Citation (APA)

Lowke, D., Anton, A., Buswell, R., Jenny, S. E., Flatt, R. J., Fritschi, E. L., Hack, N., Mai, I., Popescu, M., &
Kloft, H. (2024). Digital fabrication with concrete beyond horizontal planar layers. Cement and Concrete
Research, 186, Article 107663. https://doi.org/10.1016/j.cemconres.2024.107663

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.cemconres.2024.107663
https://doi.org/10.1016/j.cemconres.2024.107663

Cement and Concrete Research 186 (2024) 107663

Contents lists available at ScienceDirect

Cement and
Concrete
Research

Cement and Concrete Research

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/cemconres

Digital fabrication with concrete beyond horizontal planar layers

Dirk Lowke ™", Ana Anton ", Richard Buswell ¢, Selen Ercan Jenny _d, Robert J. Flatt ©,
Ena Lloret Fritschi’, Norman Hack ¢, Inka Mai”, Mariana Popescu ', Harald Kloft®

@ Technical University of Munich, Department of Materials Engineering, Munich, Germany

Y ETH Zurich, Chair of Digital Building Technologies, Zurich, Switzerland

¢ Loughborough University, School of Architecture, Building and Civil Engineering, Loughborough, United Kingdom
4 ETH Zurich, Chair of Architecture and Digital Fabrication,, Zurich, Switzerland

€ ETH Zurich, Physical Chemistry of Building Materials, Zurich, Switzerland

{ Universita della Svizzera Italiana, Accademia di Architettura, Mendrisio, Switzerland

8 Technische Universitat Braunschweig, Institute of Structural Engineering, Braunschweig, Germarny

1 Technical University of Berlin, Robot-Assisted Manufacturing of the Built Environment, Berlin, Germany

! Delft University of Technology, Faculty of Civil Engineering and Geosciences, Delft, Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Digital fabrication with concrete
Additive manufacturing in construction
3D concrete printing

Non-planar layer printing

Digital casting

Digital trowelling

Digital milling

Digital fabrication technologies, such as 3D concrete printing, are currently making their way into the con-
struction industry. The primary focus in this field is often on the depositing processes, such as extrusion 3D
concrete printing, where material is typically applied in horizontal planar layers. This area has seen substantial
progress in recent years. However, numerous research and development projects are specifically targeting the
additive manufacturing of unreinforced raw concrete components. When implementing these technologies in
practice, it has become clear that additional processes, such as fully automated process-parallel reinforcement
integration, application of cover layers and formative and subtractive post-processing of the components, are
essential for successful application. In addition, by varying the orientation, characteristics and arrangement of
the layers, new shapes and functions can be realised. Examples include angled layer orientation for producing
vaulted geometries without support structures, as well as non-planar layer formation for complex component
geometries or assembly joints. Moreover, alternative innovative manufacturing processes, such as KnitCrete,
Smart Dynamic Casting or Injection 3D Printing, reveal new potential for the application of digital manufacturing
technologies in the construction industry. This article aims to demonstrate the possibilities offered by digital
fabrication with concrete beyond the stacking of horizontal planar layers, and how these technologies can
complement and expand a future digital fabrication strategy in the construction industry.

1. The versatile opportunities of digital fabrication with
concrete - a systematic approach

The construction industry recently witnessed a paradigm shift with
the emergence of (concrete) 3D printing technology. For the construc-
tion sector, 3D printing is an ideal digital fabrication technology as it
combines the advantages of automation and customisation. 3D printing
promises unprecedented possibilities in the realm of ecological, sus-
tainable, and efficient building practices. It stands out as a trans-
formative technology with the potential to minimise the carbon
footprint by optimising material usage [1] while being both fast and
productive [2] when precisely depositing strands with robots.
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However, most works focus exclusively on printing horizontal planar
concrete strands. Alternative innovative 3D printing processes, or
possible combinations of conventional 3D printing with other digital
manufacturing processes are not given enough attention.

Therefore, this article aims to highlight and integrate various digital
processes that extend beyond horizontal planar layers. We focus on
holistic approaches that consider the material, the process, and the
design in an integrated manner for digital concrete fabrication. Thus, in
addition to 3D Concrete Printing techniques, we discuss digitally
controlled concrete casting, surface trowelling, and milling technolo-
gies. By examining these processes together, we seek to promote more
sustainable construction practices through advanced digital methods.
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Fig. 1 shows a systematic overview of the versatile opportunities
offered by digital fabrication with concrete. The focus here is on pro-
cessing fresh and green concrete (partially cured but not fully hard-
ened). The use of digital assembly technologies with hardened precast
concrete parts is not included in this discussion. The categorisation of
fabrication strategies discussed is based on the process classification by
Buswell et al. [3,4], which defines and describes Digital Fabrication with
Concrete. According to this framework, there are three primary process
classes: additive, formative and subtractive. In Fig. 1, these process
classes are detailed as follows: (1) Digital 3D Printing [additive], (2)
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Digital Casting [formative], (3) Digital Trowelling [formative] and (4)
Digital Milling [subtractive].

Digital 3D Printing processes are primarily characterised by the
deposition and stacking of material layers. The classification is based on
the orientation, characteristics and arrangement of these layers. Addi-
tionally, the support for the material layers is a key distinguishing
feature. In this context, a basic distinction can be made between four
types of 3D printing technologies (I) Printing without support, (II)
Printing on (existing) Core Components, which can be fabricated using
either conventional or 3D printing technologies, (III) Printing in Carrier
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Fig. 1. Digital fabrication strategies with concrete.
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Material and (IV) Printing on Formative Substrates, i.e. temporary
formwork. The temporary formwork acts as an interface to Digital
Casting technologies, which are characterised by the continuous casting
of set-on-demand concrete.

Printing with horizontal planar layers without support characterises
the most common 3D printing techniques. The layers can be arranged
directly on top of each other, with an offset, or next to each other,
allowing the production of vertical and inclined components such as
walls and columns or horizontal components like ceilings; see Fig. 1 top
3 rows. However, these processes do not fully exploit the potential of
digital fabrication technologies in terms of freedom of form. For
instance, in extrusion 3D printing, overhangs typically range from 20° to
45°, depending on material properties and layer hardening rate specific
to the process [5,6]. This restriction affects the opportunities for struc-
tural performance, functional integration, resource efficiency and
architectural design. To address these limitations, a variety of digital
fabrication technologies beyond horizontal planar layering have been
developed and investigated in recent years.

The range of shapes achievable with conventional deposition-based
3D printing techniques expands when the layers are oriented in ways
other than horizontally. This includes printing inclined or non-planar
layers with varying cross-sections; see Fig. 1, rows 4 to 6. Inclined
layers allow highly inclined structures or even arched structures to be
realised. Non-planar layers can be used to directly print, e.g. geometric
structures for joints; see Section 2.

Using 3D printing on existing core components expands the range of
potential applications; see Fig. 1 rows 7 and 8. Here, the concrete is
supported by the core component, which determines the initial layer
orientation. Despite this, it is possible to produce planar and non-planar
layers, layers with constant or variable cross-sections and layers ar-
ranged both horizontally and vertically. These techniques enable addi-
tional structural elements to be 3D printed onto existing concrete
components using hybrid manufacturing processes. They can also be
used to create functional surface structures by applying plaster, struc-
turally embed the reinforcement into existing building components by
robotically spraying a cover layer, and realise ceiling decorations or
overhanging applications on facades; see Section 3.

