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The paper presents the development of a design framework that aims to reduce
the complexity of designing and fabricating free-form inflatables structures,
which often results in the generation of very complex geometries. In previous
research the form-finding potential of actuated and constrained inflatable
membranes has already been investigated however without a focus on fabrication
(Otto 1979). Consequently, in established design-to-fabrication approaches,
complex geometry is typically post-rationalized into smaller parts and are finally
fabricated through methods, which need to take into account cutting pattern
strategies and material constraints. The design framework developed and
presented in this paper aims to transform a complex design process (that always
requires further post-rationalization) into a more integrated one that
simultaneously unfolds in a physical and digital environment - hence the term
cyber-physical (Menges 2015). At a full scale, a flexible material (extensible
membrane, e.g. latex) is actuated through inflation and modulated through
additive stiffening processes, before being completely rigidified with glass fibers
and working as a thin-shell under compression.
Keywords: pneumatic systems, robotic fabrication, feedback strategy,
cyber-physical, scanning processes

FROM PHYSICAL POST-PROCESSES TO
CYBER-PHYSICAL FORM GENERATION
The global design of a free-form inﬂatable structure
typically needs to be divided into developable strips
(Figure 1 - left) or triangulated patterns in order to
avoid any wrinkles that would diminish the aesthetic

qualities of the ﬁnal product. Each piece needs to be
post-processed uniquely and separately (with diﬀerent oﬀsets and resizings) in order to consider diﬀerent assembly situations (diﬀerent valences) and various pressure conditions. This post-process - most
of the time partly empirical - often leads to an accu-
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Figure 1
A traditional
post-rationalization
of a free-form
inﬂatable
membrane (left) is
replaced by a
cyber-physical
environment
(right).

mulation of tolerances that are diﬃcult to tackle and
avoid during the assembly phase. The assembly process also presents some logistical diﬃculties as it is
necessary to sort all the pieces and ﬁnd their respective locations on the construction site.
The aim of this research is to create a selfsupporting structure that is not given and further discretized for fabrication purposes but generated from
the material behavior which is modulated by external constraints and forces applied iteratively on the
inﬂated membrane. Those local stiﬀening and modulations would participate in the intricacy of the ﬁnal
design that would allow creases and wrinkles.
Contrary to established methods where a given
form is meant to be perfectly approximated (Ant
Farm 1971), those local deformations are not seen as
negative outputs but as positive ones, as they fully
participate in the formation process (Menges 2010).
The form would be modulated and generated until
it ﬁnds an equilibrium state between design targets
(set by the user at the beginning of the process) and
structural requirements and performances. We can
speak here of a "steering of form" (Kilian 2014), a concept introduced recently that argues for digital simu-

lations to fulﬁll contradictory purposes. The "steering
of form" is mostly used in a digital context. The presented research tries to translate it at full scale in a
cyber-physical environment (Figure 1 - right), where
physical matter and digital analysis interact together
until the inﬂated membrane satisﬁes both structural
and spatial conditions.

A cyber-physical setup
To achieve the stated purpose, the global setup (Figure 2) consists of:
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• An extensible membrane (e.g. latex) clamped
to a steel frame (1x1 meter) that is ﬁxed on a
vertical turntable KPF1-V500.
• An external 6-axis industrial robot arm KUKA
KR 125/2 equipped with a carbon ﬁber extruder as an end-eﬀector that helps to modify
the stiﬀness of the inﬂated membrane.
• A scanning device (Microsoft Kinect V1)
mounted near the rotating table that will
record and analyze in the current shape
adopted by the membrane.
• An air compressor (connected to the steel

Figure 2
The global setup for
further digital
fabrication and
actuation of the
inﬂated membrane.

