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Abstract. The main intention of this paper is to propose a theoretical
framework for an integrated design methodology which incorporates
natural morhogenetic principles for the realisation of fibre composite structures. Stress, in these processes, becomes the driving force of
shape modification and fibre articulation, while the material thresholds
become a driver of generative evolution. The inferences and results of
such an approach will be looked into using a case study of a composite
monocoque shell bridge design.

1. Introduction
The methodology proposed lies at the intersection of material science, biomimetics and computation; it involves the implementation of digital and physical
form-finding methods and analytical tools leading to structural systems able to
be fabricated by computer numerically controlled machines. It focuses on the
integration of form, material, structure and program into multi-performative
composite systems of different scales, able to satisfy several possibly contradicting objectives. Form, generation, and behaviour are treated as inseparable
factors, one influencing the other; form is being developed by anticipating a
range of behavioural patterns which in turn affects the original form.
This design system is built up by the strengths inherent in both generative modelling and multi-performance analysis, being inspired by biological
systems and the way they develop under load, distribute and organise material
by responding to internal factors and environmental conditions. This mechanism of adaptation allows every load-bearing natural construction to “adhere
to a uniform stress distribution” and to achieve an optimal design “of high
reliability and minimum consumption of material and energy” which enables
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them to survive the competition of natural selection (Mattheck, 2005). This
leads to a seamless and gradient differentiation of material distribution, porosity, degrees of transparency and varying mechanical properties, generated by
the same constituents.

Figure 1. Digital and physical model of the monocoque shell bridge.

1.1. MATTER AND ENERGY RELATION

The matter–energy relationship is another factor that drives the theory and
methodology of this research. Evolutionary processes entail intensive processes where structures emerge out of intricate relationships, alliances and
aggregations of matter. Natural intensive systems adopt a transient intrinsic
organisation which affects and at the same time is affected by the host environment. In nature therefore, form is being derived through this intricate relationship of matter and force, and through the self-organisation of the material
system in search of equilibrium.
There are several examples in the history of architecture and engineering
that deal with the feedback relationship between matter and energy in search
of load-bearing capacity, for example P. L. Nervi, A. Gaudi, F. Otto and H.
Isler among others, but of particular interest here is the establishment of an
open feedback loop which deals with multiple attractors of influence, able to
encompass more than the structural factor.
This research works towards an ‘embodied physiology’ as seen in biological organisms, which deal simultaneously with structure, form and performance through one material solution which is constantly in dynamic exchange
with the environment. According to Scott Turner (2007, 27), the conception
of embodied physiology is “the modern conception of homeostasis” whose
“core idea is the steadiness of the environment within the body regulated by
homeostatic agents” (devices that regulate environments).
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2. Composites: natural and artificial
The selection of the material system is closely related to the process of embodied physiology, in the sense that fibre composites, both natural and artificial,
can behave in multiple ways by varying mechanical properties along the same
system. This is achieved by depositing material locally where it is required
and in the orientation that is needed according to the emerging behavioral
pattern in interaction to its complex contextual environment. The major mechanism involved in this process is called adaptive growth; “an intelligent survival strategy that enables biological structures, to adapt flexibly their original
optimum designs,” to transient changes in environmental conditions (Mattheck, 2005).
One consequence of slow adaptive movements that fibre architectures
express is the generation of a significant range of varying modulus structures
by the combination of only two components; matrix and fibres. The same
collagen fibres are used in low-modulus; highly extensible structures such as
blood vessels, intermediate-modulus tissues such as tendons and high modulus
rigid materials such as bone (Jeronimidis, 2004).
The same anisotropic and heterogeneous attributes can be met in the composites’ artificial equivalents, although their potential has not yet been fully
exploited, especially in the field of architecture. The intention is to incorporate
the thresholds stemming from long fibre composites along with the evolutionary mechanisms taken from natural systems into a methodology of adaptive
growth. In order to achieve this, the material properties and manufacturing
technique play a crucial role as they pose new constraints and potentials.
3. Fibre placement technology
The construction equivalent, which gets closer to the biological paradigm, is
the numerically controlled fibre-placement technology (Langley, 1999; Lee
and Suh, 2006), which is normally reserved for aerospace or sailing applications (3DL technology). This technique is developed as a combination of
filament winding and automated tape laying, hence overcoming some of their
limitations that relied on the limited complexity of surfaces, restricted freedom
of fibre position and orientation as well as the ease of repeatability.
Each laminate is made by combining layers with various fibre orientations,
material properties, or thickness. Its innovation lies mostly in the fact that
fibres can be laid up curvilinearly, extending the customisation of the design
and its response to prescribed loading conditions and programmatic requirements. By allowing the stiffness to vary from one point to another, this manufacturing technique is an advancement of the classical ‘stacking sequence’
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method because it opens the possibility for a gradient material distribution,
leading to an energy and resource-saving construction similar to biological
systems.
Although fibre placement technology is a relatively new fabrication processes, it has potential to be used in an architectural context in which structure,
cladding, and ambient qualities can be perceived as different aspects of the
same system integrated into one process.
3.1. EXPERIMENTS ON THIN COMPOSITE PLATES

