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Abstract. Living organisms have evolved effective structural solutions in response to the
inherent constraints of their respective environments through a process of morphological
adaptation. Given the fact that the majority of natural load bearing materials are fibrous
composites, the authors suggest the analysis of appropriate biological role models as
a promising strategy for informing the application of fibre reinforced polymers (FRP)
in architecture. In this paper the authors present a biomimetic design methodology
for seamless large-scale FRP structures involving the analysis of the exoskeletons
of Arthropoda with regards to structural performance criteria, the development of
a custom robotic filament winding process, and the translation of biological and
fabricational principles into the architectural domain through physical prototyping and
the development of custom digital tools. The resulting performative material system is
evaluated in a full-scale research pavilion.
Keywords. Biomimetics; computational design; fibre-reinforced composites; prototyping;
robotic fabrication.

INTRODUCTION
Nature has been a reference for architects, designers, and engineers long before their respective disciplines were established. From an historical point of
view, this reference was seen either antithetically, i.e.
as delineation of the man-made environment from
the uncontrollable forces of nature or else synthetically where the socio-technological world is not only
seen as inseparable from nature, exhibiting similar

rules and patterns, but where nature itself serves as
a source of inspiration for design and technology.
The 1970s and 80s have seen a wave of bioinspired or bionic designs, a term coined in the late
1950s in an attempt to describe the integration of
biology and technology. While this period produced
a series of iconic structures based on physical formfinding principles such as soap films and pneus in-
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Figure 1
Full-scale prototype. A: Night
view. B: Close-up of the
robotically wound hyperbolic
paraboloid surface of glass
and carbon fibres.

cluding the roof of the Olympic Stadium in Munich
by Günther Behnisch and Frei Otto, architects and
engineers at the time faced a number of challenges
in their attempt to abstract principles from nature
and transfer them to technical applications. Mainly,
limitations imposed by the available modes of analysis and fabrication made it difficult to extrapolate
the observed behaviours into the architectural scale
(Schwinn et al., 2013).
In comparison, today’s technological and economical context with its ubiquitous access to powerful computers and algorithms enables sophisticated simulations of material properties on the one
hand, but, through the means of digital fabrication,
also enables physical prototyping that was once exclusive to the manufacturing industry.
The fact that the majority of natural load-bearing structures are fibre composites (Jeronimidis,
2000) provides the basis for an avenue of research
into how technical applications of fibre-reinforced
polymers (FRPs) can be informed through principles
of structural morphology borrowed from biological
role models. In particular the exoskeletons of arthropods, whose members include insects and crustaceans, have the potential to provide powerful role
models for an application in architecture.
FRPs have been applied since the late 1950s
in furniture design and engineering fields such as
automotive and aerospace industries where they
enable extremely lightweight, yet mechanically

stiff constructions (Voigt, 2007). FRP’s foray into architecture have to this day mostly been limited to
panelling, shading devices, or individual building
components, and have only rarely been extended to
structural systems. Reasons for this include aspects
of calculability, but also producibility, as the fabrication of fibre-reinforced structures usually involves
the construction of moulds, which in turn implies a
certain minimum batch size to make FRPs economically viable (Fischer, 2012).
The objectives of the research presented in this
paper can be summarized as follows: (1) to identify
biological principles that enable lightweight, materially efficient, load-bearing structures; (2) to develop a performative material system integrating these
principles into a computational design process in
combination with aspects of constructability and
fabrication (Menges, 2011); and (3) to implement
and evaluate the material system in a prototypical
full-scale structure (Figure 1).
Consequently, the authors present a biomimetic design methodology based on the analysis of
the exoskeleton of the American lobster (Homarus
Americanus). Transfer and implementation include
the development of specific tools and processes
that integrate parametric geometry modelling,
finite-element analysis, and custom robotic fabrication protocols. A particular innovation consists in
the development of a “mould-less” fabrication system. The integrative and cross-disciplinary research
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Figure 2
Micro-scale of the cuticle. A:
The systematic sketch shows
layer orientation of isotropic
helicoidal, crosswise and
anisotropic unidirectional
layers. B: Scanning Electron
Microscope (SEM) image of
the cuticle. Red part = exocuticle, blue part = endocuticle.

involved researchers and students from the fields
of architecture, engineering, and biology. Given the
diversity of research topics and fields, this paper is
focusing on the aspects of digital design and physical prototyping.

