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Geometry of Integration and Differentiation in Plant Stem

This section through the stem of a geranium reveals the close-
packed bundles of differentiated vessels and specialised cells.The
geometrical arrangement and close-packed integration produces a
complex structure, strong but flexiblae, and capable of differential
movement. All the cells have a structural role in addition to other
functions, and structural capacity emerges from their interaction.
The large pale tubes in the centre are xylem vessels that transport
water and nutrients up from the root. These vessels are reinforced
by spiral helices of lignin; the geometry of the spiral helix allows
elongation for growth without loss of strength. The five bundles of

pale green vessels are phloem cells, part of the vascular system for
the distribution of carbohydrates and hormones, and the smaller
purple cells on the perimeter are parenchyma cells, which are thin-
walled and flexible and can increase or decrease in size by taking
up or losing water. These changes cause deformations, which is
how the plant achieves movements such as bending towards the
light or around an obstacle. The arrangement of cells of different
sizes and orientations constrains the movement in the direction that
is needed. The stem is enclosed by the epidermis, a double layer
of cells, some of which are specialised, with hairs or oil glands.




Historically, a wonder of natural systems has served scientists and creative
designers well. For example, Leonardo da Vinci’s studies of anatomy and the
botanical formed the basis for both his art and his inventions. This contrasts
sharply with the first half of the 20th century when the motorised machine —
whether aeronautical or nautical, or a road vehicle — became the maodel for
architecture, as espoused and illustrated by Le Corbusier in his writings.

(The photographs of his much-loved machines becoming almost as famous as
his buildings.) Placing man’s own inventions at the apex of innovation automatically
circumscribes the potential of architectural design and built form, as design
becomes largely intent on the production of the single, polished set object.
What mechanical system can, after all, compare with the complexity, reflexivity
and respansive refinement of the geranium stem illustrated opposite?

For the guest-editors of this issue, Michael Hensel, Achim Menges and
Michael Weinstock of the Emergence and Design Group, ‘emergence’ is the
scientific mode in which natural systems can be explored and explained in a
contemporary context. It provides ‘models and processes for the creation of
artificial systems that are designed to produce forms and complex behaviour,
and perhaps even real intelligence’ (p 6). In this brief definition, emergence
already surfaces as a model capable of sophisticated reflexive attributes
exceeding any mechanistic or static notion of architectural form — one that
could perhaps define new levels of interaction and integration within natural
ecosystems. As Weinstock points out in his essay (p 10), emergence has
previously only ever really existed as a buzzword in architecture and science,
being favoured by architectural thinkers and academics more for its resonance
of complexity and connotations of the scientific than as a fixed term. In science
it has received a much tighter definition as ‘the properties of a system that
cannot be deduced from its parts’ Emergence can perhaps be most simply
evoked in the natural world by the example of ants, which display far more
intelligent behaviour as a colony than alone. _

Through its advocacy of emergence, the Emergence and Design Group
is intentionally setting out to produce a new researched-based model for
architectural enquiry. (There may be common formal traits in this work,
as suggested by the title of the group’s exhibition 'Contours: Evolutionary
Strategies for Design’ at the Architectural Association (Aa) in London in spring
2003, but this is largely by the way.) The research that has been undertaken
Is as important for its redefinition of architectural waorking relationships as
the iterative techniques and new material models its proposes.

Through the establishment of the Emergent Technologies and Design
masters programme at the aa the Emergence and Design Group has nurtured
links with bioengineers, structural engineers, mathematicians and material
scientists as well as architects. The contributions to this issue are very
much a product of this interdisciplinary approach. This title is primarily
important, though, as it announces the international launch of emergence
as a comprehensive intellectual programme for architectural design.



CMergence in
Architecture

There has been an increasing use of =7
word ‘emergence’ in architecture, but ==
of yet there has not been a systemat:
investigation of its instruments, nor
has there been any real attempt tc

go beyond the common, but vague
definition of emergence.as the
properties of a system that cannot o=
deduced from its parts. Emergence is
a consolidation of a paradigm shift
that began more than 80 years ago, =
profound change that has blurred the
boundaries between once quite separat=
sciences, and which has changed
industry. It has made potent changes
to the technological world, changes that
demand a new way of thinking about
architecture and substantial changes
to the way we produce it. Emergence
does not await a practice and defies
conventional categorisation as either
theory or practice. Emergence is botr
an explanation of how natural systems
have evolved and maintained themse
and a set of models and processes

e Emirde o : for the creation of artificial systems
and Design Group that are designed to produce forms
and complex behaviour, and perhaps
even real intelligence. The impact

of emergence on architecture has
significant potential, and an important
shift towards the new paradigm and iz=
technigues of evolution and morphogens==
is already under way. This issue of ®
focuses on these methodologies, on
experimentation and on the developme~
of new instruments of design.
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Emergence and Morphogenesis
It makes little sense to characterise emergence
as either solely abstract or purely a means of
production; in emergence the two are
inextricably intertwined. As used in the sciences,
the term refers to the ‘emergence’ of forms and
behaviour from the complex systems of the
natural world. A substantial body of knowledge
falls under this term, occurring in the
overlapping domains of developmental biology,
physical chemistry and mathematics.

The techniques and processes of emergence
are intensely mathematical and have spread
to other domains where the analysis and
production of complex forms or behaviour
are fundamental. In ‘Morphogenesis and the
Mathematics of Emergence’, Michael Weinstock
traces the origins of the concepts and provides
an account of the mathematical basis of
processes that produce emergent forms and
behaviours, in nature and in computational
environments. The mathematical models can
be used for generating designs, evolving forms
and structures in morphogenetic processes
within our computational environments.

Morphogenetic strategies for design are
not truly evolutionary unless they incorporate
iterations of physical modelling, nor can
we develop systems that utilise emergence
without the inclusion of the self-organising
material effects of form finding and the
industrial logic of production. Emergence
requires the recognition of buildings not as
singular and fixed bodies, but as complex
energy and material systems that have a life
span, and exist as part of the environment
of other buildings, and as an iteration of
a long series that proceeds by evolutionary
development towards an intelligent ecosystem.

Physical form-finding experiments in
architecture are thought to have begun with
Gaudi. Frei Otto’s pioneering work on form
finding is well documented and in ‘Frei Otto in
Conversation with the Emergence and Design

Group’ he discusses his development of modelling
through form-finding technigues in the context of
his interest in natural systems, the relation

of experimental models to geometry, iterative
mathematics and irregularity.

New form-finding methods are needed for the forms
capable of change for the adaptation that emergence
demands. In ‘Finding Exotic Form’ Michael Hensel,
of OCEAN NORTH, presents the case for a digital and
dynamic form-finding technique that suggests a
material means of form adaptation in situ. His
argument is developed through a design for the World
Center for Human Concerns, an architectural study of
a ‘parasite building’ in which structural and circulatory
independence from the host is achieved through the
skin of the draped volume.

Data, Genes and Speciation
The Emergence and Design Group, founded by Michael
Weinstock, Achim Menges and Michael Hensel,
present their case for a morphogenetic strategy in
the design study of a high-rise building, placed in the
context of their argument for integrating structural
criteria and behaviour into material systems of vertical
urbanism. In ‘Fit Fabric’ they propose hig”h'—rise
buildings as surface structures, explore flexure and
stiffness, and present models taken from natural
structures for geometry, pattern, form and behaviour.
Their evolutionary process has produced a design for
high-rise structures in which a helical structural
system and an intelligent skin are integrated into a
versatile material system. The evolutionary technique
here is the development of a population of forms from
which the fittest is evolved.

The relation of an individual to a population and
to a species is a matter of fierce debate, and within
developmental biology the argument between Dawkin
and Gould has extended for decades. In ‘Types, Style
and Phylogenesis® Farshid Moussavi and Alejandro
Zaera Polo of Foreign Office Architects discuss the
systematisation of their wark into a phylogram of
species, and the implications of this new organisational
paradigm regarding the methods and techniques that
they have refined during their 10 years in practice. They
discuss phylogenesis in the context of reflections on the
architectural ideologies of ‘type’ and ‘style’, and explain
their changing design approach in recent work.

‘Emergent Technologies and Design’ is a new
Master of Architecture programme at the Architectural
Association Graduate School, and is the first of its
kind in the world. It was developed, and is directed, by
Michael Weinstock and Michael Hensel. Achim Menges
is the studio master. Professor Chris Wise, director
of expedition engineering and chair of civil engineering
design at Imperial College, London, is an eminent
design engineer, and as external examiner to the



masters programme evaluates the work of the
graduating students. In ‘Drunk in an Orgy of
Technology’ he reflects on their intoxication
with technology, mathematics and computers,
and their pioneering engagement with
emergence. A short account of two MA
dissertation projects is presented. ‘Data-
Graphics and Continuous Datasets’, by Lina
Martinson, explores the digital imaging,
mapping and modelling of complex material
systems. The increasing currency of complex
morphological articulation in contemporary
architecture requires the introduction of
imaging technologies from medicine and
science. HybGrid’, by Sylvia Felipe and Jordi
Truco, is an adaptable structure developed
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through a design strategy that combined
digital and material processes. The structure
has a multiplicity of stable states that link
changing spatial requirements to a
corresponding formal and structural
articulation. The structure makes use of
redundancy and elastic behaviour, which are
further explored in the context of the article in
‘Adaptable Equilibrium’ by Wolf Mangelsdorf
of Buro Happold, who also teaches in the
Emergent Technologies and Design masters
programme. He presents an argument,
developed from the study of natural
structures, for inbuilt redundancy and multiple
load paths as primary requirements for
the materialisation of the new concepts
of adaptability and controlled dynamics.
Complex forms and systems emerge in
nature from evolutionary processes, and their
properties are developed incrementally through
the processes that work upon successive

versions of the genome and the phenome. In
‘Evolutionary Computation and Artificial Life in

Architecture’, Dr Una-May O'Reilly of the Compui=-

Science and Artificial Intelligence Lab at MiT, Mar=
Hemberg and Achim Menges explore the potentiz
genetic algorithms as design tools for architectu
The development of ‘genetic engines’ that modsl

evolutionary and growth processes are demonsir="=2

in the context of two morphogenetic design

experiments. The argument for the combination o=

evolutionary computation with advanced digital
modelling and the constraints of manufacturing
technigues is developed.

Complex forms in architecture demand new foc'=

and new approaches to design. In ‘Engineering De=

Working with Advanced Geometries’ Charles Wzlk

1. Emergence from Chaos to Order, John Holland,
Oxford University Press, 1998

‘We are everywhere confronted with emergence in comple:
systems - ant colonies, networks of neurons, the immune
internet, and the global economy, to name a few — where t
of the whole is much more complex than the behaviour of

“.. it is unlikely that a topic as complicated as emergence will

meekly to a concise definition, and | have no such definitio

can, however, provide some markers that stake out the territory, ===

with some requirements far studying the terrain ...’

Both quotes are from the opening chapter of Emergence from Chze= =

Order: ‘Before We Proceed’. Holland's concentration on well-de
technical concepts as a foundation for a framework for studying

emergence Is excellent. He explores three kinds of concepts - pur=
mathematical concepts, systems and games concepts, and genar=.

informal concepts. Modelling is central to the book and to his discu=s

leader of the Advanced Geometry Unit [acu] at Aruz

& Partners, in conversation with the Emergence
Design Group, discusses AGU’'s search for a new
paradigm, for new arganisational principles and ©
integration of physical and digital modelling in its
processes. The collaboration with architects and

artists includes Toyo Ito for the Serpentine Gallery

Summer Pavilions in 2002, Anish Kapoor for the
Marsyas sculpture in the Unilever series at Tate
Modern, and David Adjaye for the British Pavilion

the Venice Biennale 2003, Each of these structures
required an exploration into the phenomena of the

3-D bracing of interlocking planes, the algorithm
a generative tool, the buckling stability of flat p
and the manipulation of stressed skins to achieve
sculptural form.

Behaviour, Material and Environment

The emphasis on increasing density in mature uro=-

conglomerates is a notable feature in the future
strategies of many metropolitan and regional



authorities. When very large numbers of
people are concentrated in one place, the
resources needed to maintain the
environmental quality of public and private
spaces increase exponentially. Social
interaction is more complex and more intense,
and this has to be ameliorated by spatial and
infrastructural design that maximises
qualitative as well as quantitative factors.
Emergence provides models for life cycles,
and the way in which different life cycles
interact with each other in an ecosystem.
This is the key to understanding the ecology
of densely occupied environments in which
topological, structural and programmatic
integration facilitates human activities.

2. Emergence, the Connected Lives of Ants, Brains, Cities and
Software, Steven Johnson, Scribner, 2001 (us); Allan Lane,
Penguin Press, 2001 (uk)

In discussion of complex, adaptive systermns:

The movement from low-level rules Lo higher-level
sophistication is what we call emergence’, and "... a higher-
level pattern arising out of parallel complex interaclions
between local agents’.

This is a good general read, cavering many fields. In
particular the second section, covering what Johnson
identifies as the four principles of emergence - local
interaction of neighbours, pattern recognition, feedback and
indirect control - are a good, if general, introduction. The
book also offers a short history of the intellectual
development of what Johnson calls ‘the bottom-up mindset’.

In ‘Morpho-Ecologies” Achim Menges presents
two of his architectural research projects that
explore the dynamic relations and behaviour
of occupation patterns, environmental
modulations and material systems.

In natural systems most sensing, decision-
making and reactions are entirely local, and
global behaviour is the product of local
actions, with a high degree of functionality
in the material itself. All natural material
systems involve movement, often without
muscles, to achieve adaptation and
respansiveness. In ‘Biodynamics' Professor
George Jeronimidis examines natural
dynamic systems, the material behaviour
that enables adaptation, and presents the
case for implementation of these models
in architecture and engineering.

