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This paper lays out a fabrication and simulation method for an adaptable and
reusable moulding system for the production of fibre reinforced concrete elements.
This research leverages soft robots and their computational controllability as
means of a composite material and as such the base of a controlled and adaptable
moulding system. This paper describes the development of this programmable
material towards a functioning system for casting processes with fibre glass
reinforced concrete. The controllable material allows to deploy target shapes and
to eliminate supplementary falsework and the customized production of moulds
for doubly-curved concrete elements. It also lays out a feedback method, which
serves as adjustment tool of the simulation to the physical behaviour of the
material as well as simulation method for target based geometries.
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INTRODUCTION
The introduction of computational drawing meth-
ods into the field of architecture have allowed the
design of complex geometries, which however of-
ten lead to complicated fabrication and construction
processes. Traditionally, formwork for doubly curved
concrete surfaces are produced through subtractive
fabrication methods - mainly using foam or wood.
(Popescu et al. 2018) These processes are material
intensive, time-consuming and contribute to a large
extent to the global waste production. Due to its
rigidity and non-adaptability, themoulds can only be
used for one single geometry and only rarely trans-
ferred or reconfigured into a different one. (Schip-
per 2015) In 2017, the construction industry was re-

sponsible for 20-50% of the consumption of natu-
ral resources and has produced 50% of the globally
accumulated solid waste. (Thomas and Costa 2017)
This research challenges the contemporary construc-
tion methods for doubly curved concrete surfaces
requiring custom-tailored formwork and moulds. It
proposes a different approach to fabricate formwork
through the deployment of a reusable, deployable
and programmable composite material, as a means
to reduce the solid waste associated to the construc-
tion. This composite material leverages the quali-
ties of programmable soft actuators, which can be
controlled through material grading. The actuators
deploy a layer jamming mechanism - which stiffens
the element when actuated through negative air-

Matter - DIGITAL PRODUCTION AND ROBOTICS 1 - Volume 2 - eCAADe 37 / SIGraDi 23 | 217



pressure. (Li et al. 2018) Soft robots are - in the
field of production and fabrication - normally em-
ployed for safer human-machine and to reduce me-
chanical obsolescence, but they are also developed
towards biomedical applications as well as search
and rescue activities. (Saigo et al. 2018; Schmitt
et al. 2018; Mahon et al. 2018) In the world of ar-
chitecture these malleable robots often appear as
tools, however, novel research is investigating their
potential as building materials, analysing their ther-
mal, acoustic and shape controlling qualities as well
as their ability to generate interaction between users
and built environments. (Decker, 2015; Kieffer and
Nicholas, 2018; Farahi, 2018) Such applications re-
mind of Smart Materials, which unlike these actua-
tors - are actuated through external stimuli. (Adding-
ton et al. 2005) The here described materials are
actuated through inflation or deflation of their own
body, achieving a computationally programmed and
designed deformation through tailored properties.
(Bouaziz et al. 2008; Ou et al. 2018) The soft cells used
in this research are unlike most soft actuators actu-
ated through the creation of a vacuum, activating a
mechanical jamming mechanism of a metamaterial.
Metamaterials are artificial materials, which don’t de-
rive their behaviour from the composition of their
base material but from their designed structure. (La
Magna and Knippers 2018) The material described
in this research leverages the reconfigurability and
adaptability through modular assembly of different
types of modules, categorized by curvature level in
actuated state. The method of assembly of homoge-
neous surfaces through modules allows the creation
of a large variety of actuated geometries within a rich
design-space.

BACKGROUND
Although highly adapted moulds through methods
such as prestressed bespoke formwork or additive
manufacturing approaches allow high precision and
considerable reduction of the material consumption
during production process, they are mostly used
as lost-formwork. This requires an additional pro-

cess step during the production and doesn’t allow
to reuse the same construction material. Other
methods to produce freeform geometries in con-
crete, such as additive manufacturing processes are
being explored. However, most of the commonly
used deposition methods of paste-like materials are
bound to inclinations minor than 30-45° and are
time-consuming processes. (Booshan et al. 2018)

