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The research project presented here aims to develop a design-informed
manufacturing process for complex concrete shell structures in additive
manufacturing and thus overcome limitations of traditional construction
methods such as formwork- and labor intensity. To achieve this, an effort was
made to merge the two technologies of CNC knitted stay-in-place formwork,
known as KnitCrete, and robotically applied shotcrete, known as Shotcrete 3D
Printing (SC3DP), and thereby reduce their respective limitations. The proposed
workflow unites both digital fabrication methods into a seamless process that
additionally integrates computational form finding, robotically applied fiber
reinforcement, CNC post processing and geometric quality verification to
ensure precision and efficiency. As part of a cross-university, research-based
teaching format, this concept was implemented in the construction of a full-scale
pedestrian bridge, which served as a demonstrator to evaluate the capabilities and
limitations of the process. While overcoming some challenges during the process,
the successful prove of concept shows a significant leap in digital fabrication of
complex concrete geometry, reducing reliance on labor-intensive methods. The
results shown in this paper make this fabrication approach a promising starting
point for further developments in additive manufacturing in the construction
sector.

KEYWORDS

additive manufacturing in construction, shotcrete 3D printing, stay-in-place formwork,
knitcrete, flexible formwork, robotic fiber winding, green-state post-processing, digital
fabrication
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1 Introduction

The production of complex geometries has always been a
challenge in the construction industry, but it is still worth
striving to make them achievable, as freedom of form not only
offers architectural freedom of expression but also structural
advantages (Moussavi and Daniel, 2009). Shell structures, for
example, offer a great deal of design freedom and can span large
distances. By adjusting the shell geometry, the structure can be
thinner overall and thus save material, which is mostly wood or
concrete. Historically, those beneficial forms were found, for
example, using physical hanging-chain-models as Frei Otto did
to design the wooden grid shell of the Multihalle Mannheim
(Otto, 1975) according to the uniform gravitational force on the
chains (Liddell, 2015). Computer-aided design has contributed to
the fact that a shell’s geometry can be adjusted to expected loads
during the planning phase to offer optimum material efficiency
(Saleh, 1987; Pellegrino et al., 2024).

Besides wood, concrete is used most commonly, not only due to
its strength and affordability but also its ability to be casted in any
ever so complex shape. Although concrete shell structures were
designed to bring advantages in terms of material consumption they
proved to be difficult to manufacture and hence barely economically
viable, as it involves a large amount of customized formwork
(Chudley and Greeno, 2006) and a high level of manual labor
(Brucker et al., 2021). An example for concrete shell architecture
is the National Taichung Theater by Toyo Ito & Associates (Toyo Ito
and Associates, 2014), where shotcrete used to be sprayed directly
onto prefabricated, dense reinforcement cages, likewise a labor-
intensive process that also generates a significant amount of waste
material but less formwork compared to casting. The emergence of
digital fabrication in the construction sector is now opening up new
opportunities to efficiently manufacture this type of complex
geometry (Gramazio and Kohler, 2013).

The project presented here is based on a combination of two
innovative digital concrete construction technologies that have been
developed independently in recent years: firstly, the fabrication of
flexible CNC-knitted stay-in-place formworks for the efficient
production of thin concrete shells (Popescu, 2019), and secondly,
robotic Shotcrete 3D Printing (SC3DP) (Kloft et al., 2019), which
was developed at the TU Braunschweig. Within the framework of
the Collaborative Research Centre TRR 277 (“TRR 277 - Additive
Manufacturing in Construction AMC TRR277” 2023), which aims
to examine Additive Manufacturing as a novel digital manufacturing
technology for the construction industry, the opportunity arose to
digitally design, plan and fabricate a large scale demonstrator in a
collaborative teaching format between the TU Munich, the TU
Braunschweig and the TU Delft, illustrating the symbiosis of the
two technologies. This unique combination could potentially
eliminate the disadvantages of excessive waste, high labor costs
and corrosion on one hand, and significantly extend the design space
of additive manufacturing on the other hand.

1.1 Textile stay-in-place formwork

Throughout the 20th century, tensioned textiles were employed
as formwork for concrete, resulting in an overall reduction of
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material consumption and waste (Veenendaal, West, and Block,
2011; Hawkins et al., 2016). However, so far the use of woven textiles
as formwork has necessitated extensive amounts of manual labor for
cutting and assembling different 2D fabric patches into a continuous
geometry (Popescu, 2019).

The introduction of CNC-knitted textiles in fabric formwork
systems has the potential to overcome these challenges. Knitted
textiles offer precise specification at a unit level and can integrate
multiple fibers with distinct properties into a single continuous
material (Thomsen and Hicks, 2008). They can be customized to
conform to doubly curved and three-dimensional shapes, and their
design can include specific local properties, channels, grooves, and
openings. Consequently, the need for manual assembly of multiple
parts to achieve the desired geometry and mechanical behavior is
eliminated. The use of CNC knitting machines in fabricating knitted
textiles reduces costs and labor associated with manufacturing
intricate formwork components (Popescu, 2019).

The KnitCandela prototype (Figure 1) served as a demonstration
of the applicability of weft-knitting on a large architectural scale,
highlighting its significant implications in terms of formal
expression, weight and waste reduction, labor efficiency, and
cost-effectiveness (Popescu et al., 2021).

1.2 Shotcrete 3D printing (SC3DP)

Despite the increased efficiency in the production of the textile
formwork, the manual concreting process using shotcrete still remains
labor-intensive, and its precision is highly dependent on the skill of the
nozzleman. Manual shotcrete, a technique with a rich history dating
back to the early 20th century (Kovari, 2003), involves the skilled
application of concrete through a high-velocity nozzle.