In natural morphogenesis the information or
data of the genome and the physical materials
drawn from the environment for the phenome

are inextricably intertwined, one acting on the other,
and each in turn producing the other. The logic of
natural production studied in the sciences of
emergence offers a model of seamless integration
to replace the conventional separation of design and
material production. The search for manufacturing
and construction solutions for the complex geometry
of contemporary architecture necessitates the '
development of new methods and tools, and this in
turn demands the seamless integration of digital
modelling and computer-aided manufacturing.
Waagner Biro is the manufacturing contractor best
known for complex geometry constructions. In
‘Manufacturing Complexity’, Johann Sischka, in
conversation with the Emergence and Design Group,
discusses the construction strategies and methods

3. 'Self-0Organisation, Emergence and the Architecture
of Complexity!, Francis Heylighen in Proceedings of the
1st European Conference on System Science, Paris

‘Emergence is a classical concept in systems theory, where it
denotes the principle that the global properlies defining higher
order systems or “wholes” (eg boundaries,organisation, control
...} can in general nol be reduced to the properties of the lower
order subsystems or “parts”. Such irreducible properties are
called emergent.’

‘The spontaneous crealion of an “organised whole” out of 3
“disordered” collection of interacting parts, as witnessed in
self-organising systems in physics, chemistry, biology,

sociology ... is a basic parl of dynamical emergence.”
ay P ¥ g

This interesting paper concentrates on the dynamics
and evolution of emergent properties.

of complex geometry structures, such as the dome
of the German Reichstag and the roof of the Sony
Center in Berlin, and the roof of the Great Court

of the British Museum in London.

This issue could be divided in three sections which
delineate the strategy for this initial exploration of
emergence in architecture. In the first section,
‘Emergence and Morphogenesis’, the mathematical
technigues for modelling the emergence of forms and
behaviour from the complex systems of the natural
world are juxtaposed with form-finding techniques for
stable and dynamic material forms. In the second
section, ‘Data, Genes and Speciation’, the focus is on
geometry, pattern and behaviour, and the
computational and material evolution of ‘populations’
and ‘species’ of architectural forms with complex
behaviour. The third section, ‘Behaviour, Material
and Environment’, is concentrated on the adaptive
behaviour of natural and architectural material
systems and the industrial potential for a seamless
integration of their design and production. »
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In this article, Michael Weinstock of
the Emergence and Design Group
reviews the mathematical basis of
processes that produce emergent
forms and behaviours, in nature and
in computational environments.

He presents an argument for a
more comprehensive mathematical
approach in architecture,

in the context of a review of

the origins and instruments of
emergence in biology, physical
chemistry and mathematics.

The architectural consequences

of this paradigm are outlined.

Emergence is a concept that appears in the literature
of many disciplines, and is strongly correlated to
evolutionary biology, artificial intelligence, complexity
theory, cybernetics and general systems theory. It is
a word that is increasingly commoeon in architectural
discourse, where too often it is used to conjure
complexity but without the attendant concepts and
mathematical instruments of science. In the simplest
commonly used definition, emergence is said to be the
properties of a system that cannot be deduced from
its components, something more than the sum of
its parts. This description is perhaps true in a very
general sense, but rather too vague to be useful for
the purpose of design research in architecture. One
can truthfully say, for example, that every higher-level
physical property can be described as a consequence
of lower-level properties. In the sciences, the term
refers to the production of forms and behaviour by
natural systems that have an irreducible complexity,
and also to the mathematical approach necessary to
model such processes in computational environments.

The task for architecture is to delineate a working
concept of emergence and to outline the mathematics
and processes that can make it useful to us as
designers. This means we must search for the
principles and dynamics of organisation and interaction,
for the mathematical laws that natural systems obey
and that can be utilised by artificially constructed
systems. We should start by asking: What is it that
emerges, what does it emerge from, and how is
emergence produced?

Mathematics has always played a critical role
in architecture, but the character and function of
mathematics in relation to the theories and the
material objects of architecture have varied so that
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Ammonites - fossil shells of
small aguatic molluscs. The
geometrical erganisation of
the multichambered shell is
a spiral helix.
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a definitive account remains elusive. It is
evident that there is a pressing need for a more
developed mathematical approach in current
architecture. First, the liberation of tectonics
from the econemic straitjacket of orthogonal
geometry demands more precision in the
interface between architectural definitions

of form and the computer-driven fabrication
processes of manufacturing constructors.
Second, the engineering design for the
complex geometries of contemporary tectonics
must begin from a definitive mathematical
base. And third, there is a lacuna in the
theoretical body of architecture, an absence
that is marked by the proliferation of design
processes that borrow the appearance of
scientific methods yet lack their clarity of
purpose, mathematical instruments and
theoretical integrity.

Thereis an intricacy in the interchange of
ideas and techniques between the disciplines of
biology, physical chemistry and mathematics.'
They are separate, almost discrete but
overlapping, and the boundaries between them
are indeterminate. The originating concepts
and the subsequent development of emergence
are founded in these interchanges.

Process and Form

Living organisms can be regarded as systems,
and these systems acquire their complex forms
and patterns of behaviour through the
interactions, in space and over time, of their
components. The dynamics of the development
of biological forms, the accounts of growth and
form, of morphogenesis, have become much
more central to evolutionary theory than in
Darwin’s thesis. Darwin argued that just as

humans breed living organisms by unnatural selection
organising systematic changes in them, so wild
arganisms themselves are changed by natural
selection. Natural selection is a process involving
predators and parasites, and environmental pressures
such as food supply, temperature and water.
Successful organisms will survive the fierce
competition and have greater breeding success and,
in turn, their offspring will have greater reproductive
success, and so on. Darwin’s arguments had a
remarkable alignment with the then current theory of
competitive struggle in capitalism? and the concepts
of mechanisms in industry. Theories of morphogenesis
the creation of forms that evolve in space and over
time, are now inextricably entwined with the
mathematics of information theory, with physics and
chemistry, and with organisation and geometry. The
pattern of alignment with concepts and technologies
of economics and industry remains consistent.

The convergent lines of thought between biology anz
mathematics were initiated early in the 20th century,
particularly in the work of Whitehead and D'Arcy
Thompson. D'Arcy Thompson, zoologist and
mathematician, regarded the material forms of living
things as a diagram of the forces that have acted on
them.® His observations of the hamologies between
skulls, pelvises and the body plans of different species
suggested a new mode of analysis, a mathematisation
of biology. Morphalogical measurements are specific
to species and at times to individuals within a species
and so are various, but there are underlying relations
that de not vary - the ‘homologies’.

Homology has two distinct but related meanings: =
biologists it means organs or body parts that have the
same evolutionary origin but quite different functions
and to mathematicians it is a classification of
geometric figures according to their properties. Form
can be described by mathematical data, mapping



The mathematician and philosopher
Whitehead argued that process rather than
substance was the fundamental constituent
of the world, and that nature consists of
patterns of activity interacting with each
other Organisms are bundles of relationships
that maintain themselves by adjusting their
own behaviour in anticipation of changes

to the patterns of activity all around them.

points in 3-D coordinate space, dimensions,
\angles and curvature radii. D’Arcy Thompson's
"'gomparison of related forms within a genus
}broceeds by recognising in one form a
deformation of another. Forms are related if one
can be deformed into another by Cartesian
transformation of coordinates. Comparative
analysis reveals what is missing in any singular
description of a form, no matter how precise,
and that is the morphogenetic tendency
between forms.

At around the same time the mathematician
and philosopher Whitehead* argued that process
rather than substance was the fundamental
constituent of the world, and that nature
consists of patterns of activity interacting with
each other. Organisms are bundles of
relationships that maintain themselves by
adjusting their own behaviour in anticipation of
changes to the patterns of activity all around
them. Anticipation and response make up the
dynamic of life.

The union of these two groups of ideas is
very interesting - form and behaviour emerge
from process. It is process that produces,
elaborates and maintains the form or structure
of biological erganisms [and nonbiological
things), and that process consists of a complex
series of exchanges between the organism and
its environment. Furthermore, the organism
has a capacity for maintaining its continuity and
integrity by changing aspects of its behaviour.
Forms are related by morphogenetic
tendencies, and there is also the suggestion
that some, if not all, of these characteristics
are amenable to being modelled
mathematically. The ideas are particularly
relevant to us, as in recent years both

./'

architecture and engineering have been preoccupied
with processes for generating designs of forms in
physical and computational environments.

Pattern, Behaviour and Self-Organisation

Form and behaviour have an intricate relationship. The
form of an organism affects its behaviour in the
environment, and a particular behaviour will produce
different results in different environments, or if
performed by different forms in the same environment.
Behaviour is nonlinear and context specific.
Mathematical descriptions of behaviour are found in the
elaboration of Whitehead's "anticipation and response’
by Norbert Weiner, who developed the first systematic
description of responsive behaviour in machines and
animals.” Weiner argued that the only significant
difference between controlling anti-aircraft fire and
biological systems was the degree of complexity. He had
developed new programs for ballistics guidance, in
which information about the speed and trajectory of a
target is input to a control system so that anti-aircraft
guns could be aimed at the point where a target would
be. The control system could record and analyse the
data from a series of such experiences and
subsequently modify its movements.

Cybernetics organises the mathematics of
responsive behaviour into a general theory of how
machines, organisms and phenomena maintain
themselves over time. It uses digital and numerical
processes in which pieces of information interact and
the transmission of information is optimised.t Feedback
is understood as a kind of ‘steering’ device that
regulates behaviour, using information from the
environment to measure the actual performance
against a desired or optimal performance.

Work in thermodynamics by Prigogine’ extended this
[and the second law of thermodynamics) by setting up a
rigorous and well-grounded study of pattern formation
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and self-organisation that is still of use in the
experimental study and theoretical analysis of
biological and nonbiological systems. He argued
that all biological organisms and many natural
nonliving systems are maintained by the flow of
energy through the system. The pattern of energy
flow is subject to many small variations, which
are adjusted by ‘feedback’ from the environment
to maintain equilibrium, but occasionally there is
such an amplification that the systermn must
reorganise or collapse. A new order emerges
from the chaos of the system at the point of
collapse. The reorganisation creates a more
complex structure, with a higher flow of energy
through it, and is in turn more susceptible to
fluctuations and subsequent collapse or
reorganisation. The tendency of ‘'self-organised’
systems to ever-increasing complexity, and of

each reorganisation to be produced at the moment of
the collapse in the equilibrium of systems extends
beyond the energy relations of an organism and its
environment. Evolutionary development in general
emerges from dynamic systems.®

Geometry and Morphagenesis

Theoreticians fiercely contest the precise relationshiz
of morphogenesis to genetic coding, but there is an
argument that it is not the form of the organism that
is genetically encoded but rather the process of self-
generation of the form within an environment.
Geometry has a subtle role in morphogenesis. It is
necessary to think of the geometry of a biological or
computational form not only as the description of the
fully developed form, but also as the set of boundary
constraints that act as a local organising principle for
self-organisation during morphogenesis. Pattern anc
feedback are as significant in the models of
morphogenesis as they are in the models of cybernstics
and dynamic systems. Alan Turing put forward a
hypothesis of geometrical phyllotaxis, the developmen:
of form in plants, which offered a general theory of th=
morphogenesis of cylindrical lattices. These are fO!'”T'E:
locally rather than globally, node by node, and are
further modified by growth. To mathematically mode!
this process, it is necessary to have a gJ(t‘:”b'élL informing
geometry, the cylinder, and a set of | qca rules for
lattice nodes.

Turing had a lifelong interest in the 'morphogenesis
of daisies and fir cones, of polygonally symmetrical
structures such as starfish, of the frequency of the
appearance of the Fibonacci series in the
arrangements of leaves on the stem of a plant, and o7
the formation of patterns such as spots or stripes. Hi=
simple early model of morphogenesis™ demonstrates
breakdown of symmetry and homogeneity, or the
emergence of a pattern, in an originally homogeneous
mixture of two substances. Equations describe the
nonlinear changes of concentrations of two chemiczals
[morphogens) over time, as the chemicals react and
diffuse into each other. It offers a hypothesis of the
generation of pattern from a smooth sheet of cells
during development in the formation of buds, skin
markings and limbs. Chemicals accumulate until
sufficient density is reached, then act as morphogsn=s
to generate organs.

The reaction-diffusion model is still of interest in
mathematical biology, in which a great deal of rese=r—
is concentrated on the interrelated dynamics of pati=—
and form. Turing's model operates on a single plan=
or a flat sheet of cells. Some current research™ in th=
computational modelling of morphogenesis extends ==
process that Turing outlined on flat sheets to proces
in curved sheets. Geometry is inherent in these moc= =
of process, incorporating morphological ‘units’ that
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have a dynamic relationship to each other, and
to an informing global geometry.

Cummings argues that the interaction and
diffusion of morphogens in cellular layers’
is also affected by the Gaussian and mean
curvature of the particular membrane or layer,”
so that changes to any particular curve in a
curved membrane will produce reciprocal
changes to curvature elsewhere. Successful
computational models have recently extended
this approach by incorporating the mathematics
of curvilinear coordinate meshes used in fluid
dynamics to the simulation of the
morphogenesis of asymmetrical organs and
limbs." Folding and buckling of flat and curved
sheets of cells are the basis of morphogenesis
in asexual reproduction.

The lineages of organisms that reproduce
asexually exhibit convergent evolution, similar
forms and properties emerging without common
ancestors. There are generic patterns in natural
morphogenesis, and this adds to the set of
geometrical operations in these mathematical
models. An intricate choreography of
geometrical constraints and geometrical
processes is fundamental to self-organisation
in biological morphogenesis. Computational
models of morphogenetic processes can be
adapted for architectural research, and self-
organisation of material systems is evidenced
in physical form-finding processes.

