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Abstract
This paper describes how 3D-printed formwork can be used to facilitate the integration of functional
features in structurally optimised concrete slabs. The weight of concrete slabs represents the largest
portion of the weight of a concrete framed, multi-storey building. Despite this significant share, slabs
are usually designed as monolithic, oversized boxes due to various construction constraints. Optimised
design alternatives, featuring funicular shapes, differentiated ribs, profiled soffits and hollow sections
use significantly less material and can moreover integrate building services within the thickness of the
slab, such as heating, cooling and ventilation. Nevertheless, both the optimised external geometry and
the internal network of functional voids present very complex fabrication challenges for concrete. This
is because standard commercial formwork systems are not suitable for bespoke designs. To address
this limitation, this research demonstrates how fused-deposition 3D printing can be used for the
fabrication of custom formwork for a functionally integrated concrete slab. The resulting prototype
efficiently uses material and integrates provisions for an active beam ventilation system within the
standard structural depth of the slab (Fig. 1). All these intricate geometric features are achieved with
an ultra-lightweight 3D-printed formwork, which weighs less than 15 kg for the 660 kg concrete slab.
Keywords: concrete, funicular structures, functional integration, formwork, 3D printing, digital fabrication,
concrete slab, active beam, embodied energy, sustainability

Figure 1: Integrated Funicular Concrete Slab prototype, built using 3D-printed formworks [A. Jipa]
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1. Context
Buildings are responsible for around 48% of the global energy consumption through their construction,
operation and deconstruction [1]. Recent innovations have helped reduce operational energy
significantly, while recent studies have shown the imperative importance of addressing the embodied
energy as well [2]. This research acknowledges the benefits of a holistic approach, where the biggest
impact can be achieved by addressing the operational and embodied energy of a building in parallel.
The biggest impact on embodied energy in buildings comes from concrete, which is the most used
material globally [3], and as regards concrete buildings, slabs are the biggest material consumers [4].
Currently, the vast majority of slabs are built in reinforced concrete due to their simple construction
and due to the advantages this material has for providing thermal mass, fire insulation and
soundproofing. But conventional slabs cast with flat shuttering panels result in oversized, monolithic
concrete boxes with big embodied energy values.
Designing more material-efficient slabs can indirectly lead to further material savings in the vertical
structure and foundations of a building and therefore it can have an important benefit in reducing the
embodied energy of a building. This research investigates a sustainable fabrication method based on
fused deposition modelling (FDM) for formwork, suitable for lightweight, functionally integrated,
bespoke funicular concrete slabs which address all stages of the life-cycle energy.

2. State of the Art
Through structural optimisation, the volume of material needed to carry loads in a slab can be
significantly reduced [5, 6]. An inevitable aspect of the resulting geometries is that their complexity
poses fabrication challenges. Aside from enabling material efficiency through optimised topologies,
complex geometries can significantly extend the spectrum of solutions to common architectural design
problems with new aesthetics. Structurally, complex designs can be solutions to reducing stress and
increasing stiffness, while functionally, complexity can ensure precise enclosure for bespoke building
services and smart assembly details and interfaces.
2.1. Standardised Slabs
Reusable flat-panel formwork systems are efficient and cost-effectiveness, but not suitable for
non-standard geometries. For non-flat slabs, mass-produced formwork systems exist as well. Voided
Biaxial Slabs, create large voids inside ribbed or waffle concrete slabs with plastic containers,
Perforated Waffle Slabs allow for the integration of services and Filigree Wide Slabs combine
prefabrication with in-situ concrete casting. However, these formwork solutions are very restrictive
and not feasible for the fabrication of bespoke slab designs.
2.2. Non-standard Slabs
Direct digital fabrication through concrete-extrusion 3D printing could bypass the need for complex
formworks altogether. However, several fabrication challenges regarding the integration of
reinforcement and cold joints between layers have limited the application of this technology in
load-bearing slabs, which need to resist considerable bending stresses. Another type of direct digital
fabrication, through binder-jet additive manufacturing, has been proposed for the fabrication of
compression-only slabs [5]. However, this process produces a sandstone composite with an organic
binder, which, unlike cement, cannot be used directly in buildings yet, due to fire protection, user
health and safety regulations.
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Several strategies for non-standard, digitally fabricated formworks have been developed as well,
subtractive CNC processes being the most applicable. The Unikabeton slab prototype was fabricated
using CNC milling, based on a topology optimised design featuring a ribbed soffit [7]. CNC milling in
this case has a relatively big geometric freedom, but it is a time-consuming process generating large
amounts of waste, with geometric limitations dictated by toolhead accessibility.
Additive manufacturing has also been used for concrete slab formworks [8]. The Smart Slab uses
mainly binder-jet 3D printing to create the formwork for the soffit of an 80-m2 structurally efficient
slab that integrates functionality in an inhabited building. However, binder-jetted formworks can
weigh more than half the mass of the concrete slab itself and are difficult to recycle.
2.3. Submillimetre 3D-Printed Formworks
Additive manufacturing has the largest geometric freedom when compared to other digital fabrication
techniques. Manufacturing disposable formworks for one-of-a-kind parts in heavy binder-jetting is a
very fast, but wasteful process, as illustrated by the Smart Slab. To avoid this issue, this research
investigates FDM, an alternative additive manufacturing technology, to produce very thin shells that
can act as formwork. This has been previously investigated for the fabrication of spatial elements and
columns, but so far not for slabs [9].