The pioneering work of Pier Luigi Nervi, expressed in the
introduction of “Ferrocement” (Leslie, 2017; Naaman, 2000),
demonstrated the suitability of shotcrete for the design of free-
form elements without the need for extensive formwork. This
turning point in architectural technology opened the door for
shotcrete to play a central role in a number of iconic building
projects and diverse applications. Notable early examples include
Pier Luigi Nervi’s Exhibition Hall for the Turin Motor Show in 1948
(Greco, 2008) and Félix Candela’s Los Manantiales Restaurant in
Xochimilco in 1958 (Lugowski, 2013). Nevertheless, the method is
not without its constraints, requiring a high degree of skill and
expertise, and the manual nature of the process often leads to
irregularities in the quality and finish of the concrete surface.

The technology of SC3DP (Figure 1), currently being researched
at TU Braunschweig (Hack and Kloft, 2020), presents a promising
solution that can address the labor-intensive process of concreting
with knitted formwork, as apparent in the KnitCandela project.
Shotcrete 3D Printing (SC3DP) is a depositioning additive
manufacturing technique based on a wet-mix shotcrete process.
It is classified as a material jetting process (Buswell et al., 2020) and is
characterized by the deposition of fine grain concrete or cement
paste while adding pressurized air in the nozzle.

The material application using spraying has various advantages,
such as strong layer bonding (Kloft et al., 2020), variable nozzle to
strand distance (Dressler et al., 2020; Lachmayer et al., 2023),
embedding of reinforcement with homogeneous bonding zones
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FIGURE 1

Left: Manual concreting of the knitted, stay-in-place formwork of KnitCandela (Popescu et al., 2021), right: Vertical SC3DP to on a printed wall

surface to embed reinforcement (Hack and Kloft 2020).

FIGURE 2
Left to right: Foundation placement, Bending active steel rods, Spanning of 3D-knitted formwork, Robotic Shotcrete.

(Freund and Lowke, 2022), and continuous grading of layer
thicknesses (Rennen et al., 2021).

Additionally, SC3DP offers the flexibility to use different
materials for specific purposes. This enables both the application
of thin surface coatings and the selective build-up of structural mass
using distinct materials, depending on the requirements of the
project. The SC3DP technology presents a fault-tolerant and
efficient process for spraying concrete from a distance, thus it is
especially suited for the actual use case of coating initially flexible
print beds that may deform under minimal loads.

2 Methods

2.1 Overall fabrication concept and
sequencing

In constant interaction with the design, the fabrication sequence
was developed, which encompasses the computational form finding of a
base surface, a structural analysis and optimization procedure, and the
precise dimensioning of structural components for the specific use case
of a pedestrian bridge. As a result, the following overall fabrication
concept for substructure, textile formwork and concrete as well as
reinforcement application has been established (Figure 2).

A proven state-of-the-art methodology for a KnitCrete prototype of
a concrete shell bridge was adopted for the textile-spanning
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substructure (Popescu et al., 2018a). Accordingly, the substructure
was considered integrally in the bridge design, so that it could
support the textile by itself in order to avoid auxiliary wooden
frames. An approach based on “active bending” was chosen, in
which the textile is tensioned into shape by elastically bent rebars,
which are laterally braced by steel cables. To achieve this the rebars are
passed through channels in the textile and then anchored into the
previously cast foundations.

The geometry and exact position of this assembled structure are
determined through 3D scanning. The robotic paths for all
automated fabrication steps are subsequently generated based on
the textiles real world shape. This ensures accurately tailored
execution of the robotic fabrication steps.

In a first concreting step, the textile is coated by spraying a thin layer
of light cement paste onto it to gain initial stiffness of the formwork. The
aim of this treatment is to increase the load-bearing capacity for further
concrete application. Subsequently, continuous glass fiber is wound
dynamically around the previously attached pins in a specifically
targeted layer above the base surface of the bridge. Afterwards,
concrete is sprayed onto the formwork with locally varying
thicknesses, determined through structural analysis. The concrete is
distributed in its wet state to structure the surface, and finally, after
curing, the edges of the bridge are being milled to precision.

After finished fabrication of the bridge itself, an auxiliary steel
girder frame, which can be attached to the foundations temporarily,
prevents damage during transportation.
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FIGURE 3

Computational design procedure consisting of a discrete and a continuous design phase.

2.2 Methods of design, fabrication and
materials

2.2.1 Computational form-finding

The computational form finding procedure employed in this
research project can be split into two phases. First, bending-
active beams in the form of bundles of steel rebars are form-
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founded and arranged in space, resulting in the structural
skeleton of the bridge. This skeleton is then converted into a
continuous shell geometry by form-finding the knitted textile
spanning in between the rebars of the structural skeleton. The
knitted textile acts as a lost formwork for concrete shotcrete.
Eventually, a local thickness optimization of the concrete shell is
carried out (Figure 3).

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1269000

Rennen et al.

Bending-Active Beams First, the geometry of the bending-active
beams is simulated using a geometrically non-linear analysis based
on the FEM solver Karamba 3D (Preisinger, 2020). Results are
subsequently verified through graphic statics for bending-active
structures (Boulic et al., 2020). The beams consist of bundles of
three steel bars with a diameter of 12 mm, which are initially
straight. Each rebar is bent individually before being bundled in
groups of three to minimize internal strain energy and prevent the
material from yielding.

Structural Skeleton The structural skelethon, consisting of
eight bundles of bent rebars, is designed to withstand the weight
of the unhardened concrete shell. The internal forces within the
concrete shell are analyzed using vector-based 3D graphic
statics (D’Acunto et al., 2019; Konstantatou, D’Acunto, and
McRobie, 2018). The arrangement and degree of bending of the
beams is set up parametrically in a way that gives control over
the overall shape of the resulting shell. Parameters of the model
include.

o The original length of the rebars L;, determining the rise of the
arch at different points along the width of the bridge.

o The rotation of the bars around their own axis ©,, determining
the degree to which the bridge fans either inwards or outwards
towards the middle of the span.

o The curvature distance of the abutments d, enabling the base
of the bridge to bend either inward, outward, or be completely
straight.