The Dynamics of Differentiation and Integration
Feedback is not only important for the
maintenance of form in an environment; it is
also a useful concept in modelling the
relationship of geometrical pattern and form
during biological morphagenesis. In pattern-
form models, feedbhack is organised in two
loops: from form to pattern and from pattern
to form. In these models the unstructured
formation of biochemical pattern causes
morphogenetic ‘movements’ and a consequent
transformation in geometry. The change in
geometry disrupts the pattern and a new
pattern emerges, which initiates new
morphogenetic movements. The process
continues until the distribution of morphogens
is in equilibrium with the geometry of the
evolving form in the model. The feedback
loops, from pattern to form and from form
to pattern, construct a mathematical model
of morphogenesis® as a dynamic process
from which form emerges.

Cybernetics, system theory and complexity
have a common conceptual basis, as is

evidenced by the frequency of the terms ‘sciences

of complexity’ and ‘complex adaptive systems’ in the
extensive literature of thermodynamics, artificial
intelligence, neural networks and dynamical systems.
Mathematically, too, there are commonalities in the
approach to computational modelling and simulations.
It is axiomatic in contemporary cybernetics that
systems increase in complexity, and that in natural
evolution systems emerge in increasing complexity,
from cells to multicellular organisms, from humans
to society and culture.

System theory argues that the concepts and
principles of organisation in natural systems are
independent of the domain of any one particular system,
and contemporary research tends to concentrate on
‘complex adaptive systems’ that are self-regulating.
What is common to hoth is the study of organisation, its
structure and function. Complexity theory' formalises
the mathematical structure of the process of systems
from which complexity emerges. It focuses on the
effects produced by the collective behaviour of many
simple units that interact with each other, such as
atoms, molecules or cells. The complex is
heterogeneous, with many varied parts that have
multiple connections between them, and the different
parts behave differently, although they are not
independent. Complexity increases when the variety
[distinction) and dependency [connection) of parts
increases. The process of increasing variety is called
differentiation, and the process of increasing the number
or the strength of connections is called integration.
Evolution produces differentiation and integration in
many ‘scales’ that interact with each other, from the
formation and structure of an individual organism to
species and ecosystems.

The Genetics of Collective Behaviour

The collective behaviour of semi-autonomous individual
organisms is exhibited in the social or group dynamics of
many natural species. Flocks of birds and schools of fish
produce what appears to be an overall coherent form or
array, without any leader or central directing intelligence.
Insects such as bees and termites produce complex built
artefacts and highly organised functional specialisations
without central planning or instructions. Structured
behaviour emerges from the repetition and interaction

of simple rules. Mathematical models have been derived
from natural phenomena, massively parallel arrays of
individual ‘agents’, or ‘cell units’ that have very simple
processes in each unit, with simple interactions between
them. Complex patterns and effects emerge from
distributed dynamical models. Wolfram's extensive study
of cellular automata" offers a comprehensive account

of their characteristics and potential. The study and
simulation of co-evolution and co-adaptation is
particularly effective in distributed models.
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D'Arcy Thompson uses a
coordinate system to define an
organic farm in numbers.
Transformation of the initial
coordinate system will produce
changes or deformations to the
inscribed farm. Two farms can
be analysed and interpreted as
transformed geometrical
descriptions of each other, and
intermediate forms betwsen
them can be constructed, each
describing a transitional step,
Transitional steps may be
recanstructed between the
forms of an ancestral type

and a presumed descendant,
providing valuable insight in
the evolutionary process.

Top to battom:

1. Pelvis of archasopteryx.

2. Pelvis of apatornis.

3. The second and third
intermediate coordinata
netwaorks with their
corresponding inscribed pelvis.
4. The coordinate systerns

of the first and second figures
with three intermediate
systems interpolaled.
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The current work at the Santa Fe Institute uses
heterogeneous networks of interacting agents to pursus -
studies in self-organisation. The objective is to develop
computational simulations of life, involving gene
activity, molecular dynamics, morphogenesis and life
cycles - virtual organisms with realistic morphologies
that have artificial life. /

Adaptive processes in natural systems provided the
initiating concepts for the first genetic algorithms,
developed by Holland to design artificial systems basec
on natural ones.” Genetic algorithms initiate and
maintain a population of computational individuals,
each of which has a genotype and a phenotype. Sexual
reproduction is simulated by random selection of two
individuals to provide ‘parents’ from which ‘offspring’
are produced. By using crossover [random allocation of
genes from the parents’ genotypel and mutation, varied
offspring are generated until they fill the population.
All parents are discarded, and the process is iterated
for as many generations as are required to produce
a population that has among it a range of suitable
individuals to satisfy the fitness criteria. They are widel
used today in control and optimisation applications
and the modelling of ecological systems.

Mathematical simulations of genes acting in
Boolean networks with varying strengths of connectior
can produce differentiation of tissues and organs
in models, and Kauffman® argues that the self-
organisation produced by such networks is
complementary, rather than opposed, to ﬁarwin's
selection by fitness to the environment. The solution =
the central problem of how to introduce the dynamics
of gene processes into Cummings’s model of
morphogenesis is suggested by Kauffman's work on
periodic attractors in genetic networks.

The concepts and mathematical techniques to
produce collective behaviour from simple local
responses have the potential to radically change
architectural environmental systems. It is evident that
the current methods of producing ‘'smart’ buildings
with hybrid mechanical systems that are controlled &3
a remote central computer are inferior conceptually
and prone to failure in operation. The self-organising
capabilities of distributed dynamic systems have
produced intelligent behaviour in natural organisms
and in computational simulations, and await
architectural applications.

Models of self-organisation based on distributed
variation and selection have been put forward by
Heylighen.® In this argument is the view common o
many approaches, in which complex systems, such
as organisms and ecologies, are evolved from the
interactions of elements that combine into a variety
of ‘assemblies’. Some ‘assemblies’ survive to go on iz
form naturally selected wholes, while others collaps=
to undergo further evolution. The process repeats 2t
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higher levels, an emergent whole at one level
becoming a component of a system emerging at
a higher level.” Further, natural evolution is in
general not a single system but distributed or
parallel, with multiple systems co-evolving with
partial autonomy and some interaction. Self-
organisation of the ecology as a whole is as
critical as the morphogenetic self-organisation
of an individual within it.

A very recent series of models have been
developed based on phenotypes rather than
genotypes or genetic activity.” Stewart argues
that all self-organising systems are organised
not just by themselves, but also by their
contexts. The focus in this approach to modelling
evolutionary self-organisation is on speciation,
fitness landscapes and species selection. The
models exhibit nonlinear and collective effects
and represent speciation as a symmetry-
breaking bifurcation. They are collections of
ordinary differential equations arranged in
network structures, and the network topology
is reflected in the form of the equations.
Recombination is preferred to mutation, as
it produces substantial diversity in each
generation, and selection operates on individual
organisms in the context of other organisms
and the environment.

Architecture and Emergence

In answer to the question: What is it that
emerges, what does it emerge from, and how is
emergence produced? we can say the following.

Form and behaviour emerge from the
processes of complex systems. Processes
produce, elaborate and maintain the form of
natural systems, and those processes include
dynamic exchanges with the environment. There
are generic patterns in the process of self-
generation of forms, and in forms themselves.
Geometry has both a local and a global role in
the interrelated dynamics of pattern and form
in self-organised morphogenesis.

Forms maintain their continuity and integrity
by changing aspects of their behaviour and by
their iteration over many generations. Forms exist
in varied populations, and where communication
between forms is effective, collective structured
behaviour and intelligence emerges.

The systems from which form emerges, and
the systems within individual complex forms
themselves, are maintained by the flow of
energy and information through the system.
The pattern of flow has constant variations,
adjusted to maintain equilibrium by feedback’
from the environment. Natural evolution is not

a single system but distributed, with multiple systems
co-evolving in partial autonomy and with some
interaction. An emergent whole form can be a
component of a system emerging at a higher

level - and what is 'system’ for one process can

be ‘environment’ for another.

Emergence is of momentous importance to
architecture, demanding substantial revisions to the
way in which we produce designs. We can use the
mathematical models outlined above for generating
designs, evolving forms and structures in
morphogenetic processes within computational
environments. Criteria for selection of the ‘fittest’
can be developed that correspond to architectural
requirements of performance, including structural
integrity and ‘buildability’. Strategies for design are
not truly evolutionary unless they include iterations
of physical [phenotypic] modelling, incorporating the
self-organising material effects of form finding and
the industrial logic of production available in cnc and
laser-cutting modelling machines.

The logic of emergence demands that we
recognise that buildings have a life span, sometimes
of many decades, and that throughout that life they
have to maintain complex energy and material
systems. At the end of their life span they must be
dissembled and the physical materials recycled.

The environmental performance of buildings must
also be rethought. The current hybrid mechanicsl
systems with remote central processors limit

the potential achievement of 'smart’ buildings.
Intelligent environmental behaviour of individuzal
buildings and other artefacts can be much

more effectively produced and maintained by

the collective behaviour of distributed systems.

We must extend this thinking beyond the respons=
of any single individual building to its environment.
Each building is part of the environment of its
neighbours, and it follows that ‘'urban’ environment

neighbouring buildings. Urban transport infrastructurs
must be organised to have similar environmenizl
responsive systems, not only to control internal
environments of stations and subways, but also o
manage the response to the fluctuating dischargs

of people onto streets and into buildings. Linking

the response of infrastructure systems to groups

of environmentally intelligent buildings will allow
higher-level behaviour to emerge.

We are within the horizon of a systemic changs,
from the design and production of individual
‘signature’ buildings to an ecology in which
evolutionary designs have sufficient intelligencs
to adapt and to communicate, and from which
intelligent cities will emerge. »



E




JLLO

In Conversation with the Emergence and Design Group

—rel Otto has been an architect for five decades, and his
nioneering work is noted for construction innovations in
many materials and building forms. Here, in conversation
vith the Emergence and Design Group, he discusses
the development of form-finding technigues. This is one
significant aspect of his interest in natural systems,

n the relation of experimental models to geometry
andin iterative mathematics. He concludes with a
commentary on the contribution of irregularity to the
strength in biological and architectural structures,

and the proposal that to understand living nature is

an important task for the future.



‘A technician observing living nature just cannot
grasp living objects which die so quickly, are so
sensitive, so complex and both so unimitable and
strange. A biologist looking on technology sees
how imperfect technical activity is. Both recognise
today that technical and biological objects will
never be the only optima which can be thought

of, but anly short-term stations in a flow of unique
biological-technical developments without a
recognisable target*

Upening page
Frei Otto, Multinalle
Mannheim, Germany, 1975.

Below

The Frei Otto-Maeda
Workshop 2003 teok place
at Hooke Park, Dorset, uk, in
the warkshop facilities of
the Architectural Association
Schoal of Architecture,
which were partly designed
by Frei Otto, During the
workshop, various form-
finding experimsnts wers
conducted and analysad,
including compressive-
stressed inverted forms,
minimal surfaces, maoving
pneus and aggregates.

Frei Otto’s innovative and prolific research
includes a broad range of studies in nature as a

source for architectural and engineering design,

and is always directed towards applications in
construction. The following conversation
focuses on only a few aspects of Frei Otto’s
enormous body of work: on issues of modelling
through form finding, on future developments
of this kind of research and future tasks for the
discipline of architecture,

Frei Otto is particularly interested in the
natural processes of self-generation of forms,
and in the structural behaviour of those forms.

This led him to develop novel physical form-

finding experiments, the first architect since
Gaudi to do so. The scope of his investigations
includes experiments for producing pressure-
loaded vault forms by reversing tension-loaded
suspended forms, soap-film experiments for
producing minimal surfaces, and experiments
for the investigation of optimised path systems
and branched constructions.

In his work, form finding is a design
instrument, based an empirical processes that
utilise the self-organisation of material systems
under the influence of extrinsic forces. The
range of possible forms is determined by the
choice and definition of the conditions under
which the form-finding process takes place.

Uniting the logic of material and of structure makes it
possible to form-find certain kinds of structures at all
stages, from the beginning of the design process to full-
scale construction. We asked Frei Otto how he became
interested in nature as a source for the principles of his
form-finding experiments.

‘In 1960 | was at the Technical University of Berlin 2=
an instructor, and | had given a seminar on lightweight
architecture, when | learnt that the leading biologist znc
anthropologist Johann-Gerhard Helmcke was interestes
in the works of Konrad Wachsman, Buckminster Fuller
and Nervi and was also guite well informed about my
work. We met and talked, and within the same year we
founded a research group called "Biology and Building
We have collabarated since then.

| have always worked strictly as an architect in
collaboration, although | have tried to understand the
form-making processes in biology. Nevertheless, my firs:
experiments were not related to biology. | was interested
in the form-making processes in nonliving nature, such
as how clouds or sand waves are formed. It was obvious
to me that these processes can be directly used for
building. | have been very interested in hanging structures
since 1951. The mathematics of hanging structures is
complicated and so | tried to model these structures
directly. | started with tents and cable nets. When you are
hanging a chain you can use its shape for a roof. The
single catenary line in mathematics is not simple, but it
is 50 easy to turn your drawing board to a vertical plane
and hang a chain in front of it and you have theé line. It is
simple, and you see that it must be a correct s'hape for
a structure because if you touch the chain it always goes
back to exactly the same position. It is a way to
demonstrate the structural correctness of the design
without mathematics.

‘From a single chain, | then went to work with a n=t
of chains, and from there | moved to the minimal
surface. A minimal surface can be made very exactly
with soap film. The film is flexible, but you will only
find one minimal surface for a given frame. | started
looking into these self-organising processes that |
could use in my architecture. Mathematical formulas
for many minimal surfaces found in physical
processes have yet to be determined. In most cases
you measure your model and define the surface so
exactly that it can be built. There is no material from
which a full-scale minimal surface can be built, so
you have to use a mesh, woven materials or cable
nets, and the difference between the surface of a
cable net and a minimal surface is not big. A
tensioned skin always wants to go in the direction of
a minimal surface, and every load on a materialised
minimal surface changes it, so you then have another
surface that is thicker and that is stressed. [ am not
saying that one must use a minimal surface, but it is
very good to know about it.’
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Grid shells resist loads through 3-D curvature,
which significantly increases the capacity of
shells ta resist concentrated loading and
reduces the tendency to buckle out of plane.
The form of grid shells can be established
through form-finding methods, which deploy
the physical process of self-organisation of
a material system under the influence of
extrinsic forces. The range of possible forms
is determined by the choice of the conditions
under which the process takes place.