3. FDM 3D-Printed Formwork
The aim of this research is to investigate FDM as a sustainable fabrication method suitable for
efficient, bespoke funicular concrete slabs. FDM is a widely available 3D-printing technology in
which molten material is extruded and hardens immediately after deposition. The deposition happens
in consecutive horizontal layers, which are generated by slicing a digital model. FDM has access to a
wide variety of plastics (biodegradable, water-soluble, fibre-reinforced, flexible, conductive,
low-shrinkage, bioplastics etc). Furthermore, despite some fabrication limitations such as the inability
to produce unsupported cantilevers, FDM is unique among the different 3D printing technologies for
its capability of producing in large scale freestanding parts with very thin geometric features, such as
walls as thin as 0.4 mm.
Unlike the previous approaches, FDM is also suitable for producing complex internal void geometries.
For example, such internal structures can precisely define ducts for heating, ventilation and air
conditioning (HVAC) and other building services. However, once the concrete hardens, the internal
formwork becomes inaccessible and it is no longer possible to mechanically remove it. Thus, due to its
ability to produce very thin submillimetre shells, FDM is perfectly suited for stay-in-place formwork
having a negligible environmental impact and contribution to the overall weight of the slab.

4. Integrated Funicular Concrete Slabs
The proposed method was tested for the fabrication of a one-to-one, integrated funicular concrete slab
(IFCS) prototype. The prototype represents one half of a conceptual slab measuring 2.6 m × 2.6 m ×
0.25 m. As a tool for communicating the advantages of the IFCS systems, the prototype is built as a
sectional model (Fig. 2), with the cut line going through the middle of the slab, thus revealing the
complexity of the internal structure, as well as the integrated building services. The prototype was
exhibited in the ETH Pavilion at the World Economic Forum (WEF) in Davos in January 2019. The
prototype was developed to test the construction of a slab based on 3D-printed formwork which
enables material reduction and smart functional integration.

3

Proceedings of the IASS Annual Symposium 2019 – Structural Membranes 2019
Form and Force

Figure 2: The resulting section shows the thin concrete shells, the upstand ribs, the stay-in-place EPS formwork,
acting as insulation, as well as the hydronic coil and the pipework necessary for the active beam. [A. Jipa]

4.1. Reducing embodied energy
Recent research has demonstrated that the use of funicular floors composed of curved shells and
stiffening ribs (Fig. 3) has the potential to reduce material (up to 70%) and implicitly embodied energy
[5].

