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Abstract. The paper discusses the technical developments in using 3D printed reusable formworks for the production
of high-resolution building-scale concrete panels. The research looks at innovation in the production of concrete
elements and extends current design possibilities with economically viable moulds. The relation occurring between
the presented manufacturing technique, namely Fused Deposition Modelling 3D printing, and diverse designed
morphologies is studied, assessing limits and opportunities of the application through an experimental setup. The
first experiment analyzes a set of thermoplastics to identify suitable materials for the specific application in concrete
formworks. The second experiment tests a consistent workflow for the digital modelling and optimization, 3D printing
and concrete casting of a series of unique panels that challenge the formal possibilities of concrete manufacturing.
The outcomes are analyzed quantitatively and qualitatively, in terms of formal possibilities offered by the approach,
material behaviour, ease of manufacturing, and achievable precision, discussed for relevant applications in
architectural envelopes.
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Introduction

Formwork production for concrete elements, being them precast or cast-in-place, is impacting for about half of the
overall cost and time of the construction work, increasing even more when dealing with non-standard architectural
elements [1,2]. In recent years, the necessity for shifting from the conventional formwork led to recent explorations in
Additive Formworking, with a special focus on Fused Deposition Modelling (FDM) 3D Printing [3,4,5,6]. This approach is
an affordable solution for non-standard geometries, offering the opportunity of adding a new set of functional features
to concrete elements. This paper specifically investigates the design of informed textures enabled by the use of Additive
FDM Formwork.
Surface textures in concrete architecture have traditionally been a passive result of the manufacturing processes, as
the marks impressed by wood formwork boards. In history, the external surface of the concrete was rarely investigated
and designed actively [6] before recent work based on digital fabrication [7, 8]. In this paper, we describe the use of 3D
printing to realize high-resolution concrete panels with informed textures that can be programmed in the digital
modelling environment.
Building upon previous experiments and findings [9, 10], we aim at studying the factors and implications of utilizing
FDM technology to produce such concrete panels at the building scale, posing particular attention to the relationship
between geometry and fabrication. Every manufacturing process has indeed inherent limitations that need to be
addressed in the design phase, and that often defines features, and ultimately a design style [11]. 3D printing overcomes
most of the typical constraints, and in particular the need for standardization [12] - but still carries certain material and
geometric features that have to be taken into account. The presented work attempts at describing the design and
fabrication space useful for designing concrete panels produced through Additive FDM Formwork manufacturing (Fig.
1).
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Fig. 1. Detail of a high-resolution concrete panel realized through Additive FDM Formwork in the design experiment presented in
the paper.
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Methodology

The paper is fundamentally describing two interlinked experiments. The former is a material experiment to select an
appropriate thermopolymer for the application as 3D printed concrete formwork, through a quantitative and qualitative
assessment of custom specimens at building scale. The latter is a design-make experiment focusing on the
morphological possibilities offered by the fabrication technique, where eight concrete panels are designed with
computational tools and produced, providing a multi-parameter evaluation of the fabrication process and the accuracy
of the final product.
2.1

Material Experiment: Assessment of Thermoplastics for Additive FDM Formwork

The application of thermoplastics as reusable formwork for concrete requires different characteristics: mechanical
strength to withstand the hydrostatic pressure; low surface adhesion to guarantee an easy demoulding; durability to
allow multiple pouring cycles. Different plastics can offer such characteristics, however, their behaviour can vary
considerably and affect the geometrical characteristics of the final object. In this first experiment, we evaluated four
commonly available thermoplastics for 3D Printing [13]: Polylactic Acid (PLA), Acrylonitrile butadiene styrene (ABS),
Polypropylene (PP) and a Glycol Modified version of Polyethylene Terephthalate (PET-G). The experiment consists of 3D
printing from pellets a custom specimen that resembles a simple formwork, based on an open parallelepiped of
dimensions 500 x 500 x 40 mm with a wall thickness of 4 mm and a layer height of 1 mm. Given the different material
characteristics [14, 15], for the PLA print was used a typical heated bed, while the other materials required a custommade perforated steel plate to improve the mechanical adhesion to the base. Different iterations were necessary for a
successful print of the specimens in ABS and PP. During the manufacturing process, the chamber temperature and the
cooling rate have been monitored to gain an understanding of the warpage and deformation (Fig. 2).
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Fig. 2. Thermal Camera images showing the different cooling rate of the four tested materials.

