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Abstract

The integration of reinforcement in digital fabrication with concrete has led to the development of various approaches, many
of which are constrained by the requirements of the concrete printing process. In contrast, the aim here was to investigate the
robotic production of complex reinforcement structures as a primary process which supports the application of concrete and
therefore acts as stay-in-place formwork that creates shaping potential beyond conventional printing processes. Based on the
concept of combining the robotic processes of Fibre Winding and Shotcrete 3D Printing (SC3DP), the presented methodol-
ogy comprised design explorations, fabrication variations, the realisation of a real-scale demonstrator and the assessment
of the structural performance. Accordingly, an automated process for the fabrication of thin-shell double-curved reinforced
concrete elements with controlled thickness and homogeneous concrete distribution was developed and characterised. Fol-
lowing this approach in the future will not only contribute to fabrication-informed design but also minimise concrete use
and formwork waste.

Keywords Fibre reinforcement - Robotic fibre winding - Shotcrete 3D printing (SC3DP) - Digital fabrication - Textile
formwork - Concrete shells
1 Background and motivation

In the realm of architectural design and construction, the
pursuit of structural efficiency and aesthetic appeal has

D< Stefan Gantner perpetually driven innovation. Amongst such innovations,
stefan.gantner @tu-braunschweig.de concrete shells stand out for their remarkable strength-to-
>4 Philipp Rennen weight ratio and their ability to embody the design princi-
p-rennen @tu-braunschweig.de ple “form follows force” in reference to Louis Soullivan’s
Fatemeh Salehi Amiri famous maxim “form follows function”. Historical architect-
fatemeh.amiri @tu-braunschweig.de engineers like Freyssinet (Espion 2018), Laffaielle (Espion
Tom Rothe 2016), Nervi (Iori and Poretti 2013), Torroja (Antufia
trothe@tu-braunschweig.de Bernardo 2006), Candela (Schiitzeichel et al. 2020), Otto
Christian Hithne (Nerdinger 2005), and Miither (Ludwig 2017) have dem-
christian. huehne @tu-braunschweig.de onstrated the vast potential of such structures, leveraging
Dirk Lowke their unique shapes for both aesthetic appeal and structural
lowke@tum.de efficiency. Despite their advantages, the complexity of
Harald Kloft shells has historically posed significant challenges in con-
b Kloft@tu-braunschweig.de struction, limiting their widespread adoption. As the iconic
Norman Hack examples of Candela’s shell structures illustrate, the con-

n.hack@m-braunschweig.de struction of these intricate forms often required extensive

falsework and shuttering, leading to high material costs and
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labour demands. In contrast, Miither’s ‘Kurmuschel’ (Fig. 1)

Technical University of Munich, Munich, Germany

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41693-025-00154-0&domain=pdf

12 Page2of27

Construction Robotics (2025) 9:12

Fig. 1 Construction process of Miither’s “Kurmuschel” in Sassnitz,
Germany: a Form-defining reinforcement structure and scaffolding; b
Manual surface postprocessing after shotcrete application; ¢ Finished

represented a significant innovation by reducing the need
for such extensive formwork, as the concrete was directly
applied to a prefabricated mesh. However, both the fabrica-
tion of the reinforcement and the application of the shotcrete
were still highly labour-intensive, requiring skilled labour
and careful execution. These challenges highlight the need
for further innovative approaches to simplify and economise
the construction of freeform shells, particularly in reducing
the labour involved in both reinforcement fabrication and
the concreting process.

In response to these challenges, the advent of computa-
tional design and digital fabrication technologies has opened
new potentials for architectural construction. Using paramet-
ric tools, designers can integrate structural requirements and
characteristics of the manufacturing methods. In addition,
3D printing has introduced the prospect of automated fabri-
cation with unprecedented freedom of form.

The motivation of this research is to enable a fully digital
design and manufacturing process for reinforced shell-like
concrete elements. Given the versatility of the SC3DP (Kloft
et al. 2019) process beyond layer-stacking and the novelty of
continuous fibre reinforcement processed by robotic wind-
ing, this paper investigates how the combination of these
two techniques can provide an automated solution to shell
construction. By synergistically activating fibre structures
wound in a frame as formwork for shotcrete application, the
approach aims to minimise the expense and waste associ-
ated with traditional falsework and shuttering, whilst also
emphasising the role of the fabrication method in defining
the final form. Beyond technical feasibility, this research also
considers the aesthetic potential of these methods, exploring
how they can contribute to innovative architectural expres-
sions in shell construction.

The paper is structured as follows: Sect. 2 reviews the
current approaches in digital fabrication related to shell
structures, providing an overview of the state of the art.
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pavilion today (Credit: a, b Miither Archiv—Hochschule Wismar; ¢
Yvonne Kavermann, Berlin)

Section 3 details the complete design-to-fabrication work-
flow, as illustrated by a real-scale demonstrator, including
the iterative development of the manufacturing technique.
Section 4 presents observations from the fabrication process
and the resulting demonstrator, along with a preliminary
assessment of the structural performance. Finally, Sect. 5
discusses the findings and insights gained, leading to the
identification of opportunities for future research in Sect. 6.

2 State of the art

In digital fabrication with concrete, 3D printing plays a piv-
otal role. Currently, one of the most significant challenges
is the integration of reinforcement within this context.
However, for thin shell-like components with curved geom-
etries, the limitations of formwork-free fabrication become
dominant. Despite these challenges, various fabrication
approaches exist, though they rarely cover the entire manu-
facturing within a digital automated process chain including
reinforcement integration.

2.1 Compression only shells

3D printing avoids the additional economic and ecological
costs associated with formwork. Nonetheless, overhangs that
occur in shells can only be realised in special cases, such as
Nubian vaults (Carneau et al. 2019, 2020). For pressure-
dominated vaulted structures, a discrete assembly approach,
based on the principle of the stone arch, proves advanta-
geous (Rippmann 2016). If the individual parts are not mor-
tared as in traditional manufacturing (Block et al. 2010), pre-
cise fabrication is necessary, hence CNC-milled stone and
3D-printed concrete casting moulds proved to be particularly
suitable (Block et al. 2018; Liew et al. 2017; Ranaudo et al.
2021). Furthermore, different types of 3D-printing proved
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to be applicable for segmented vaulted structures as long as
precisely fitting joints are ensured (Rippmann et al. 2018;
Dell’Endice et al. 2023; Nuh et al. 2022).

Despite the potential for circular construction (Bhooshan
et al. 2024), the assembly involves increased effort compared
to monolithic shells. These in turn commonly require a large
amount of shuttering and falsework. The idea of replacing
these wasteful structures with textiles dates as far back as
(Veenendaal et al. 2011) and has been revisited in the con-
text of digital fabrication.

2.2 Textile formwork in digital fabrication

For example, a textile formwork system supported by a
cable net was developed for concrete shells (Veenendaal and
Block 2014) and investigated in the example of the HiLo
roof, a textile reinforced shape optimised shell (Block et al.
2017; Veenendaal et al. 2017). Although digital fabrication
methods were not dominant, the complex shape could only
be realised through digital fabrication-informed design,
whereby the deformation of the cable net under the load of
fresh concrete was taken into account (Méndez Echenagucia
et al. 2019; Mele and Block 2010). Regarding reinforce-
ment, the choice of flexible carbon fibre mats enabled shape
adaptation, but required small patches, as they can only be
bent in one direction, and sufficient overlap of single patches
(Méndez Echenagucia et al. 2019).

Whilst relying on manually assembled cable-nets or bend-
ing active rods, the Knitcrete technique extends digitaliza-
tion to the fabrication of textile stay-in-place formwork by
deploying CNC-controlled knitting machines (Popescu et al.
2018, 2019). Knitting patterns are generated from the tar-
get geometries and can include intricate details like pock-
ets to generate ribs (Popescu et al. 2021) or channels for
the insertion of metallic or textile reinforcement (Lee et al.
2023). However, the elasticity of knitted fabric requires an
additional step of stiffening through cement-paste coating
(Popescu 2019).

These examples illustrate that sprayed concrete is espe-
cially suited for one-sided textile formwork. The process is
open to different materials, as demonstrated by spraying clay
on organic textile structures. The use of drones in fabricat-
ing small shelters has opened innovative automation poten-
tial (Chaltiel et al. 2019). In addition, robotically controlled
shotcrete offers new forms of expression for surface articula-
tion (Rennen et al. 2023a; Ercan Jenny et al. 2020, 2022).

2.3 Reinforcement integration in additive
manufacturing with concrete

Regarding the automation of partial processes, besides
formwork creation and concreting, the integration of rein-
forcement must be considered (Kloft et al. 2020a, 2024,

Mechtcherine et al. 2021). For thin-walled elements, textile
reinforcement is particularly suitable (Scheerer et al. 2017).
Due to the corrosion resistance, materials like carbon fibres
and AR-glass fibres can be used with minimal concrete cov-
erage. The flexibility of the fibres has proven advantageous
for the integration in digital fabrication processes with con-
crete. Individual fibre strands can be inserted simultaneously
during the extrusion of concrete, which has been broadly
investigated in the field of additive manufacturing (Mechtch-
erine 2020; Caron et al. 2021; Demont et al. 2021, 2022;
Neef and Mechtcherine 2022; Neef et al. 2022). Regardless
of the choice of materials, this method can even be used
to expand form freedom as the incorporated fibres directly
increase the tensile strength of the extruded concrete (Caron
et al. 2023; Yang et al. 2023).