Injecting into a carrier material is a novel type of additive
manufacturing method, where the injected material is supported by the
carrier material; see Fig. 1, row 9. With this method, the limits of layer-
by-layer 3D printing are overcome, allowing for printing freeform con-
crete strands into three-dimensional space for high-resolution spatial
structures, among other things; see Section 4.

Printing on Formative Substrates methods complete the range of
Digital 3D Printing processes. Here, temporary, rigid, adaptive, or
flexible formwork is used to support the concrete; see Fig. 1 row 10.
These formative substrates enable free-form load-bearing structures to
be realised, whereby the formwork determines the initial alignment of
the layers; see Section 5.

In addition to additive manufacturing, the formative Digital Casting
techniques offer various promising processes for digital fabrication with
concrete; see Fig. 1, row 11. These techniques involve the use of tem-
porary or permanent formwork to realise free-form components. How-
ever, unlike additive manufacturing, concrete is not deposited layer-by-
layer. Instead, it is processed in a digitally controlled casting process
coupled with set-on-demand admixtures to control the rheology and
hydration of the concrete. This allows the use of minimal slip formwork
or very thin static formwork such as millimetre paper, and the process
allows the integration of standardised reinforcement; see Section 6.

Finally, Digital Trowelling and Digital Milling processes can be used in
hybrid or successive processes to enhance Digital 3D Printing processes;
see Fig. 1 rows 12 and 13. This enables overcoming the limitations
inherent in additive manufacturing, such as precision and surface finish,
and either improving the component properties or supplementing them
with additional functions; see Section 7.

In the upcoming sections, we will delve deeper into each technology
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and discuss its relevance in the realm of digital fabrication with con-
crete. We will, therefore, describe the processes, provide specific ex-
amples, and address the opportunities, challenges, and future
developments.

2. Inclined and non-planar layer printing
2.1. Process

3D printing of unsupported overhangs, sloped structures, arches, or
structures curved in z-direction by layered deposition 3D printing
techniques can be realised by applying the material along print paths
that are not horizontal and/or by printing non-planar layers; see Fig. 1,
rows 4 to 6. Typically, this process employs a more intricate motion
pattern, positioning the printing tool at an angle different from the
vertical axis to achieve inclined layers. The inclined layers can vary in
cross-section to ensure a consistent slicing strategy. Non-planar layers
can be realised by active-z printing [7], involving a simultaneous motion
of the print head in the x-, y- and z-axis, or by variable material depo-
sition rates. The first method often requires an existing structure on
which the non-planar layer can be printed (see Section 3), while the
latter can be realised without additional support. A variable deposition
rate of the concrete is typically regulated by adjusting the printing speed
at the nozzle, i.e. altering nozzle traverse speed, rather than changing
the pump's flow rate [8,9]. The variable deposition rate results in con-
crete strands with a variable cross-section. This characteristic is partic-
ularly relevant to extrusion techniques that produce a formable
filament, often referred to in the literature as “free-flow” regime after
extrusion [9]. Free-flow deposition relies on material properties that
exhibit a rapid stiffening rate of the filament (multi-K 3D printing)
rather than a high initial yield stress [10-13].

2.2. Opportunities and current applications

Inclined and non-planar layer printing is predominantly utilised for
funicular geometries [14-16], among which the most common in 3D
printing is the Nubian vault method [15,17]. In traditional construction,
Nubian vaults allow the construction of arched structures with self-
supporting discrete brick or stone rows, where the vault is formed by
gradually extending these rows until they converge into a curved
structure with no formwork. Similar to bricks in Nubian vaults, inclined-
arranged concrete strands can be stacked to create stable, unsupported
vaults; see Fig. 1, row 4 and Fig. 2. This strategy illustrates an effective
use of inclined and non-planar layer printing for structures with a
mainly horizontal orientation, such as slabs, showcasing a material-
saving application in construction [18,19].

Other examples include Extrusion 3D Printing using the Tangential
Continuity Method to generate the printing path [20] and the Gradual
Transition Shotcrete 3D Printing technique [13,21,22], in which the
inclination of the layers is progressively changed; Fig. 1, row 5. With
Shotcrete 3D Printing (SC3DP), the high speed of the concrete applica-
tion ensures a particularly strong interlayer interlocking in the fresh
state [21]. This enables seamless transitions from horizontal to vertical
planes, creating new possibilities for geometric designs in 3D concrete
printing [22]. Fig. 3 shows a funnel-shaped structure with a height of
1.2 m, a baseplate radius of 40 cm, and a top radius of 1.8 m. Starting
with a cylindrical extrusion up to 50 cm, the shape then gradually
widens as the projection angle changes by one degree per revolution.
The structure reached a height of 1 m in a printing time of just 15 min,
with the nozzle positioned at a 60-degree angle from the vertical,
resulting in a horizontal overhang of 0.4 m.

Furthermore, the method of inclined stacking of non-planar layers is
especially useful for branching columns [24], as it allows the concrete
layers to be rotated to align perpendicularly with the primary force flow.
This orientation is also beneficial for embedding shear reinforcement
between layers [25]. The benefits of non-planar layer deposition
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(@)
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Fig. 2. The Nubian Slab - 3D Concrete Printed stay-in-place formwork for vaulted slabs: (a) upscaling fabrication [18]; (b) material deposition by horizontal stacking

(Photo: Andrei Jipa, Digital Building Technologies ETH Zurich).

Fig. 3. Gradual transition shotcrete 3D printing [22,23].

significantly improve the constructability of segmented columns and
slabs in prefabrication. This technique can inform the alignment of
layers with the force flow and create high-precision assembly interfaces,
enhancing structural integrity and ease of assembly; see Fig. 4.

Beyond merely shaping the concrete, non-planar layers can also be
used to achieve force flow-compliant reinforcement integration. Here,
the technique of interlayer reinforcement is used, with the concrete
serving as a support for the reinforcement [26-29]. The concrete layers
can be formed using non-planar layers that follow the main tensile stress
trajectories. This ensures that any flexible or appropriately bent rein-
forcement placed between the layers is automatically orientated ac-
cording to the flow of forces [28]; see Fig. 9 and Fig. 10.

2.3. Challenges and future developments

Challenges in non-planar layer deposition stem primarily from the
added geometric complexity. This translates to the need for improved

a ‘L-
=

(@) (b)

material performance during printing, as there is limited tolerance for
variability in flow behaviour. Therefore, the specialized 3D printing
equipment and necessary additives lead to increased hardware and
material costs. Moreover, these methods often demand custom slicing
strategies, which require more design time and further elevate costs.
Addressing the complexity of assembling freeform 3D printed compo-
nents and detailing the interfaces between 3D printed and conventional
parts also presents significant design challenges. These factors strongly
highlight the importance of closing the loop between design and fabri-
cation. Future developments should bridge the gap, ensuring a more
integrated and efficient process that links the layer to the overall design
strategy.