The printed specimens have then been digitized through 3D scanning. From a comparison between the 3D scanned
specimens point clouds and the digital models can be observed a different behaviour in the four materials (Fig. 3). All
the specimens present a non-constant deformation on the XZ faces whereas a nearly linear deviation along the YZ sides
with the only instabilities in the first layers caused by the warpage of the materials. PLA and PETG show relatively small
deviations: respectively 1.9 and 2.4 mm in the Y direction, and a constant shrinkage of around 1.5 mm in the X-direction.
ABS and PP have large inward and outward deformation areas which can be observed along the Y-axis, reaching 13.8
mm and 29.2 mm respectively; in the X vector, both ABS and PP are highly deformed in the first layers due to the high
warping stress, while maintaining a constant dimensional shrinkage of 2.9 and 4.6 mm in the remainder of their surfaces.
In the Z dimension, PLA resulted shorter for around 1 mm, ABS and PET-G around 2.5 mm, whereas PP total height was
reduced by 7 mm. The largest deformations occur in the Y-direction, on the wider faces (XZ) of the specimens, reaching
values as high as 231% of the original 40 mm dimension in PP (Table 1).

Fig. 3. CAD-comparison of the four 500 x 500 x 40 mm test specimens with the digital model. From left to right: PLA, ABS, PP, PET-G.
Table 1. Deviations illustrated through the X, Y and Z dimensions of the bounding box of the scanned specimens
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Figure 4. Percentage occurrence of deviation from the digital model of the four tested materials.

A study on the occurrence of deviation in the four specimens highlights the lower and more stable deformation
pattern of PLA and PET-G compared to ABS and PP (Fig. 4). Overall, PLA and PET-G demonstrated the highest precision,
while ABS and PP showed unpredictable behaviour, higher deviations and sometimes cracks due to the warping tensions
after being released from the base plate. Their regular deviation happened on the YZ due to the shrinking of the material,
which can be taken into account and compensated during the preparation of the printing files. Among the tested
polymers PLA was selected as suitable for further experiments, also considering that it is biodegradable and non-toxic
[16].
2.2

Design-Make Experiment: High-resolution Building Façade Panels

After assessing the properties of different thermoplastics for 3D Printing, the paper investigates the formal
opportunities and limitations of using FDM to produce formworks for building-scale concrete panels. Despite a number
of research experiments employing FDM 3D printed formworks, the literature does not present a comprehensive study
of the geometric features and precision enabled with this approach. This experiment analyzes the relation between
geometry and fabrication with a series of designs that explore diverse morphological/geometrical features, starting
again with a standard module of 500 x 500 mm. The experiment challenges the fabrication of unique concrete panels,
where a high-resolution design impossible with other fabrication techniques is achieved [17]. Each panel explores
variable conditions of sectional thickness, Gaussian curvature, curvature variation, pattern scale and density, printing
and demoulding angles, as well as geometrical or topological discontinuities such as sharp edges and holes (Fig. 5).
Printing angle is defined as the angle between the printing direction and the vertical axis; demoulding angle is that
occurring between the Y direction and the normal to the surface at each point.
The digital models were then sliced into horizontal layers and translated into a 3D printing .gcode using a customdeveloped script within the Grasshopper environment, part of a seamless workflow which integrates a printability
check. The formworks were joined in pairs to obtain a stable geometry during printing, with a continuous toolpath to
enhance the fabrication speed and surface finishing. Integrated into the slicing process, a set of details were added: a
brim surface was embedded at the base of each form for optimal adhesion during the print, and two lateral surfaces for
later connection to a support frame during concrete pouring. The specimens were manufactured with an industrial FDM
printer using PLA pellets obtained from shredded waste from industrial production (Fig. 6). Printing at a temperature of
195 °C with a continuous toolpath, the 834 layers of 0.6 mm height of the 500 x 500 mm formworks were printed with
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an average time of 4,5 hours/panel, for an overall printing time of 35 hours and 30 minutes. The eight formworks have
a thickness of around 4.5 mm for a weight that varies between 1.95 and 2.12 Kg.