Furthermore, textile strips can be inserted between lay-
ers (Nikravan et al. 2023; Janse van Rensburg et al. 2022),
where flexibility allows orientation along the force flow
(Déorrie and Kloft 2022). The lateral application of carbon
fibre meshes to 3D-printed components and their integra-
tion by means of a concrete cover has been tested in Yang
et al. (2023), Nikravan et al. (2023), where the meshes are
either suspended from anchors placed during the core print-
ing or the meshes are simply pushed into the still malleable
core. To extend the limited adaptability to doubly curved
geometries, the drapability of textile reinforcements is being
explored in Dittel et al. (2017), Bhat et al. (2022) by compar-
ing different binding types and introducing a corresponding
drape test. Unrestricted shape adaptation paired with indi-
vidualised fibre orientation along the force flow was ena-
bled by the Core-Winding-Reinforcement method (Gantner
et al. 2022a). Conceptually, an individualised orientation is
achievable with Tailored Fibre Placement (Tsarkova et al.
2023).

2.4 Structural stay in place formwork

If the reinforcement structure is set as the starting point of
fabrication, a synergistic use as formwork can be achieved,
as evidenced by the Mesh-Mould technique in the example
of steel-reinforced wall elements (Hack 2018; Hack et al.
2020). Using reinforcement as support for concreting has
been investigated as well for thin walled textile-reinforced
concrete components. Both robotic extrusion and spraying
of concrete on manually shaped and in addition supported
carbon fibre meshes were tested as a feasibility study (Ayres
et al. 2019; Taha et al. 2019). Flexural tests on glass fibre
meshes with robotically extruded concrete revealed good
bond properties (Dittel et al. 2023a). To achieve controlled
embedding depth and surface quality on the back of the
reinforcement mesh, the method was extended by a roboti-
cally guided sliding formwork. Here, no structural disad-
vantages were observed compared to cast samples, however
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the surface quality was not yet flawless (Dittel et al. 2023b).
Another variant of this approach is aimed at 3D spacer fab-
rics, whereby one of the layers should have sufficiently nar-
row meshes to achieve a textile shuttering effect (Neef et al.
2023).

Still, the realisation of complex doubly curved concrete
elements through form-defining fibre reinforcement has
been limitedly addressed in research. Compared to uniform
meshes, the winding of fibre strands offers enhanced poten-
tial for shaping, including individualised orientation without
generating offcuts. Beyond its application in concrete con-
struction, the “Coreless Filament Winding” technique stands
as a compelling proof of the capabilities for robotic genera-
tion of complex geometries with minimal need for support
structures (Prado et al. 2014; Solly et al. 2020). Various
large-scale examples demonstrate its applicability in con-
struction (Doerstelmann et al. 2015; Solly et al. 2018; Prado
et al. 2017; Bodea et al. 2020). Since fibres are particularly
suitable for tensile loads, integrating them with compres-
sive strength concrete opens up a wider application range.
Initial attempts to use robotic winding for the production of
reinforcement cages have left aside concreting so far (Oval
et al. 2020; Friese et al. 2023; Mechtcherine et al. 2019).

The prototype presented in Schinegger et al. (2020) is
an exception, in which an experimental fibre structure was
coated manually using shotcrete. Due to the redundantly
high quantity of fibres and the high-loss spraying process,
this prototype is not of structural or economic relevance, but
in line with the title ‘Becoming structure’, it lays the concep-
tual basis for using Fibre Winding as a generative process.
The present paper goes one step further, contributing to a
research project investigating the synergy between Fibre
Winding and additive manufacturing with concrete (Gantner
et al. 2022b; Hack et al. 2021). For the first time, the process
is expanded to include textile formwork for SC3DP, enabling
the fully automated production of thin reinforced concrete
elements with minimal production waste.

3 Methods

3.1 Design exploration: learning from manual fibre
winding

To explore the formal design space of the Fibre Winding
process, a design studio was taught in fall 2022. The task
was to investigate the potential of digital fabrication tech-
niques, specifically focussing on Robotic Fibre Winding, to
generate reinforced shell-like concrete elements. The objec-
tive was to understand the structural and formal implications
of various fabrication methods, culminating in the design
and construction of a small pavilion.

@ Springer

Students were introduced to digital design and manufac-
turing processes, including laser cutting, 3D desktop print-
ing, and CNC milling. These skills laid the groundwork
for experimental exploration, particularly in manual Fibre
Winding at the model scale. According to the concept of
Frame Winding, a set of edge curves is specified and con-
structed as a frame with pins so that a fibre strand can be
wound over the frame in a targeted sequence, thus generating
surfaces and structures.

Working in groups, students engaged in iterative design
refinement informed by experimentation and computational
skills. Initially, each group presented individual designs
based on their model-building experiences (see Fig. 2).
Important insights gained from this are that crossing fibre
strands do not always touch each other and can thus form
volumetric regions and that the winding sequence can pro-
duce a variation in mesh density varying from large gaps to
dense clusters.

Through collaborative efforts, groups merged their results
to a final pavilion design inspired by Miither’s “Kurmuschel”
(Fig. 1c) and built it manually on a model scale (Fig. 3a,
b). This process involved analysing the strengths and weak-
nesses of each iteration, focussing on suitability for robotic
fabrication. The culmination of this phase was a comprehen-
sive design catalogue documenting critical parameters for
design and fabrication. These insights, garnered from the
students' collective exploration, guide future iterations and
innovations in digital fabrication.

As the design was scaled up from the model to the robotic
fabrication of a full-sized pavilion segment, adjustments
were made (Fig. 3c). In particular, folding was introduced
to increase the geometrically induced stiffness, together with
further detailing to the point of feasibility. The development
of methods for fabrication-oriented design with special focus
on exploiting the shaping potential of Frame Winding is part
of the research described in this paper.

3.2 Overview of manufacturing setup, materials
and process steps

To better understand the methodology, the boundary condi-
tions for fabrication are briefly outlined first, which encom-
pass the research facility, the materials used and the overall
process flow. The Digital Building Fabrication Laboratory
(DBFL) located at the Institute of Structural Design (ITE)
at TU Braunschweig, Germany, is a large-scale multi-pur-
pose CNC facility that enables real-scale manufacturing in
a prefabrication scenario. A work space of 16 X7.7X3 m is
covered by two gantries from OMAG SpA, one of which can
be used for five-axis machining, whilst the other gantry is
equipped with a “Stdubli TX 200 six-axis robot arm, to be
used with corresponding end effectors for SC3DP and Fibre
Winding (Kloft et al. 2020b).
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Fig.3 a, b Small scale model of preliminary design; ¢ Refined design for fabrication with Robotic Fibre Winding in real scale

All applications described here were performed with
the same machinery and the same types of material. The
reinforcement strand for Fibre Winding is continuously pro-
duced by the Dynamic Winding Machine (DWM) described
in detail in Rothe et al. 2023a. Here, a 9600 tex E-glass fibre
roving and L-285 epoxy resin for impregnation were chosen,
resulting in a cross section of 3 mm diameter. A twisted
glass fibre yarn (EC-9, 3 x 136 tex, S135) was selected for
helical surface profiling. The resulting strand was optimised
for use as reinforcement in concrete components (Rothe
et al. 2023b). For SC3DP, a fine-grained polymer-modified
cement-based concrete (Nafufill KM 250, MC Bauchemie)
is processed by a setup consisting of a “WM Jetmix 125"
mixer, a “WM VarioJet FU” concrete pump and a DN/ID
35 hose of 25 m length.

Considering the fabrication setup, the pavilion seg-
ment was placed in rotated orientation within the build
space for better accessibility circumventing limitations on
component height. The fundamental fabrication strategy
depicted in Fig. 4 involves Fibre Winding over a pre-
installed frame, creating both a reinforcement structure
and a formwork surface for the subsequent shotcrete
application. To embed the reinforcement from both sides,
the backside was planned to be concreted after remov-
ing the frame structure. The critical factor for successful
implementation is enabling the fibre structure to act as
formwork, as detailed in the following investigations.

@ Springer
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Fig.4 Process steps: a Frame assembly; b Robotic Fibre Winding around pins with simultaneous tape placement; ¢ SC3DP on textile formwork;
d Flip, erect and detach frame from the cured structure; e SC3DP on the other side

3.3 Preliminary studies on fibre meshes
as formwork for shotcrete

In previous attempts to functionalise fibre reinforcement
as formwork for shotcrete, the primary challenge proved to
be concrete flying through the mesh (Hack et al. 2021). It
was considered unlikely that overshooting material could
be prevented solely by modifying its rheology, as the scope
for flowability changes in the spray setup is limited. Instead,
two different strategies were pursued to capacitate meshes as
formwork: Either an external mobile formwork could hold
the material in place or the mesh could be densified to pre-
vent material transition in the first place.