This research investigates reusable and flexible
approaches for doubly-curved concrete elements,
and explores such at the scale of small panels. Al-
ready in the 1960’s, Renzo Piano described a complex
mould, which unlike rigid custom-made ones can
be adapted and can thus describe the target shape.
This mould is adaptable due to incorporated pistons,
thatmoveaheterogeneous surfacevertically intopo-
sition. (Eigenraam 2019) Similar adaptable mould-
ing techniques have been developed by the com-
pany Adapa and at the University of Texas in Arling-
ton. Adapa generated a flexible, controllable mould,
which is able to take a minimum curvature of a ra-
dius of 400mm up to infinity. A silicon membrane is
fixed to a kinetic support System. Themembrane can
be brought into a single and double curved surface
and can withstand the load of up to 16 cm of wet
concrete. (Adapa.dk) A similar approach has been
achievedbyBell et al., at theUniversity of Texas, using
a 3D-printed membrane and an actuated support.
Themembrane implements an origami inspired fold-
ing strategy and is printed using two different mate-
rials. These methods demonstrate non-rigid mould-
ing examples to cast concrete or other materials on
them. (Bell et al. 2014) Differentmethods - which en-
able the reconfiguration of a shape generating ma-
terial and the reuse of the moulding system - can
be exemplified through sub-additive processes. Here
a granular material is robotically shaped to gener-
ate the negative of the target geometry, on which
the paste-like material is then printed through de-
position. (Zivkovic and Battaglia; 2018)While these
state-of-the-art fabricationmethods allow a reduced
amount of material, waste and time involved in the
processes; and at the same time are completely com-
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Figure 1
Assembly method
of a soft-actuated
module.

Figure 2
Actuation of the
material and three
different
geometries
characterizing the
three different
module types.
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putationally controllable, they struggle with com-
plexity and freedom of geometries.

State-of-the-art explorations of auxetic pattern,
deployable systems and actuated elements investi-
gate such programmation of geometries. Auxetic
pattern can be applied as cutting pattern in plane
surfaces or as generated pattern of a material to
provide a planned target shape. The first approach
can be exemplified amongst others by Friedrich et
al., where metal sheets are gradually deformed by
robot arms or through the pattern cutting and relax-
ation of textiles. Such processes force the material
into a given spatial geometry in a controlledmanner.
(Friedrich et al. 2017)

A different approach, leveraging auxetic pattern
for deployable structures is developed by Konakovic-
Lukovic et al.. These auxetic assemblies are adapted
to control a two-dimensional assembly towards a tar-
get geometry deploying inflation or gravity. This
research demonstrates a system, where a ‘spatially
graded auxetic pattern’ of triangular elements can be
deployed towards a target shape without construc-
tion assistance or scaffolding. The bespoke system
can be brought to site in planar configuration and
deformed into the designed shape through expan-
sive deployment. The fabrication process can be fully
conducted in two dimensions using only ‘inextensi-
ble base materials, such as fabrics, wood, metals, or
plastics’. The use of deployable auxetics in architec-
ture could allow a well-defined morpho-space. They
can be fully computationally designed, and their flat,
non-inflated statemakes it easier tobring themto the
construction site, where they are deployed through
inflation. (Konakovic-Ludovic, Konakovic and Pauly,
2018)

Material grading and pneumatic actuation can
also be controlled through a computationally de-
signed, knitted envelope. Sean Ahlquist et al. have
developed actuatable elements, where an encoded
shape is generated through inflation of a thin silicon
tube inside a graded, computationally designed knit,
guiding the deformation of the element (Ahlquist,
McGee, Sharmin, 2017) The described recent re-

searches investigate novel construction processes,
to challenge the commonly used rigid and solid
formwork and moulding systems. Although all of
these methods allow to reduce material use, labor-
intensive work and to construct at faster pace, they
are bound to a single target shape. In contrary to this,
the modular assembly of soft actuators proposed in
this research, is able tomorphbetween shapeswithin
a rich morphospace.

METHOD
This paper reports thedesign, fabrication and simula-
tionprocess for an adaptable andprogrammablema-
terial as a reconfigurable and thus reusable mould-
ing system for concrete elements. This material is an
assembly of dissimilar modules, placed in a grid-like
system, which is actuated through a vacuum. This
method allows to deploy a spatial geometry in fast
pace and generate a stable formwork for concrete el-
ements. The assembly method described is a pro-
gression of a previously publishedmethod, however,
the current approach has different actuation and as-
sembly methods. (Kieffer and Nicholas, 2018)

Figure 3
Small assembly of
actuatable
modules.