The Multihalle in Mannheim in Germany
was the first built grid-shell, and the design
was developed through a series of form-
finding models. Once the overall form was
satisfactory, a detailed nonrigid suspended
net model was built. A nonrigid net assumes,
under its own weight, a spatially curved
suspended form with only tensile forces acting
on it. The inverted form is called a thrust
surface, which is free of moments and
stressed by axial compression. The conversion
of the form of the suspended net model is the
basis for the construction of a grid shell,

The suspended model was measured
phategrammetrically at the Institute for Applied
Geodesy in Buildings at the University of
Stuttgart, under the direction of Klaus Linkwitz,
a long-time collaborator of Frei Otto. From the
measuring results, the coordinates of the knot
points were calculated from the reversed to the
real measurements of the enlarged model.
After the final calculations were completed it
was found that a double-layered grid with
special sliding connections would be required.
Diagonal cables were added to keep bending
deformations within limits and to guarantee
stability.

During the construction the timber laths,
which were laid out flat, were lifted inta shape
and then fixed at the boundaries and the node
bolts tightened. A physical load test was carried
out on part of the grid shell, and water-filled
municipal dustbins were hung from every ninth
node. Double-exposure photography was used
to record the deflection. The actual deflection
caused by the physical load test was much less
than that calculated by computer.
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Form and force are correlated, in that the
form of a structure can be determined as
the state in which the forces acting in and
on it are in equilibrium. Furthermore, the
flow of force can be shown through physical
modelling. Frei Otto has developed many
different methods of experimental modelling,
using principles of the self-organisation of
materials into lightweight, stable
configurations.

Above
Multihalle Mannhaim.

The characteristics and behaviour of a form that has
been evolved from a self-forming process have to be
physically tested in experiments. Self-forming processes
can be systematised by two distinct approaches. The
first system emphasises the force, which acts in a
structure or can be transmitted by it, or which was
active during its development. The second system
emphasises the form of the developing object because
its form is a primary parameter in the evaluation of a
structure. Form and force are correlated, in that the
form of a structure can be determined as the state in
which the forces acting in and on it are in equilibrium.
Furthermore, the flow of force can be shown through
physical modelling. Frei Otto has developed many
different methods of experimental modelling, using
principles of the self-organisation of materials into
lightweight, stable configurations. We asked him to
elaborate on the relationship between geometry,
materials and models, and to describe how he started
his work at the Institute of Lightweight Structures.

‘About 5,000 years ago knowledge of geometry
started to be used in building, making straight lines
with a stretched thread, using the right angle in
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horizontal and vertical directions. These
geometries were considered as an optimum for
structures. This allowed building masters to
make buildings very directly. The Egyptians and
the Romans knew that the sphere and the
cylinder are not always the best for structures.
If you want to make a vaulted dome out of stone
you may discover that the conical shape is better
than a hemisphere. With modelling | could come
very near to the aptimum. With models | do not
have to use simple geometries, and forms and
shapes can be developed and tested for stability
against the forces in nature: earthquakes, winds
or snow. Most of the mathematics of minimum
surface structures are complicated or unknown,
so that it is much faster for me to find the form.
In five seconds one can make a minimal surface
that would take months to describe and to prove
structurally stable.

‘Today | use many different modelling
methods, perhaps as many as 200. In the 1960s
Fritz Leonhardt, one of Germany's greatest
engineers, asked me to found a research

institute at the University of Stuttgart to explore these
modelling methods. Leonhardt built suspension bridges
and high towers at a time when the mathematical
proofs of structural stability were quite limited. He
started modelling himself, measuring deformation and
then comparing those measurements with his
calculations. | worked with him on several large
projects, including the Bremen Harbour Roof and the
German Pavilion in Montreal. In Cologne we had to span
an arch stabilised with a glass-fibre membrane. It was
the cambination of structural calculation and modelling
together that succeeded. A correctly made model does
prove a structure. It is difficult to know if a theoretically
determined shape is structurally stable until it is built.
For example, it is beneficial to prove through a model
the stability of a thin shell structure which is often very
weak against buckling.’

While Frei Otto has greatly advanced the field of form
finding through physical modelling, he has also been
involved with the development of digital form finding
and analysis. In fact, most constructions built by Frei
Otto after 1970 were computer generated and computer
drawn. Upon his suggestion computer simulation was
introduced by the geodesic expert Klaus Linkwitz in
1966. Frei Otto also collaborated with John H Argyris,
the inventor of finite elements’. While today it is
possible to use scanning or digitising technology to
transfer from a physical model to a digital model,
and from this produce drawings, we wondered how
Frei Otto during the past decades developed techniques
to transfer data from physical models to drawings
and subsequently to computational models.

‘In the early days, when | had little money and
worked by myself, | had to work with photographs and a
measuring table that | developed myself. With this set-
up | could draw contours that were exact to the tenth
of a millimetre. Later | worked with the geodesic expert
Klaus Linkwitz, and we used the stereoscopic method
that is used for measuring the surface of the earth.
Interestingly, at the same time the biologist Johann-
Gerhard Helmcke was testing stereoscopic
measurements with electron microscopes. His
specialist field was very small living objects, diatomes
and radioloria. Helmcke collaborated with Konrad Zuse,
who invented the computer and used it in combination
with the stereo-comparator for the photogrammetry.
We used this method on models for the German
Pavilion in Montreal. We also put Konrad Zuse's
computer in the World Exposition, together with a
computer-controlled drawing machine, plotting the
sections of aur building.

‘We have used the computer ever since then, but
| continue to use models as well. Qur models, in
combination with iterative calculations, have really
helped us to make better and more beautiful buildings.
| am not against digital processes at all, but emphasise
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Finding the Tirst shapes and understanding
the structure is best done with small
Inexpensive models, some of which can be
built in a few hours. If the form is new, then
there will be no mathematical precedent

and calculations are not immediately possible
and models must be used, However, modelling
is only a small part of the total job that an
architect has to do in order to arrive at a
building design, especially if the building has
a complex function.

the importance of understanding of what we are doing.
Solving problems with software programs that are

not specially written for the particular problem one is
dealing with may lead to a lack of understanding of
what is shown on the screen. Semething may look
perfect on the monitor, but that does not mean that
you understand it or that it is functioning in real size.

‘In 1987/68 | began to collaborate with Qve Arup.

He asked me to develop a modelling shaop for him, which
| led for three years until Ted Happold left Arup and
moved to Bath. Arup, Happold and Leonhardt, the best
engineers in the world at that time, all used a combined
technique of modelling and iterative mathematics. | think
this is the key to the future. In physics, for example,

it is understood that a new formula is only proved when
confirmed by experiment. Even Einstein confirmed his
formulae by experiment. You can prove the stability of a
building in the actual building itself, as we did with the
finished structure of the German Pavilion. We used a
hydraulic jack and measured the forces in all masts and
cables for the whole pavilion, but this was an exception.
We could have built it only with modelling and
measuring, and without mathematical proof.

‘For testing forces the model must be made with the
same materials and in the same form as the final
structure. You can do this with steel wires, but it is nearly
impossible with concrete. If the materials and the form
are exactly the same as the final building, and if the
model has the same load per square metre, then the
same stresses appear in the model as in the buitding,

It is not always necessary to make every model like this,
but it is important to start with simple models to test the
feasibility of the design. Obviously, models for detailed
analysis take longer to make and are more expensive.
Finding the first shapes and understanding the structure
is best done with small inexpensive models, some of
which can be built in a few hours. If the form is new, then
there will be no mathematical precedent and calculations
are not immediately possible and models must be used.
However, modelling is only a small part of the total job
that an architect has to do in order to arrive at a building
design, especially if the building has a complex function.

Frei Otto’s immense body of work contains many
indications of exciting directions for further research
and developments. We asked Frei Otto to reflect on his
personal view of the primary tasks that architecture
needs to take on in the near future, as well as further
interesting areas of research.

‘We need a worldwide technical organisation and
new inventions to improve our buildings so that they
can survive catastrophes. We need a system that allows
us to react quickly, with appropriate ships, aircraft,
helicopters, and we need instant buildings for those
peaple who are affected by catastrophes. Earthquakes
require the solving of special technical problems. Thers
are some quite good technical solutions but knowledge
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of them is not widely distributed. Some
architects and engineers say that buildings
made from brick or stone are too weak for
earthquake regions, but they can perform
well if they have the correct shape to resist
earthguake forces. We have to study the reasons
for this, because most of the knowledge of
earthquake-resistant design in the past is
lost. | have tried fo experiment with stones
and inclining models, which is the easiest and
most revealing way fo test stability.

‘We have also studied the "domino effect”
caused by tearing in skyscrapers. The reason
for the collapse of the World Trade Center was
the domino effect. We studied the collapse of the
building with our English friends. In biological
structures the transmission of forces takes
place mostly through the skin. Biological
evolution began with nonstiff structures.

The stiff structures came much later, and they are
usually just stiffening parts of larger soft structures.
We need to study biological structures much more.
They have usually only one structural element, a skin
filled with water, proliferated in an infinite variety of
ways. The skin is made out of fibres, a thin net. Fibres
are the secret to understanding biological structures,
and they don't tear. You cannot tear a living skin, but
you can tear a well-woven cloth. Living structure is
completely different to artificial technical structures
that are shaped by simple geometries. The structure
of living nature is very complex. In living structure
every element is different. This is why living structures
do not tear easily. Irregularity is important not only
in biology but also in technology, and is a field that has
not been researched enough.

‘It is necessary that we architects try to understand
living nature, but not to copy it. This is one very
important task for the future.” o
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Michael Hensel, of ocEAN NORTH, argues the need for an alternative form-finding
Zechnigue that can incorporate dynamics and extend the form-finding process
seydnd construction to in situ form adaptation. He presents his case for an
=xpanded form-finding tool-set in relation to a design study for the World Center
“or Human Concerns, which is based on the notion of ‘parasite buildings’ that are
vrapped around existing buildings. In this case the required structural and
-irculatory independence from the host building is resolved by the building skin
of the wrapped structure.
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Material Dynamic: Form Adaptation
and Feedback
Form finding is a design method that deploys
and instrumentalises the self-organisation of
material systems under the influence of extrinsic
forces. In architectural design and engineering,
form finding is commonly used to develop
structural form in response to gravity. Its two
primary tasks are the generation of the form to
be built and the full-scale construction of the
desired form. These co-joined tasks lead to finite
building solutions. This essay proposes that
finite designs resulting from form-finding
processes are at odds with understanding
material systems as inherently dynamic. This
understanding necessitates a dramatic shift in
focus of the aim of architectural design from
producing static and discrete objects to the
generation of motile material arrangements that
are responsive to their environment. The
guestion is then: How can we approach form
finding if material form continuously transmutes
in response to an equally dynamic force-context?
An approach to this design problem must
engage with three generative feedback
processes. The first feedback concerns the
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Top: Form Generation

Form genearation does not necessarily nzed to be based on evalutionary
software. Readily available animation software can be usad to s2t into
mation a farmative process influenced by attracting and repelling forces.
Each frame of such an animation is & Gestalt snapshot of the formative
process of an object. The initial form generation of the World Centar
commenced by employing an animation technique that wraps surfaces
around given objects. The animation consisted of 500 frames that wers
subsequently assessad in relation to the overall geometry of the
composile ohject and the sectional pockets that result from the
intersecting surfaces.

Middle: Geometric Analysis

Geometric analysis is of central importance for form-finding processes
in a digital environment. Current 3-D-modelling software packzages offer
a variety of tools for geometric surface analysis. The Zebra analysis in
Rhino, for example, uses nures surface evaluation and rendering
technigues to aid visuzl analysis of surface smoothness, curvature,
continuity between surfaces, and so on. The analysis of surfacs centinuity
helps to assess the structural consequences of how surfaces meet. Zebra
analysis plots zebra stripas over a model as if it wers chromium-plated
and placed inside a striped cylinder. This method was developed in the
car industry to help search car surfaces for bumps, folds and other
deformations. Zebra analysis can highlight three types of surface
continuities. If surfaces that meet edge to edge shaw disjointed stripas
along the seam it indicates that the surfaces touch, but have a kink or
crease, which implies GO or position-only continuity between the
surfaces. If the stripes show kinks or turn sharply as they cross the
seam, it follows that the position and tangency betwesn the surfaces
matches, This indicates G1, or position and tangency, continuity between
the surfaces. G2 surfaces, which are tangency and curvature continuous,
show stripes flowing smoeothly across the seam. One prablem with Zebra
surface analysis is that with changes of the view angle ta the model, the
stripe patterns change and so it can be rather difficult ta analyse blends

fram several different angles. The Zebra analysis of the two intersecting surfaces
that make up the envelope of the Warld Center reveal all three typas of surface
continuities. The result can yield two responses - either lower-degrae surface
cantinuity is eradicated by means of rebuilding the geometry of the digital 3-D
model or a differentiated approach to construction is chosen in relation to local
surface continuity.

Bottom: Rapid Modelling

Rapid physical output of digital models serves to comprehend complex form

and to develop criteria for further assessment and development. The various
technologies of rapid prototyping serve this goal particularly well, as the
geometry of the digital model is correctly and swiftly manifested. Two rapid
pretoiype models were produced as form studies for the Max Protetch exhibition
‘A New World Trade Center’. The aim was to produce rapid prototype models that
don’t brezk easily in transpart, as the exhibition travelled, and to use a material
that is not affected by exposure to daylight. Both requirements are not easily
met by a number of rapid prototyping technologies. Selective laser sintering [sLs]
was chosen as the first part of the process. 515 implies parts that are built

with successive layers of powder selectively bound by a laser beam. The basic
material consists of powdar with particle sizes in the order of magnitude of

30 micrometres. Successive powder layers are spread on top of each other.