The design space generated by varying these parameters was
manually explored and the parameters were set to values that
maximize structural performance of the final concrete shell while
fulfilling the architectural requirements, including aesthetic appeal.
Throughout the exploration, a uniform thickness assumption for the
concrete shell was maintained.

Geometry Form-Finding The geometry of the fabric formwork
was form-found with EQlib (Oberbichler, 2019) by prestressing a
membrane between the elements of the structure. This configuration
creates a prestressed gridshell (Cao et al., 2021) that carries the load
of the unhardened concrete.

Thickness Optimization After finalizing the global geometry,
the thickness of the shell was optimized for different design loads.
This optimization process considered three specific load cases.

o A uniform load applied across the entire walking area of the
bridge, which refers to a strip in the center of the bridge where
the inclination makes the area more walkable compared to the
edges.

o A uniform load applied on half of the walking area, cutting
along the direction of the bridge, with both symmetries taken
into account.

o A uniform load applied on half of the walking area, cutting
perpendicular to the direction of the bridge, with both
symmetries considered.

To determine the final thickness distribution, an envelope of the
optimized thickness values for all the considered load cases was
created. This envelope encapsulated the range of thicknesses that
yielded the best structural performance.
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By following this computational design procedure, which
encompassed the simulation of beam geometry, the design of the
global geometry, manual exploration of parameters, thickness
optimization for various design loads, and determination of the
final thickness map, the researchers achieved an optimized bridge
design that fulfilled both structural and architectural requirements.

2.2.2 Knitted formwork

The 3D knitted textile formwork was created based on the
previously generated double-curved base surface of the bridge.
The base unit of 3D knits is called a loop, which is created by
pulling a yarn with a needle through a previously formed loop. The
3D knitted shaped textiles are produced in a sequential manner
course by course. Each course is made up of several loops created by
a series of needles on the machine. To create instructions for the
machine, loops and their arrangement in courses need to be
generated for the desired geometry. Therefore, a first step is
determining the size of the loops within the textile. Their size is
dependent on machine parameters (such as gauge and tension while
knitting), yarn parameters (such as diameter), and tensioning of the
final produced textile within the formwork. Calibration of the model
through testing knit material samples is essential to ensure accurate
loop dimensions. To determine the loop size, test samples are made
with the desired textile meso-scale architecture, tensioned to the
desired degree and the loop size is measured. This measured size
becomes the input for an automated pattern generation method
(Popescu et al., 2018b) employed to create the knitted formwork for
sophisticated double-curved shapes. In the case of the bridge
demonstrator the geometry is split into two symmetric sub-
surfaces, following the longitudinal mirror axes of the bridge
(Figure 4). Patterns are generated only for one of the quarters
and subsequently mirrored and joined to form the entire pattern
for production. Within the quarter of the bridge geometry patches
are further defined in strips that represent the area between two
rebar splines. The pattern generation steps are then carried out for
each patch as described below.

To generate the instructions for the machine courses need to be
generated for each of the patch surfaces defined in the previous
step. To do this, each patch is contoured with the loop height as
spacing parameter. Then, to define the number and arrangement of
loops within each course, they are further divided considering the
loop width. With all loops generated onto the 3D geometry, they can
now be translated to a 2D knitting pattern, The pattern contains
information about various machining operations which produce
functional channels and holes within the final produced textile. The
placement of each of these functional features is done automatically
but identifying features on the 3D version of the knitting pattern.

2.2.3 Cementitious materials

In order to maintain the geometry of the elastically spanned
textile, the stiffening coating material needs to be light and grain
free. Therefore it consists of ordinary Portland cement CEM 142.5 R
(OPC; HeidelbergCement, Ennigerloh-Siid, Germany; see detailed
characterization in (Lu et al., 2019) and water. The suspension with a
solid volume fraction of = 0.48 (-) is composed to be sufficiently
workable for pumping, on the one hand, and to prevent
sedimentation or leakage through the textile, on the other
hand.The cement paste was prepared in batches of 20 L with a

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1269000

Rennen et al.

10.3389/fbuil.2023.1269000

FIGURE 4

Parametrically defined 2D Knitting Pattern of the presented Bridge's Formwork.

handheld mixer (AEG mixer with two counter-rotating mixing
paddles). First, water was placed into a mixing container. While
mixing the liquid, cement was added for 60 s, and then the material
was stirred for another 120s. After a pause of 60s for manual
homogenization, the material was mixed for a further 60 s. Before
putting the cement paste in the pump, the material was again mixed
for 10s.

For rheological characterization of the stiffening coating
material, ie, cement paste, a rotational velocity-controlled
rheometer (Viskomat XL, Schleibinger, Buchbach, Germany) is
used. The measuring profile consists of a linear increase in
rotational speed (up to 80 rpm) and then a stepwise decrease in
rotational speed by 10 rpm, whereby each step has a duration of 15 s.
For the evaluation, the torque T (Nm), values of the last 5 seconds of
each rotational step are averaged. Finally, the Reiner-Rivlin equation
is used to calculate the Bingham model parameters (plastic viscosity
and yield stress) (Estellé et al., 2008; Koehler and Fowler, 2014).
Accordingly, the stiffening coating material has a yield stress 7 =
100.7 Pa and a plastic viscosity #,; = 11.5 Pas.

After the coating, fine-grained concrete is sprayed on the
stiffened textile formwork as topping material. For this, a
commercially available sprayable polymer-modified cement-based
concrete was used (Nafufill KM 250, MC Bauchemie Miiller,
Bottrop, Germany). The dry mix consists of Ordinary Portland
cement (OPC, CEM I 52.5 R according to EN 1971), pozzolans,
quartz sand, shrinkage and chromate reducing agent as well as re-
dispersible polymer powder, PCE superplasticizer and micro
polypropylene fibers (Table 1).