3.3.1 Shield printing approach

The first approach requires two robotic systems, so that shot-
crete is applied from one side onto a reinforcement struc-
ture, whilst the same trajectories are traced synchronously
on the back with a shield (Fig. 5a). This CNC-controlled

slip formwork was intended to not only stop excess material
but also produce a smooth surface. In the course of a test
series on flat, vertically installed fibre meshes, no satisfac-
tory results could be achieved, whereby two main problems
could be identified. Firstly, a thorough penetration was not
obtained in any configuration, leading to voids between the
mesh and the shield (Fig. 5b). Secondly, there was always
permanent concrete deposits forming on the shield.

Several attempts have been made to avoid this behaviour.
Varying the shield material between steel, PTFE and printed
PLA had only minor influence and could not prevent per-
petual accumulation of concrete on the shield. Static and
rotational movements always led to material deposition on
the shield being dragged along the pathway, leaving defec-
tive traces behind. By using a vibrating shield, the adhesion
problem was solved at the cost of uncontrolled material flow
behind the shield area. Regardless of the potential chance
to achieve a non-porous undisturbed material deposition
through further investigations, this test series suggests lim-
ited geometric freedom due to the planarity of the shield
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Fig.5 a Shotcrete Printing on vertical mesh with synchronised CNC-controlled PTFE-shield on the rear side; b Smoothed concrete surface with

defective voids
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formwork. Consequently, a different concept of utilising the
mesh itself to act as formwork was followed.

3.3.2 Sprayed short fibres approach

Similar to the approach of Robotic Aerocrete (Taha et al.
2019), the concurrent spraying of glass fibre cuttings and
concrete using two distinct nozzles was tested for its ability
to minimise excess material. The study involved spraying
onto flat vertical fibre meshes of sizes from 15 to 30 mm
from distances of 20 cm, 30 cm, and 40 cm, with nozzle
orientation orthogonal to the mesh (Fig. 6a). The adjustable
fibre length was set to 62 mm to ensure exceeding the mesh
sizes.

Initial tests determined the optimal arrangement of the
fibre nozzle relative to the shotcrete nozzle, in terms of their
positioning along the direction of travel. It was observed that
the spray cones from each nozzle did not fully intermingle,
resulting in the fibres being deposited either beneath or atop
the concrete layer. Opting for the former configuration was
deemed favourable for mesh coverage. A control test, con-
ducted without sprayed fibres, revealed a significant over-
shooting of concrete, leaving only a thin coating on the fibre
strands of the mesh. When incorporating sprayed fibres, they
formed a barrier between the mesh and concrete, leading to
immediate delamination.

The fibre flow rate was reduced from 380 g/min to the
spray gun’s lower operational threshold of 280 g/min in an
attempt to mitigate this issue. Following the adjustment, the
material exhibited improved adhesion to meshes sized 15
and 20 mm. Conversely, for mesh sizes of 25 and 30 mm,
the sprayed layer partially peeled off (Fig. 6a), indicating a

persistent separation effect, which was also confirmed by
sectional imaging (Fig. 6b). Moreover, all mesh sizes exhib-
ited insufficient continuity in the formation of a closed con-
crete surface. On average, the rate of excess concrete ranged
from 28% for the 15 mm mesh size to 64% for the 30 mm
mesh size, across the three tested nozzle distances.

An additional experiment tested whether applying a pre-
liminary layer of sprayed fibres onto a mesh pre-impregnated
with wet epoxy resin would enhance outcomes. However,
this approach resulted in poor fibre adhesion to the mesh,
with a significant quantity being displaced during shotcrete
application, leading to even higher excess material rates of
60-80%. This investigation reveals the limitations of using
sprayed fibres and shotcrete as a means to enable meshes
as formwork. The separation caused by the fibres compro-
mises the bonding between concrete and mesh, meanwhile
the issue of excess material remains partly unresolved.

3.3.3 Tape laying approach

Inspired by textile formwork and Automated Tape Laying
(ATL) (Crosky et al. 2015), we devised a further approach
to enhance formwork functionality within fibre wound rein-
forcement structures. This method aims to reconcile the need
for a discrete boundary surface to prevent concrete from fly-
ing through the mesh with the requirement for a material that
promotes effective bonding to the concrete. Glass fibre fleece
tapes, commonly used for crack prevention in drywall con-
struction, emerged as a suitable choice for this application,
offering the necessary balance between density and porosity.
Its thin, yet dense structure allows for concrete application
from both sides without compromising on bonding quality.

" g
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Fig.6 a Concurrent spraying of short glass fibres and concrete on fibre meshes; b Formation of a separation layer of short fibres visible in sec-

tional image (top) and in rear view (bottom)
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A detailed view of the selected tape (“catnic Fugenbewehr-
streifen”) of 50 mm width and 0.3 mm thickness is given
in Fig. 7b.

Leveraging the individualised nature of the winding pro-
cess, the fleece tape is intended to be deposited concurrently
with the fibre strand, allowing to situate the tape between
two layers of a grid. This integration aims to establish a
formwork layer without the need for additional process steps.
A preliminary proof of concept was conducted manually
on a double-curved surface, revealing the tape’s ability to
accommodate torsion and overlapping without compromis-
ing its integrity (Fig. 7a). Despite the dry assembly, the tape
was held in place by a notable clamping effect amongst the
fibre layers. Acknowledging the manual process’s complex-
ity, an end effector prototype was developed to automate
the application of glass fibre fleece tape within the winding
process.

3.3.4 Development of end effector for tape laying

Compared to ATL processes known from fibre compound
structure production, the integration of fleece tape into the
Fibre Winding process comes with different requirements.
Instead of a solid prefabricated formwork, the fleece tape is
supported only by an initial layer of fibres. By depositing
the fleece tape together with a second crossed fibre layer,
it is being fixed in place and thus does not need any instant
glueing like in ATL. As the fibre strands are impregnated
with cold-curing resin, further consolidation of the fleece is
expected in the course of curing.

Unless combined with the winding process, an active
drive is required to deposit the tape. Here, a passive drive
can be implemented, building up on the robotic end effector

for Fibre Winding, which, in essence, is a simple tube for
redirecting the fibre strand. The direction and speed of the
outgoing strand is determined solely by the movement of the
robot arm. The key of the tape enhanced end effector lies in
a mechanical transmission of the fibre movement onto the
fleece tape. Hence, the only active control needed is a start-
stop-mechanism that allows to feed the tape to the strand and
to cut it at arbitrary positions.

Figure 8 gives an overview over the components of the
prototype end effector. The primary structure for winding
consists of a tube equipped with freely orientable pulleys
on both ends. Meanwhile both pulleys assure a damage free
redirection of the fibre strand, the bottom pulley in addition
serves as base for the entire fleece-tape-unit, so that it would
always align with the outgoing fibre strand. It comprises a
drum for the tape-roll, a feeding channel and a cutting unit.

The feeding channel has nozzles incorporated that allow
conveying the tape from the cutting unit to the pulley by
means of compressed air. At the point where the tape
encounters the pulley, a spring-loaded flap is installed,
which is supposed to transmit the movement of the fibre
strand onto the fleece tape. Like this, the robot arm can pull
out the fibre strand, which in turn pulls out the fleece tape.
Attention was paid on balancing the weight of the fleece-
tape-unit around the tube and on avoiding friction in such a
way that the passive alignment with the fibre strand works
independently of the spatial orientation of the end effector.

Air-pressurised solenoid valves, which are integrated in
the robot arm, could be used to incorporate digital com-
mands for cutting and feeding tape. With this control sys-
tem, the end effector is capable of either depositing the
fibre strand only, or adding the fleece tape to it. Test runs on
simple mesh geometries confirmed the operability. Apart

I T
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Fig. 7 a Manual proof of concept for the integration of fleece tape in a double-curved winding structure; b Close-up view of the selected glass

fibre fleece tape
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Fig.8 a Detailed section drawing of end effector for tape laying and winding; b Full end effector including inlet for reinforcement strand and

flange to robot arm

from the reliably functioning alignment and cutting, the
interaction between the air-driven and the passive conveying
mechanism proved to be difficult to tune, but was initially
retained for the demonstrator fabrication without significant
modifications.

3.4 Methodology frame winding

The overarching goal of using Frame Winding to generate
an integrated structural stay-in-place formwork for concret-
ing entails certain requirements. The following requirements
have been derived both from the experience of the explora-
tory student work on the Fibre Winding process (Sect. 3.1)
and from the preliminary studies on the robotic concreting
of fibre meshes (Sect. 3.3).
Requirements for Fibre Winding formwork:

Continuous surface creation;
Homogeneous mesh distribution;

Minimal use of frames;

Sufficient stiffness of frame and fibre mesh.