After depasition, a computer-controlled CO; laser heam scans the surface and
selectively binds together the powder particles of the corresponding cross
section of the digital model. During laser exposure the powder temperature rises
above the glass transition peint after which adjacent particles flow togsther.

This process is called sintering. As polymer powder-based madels remain fragils
and turn yellow due to Uy-light exposure, another material approach was needed.
The final cheice came from rapid tooling. A mix of rapid steel metal and polymer
powder was sintered. The resulting steel particles were bound with palymer.

The polymer was then remaved by placing the initizl model in a furnace. The
beking process caused the polymer binders to be burnt away and resulted in

a very brittle steal skeleton that was then simultanecusly sinterad and infiltrated
with bronze, giving a highly durable model.



context-specific forces that act upon material
form, which are in turn influenced by material
form through levels of resistance to change. The
second feedback comprises the dynamic relation
between material arrangement and human
subject. The third feedback involves the
interactions between human subject and
environment that assert indirect influence on
material arrangements.’

To account for these processes and their
combined impact in a systematic fashion it is
necessary to establish a taxonomy of force-
formation processes. Moreover, the underlying
conceptual and methodological framework
necessitates a tool-set that sets into motion
formative processes and analyses emerging
forms as transition-states together with their
particular performative capacities. Such a tool-
set needs, then, to be able to detect the
performance potential of material systems in
addition to the specified ones, and change its
analysis and assessment criteria accordingly.
The tool-set has to evolve its generative and
analytical logic in parallel with the continual
self-organisation of material form.

The complex dynamic interrelation between
material form and environment requires a
multiple control parameter set-up. Traditionally,
form-finding methods focus mainly on mono-
parametric structural behaviour of material
form. This constitutes one-way causal relations,
far from the feedback set-up required to evolve
form and tool-set together. Multiple-parameter
experiments involving many formative forces
acting together are a fairly new undertaking,
particularly when the assessment criteria
incorporate such diverse items as spatial,
structural, material and habitational
characteristics. This becomes further
complicated by the fact that the variables and
the assessment criteria of a multiple-parameter
form-finding experiment do not necessarily
coincide. One example would be a structural
form-finding experiment that yields a desirable
spatial organisation that was not anticipated.

A crucial aspect in multiple-parameter
experiments is the redefinition of the notion of
efficiency. For instance, if only one structural
parameter needs to be considered, for example
in Gaudi's hanging models, the performance of
the model can be optimised to a specific force-
case. With multiple-parameter set-ups each
result is a negotiation towards a best-possible
overall performance, with a great deal of overall
redundancy (future potential] built into the
material arrangement so that shifts from one

force-scenario to another can be accommodated.
However, negotiated performance criteria in multiple-
parameter form-finding processes do not necessarily
lead to mean average solutions: rather specific
performance profiles may emerge in relation to the
specific set of influences that yields a particular
material form. The difference between the best-
possible overall solution on the one hand and the mean
average on the other is defined by the ability of the
former to shift priorities between control parameters or
even to involve new parameters on the basis of
recognising opportunities in transitory states.

Form-in-transition must be able to perform in all
relevant ways at all times, and not switch from one
steady state to another. Dynamic form evolves through
morphogenesis under changing force-cases, including
both generation and adaptation of form. Adaptation of
material systems in situ therefore engages a third task
for form finding that commences after the construction
process and proceeds by means of analysis and
feedback of the impact of inhabitants and habitat onto
the built environment.

Form-finding processes extend in this way beyond
the design and construction phases towards a process
of adaptation of the built environment. This closes the
operational feedback loop. It is an inclusive process that
extends the understanding of the built environment
from a scaled-up version of modelled, anticipated and
finite performance profiles - a hard deterministic
approach - to an understanding of a mutable
environment that is subjected to contingent influences.
A new, soft regulatory approach must enable changes
between anticipated and actual performances and
assessment criteria. This suggests a design
environment in which the generated is always to some
extent different from the anticipated, and in which the
unfamiliar appearance and behaviour of transitory
states becomes the focus of interest.

Here the notion of the exotic comes into play. It
refers to the unfamiliarity of shifts in patterns of
appearance and behaviour, the capricious and divergent
actualisation of transitory states. The condition of all
states being transitory constitutes the strange and
bizarre qualities of the formative processes that yield
unfamiliar forms and performances. In design
disciplines this is a disturbing thought. Isn’t design
supposed to lead to a result that can be clearly
anticipated, to products that are solid, controlled and
built to last? Of what use is a result that is fluid,
contingent and built to change? What is the task of form
finding if its result cannot be anticipated?

From a traditional viewpoint this approach turns
counter to any ‘rigorous’ experiment by allowing for
contingency and divergence and not eliminating
undesired influences. Indeed this approach seems to
contradict the very notion of instrumentality if the
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chosen set of control parameters is not strictly
limited and set out in a closed systemn. What is
interesting here is the implied reversal of
experimental procedure. Comman form-finding
processes are based on a finite, a priori
formulation of desired performance profiles for
which the appropriate form is ‘found’. The new
approach commences from a temporal and
nonfinite definition of control parameters and
performance ranges, in which each transition
state may bring a shift in assessment criteria
that is not absolute but relative to potentials.

This implies that both the analysis and the
regulation of processes that generate evolving
form and performative capacity need to be based
on pattern recognition, the operation and design
of systems that recognise pattern in data.
Moareaver, inference, search or learning, which
are central to artificial intelligence, are needed
for advanced form finding of dynamic material
form. For such a form-finding tool-set to evolve
criteria for analysis and assessment alongside
material form, an inductive process needs to
take place that extends pattern recognition into
the time dimension. Not only static pattern or
form needs to be recognised, but also
morphogenetic or formation pattern in relation
to time- and context-specific influences.

The role of this tool-set would be to derive
general rules and criteria from the observed
particular circumstances, while at the same
time checking these criteria against the previous
ones. Such tools require an open-source
structure that allows data not included in the
initial control-parameter set to influence the
generative feedback process. Evolutionary form-
generation software usually incorporates an
environment-specific random factor as well as
genome mutation that, together, constitute
sources of contingent influence. Indeed we are
at the threshold of having multiparametric
digital tools that generate and analyse combined
geometric, structural, material, spatial and
habitational characteristics and capacities. In
combination with computer-aided manufacturing
tools, such as rapid prototyping, physical models
of selected transition states can be produced and
tested in actual or simulated environments and
the test data can be fed back into the generative
process in the digital environment. An inclusive
generative feedback-based and evolving tool
would therefore constitute the next major step
in the evolution of form-finding methods.

The conceptual and methodological
framework of inclusive form-finding methods
is currently being developed by the Emergent

Technologies and Design Programme and in Diploma
Unit 4 at the Architectural Association, the Emergence
and Design Group and OCEAN NORTH. The Emergent
Technologies and Design Programme is tackling the
combination of the methodological and tool-based
generative set-up by using form-finding methods along
with evolutionary software, as well as advanced digital
3-D modelling and computer-aided manufacturing.
Diploma Unit 4 is developing an approach that
integrates ecological, morphalogical and topological
concepts and methods into a systematic pursuit of
performativity and its feedback on design criteria and
output. The Emergence and Design Group has worked
on the development and deployment of evolutionary
strategies for design with inclusive micro- and
macrostructural systems.

Versatile Morphologies: Baskets and Pockets

OCEAN NORTH'S research into the instrumental
deployment of available cap/cam technology as time-
based notation and design tools commenced with
the Synthetic Landscape project® and as form-finding
tools with the adrift Time Capsule entry to the New
York Times Millennium Time Capsule competition.®
The study for the World Center for Human Concerns
continued this research. The Max Protetch Gallery in
New York commissioned the study for the ‘A New
World Trade Center” exhibition in 2001 and the projec:
has since continued as research into new approaches
to high-rise parasite structures that are wrapped
around existing buildings. 0CEAN NORTH's scheme
articulates an unfamiliar morphology that, in being
alien and exotic, is able to yield unexpected relations
between habitants and habitat that could in doing so
result in new social arrangements.

The formal and spatial articulation of the scheme
was developed through a digital form-finding process,
using animation software that drapes surfaces around
defined objects. The 440-metre-tall volume of the Worla
Center was thus draped around the volume of Minoru
Yamasaki's Twin Towers, which are visible as vague
figures behind the textured and folded skin. This design
serves to resolve the required structural independence
of the parasite building from the host building, which
was obviously not designed to receive additional loads
or dramatically increased circulation. The spatial,
structural and circulatory organisation of the World
Center is thus achieved by the articulation of the
building envelope. The envelope is organised as two
large interlocking basket structures that are able to
absorb a much higher degree of local structural
disruption without collapsing than can standard central-
core structures. The greater potential of the envelope
to flex and to redistribute forces across the strands
of the basket is given by the redundancy of structural
members in basket-type morphologies.
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The initial form-finding criteria for the World
Center were valumetric with respect to the
overall building geometry and spatial with
respect to the sectional articulation of the
scheme as a series of interstitial spaces formed
by the draped skin. These interstices are
understood as urban spaces in vertical
arrangement that can be individually designed
and programmed by independent but
coordinated design teams. This approach shifts
the emphasis from the horizontal ‘block’
arrangements and ground-datum zoning to deep
spatial planning with an increased emphasis on
topological relations between three-
dimensionally arranged spatial ‘pockets’.

The permeability of the threshold between
these pockets, or, in other words, the
connectivity, becomes a qualitative criterion for
the relation between the spatial pockets and
circulation across the entire volume of the
scheme. The scheme therefore abandons the
common high-rise organisation of central
service and circulation cores and uses instead
the building envelope as a space for circulation:
120 vertical circulation channels are nested
within the skin, and tie as reinforcement into the
basket structure. This approach results in an
infinite number of ways of getting around the
building and facilitating social encounters en
route. In doing so, the draping of the World
Center’s envelope around the volume of the Twin
Towers articulates its volume as a set of
interstitial spaces that escape a singular spatial
hierarchy and homogeneous relation between
the built environment and its inhabitants.

The formal and spatial articulation of the
scheme promotes a spatial politic of temporal
individual and collective experiences. The
tension between formal and organisational
ambiguous articulation grants, in every
location, a unique experience of a sensuous
figure or surface in formation and extends thus
the guestion of form to the question of
experience. The scheme’s surface geometry
articulates spaces, while its material make-up
and striated articulation - similar to that of the
previous Twin Towers - enables a modulated
transparency of both the skin and the spaces
within and beyond it.

As the scheme proposes a 'thickening’ of the
space of existing buildings by adding layers
around them, there arises a need for rethinking
the question of daylight in deep structures. By
questioning an equal need for daylight,
differentiated interior habitats can be articulated
instead. Rainforests and the oceans can serve as

organisational models, where even in the lowest and
darkest regions micro-ecologies flourish.

A secondary local form-finding process focused on
the regulation of light conditions within an established
range. Differentiated spatial material and ambient
articulations are mobilised to yield emergent social,
representational and habitational arrangements. This
argument relates to Achim Menges’s discussion of
morpho-ecologies and indicates that form finding and
form adaptation must be understood in relation to
dynamic synergies between material form and
behaviour, the habitats determined by those synergies,
constituted by a differentiated condition-based
environment and the contingent influence of inhabitants
and emergent activities that need to be registered and
fed back into the continual form-evolving process.

For the development of the World Center this implies
that the design teams that will articulate the material
form of the spatial pockets need to set out their own
specific parameters for form finding and adaptation that
then also need to be coordinated to the extent that spatial,
structural, topological and experiential consistency is
achieved, which will reguire some thinking and innovation
in terms of form-finding criteria throughout the different
phases of the project development, as well as shared
knowledge and data bases. Consistency and alteration of
form-finding parameters across design development
phases and scales need to be carefully negotiated with
the many design teams at work.

Finally, it is important to point out that a discussion
of the evolution of form-finding design method and of
its output would remain incomplete without a reflection
on the consequences for architectural practice. To
tackle complex and inclusive form-finding processes as
a form of architectural practice implies the rethinking of
some of its most deeply entrenched dogmas. This
includes the redefinition of architectural services from
the provisian of singular and finite design solutions to
the tactical management of time-based material
processes across scales and milieus.

Quite obviously this discussion will yield a strong
impact on the content of contracts and thus on the
architect and client relationship. Instead of the common
item-based contract, architectural services would have
to be recognised as equally time-based as the continual
design process. Client and architect would have to
periodically update the performance requirements of 2
‘project’ and feed this information back into the
formative process that, as outlined as the third task of
form finding, concerns itself with adaptation of material
systems and processes in context. This discussion is
particularly interesting given that architecture as =
practice promotes innovation in approaches to desian,
but is very conservative in its resistance to the evolution
of its concerns and modus operandi. Yet, nesd we
worry, since nothing retains its form? ®




VER PLANTA DETALLE @
\\_F.I] -

—— LINEA DE LIMITE
[EL PROYECTO
COTA +5.00

VER PLANTA DETALLE ﬂ‘l’]n‘

N

LIMITES ENTRADA
FARKING & CONCRETAR

—3

1

| LINEA DE LWTE

| DEL FROYECTD
|/ coTA 1250~
| 5

PLARERFLANADA [
POSICICY A EUNER[B\R—L

RAMPAE |
e

Ty
AAMPA 13 )
By
Ilr.
III{ i
@En, [ wmos ] e

LINEA DF LIMITE o . ’ e R =
o PRONECT: INCLINACION 70 s e

CON FISCIRAS

34



10 years in practice.