For the lower, first applied topping layers, a stiffer material with
a water content of 3.8 L per 25 kg of dry mix was used for a faster
structural build-up and higher strength. For the upper, overlying
topping layers, the water content was increased to 3.9 L/25 kg to
reduce the materials’ yield stress and viscosity for easier surface

Frontiers in Built Environment

finishing in the fresh-state smoothing process. The corresponding
yield stresses and plastic viscosities were Tg o = 186.2 Pa, Npjjow =
55.1 Pa's and Tg,upp = 162.8 Pa, np|upp = 47.1 Pa s for the lower and
upper layer of topping material, respectively.

2.2.4 Robot path planning

In order to be able to realize the locally varying component
thicknesses resulting from the structure optimization, a path
planning is required which enables a corresponding grading of
application by
instructions are created in grasshopper starting as location and

the material adapting the speed. Those
vector information for the robot to follow, being enhanced with
speed information and commands for controlling the shotcrete
process and lastly translated into G-Code. The processes to be
executed in consequent order are: Stiffening coat spraying, Fiber

Winding, SC3DP, surface finishing and edge milling.

2.2.5 Stiffening coat spraying path

To allow the fabric to maintain its desired shape, a thin layer of
low-viscosity mortar is to be applied on the formwork. For this
additive process, an even coating is to be applied with minimal
loading of the structure. Here the self-weight of the material as well
as the impact from the spraying process are being considered. For
this a two-step process was designed where the bridge geometry was
sprayed using two different paths, the first to spray the geometry
where the epicenter of the spray follows the bending active beams,
and the second following the fields between the beams. The paths are
generated on the geometry after a remeshing step to create
quadrangular faces, and are drawn through the centers of each
quad face. To ensure even and complete coverage the distance of the
spray nozzle to the geometry is calculated in accordance with the size
of the face and the tool velocity is calculated based on the material
flow versus the desired thickness on the area.
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TABLE 1 Composition of the topping material.

Dry components of the fine-grained concrete used as topping material (

)

10.3389/fbuil.2023.1269000

OPC, CEM | 52.5
Pozzolan

Silica fume

Sand (dnax = 2 mm)

Additives and micro
fibers

2.2.6 Fiber winding path

For an automated individualized reinforcement integration a
novel robotic procedure has been established. It is builds up on the
Dynamic Fiber Winding process (Hack et al., 2021), which has
proven to be a versatile approach that allows for different robotic
tailored to the additive
manufacturing technique such as SC3DP or Large Particle Bed
3D Concrete Printing (Mai et al., 2021; Gantner et al., 2022a).
Based on a conceptual framework (Gantner et al, 2022b), the

integration  strategies respective

following method has been developed. A grid of 103 pins, which
is attached to the bending-active beams and distributed evenly over
the surface of the bridge, acts as anchorage for winding. Individual
pin heights are derived from the optimized thickness distribution in
order to align the reinforcement closely underneath the targeted top
surface.

To achieve a precise matching between pin locations and the
robot’s movement, the path planning workflow is enhanced by
sensor feedback. The position and orientation of the pins,
identified from a 3D-scan beforehand as described in Sec. 3.4, as
well as the winding sequence serve as input for a parametric
generation of the robotic winding path. Circle sectors (r =
50mm) in an offset of 5mm underneath the pinheads are
formed to safely place the fibers while avoiding collisions. The
decision whether to pass to the left or right of a pin, is taken
automatically according to deflection angles between consecutive
pins. Whenever the deflection is smaller than 5° the pins are passed
in an alternating manner to avoid slipping from the pins.

The winding sequence encompasses two different layouts, one
crosswise winding for bidirectional reinforcement coverage and an
increased bending support in transversal direction, where each path
was wound twice.

2.2.7 Shotcrete 3D printing path

Similar to the stiffening coating of the textile formwork, the
SC3DP process follows the geometry based on the quadrangular face
centers of the regenerated mesh. Where this step differ from coating
is the number of layers, the material, and the eventual applied
thickness. The form finding and analysis methods have resulted in a
shell geometry with varying thickness between 3 and 10 cm of
concrete, which is to be applied in designated areas. Using this
thickness map, together with the face area, the material flow, and
material spray cone, the volume of material applied to an area per
second can be defined. The robot tool velocity is then calculated in
accordance with the thickness map, as visualized in Figure 5.
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2.2.8 Surface finishing path

Directly after the application of the fresh concrete the surface
can be smoothed or structured using the 5-Axis CNC Mill. This post
processing is possible when the concrete is still in green-state by
distribution and smoothening to achieve the desired surface finish.
The planned path for possible surface finishing was developed based
on a custom spherical smoothing tool that rotates and needs to be
applied in the concrete’s green state. It traces the tween curves,
projected on the bridge geometry in longitudinal direction with a
maximum distance of 80 mm in between. The individual curves
were divided into an equal number of planes, oriented to align with
the normal of the base surface of the bridge. Those planes were
sorted in such a way that they represent alternating back and forth
movements from the center of the surface to its edges to achieve well
directed removal of excess material. An offset to the target surface is
kept parametrically variable to be able to control the plunging depth
into the material during the process based on desired pronunciation
of the tween curves surface texture.

2.2.9 Contour milling path

In contrast to preceding steps that were focused on the top
surface, the sides of the bridge require a different processing strategy,
as here, the concrete is inevitably encountered in a hardened state.
To create a sharp edge on both sides of the pedestrian bridge,
contour milling is performed as a last step in the fabrication chain.
For this, a path is created out of a 3D scan that provides data of the
actual geometry in order to minimize the required plunging depth
and therefore time and energy consumption. The motion of the mill
is dictated by a simple spline-curve along both sides of the bridge,
touching the target surface of the planned geometry. For plunging
depth control, a side-offset from the modeled rail surface was kept
variable with a built-in limit to keep distance from the textile bottom
and reinforcement inside.