Design explorations towards intricate geometries revealed
that winding onto a frame can lead to the appearance of
non-intersecting strands forming a volume. However, for
reliable use as formwork, a thin continuous surface without
volumetric artefacts is targeted. Furthermore, the density in
wound fibre structures can vary from large openings to bulky
agglomerations of fibre strands. However, retaining fresh
concrete and integrating the fleece tape is facilitated rather
by a homogeneous fibre distribution. The frames are integral
to the formwork system, but not to the fabricated elements.
Their deployment should therefore be kept to a minimum,

whilst ensuring adequate stiffness to support fresh concrete
with negligible deformations.

The design and manufacturing aspects must be consid-
ered simultaneously when developing a fabrication system,
to avoid limiting the applicability to complex geometries.
Therefore, a specific real-scale demonstrator was selected
as a design task, facilitating the mutual development of
design and robotic realisation. Meanwhile the design was
already explored experimentally by students on a model
scale (Fig. 3a), a more detailed investigation was undertaken
in the following.

3.4.1 Form finding and geometric simulation

A simulation of Fibre Winding structures is essential for
an efficient form finding procedure. Ideally, a designer can
define a set of curves representing frames and retrieves
shapes of fibre structures as an outcome of a simulative
algorithm. However, the winding syntax as the sequence
of pins to be connected by a fibre strand offers an immense
number of variations. With help of the previously defined
requirements, a reduction to a standardised solution with a
manageable set of control parameters is possible.

To create a homogeneous mesh where the size of the
openings varies as little as possible, it is an obvious choice
to use regular patterns. For planar cases, it is known from
the field of tessellation that the number of patterns formed
by continuous lines is limited. Square grids are particularly
advantageous because squares have a small perimeter com-
pared to their area, which implies low fibre consumption.
Regarding practical implementation, a two-layer orthogonal
structure of the grid also facilitates the integration of the
formwork fleece tape.
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When attempting to transfer planar square fibre meshes
onto spatially arranged frames, uniformity and orthogonal-
ity can no longer be strictly adhered to. Through a heuristic
construction principle, a minimal deviation from the ideal
distribution is sought. By specifying a target mesh size, lines
can be drawn across the frame that are pairwise approxi-
mately parallel. A second set of lines can be aligned to be
approximately orthogonal to the first set.

As soon as fibres from different layers overlap, a simula-
tion of the deposition behaviour including the fibre interac-
tion becomes necessary. A detailed physical simulation of
the fibres was deemed impractical, as not all the required
parameters such as the modulus of elasticity of the fibre
strands and the winding tension are known during the form-
finding process. The fibres were therefore approximated as
non-elastic. As long as the actual stiffness is high compared
to the winding tension, minor deviations from the geometric
prediction are expected.

This simplifies the simulation to the extent that fibre
strands that have already been laid down are no longer
changed by new fibre strands. Neglecting self-weight, free
strands span into a line between the corresponding anchor
points. Once fibres are crossing on top, they might be
deflected. Assuming frictionless interaction, such a strand
spans along the shortest possible path, which represents a
geodesic. In detail, however, this is only partially true: If
a fibre strand spans over an elevation, the geodesic curve
describes its course. However, the fibre strand will not fol-
low a valley, but will span it in a straight line.

Meanwhile the research on shortest-path-problems
offers a range of different solutions, a simple algorithm
termed “midpoint method” (Baek et al. 2007) or “short
ruler method” (Stadler 2014) has been chosen, as it is easy
to implement and to modify. Starting from an initial guess,

-193 0

59 [mm]

it shortens a curve iteratively on a 3D surface so that it
converges to a geodesic. The curve is approximated as
polygonal line. By connecting the midpoints of its seg-
ments, a new polygonal line is formed in each iteration. To
assure that this path remains on the surface, the respective
closest points from the midpoints are calculated.

With help of an orientation vector as additional input
parameter pointing towards the side, from which the Fibre
Winding will be applied, the algorithm could be adapted to
better simulate the fibre behaviour. The vector from a mid-
point to its closest point on the surface is compared to the
input vector to find out whether the midpoint lies before or
behind the surface. Only if the midpoint is located behind
the surface, it is replaced by the closest point on the sur-
face. Like this, the path sticks to convex areas, but forms
a straight span over concave areas.

The simulation can now support the form-finding pro-
cess to not only retrieve a homogeneous mesh, but also
to detect volumetric regions in which fibre layers are
separated from each other. Besides the orientation of the
first set of lines across a frame, the order of deposition
has proven to be a decisive factor in avoiding such areas,
which is illustrated in the following based on the selected
frame geometry.

To determine the order of fibre placement, the frame was
first filled with quasi-parallel lines. A loft was used to gener-
ate a surface on which the simulation of the second crossed
fibre layer was carried out. Comparing Fig. 9a and b reveals
how the inclusion of fibre interaction helps to predict where
volumetric regions can be avoided (magenta) and where they
remain (cyan). Figure 9c illustrates that the first layer is only
deployed in areas where the second layer rests on the first
one, excluding the cyan area in Fig. 9b. Here, the second
layer takes over the role of the first one in defining the shape.

3 Layer

27 Layer

1¢t Layer

Fig. 9 a Distances between 1st and 2nd fibre layer without interaction; b Distances, when 2nd layer is laid on top of 1st one; ¢ Final distribution

into three layers avoiding volumetric regions
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The orientation and extent of a third layer were selected so
that it rests on the second layer and is nearly orthogonal to it.

In parallel, the distribution of the anchor points had to
be adapted to the case. Equidistant spacing was chosen
along the long sides. The distribution on the short sides was
adjusted so that the fibre strands remain approximately par-
allel. Multiple assignments of points to several layers were
taken into account.

The creation of a surface from a given frame contour is
therefore not a deterministic process, but rather an itera-
tive procedure in which different starting configurations
may have to be tested to find a satisfactory shape and to
fulfil boundary conditions leading to a sheet-like, non-
volumetric homogeneous mesh. In the final step of form
finding, a comprehensive surface was interpolated from all
fibre curves, which formed the basis for robot path planning
and for detailed planning including the actual frame and pin
dimensioning.

3.4.2 Frame geometry and construction

In the following, the frame system for the demonstrator
is described with a focus on generally applicable aspects.
Conceptually, the frame could be regarded as integral to the
fabricated element, implicating all resource and manufactur-
ing efforts count to the element. Instead, it was investigated
whether this impact can be avoided by removable and thus
reusable frame elements.

For straight sections, rectangular steel profiles have been
chosen as they are stiff and easy to machine (Fig. 10a).
Especially in combination with stud welding, cylindric
metal bolts could be placed fast and firmly along the pro-
files (Fig. 10c). Having all pins pointing in the same direc-
tion opens up the chance to remove the frame element later

on. Sleeves 3D-printed from PETG have been designed to
separate the fibres—especially the epoxy resin—from the
bolts and to increase the pin diameter for a reduced risk of
fibre damage.

From previous experiments it is known that fibres can
easily slip off from pins whenever their direction has a com-
ponent pointing in the direction of the pin away from the
frame. Hook shaped pins could prevent this, but would make
the frame removal harder. Instead, it is as well possible to
avoid these difficulties by rotating the frame element in a
position where the angle between the pin-normal and the
fibres is always larger 90°.

The removability would also be given for planar curved
frame elements, as long as the pins are located inside the
plane. For the curved frame-segment visible in Fig. 10b in
the middle of the demonstrator, welded pins would make a
frame removal impossible. Instead, pins 3D-printed from
PETG were screwed to the frame. The manufacturing of the
curved frame element itself required far more effort com-
pared to the straight frames which makes these preferable
for design decisions.

Reversible connexions between the frame elements were
designed in a way that the frames could be removed succes-
sively. T-slot Aluminium framing was used as scaffolding to
set-up the entire frame structure on the robotic fabrication
platform in the DBFL. Supporting each vertex of the frame
can be regarded as a generally applicable way to achieve a
high stiffness without the need of frame connexions with
high bending stiffness. The metal base connector plate of
the demonstrator has been designed individually to remain
in the final piece and to distribute the forces from the floor
connectors.

Prior to the manufacturing of the frame, the pin posi-
tions have been calculated, taking their actual diameter into

Fig. 10 a Individual frame parts illustrate design for disassembly; b Frame assembled on auxiliary T-slot framing; ¢ Detailed view of assembly

featuring stud welded pins
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account. To preserve the uniform spacing of the fibre strands,
the pins need to be placed tangentially to the intended fibre
position, either on the left or right side depending on the
overall winding syntax. Taking such detail into account
emphasises once more the iterative nature of the design pro-
cess as it requires the consideration of the robotic pathway
in advance.

3.4.3 Path planning for robotic winding

Robotic path planning is different from 3D-printing or mill-
ing as the end effector trajectories do not entirely match with
the final fibre position. This results on the one hand in an
increased complexity as the fibre spanning behaviour needs
to be considered. On the other hand, there is a certain flex-
ibility that allows the pins to be surrounded in a collision
free manner. The prediction of the fibre position serves as a
base for the robot programming. For a complete path, first
the single strands have to be connected to a full sequence,
second a universal method for pin surrounding needs to be
employed and third the control of tape laying needs to be
implemented.