frame) that can be controlled digitally from a
user interface.
• A user interface developed within the
Grasshopper plug-in for Rhinoceros 3D - computer graphics and computer-aided design
(CAD) application software - that integrates
both the simulation and generation of robotic
paths, scanned data coming from the Kinect
sensor and structural analysis performed by
the Grasshopper add-in Karamba3d.
Iteratively, the membrane is inﬂated. Each iteration is followed by a local stiﬀening and reinforcement achieved through the placement of carbon
ﬁber threads helped by the robot arm and its endeﬀector. The latter is composed by a spool and two
hooks mounted on a steel bracket that helps to keep

the ﬁbers in tension.
During the time of reinforcement, the setup rotates according to the robot movement in order to lay
a carbon ﬁber thread along a path created between
two hooking points placed along the steel frame (Figure 5). This particular method has been adapted from
the fabrication process of the structural components
of the ICD/ITKE Research Pavilion 2013-14 (Dörstelmann et al. 2014).
Once the current shape is entirely reconstructed
by the external scanning device (using the commercial software ReconstructMe and its Software
Development Kit (SDK)) and further digitally postprocessed, it is possible to run a structural analysis,
which considers the physical scanned membrane in
its ﬁnal state as a self-supporting shell structure. It
is important to mention that during the fabrication
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Figure 3
Comparison
between the digital
simulations (left)
and the material
experiments (right).

the membrane surface is under tension - the inverse
structural state of the ﬁnal shell. If it fulﬁlls both
structural performance and design targets asked by
the user, the process stops. If not, a new reinforcement path is created and a new speciﬁc pressure is released. This form generation process continues until
all the conditions (spatial and structural) are fulﬁlled
(Figure 7).
Once the form generation process stops, the
rigidiﬁcation process starts. The latter consists of
spraying chopped glass and/or carbon ﬁbers impregnated with resin on the ﬁnal physical shape. In the
context of the present research, the spraying process
has been achieved manually. However, the same
robot mounted with a diﬀerent and suitable eﬀector could realize the same operation. When the resin
dries, the inﬂated membrane starts working as a thinshell under compression.
Existing precedents already proved the ability of
inﬂatable structures to work as compression shells after rigidiﬁcation processes. The Bubble Houses (Neﬀ

1964) and the Binishells (Bini 1978) were the ﬁrst prototypes that used shotcrete techniques for converting tension based inﬂatable structures into compression based thin-shells.

MATERIAL EXPERIMENTS AND DIGITAL
SIMULATIONS
In order to calibrate the system, both digital simulations and physical experiments have been made.
Initial physical experiments (Figure 3 - right)
only involved material investigations which aimed to
prove the ability of the latex to shape itself under predetermined conditions (local stiﬀening) and to serve
as a formwork during inﬂation. A small clamping device has been used to conduct those experiments
(Figure 4).
Parallel digital simulations (Figure 3 - left) proved
the potential of representing precisely the behavior
of inﬂated latex membranes under predetermined
conditions. In order to achieve this, the Grasshopper
add-in Kangaroo (Piker 2013) has been used to set-
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Figure 4
Physical setup for
small scale
experiments.

up diﬀerentiated stiﬀening strategies. First, the desired surface to inﬂate is discretized into a square grid
with each cell containing speciﬁc information related
to its local stiﬀening condition (Otto 1983). A stiﬀness
gradient is then applied through all the mesh and is
modulated with multiple attractor points. This same
gradient is partitioned through a K-Means clustering
algorithm which outputs data for further fabrication
strategy - in particular for the diﬀerentiated layering
technique (Figure 3).
In order to perform physical local stiﬀening, different methods have been used, such as:
• Spraying glue on top of the membrane.
• Diﬀerentiated layering technique (Figure 3).
The diﬀerent layers have been glued together
using latex gel.

• Laying tape locally on top of the membrane.
• Laying carbon ﬁber thread locally on top of
the membrane.
Laying carbon ﬁber threads directly on top of the
extensible membrane allows a direct, quick and very
eﬃcient diﬀerentiation of the material compared to
the gluing processes that need long curing time in
order to reiterate the process. Also, the third option
caused a lot of problems related to the friction between the tape and the membrane, which often led
the latter to break. Thus, the last option - laying carbon ﬁber thread locally on top of the membrane showed the best potential to diﬀerentiate iteratively
and locally the extensible membrane. It has been
chosen and used in the following experiments (Figures 5-6).
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Figure 5
Carbon ﬁbers are
robotically placed
on top of the
inﬂated extensible
membrane.
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Figure 6
Fabrication process
of the ﬁnal
prototype (left) and
the corresponding
rigidiﬁed shell with
its scanned data
alignment (right).