Farshid Moussavi and Alejandro Zaera Polo of Foreign Office
Architects, in conversation with the Emergence and Design
Group, discuss the systematisation of their work by phylogenesis
and species, and the implications that this new paradigm has for
the methods and techniques that they have refined during their

nylogenesis

VER PLANTA DETALLE ——

RAMPAET |

/

RAMPA &

T =

—— UMITE FROYECTD |
COTA +12.50

GEOMETRIA Y LIMITES A
CONCRETAR

Y

RAMPA 11

oy

RAMPA 12

il

" UIMITE PROYECTO
COM PISTNAS

y [ rames 10 e | oRes E b

121 INCLINATION /0 SEhss N i

LMITE FROYECTO
COTA +1.530
MUROD 7
INCLINACIDN 70

" TSCALERA ADCESO |
EXPLANADE |




Opening spraad

Ovzrall plan of the Southeast
Coastal Park and Auditoria,
Barcalona, The erganisational
prototype is basad on the
coastal dune, a material
organisation with Llittle internal
structure and shaped by the
wind. The pregrammatic
distribution iz based on the
modelling of sporting and
leisure activities as a network
of circuits.

Below
Southeast Coasl Park,
Barcelona. Tiles diagram.

Eollom

Southeast Coastal Park,
Barcelona. Descriptive
elevations of wall under dune,

In recent exhibitions and publications, Foreign
Office Architects (Foa) has systematised the
representation of its work in the form of a
phylogram, a means of reviewing the firm’s bady
of work over the 10 years it has been in practice.
A phylogram, or phylogenetic tree, is a device of
classification in biology which is used for
systematic studies of evolutionary history and
the relationships among organisms that have
common ancestors. In this case the phylogram
operates to identify consistency across the
different design processes, projects and the
overall body of the architects’ work.

‘Foa grew very much out of the culture of
“nonstyle”, but we have lately realised that there
were certain features that appeared in various
projects. This helped us to accelerate processes
and improve on discoveries that we had made,
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and we began to understand style as the improvement
of techniques and operations through repetition in
different projects. Out of that we started to systematise
these features.’

In a design studio at Columbia University taught by
Farshid Moussavi and Alejandro Zaera Polo, entitled
Back to the Hardcore, the pair renewed their interest in
types as a pool of raw material to work from. Departing
from this interest, they began to look at their projects as
variations of a lineage, as a tree that includes all the
different projects and which can be used to trace a
history of ideas and of forms, of knowledge that can
become operative when an opportunity appears.

‘We had been experimenting in the Columbia studio
and with the students we have in Vienna. We talk about
the importance of language in architecture, and working
across cultures or what we call “ecosystems”, and what
we extract from them. Typology provides raw material, 2
kind of "genetic pool” that we carry with us. We regard
types not as fixed structures but as open organisational
structures that we can proliferate and modify. The
intention of using phyllotaxis to systematise the work
was initially a postrationalisation, providing coherence
and clarity for exhibitions and publications. We have
used phyllotaxis three times. The first time was for the
exhibition in Tokyo, the second one was for our show in
Vienna and the third one was for the show at tl;ke/Jt:A in
London. We are not developing the tree in an If,
instrumental way at the moment. It represents for us an
initial idea of a taxonomic approach to underst'anding
and systematising our work.’

If the phylogram is to be an instrument, the question
is how it can grow. Each new project can establish a new
distinct and separate lineage on a branching tree. On the
other hand, crossover between projects can produce a
new project as a direct offspring of the farm or from the
methodology of previous generations. Fos has initially
used the phylogram to become conscious of
relationships and repetitions within the firm's work, but
the architects also consider that it might be developed
into an operational tool for the ‘breeding’ of new
projects. In this sense the phylogram can be used to
organise formal operations and rule-based processes
for "breeding’ between projects rather than a more
literal hybridisation of forms.

‘Our phylogenetic paradigm has not yet become
operative. It is latent in our operating mode, and we are
somehow trying to surface it, but it is very difficult to turn
it into a methodology. At the moment the tree is more of a
representation than an operative device. It has not yet
generated a methodology and so we have not been able to
make it operative. One immediate use of the phylogram is
that it allows us to assess the progress of our work. This
is important in the light of iteration-based methodology
and research. The problem is that the development of
methodology takes so much time that, finally, the project
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becomes legitimised only by the fact that it is
consistent with the methodology. And at the end
you still need to resort to typologies and history
of architecture that are independent from the
product of these processes.

‘If every new project uses a mutation of a
previous project, there is no process of discovery.
What do you begin with as raw material: nothing
or a certain thing? So, if we decide to mutate
this or that, the decision is made before the
environment introduces a completely new
lineage into the tree. It is important to develop
mechanisms of verification, no matter how much
data you have and how much complexity we
bring into the project. We directly pick up what
is there and work with it. In the design for
Yokohama we prioritised passenger flows,
whereas for the Southeast Coastal Park in
Barcelona the distribution of programme was
informed by an analysis of the required sport
and leisure activities that allowed the topography
of the landscape to be generated.

‘For the World Trade Center we looked at the
evolution of high-rise buildings, emerging from
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Horizontal section elevation.

Opposite, top
Vertical section detail.

Opposite, bottom

Sky-lobby transfer diagram.
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the pages of Neufert, and the Petronas and Sears
towers. This is a very important project for us
because it is the first to emerge from a reflection
on typology. It was about understanding the
history of the type and producing something
directly out of that history. In all of the projects
the aim was to look for generative potentials.

In order to discover new aesthetics and new
forms, we set up a process from which we look
for emergent possibilities. If we have to make

an auditorium, why blind ourselves to all the
previous experiments with auditoriums? We
should look at auditoriums, disassemble them
and look at them as rules of projection and
angles of seating, as raw materials that we

can grow in particular ways.’

Foa formulates particular questions at the
beginning of a project, and uses them to initiate
the process of generation. It is a shaping of
precisely framed interests, quite different to
setting out open-ended research that may or may
not end with a project. Projects always involve
working with others, and it is apparent that Foa
has a wide set of interests and some expertise
in other disciplines. The question arises how

collaboration with experts will affect the production
of the ‘raw material’ for design.

‘Collaborations are only interesting when they
become generative. We are interested in all of the
systems that can be incorporated into a project. You
need to understand a certain minimum about these
systems and processes to know that they have material
implications. Environmental engineering is one
that seems to repeat. In the Toronto Park project
we developed a new ecosystem, redirecting water
by manipulating the space of the site.’

It is interesting to note that Frei Otto in his
conversation with the Emergence and Design Group,
earlier in this issue, claimed that there are certain
systems and behaviours that can only be investigated anc
proved through physical modelling, particularly tensile
structures and minimal surfaces for which mathematica!
models are not comprehensively developed. He argued
that it is only possible to develop and test such structures
and their behaviour in physical models. FoA holds quite
different views and the roles of physical models and datz
models in the firm’s work are distinct.

‘We don’t do physical models to generate projects
as we prefer to work with digital models in the design
process. The form is developed gradually,
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incrementally involving and incorporating various
pieces of information over time, throughout the
generation of the project. Everything we need to do
we can do on the computer. We are familiar with the
interface with the computer so we trust it. Physical
models come at the end of the design process, as
presentation models for the client or for a show.
Physical models would only be interesting to us if they
would help us to understand the geometric logic that
underlies them. We have not found ways of working
with physical models that are as efficient as working
with digital models. If we had more staff we might
work much more with physical models, if it were
possible for the physical model development to keep
pace with the development of the digital models. The
more tools you can work with the more possibilities
you have. The problem with insisting on the use of
physical models is that they exclude working with
nonvisual parameters, for example circulation or
environmental issues. The computer can model visual
and nonvisual information.’

The working techniques of FoA over many years
indicate a strong interest in methods based on
incremental development. It seems logical to suggest
that a more explicit use of evolutionary computational
techniques could be part of the architects’ future
research for the practice.

‘As to our plans for research, if we had unlimited
resources we would set up a research group in the
office that does not have the pressure of delivering
projects, perhaps investigating the possibility of using
the phylogenetic tree as a generative tool. Evolutionary
generation is an incredibly promising field, and if we
had the resources we would also research this
approach. In the Yokohama project there was a moment
in which we had to develop a piece of software that
would evolve form, because there was a problem of
optimisation of symmetry of pieces. Similarly, the
design for the Southeast Coastal Park in Barcelona
required this kind of computational approach to achieve
a suitable relation between plantation, irrigation and
drainage. These were, in a way, evolutionary design
approaches, because we set up a system of rules that
were competing.

But this is something we can do only in certain paris
of a project. We don't think that one can solve all
architectural problems by using these generative
systems. It would be completely mad; neither pragmatic
nor efficient. You have to rely on your experience as an
architect, on your acquired knowledge to focus the
experiment, and then in some areas of the project these
methods will be viable. We think that to generate each
project from scratch is against the logic of efficiency
of production. It will turn the project into a nightmare,
with every little piece of the project being infinite in its
possibilities. The closer you get the more it opens up.” ®



Fit Fabnig
Versatility Through
Redundancy and
Differentiation

There is a need to rethink the
design of high-rise buildings, to
find an approach that integrates
structure and behaviour into
material systems that are
adapted to vertical urbanism.
Michael Weinstock, Achim
Menges and Michael Hensel,
founding partners of the
Emergence and Design Group,
argue the case for considering
high-rise buildings as surface
structures. They discuss the
need for flexure and stiffness

in the context of natural
structures that provide models
for geometry, pattern, form and
behaviour. Their evolutionary
process has produced a design
for high-rise structures in which
a helical structural system and
an intelligent skin are integrated
into a versatile material system.




Will we not attain a more satisfactory insight into the
mysterious architecture of the formative process by
ooking into the following question: How does a surrounding
element, with its various specific characteristics, affect the
general form we have been studying? How does the form,
ooth determined and determinant, assert itself against
these elements? What manner of hard parts, soft parts,
nterior parts, and exterior parts are created in the form
oy this effect? And what is wrought by the elements through
all their diversity of height and depth, region and climate?
— Johann Wolfgang von Goethe,

Writings on Morphology, 1817

Fitness Through Flexure

Two notions dominate the traditional approach of
engineering to the design of structure: stiffness and
efficiency. Stiffness implies that structural members are
optimised so that they do not easily bend, and members
are arranged into whole structures that are rigid and
inflexible. Efficiency characterises the preferred mode
of achieving structural stiffness with a minimum amount
of material and energy. In this approach, any elasticity of
the material from which it is made must be minimised,
and elastic deformation of the structure under load is
carefully calculated.

The structure of tall buildings exemplifies this approach
to engineering, so that the central core supports much of
the weight of the structure and its imposed load. Floor plates
and beams connect the central core to surrounding exterior
columns, each conducting a small part of the load to the
ground and preventing the building from overturning or
sliding when exposed to strong lateral forces such as wind or
earthquakes. The horizontal structure of the floors braces the
entire building by tying inner core and outer frame together.

Analysis of the collapse of the World Trade Center
towers reveals that while the steel-mesh exterior frame
was highly robust, the steel trusses that supported the
floors may have been more fragile, and that the central
core was not designed to handle very strong lateral forces.
Another governmental study concluded that the primary
cause for structural failure was the intense heat of the fire
that broke out, which softened and deformed the floor
trusses. And a further study pointed out that all these
conclusions did not take into account the effects of torque,
and that the buildings could have toppled at the moment of
impact if their frames had not flexed to absorb much of the
energy of the impact. It seems likely that the combination
of severe local tearing and material deformation under
heat produced a sequence that was catastrophic.

It follows that the calculation of elastic behaviour in 2
whole structure is more difficult to model than has been
previously assumed, and catastrophic events combine
several forces that interact to produce a nonlinear
acceleration of effects. Also, the ability to tolerate flexurs
may be more beneficial for structures than had been
previously assumed. The combination of the need for
flexure and sufficient stiffness for stability requires the
criteria of efficiency to be rethought. Models of surface
structures that exhibit the ability to flex without collzpse
exist in human and natural artefacts. Baskets, for example
can accept several local disruptions without collzpsing
globally. Baskets have a high degree of redundancy,
having more material than is strictly necessary for simple
loads, and rely on friction in place of joints. All living
structures have a very high degree of redundancy, which
is what enables them to be adaptive. Joints are notzbly
different from traditionally engineered joints, provided
only for articulation and even then material is continuous
right through the joint.



Opening page

Evolved double-helix structure.

Previous page
Double-helix tower project
section.

Right
Helix evolution.
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Adopting these strategies of design for tall
buildings will make a radical change to their
performance. The total amount of material
involved will not be excessively increased, for

whilst there will be many more members, each

individual member will be very much smaller
in section.

Cylindrical Morphologies and Helices

There are natural structures that have a
cylindrical morphology, that display a robust and
flexible structural performance that is provided
mainly within the skin without any internal ribs
or columns. These structures achieve a wide
range of performances and functions through
the organisation of their components - fibres
and matrix materials - in 3-D assemblies,
despite the fact that fibres have low compressive
strength and are prone to buckling. Cylinders
are generally particularly prone to buckling.
Natural evolution has provided several
successful strategies for surface structures,
including shape-optimised morphologies, and
the arrangement of components in complex
hierarchies to provide multiple load-path
vectors. The Emergence and Design Group is
exploring the development of architectural-scale
surface structures that achieve their coherence
by the organisation of very simple components
into differentiated bundles and braids.

Geometry is essential in natural and
computational morphogenesis. It provides the
set of boundary constraints that inform the
global configuration of a developed form as well
as the local rules and organising principles

for self-organisation during morphogenesis.

The initial research into generic patterns in nztura!
systems suggested that the helix be selected for this
evolutionary experiment.