BIOMIMETIC TRANSFER PROCESS
Within the course of an architectural design and
research studio, biological systems of invertebrates
and digital fabrication methods were investigated.
The fabrication techniques of additive, subtractive,
and forming methods and FRP composites were
analysed concurrently with biological examples of
Arthropods, Balanidae and Euplectellae.

Analysis of role models
In a bottom-up biomimetic design process (Knippers and Speck, 2012) each biological role model
was investigated with respect to structural and morphological principles in collaboration with the biologists. On the technological side, innovative digital
fabrication techniques were investigated for their
potential to transfer the detected biomimetic potentials into a technological system. From this preliminary design and research phase emerged a proposal for a fibre-composite design and fabrication
strategy inspired by the exoskeleton of Arthropods.
The chitin shell or cuticle of the arthropods is
the most widely spread natural composite in the
kingdom Animalia. It is known as a highly efficient

and strong lightweight structure (Dunlop and Fratzl,
2010). The cuticle covers the whole organism and integrates structural and functional tasks in a seamless
material by alternating its properties (Figure 2b).
Similar to natural composites, such as the cuticle, fibre reinforced polymers consist of fibres
embedded in a matrix (e.g. glass, carbon or aramid
fibres embedded in thermo- or duroplasts) and provide a high specific strength. Fabrication methods
differ in terms of automation and complexity of the
fabricated elements. Big complex geometries usually require full-scale moulds and suffer the time- and
labour-intensive process of hand lay-up. Existing innovative fabrication methods like the 3DL and Thin
Ply Technologies by North Sails are geared towards
the fabrication of double curved synclastic sails and
are very application specific.
Within all different fabrication methods, FRP is
always aiming at minimizing weight but maximizing structural capacity for its specific purpose. In
contrast to the high efficiency, the production effort
involved in the mould leaves only serially producible elements such as shading or cladding panels for
architectural use. Robotic filament winding, on the
other hand, is seen as the most promising method to
produce individual parts in small quantities but preserve the benefits of the material. The robotic movements, by which fibres are placed on a mandrel, can
be generated by parametric rules and can easily be
adapted to various complex geometries. Similar to
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the growth of the cuticle this process allows a large
degree of freedom in terms of lamina makeup and
gradually builds up the structure layer by layer.

Figure 3
Meso-scale of the cuticle.
A: Strong curvature and
contribute to the mechanical

Performance principles
The exoskeleton of arthropods integrates both
structural and functional tasks. Considering the
design of a full-scale, lightweight structure, the relevant principles of structural morphology of the cuticle have to be abstracted and transferred.
Taking a closer look at the meso-scale of the lobster (Homarus Americanus), i.e. the scale of individual
segments such as the tail or the claw, the geometry
and materiality of each part is differentiated and
functionally adapted. The tail segments are performing like compression rings protecting the entrails
from impact (Figure 3b). The very thin lateral and
dorsal shell has an isotropic, helicoidal lamina makeup to allow a uniform load distribution, whereas the
ventral linear beam has a mainly unidirectional fibre
makeup (Dierichs and Sunguroglu, 2007). The pincher claw (Figure 3a) is a tapering form with a dominant curvature, lined with small pikes. The resilience
of this powerful tool profits from strong curvatures
as seen in the “crease line” or fold along the main axis.
At the micro scale, the cuticle consists of an outer hard and robust layer, the exocuticle, and an inner
soft and flexible layer, the endocuticle. Both are composed of many sheets of unidirectional chitin fibrils
embedded in a protein matrix (Figure 2b). The material behaviour of the natural fibre composite is defined by the stacking height of the sheets in the layers, the orientation of the fibres in the sheets, as well
as the proportion of soft and hard layers in the shell
structure resulting in a material-efficient makeup of
the lamina in correlation with the local geometry of
the exoskeleton. Material properties of the cuticle
range from hard and stiff to soft and flexible or even
translucent.
Compared to natural fibre composites, fibre reinforced polymers can follow similar principles. The
tensile loading fibres are embedded and held together by the resin matrix. Material layering, geometry and fibre orientation control the structural behav-

stiffness to the pincher claw.
B: Lobster segments showing
the functionally integrated
geometry.

iour and performance of the lamina. The fibres are a
materialization of the force flow leading to varying
material concentrations across the whole structure.