()

Fig. 4. Assembly interfaces for segmented columns (Digital Building Technologies ETH Zurich): (a) Vertical stacking of non-planar layers with variable layer height
[81; (b) 3D Printed branching columns: Incremental rotation of layers to align layers to main loads [25]; (¢) Tor Alva - match casting for segmental assembly [25].
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3. Printing on Core Components
3.1. Process

In this approach, printed layers are applied to an existing core
structure; as shown in Fig. 1, rows 7 and 8. The core structures may be an
existing building structure or prefabricated elements, conventionally by
casting concrete in a formwork or using additive manufacturing tech-
niques. 3D printing is carried out on the core components, either
immediately after fabrication of the core, ‘fresh-in-fresh’, or in the
hardened state. When printing on a core component, all the printing
techniques described in Section 2 for creating inclined and non-planar
layers can be similarly employed. Beyond that, for vertically aligned
core components, it is also possible to print vertical layers that can resist
gravity; see Fig. 1, row 8.

Printing on Core Components often involves robot-assisted, spray-
based additive manufacturing processes. The spraying is executed from
an adaptable distance to the surface of the core component, allowing for
the deposition of the material in a wide range of surface geometries or
patterns, including hard-to-reach areas such as ceilings, corners and
edges, where multiple building elements meet. The use cases for Printing
on Core Components are diverse. They include:

(1) The addition of structural parts in hybrid manufacturing pro-
cesses, as with SC3DP Add-On Printing [27,29]; see Fig. 5,

(2) The deposition of plaster to create bespoke or standard functional
surfaces on the building structure, as with Robotic Plaster
Spraying (RPS) [30]; see Fig. 6

(3) The application of a cover layer for the structural embedding of
reinforcement or the realisation of architectural concrete sur-
faces, as with SC3DP Cover Layer Printing [27]; see Fig. 7.

(4) Functional coatings, overhanging applications on facades and
ceiling decorations, as shown by Spray-based 3D concrete print-
ing (S-3DCP) [31,32]; see Fig. 8.

The possibilities and challenges of these printing techniques on core

components will be illustrated in the following sections, using the ex-
amples of SC3DP Add-On Printing and Robotic Plaster Spraying.

3.2. Addition of structural elements in hybrid manufacturing

Most current 3D concrete printing applications consist of monolithic

Fig. 5. Add-on Printing of force-flow-optimised concrete ribs of a point-
supported slab [27,29]. The concrete rips have varying cross-section heights
according to the course of the bending moment (Technical University of
Braunschweig, 2019).
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Fig. 6. Robotic Plaster Spraying (RPS) introduces a gravity-resisting, vertical
thin-layer spray-based printing technique (ETH Zurich, 2021) [30].

Fig. 7. Cover Layer Printing using Shotcrete 3D Printing (SC3DP, Technical
University of Braunschweig, 2020) [27].

manufacturing processes: Either entire buildings are printed in one piece
and from one material or buildings are assembled from individual parts
that are produced using the same printing process and the same mate-
riality. Add-On Printing is a hybrid manufacturing method that com-
bines different manufacturing processes and materials and is
particularly interesting for enhancing flat components such as walls and
slabs with 3D-printed layers. Here, concrete layers are printed selec-
tively on the core component in order to complete or strengthen it; see
Fig. 1, row 7. For load-bearing components, these structural add-ons
create new possibilities for material-efficient structures with a force-
flow-optimised shaping.

Kloft et al. [27,29] first introduced the Add-On Printing technique
for the production of reinforced concrete ribbed slabs using Shotcrete 3D
Printing; see Fig. 5 and Fig. 9. The flat concrete slabs were conven-
tionally cast as thin as possible and then printed ribs were added “fresh-
in-fresh” in accordance with the structural requirements. The printed
ribs were fabricated with varying cross-sectional heights according to
the course of the bending moments in the case of uniaxially tensioned
ceilings; see Fig. 9; or with ribs shaped according to the force flow in the
case of the 16 m? segment of a point-supported slab; see Fig. 5. With the
latter, the thickness of the cast concrete slab part is only 8 cm, which
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Fig. 8. Spray-based 3D Concrete Printing (S-3DCP, NTU Singapore,
2024) [31,32].

Fig. 9. Add-on Printing of (a) concrete rips with varying cross-section height
according to the course of the bending moment [29].
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means a material saving of approx. 60 % compared to a 25 cm thick
conventional flat ceiling.

Fig. 10 shows the process steps for an uniaxially tensioned slab
segment with three printed, parallel ribs. In addition to the variable
cross-section height of the ribs to create a shape affine to the moment
line, the required longitudinal reinforcement can be installed without
additional structural auxiliary reinforcement; see Fig. 10a. The robotic
printing process is stopped when the reinforcement position is reached,
and the longitudinal reinforcement is placed on the freshly printed
concrete layer; see Fig. 10b. The shear reinforcement inserted in
advance when concreting the floor slab is used to position and secure the
position. Once the longitudinal reinforcement has been applied, the
printing process continues, and the reinforcement is covered with con-
crete; see Fig. 10c. The bond between the slab and the 3D printed ribs
can be ensured by carrying out the Add-On Printing process directly on
the freshly concreted core element. This enables chemical bonding, but
also good mechanical interlocking, as the high kinetic energy when
spraying the concrete results in a rough interlayer zone. If the core el-
ements themselves are also 3D printed, good mechanical interlocking
also results from the layered surface structure of the core components;
see Fig. 11.

The hybrid manufacturing of individualised ribbed ceilings by
locally printing concrete layers onto the freshly concreted ceilings in a
continuous automation process is an ideal application scenario. As
concrete ceilings in building construction are flat 2D surface compo-
nents, the formwork and concreting of reinforced concrete ceilings will
continue to be an economical solution in the future. However, in recent
decades, the trend in long-span reinforced concrete slabs has been away
from the originally material-efficient ribbed and beamed slabs towards
the mass-intensive point-supported flat slabs. The reason for this
development is the low formwork costs of flat slabs compared to ribbed
and beamed slabs, which clearly outweigh the additional costs on the
material side. With the focus on material-saving and low-CO; con-
struction approaches, material-saving ribbed and beamed ceilings are
once again gaining in importance. By combining traditional concrete
casting with innovative 3D printing technologies, one can produce high-
performance, material-efficient slab components and make the
manufacturing process extremely economical by eliminating the need
for complex formwork. In addition, the change in manufacturing tech-
nology also offers the possibility of changing materials and, thus, a
further optimization option. In terms of design, sophisticated slab un-
dersides can be created that make the flow of forces recognizable.

Beyond that, add-ons also create completely new possibilities for
material- and production-efficient applications. Fig. 11 shows the sub-
sequent Add-On Printing of a bracket on a previously printed wall
component. Here, the inserted short rebars provide a sufficient shear
connection between the printed wall component and the add-on printed
bracket [33].

Fig. 10. (a) Add-on Printing of concrete rips with varying cross-section heights (b) Application of the longitudinal reinforcement bars (c) Application of the concrete

cover onto the reinforcement [29].
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Fig. 11. Subsequently, additively manufactured concrete bracket on a wall using SC3DP Add-On Printing (TU Braunschweig).