Figure 7
Flowchart
describing the
overall form
generation process.

3D SCANNING AND FEEDBACK LOOP
From the initial experiments that investigated only
material performances, new prototypes have been
fabricated involving 3D scanning, incremental inﬂation and robotically controlled stiﬀening processes
- without implementing any feedback strategy yet.
The step-by-step process unfolds as follows:
• First, an initial inﬂation activates and tensions
the membrane.
• Then, a predetermined path actuates and
modiﬁes its current state.
• This path is reinforced until the membrane
fully stabilizes under the additional tension
exerted by the carbon ﬁber threads.
• The process presented here can be repeated
once again along another predetermined
path. During this process, the user could
choose when to increase the pressure and the
duration of inﬂation.
Further experiments have partially implemented the
feedback-loop strategy within the process. Before
starting the latter, the user can assign a design target in space (Figure 8) that the membrane needs to
reach in order to achieve the desired spatial requirement. After each iteration, the Kinect is automatically
triggered and the turn-table - on which the membrane is standing - rotates 360 degrees. The shape
of the membrane is then digitally reconstructed and
the resulted mesh object can be used and controlled
against two parameters: the initial design target
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and structural requirements (self-supporting structure under its own compression loads). If both are in
accordance with the expectations of the user and the
machine, the process stops. If not, it continues until
all conditions are fulﬁlled and the membrane ﬁnds its
equilibrium state.

the membrane (Figure 6). It has been used for the
next experiments involving 3D scanning and feedback strategies that enabled both the user and the
machine to reiterate the process after analysis.
From the diﬀerent methods described above, it
has been possible to achieve successful prototypes
and a 1x1 meter rigidiﬁed thin shell initially constrained with carbon ﬁber threads (Figure 6 - right).
These prototypes proved the feasibility of achieving
self-supporting structures generated within a cyberphysical environment through iterative stiﬀening, inﬂation and scanning processes.

Discussion

Man-machine interaction
The role of the user is to guide the robot actions during the fabrication process so the latter can achieve
the design intentions dictated by the former. A decision made by the machine based on an external
signal coming from the scanned data generated by
the Kinect might be contradictory with the user's expectations. Therefore, the designer is able to intervene in the form generation process and to overwrite
the next generated ﬁber path by an alternative action
(e.g. path correction or new pressure input). Thus,
the user is involved in the form generation process
where he negotiates directly with the machine each
action for further actuation (Negroponte 1969).

RESULTS
From the material experiments investigated in this research, the option using carbon ﬁber threads showed
the best potential to iteratively diﬀerentiate locally

The complexity of physical post-processes in traditional design methods for inﬂatable structures can
be replaced by a cyber-physical setup that enables
the user to iteratively interact and robotically modulate the physical membrane until it fulﬁlls design and
structural requirements.
The feedback loop strategy explained in this paper could be improved by letting the machine make
more autonomous decisions when scanning analysis,
ﬁber laying or inﬂation processes need to be operated. The user would still be able to monitor or modify the actions taken by the machine if the latter does
not operate as one would expect.

Outlook and architectural applications
The experiments featured in this paper do not scale
up beyond the boundary reach of the robot-arm.
One could solve this problem by using mini-robots or
even drones that would operate in a similar manner
(Figure 9). Successful architectural research projects
have shown potential for fabricating rope bridges using ﬂying machines (Augugliaro et al. 2014). It is most
feasible than such techniques could be investigated
further in order to interact directly with dynamic material behaviors and processes.
Another type of architectural application might
be component-based, where each module could be
fabricated within the design framework described
above, before being aggregated together in order to
produce larger spatial structures.
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Figure 8
The membrane is
iteratively
constrained in
order to reach a
design target set by
the user at the
beginning of the
process.

Figure 9
Expanding the
cyber-physical
setup described in
this paper by using
drones in the form
generation process
of an inﬂatable
structure.

CONCLUSION
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