Meanwhile the order of fibre layers is set by the form find-
ing, the particular sequence is not defined yet. Meandering
successively through a set of uniformly aligned fibre strands
is a straight-forward solution that avoids redundant fibre
allocation at one spot. Like this, the strand is deflected about
180° by surrounding two pins at a time along the edges. The
inner frame element redirects the strand by a smaller angle
over single pins. Some of the layers cannot be deposited in
a single run, but are split in two patches.

For surrounding pins, a specific routine is required to
avoid collisions. The decisive factor here is not the final
course of the fibres, but rather the free space between the

Lateral shift at entry
Upwards shift at entry
Extension at entry
Lateral shift at exit
Extension at exit

Frame

® O 0O 0w
1

pins and consideration of the freely orientable pulley of the
end effector.

The surface from the form finding has been extended by
the geometry of the frames and the simulation of single fibre
strands has been repeated, resulting in endings tangential to
the pins. Local coordinate systems are formed by the respec-
tive tangent vector and the pin normal, so that relative path
shifts are possible with globally adjustable parameters as
depicted in Fig. 11a. They allow shifting the path sideways
away from the pins and extending the path over the pin by
the length of the trailing pulley. In- and outcoming paths are
finally connected by a line.

From manual winding experience it was found that at the
beginning of the pin surrounding, the fibres can be guided
over the pin instead of around it to minimise lateral shifts
and thus reduce the risk of tape displacement. This technique
also enabled a safe pass between the more closely spaced
pins of the inner frame element.

Finally, an offset parameter was added that shifts the
entire path normal to the base surface to account for the
fibre thickness and to give another leverage for collision
avoidance. The surface normal was also used to set the end
effector orientation. As the pulley orients itself freely along
the fibre strand which is visible in Fig. 11b, one rotational
degree of freedom around the surface normal remains. It
was used together with the redundancies given by the portal
of DBFL to achieve a continuous accessibility for the robot
arm.

After approximating the continuous path through single
waypoints in a fine resolution, the commands for control-
ling the tape laying were implemented. The start of the tape
feeding, its duration and the cutting are triggered via length
parameters applied to each fibre segment. The respective
commands are inserted between adjacent waypoints in the

Fig. 11 a Parameterized path logic for pin surrounding; b Photo sequence of winding around a pair of pins illustrates passive alignment of the

pulley
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G-code, the programming language used here for robot
control. As the two areas that require tape integration are
overlapping, one of the two was trimmed accordingly so
that the tape strips gradually become shorter, thus avoiding
double allocation.

3.5 Concreting methodology

The automated, robotic concreting process for this geometri-
cally complex and relatively fragile structure requires care-
ful planning and preliminary tests. The focus is on the very
thin application of material to the textile formwork, which
is made possible by a modification of the SC3DP process
towards a Robotic Area Shotcrete Printing (RASP) in which,
instead of layer upon layer, large area layers are sprayed next
to each other to achieve an even and very thin application
of material. Although this method has already been tried
and tested, this project is the first to coat a complex “poly
surface”, consisting of multiple double-curved surfaces,
with a very thin layer of concrete of differentiated thick-
ness. The following sections deal with the coating strategy,
robotic path planning, process parameters, preliminary tests,
execution planning of the SC3DP process and edge finishing
through green-state CNC-milling.

3.5.1 Path planning for SC3DP

For the development of the coating strategy, the geometry
was divided into two distinct groups based on their surface
characteristics and concreting requirements. The majority of
the surface area consists of large, double-curved surfaces,
whilst the edge areas on the frame are composed of nar-
row, planar surfaces. These two groups necessitate different
path planning strategies. The narrow frame elements, or rib-
bons, which are oriented along the longitudinal edges of the
demonstrator, introduce a 40 mm wide crease that acts as a
join partner to the neighbouring pavilion segment. Due to
their structural role, these ribbons require increased mate-
rial thickness and are thus treated separately, each narrow
enough to be covered with a single path.

In contrast, the large-area parts of the geometry must be
evenly covered with several spread-out paths, which requires
a more complex strategy. For this, a tween curve operation is
employed between the edge curves of the surface, projected
onto the surface. A tween curve operation, also known as
an interpolation or morphing curve, generates intermedi-
ate curves between two edge curves. This is mathematically
represented by interpolating points along the edge curves:
given two edge curves C1(¢) and C2(¢), where ¢ is the param-
eter, the tween curve C(#,a) at an interpolation parameter o
(where 0 <a<1) is defined as

Ct,a) = (1 — Q)C1(t) + aC2(?)

This ensures a smooth and continuous path between the
two edge curves, enabling an even and efficient coating of
the large double-curved surfaces.

To generate a G-Code out of the curves, they are divided
in a variable number of waypoints, which are directed nor-
mal to the surface. With the location and direction informa-
tion in place, those extracted information are sorted in a
way, that follows each tween curve, with a direction switch
at every second curve, resulting in a meandering motion
that follows exactly the surface geometry in soft curves with
sharp turning points at the end points (Fig. 12a).

As learned from the SC3DP Process of the Knitcrete
Bridge (Rennen et al. 2023b), the robotic path on the sur-
face needs to be smooth without sharp turns to achieve a
constant robotic motion resulting in a uniform spray pattern.
To realise an even surface quality without the need for sur-
face postprocessing, the spray pattern needs to be precisely
tuned regarding overlap. The overlap is set to 25% on each
side, whilst the absolute overlap distance is dependent on
the sprayed path width and is parametrically linked to it.
To avoid sharp turns on the target surface area, the turning
points of the meander path are extended out of the target sur-
face by just the estimated target radius of the shotcrete path,
which is also dependent and parametrically linked to the
variable nozzle distance. This parameter needs to be vari-
able to evenly cover non-rectangular surfaces, because the
tween-based path planning includes non-uniform distances
between neighbouring tween curves.

The varying path width of the shotcrete is most flexibly
controllable by adapting the nozzle distance: the higher the
distance between shotcrete nozzle and target surface, the
wider the spray cone and vice versa. To achieve most homo-
geneous spraying behaviour, the nozzle is always oriented
normal to the surface. The Knitcrete Bridge experiments
(Rennen et al. 2023b) have revealed that spraying widths in a
range between 80 and 240 mm can be achieved with machine
parameters of 50 Nm?/h air pressure and 0,4 m>/h concrete
flow rate, using a 12 mm nozzle (Table 1). Those boundaries
are respected in the path planning, resulting in the tween
curve distance from 41 to 161 mm at a tween count of 10
curves per side. To calculate the nozzle distance relative
to the desired path width, the SC3DP data set published in
Lachmayer et al. (2023) was used as a base line to predict the
spray cone and extrapolated linearly. To experimentally ver-
ify the extrapolated values, a parametric system was devel-
oped around the path width minimum and maximum as fixed
values, which correlate to unknown nozzle distance values
that had to be defined in a single preliminary test path. Once
these values are identified by measurements of the test path,
they can be set as a fixed correlated range and remapped to
the already fixed path width at each waypoint position. This
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Nozzle Distance 400 mm

Feed Rate 6,781 mm/min 15,000 mm/min

850 mm

b

Fig. 12 a Path planning base curves morph from edges to mirror axis; b Nozzle distance and feed rate correlating to path width

Table 1 List of relevant
parameters for SC3DP and

Parameter

Thin and large surface areas Thick and linear ribbons

RASP path planning Feed rate [mm/min]

Nozzle distance [mm]
Concrete flow rate [m3/h]
Air flow rate [Nm3/h]

6781-15,000 (variable) 4000 (constant)
400-850 (variable) 200 (constant)
04 0.4

50 50

distance data set, ranging from 400 to 850 mm, is then used
to move all the waypoints from their surface origin to the
final offset position (Fig. 12b).

Through the nozzle distance shift, the amount of applied
material would vary accordingly: the closer the nozzle—the
higher the material build-up. To compensate for this, the
material flow rate or the robot feed rate are possible param-
eters that need to be parametrically adaptable to the nozzle
distance. Due to inertia effects, a delayed response behaviour
is to be expected when dynamically adjusting the flow rate.
Therefore, it is more reliable to keep the concrete flow rate
constant and adapt the latter parameter of robot feedrate.

The feed rate is modulated from the robot’s maximum
feed rate of 15,000 mm/min at areas of most narrow path
width, down to about one quarter of the maximum feed rate,
which translates to 3324 mm/min at areas of widest path
width. This modulation assumes that the layer thickness is
inversely proportional to the feed rate and aims to result
in an even path height. This allows the coating thickness
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to be controlled in a targeted manner despite the varying
path width and opens up the possibility of thickness opti-
mization, which is demonstrated here by applying a simple
thickness gradient in the longitudinal direction of the dem-
onstrator. This second path height modulation is achieved
by remapping the first modulated feedrate data set from the
original range of 3324-15,000 mm/min to the final range of
6781-15,000 mm/min.