Figure 3: A rib-stiffened floor and its section showing the internal thrust lines (solid) terminating at supports and
generating horizontal forces, which can be taken either by ties (dashed) or horizontal restraints. [M. Rippmann]

The structural principle of such vaulted rib-stiffened slab systems is based on shallow arching action to
initiate compressive stresses rather than exclusively on flexural normal stresses, leading to lightweight
and stiff structures. Resulting horizontal thrusts can be taken either by ties or horizontal restraints at
the supports. The ribs allow a floor plate to be supported on the topside by transmitting the loads to the
vault, as well as stiffening the structure, the latter being important for resisting asymmetric loading.
The structural geometry of such funicular floors results in very low stresses allowing for the use of
alternative materials with almost no tensile capacity but with low embodied carbon. The 3.4 m2 IFCS
prototype required 275 L of concrete, which represents only 32.5% of the volume of its bounding box.
4.2. Reducing operational energy
Compliance with climate change mitigation scenarios will require the adoption of decarbonised energy
technologies on a large scale [10]. This adjustment will involve improvements to embodied energy for
the construction phase and operational energy used to run buildings. Oversizing of HVAC systems is a
well-documented problem for the construction industry [11]. Applying an integrated approach to
building design has been identified as a method to reduce equipment oversizing.
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Figure 4: The active beam model uses the primary supply air (dotted blue lines) to induce room air (red lines)
onto the hydronic coil and deliver heating or cooling (blue lines) to the associated zone. [M. Rippmann]

The building systems for the funicular floor are focused on the design of a custom ventilation ducting
system and the housing of an active beam (Fig. 4). The active beam consists of a hydronic coil (heat
exchanger) that is connected to a two-pipe water distribution system. Heating or cooling can be
supplied to the conditioned room via a changeover valve. This performance is achieved by mixing the
primary supply air and the induced air from the room within the active beam. Computational fluid
dynamics modelling was used to evaluate the ventilation performance (Fig. 5).

Figure 5: CFD analysis of the concept for the 3D-printed ventilation duct. This model provides an estimate of the
induction ratio of the zone airflow. [G. Lydon]

A significant benefit of the highly integrated fabrication approach is a reduction of the building space
that is typically required for HVAC equipment. For commercial buildings in densely populated cities,
previous research has shown that this space saving can increase the usable floor area of the building
[12]. In addition, the thermal storage properties of the exposed concrete volume can be utilised to
regulate the internal environment passively [13]. This effect is termed thermal mass, and it is achieved
in combination with buoyancy-driven natural ventilation when there is a temperature difference
between the internal air and the concrete mass. The resulting time lag in internal air temperature can
reduce the usage of operational energy at peak times. As the external 20-30 mm layer of concrete
volume is the crucial one, the thinness of the structure should not greatly influence the passive
performance [14].

5. Fabrication
The total surface area of the articulated IFCS soffit and inner structures is 21.03 m2, two and a half
times larger than the surface of a conventional solid slab. This increase in surface area and the
complex geometric features resulting from the structural and functional optimization processes,
5

Proceedings of the IASS Annual Symposium 2019 – Structural Membranes 2019
Form and Force

significantly increase the challenge to create the necessary formwork. To define the precise spatial
distribution of the concrete, three different fabrication systems were used for the manufacturing of the
formwork. Standard panels were used to define the flat sides of the prototype, while digital fabrication
was employed for the more intricate geometries: FDM for the soffit and internal ducts, and CNC
hot-wire cutting for the geometry of the upstand ribs. Each method was used taking into account its
particular advantages and geometric limitations (Fig. 6).

Figure 6, left: The formwork system for the IFCS, including the flat panel side supports, the FDM formwork and
the hot-wire cut EPS blocks. Right: the FDM formwork discretised in 76 unique parts. [G. Chousou]

5.1. CNC Hot Wire Cutting
CNC hot-wire cutting of expanded polystyrene (EPS) foam blocks was used for defining the upstand
ribs and the internal surfaces of the concrete shells. This technology was used for its efficiency, as it is
suitable for relatively simple prismatic objects, with few faces and with no closed cavities and
undercuts. Only ruled surfaces are possible, therefore some of the double-curvature surfaces, such as
the shells, had to be approximated, but deviations were minimal. The 84 individual voids were
fabricated using 485 dm3 of EPS, weighing around 10 Kg on a custom four-axis turntable CNC wire
cutter. Ocupying 65% of the volume of the slab, the EPS blocks are a stay-in-place formwork which
takes the role of thermal insulation.
5.2. 3D-Printed disposable Formwork
The doubly-curved soffit of the slab, featuring ornamental ribs reflecting the funicular rib pattern, was
based on a disposable FDM formwork system (Fig. 7). The challenge identified in the literature
regarding FDM formwork is the hydrostatic pressure exerted by concrete during casting, which can
damage the fragile plastic formwork. A linear function of the height of the cast, the hydrostatic
pressure is small for slabs, compared to walls and columns. Previously, solutions to use
counter-pressure materials and use accelerated concrete mixes have been proposed, however these
methods increase significantly the complexity of the fabrication process [15].
In order to address the challenge of the hydrostatic pressure, the formwork for the IFCS prototype was
produced by locally reinforcing the thin shell formwork with a grid of 3D-printed ribs, evenly spaced
at 20 mm from each other. This sparse grid of ribs is significantly faster to print than a thick solid
shell, and provides the necessary stiffness to the FDM formwork during casting.
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Figure 7, left: Overall view of the soffit of the IFCS. Right: detail of the expressive, articulated soffit. [A. Jipa]