Physical prototyping
Whereas the production of FRPs typically relies on
moulds, the construction of a full-scale mould at the
architectural scale would be unreasonable due to
the one-off production. One of the main challenges
therefore was to minimise the amount of material
and labour associated with the construction of the
mould.
Another challenge while developing a workable winding process was to ensure a consistent
bond between the fibres. To meet this requirement,
a globally convex volume was sliced in vertical sections positioned radially around the volume centre
thereby defining frame ribs. On each frame rib a sinusoidal profile defined anchor points to keep the
fibres in place (Figure 4). These anchor points enable
a flexible winding sequence necessary for differentiating the fibre orientations based on structural and
functional requirements such as openings and enclosure, translucent or porous surfaces.
For instance, a winding logic was developed
by which hyperboloid surfaces can be generated
between the anchor points of the frame ribs. These
double-curved surfaces have a concave curvature
direction in the horizontal plane as well as a convex
component in the vertical plane (Figure 4c). These
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Figure 4
Definition of the frame form
from a convex solid. The vertical section shows the convex
(A), the horizontal section the
concave (B) shaped parts of
the anticlastic surfaces (C).
The frame curves are articulated by a wave-like form acting
as the anchor points (D).
Figure 5
Empirical winding morphologies. Throughout the development of form and winding
logic a large variety of frames
and winding patterns were
tested on physical models.

vertically convex surfaces are necessary for the
on-surface-placement of vertically oriented fibres,
which translate the loads to the support points.
While the winding logic was developed, tested
and optimized on physical scale models (Figure 5),
a notational system, termed syntax, was developed
in order to be able to describe the winding pattern
logically and algorithmically. In the digital domain,
the syntax manifests itself as a continuous polyline
of the winding sequence. Its vertices are described
in chronological order by two variables: the identification of the frame rib and the number of the anchor point on it.
Within this development stage, five different
winding patterns were developed. The first one generates the hyperbolic surfaces made of glass fibres,
which provide open and closed surfaces between
the frame ribs. The second pattern, also of glass fibres, condenses the closed surfaces and improved
the stability of the lamina. The third and fourth patterns generate the roof structure, one to cover the
area (glass fibre) and one to build a pressure ring
within the winded lamina (carbon fibre). The fifth
pattern, again made of carbon fibre, compresses the
structure vertically in the area of the frame ribs to
tighten the lamina and to guarantee the load transfer straight to the support points.
With the continuous winding of the glass fibre
hyperboloid surfaces, two different winding approaches were used: parallel and alternate winding.

In parallel winding the syntax is leading the fibres
back to its starting point after each revolution of
the frame passing every frame rib once (Figure 6a).
For example, the winding starts at the lowest anchor point on frame A, point “A0”, and comes back
to this point after passing frames B to E. Then it shifts
up one point on frame A to point “A1”. In the corresponding example in alternate winding, the fibre
would be back on frame A at the last point instead
of the first. The difference becomes evident in the
intersection of the fibres of the hyperbolic surface
between two frame ribs: using parallel winding
the fibres lying unidirectionally are placed first. As
soon as the syntax passes half of the anchor points
on one frame rib, the orientation of fibres changes:
this way the second half of fibres is placed on top of
the first half. Parallel winding therefore results in the
fibres being overlaid in two directions between the
frame ribs defining a ruled surface. The alternating
winding approach, on the other hand, where a fibre
pointing in the up-direction is followed by a fibre
pointing in the down-direction on the next revolution of the frame - makes it possible to generate a
woven pattern (Figure 6c and 10b).
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Figure 6
Winding patterns. A: Juxtaposition of parallel and alternate
winding approach. B: Looking
at one segment, this builds up
a surface with unidirectional
fibres at first. The second
surface is placed on top resulting in an area of intersection.
C: Alternate winding leads
to a woven pattern with an
intersection line.