3.3. Addition of plaster layers

Robotic Plaster Spraying (RPS) [30] involves the spraying of multi-
ple, millimetre-thin, and vertical layers of plaster to building elements,
which is then repeated to build-up 3D-formations in an additive-only
fabrication process, producing minimal waste. It offers shaping free-
form, bespoke designs, directly on the building structure; see Fig. 12.
The material deposition is facilitated through a pneumatic spray gun,
which is equipped with a nozzle at the tip. The material volume flow is
kept constant, while the velocity of the robotic arm, the spraying dis-
tance from the target substrate surface, and the nozzle diameter of the
plastering spray gun control the feed rate, thus determining the amount
of material sprayed onto the target surface in each layer. By optimising
process parameters, such as the distance, angle, and speed of the robotic
arm, the material formation can be accurately controlled, and the
intended surface geometry or pattern can be created. Therefore, the
“tool” in the proposed technique is the digital control of the spraying
that is activated by air pressure and that allows for forming the material
directly on the building structure. In this way, the malleability of the
material combined with the digitally controlled, pneumatic spraying
method acts as a kind of “dynamic formwork” for the resulting surface
geometry; see Fig. 12.

It is worth noting, that the setup for the Robotic Plaster Spraying

comprises a mobile platform on which the robotic arm is mounted. The
uninterrupted motion of the robotic platform enables printing-in-motion
[34,35]. In initial investigations on the printed geometry accuracy, the
deviations did not exceed +2 cm. However, further testing will be
necessary to assess the implications of the mobile robotic system and
continuous spray-based printing-in-motion on how the error manifests
throughout the whole printed geometry.

3.4. Opportunities, challenges and future developments

Printing on Core Components introduces new degrees of design
freedom for structural efficiency, functional integration as well as
aesthetic articulation. By spraying multiple layers of concrete or plaster
onto a building structure, the incremental build-up of 3D formations is
enabled without the use of additional smoothing or profiling tools,
formwork, or support structures. The robotic process can be extended to
explore different roles of the concrete cover layer or plaster, i.e. dura-
bility, insulation and weather protection to the building structure. At the
same time, additional functions can be integrated, for example, to pro-
vide visual, acoustic, or light-diffusing effects through geometric
complexity. Furthermore, in addition to new constructions, repair and
strengthening of existing building structures constitute a particularly
interesting potential with printing on core component techniques, [36].

Fig. 12. Prototypes produced with RPS - spraying of multiple, millimetre-thin, vertical layers of cementitious plaster to building elements [30].
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The research into printing on core component techniques is in its
early stages, seeking to understand how the material and its geometric
complexity can correlate to performative qualities. When scaling up,
further knowledge regarding the material properties, such as the pull-off
strength of the applied layers, is essential. Moreover, it is decisive to
consider the compatibility of the materials used for the core component
and the printed layers in terms of strength, deformability, shrinkage, and
creep to ensure the performance of the combined load-bearing structure.
Furthermore, considering the existing building structure and the as-built
state of the printed layers will be crucial for making the necessary ad-
aptations, corrections, etc., interactively and on the fly.

4. Injection in Carrier Material
4.1. Process

The basic principle of this technique is that a material (A) is robot-
ically injected into a carrier material (B). The carrier material (B) can
either be a non-Newtonian fluid with specific rheological properties or a
granular material. When mastering the process properly, material (A)
remains in a stable position within the material (B) [37,38]; see Fig. 1,
row 9.

Examples of Injection in Carrier Material techniques are Injection 3D
Concrete Printing (I3DCP) [39,40]; see Fig. 13a-c; or Non-Planar
Granular Printing (NGP) [40]; see Fig. 13d. Non-Planar Granular
Printing was conceptually explored by injecting a resin into a box filled
with sand [40]. Although it is technically not yet concrete, the injection
of cement paste is conceivable in principle with this method. The basic
principle of Injection 3D Concrete Printing is shown in Fig. 13a-c. It has
been applied in three variants: (1) Injection of a fine-grained concrete
into suspension (CiS), i.e. into a non-hardening, non-Newtonian carrier
liquid; see Fig. 13a; (2) Injection of a non-hardening suspension in
concrete (SiC); see Fig. 13b; and (3) Injection of Concrete in Concrete
(CiC), typically with different properties of the two concretes, e.g. a
high-strength concrete into a low-strength concrete; see Fig. 13c.

4.2. Opportunities and current applications

Injection in Carrier Material introduces entirely new formal and
tectonic possibilities: It enables 3D printing in limitless spatial trajec-
tories. Furthermore, these techniques eliminate the need for layering
materials strands when creating large components [39,40].

Small-scale experiments have been conducted for Non-Planar Gran-
ular Printing [40]. The initial objects include the exploration of various
granular materials; as shown in Fig. 14. In a similar way, complex truss
structures and filigree concrete space frames can be created with the
Injection 3D Concrete Printing variant Concrete in Suspension
[37,39,41,42]; see Fig. 14c and Fig. 16. These structures are otherwise
challenging or impossible to construct. Up to now, ultrasound-gel and
limestone suspensions with varying particle sizes and additives have
been reported as carrier suspensions [37,38,43,44].
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In the I3DCP technique Suspension in Concrete, where a non-
hardening material is injected into the fresh concrete and removed
when the concrete is hardened, channels or cavities can be deliberately
generated. This can be used, for example, to locally grade the concrete
density. In addition, it is possible to create openings that can be used as a
design element, e.g. look-through facades, or functionally, e.g. for
greening the wall; see Fig. 15a.

The I3DCP technique, Concrete in Concrete, uses concrete as injected
material but also as carrier liquid. With this approach, it is possible to
modify the local material properties according to structural re-
quirements. This allows for the local incorporation of strengthening
structures in beams, slabs, walls, or columns, providing a potent method
to improve overall performance while reducing the environmental
impact; see Fig. 15b.

Beyond these small examples, there are two large-scale pilot struc-
tures, demonstrating the potential of Injection 3D Concrete Printing in
transforming concrete into lightweight space-frame structures. These
have been performed using the Concrete in Suspension technique. The
first application was presented by the company Soliquid [42] who
fabricated an artificial concrete reef named Bathy Reef. This complex,
bio-inspired structure has a large surface area and was constructed to
investigate the colonization of the artificial reef. At the Technical Uni-
versity of Braunschweig, an unreinforced arch bridge was fabricated
[39]. The structural design method for the bridge relied on 3D graphic
statics [45] to create a compression-only structure. The bridge is
designed at a 1:5 scale, comprises five components and reveals a total
length of 3 m; see Fig. 16.

4.3. Challenges and future developments

The first applications have shown that Injection 3D Concrete Printing
allows for the fabrication of large-scale components that are either
lightweight and geometrically complex or serve an inner structure with
variation of local properties while enabling structural integrity. How-
ever, in the future, there are remaining challenges that need to be
addressed in further research. The most important aspects comprise the
prediction of a successful print based on material properties and the
boundary conditions of the process as well as a successful reinforcement
integration.