Trying to understand the impact of curvilinear lay-up on the behaviour of a
material system, a series of physical experiments were carried out which dealt
with the fibre articulation on thin composite plates and their impact on structural performance. The main variables that changed in each of the experiments
were fibre directionality and fibre density. The results revealed that stiffness is
enhanced when fibres are aligned to the principal stress direction because the
material system is capable of counteracting the applied forces.
4. Biomechanical Adaptive Growth
In order to understand and exploit the complex articulation, along with the
structural and performative capacities of natural systems, the field of biomimetics plays a critical role. The design methodology which is described later
in this text draws much from the research methods conducted by the biologist
Claus Mattheck.
Mattheck (1998) has made an extensive study on natural composites and
created three different but complementary computational methods to simulate
biological adaptive growth. These processes aim at a biomechanical optimisation of shape through the interaction of system-intrinsic material characteristics and external stimuli of environmental forces.
The first method, named soft kill option (SKO) follows “the same construction principle that nature employs to promote growth” (Mattheck, 1998).
Building material is removed or decreased from the less stressed areas and
re-deposited in the highly stressed ones. The second method, computer-aided
optimisation (CAO), takes as a given that biological shaping is consistent with
a single design rule: the axiom of uniform stress. Stress and temperature distribution are used to control the simulated growth by altering locally the shape in
search of uniform stress distribution. The third method, called computer-aided
internal optimisation (CAIO), optimises the performance of fibre-composite
materials by aligning the fibre distribution with the force flow, mimicking
this way the optimum fibre direction of biological components. It has been
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proved that the force-flow lines are free of shear stress, leading to an increase
in maximum load capacity.
4.1. DIGITAL EXPERIMENT: FIBRE CHAIR

The principles of the SKO and CAIO method described before, are being used
in the design methodology of one case study. This is the fibre-composite interpretation of the Panton chair.
Fibres are articulated according to the principal normal stresses while their
density is defined by the material distribution analysis. To do this we conduct
finite element analysis on principal stresses and on ‘topology optimisation.’
According to the first analysis, splines are generated by connecting points
that indicate stress peaks in the direction of the stress vectors. According to
the second analysis, fibre density increases in high stress areas as the material
distribution analysis indicates (figure 2).
However, instead of eliminating material, the graph of the analysis is interpreted as a gradient material distribution. Fibre density increases at the most
vulnerable areas without disturbing the continuity of the structure, while the
patterns that emerge cause a higher degree of redundancy within the structure.
An evaluation of the system having as objective functions the weight and
structural capacity, would illustrate whether fibre continuity enhances the performance of the chair or not.

Figure 2. The two interpretation of a fibre composite Panton chair.

5. Digital morphogenesis and associative modelling
By bringing together certain aspects deriving from the aforementioned references, an integral design framework is being formulated. Thus, the specified material and geometric behaviour along with manufacturing restrictions
as well as the underlying principles of natural adaptive mechanisms become
the generative drivers embedded in an associative computational model. This
set-up allows the breeding of a variation of designs which all comply with a
set of generative principles within a given range of constraints.
A crucial constituent of the morphogenetic process are the embedded anal-
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ysis mechanisms which set the fitness criteria related to structural, environmental, and ergonomic constraints and reveal the system’s behavioural tendencies. The iterative evaluation process is an operative element which acts as
a decision making tool in search of coherent configurations within the range
of versatile parameters and rules.
The aim is not to produce a single optimal solution that fulfils a particular
task, but rather to come up with a range of solutions able to fulfil varying and
sometimes conflicting objectives. This idea necessitates a shift from single
optimisation to multi-performative generation.
5.1. DESIGN STRATEGY