To pick the most appropriate winding approach,
the generation of the openings became crucial as
they may appear and behave very differently based
on the winding approach and starting position. For
example, using alternate winding and starting at the
lowest point, the last fibre placed would connect the
mid anchor points of the frames. Due to the convex
geometry of the frames, none of the fibres in this logic would touch each other. But flipping the logic and
starting the winding on the mid anchor points, the
last fibres would connect the utmost points on the
convex frame. This way every following fibre would
not only touch the placed ones but also put pressure
on it achieving a consistent bond in the laminate.
A series of empirical tests then determined that
an odd number of frame ribs combined with the
alternate winding approach would allow to incorporate the winding of openings as well as ensure
a consistent bond in the laminate. Considering the
architectural requirements and, based on the knowledge about the correlation between syntax, winding approach, and frame geometry, the architectural
proposal lead to five frame ribs, generating three
openings and two closed surfaces.

design of the prototype in a feedback loop (Figure
7). The goal was to parametrically generate a geometry model in response to the optimization of the
overall form and fibre layout, and to be able to automatically generate the robotic control code.

Form simulation
So far the resulting form of the filament winding
process and its behaviour could only be analysed on

DIGITAL DESIGN AND ROBOTIC PROTOTYPING
For the design, analysis, and fabrication a digital
workflow was implemented integrating the winding
logic (syntax), geometry of the framework and the
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Figure7
Digital information chain. The
digital information chain used
syntax and frame geometry
as inputs to simulate the form,
optimise the fibre layup and
to generate the robot code for
the final production.

Figure 8
Fibre interaction. The distance
between P0 and P1 is the virtual depth. The force applied
on the existing fibres is directly
proportional to the length
of this vector. The resulting
deformation induces tension
forces T on the framework.

the physical models. During the winding a deformation of the free-spanning fibres is caused by the constant change of interactions between the fibres. In
order to be able to anticipate the resulting form, the
fibre-interaction was simulated digitally (Waimer et
al., 2013).
The interaction between the fibres was a major concern throughout the whole process: it is responsible for the lamina´s bonding quality and form
finding. The critical force controlling this interaction
can be described as the virtual depth. It is the length
of the normal vector between the line connecting
two anchor points and the already placed fibres.
As the fibre is placed, the force acting on the fibres
is directly proportional to the virtual depth. For example, the fibre connecting the lowest point on the
first frame (e.g. A0) and the highest point on the
second frame, is placed on the previously wound fibres, which start from the midpoints of the adjacent
frame curves. The high virtual depth is conveyed in a
high pressure and therefore a consistent bond of the
laminate (Figure 8).

Form optimization
While the simulation of the fibre interaction during
the winding process gives an indication of the resulting form, it does not evaluate the overall structural
behaviour of the laminate or optimize the global geometry. For this reason, a boundary representation
(B-rep) model was generated composed of individu-

al surface patches that define the different structural
zones. Each surface spanning between two frame
ribs was defined by a hyperbolic paraboloid of one
sheet using the straight line segments from the fibre
interaction simulation resulting in a rhomboid surface patch (Figure 6c); a linear extension of this surface was then intersected with the vertical planes of
the frame ribs redefining the frame curves that were
generated initially (Figure 5a-c). Finally, the different
zones of anisotropic properties were determined by
overlaying the fibre simulation model on the surface
model.
In an automated feedback loop between
parametric geometry model and structural FiniteElement (FE-) analysis, the geometry of the frame
curves could then optimized with respect to the
global structural behaviour. Finally, given the differentiated anisotropic behaviour of the different local
fibre zones, the required amount of layers for each
winding pattern could be determined while maintaining a consistent bond between the fibre layers
(Waimer et al., 2013).

Robotic filament winding
As part of a coherent digital chain, the syntax polyline and its vertices were offset and translated into
a new polyline representing the robot tool path (Figure 9a, b). The relationship between syntax polyline
and offset robot tool path could be defined parametrically, thereby ensuring integration with syntax
definition, analysis and optimization steps.
The vertices of the tool path describe the position and orientation of the end effector’s tool centre
point during the winding process. Therefore, the vertices of the polyline were defined as origin points of
target coordinate systems (TCS) with X-, Y-, and Z-directions that define the orientation of the end effector. The Z-axis of each TCS was oriented perpendicularly to the surface model defined above. The Y-axis
was aligned with the vector defined by the current
target point and the next. For the simulation and
code generation, the target planes were then rotated onto a vertical plane: the position of this plane is
oriented radially around the centre point of the turn-
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Figure 9
Robot tool path. A: The syntax
polyline of the fifth winding
logic. B: The translation into
the robot tool path was
parameterized. This way a
rapid adaption was possible
in response to the simulation
or fabrication tests. C: The
vertices of the polyline were
rotated onto a plane for the