For a successful print, i.e. the stability of the injected material at its
designated location with its designated geometry, the material and
process parameters need to be chosen properly [38]. However, the
relationship between process parameters, material parameters, and
positional stability is not fully understood yet and will require further
research. Furthermore, 3D printing has only the potential to become a
key technology for the digitalisation and automation of the construction
industry if the reinforcement integration is technically solved. However,
not all concepts for reinforcement integration in additive
manufacturing, compare [46], are applicable to Injection 3D Concrete
Printing. Initial concepts such as the extruded fibre-reinforced cement
paste by Adams et al. [47] or printing around reinforcement preinstalled
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Fig. 13. (a) - (c) Injection 3D Concrete printing (I3DCP) variants (Visualization: Sakiko Noda): (a) Concrete in Suspension (CiS); (b) Suspension in Concrete (SiC); (c)
and Concrete in Concrete (CiC) as well as (d) Non-Planar Granular Printing (NGP) [40].
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Fig. 14. Non-Planar Granular Printing with different materials: a) glass beads, b) walnut chips [40] as well as ¢) Injection 3D Concrete Printing using the Concrete in

Suspension technique (Technical University of Braunschweig).

70cm

30cm

Fig. 15. Injection 3D Concrete Printing variants: (a) Wall segment manufac-
tured using the Suspension in Concrete technique; (b) Cross-section of an
internally strengthened beam manufactured using the Concrete in Concrete
technique with two different concrete types [30].

in the carrier liquid by Lowke et al. [38] are promising but require
further research.

5. Printing on Formative Substrates
5.1. Process

Digital 3D Printing processes can be applied to the construction of
concrete structures in two primary ways: the manufacturing of concrete
formwork along with a semi-traditional casting process, and the direct
manufacturing of the concrete structure or component as described in
the previous sections of this paper. This section presents the possibilities
of combining these two approaches. In this type of process, a formative
substrate, such as temporary formwork, serves as a non-planar guide for
applying concrete; see Fig. 1, row10. This can be achieved through 3D
printing methods like material extrusion or material jetting, or another
digitally controlled process. Research in this field has led to several
methods for creating concrete structures using a formative substrate for
support. These methods can be broadly classified into three categories of

substructures:

(1) Rigid substructures using 3D printed, milled or formed materials:

(2

@3

—

—

Digitally fabricated formworks made from rigid materials such as
timber, foam, and Particle-bed 3D Printing are being increasingly
investigated to streamline and decarbonize the construction
phase of concrete structures [48]. Any of these formworks could
also serve as formative substrates for 3D printing of concrete.
Examples where such formworks are used in non-planar 3D
printing include the Automated Robotic Concrete Spraying
(ARCS) shell developed at the University of Cambridge [49],
where several components of a vaulted ribbed floor were manu-
factured using a robotic shotcreting process onto a rigid curved
substructure, and the Fast Complexity project [50], described in
Section 5.2. In other examples, the malleability of sand is used to
create temporary formworks for conformal 3D printing
[4,51-53].

Adaptive formworks: Adaptive moulds, made up of grids of linear
actuators, have been widely used for moulding doubly curved
composite materials and concrete structures [54]. In concrete
applications, they are typically used for direct casting of thin,
doubly curved elements [55] like facade panels. More recently,
these pin moulds have also been used as substrates for extrusion
3D concrete printing or shotcreting [56].

Flexible formworks using textiles and meshes: Another category
of formworks for concrete structures includes flexible fabric
formworks, which have been investigated throughout the 20th
century as a lightweight alternative to traditional formworks.
These formworks have proven useful for a variety of architectural
and structural elements, including linear elements (e.g. beams,
columns), surface elements (e.g. shells), and intricate branching
combinations [57-59]. A recent development in these fabric
formworks is the use of 3D knitted textiles, named KnitCrete,

Fig. 16. Assembled 3 m-compression-only-bridge consisting of five individual components [39].
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where the tensioned textile is stiffened with a thin cement paste
coating before casting concrete [60]. Such a flexible substrate has
also been used in conjunction with robotic Shotcrete 3D Printing
in a bridge demonstrator collaboratively developed by the
Technical Universities of Munich, Delft and Braunschweig [61],
described in Section 5.2. Other examples of flexible substrates
include meshes and rebars. In these cases, rebar meshes are
formed into the desired geometry, and concrete is printed or
sprayed onto them. Examples include Meshworks (SCRIM)
developed at CITA [62] and Robotic Aerocrete at ETH Zurich
[63].

5.2. Current applications with rigid and flexible substrates

The Fast Complexity project showcases a prefabrication method that
leverages precise 3D Printing, such as Particle-bed 3D Printing, and
layered extrusion techniques to produce custom concrete elements
quickly and precisely [50]. Therefore, in the first step, high-resolution
printing is used to manufacture a rigid and reusable substrate, which
is the underside form of a slab soffit. A thin layer of concrete is then
added onto the formative substrate and reinforced with a non-corrosive
mat. Subsequently, the reinforcement is embedded again by extrusion
3D printing and finally, the layout of 3D-printed formwork for structural
ribs is added on top; see Fig. 17a. These modular, prefabricated elements
are then transported to the construction site, where the main ribs receive
the steel reinforcement and are cast with conventional concrete on-site
to produce a monolithic ribbed slab. Initially focused on slab elements,
the methodology is, however, adaptable to various building components
as required.

Another representative example is the Knitcrete bridge by Rennen
etal. [61]. As a case study combining a 3D knitted textile formwork with
Shotcrete 3D Printing, a small pedestrian bridge was computationally
designed and robotically concreted in a cross-university effort between
the Technical Universities of Munich, Delft, and Braunschweig.

In a digital form-finding process, a shell structure was developed that
is tensioned on bending-active boundary elements made of reinforce-
ment steel. This geometry was then manufactured in two symmetrical
halves on a CNC knitting machine. The bending-active steel parts were
braced between two concrete foundations, and the textile was pulled
onto them using the integrated loops. Under tension, the textile thus
formed a double-curved membrane. This membrane was then sprayed
with a 2 mm thin layer of a cement slurry to “freeze” the shape; as shown
in Fig. 18. After the geometry's initial “freezing”, glass fibre reinforce-
ment was applied in a robotic fibre winding process. This was followed
by applying layers of concrete up to a thickness of 7 cm using the SC3DP
process. Afterwards, a spherical smoothing tool was used for surface
structuring, which produced a groove structure that followed the lon-
gitudinal direction; see Fig. 19. Finally, the edges of the bridge were
finished with a milling tool.
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Fig. 18. Robotic spraying of the initial “freezing” layer onto the knit-
ted formwork.

Fig. 19. Overlay of the 3D model and the final bridge structure.

5.3. Challenges and future developments

Concrete structures shaped using formative substrates entail several
distinct fabrication steps, each adding to the overall complexity of the
process. One of the most challenging of these steps is concreting, which
requires non-planar trajectories to avoid collisions with the existing
substrate. Additionally, the concrete must adhere properly to the sub-
strate without causing deformations.