3 Fabrication and results
3.1 Prefabrication of knitted formwork

Before carrying out the experiments for the automated
concreting of the designed Bridge, the textile formwork was
produced at the TU Delft using a Steiger VEGA T 3.130 CNC
weft-knitting machine (Steiger Participations Sa, 2019) with a
machine gauge of 10.2. The production process involved knitting
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FIGURE 5

four pieces, including two identical spear, each consisting of a
double-layered/interlock knit design that incorporated channels
for inserting the form giving rods. The dimensions of the knitted
textiles were specific to the bridge design and resulted in a total
length of 4.5 m and a width of 2.65 m in stretched condition. The
total production time for the knitted formwork was approximately
2 hours of pure machine working time, with each piece taking about
1 h to complete. Thus, the entire production process for the two
identical copies of knitted formwork required around 4 h in total.
Due to its ultralight weight and packability, both textile formworks
were able to be conventionally shipped in a medium sized parcel
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Print path generation with variance in spray distance and resulting cone radius to ensure full coverage of the shell geometry (above) and tool velocity
map with consideration of spray distance/radius and desired shell thickness (Figure 4) considering a constant material flow (below).

end m

Distance [m]

Radius [m]

Velocity: 46.41%
Volume: 1.61L
Area: 0.0136 m?

.

end

Velocity [%]

a: 0.0136 m2

start

Velocity: 100%
Volume: 0.68 L
Area: 0.0114 m?

from TU Delft to TU Braunschweig, were it was later spanned into
desired shape.

3.2 Experimental setup

All further steps around the automated concreting of the textile
formwork were taken out at the Digital Building Fabrication
Laboratory (DBFL) located at the Institute for Structural Design
(ITE) at TU Braunschweig. The DBFL is a robotic fabrication facility
consisting of a CNC-gantry system with two independently
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controllable manipulators: a Stdaubli TX 200 robot with six axes,
which is mounted to a three axis gantries, and a five-axis Omag mill.
The build space within the laboratory measures 10.5 x 5.25 x 2.5 m,
enabling the production of large-scale structures through subtractive
machining and additive manufacturing processes.

The robot was equipped with two different end effectors. The
first is a shotcrete nozzle with a 12 mm diameter, utilizing a wet
shotcrete spraying setup where concrete is supplied as ready-mix
and is accelerated through the nozzle using pressurized air. The
second end effector is a guiding device for applying continuous fiber
reinforcement around pre-placed pins.

For the concrete setup, a 25-m concrete hose with a diameter of
50 mm was used, along with a modified “WM VarioJet FU” concrete
pump modified for digital control input. Manual mixing of smaller
batches was done with a “WM Jetmix 125"mixer, while an
automated mixing plant by “Kniele” handled larger batches
efficiently.

For the robotic reinforcement integration, the setup is
supplemented by the Dynamic Winding Machine (DWM) (Hack
et al., 2021). It fabricates continuous flexible fiber reinforcement on
demand that consists of a primary roving impregnated by cold-
curing epoxy resin and a helically wound secondary yarn, leading to
improved bond properties (Rothe et al., 2023). Based on previous
experience in terms of workability and performance (Gantner et al.,
2022a), a 9,600 tex glass fiber roving, L-285 epoxy resin and a
secondary glass fiber yarn of 300 tex were chosen.

Postprocessing of the fabricated components involved the use of
end effectors integrated into the milling application. A stainless steel
distribution plate with four trowels ensured even distribution of
concrete. A custom-made spherical stainless steel surface finishing
tool was employed to achieve the desired surface finish.

3.3 Substructure

For the substructure of the bridge, two identical foundation
blocks were casted, ensuring they were fully reinforced to withstand
the forces applied during transportation, the self-weight of the
structure, and the forces exerted by the bending active steel rods.

To enhance the stability and connection of the substructure,
concrete anchors were utilized. These anchors provided a secure
attachment point for the supportive steel frame. Additionally, ring
nuts were incorporated into the design to facilitate the
transportation process, ensuring the foundation blocks remained
securely in place during transit.

Cartridges were embedded within the foundation blocks to hold
the steel rods in position. These cartridges acted as receptacles for
the rods, providing a stable and controlled environment for their
placement. To ensure precise positioning of the cartridges, 3D
printed holders were attached inside the mold, allowing for
accurate alignment and placement of the steel rods within the
substructure.

Through the implementation of reinforced foundation blocks,
concrete anchors, rings nuts for transportation, and the utilization of
cartridges with 3D printed holders, the substructure of the bridge
was designed to provide structural stability, durability, and ease of
assembly. These elements were crucial in ensuring the successful
construction and long-term performance of the bridge.
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3.4 Spanning of textile stay-in-place
formwork

A series of bending-active metal elements defined the geometry
of the proposed pedestrian bridge. The next step was the integration
of the 3D-knitted textile formwork. The process began by threading
the metal rods through channels intrinsically designed into the
fabric’s pattern. Once this was achieved, the rods were positioned
in their predetermined locations.

Subsequently, efforts were made to adequately stretch the textile
to cover the bridge’s planned geometry. By skipping a calibration
step during the CNC-knitting process, the textiles could not initially
be stretched into the desired shape. For this reason, a total of four
pieces of textile formwork was used, instead of two, to cover half the
length of the bridge, connect both sides in the middle and cut off the
excess textile (Figure 6).