Spiral helices occur in dynamic configurations == =10
scales in the physical world. They appear in enormaous
energy systems such as spiral galaxies that hawe
central regions thousands of light years across. ==lic=s
are immediately visible in geophysical systems such 2=
the atmosphere or oceans, in the dynamic vortices of
hurricanes, tornadoes, storms and whirlpoo
forms spiral helices are found in, for example. th=
arrangement of protein molecules in DNA 2nd the
geometry of pine cones, sunflowers and the florsis of
broccoli. Xylem vessels in plants are the slender tub
that transport water and solutes up from the n
the stem and leaves. Spiral bands of lignin reinforce

of the leaves around the stem corresponds with the
Fibonacci number sequence, which appears o
maximise the space available for each leaf to receiv
the optimal degree of sunlight.

(18]

Development of the Genotype

The evolutionary process of the Emergence and Design
Group’s research project began with the 'seed’, or
primary input, of the simplest industrial compeonent -
the section of a steel tube 150 millimetres in diameter.
This was swept along a helix to the bounding limits of
the mathematical ‘environment’, which was defined by
the planning constraints and dimensions of a
competition site for a tall building. The single, helical
tubular member was ‘bundled’ by generating copies
rotated around the originating centre. This established
a 60-metre double helix of 10 tubular members
deployed in two bundles, which was further evolved

by generating a counter-rotated inner layer. In the

next generation four bundles were selected, each

with its outer and inner group in counter rotations.

In successive generations inner and outer layers of
members were deployed in the quadrants between the
bundles. The structure at this stage of evolution has 80
members arranged in two concentric contiguous layers.
Forces were applied to the global geometry, producing
a population of variant forms, and from these a single
form with the base and top flared, and the waist slightly
narrowed, was selected.

The development of the genotype continued by
relaxing the geometrical rule of parallel construction
planes for the inner and outer layer of helices.

This resulted in more complex geometrical relations
between the planes of the outer helices and inner
helices, which evolved in curved planes with
nonuniform distances between them. The curved
planes of the helices became strongly differentiated,
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Right
Skin-panel geometry:
algorithmic differentiation.

Far right
Skin-panel adaptability.

Below
Skin panel.




sometimes quite far apart, sometimes touching
and occasionally penetrating each other. A
reciprocal development within the planes
changed the initial arrangement of equal
distances between individual helical members,
so that varied distances between individuals
appeared, and finally intersections between
individuals. A higher level of structural
organisation emerged, in which microstructures
intersect, wrap around each other, bundle and
unbundle. The complexity suggests a new spatial
organisation and structural capacities may be
enabled by the phenotype. Floor plates, for
example, may be more three-dimensionally
articulated and less symmetrical than in
conventional tower structures, and may even be
volumetric.

Development of the Phenotype
The development of the phenotype is driven by
exposure of the geometry to environmental
forces, a process that encourages twins,
multiples, and aggregations of forms that
increase structural capacity by sharing and
distribution of loads - not speciation but
variation within one population of geometries.

The building envelope was developed from a
digital study and finite element analysis of the
tessellated surface geometry of a custard apple.
The skin of the fruit must maintain its structural
integrity, resisting the pressure of the swelling
material inside. The panels all have the same
form but size is varied, and tessellation results
in a surprisingly low number of variations
required for the complex double curvatures.

The building envelope is considered as an
integral system of structure and environmental
regulator-panels that are adaptive in geometry
and performance. The differentiation of the
geometry of the panels follows a similar logic
to the differentiation of the helices - all have
the same form and geometric logic but the
size is varied through a limited number of
parametric changes. These few parametric
changes allow the form of the panel to adapt
to the changing curvature and varying density
of the helical structure through a simple
algorithm. The organisation of the structural
interface, the connection between the helices
and panel regions, is local. This maintains
coherence between the different geometric
hierarchies and has the capacity to adjust
to global changes in geometry.

The skin is activated by a micropneumatic
structure. It achieves its kinetic capacities
through differential pressure in a capillary

system of pneumatic actuator cells that are
distributed between the inner, centre and outer
membranes. Differential pressure in capillary layers
triggers the change from convex to concave geometry
by the differential expansion and contraction of
layers. Synchronised changes from convex to concave
geometry in a panel allow the regulation of light
reflection between the inner and outer membrane,
and the insulating volume of the enclosed air space.

Alternating the changes to the geometry of the
lower and upper half of a panel regulates the fresh
air ventilation and directs light transmission.
Differential pressure between pneumatic chambers
allows for movement of the interfacing membrane.
Patterns of photovoltaic cells printed on the
membranes collect a secondary solar energy gain,
which can be collected from the entire surface and
used to feed the microcompressor that produces the
air pressure of the pneumatic actuator cells in each
half panel. All the energy necessary to maintain the
air pressure and to operate the regulator valves of the
pneumatic panels is sourced, stored and managed
locally by very simple microprocessors,
microcompressors and high-capacity accumulators.
There is no need to draw on a central energy supply,
which increases the reliability and efficiency of the
system and lowers production and maintenance
costs.

Environmental data, from interior and exterior, is
collected by local sensors and processed locally. The
activity of individual panels is entirely local and is a
response to local stimuli. Direct operation by users is
local, affecting an individual panel or a surface region
of the building. The self-learning capacity of the
simple panel processing units also happens locally.
Each panel is independently responsive, capable of
modulating the passage of light, heat and air through
it in both directions, and managing its own energy
economy. No remote central processing is used for
instruction: sensing and activation are embedded
functions in each individual panel, and multiple links
between them provide the means for a distributed
intelligence from which a complex global
performance emerges. The exterior appearance will
be constantly changing, with small variations in
angles and transparencies producing an animated
and subtle surface.

The integration of the structure and the responsive
envelope offer an extended performative capacity.
Increasing levels of differentiation of the helices
yields the potential for changes to the spatial
organisation by the ability to accept relatively free
distribution of floors. The responsive building
envelope makes it possible to differentiate interior
microclimates, both in response to the diverse needs
of the inhabitants and to the overall energy balance of
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Membrane Skins

The tessellated surface of a custard apple fruit
helps to maintain its structural integrity against
the pressure of the swelling flesh as it ripens
inside. A morphological analysis by Birger
Sevaldson, of the Oslo School of Architecture,
was carried out with a Minolta Vivid 900 scanner
that registers not only the overall form but also
its texture and the reB value of its colouration.
The images here show (from top to bottom) the
different stages of the scanning process and the
subsequent fitting together of the various scans
into a coherent digital model. During the process
of scanning the ripe fruit began to break open,
a natural process that exposes and distributes
the 50 to 70 seeds. Analysis of the skin and
volume during the irreversible movement was
done by four scans taken sequentially. From
these four scans, digital 3-D models were
extracted and rapid prototype models (selective
laser sintering) models were made of each scan,
providing physical models for study. The cracks
that occurred in the membrane tissue as it
dried out did not follow the edges of the surface
tessellation. During its growth the pressure

of the fluid in the soft pulp of the interior
pressurises the membrane skin of the fruit.

As the fruit dries, the pressure equilibrium
between interior and surface is lost and the
pre-stress in the membrane becomes
increasingly excessive. Water loss in the
membrane causes the fibres to shrink, which
increases the tension beyond the capacity

of the material to maintain its integrity.

The process took several hours, but the same
process can produce explosive movements in
other fruits.




Spiral Phyllotaxis

In spiral phyllotaxis there are two main
families of spiral helices called parastichies.
These may either be organised symmetrically
or asymmetrically with respect to the number
of counter-rotating spirals. The arrangement
of the scales of pine cones is asymmetric.
Two arrangements of ascending spirals grow
outward from the point of attachment to the
branch: eight spirals ascend the cone in a
clockwise direction, while 13 spirals ascend
more steeply in a counterclockwise direction.
The number of spirals or helices in the two
families tends to be two consecutive elements
in the Fibonacci sequence. These special types
are referred to as Fibonacci phyllotaxis, which
yields optimised packing arrangements of the
respective units. However, the magnolia cone
is arranged in a more symmetrical manner.
The same number of spirals ascends in the
clockwise and counterclockwise directions.
The scales all have the same form but size
varies according to location on the spiral,

and tessellation results in a surprisingly low
number of variations required for the complex
double-curved surfaces. A magnolia cone

was 3-D-scanned with the help of Professor
Birger Sevaldson. From the 3-D scan, a

digital model was derived and analysed

by Neri Oxman, with respect to the helical
organisation of the exterior surface of the
cone. o
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Algorithms as Operative Design Tools

The current groundwork in evolutionary computation and generative
computation presents promising potentials for applications in
architecture. In this article, Dr Una-May O'Reilly, Martin Hemberg and
Achim Menges examine the capacity of software developments that
operate at the intersection of architecture, artificial intelligence,
artificial life, engineering and material science. Two morphogenetic
design experiments explore the application of combined generative
and genetic algorithms as operative design tools.

Nature's complex forms and systems arise from
evolutionary processes. In addition, living forms
grow, and growth is a complex process,
intertwining contributions of the genotype with
the variable contributions of environment and
phenotypic dependencies. In nature the genotype
comprises the genetic constitution of an
individual, while the phenotype is the product

of the interactions between the genotype and

the environment. The emergent properties and
capacities of natural forms stem from the
generative processes that work upon successive
versions of the genome. This genome is compact
data that is transformed into biomass of
increasing structural complexity.

A compelling goal is to instrumentalise the
natural processes of evolution and growth, to
model essential features of emergence and
then to combine these within a computational
framework. The aim is to apply this instrument
as a generative design tool that can produce
complex and adaptive architectural forms.

The current computational groundwork in
evolutionary computation and generative
computation present promising potentials to
reach this goal. Evolutionary algorithms,
traditionally utilised for optimisation, are now
also instantiated for their adaptive qualities.
They permit performative morphological

processes, adaptiogenesis' and inherent novelty to
be investigated in bounds greatly superseding hand-
driven experimentation. Furthermore, evolutionary
computation not only allows many different
instantiations by automating the repetitive, but yields
novel representations and process descriptions

of instrumental performance-driven evolutionary
processes that derive complex emergent structure.

In the following paragraphs both the potential and
the current limits of evolutionary computation in
architecture will be discussed, in the context of the
underlying operative structure, organisation and
application of an advanced software system. Una-May
O'Reilly and Martin Hemberg were part of a research
group at MIT that included computer scientists and
architects. They examined the potential synergy
between architecture, artificial intelligence, artificial
life, engineering and material science, and developed
prototype software design tools embedded within an
existing CAD system.

Integrating evolutionary computation, generative
computation and physical environment modelling
techniques, Genr8 is the latest instantiation of such a
design tool. It uses a population-based adaptation akin

~ to evolution and a generative algorithm akin to growth.

Genr8 is a unique combination of grammatical evolution
[the evolutionary computation algorithm) and extended
Map Lindenmayer systems’ [the generative algorithm).
Implemented as a plug-in for Alias Wavefront's 3-D



EXPERIMENT 1

Above left

Tangential and perpendicular
construction planes of the evolved
Genr8 surfaces are derived via
analysis of geometric
interrelations. Top to bottom: the
surface evolved in Genr8 is closed
through geometric information of
tangency alignments in boundary
points; perpendicular and
tangential construction planes
are distributed according to
surface curvature; the position
and offset of perpendicular
sections is defined by surface
directions and local curvature;
the rigorous geometric analysis
of the evolved surface leads to a
sectional articulation that
organises the interrelation of
multiplanar components and the
co-evolved second system.

Above middle

Digital growth: in Genr8 surfaces
are grown inclusively rather than
incrementally, since all parts of
the surface are modified during
the entire process. Initially, every
surface is an equilateral polygon.
Subsequently, each surface
grows larger and more complex
as it is repeatedly revised
according to a unique set of rules
and environmental forces. Since
all edges can be rewritten
throughout the entire growth
process, all parts of the surface
change continuously. The fitness
evaluation of the grown surfaces
then happens on the phenotypic
level.

Above right

Digital evoluation: evolutionary
computation is used to initiate a
process that co-evolves different
generations of two interlocking
surfaces through geometric
fitness criteria and the
adaptation to environmental
forces [gravity, attractors and

modeller Maya, and based on confluent
dynamics of selection, variation and inheritance,
Genr8 enables a simulation of stochastic,
evolutionary and environment-based structures
and surface geometries.

In order to realise the generative power of
this evolutionary computing tool it is essential
to understand its theoretical framework and its
computational environment.

Genr8 allows the exploration and
development of surface geometries in 3-D space
that have virtual environmental conditions.

The exploration is enabled by an evolutionary
module that produces populations of surfaces
in many generations, and the development is
governed by an algorithm that mimics organic
growth. Initially, every surface is an equilateral
polygon. Subsequently, each surface grows
larger and more complex as it is repeatedly
revised according to a unique set of rules.

The growth process is inspired by Lindenmayer
systems (L-systems), which achieve form by
exploiting the interaction of two components:
the definition, a seed of the form and rewriting
rules that specify how elements of the form
change, and a graphical process that repeatedly
reinterprets the rules with respect to the
current form.

The specific growth model implemented in
Genr8 is provided by Hemberg-Extended-Map-
Lindenmayer-System [HEMLS), which extends
Map L-systems by allowing for the growth of
surfaces in 3-D space. It also includes more
complex grammars and a simulated physical
environment. Consequently, HEMLS generates
surfaces that are grown inclusively rather than

incrementally, since all parts of the surface are
modified during the entire process. The surface is
constructed through a bottom-up process in which all
parts respond to local interactions and the environment
The surface is represented by a graph data structure
that consists of a set of edges, vertices and regions.
Since all edges can be rewritten throughout the entire
growth process, all parts of the surface change
continuously. These interactions are complex and the
interpretation of the HEMLS is nonlinear, so the outcome
of the growth process is open-ended and unpredictable
Phenotypic outcomes are thus influenced by both
genotypic specifications and environmental conditions.
When combining a growth process with form
generation, it is imperative to situate the system within
the context of a virtual environment - in the case of
Genr8, one that has gravity, boundaries and attractors.
Using Genr8, a designer can specify the environment
prior to using the tool, and this has a significant impact
on the growth process.