Another challenge is the precise positioning of the reinforcement to
ensure proper coverage within the component and, thus, providing
sufficient bond and corrosion protection. For steel reinforcement, it is
essential that the material is precisely pre-bent and placed on the sub-
strate with the correct spacing. In the case of textile reinforcement,

\

A

(b)

Fig. 17. Fast Complexity - concrete extrusion on a temporary formwork: (a) Procedural concept involving 1. Manufacturing the formative substrate using high-
resolution printing, 2. Adding a thin concrete layer by extrusion 3D printing, 3. Adding reinforcement, 4. Embedding the reinforcement and 5. Adding the layout
of the formwork for structural ribs on top by extrusion 3D printing; (b) View of the high-resolution soffit (Photo: Axel Crettenand, Digital Building Technologies

ETH Zurich).



D. Lowke et al.

integrated pins within the formwork enable the reinforcement to be
wound around them. A significant advantage of this method is that the
pins can be accurately positioned relative to the substrate, such as by
integrating them into the rigid 3D printed formwork. Additionally,
textile reinforcement is less prone to corrosion and can tolerate minor
positional deviations and minimal coverage within the component.

When using flexible formworks, keeping the shape accuracy is an
important factor that affects the structural performance of the concrete
structure. The main challenge is the inherent flexibility of the material,
which requires careful consideration of the fabrication sequencing. For
example, accurately determining the quantity and precise location for
material placement at specific times is crucial. In the case of KnitCrete,
this shape control problem is avoided by building strength in layers by
employing first a lightweight coating layer that does not deform the
flexible textile formwork and can carry the load of subsequent concrete
casting. The scalability of these types of systems also plays a role in
future applications. Currently, flexible formworks have been employed
at an architectural scale and span considerable areas [59].

These complexities highlight the need for further research in the
design-to-fabrication process, particularly by integrating adaptive
feedback to align the concreting process with the final target shape.
Moreover, further research should explore embedding functionality into
the substrate to serve as reinforcement or develop reusable and recon-
figurable formwork.

6. Digital Casting
6.1. Process and material control

In parallel to additive manufacturing processes, formative
manufacturing processes, i.e. “Digital Casting Systems” (DCS), represent
a promising approach for digital concrete. DCS employs a digitally
controlled casting process coupled with set-on-demand admixtures to
control the concrete's rheological properties and hydration rate during
fabrication [64-66]; see Fig. 1, row 11. DCS allows real-time control of
self-compacting concrete hydration, reducing the need for heavy form-
work and enabling the pre-placement of standard reinforcements that
comply with norms. Over the last decade, a number of different pro-
cesses, covering various formworks, have been developed, including

Retarded concrete
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Smart Dynamic Casting (SDC) [67], a dynamic slipforming process,
Eggshell [68], using ultra-thin fused deposition modelling formworks,
and Admixture Controlled Digital Casting (ACDC) [69] with lightweight
formworks made from foil, textile or even millimetre-thin paper form-
works [70].

To ensure controlled hydration and homogeneity of the mix during
casting, DCS rely on three distinct process steps depicted in Fig. 20.
Firstly, the concrete must undergo processing to the point of accelera-
tion, typically achieved by pumping, a concept referred to as “pump-
ability” in the literature [12]. Secondly, the concrete must be well
intermixed with accelerating admixtures in an Inline Mixer and effec-
tively placed in DCS, indicating that it should self-consolidate in a
formwork with minimal or no vibration - a crucial step termed “cast-
ability.” The third step is referred to as buildability. For slipforming in
Smart Dynamic Casting this is particularly delicate, since the concrete
needs enough strength to support the weight of subsequent layers
without collapsing or undergoing significant deformation at the form-
work exit during the slipping. For thin formworks (ThinForm), the
process is less delicate in terms of collapses; however, it does require a
fast strength build-up to prevent the formwork from bursting. These
processing steps come with inherent limitations and boundaries, pri-
marily influenced by material characteristics and processing consider-
ations. To ensure homogeneity, a specific mix design is tailored to the
project's requirements, with real-time adjustments of the concrete's hy-
dration rate and viscosity. Daily modifications may be necessary to
respond to temperature fluctuations, ensuring consistent flow,
compaction and, ultimately, void-free structures.

In comparison, for 3D Concrete Printing (3DCP), buildability re-
quires a yield stress high enough to prevent the layers from collapsing,
while simultaneously not hardening too fast to avoid cold joints. A key
distinction between the DCS and 3DCP lies predominantly in the cast-
ing/deposition step, where DCS demands a lower yield stress compared
to 3DCP [71-73]. Due to this lower yield stress, DCS relies on support
through the slipform or thin formwork systems, which come with some
geometrical constraints and advantages regarding surface quality and
the ease of including standard reinforcement. This approach also
promises viable methods to cast material-optimised structures. In what
follows, we present projects that showcase how rethinking formwork
with Digital Casting Systems can open new ways to realise steel-

Retarded concrete
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Fig. 20. Schematic overview of the Digital Casting process: Left: pumping retarded concrete into the inline mixer. By adjusting the rheological properties during the
casting, the same system can be used for Smart Dynamic Casting (SDC), ThinForm and even for Extrusion 3DCP [11].
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reinforced material-lean structural concrete elements.

6.2. Robotic slipforming

Digital Casting Systems was pioneered in 2012 with Smart Dynamic
Casting, a robotic slip-forming process [65,74,75] used to produce
reinforced standard and non-standard columns up to a height of 1.9 m;
see Fig. 21a, [67]. Since then, SDC has evolved into a system that enables
the production of structurally optimised and easily reinforced shapes,
with excellent surface quality while also including conventional rein-
forcement, in accordance with existing norms [76]. The key technology
behind SDC is the set-on-demand process controlled through a Digital
Casting System, where a stream of retarded concrete is accelerated and
cast into a moving formwork significantly smaller than the structures
produced. The formwork moves at a speed synchronised to the hydra-
tion rate of the concrete, assuring that the material is buildable at the
formwork exit, or in other words, that it can sustain its own weight and
the weight of the material inside the form.

SDC was successfully implemented in the architectural project DFAB
HOUSE [77], where 15 mullions were individually fabricated for the
facade's load conditions using a single formwork; see Fig. 21b. In
contrast to standard construction, which necessitates 15 individual
formworks for minor load variations, SDC enabled the production of 15
bespoke mullions. This innovation resulted in a 30 % reduction in ma-
terials compared to placing 15 standard mullions with the same di-
mensions, showcasing the practicality of material-economic production.
The mullions serve as a tangible demonstration of efficient production
and represent the lower limit of achievable dimensions within this sys-
tem. It is also noteworthy that friction increases with a decrease in cross-
sectional area, as discussed in the studies of Szabo [78] and Schultheiss
[79]. Thus, expanding the geometric complexity to handle highly
intricate structures would necessitate additional research, particularly
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in relation to formwork and processing.

6.3. Thin formworks

The limitations and geometrical constraints of SDC led to the
development of systems known as Eggshell utilising an ultra-thin
formwork fabricated through Fused Deposition Modelling (FDM); see
Fig. 22. These formworks are subsequently filled using a Digital Casting
System, which, thanks to setting-on-demand and digitally controlled
processing, exerts minimal pressure on the formwork.