3.5 Pins localisation and geometric quality
verification

In the multi-step fabrication process of the bridge, it was
essential to conduct quality inspections after each step, involving
a digital comparison between the as-built and as-planned geometry.
To achieve this, Terrestrial Laser Scanner (TLS) measurements were
utilized to represent the current geometry of the fabricated structure.
Detailed information about the automatic registration of the digital
model with the TLS data can be found in the work by (Mawas,
Maboudi, and Gerke, 2022a). To monitor the progress and ensure
that the printed object corresponds with the design, various distance
methods were employed (Mawas, Maboudi, and Gerke, 2022b).
Cloud-to-Cloud (C2C) algorithms were specifically used in this case
to assess the progress between different printing steps. Additionally,
accurately detecting the exact positions of the steel pins used for
reinforcement winding was of utmost importance.

One approach involved using the point cloud data obtained after
the pins’ installation. A constructive Octree was implemented,
consisting of 21 levels, and only data up to the 10th level was
retained. By manually segmenting a few entities from two subgroups
within the subsampled point cloud, a supervised classifier was
trained using the algorithm proposed by (Brodu and Lague,
2012). The classifier’s datasets categorized points into two classes:
pins (blue) and non-pins, which represented the background (red),
as depicted in Figure 7. C2C comparison was performed on these
classified datasets. Points that were misclassified (false positives)
displayed a small distance from the bridge body, while true pins
exhibited a more significant distance. By applying thresholding to
the C2C result, false positives could be distinguished from true
positives. However, further refinement of the approach was
as it led to the detection of 108 different labels
through an auto labelling algorithm, while there should have

necessary,

been only 103 pins. Moreover, some of the detected pins still
contained noise and erroneous classification.

Despite the need for improvements, it was evident from the
analyzed data that this semi-automated approach had significant
potential compared to manual methods. Overall, this methodology
presented a practical and effective solution for monitoring the digital
fabrication process and accurately detecting the pins’ locations.
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FIGURE 6
left: Spanning of textile formwork with students, right: Assembled substructure with formwork.
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3.6 Stiffening of the flexible textile formwork

Once the geometry and location had been accurately captured
with the 3D scanner, the scan data was transferred to the computer-
aided design software Rhinoceros 3D. Subsequently a path planning
for a first coating with cement paste was automatically generated.
Based on preliminary parameter studies a path width of 40 cm with a
layer height of 1-2 mm was found to be optimal. To achieve the
planned Layer geometry a feed rate of 9,600 mm/min at a nozzle
distance of 1,100 mm was chosen for the robotic parameters, and a
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smallest possible concrete flow rate of <0.4 m*/h was combined with
an air flow rate of 30 Nm?/h for shotcrete parameters. Applied to the
path planning and executed 2 times with cement paste resulted in a
thin, even coating of cement paste of around 3 mm thickness
(Figure 8). Both layers were applied in 9 min of time.

It was observed that the relatively liquid cement paste penetrated
the knit and formed droplets on the bottom of the structure, evenly
distributed but only at the single layered fabric areas. Furthermore, a
slightly pronounced sagging behavior with a depth of 5-15 mm,
depending on the patch size, was caused by the weight of the applied
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FIGURE 8
top left: Robotic path, bottom left: Fully covered textile formwork, right: robotic spraying of cement paste as a stiffening coat.

coating. This state was stiffened by its curing, so that no further
sagging occurred during the application of the subsequent layers of
concrete.

3.7 Continuous fiber winding reinforcement
application

Prior to the robotic spraying of concrete onto the stiffened textile
formwork, continuous glass fiber reinforcement was applied by
means of robotic winding. The following steps were undertaken
during this process:

As part of the aforementioned setup the DWM was prepared
and positioned stationary in the workspace. The robot arm was
equipped with the winding end-effector through which the
reinforcement strand coming from the DWM could be fed and
fixed to an initial pin on the bridge. From there, the robot
systematically wound the reinforcement along the pins according
to the path described in Section 2.2.4.

The continuous reinforcement generation is adjusting to the
pull-out speed in a certain range, so that the end-effector speed was
limited to 35mm/s. The overall winding time for 95m of
reinforcement was 110 min. There were interruptions due to
secondary yarn breaking off. The problem was solved temporarily
by switching to a cotton yarn. Through inspection of the glass fiber
yarn spool, it was found that it was coiled too loosely, which led to
excessive friction in unrolling.

As the robot path was based on 3D-scanned pin locations, the
fibers were placed accurately without collisions. However, the
concave curvature in transversal direction partly led to slipping
from the pins. In these cases, the strand could be pushed back in
place manually, but it became evident that the selected pan-head
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screws, representing the pins, were not ideally suited for such
curvatures. After the robotic reinforcement integration (Figure 9),
the epoxy resin needed 24 h of curing before the subsequent SC3DP
application.

3.8 Shotcrete 3D printing of structural mass

Succeeding the integration of fiber reinforcement, the load
bearing layer of fine grain concrete is applied. The SC3DP
process is repeated layer by layer onto the stiffened geometry and
structurally embed the fiber reinforcement.

Throughout the underlying geometry, the thickness of the
desired concrete layer ranges from 3-10cm, thus certain
adjustments in the path planning for the structural layer are
required first. As described in Section 2.2.4, the path planning is
adjusted by differentiating the traverse speed during the spraying
process, to realize a varying layer thickness according to the
thickness map. The following parameters were used during the
material application.

o Feed rate: 3,000-9,000 mm/min
o Nozzle distance: 500 mm

« Concrete volume flow: 0.4 m*/h
o Air volume flow: 40 Nm?/h

Starting on one corner of the bridge structure, the path for
material application follows the longest edge of the bridge and
moves inward to the other edge subsequently with a spacing of
1.5 times the diameter of the spray cone. This path is repeated from
the other side with an offset of the same spacing as before to fill the
gaps between the previous layers and to achieve an overlap of strands
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FIGURE 9
top left: Robotic path, bottom left: Dynamic fiber winding process, right: Detail of reinforcement knot around pin.

for an even material distribution and uniform layer build-up.
Thereby the material is sprayed from a distance of 500 mm to
also assure a sufficient cover of the fiber reinforcement. Using a
higher distance, thus a wider spray cone, the mortar covers the fibers
evenly without creating any spray shadows or voids.