The information gathered through research and experimentation is inspiring
a design methodology for the generation of stress-driven composite systems.
A design brief is being formulated with the intention of creating a fibrereinforced composite shell that bridges two existing buildings at a span of 10
metres. The site is located at the internal courtyard of the Architectural Association School of Architecture and will function both as a passage between the
buildings which are now isolated and as a space of temporary exhibitions. The
objectives of the systems are not limited to its load-bearing capacities, structural behaviour and weight reduction as is common with composite structures,
but also for fulfilment of the programmatic requirements and internal ambient
conditions integrating simultaneously the manufacturing constraints of the
numerically controlled fibre placement.
The design method follows a homeostatic process of morphogenesis
aiming at a system growth stimulated by mechanically adaptive mechanisms
as observed in natural systems. The modern conception of homeostasis, which
is physiology’s core idea, is the steadiness of the internal environment of a
body. It refers to the way the components of the system interact with each
other and organise by adaptively responding to their contextual conditions.
The connective tissue is a distinctive example of such a process; it acts as
a dynamic living system which is continually being remodelled to the end
of regulating tension in the fibres, by homeostatic agents called fibroblasts
(Turner, 2007, 37-43).
The computational framework consists of two main elements. The associative module sets a range of parameters that operate within certain limitations
defined by the intrinsic characteristics of the material system, its ergonomic
requirements and performative potentials, while the second element of evaluation manages the analysis and sets the ‘fitness criteria.’
Three main mechanisms are being implemented, each one dealing with
different levels of hierarchy, varying from the local to the global domain of
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the system. The three main mechanisms termed shape, fibre-path and porosity
generation, work simultaneously and in association, controlled by a constellation of points that act as homeostatic agents and morphological units.
5.1.1. Global shape mechanism
The first set of rules are concerned with the simulation of the setting and the
allocation of the spatial components. The system is composed by a random
distribution of control points along a cylindrical bounding area which implies
the area of intervention. The points are associated through the application
of a Delaunay mesh with certain spatial constraints that keep the interstitial
area free of intersections. Each of the point-nodes is classified with different loading conditions according to their initial position within the coordinate
system.
The resulting structure is evaluated through a finite element analysis which
for a given set of materials, density and elasticity, produces a value for the
objective function, which in this case, is stress and strain levelling.
The nodes that indicate the lowest values of stress and displacement
operate as attractors for the neighbouring nodes and prompt the self-organisation of the system in search of equilibrium. The algorithm repeats according
to values obtained each time by stress analysis, until a constant stress state on
the surface is achieved, according to the axiom of uniform stress (figure 3).

Figure 3. Shape evolution: from stress analysis to topological transformation.

5.1.2. Fibre path mechanism
The fibre path generation process takes place concurrently with the global
shape configuration, but the nodes that act as the morphogenesis cells in
this process are the ones that indicate the highest stress values. Those nodes
become the source points of fibre paths, and restructure their environment to
regulate tension, by releasing fibres along the direction of the quantitatively
largest principal stresses (figure 4).
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Figure 4. Generation process of fibre paths.

This arrangement increases the maximum load capacity by minimising
shear and transverse stresses between the fibres (Mattheck, 2005). Therefore,
the pattern that emerges out of the arrangement of the fibre courses, in anticipation of the loading conditions, comprises the force-record of the structure.
Both in the shape and in the fibre generation processes, the nodes work
as receptors for detecting local stress peaks triggering a homeostatic growth
process; they constitute repeated modules of identical structure, whose function alters depending on their position and role within the system.
The splines generated though this process, represent the reference paths
which is the curve traversed by the centre of the applicator head of the towplacement machine during the fabrication of a single course. Therefore, each
spline is the central tow of a course that consists of up to 30 single long fibres
and has a width of about 10cm (figure 5).

Figure 5. Fibre placement process.

5.1.3. Porosity mechanism
The third mechanism is responsible for generation of porosity as an additional
property of the system to modulate internal environmental conditions of the
structure with creation of small apertures along the surface.
Specification of the optimal position of apertures derives from further
analyses. Material distribution analysis shows the areas with the least stress
concentration, where material can be reduced. Fibre volume fraction analysis
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favours solutions with low fibre density which facilitates the creation of voids.
Solar exposure analysis measures the distribution and availability of incident
solar radiation on the model and prevailing winds. And CFD analysis displays
the best possible areas to accommodate ventilation and avoid strong currents
and water penetration (figure 6).
This process results in the local alteration of fibre directionality in such
a way that the continuity of stress flowing in the fibres will not be disrupted
when they approach the voids; they do not terminate abruptly at the edge of
the holes but follow contours around them.

Figure 6. CFD and lighting analysis of structure.

5.1.4. Fabrication
The dimensions of the bridge allows it to be fabricated as a one-piece component that can be extracted from a dismountable mould, transported to site, and
craned into place. First the mould has to be milled into separate pieces with
the use of CNC machines that can be easily interconnected and dismantled
to extract the shell. Thereafter, the process of fibre lay-up is going to take
place by using the fibre placement technology. A small physical prototype was
fabricated by following the same procedure while replacing the numerically
controlled method by hand-lay-up due to lack of resources (figure 7).

Figure 7. Physical prototype with hand lay-up placement of fibres.
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6. Observations
The above research sets a new combination of concepts and methodologies
in order to come up with a coherent system whose overall shape, materialisation and manufacturing logics are interrelated. Material behaviour does not
conform to a fixed geometry but is implicated in the generation process and at
the final outcome as it interacts with its environmental inputs. The selection
of the fibre placement technology facilitates in the integration of the structural
elements which otherwise would be separated into individual systems.
A further aim of this work is the fabrication of a mockup by computer
numerically controlled machines which would necessitate the re-evaluation
and elaboration of the computational design methodology and verify the validation of the design process from conception to materialisation. It is a major
challenge to set-up a computational system that will incorporate the different
variables and will establish a feedback loop with the ever-changing inputs
of each evaluation stage. The creation of such an open system will promote
the development of a coherent design framework aiming at the generation of
systems of adaptive growth.
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