table and was chosen to achieve the largest vertical
movement area for the robot without colliding with
any surrounding objects or itself (Figure 9c). The angle in the XY-plane between the original position of
the TCS on the tool path and their rotated positions
on the plane of operation of the robot defined the
values of rotation of the 7th revolute axis (turntable).
In parallel to the simulation and analysis, robotic
test windings on several 1:5 prototypes were made.
These test allowed calibrating the parameters of the
robot code generation governing winding speed
and fibre tension in order to ensure that the fibres
were placed at the right anchor points and to ensure that the groove at the tip of the effector always
aligns with the vector of pretension of the fibres
(Figure 10a).

MATERIAL SYSTEM (RESULT)
Ultimately, the developed material system consist-

ing of generative design rules, material behaviour,
structural morphology, and robotic fabrication was
implemented in a full-scale prototype.
A 120 m² tent was set up on site providing a
controlled and protected environment for the robotic fabrication on the site: the setup consisted
of a 6-axis industrial robot arm on top of a 2-meter
high console and an external turntable as a robotically controlled seventh axis onto which the rotating
framework was affixed (Figure 11 and 12a).
In lieu of a full-scale positive formwork, a light
and stiff modular armature of steel was pre-fabricated in-house and mounted onto the turntable.
Along the five polygonal ridges of the steel frame,
plywood fins were attached defining the desired
smooth curvature; their sinusoidal profiles served as
anchor points for the fibre placement as described
above. The distance between two adjacent anchor
points was set to 40 mm in response to fabrication

robotic movements providing
the rotation values of the 7th
axis (turntable).

Figure 10
Prototyping. A: Close-up of
fibre placement on an anchor
point. B: The woven pattern of
the opening. It emerged out of
the alternating winding logic.
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Figure 11
Fabrication Setup. The setup
was placed in a temporary
tent on site, for weather protection during fabrication.
Figure 12
Full-scale robotic filament
winding process.

tolerance, density of the resulting laminate and
maximum machining time. Following the installation of the armature on the turntable, its geometry
was surveyed using the robotic arm, thereby digitally accommodating for any tolerances resulting from
the welding process.
The fibre coil and resin bath were situated next
to the operation plane of the robot (Figure 9c) for
unimpeded fibre feed as well as easy maintenance

and refilling. Carbon and glass rovings were impregnated with resin as they were unrolled from the coil
and pulled through the resin bath by the movement
of the turntable prior to being wound onto the
framework.
Once the fabrication was completed, the steel
frame and the wooden profiles could be removed,
resulting in a seamless, freestanding, and self-supporting structure made exclusively from glass- and
carbon fibre composite. Finally, the prototype was
attached to a platform on site, which served as foundations but also contained the light fixtures for illumination (Figure 1a and 13). Spanning 8 meters, the
3.5 m high structure utilized 60 km of glass and carbon rovings leading to a weight of about 320 kg and
an average material thickness of only 4 mm.

Figure 13

CONCLUSION

Full-scale prototype. The

This cross-disciplinary research project is situated at
the intersection of the fields of architecture, structural engineering, robotics, and biology. The final
prototype not only demonstrates the potential of a
highly integrated design process and the structural
capacity of FRPs in architectural applications, but
also how architectural education can play a relevant
role in research.
The presented biomimetic design process demonstrates how high-level biological principles, such
as anisotropy, heterogeneity, and multifunctionality,
can be integrated with fabricational and structural

entrance is flanked by
the prominent carbon rib
structure, which transfers the
loads to the support points
(R. Halbe).
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principles to achieve a lightweight, performative
material system on the architectural scale. The use
of novel fabrication methods like robotic manufacturing in combination with computational design
methods, allows designing the specific materiality and performance of fibre-reinforced composites.
This way a high degree of differentiation, specificity,
and multi-functionality can be achieved. Furthermore, through the use of custom computational
methods, the specific constraints of fabrication and
material can be integrated into the early stages of
the design process in addition to programmatic and
spatial requirements resulting in a novel intricate fibrous aesthetic.
While the built prototype does not address certain ‘real-world’ aspects such as thermal comfort or
weather proofing, further research will start to address aspects of building enclosure, but also questions of transportability and assembly through modular building elements.
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