The two ribbons on the sides of the pavilion segment are
designed for a constant thickness of 30 mm, so the spray
parameters—nozzle distance and feed rate—are also kept
constant. The material thickness is achieved by stacking two
layers of 15 mm at a feed rate of constant 4000 mm/min. The
ribbon width of 40 mm is achieved by setting a minimal noz-
zle distance of 200 mm, resulting in an 80 mm path width
(Table 1), that targets the outer edge of the ribbon, accept-
ing to spray some of the material off target to respect the
adjoining clean surface. From an alignment perpendicular
to the surface, the nozzle orientation is rotated upwards by
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30° around the respective path trajectory to keep the robot
away from the ground and the concrete from spraying on
the clean surface.

The order of spraying the individual surfaces is based on
the envisioned surface texture. The surface articulation of
the tween curves is given by the complex path planning of
the large surfaces, so they will be sprayed after the ribbons
are finished first. Lastly, a single trajectory was added to the
robot path along the middle crease to join the two halves into
a closed surface and to ensure that the pins on the middle
frame element are fully embedded.

The main surfaces are intended to emphasise the proper-
ties of a shotcrete surface texture and demonstrate the ability
of the rough and unpolished SC3DP process to articulate
itself smoothly and delicately in its parametrically structured
origin without postprocessing. Since the actual result of the
surface cannot be predicted due to the novelty of such thin
surfaces, the path planning must be repeatable as often as
necessary to compensate for any unevenness that may occur.
This is achieved by offsetting each plane of the path by its
respective variable path height, multiplied by the number of
layers. To achieve the thinnest possible coating on the textile
formwork, each layer will be evaluated for structural and
aesthetic adequacy before deciding whether an additional
layer is necessary.

3.5.2 Preliminary tests for surface articulation

To achieve maximum slenderness, an experimental study
of the coating’s geometry and texture must be carried out
as a preliminary test. The decisive parameters of these tests
are the nozzle distance and the feed rate, as their interaction
determines the geometry of the path cross-section and thus
the thickness, evenness, and surface texture of the coating.
To reproduce the texture of the formwork surface generated
by Fibre Winding, additional fibres were wound onto the
flat test bed, consisting of two screen-printed wooden panels
measuring 2.5 X 1.25 m. Four robotic paths were planned on
this test bed, corresponding to the same tween logic used in
the demonstrator’s path planning. The range of tween curve
distances was also identical, scaled down to save space and
material.

A parameter study on the variability of nozzle distance
and feed rate was then carried out on the four different paths
to determine whether the calculated parameters result in the
desired real path geometries and how the variable calcula-
tions articulate on the surface texture. The selected param-
eter combinations for the four different test areas are listed
in Table 2, with variations to isolate and evaluate specific
influences.

The results of the preliminary tests show that the vari-
ability of the parameters is clearly reflected in the surface

Table 2 List of parameters for preliminary tests

Area Nozzle distance [mm] Feed rate [mm/min]

a Variable 400-850 Static 8000

b Static 800 Variable 6781-15,000
c Variable 400-850 Variable 6781-15,000
d Static 800 Static 8000

Fig. 13 Preliminary evaluation of RASP parameters—Influence on
surface texturing

texture. When the nozzle distance parameter is varied
(Area a), there is a noticeable increase in the visible path
structure in the texture. If the feed rate is not variably
adjusted in these cases, this effect intensifies, leading to
sharp texture edges in the narrow areas where minimal
nozzle distances occur (Fig. 13a).

In Area b, with a static nozzle distance and variable
feed rate, the variable feed rate adjustment counteracts the
high material build-up in narrow path regions, effectively
equalising the material application height as expected
(Fig. 13b). Conversely, in Area d, where both the nozzle
distance and feed rate are static, the result is an overall flat
and blurred surface texture (Fig. 13d).

Finally, in Area c, where both parameters are varied, the
results show visible paths in the texture with a controlled
material height, which counteracts the sharp edges and
provides the intended surface articulation (Fig. 13c). This
demonstrates that the dynamic adjustment of both nozzle
distance and feed rate is essential for achieving control
over the desired surface characteristics to be super thin,
and delicate.
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3.5.3 Path planning for green-state postprocessing

The concreting of the shell is followed by a single step of
subtractive postprocessing to sharpen the outlines of the
ribbons and smoothen the lateral surfaces on both sides,
making them suitable for dry joint connexions. This is
performed within a time window of about 3 h after the
concrete is applied, when it is in green state, to achieve
low tool abrasion and minimal machine time. For this
green-state postprocessing, the CNC mill is equipped
with a diamond grinding disc with a thickness of 5 mm
and a radius of 210 mm, suitable for those 2-dimensional
paths.

The milling path consists of only 3 points on each side,
which form a polygonal chain on the outer edge of the
demonstrator, with the start and end points in the exten-
sion of the path being 300 mm outside the cutting edges.
The tool dimensions are taken into account by an offset
from the edges of the demonstrator in the upward direc-
tion. The offset distance is 117 mm so that the saw blade
has a minimal plunge depth but still plunges completely
into the angle point of the path. The milling parameters
are set at a spindle speed of 400 rpm and a feed rate
of 1200 mm/min, but left open for manipulation in the
process to be able to react to the material behaviour on
demand.

4 Results

Based on the methodology described in the preceding sec-
tions, the real-scale demonstrator was fabricated. The obser-
vations collected during each process step are described in
the following. In addition, an initial evaluation of the struc-
tural performance facilitated by this manufacturing approach
is provided.

4.1 Real scale demonstrator fabrication

In preparation for the robotic fabrication steps, Fibre Wind-
ing, shotcrete application and post-processing, the steel
frame was assembled manually with help of the robot arm
pointing successively to the corners of the frame.

4.1.1 Observations robotic winding

In a first step, all Fibre Winding that did not require tape
integration was performed (Fig. 14a). Manoeuvring the end
effector between the pins requires sufficient accuracy, to
avoid collisions with the frame but at the same time be close
enough to the frame, so that the fibre strand does not slip off
the pins or miss them at all. Due to the robot assisted frame
positioning, the pins were surrounded accurately.

The robot’s speed was manually adjusted to the produc-
tion rate of the DWM, leading to a fabrication duration of
113 min for 161 m of reinforcement. Due to obligatory

Fig. 14 Process sequence of robotic Fibre Winding: First, the frame is filled with fibre strands only (a) to create the basis for tape-enhanced
winding (b), which results in a homogeneous surface across the entire frame (c)

@ Springer



Construction Robotics (2025) 9:12

Page 17 of 27 12

cleaning of the DWM from epoxy resin debris, the tape
enhanced winding was carried out the next day after the
first fibre layer had hardened (Fig. 14b, c).

The accuracy of the geometric prediction could be
inspected by the distance of the end effector to the mesh.
As expected, minor deviations occurred due to bending of
the initial fibre layer (Fig. 15a). A reduction of the distance
between mesh and end effector could have facilitated more
immediate and secure clamping of the tape amongst the
fibres, enhancing the accuracy and stability of its placement.

In convex areas, the tape exhibited a more effective
clamping action compared to flat regions, where adherence
was still adequate. Nonetheless, minor defective corruga-
tions were identified in flat regions, attributed to overfeeding
of tape (Fig. 15b). Whilst the corresponding feeding mecha-
nism would need to be revised, the cutting of the tape func-
tioned reliably. The passive alignment of the end effector,
balanced with a 4 kg counterweight on the DWM’s dancer,
functioned efficiently.

Discretization led to the formation of small triangular
gaps along the edges (Fig. 15¢). Selected significant gaps
were manually filled. Laying a single tape lane along the
edges could be an automated solution to compensate for
this effect. The inclusion of tape extended the winding pro-
cess duration to 192 min for 165 m of reinforcement, due to
pauses for tape refilling and manual interactions when tape
feeding failed.

4.1.2 Observations shotcrete and post-processing

After the robotic winding process was completed, the tex-
tile formwork was covered in plastic foil to protect it for a
test run of concreting before the actual shotcrete layer was
sprayed.

By that, it was observed that the tested parameters of the
path planning actually translate to the expected concrete path
dimensions which overlapped to a thin and even coating.
With this validation, the fibre formwork was then uncovered
and the same programme was restarted to perform the actual
concreting process. It was started with the ribbons, which
took 2:32 min on both sides for two shotcrete layers. Over-
shooting of material could not be avoided entirely, as the
ribbons are too narrow to catch the whole spray width. The
sprayed concrete filled the target area as expected, embed-
ding the pins with no visible voids to the desired path thick-
ness of minimum 30 mm evenly with minor amounts of
excess material to be milled off later.

The most ambitious step of surface coating with variable
nozzle distance and speed was started immediately after the
spraying of the ribbons, when the already applied concrete
was still in its fresh state (Fig. 16a). Other than expected
from the test run on the plastic foil surface, it was observed
that the path geometry was notably lower in width and did
not distribute as fluently. This was assumed to occur due to
the absorbent properties of the dry fleece tape, which did
not allow the concrete to distribute as fluidly as it has on
the smooth surface texture of the baseplate or the plastic
foil used in the preliminary tests and test run. However, it
was observed that the concrete coating still began to form a
homogeneous coverage of the textile formwork, due to suf-
ficient path overlap (Fig. 16b, c).