While spraying, the nozzle was always oriented perpendicular to
the surface to ensure a consistent material distribution on the
differently angled surface. The layer-wise material application was
repeated until a sufficient cover of the reinforcement was ensured. In
this case approx. 15 layers of fine grain concrete were sprayed to
cover the reinforcement and manufacture the shell structure in the
variable thickness (Figure 10). Finally, another layer was applied just
on the edges of the structure. This layer was applied to cover
protruding pins and to adjust the thickness of the edge.

During the process, certain deviations from the desired material
build-up were observed. Firstly, the pins and the fiber strands were
not embedded evenly into the concrete. Evidently, the initially sparse
elevations have intensified due to the multiple spray passes instead of
being leveled out in the surrounding concrete. Furthermore, an
increased material deposition in the transition area from shell to
foundation was found, as robot speed limits for repositioning were
reached in these specific locations.

After the application, the bridge was covered to harden for
28 days before applying the cover layer for an architectural surface
on top.

3.9 Surface leveling
During the fabrication process, the need to level the uneven

shotcrete surface of the previous fabrication steps became apparent.
Consequently, a process of collaborative machining was devised,
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which entailed applying a stable and consistent layer thickness to the
surface while redistributing it in its fresh state using the mill
of DBFL.

To begin, precise 3D scanning data was utilized to accurately
position and measure surface imperfections. The initial base surface
was then repositioned and manipulated in Rhinoceros 3D to create a
new target surface. The objective was to achieve a symmetrical
surface that closely matched the base surface without any
overlap. On average, a deviation of 4 cm was observed, ranging
from a minimum of 0.1 cm to a maximum of 7 cm.

With knowledge of the average deviation, the plan involved
adding four layers of 1 cm thickness each through SC3DP. The
excess material from the high points of the uneven base surface
would be redistributed to fill the lows using the mill. In order to
distribute the concrete at a state of minimal viscosity, both the
shotcrete application and material distribution were executed
simultaneously, letting the mill follow the robot as closely as
possible. For both process steps, a meandering path in the
transversal direction, normal to the target surface, was chosen.
Previous experiments had shown that spraying wide, overlapping
paths helped to even out the lows between paths. Thus, a nozzle
distance of 60 cm was combined with a feed rate of 4,500 mm/min to
achieve a layer width of 30 cm and a minimum layer thickness of
1 cm. The layer thickness was increased at the overlaps between the
meandering paths, with a path distance of 20 cm.

For the application and spreading of the leveling course, a path
planning was chosen in which the spraying robot applies the
material crosswise from right to left and the second gantry
follows at a distance of 1.5 m (Figure 11).

The distribution path followed similar principles, but the
parameters were adjusted to account for the meandering path’s
distance and the radius of the distribution tool (10 cm). As a result, a
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FIGURE 10
left: Robotic shotcrete process, right: Surface quality after shotcrete.

FIGURE 11
left: Robotic path, right: Collaborative process of surface leveling.

faster feed rate of approximately 9,000 mm/min was necessary to
keep up with the shotcrete robot. To ensure the material was carried
in front, the mill’s angle was tilted by 5° in the process direction. A
spindle speed of 450 rounds/min was sufficient for distributing the
wet concrete without throwing it in an uncontrolled manner.

3.10 Surface finishing

Directly after the surface leveling, the distribution tool was
switched to a spherical surface structuring tool with a diameter
of 20 cm. It was custom-built for the planned surface texture out of a
3D printed base that holds a spherical stainless steel shield. An
additional device was attached at the mill’s base to clean the shield
from fresh concrete sticking to it during the smoothening process.
With this new tool geometry, parameters for plunging depth, tween
distance and direction were tested and simulated for architectural
design reasons. It was chosen a longitudinal tween path for the
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surface finishing with a tween distance of 8 cm in the middle widest
part of the bridge. The immersion depth was kept variable, to react
to the actual behavior in the process, which ended up at a minimum
immersion depth of 4 mm.

Due to the certain path planning of the mill from the inside to
the outside on the surface, the fresh concrete could be
transported to the outside, away from the finished surface,
towards the unfinished parts. The tool component for cleaning
the trowel surface thereby functioned as a transporter of the
excess material. The rubber lip on the cleaner collected the excess
material and, by its orientation, always dropped it on the path yet
to be processed (Figure 12).

The surface quality increased with each repetition of the
smoothing process. However, the constant force of the curing
concrete on the stainless steel sphere caused it to deform after
the second pass and to ovulate in the last pass. This ovulation
resulted in regular irregularities of about 1 mm in height with each
rotation of the tool, that is, about every 2 cm on each track.
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FIGURE 12
top left: Robotic path, left bottom: Surface quality after finishing, right: Surface finishing process with spherical smoothing tool.

3.11 Contour milling

The last step was to define a path milling the concrete edges of
the bridge with a customized side cutting milling drum in order to
create a defined silhouette. Due to the requirements of the contour
milling process using a milling drum, the milling path had to be
defined from above the bridge facing down to it (Figure 13). It was
decided to tilt the mill dynamically between the foundations and the
middle area in a range of 5°-60° from vertical. The maximum tilt was
defined from 3D scan to remove maximum of undefined, rough
concrete and the minimum was defined to prevent the non-cutting
front side of the tool from diving into concrete.

Due to the rather coarse dissolution process of shotcrete
spraying and the many working steps, it became visible after the
first milling pass that there were still a few voids in the edge area of
the bridge, not deeper than 2 cm. These holes were filled with the
same concrete in an additional manual step. After 24 h, it was milled
again. In this last step of the production process, about 2 mm of
material was removed to achieve the final surface quality.