The actuatable material in this research is an as-
sembly of multiple metamaterial modules, which
are 3D printed through a Fused Deposition Mod-
elling method (FDM) using a flexible thermoplastic
Polyurethane TPU filament. The flexibility of this ma-
terial allows to grade the printed geometry in a way,
that certain parts of it are completely stiff and oth-
ers provide hinges, that bend into the defined direc-
tion, while using one material. The printing of the
metamaterial modules - which define through their
geometry the deformation of the actuated elements
- provides a high level of precision, which in return
enables the integration of tongue and groove con-
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nections into the modules themselves. Through this
connection method, the modules can be joined and
disassembled easily and form, when connected a ho-
mogeneous surface. To provide the highest stabil-
ity but consume the lowest amount of material, we
have found that for a printer nozzle with 0.4 diame-
ter, an infill of 30% is needed. This needs to be raised
to 100%when the larger nozzle sizes are used. In this
research, the modules are printed with two perime-
ters to provide higher stability. For the experiments
produced during this project, three different module
types have been used. All of them fit within the same
grid, meaning, that they are designed with the same
boundary and connection conditions. Every module
type is only defined by its internal geometry and its
achieved curvature in deformed state. Themoulding
systems is adaptable through reconfiguration of the
differentmodules andcan change its curvaturedirec-
tion through orientation of the modules themselves.

Themodular assembly is thenwrappedby an air-
tight envelope. This is an elemental part of themate-
rial system, as it creates the actuatable environment.
For this, different material performances have been
tested. The desiredmaterial needs to be airtight, cre-
ating a hull - either through gluing or heat welding
of the sheet material. Furthermore, it is required to
be elastic enough to completely fulfil the actuation,
but stiff enough to prevent thematerial from ripping
if the internal negative pressure is too low or being
punctured by sharp objects during the production
process of the concrete elements. Furthermore, the
elasticity needs to be very limited, to prevent thema-
terial from expanding, while the concrete is sprayed
on it. If this would be the case, the mould can’t show
thedesired stability and the casting fails. Considering
these requirements, we chose to use a 0.5 mm thick
PVC sheet, which is a thermoplastic material and can
therefore be welded using heat.

A Schrader ventil has been introduced into the
envelope to provide the best solution without weak-
ening the airtight hull. At the same time this method
is able to prevent air to stream back into the assem-
bly, which would cause it to lose shape.

Figure 4
Insertion of a
Schrader Valve to
actuate the mould

Figure 5
Adjustment of the
digital simulation to
the physical
behavior through a
feedback process.

The approximation of geometries can be predicted
through a spring-based simulation. For this method
theparametersof placement andorientationofmod-
ules in the grid as well as their module and curvature
type are being fed into the simulation definition. This
process has been previously described. (Kieffer and
Nicholas, 2018) This method, however, is an approx-
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imation of the physical deformation of an assembly
- but if implemented into an evolutionary solver can
provide us with an idea of the possible design space
of an assembly of a set of modules. A novel addition
to this simulation method is the adjustment of the
computational simulation to the physical behaviour
of the actuated assembly through a feedback loop.
This has been done through the scanning of individ-
ual, actuated modules and the simulation of the ge-
ometries that have been designed to print. This sim-
ulation has been developed as a spring-based simu-
lation of lines, to increase the calculation speed. The
physical actuated module has been scanned using a
Faro laser scanner. This high precision engine gener-
ates a spatial point-cloud, which can then be digitally
read and used to compare to the simulated model.
The simulation of the individual modules has then
been adjusted to the scans through forces of springs.
After the right adjustments for individual modules
has been accomplished, the same process has been
made for larger assemblies. The prediction of actu-
ated geometries can now be predicted to a precision
of +- 25mm - if the parameters of placement, orienta-
tion and module type are given. This method allows
a high precision formfinding process, through which
geometries can be searched for a given set of meta-
material modules.

A different approach to simulate geometries has
beendeveloped to identify thenecessary parameters
for a target geometry. For this simulation process, a
designed surface is fed into the simulation definition.
The input is planarized and mapped onto the grid of
modules. The modules boundaries which lie within
the planar surface are mapped back onto the spa-
tial one. This spatially deformed grid then serves as
analysis base for the curvature and orientation of the
modules. In a next step this information is then con-
verted into a discretized pattern of modules - chosen
from a library of module types, sorted according to
their curvature.

First experiments with this material have been
made in small scale and with gypsum as casting ma-
terial. In first probes, the gypsum mass had not

been reinforced, which leads to rupture of the ma-
terial during the drying process, as this one shrinks
slightly during the curing process. However, the
mould doesn’t allow this slight movement, as the
stiffening of the vacuum can’t be ceased during the
curing time, to prevent deviations from the given ge-
ometry of the mould. In order to eliminate this prob-
lematic of rupture of the casted material, a simple
jute textile sheet has been inserted onto the mass.

Figure 6
Target based
simulation method.

Figure 7
First probes using
gypsum as casting
material on the
adaptable mould.