Furthermore, it was observed that holes were forming
in the textile formwork during the surface coating process
(Fig. 17a). Concrete was penetrating the overlapping seams
of the tape, passing through and leaving the opened overlaps
folded over to the backside of the surface. It was notice-
able that the edge areas were particularly affected, but there
were also occasional holes forming across the surface area.
Although it could not be definitively clarified what caused

Fig. 15 Observations on winding with tape integration: a Increased distance between end effector and surface; b Highlighted corrugations of the
tape in flat regions; ¢ Triangular serrated edges of the tape surface due to discretisation
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Fig. 16 a Pin embedding and filling of the ribbons by shotcrete; b RASP process on the double curved polysurface, ¢ Surface articulation after

completed RASP

Fig. 17 a Holes formed during RASP process as seen on the top side; b Visible aggregate separation

the holes to form, three likely factors were identified: The
shotcrete impact due to a high air volume flow of 50 Nm3/h,
which was necessary to apply the concrete to the target sur-
face over the high nozzle distance, despite the spray angle,
in a targeted manner. Second, the 2 mm grain size of the
concrete used could have developed a projectile effect that
penetrated the tape, as there was visible separation of aggre-
gates (Fig. 17b). Lastly, the overlapping of the tape may not
have been sufficient to withstand the shotcrete impact. This
could be particularly the case near the tape endings, as most
of the holes occurred near the borders of the demonstrator.

Despite complex robot movements, the path could be
followed smoothly throughout the entire process. The
major speed variations could be tracked without noticeable
deviations caused by acceleration and deceleration. The
subsequent second half of the surface proceeded equally
satisfactorily as the first and was finalised with the cen-
tral shotcrete path over the mid-axis after a process time
of 6:09 min. The resulting surface rendered the desired
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surface articulation of the shotcrete process, with subtly
recognisable parametric paths and a visible gradient of
material thickness, which, in thinnest areas, revealed the
fibre reinforcement in the texture.

The fibres and pins appeared to be well embedded
already during the process, as it could be observed from
the back that the tape was well absorbed by the applied
concrete and no voids were visible on the fibres. This was
confirmed by later investigations, in which the cured dem-
onstrator was cut open to make the cross-section visible.
As can be seen in Fig. 18b, no voids are visible in the
cross-section, including the potential small spray shadow
areas around fibres and pins.

Each of 36 measurements on cut-outs (compare
Fig. 21a) resulted in an average thickness of 9.9 mm in
the Base area and 6.8 mm in the top area with a standard
deviation of 1.1 mm and 0.7 mm respectively. The sys-
tematic deviation from the target thicknesses of 8§ mm
and 4 mm can be partly explained by the relatively high
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Fig. 18 a Green state postprocessing along the lateral edges; b Detailed view of a cutting edge with visible embedded fibres and soaked tape

surface roughness, as only the thickest areas are recorded
by calliper measurements.

The last fabrication step of green-state postprocessing
was started at 2:45 h of concrete age at the ribbons, so
within the desired time window when the concrete was
still in green state but kept his structure. This allowed
for clean cuts without unintended material redistribution
whilst the diamond milling disc could still travel quickly
through it with minimal tool abrasion (Fig. 18a). This
step took 8 min machine time for both sides. The machine
time for the whole concreting process, including RASP
of the main surface, and SC3DP and postprocessing of
the ribbons adds up to 19 min in total. After the concrete
was cured, the demonstrator was ready to be moved for
erection and assembly.

4.1.3 Assembly, frame removal and joining

Originally, a thicker and double-sided concreting process
was planned. However, as a proof of concept, this exam-
ple has been limited to a thin, single-sided application of
concrete. After curing, the demonstrator was rotated to its
target orientation and placed on a pedestal that included four
anchors tailored to the integrated connector plate (Fig. 19).
Due to the undersized wall thickness, the metal frame was
initially left within the structure.

The removability of the frame segments was assessed
as part of partitioning the demonstrator for structural test-
ing. Thanks to planning for disassembly, frame parts were
able to be detached sequentially. High frictional resist-
ance required increased force application to disengage
the frame components. Only at thicker areas it was pos-
sible to remove them without causing damage. Building

Fig. 19 Crane-assisted assembly of the pavilion segment (a) onto a pedestal (b) by means of four tailored anchor bolts
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on these insights, the frame system could be enhanced,
for instance, through a pneumatic demoulding principle,
making removal easier and non-destructive.

In addition, the joining concept was tested on two
sections of the demonstrator, as depicted in Fig. 20. By
extending the pin sleeves to through-holes, the connexion
via bolts was facilitated. The machined concrete edges
provided a flat contact surface for the join partners. How-
ever, due to variations in the shotcrete application thick-
ness, the width of the contact surface varied significantly.
Essentially, the usability of the pin sleeves for connexions
was demonstrated. Yet, for a load-bearing connexion, spe-
cialised sleeves and a more controlled contact surface
would be necessary.

4.2 Structural performance

Flexural tests have been conducted to investigate the influ-
ence of fabrication on the structural performance. Based on
the demonstrator it was intended to identify the influence of
the special characteristics of this fabrication method, par-
ticularly the role of the glass fibre fleece tape.

4.2.1 Sample overview and fabrication

So far, the function of the fibres for form-definition has
been analysed, but they should also enable increased
absorption of bending moments. 4-point flexural tests
were therefore considered suitable for evaluation. DIN
EN 12390 (En 2021) for testing hardened concrete and
DIN 1170 (En 1998) for shot fibre reinforced concrete
have been considered. However, the actual choice of

.,

Fig.21 a Location of cut-outs from the demonstrator; b Overview of specimen types for flexural testing
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specimen design was driven by the geometry of the dem-
onstrator. From two predominantly flat areas at the base
and the top of the demonstrator, as marked in Fig. 21a, a
total of 12 specimens could be retrieved, oriented along
the embedded reinforcement fibre strands. With a size
of 300 x 120 mm, three reinforcement fibre strands are
located in each specimen.

The rear side of the demonstrator specimens, where no
concrete was applied in the course of demonstrator fabri-
cation, was retrospectively sprayed on by SC3DP using
the same fine-grained polymer-modified cement—based
concrete as for the front (Fig. 21b, right side).

As a reference, four further specimens were produced.
Therefore, after printing a base layer with a target height
of 10 mm, fleece tape and fibre strands of the same type
as those in the demonstrator were inserted both separately
and in combination (Fig. 21b, left side). After a break
of 15 min, SC3DP was continued until the full specimen
thickness was reached. Green state trowelling was used
for all specimens to ensure that the desired thickness of
42 mm was achieved. The goal of this arrangement of con-
figurations is to identify the influence of the fibre rebars,
of the time sequence of concreting front and rear side and
of the fleece tape on the bond.

4.2.2 Testresults

After cutting the specimens to size, the depth of the rein-
forcement was measured as listed in Table 3, since it was
noticed that, undesirably, the manufacturing led to signifi-
cant variation of depth in a range between 27.3 and 37.5 mm.
After 32 days, the specimens were tested in a universal
testing machine with displacement control at 0.02 mm/s, a
support spacing of 255 mm and a loading span at 1/3 of it
(Fig. 22a). The additional bending in the centre was recorded
with two LVDTs, the mean of which was added to the
machine displacement for evaluation. It is worth noting that
the centred measurement of displacement may not be rep-
resentative in the case of asymmetrical crack development.

The force—displacement diagrams in Fig. 23 are used
to compare the different reinforced configurations. As the
specimens could not be produced according to the standard,
the calculation of bending tensile stress is omitted. All speci-
mens without rebars failed brittle, as expected. No influence
of the fleece tape could be observed in these cases. The force
at failure reached a maximum of 4.00 kN amongst the six
unreinforced specimens. In comparison to the significantly
higher resistance up to 11.04 kN of the reinforced specimens
visible in Fig. 23, the effectiveness of the reinforcing bars is

Table 3 Dimensions of specimens; depth of reinforcement measured for all specimens (6 measurements each)

Specimen Minimum depth Maximum depth Mean depth Full height (in the Width x length [mm]
count [] [mm] [mm] [mm] centre) [mm]
Demonstrator base 6 323 355 34.5 41.0 120x 300
Demonstrator top 6 36.0 37.5 36.7 39.6 120x300
Reference w/o tape 4 27.3 28.5 27.8 41.0 120300
Reference w/ tape 4 28.8 29.8 29.1 41.3 120x300
Unreinforced 6 - - - 40.7 120300

NS
A

- 1of3stra.nds o
pulled out
—————

B %

Fig.22 a Exemplary specimen from group “Demonstrator Top” exhibiting 4 cracks and slight delamination during 4-point flexural test; b Pull-

out from the sides in the same specimen
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Fig. 23 a Force—displace- 12 T T
ment diagram of reinforced
reference specimens with and
without tape integration; b
Force—displacement diagram of
reinforced specimens from the
demonstrators top and base area

10

Force f[kN]

T
—— Ref. w/o Tape

12 T T T
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Ref. w/ Tape ] Dem. Top ]

10
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10

Displacement [mm]

fundamentally proven. The reinforced specimens had mostly
three or four cracks similar to the ones visible in Fig. 22a.
They extend beyond the loading span and can therefore be
attributed to bending in the centre and to shear in the outer
thirds.