Fig. 5. Geometric analysis of the digital tiles: printing and demoulding angles, mean curvature.
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Fig. 6. Close-up of the 3D Printing process with PLA from production waste.

2.3 Fabrication of Concrete Elements
After printing, the paired moulds were separated, laid horizontally, and placed into a standard wooden frame (Fig. 7).
Oil was applied to the mould as a release agent, before pouring an Ultra-High Performance Fibre Reinforced Concrete
(UHPFRC) mix with 12 mm steel fibres - specifically a Compact Reinforced Composite (CRC) with a design characteristic
compressive strength of 110 MPa measured on 150 mm X 300 mm cylinders [18]. The used CRC matrix is selfcompacting, has a high binder content, a large content of micro silica and water/binder ratios of 0.16, satisfying the
rheological requirements for the concrete to fill highly detailed geometries [19].
After 72 hours of curing, the
plastic formworks were detached from the concrete panels. For most of the panels, the demoulding was easy and
required only pulling the formwork. However, P1, P3, and P4 presented challenges in this process: in particular, P3
required the use of heating tools to extract the panel, due to a combination of sharp edges and steep demoulding
angles.
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Fig. 7. The casting process of two adjacent panels positioned in the modular wooden frames.

2.4 Scanning and Verification
By means of optical structured light 3D scanning, both the 3D printed moulds and the casted concrete panels were
digitized and compared between themselves and with the original 3D model. By using Triple Scan Technology, the
projector is used as a calibrated unit in the measurement. In this way, three different methods are used for capturing
data during the scanning process, as both cameras and projector are calibrated and used to calculate the coordinates
[20]. The scanner generated detail-adaptive point clouds in the range of 1.5 million to 2 millions points, with a nominal
accuracy between 0.06 and 0.12 mm. Detailed meshes exported as .stl files were also generated. The point clouds were
then imported and analyzed in Grasshopper through Volvox [21], where deviations were outlined for each of the
formworks and the concrete panels, taking into consideration a 2,25 mm offset from the .gcode toolpath, as a
compensation for the measured layer thickness.
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Results and Discussion

The presented experiments demonstrate successful results in manufacturing high-resolution concrete panels with
complex and variable geometry, through the use of Additive FDM Formwork (Fig. 8). Design features down to the scale
of 3 mm were correctly prototyped with minimal deviations and nearly imperceptible defects.
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Fig. 8. The eight concrete panels challenging the formal possibilities offered by 3D printing.

From the scanning, a total average deviation of the formworks of 1.07 mm is observed (Table 2). Most formworks
deform in the X direction towards the centre as a consequence of PLA shrinkage [22]. In the concrete panels, P4 and P7
present deviations up to 8 mm but an overall average deviation of the concrete of 1.52 mm; P3 and P8 present
deformations in the barycenter, possibly due to the weight of concrete (Fig. 9). Printing angles have no direct influence
on deviations. However, P3 and P8 present different finishing and difficult demoulding. Generally, we can observe that
a combination of high printing angles, steep demoulding angles and curvature complicates the demoulding, and impacts
partially on the manufacturing quality.

Fig. 9. Deviation analysis: the 3D scans of the concrete panels compared to the digital model.

Table 2. Deviations between the digital model, scans of the formworks and the concrete panels.
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Conclusions

Formwork manufacturing for non-standard geometries is a relevant challenge in the construction industry, and this
work demonstrates the use of FDM formwork as a viable method. Perspective applications include the design of building
envelopes, as well as concrete slabs and columns with complex design features. Future work will improve precision
through the use of simulation to predict and correct deformations; the printing of reinforcing elements to prevent
deformations, favour the demoulding and withstand the hydrostatic pressure with larger construction elements.
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