Two applications of Eggshell were demonstrated in construction
scenarios. Firstly, in the Future Tree project [68], a reinforced concrete
column that serves as a support for a reciprocal wood structure [81]; see
Fig. 22a and b. Secondly, in the Vitra Pavilion [82]; see Fig. 22d. Here it
is noteworthy that the formwork was recycled from the Future Tree,
demonstrating the recyclability of the formwork [83]. Eggshell tech-
nology was utilised for producing columns with DCS. Simultaneously,
the slabs were formed using eggshell formwork but cast with conven-
tional Self-Compacting Concrete (SCC). This decision is rooted in the
observation that formwork pressure becomes non-critical for formwork
heights below 40 cm. The advantage of using eggshell with standard SCC
is that we could reduce materials by 40 % compared to a standard slab,
thanks to the optimised geometry achievable with the recyclable
Eggshell formwork [84].

Additional exploration into the use of thin formworks was conducted
by Szabo [85]. She examined the utilisation of weakly supported
formworks constructed from suspended foil, textiles, rammed boards,
and even paper supported by a weak wooden frame; see Fig. 21c. These
formworks were filled using a Digital Casting process called ACDC
(Admixture Controlled Digital Casting) to manufacture post-tensioned
thin-folded members [69,86]. The outcomes illustrate an economically
viable method for producing formwork tailored for non-standard

Fig. 21. a) Smart Dynamic Casting: Robotic Slipforming with flexible formwork [781, b) DFAB House, image Gramazio Kohler Research [80], ¢) ACDC Supported

Thin Formwork [69].
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Fig. 22. a) Future Tree, Esslingen, Switzerland [81], b) Formwork for Future Tree [68], c) Post-tensioned columns with Eggshell [68], d) Vitra Pavillion [82].

shapes, specifically for thin-folded and reinforced plate structures.
6.4. Paper formworks

A more recent study referred to as “Increase”, highlights the potential
of using millimetre-thick paper as a formwork with DCS [70]. This work
first tested the feasibility of folded elements and then of columned
sections up to a height of 2.5 m; see Fig. 23. As such, it merges two
seemingly paradoxical materials, namely heavy concrete, and light-
weight paper, something made possible thanks to the set-on-demand
DCS. The utilisation of paper is facilitated by stiffening it through the
principles of folding. This is promising and offers a wide array of pos-
sibilities [86,87]. To produce the column, a rebar cage was placed into
the formwork prior to casting, like the eggshell column. The material

processing was successfully carried out with DCS, where an automati-
cally adjusted flow rate between 1.5 and 3.0 1/min compensated for the
changing cross-section. The total casting time was approximately 100
min, although this may vary +20 min depending on the behaviour of
concrete hydration.

6.5. Opportunities, challenges and future developments

As highlighted DCS offers additional possibilities for producing
structurally informed elements with non-standard shapes. In contrast to
Digital 3D Concrete Printing techniques, it still relies on separately
produced formworks but avoids various shortcomings of 3DCP. It fa-
cilitates the incorporation of standard reinforcement systems, making it
less cumbersome to certify load-bearing structures. It also eliminates

Fig. 23.
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a,b) Thin Folded elements [85], ¢) demoulding of first column, d) formwork for column, e) demoulded column produced with DCS [87].



D. Lowke et al.

cold joints, reducing durability concerns and, when paper is used, pro-
vides an excellent surface finish. For these reasons, DCS is also being
implemented as part of an R&D study within a prefabrication plant [88],
aimed at developing a robust system for casting non-standard structures
using ultra-thin formwork. This approach aligns with sustainability
goals by minimising material waste, reducing energy consumption
during construction, and enhancing the longevity of structures through
improved durability and structural integrity.

The core of the DCS is the set-on-demand system and the corre-
sponding control of the structural build-up of the concrete and the
casting speed for the different DCS techniques. In this context, additional
research is required to establish the limits of casting speed and hydro-
static pressure, in particular for folded paper formwork. It is essential to
investigate how certain folds in the formworks are affected by pressure
to determine the upper and lower bounds of those parameters. Ongoing
research, not covered in this paper, is actively exploring ways to genu-
inely achieve this.

7. Digital Trowelling and Milling
7.1. Process

The previous chapters have shown a range of Digital 3D Concrete
Printing and Digital Casting methods. A challenge for 3DCP and mould-
less material deposition processes, in general, is the visibility of the
layers, which are dictated by the dimensions of the material deposition
process, i.e. extrusion or spraying. The deposition process heavily in-
fluences the surface quality, shape, accuracy and precision as well as the
limits of reproduction (resolution) of features, regardless of the orien-
tation of the deposition process [89,90]. There are two principal issues:
(1) the layering or deposition effects are not always desirable; a
smoother surface is desired, for example; and (2) the resolution of the
designed features is higher than what can be produced with deposition
alone. Digital Trowelling and Digital Milling technologies enable the
processing of components and their surfaces to address these issues; see
Fig. 1, rows 12 and 13.

Trowelling. Digital Trowelling can be used when the material is in
the plastic state (a) for surface finishing to achieve smooth surfaces up to
architectural concrete quality [17,33,91] or (b) to create specific surface
textures [61,92]. When applied in combination with 3DCP, typically the
bulk volume of the component is printed undersize, allowing for addi-
tional material to be deposited and trowelled to the correct surface ge-
ometry [93,94].

Milling. By introducing subtractive manufacturing as an additional
step in manufacturing, the printed material can be trimmed with far
greater precision, [89,90]. In this approach, the printed material is
printed slightly larger than needed, allowing the milling to cut back the
material to form the final geometry. It can be carried out in the fully
hardened state [95-97], but will typically require heavy machine tools
and wet cutting to help control the heat generated, and hence the
degradation in cutting tools [91]. If implemented when the material is in
the post-plastic, i.e. ‘green’ state, use of the lighter robotic arms, typi-
cally deployed for 3DCP, can be utilised while also reducing the energy
required and heat, prolonging tool life [98].

Automation. Combining processes in this way have been called
hybrid processes [3] and would be controlled digitally based on a CAD
model of the desired geometry, termed the ‘net shape’. This needs to be
‘inflated’ (made bigger for milling), or ‘deflated’ (reduced for deposition
and trowelling) so that once the printed component is complete, the
overall volume can accommodate the next process, what is called the
‘near-net-shape’. Integrating trowelling or milling tools with printing
tools onto the same robotic arm via a tool changing system enables
automation between manufacturing steps, removing the need for
manual operations during the production of a component. For example,
in the hybrid printing and milling process, the object would be addi-
tively manufactured in the production cell, and once complete,
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production pauses while the material hardens to the ideal state for
milling [92]. The tools would be swapped to enable the milling to be
accomplished in the ‘milling window’ before the material becomes fully
hardened. Combining two production steps within the same
manufacturing cell under digital control is a step towards better control
and more systematic operations, reducing the need for manual inter-
vention, which will (hopefully) lead to increased quality and
productivity.

7.2. Opportunities, challenges and current applications

Formative trowelling processes have been applied to a material in a
plastic state to improve the surface finish, which could be smooth or
textured. Researchers at Carnegie Mellon University undertook in-
vestigations to robotically apply plaster to wall segments and mould
them using various mechanical tools. The geometric shapes created in
the process fulfil both aesthetic and thermo-acoustic functions [92]. One
challenge in this process is to produce ‘flawless’ surfaces, which the
researchers are addressing using machine learning for error detection
and correction [99].