For the reinforced specimens without tape, a linear behav-
iour until the consecutive rupture of the three rebars was
observed. As typical for fibre reinforcement, a rather brittle
than ductile failure occurred. When comparing the refer-
ence specimens that included tape, the graphs exhibit a more
ductile behaviour with reduced maximum loads and slightly
higher displacement. A moderate delamination behaviour
along the tape occurred in all of the four specimens and
could explain this behaviour as the rebars are located next to
the tape. Thus, delamination could weaken the bond. How-
ever, pull-out from the sides was only observed in two of
the specimens.

Interestingly, only half of the specimens from the dem-
onstrator had cracks along the reinforcement. These were
shorter (1-4 cm) and not always clearly identifiable as
delamination. Due to the long time between concreting
the front and the rear of the element a cold joint effect was
expected. This, however, was more pronounced in the fresh-
in-fresh printed references. It is assumed that the stronger
delamination originated from the circumstance that the
tape could not be sprayed from both sides for the reference
specimens. Nevertheless, the maximum loads for the dem-
onstrator specimens are lower than the reinforced reference
without tape, although their effective depth of reinforcement
was higher.

Meanwhile there are some inevitable differences between
reference and demonstrator specimens, the two groups from
the Base and the Top area of the demonstrator vary solely
in the thickness of the concrete cover. The specimens from
the top with a thinner concrete cover showed significantly
higher displacement between 10 and 18 mm, meanwhile the
other group from the Base area of the demonstrator failed
rather brittle at a displacement between 7 and 10 mm. It is
assumed that the extreme thin cover of the Top group has

@ Springer
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limited capacity to bond the reinforcement to the element.
This hypothesis is supported by the observation of pull-out
in four of six specimens of the Top group (Fig. 22b), mean-
while no pull-out was visible in the Base group.

Although in general, ductile behaviour is desirable, here
it can be assumed that it appeared as a result of limited
specimen length and weak embedding. Apart from that, the
results are dominated by brittle failure, as is characteristic
of continuous glass fibre.

To summarise, the production influences could not be
isolated unambiguously and the comparability between the
sample groups is limited, partly due to the varying effec-
tive depth. Although the highest load-capacity was achieved
without tape, the results suggest that only minor impairments
occur when spraying onto the tape from both sides with suf-
ficient thickness. Even without using a bonding agent, there
is no evidence to suggest that concreting on one side long
after the opposite side has cured is disadvantageous.

5 Discussion

The fabrication method for thin reinforced concrete ele-
ments introduced here is both innovative and experimen-
tal. By applying this technique directly to a large, complex
component (Fig. 24), several aspects were evaluated at once.
However, it is crucial to acknowledge that this constitutes
a first-time application, with some areas, such as structural
design, not fully addressed.

5.1 Tailored process combination

The focus was primarily on digital fabrication, achieving
full automation except for preparatory and finalising steps.
The carefully tailored combination of textile formwork, fibre
reinforcement and shotcrete created an efficient, waste-min-
imising process. Shotcrete proved suitable for embedding
reinforcement, as indicated by the absence of spray shadows,
and the potential corrosion resistance of fibre reinforcement
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Fig.24 The pavilion segment serves as a demonstrator for cutting-
edge digital fabrication research. It highlights the potential of Robotic
Fibre Winding for concrete construction, resulting in a structurally
sound and visually compelling piece

makes it well-suited for thin concrete applications, such as
achieved with the automated shotcrete process.

Preliminary tests revealed that thin shell components
require additional formwork. The flexible adaptation of
textile formwork complements fibre reinforcement well. In
particular, the individual placement of tape has proven the
ability to reproduce significant double-curvatures without
folds. The tensioned fibre reinforcement, in turn, supports
the limp fleece textile so efficiently that a formwork effect
could be achieved with a material thickness of just 0.3 mm.
Compared to conventional formwork, the material con-
sumption is negligible, even when accounting for overlaps
between tape lanes.

5.2 Challenges in the early development phase

Shotcrete and textile formwork are also well-matched,
with the textile’s porosity allowing for cement penetration
whilst retaining the material apart from that. The spraying
process proved beneficial for creating continuous surfaces
by selecting appropriate parameters, demonstrating that a
single-sided formwork is sufficient. However, the chosen
glass fleece textile only withstands the shotcrete impact to
a limited extent. Failures predominantly occurred near the
borders, but no direct correlation to shotcrete parameters like
nozzle distance was observed.

Adjusting the shotcrete impact through reduced aggregate
size or airflow could prevent damage of the fleece. How-
ever, selecting an alternative textile material holds greater
potential for improvement, especially when considering the
decreased flexural strength observed in specimens contain-
ing fleece tape. A separation effect is assumed responsible,

making textiles with higher porosity preferable. Replacing
the fleece by a fine fibre glass mesh could yield sufficient
resistance to shotcrete impact whilst not acting as separation
layer but rather positively affecting structural behaviour as
local reinforcement.

5.3 Fabrication informed design

Beyond structural and fabrication aspects, the form-defining
process presented here is of particular interest. All com-
ponents—frame, fibre reinforcement, textile, and con-
crete—contribute to the final shape to a certain extent. The
frame explicitly sets boundaries that can be set freely by the
designer. Yet, it needs to be considered that frame manufac-
turing and assembly are currently not part of the digital fab-
rication process. Exploring frame removability has opened
up two options: reusability for similar shapes or designing
frames as integral structural parts.

The surface within the frame is shaped by the mechani-
cal nature of tensioned fibre strands. Simulating deposition
behaviour allows for design incorporation including the
influence of winding syntax. Yet, extending the simulation
to elastic interaction of strands is expected to increase the
accuracy of shape prediction. Although no significant defor-
mation from fresh concrete weight was observed, this factor
should be included in simulations.

Whilst the basic shape is determined by fibres and com-
pleted to a continuous surface by textile stripes, concrete
application allows control over thickness distribution and
surface articulation. The developed coating strategy proved
applicable for complex non-rectangular surfaces. Whilst
validated only on one side of the demonstrator, dual-sided
concrete application could control reinforcement depth
individually, accounting for varying bending stress within
a component.

In contrast to earlier works (Gantner et al. 2022a; Ren-
nen et al. 2023b), the concrete surface was deliberately left
unfinished. As preliminary tests on surface articulation have
shown, a homogeneous appearance is achieved in terms of
colour, which appears smooth and true to geometry overall
and exhibits a roughness in the order of magnitude of the
largest grain (2 mm) in detail. Although this surface cannot
be assigned to architectural concrete classes for cast concrete
elements (Schulz 2023), some criteria, such as colour uni-
formity and evenness, are already satisfactorily met, if the
defects caused by the fleece tape are excluded.

In this case study, an innovative manufacturing method
revealed new shaping possibilities for filigree components.
The material-efficient automated process promotes designs
that follow the principle of “strength through form”. The
individualised allocation of reinforcement and concrete is
the prerequisite for load-optimised element designs, so that
thin roof shells or facade elements can be realised even with
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high requirements to the load-bearing capacity when choos-
ing appropriate materials like carbon fibre roving.

Whilst leading manufacturers of thin concrete elements
like DUCON (Europe GmbH and Co 2024) rely on Ultra
High Performance Concrete, in this case emphasis is placed
on an economical and resource-saving manufacturing pro-
cess through automation, which could lead to a wider appli-
cation of concrete shells.

6 Outlook

To bridge the gap between the initial case study and practi-
cal construction, a more thorough examination of certain
aspects of the fabrication method is essential. This includes
exploring the role of the frames, particularly with a focus on
joining techniques for element systems, as well as research-
ing alternative textiles like fine glass fibre meshes for tape
integration to improve compound quality. Eventually, sensor
feedback could render the winding process more robust and
increase control over the thickness of concrete application
at both sides of the textile formwork.

Moreover, there is untapped potential for structural opti-
misation in the presented method, which can be further
exploited by conducting in-depth investigations into design
possibilities. At present, a two-step workflow is deemed suit-
able to optimise form and dimensioning respectively. The
first step requires an improved form prediction regarding
Frame Winding to account for its unique formal language
in the optimization process. The universality of the robotic
process steps allows for determining the appropriate sizing
of reinforcement and concrete thickness independently in
a second step. Compared to the realised demonstrator, an
additional reinforcement layer can be provided in the future,
with its strand orientation and strand materiality individu-
ally optimised.

Implementing these steps will consolidate this consist-
ently digital construction approach, fostering a novel aes-
thetic of material-oriented processing and efficient form.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s41693-025-00154-0.
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