Figure 8
Assembly of
metamaterial
modules, to create
the geometry
generating skeleton
of the mould.
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Figure 9
Fabrication process
of concrete
prototypes in
collaboration with
BBFiberbeton to
evaluate and
analyze the
adaptable mould.

The thickness of the metamaterial modules has
been increased from 1.5mm to 2.5mm - for modules
of 150x250mm, to prevent the assembly to be de-
formed in a undesired manner through the appli-
cation of the material load during the casting pro-
cess, but also through continuous vacuuming of the
mould.

In a successive step, one of these moulds has
been tested in collaboration with BBFiberbeton, a
Danish company specialized on adaptable moulds
and glass fibre reinforced concrete (GFRC). The en-
velope of the first mould tested still used an LDPE
foil of 200 micron thickness. Although this material
provided good results in use for the gypsummodels,
many undesired details are imprinted into the con-
crete, as the thin foil crumples slightlywhen actuated

instead of performing as a smooth surface. A differ-
ent issue was the deflection of the mould during the
spraying and curing of the concrete. The negative
pressure inside of the assembly was not low enough
to keep a high stability and the load of the sprayed
material caused it to slowly sink in slightly. This
was also due to tiny punctures in the envelope, that
causedminor leaks andprevented full stability aswell
as small leaks in the heat welded seam. In a second
iteration, the envelopematerial has been exchanged
into the previously described PVC sheet. The 0.5mm
thick material prevented from being punctured at
any point and the heat welded seams seemed to be
much stronger than its predecessors. The casting on
theses super smooth surfaces doesn’t require release
agent, which might accumulate in the valleys of the
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mouldwhen actuated and cause undesired irregular-
ities on the concrete surface. The general problem,
thatwe ran into in both iterationswas the problemof
constant actuation of the mould during the full cur-
ing process. The lack of this and slight movements
of themould as well as internal geometrical differen-
tiations over time caused small cracks, delamination
of layers or complete breaking of smaller pieces on
the concrete surface. The manually produced hulls
always have certain tolerances and bear tiny irregu-
laritites in the welded seams, therefore to stabilize
the target geometry - at this stage of the research -
themould needs to be attached to a constant source
of air suction.

As this could not be provided due through a
small vacuum pump, the third and final iteration has
been executed using a Venturi pump. This mecha-
nism allows to use the internal compressing system
of the factory and to convert it into a negative air
pressure. For this last iteration of prototyping we
deployed this system and constantly actuated the
mouldwith the internal compression system running
at approximately 8-9bar for 15hours. Thismethodal-
lowed themould to be constantly stable without the
possibility of slight deformation and related delami-
nation or displacement of fibres in themix. After cur-
ing of the approximately 20mm thick concretemass,
the air pressure in the mould can be raised - which
softens the assembly material - and allows the de-
moulding of the casted element. The PVC plastic can
thenbe cleanedusingonly a sponge, cleanwater and
soap, which allows the reuse of the exact same set
of components of the mould for further production
processes. The geometry of the target element can
then be reconfigured through following the assem-
bly parameters given by the simulation. Through this
method, themould canbe reconfigured andadapted
in a controlled manner and reused for multiple cast-
ing processes.

Figure 10
Delamination of
layers, and cracks in
the casted concrete
through minor
deformations of the
mould throughout
the curing process
of the concrete mix.

Figure 11
Concrete prototype
from third iteration
using the Venturi
method.

Figure 12
Concrete prototype
from third iteration
using the Venturi
method.
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Figure 13
Concrete prototype
from third iteration
using the Venturi
method.

Conclusion and Reflection
The adaptable and computationally controllablema-
terial system described in this research and deployed
as a moulding system has been developed towards
a functioning system for approximately 20 mm thick
panels. The programmability and the adjustment of
the simulation to the physical behaviour of the de-
formed assemblies allows for high precision in the
production process. The same set of items can be
reused to generate large variety of different geome-
tries and can therefore considerably reduce the fab-
rication time for complex moulds and at the same
time decrease the material consumption to a mini-
mum. In case that the metamaterial modules wear
out or are damaged, they can even be recycled and
used to create new 3dprinting material. At the same
time, the use of a material system which is actuated
through a vacuum reduces the complexity of me-
chanical hinges and pistons of mechanically adapt-
able moulds. The modular assembly of this system
also enables easy joining and scaling of the moulds
and therefore is not necessarily bound to a prede-
fined limit. The fabrication method for this mould-
ing system enables quick deployment of a flat, pro-
grammed surface, but only requires simple tools. In

prospective to the state of this research, it would be
interesting to scale up the production and increase
the size of the moulds and eventually think about it
as monolithic formwork for full scale architecture.
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