In the context of Cover Layer Printing for structurally embedding
various reinforcement types, such as pre-bent steel or robotically applied
glass fibre, on a 3D printed concrete wall, the surface of the cover layer
was subjected to a subsequent surface finishing process [94,100]. To
produce a high surface quality, the cover layer of shotcrete was
smoothed with various rotating trowels and smoothing discs; see Fig. 24.
The same strategy was also used for the Knitcrete bridge described in
Section 5.2, except that instead of creating a smooth surface, here a
pronounced surface structure was deliberately left visible [61]; see
Fig. 19.

Subtractive milling to create surfaces and details can be carried out
in the green or the hardened state of cement-based mortars or concretes
[95-97]. Digitally controlled treatments in both states are in their in-
fancy, and there are relatively few articles that demonstrate the process.
To the best of the author's knowledge, academic articles referring to the
milling of green cement-based materials are presented in Table 1
focused on surface finishing and feature generation. Milling in the
hardened state and been demonstrated to produce smooth edges on a
part that has been manufactured using a Particle-bed Binding approach
[96], and in forming joints [97].

Fig. 25 depicts a panel component manufactured at Loughborough
University demonstrating the milling during the green state. Next to this
is a comparison of the printed and milled finishes in the hardened state
and demonstrates the increase in surface and feature detail that is
possible [97].

There are significant benefits to combining towelling and milling
with 3DCP, but there are also process challenges. The 3D printed ‘near-
net shape’ geometry must be achievable considering the material's
manufacturing and rheology constraints, which is required for a very
precise control of the geometric quality of the component [61]. The
conditions of the material to ensure good printing are challenging, if the
trowelling or milling is to be undertaken during the green state then
there is an additional time-bound processing window that sits at the far
end of the open time of the mortar or concrete. This further constrains
scheduling and production.

Milling in the fully hardened state requires more energy and heavier
robotic systems [98]. Here, the precision of the mill surface is a function
of the toolpath, the shape of the tooling drill and the maximum aggre-
gate size of the concrete, as aggregates can be pulled out during milling
[92]. However, with small aggregates typically less than 2 mm, the
implications are negligible. Some of the current research questions are
around understanding what is possible to manufacture with these pro-
cesses in terms of size and complexity and, alongside this, understanding
of tooling parameters. The benefits of including subtractive processes
are feature and surface detail resolution that any other process cannot
achieve. The benefits of achievable precision and the resolution of
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(b)

Fig. 24. Printing vertically onto a horizontally printed core: a) embedding the robotically fabricated fibre reinforcement; b) robotically trowelling the fresh concrete

in a subsequent formative process, [101].

Table 1
List of academic articles with subject focus as they relate to milling of green
cement-based materials.

Topic area/insights Paper References

Demonstration of potential surface finish and feature resolution [61,89,90,102]

Process insights and observations [102-105]
Material properties as they relate to the milling process [98]
Assessment of accuracy and precision benefits [90,106]
Life Cycle assessment [107]
Milling of cavities for reinforcement integration [46]

features are significant [61], enabling the reimagining of what can be
manufactured with hybrid systems based on 3DCP [94].

8. Conclusions

This paper provides a systematic overview of the versatility of con-
crete manufacturing using digital fabrication techniques that go beyond
3DCP with horizontal planar layers. For the Digital 3D Printing pro-
cesses, the support of the material layers, as well as layer orientation,
layer characteristics and layer arrangement were considered for the
classification. Accordingly, we categorise four Digital 3D Printing
technologies beyond horizontal planar layer printing: (I) Inclined and
non-planar layer printing without support, (II) Printing on Core

Components, (III) Injection in Carrier Material and (IV) Printing on
Formative Substrates. Crucially, to achieve a holistic approach, along-
side Digital 3D Printing, we incorporate (V) Digital Casting Systems as
well as (VI) Digital Surface Trowelling and Digital Milling processes,
showcasing a comprehensive framework for Digital Fabrication with
Concrete.

The holistic consideration of these digital fabrication technologies
enables the realisation of previously untapped potential in concrete
construction, as each technology offers specific benefits.

— Inclined and non-planar 3DCP exemplifies the value of design in
sustainable concrete construction through improved functionality,
reduced material use, and enhanced visual impact. In structural
design, non-planar 3DCP can reduce support material for printing
funicular geometries or optimise reinforcement placement between
curved layers that align with the force flow. In architectural design,
non-planar layers create a distinctive design element, facilitating the
assembly of components or producing complex surface textures.

— Printing on Core Components enables increased design freedom for
structural efficiency, functional integration, and aesthetic articula-
tion. It has a wide range of applications. These include 3D printing
additional structural elements onto existing components using
hybrid manufacturing processes, applying plaster to create geomet-
rically complex functional surface structures providing visual,
acoustic, or light-diffusing effects, and spraying a cover layer to

Fig. 25. Milling a 3DCP panel to create accurate and precise feature details while the printed material is in its green state (left); and the resulting impact on the
aesthetics of the hardened component, partially milled (centre), and fully milled (right). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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structurally embed reinforcement or increase durability, insulation
and weather protection. In addition to new construction, the repair
and strengthening of existing building structures is a particularly
interesting potential for Printing on Core Component techniques.

— Injection in Carrier Material represents a further innovative method
for 3D printing concrete structures. In this technique, the material is
deposited in a carrier material along unrestricted spatial trajectories,
making it ideal for creating intricate structures. Furthermore, when
using a hardening carrier material, the technology can combine
materials with different properties to realise resource-reduced
components.

— Printing on Formative Substrates completes the range of Digital 3D
Printing processes. Its particular strength lies in creating highly
complex free-form load-bearing structures, where the formwork
determines the initial alignment of the layers.

— Digital Casting Systems represent an alternative digital fabrication
methodology, where concrete casting is digitally controlled coupled
with set-on-demand admixtures to control rheology and hydration,
DCS enable the production of structurally optimised components
with minimal formwork, material use, and normed reinforcement.
Systems like Smart Dynamic Casting have demonstrated high preci-
sion in projects such as the SDC Mullions and the Future Tree.

— Finally, Digital Trowelling and Digital Milling processes are of
particular interest in the context of hybrid manufacturing processes
in combination with Digital 3D Printing techniques. These hybrid
processes allow the limitations of 3D Printing, such as precision and
surface quality, to be overcome and either improve the component
properties or supplement them with additional functions. The inte-
gration of formative and subtractive processes within the design-to-
fabrication chain is essential for enhancing the application spectrum
of digital fabrication in concrete construction.

While these process technologies add a layer of complexity to the
design-to-fabrication workflow, they achieve an optimal balance that
complements planar 3DCP. The integration of these versatile processes
can help overcome the current limitations of digital fabrication in con-
crete construction. This could be the key to enhancing structural per-
formance, integrating functionality, and achieving design flexibility,
leading the way to a sustainable, efficient, and digital future in the
construction industry. While first large scale applications have demon-
strated the potential of these technologies, several areas still require
further research. Key focuses include enhancing the design-to-
fabrication workflow, advancements in mixing, especially in the preci-
sion and design of inline mixers, process automation, ensuring material
robustness, particularly under varying environmental conditions, and
reducing the cement content to enhance sustainability.
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