5.3. 3D Printed stay-in place Formwork
The ducts for the active beam system, as well as the housing for the hydronic coil were fabricated
using 3D-printed stay-in-place formwork. The complex network of ducts is designed to cross the
upstand concrete ribs in strategic locations and distribute the single air inlet through six smaller outlets
into the internal space. The resulting geometry has ducts with non-circular sections varying between
10 and 80 mm, smoothly tapered according to the CFD simulation.
The ducting system also features a grid of stiffening ribs on its external surface which is in contact
with the concrete. On the one hand, this grid stiffens the pipes to withstand the hydrostatic pressure,
and on the other hand it increases the bonding area with the concrete, preventing delamination due to
concrete shrinkage. Thus, after casting, the stay-in-place formwork provides an airtight shell, with no
need for an additional duct.
All the 3D-printed formwork parts were produced based on commercial 3D printers with a build
volume of 30 × 30 × 60 cm, using a bio-based polymer, polylactic acid (PLA), which is compostable
and recyclable. The layer height used was 0.2 mm, with a 0.4 mm nozzle diameter and 0.4 mm shell
thickness. Given the limited size of the printers, the formwork was discretized into 76 parts, 63 for the
soffit and 13 for the ducts, which were assembled prior to casting through a chemical welding process.

6. Discussion and Outlook
IFCS are complex design solutions which require high levels of interdisciplinary cooperation and a
significant investment during the design phase [16]. Digital fabrication tools naturally extend
computational design processes and make integrated design-to-production pipelines possible. A
software tool can seamlessly integrate structural optimization and building services specification, CFD
and static analysis, and finally produce all the necessary digital fabrication data. Therefore, digital
fabrication can deliver the necessary flexibility to provide multifunctional products to the built
environment. Specifically for the IFCS, the design of the 3D-printed formwork system involved the
discretization of the formwork, the generation of the auxiliary stiffening ribs, the integration of
alignment features, referencing grooves and automatic labeling. Subsequently, each individual part
was spatially oriented in order to minimize the amount of auxiliary support structures needed to
optimise FDM fabrication times.
Fabrication times are the main drawback of FDM in comparison to other 3D printing technologies, and
in particular binder jetting which has been used previously for producing formwork. However, while
7
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binder-jet 3D printing formwork can weigh more than 100 Kg/m2 of slab [8], FDM only needs a 0.8
mm thick shell and weighs only 3.72 Kg/m2 of slab. Thus, only 14.6 Kg of plastic were used for the
formwork for the entire IFCS prototype. This is a good solution for bespoke, single-use disposable
formwork systems, because the waste material is reduced to a minimum. The PLA used for the IFCS is
also recyclable, and therefore it could be a suitable replacement for the less sustainable EPS foam
blocks used as formwork for the upstand ribs. The drawback of this extreme material reduction is the
fragile nature of the resulting formwork panels, which are well-suited for prefabrication in a controlled
environment, but would need to be stiffened further in order to avoid risks related to on-site
fabrication.

7. Conclusion
This research showed how a holistic approach to energy efficiency, addressing all phases of the
life-cycle of a building can have significant synergies and a bigger impact than an uncoordinated
approach. Smart HVAC systems, integrated in material-efficient structural slabs present
multi-disciplinary design challenges and result in complex, difficult to fabricate shapes. While slow,
the geometric freedom of 3D printing can overcome this challenge and if used efficiently as a
formwork system, it is a sustainable fabrication approach which generates minimal amounts of waste.
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