4 Discussion
4.1 Interpretation of result

The goal of this research, which was to combine 3D knitted
formwork and robotic shotcrete spraying, and move towards full
automation of the KnitCrete manufacturing method, has been
successfully achieved.

During the experimentation process, imperfections in the
SC3DP of the structural layer were encountered, resulting in
uneven surface and deviations from the as-planned design.
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this led to the
manufacturing technique for surface leveling. This technique has

However, development of an additional
been proven to effectively even out inaccuracies in surfaces,
improving the overall quality of the structure. The use of multi-
material robotic shotcrete spraying has proven to be beneficial in
various process steps. By employing different materials for specific
purposes, such as applying a light stiffening coat layer and later
adding structural mass with concrete, the fabrication process
becomes more versatile and tailored to the requirements of the
project.

The positive form-giving factors of formwork in general were
preserved while significantly reducing the formwork mass through
the use of CNC knitted stay-in-place formwork. This reduction in
mass not only reduces costs but also minimizes waste generated
during the construction process. Another notable achievement of
this research is the significant reduction in manual labor involved in
the concreting process of the knitted formwork. The combination of
CNC knitting technology and robotic shotcrete spraying has
virtually eliminated the need for manual labor, making the
process more efficient and less labor-intensive.

Overall, after the leveling of the imperfections described before,
the as-build geometry of the bridge closely matched its as-planned
geometry due to the hybrid manufacturing approach that combines
both additive and subtractive manufacturing methods (Figure 14).
This demonstrates the high degree of accuracy and fidelity achieved
through this fabrication process.

4.2 Possible improvements

In terms of fabrication design, there are several potential
improvements that can be considered. Firstly, during the
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FIGURE 13
left: Milling path, right: Contour milling in process.

FIGURE 14

top: Rendered vision of the pedestrian bridge, bottom: Final demonstrator after fabrication at the DBFL.

stiffening coat spraying process, it is suggested to apply only one
layer initially. This approach aims to minimize any sagging of the
textile formwork. After the first layer has stiffened, another layer
can be added to fully close the textile, ensuring a more precise and
uniform surface.
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Another improvement pertains to the sequence of
construction steps. It is recommended to first build the
shotcrete mass and then add the wound fiber reinforcement
afterwards. This adjustment can help prevent spray shadows,
particularly under the reinforcement and at the pins, resulting in
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a more even distribution of materials and enhanced structural
integrity.

Additionally, changes in path planning can contribute to
refining the fabrication process. It is important to avoid abrupt
robotic repositioning and speed changes, as these can introduce
inconsistencies and irregularities in the printed structure. By
focusing on smoother movements and transitions, the overall
quality of the fabricated elements can be improved. Upgrading
the speed control in the path planning script would be also
beneficial. This enhancement would allow for modulation of the
speed based on the changing nozzle distance during the robotic
spraying process. This dynamic control can contribute to better
accuracy and efficiency, resulting in a more precise and reliable
fabrication process.

By implementing these suggested improvements, the fabrication
method combining KnitCrete formwork and robotic shotcrete
spraying can be further optimized, leading to enhanced structural
quality, increased efficiency, and improved surface finish. After all, it
is assumed that after optimizing the shotcrete path planning and
process sequence, a thin and efficient concrete shell with an
optimized thickness profile can be fabricated. This will contribute
to the advancement of digital concrete construction techniques and
pave the way for more sophisticated and efficient additive
manufacturing methods in the future.

4.3 Conclusion

In conclusion, this research successfully combines 3D knitted
formwork and robotic shotcrete spraying, progressing towards full
automation of the KnitCrete manufacturing method. The outcome
of this interdisciplinary endeavor, represented by a one-to-one
demonstrator in the form of a pedestrian bridge, has achieved
several significant milestones and contributions:

Seamless Integration of Advanced Technologies: The project
brought together a range of cutting-edge technologies, including 3D
knitted formwork, robotic shotcrete, dynamic fiber reinforcement,
laser scanning, CNC green-state post-processing, and CNC milling,
demonstrating their successful integration into a single fabrication
process.

Innovative Surface Leveling Method: The challenges of
deviating layer thickness encountered in the Shotcrete 3D
Printing (SC3DP) of the layer of structural mass led to the
development of an innovative surface leveling technique. This
technique effectively rectifies surface irregularities, enhancing
the overall structural quality.

Versatility through Multi-Material Robotic Shotcrete: The use of
multi-material spray robots proved valuable as they offer great
versatility by using different materials for specific purposes. This
included the application of a light stiffening coating of cement paste
and the subsequent placement of structural mass with concrete,
which was precisely tailored to the project requirements.

Sustainable Construction through Reduced Formwork Mass: By
adopting 3D knitted stay-in-place formwork, the research preserved
the advantages of formwork while significantly reducing its mass.
This reduction not only yielded cost savings but also contributed to
minimizing waste generated during the construction process.
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Labor: A notable
achievement was the substantial reduction in manual labor

Significant Reduction in Manual

traditionally associated with the concreting of knitted
formwork. The seamless integration of CNC knitting
technology and robotic shotcrete spraying effectively

eliminated the need for manual labor, streamlining the process
and reducing labor intensity.

Robotic Precision in the Concreting Process: Although there is
still some future work to fine tune the SC3DP path generation with
variable thickness, the as-built geometry of the final bridge closely
mirrors the geometry planned for refinement, underscoring the
exceptional precision and fidelity achieved through this
fabrication process.

This research represents a significant advance in additive
manufacturing and offers the potential to transform the
manufacturing of geometrically complex, material-efficient
architectural elements. The seamless integration of multiple
cutting-edge  technologies underscores the value of
interdisciplinary collaboration, innovation and precision. It is
anticipated that this groundbreaking work will serve as a source
of inspiration for future developments and innovations in
construction and digital fabrication, promoting sustainability,

efficiency, and versatility in building practice.
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