The combination of generative algorithm with an
evolutionary algorithm makes Genr8 an interesting
design tool. Computer scientists have been interested
in evolution for decades, and created algorithmic
paradigms’ driven by selection, inheritance and
variation, and other operators. Evolutionary
computation has, to date, been mainly applied in
optimisation domains. However, it also encodes a
discovery-oriented and adaptive process that is well
suited for a design tool. In Genr8 a population of
individual designs can be generated and tested to find
the fittest of these, which are then recombined and
modified to produce improved ‘descendent’ designs tha
integrate preferred ‘ancestral features in a nonlinear
fashion.? In Genr8, some evaluation criteria are
explicitly quantifiable and capture local and global
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features pertinent to surface geometry such as
size, smoothness, symmetry and subdivisions.
With the traditional approach to interactive
evolutionary computation [iec) the user regulates
the fitness function by assigning fitness values
to each member of the population. By contrast,
Genr8 has an inbuilt automated fitness ranking.
This opens up the possibility for another, more
powerful interaction between the designer and
the evolutionary process through the
implementation of an interruption, intervention
and resumption [IIR] function. The ir creates a
feedback between the internal evaluation of
Genr8 and other external performance criteria
within one evolutionary process. Interruption
allows the designer to stop the evolutionary
search at any time. At this point the designer
is free to export and analyse individuals, or
even entire populations, and intervene by
manipulating all settings and run-time
parameters, including the environment. Finally,
the user can resume the evolutionary search
where it was interrupted. This ability to change
parameters and map emergent phenotypic '
characteristics back onto the genotype allows a
real performance-driven surface evolution that
is open to a wide range of external processes.
Genr8 has three key innovations. First, the
representations the software uses for the
surface as both a genome (a HEMLS] and a
phenotype (the surface); second, the process
within the evolutionary computation where the
genome is interpreted® repeatedly to generate a
surface; and third, the possibility of interrupting,
intervening, informing and resuming the
evolutionary process. It can therefore indicate

a potential use of evolutionary computation in
architecture that goes far beyond a simplistic
understanding of computers breeding geometries
overnight to be picked and selected by the designer

in the morning. Instead, the possibilities embedded

in the computational structure of Genr8 point towards
an integrated process of evolutionary adaptation,
continuous evaluation of individuals and a
systematisation of species. |t suggests the recognition
and instrumentalisation of performative patterns of
complex surface geometries. Although additional
evaluation tools, for example advanced structural or
geometric analysis, have not been embedded in the
software system, the provision of IR in Genr8 promotes
an inclusive evolutionary process that is capable of
allowing external analysis and evaluation to be fed
back into the form-generation process.

Two morphogenetic design experiments that make
extensive use of the generative and genetic engine of
Genr8 demonstrate the ability to combine evolutionary
computation with advanced digital evaluation and
modelling techniques, and the constraints of related
manufacturing processes.

The first experiment investigates the potential
combination of digitally evolved geometry and
computer-aided manufacturing with the aim of
achieving a coherency between manufacturing logic,
material constraints and increasingly complex
geometries. Evolutionary camputation is used to
initiate a process that evolves two interlocking surfaces
through geometric fitness criteria. The experiment was
based on the understanding that the geometrical data
of surfaces with varying curvature can be described by
a system of tangential and perpendicular construction
planes, which is also suitable for subsequent
computer-aided laser cutting of sheet material.
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The main aim of this research project was
to extend the evolutionary dynamics of
reproduction, mutation, competition and
selection as design strategies. The
potentials and limits from initial form
generation to the actual manufacturing
process were explored by shifting the
investigation towards performative
patterns that evolve as species across
populations and successive generations
whilst maintaining structural capacity and
geometric characteristics.

4 In other words, among a
population of surfaces, the
fitter are more likely to be
chosen as parents of the next
generation. They pass on their
genetic material, which is
subject to variation. This
variation is the blind mutation
and crossover of the genomes.
5 The HEMLS is a Backus-Naur
form (BNF) that is graphically
interpreted within a 3-D
environment with gravity,
boundaries and attractors.
Backus-Naur form is a
metalanguage used for defining
the syntax of formal languages,
both for the developer of the
language and for the user.

6 The surface normal is defined
as a unit vector perpendicular
to a local surface. It constitutes
the first derivative of position by
indicating how the measured
surface location varies while
indexing across a range map.
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A number of geometric constraints were
established, including the local curvature in
relation to the overall surface geometry or the
density of construction planes needed according
to the degree of curvature. This required a
broadening of fitness criteria from a static
ranking device to an evaluation tool that evolves
within a feedback loop of form generation and
external analysis.

In the experiment many generations of two
interrelated curved surfaces were bred in an
environment defined by attracting and repelling
forces, and the evolved surfaces were analysed
in other software packages. Emergent geometric
patterns informed and changed the fitness
criteria accordingly. Geometric features such
as the regional change in curvature and the
direction of surface normals® defined the

position and number of construction planes, as well
as the depth of the sections, across many populations.
The guiding geometric relations were relatively simple,
but through the nonlinear evolution intricate surface
articulations were produced. Through the mutual
adaptiogenesis of geometric fitness criteria and
geometric articulation the morphogenetic process
yielded an ever-increasing complexity, which always
maintained the logic of the material system ready for
immediate manufacturing with the laser cutter. The
result of this experiment shows a level of complexity
and coherence that is very difficult to achieve in
conventional design approaches.

The second morphogenetic experiment, a design
commission for a pneumatic strawberry bar for the
Architectural Association’s annual project review, went
a step further. The main aim of this research project
was to extend the evolutionary dynamics of
reproduction, mutation, competition and selection as
design strategies. The potentials and limits from initial
form generation to the actual manufacturing process
were explored by shifting the investigation towards
performative patterns that evolve as species across
populations and successive generations whilst
maintaining structural capacity and geometric
characteristics.

The logic of a pneumatic component is defined by
the geometry of its cutting pattern, and this was the
starting point of the Genr8-driven development process
The pneumatic component of the experiment consisted
of two trapeziform surfaces that are aligned at a datum
the plane of the connecting seams. The inflated
component is a 3-D form defined by the different
lengths of the surfaces in relation to the defining
points and the spatial datum. These simple geometric
relations, defined as a generic 3-D cutting-pattern,



i Joposite, top left
dorphogenetic design: a
zeneration of three surface
subpopulations grown in Genr8
zrovides the geometric
Z=finition points for different
—omponent structures. This
zopulation consists of

~dividual’ pneumatic systems
“nzt are all coherent with the
==levant structural and
manufacturing logics.

Jooosite, top right

Ler running a digital
=volutionary process in Genr8
r 600 generations, 144

s were identified and
gued according to

cific patterns of relevant
metric features. The
onomy is related to the

e definition ('S’ on y-

sl and the component layout
T on x-axis).

“oove, top and middle left

gital model of the

ual to be manufactured
~ows the differentiation of the
matic components within
f-supporting overall
stem.

“oove, bottom Lleft

% prototype manufactured
=m clear PVC indicates that
olving differentiation of
omponent is still
zherent with the relevant
=ructural and manufacturing

Ypove right
Jiztally derived 3-D
LTing-pattern.

provided the base data for the subsequent
process that simultaneously grew three
subpopulations of surfaces. Two subpopulations
evolved the definition points of the shorter and
the longer surfaces, and one defined the spatial
datum. According to the logic of the pneumatic
base, component-specific fitness criteria for
each subpopulation of the geometry-defining
surfaces were established, which influenced
the global undulation and surface subdivision

in relation to parametric variables such as

the scale factor of growth, branch length and
branch angles.

The evolving points of local maximum
distances between the shorter and the longer
surfaces in relation to the datum surface
established the definition points of the
pneumatic system. Rather than breeding just
one surface, this method instigated a feedback
loop by continuously using the bounding box of
the most recently evolved surface as the
environment in which the next surface would be
grown. This method maintained the inherent
logic of the pneumatic component in a larger
system but dissolved the distinction between
environmental constraints and individual
response. Another feedback loop utilised digital
form finding in a dedicated membrane
engineering software, and additional physical
test-modelling further informed the evolutionary
process and its evaluation.

After running Genr8 over 600 generations,
144 species were identified and catalogued
according to specific patterns of relevant
geometric features. Considering the interrelated
evolution of the geometry-defining surfaces,

the criterion for evaluation was the relative fitness
amongst the emergent species rather than the
absolute fitness ranking of any particular individuals.
As the structural behaviour of the pneumatic system
primarily relied on specific geometric relations such
as alignment and proportional distances of definition
points, the species of individuals that shared these
geometric features was selected. The individual of
the chosen species that grew in the last and most
developed generation was then selected. The genotype
of this individual incorporated the genomes of three
geometry-defining surfaces, establishing a degree

of phenotypic plasticity that allowed the resulting
pneumatic system to adjust to the constraints of a
digital cutting-pattern and computer-aided
manufacturing process.

The two morphogenetic experiments described
above indicate the power of evolutionary computation
as a design tool that can produce intricate surface
articulations that are coherent within the geometric
logic of the relevant material and structural system.
This is the beginning of a convergence of the digital
tools developed in recent years, in which genetic and
generative algorithms play a key role. Once complex
modelling and evaluation techniques such as finite
element analysis and fluid dynamics can be merged
with evolutionary computation, an unknown level of
design complexity and truly integrated design and
manufacturing will be achievable. This suggests a
new intellectual framework, one in which the focus
of design is not a singular finished product but the
recognition of operative patterns, the taxonomy of
performative species and the detection of emergent
phenomena embedded in an inclusive evolutionary
process. Genr8 allows us to glimpse into this future
of evolutionary architecture. o
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on intoxication with technology,
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Technology and beer ... are they by any
chance related? In the ‘emergent’ world
| think they might be. Here comes a
generation drunk on technology — using
it to get rid of a few of those old-
world inhibitions and venture into
hyperspace to play with things their
grandmothers wouldn’t dream of.
Escapist stuff from the world of pse.
When | was student | used to get a
similar effect by cranking up the
feedback on my electric guitar — until
something strange happened and | got
a hangover, totally rebelled against the
unstoppability of it all and just wanted
to sit under a tree. After a few hours
on a computer | get the same feeling -
what begins as liberation becomes
ponderous, too predictable, too heavy.

‘Apparently the word ‘technology’ comes
from old Greek and means ‘the systematic
treatment of an art’ Here ‘art’ means

skill. Our interest also lies in the words
‘system’ (it can be made into an algorithm)
and ‘treatment’ (it can be manipulated).

So it is inevitable that as a new
technological ‘system’ emerges, so does new
art, or even architecture. It emerges, comes
into the world and fights for survival. Within
this algorithm the system designer is all-
powerful, outside of it he is all weakness,
unless he has a very broad skill base!

If | look at our engineering students, it is
rare to find one whose skill set embraces both
analysis and synthesis. Elsewhere some, like the
sculptor John Pickering, use equations as the
skeleton on which they hang their work, but
during the design process quite deliberately
intervene to give the outcome a shape they
like. In Pickering’s case, he links the algorithms
to his love of life drawing. Then he builds fairly
rough 3-D cardboard jigs to hold the
gossamer-pure mathematics.

Many more, including myself if I'm honest, are
less interested in the maths than the answers.
We like to look for patterns, forms, for an
underlying structure. And even if we don’t quite
understand all of the equations, we can gasp
at the beauty of the answers. Probably this is
a learned response, looking for something
familiar, some cute elegance. | recently saw the
mathematician Marcus du Sautoy gradually add
together lots of harmonics to get every single
prime number from one to infinity. It had the
air of a conjuring trick. No doubt he'd worked
out a defined process, using a very clever
algorithm that was beyond me. But it seemed
like magic. He managed to explain in the
language not of maths, but of music, one of
the unfathomable mysteries of the universe.
You just had to say ‘Wow! How does nature do
that? or, simply, Why?.

How does a whiff of ‘emergent technology’
add to this great body of human achievement?
The very name hints at the creature from the
black lagoon. The answer is in the hands of
the practitioners, those very clever people
who are currently exploring the world of
genetic algorithms and their applications.

Is technology the fountainhead of their
design? For some it certainly is their drug
of choice. But, so far, emergent technology
themes evolve painstakingly slowly, hindered
by the limitations of the very systems of
software and rapid manufacture that opened
the door in the first place. We can be glad
of the patience of these pioneers, and very
optimistic for them as their tools get faster.
Maybe soon the technology will grow to define
both the system and the treatment of the
resulting art — learning from itself, and even
from outside the algorithm completely. Imagine
if such a process could dip into humanity when
it needed inspiration, not vice versa.

=



Unlike life, in a computer everything is
number perfect. It is fascinating to see
what the students of the aA's newly
emerging MA/MArch programme are
coming up with — their version of the
artistic approach is to use a device, or
a piece of software, see where it goes
seemingly of its own volition and respond
accordingly. This is great, as they will
definitely be taken into worlds they hadn’t
even thought could exist. But it begs
the guestion of who is driving whom?
The computer doesn't seek familiar
answers but follows only the rules set for
it by the students. As if nature hadn't
given them enough to study, so they want
to find more, and then invent theories
and maxims to use what they find.

If | had a criticism it seems that the
systems are more sophisticated than
the way they are being used, their full
potential as yet unrealised. So | would
like to see a more proactive approach
initially, with the systems more grounded,
certainly more physical. To be able to
kick these things around, to bring a
nonrational but human brain to bear.
| would want to be able to do some
shaping anywhere along the road. In
short | would want it to be interactive
and instant. | don’t want a fancy
computer program that ends up turning
our base metal into gold and back again
before we've even realised it.

Along with power comes responsibility
— even with today’s ‘fab’ computers we
are utopia-bytes short of enough
computing power to study what we
really want to study, so the computer
goes along a very narrow path. It only
stops when it’s told to. Mimicking
Darwin, computerised mutations jump
the process into another groove in the
hope that somehow the fittest will
survive. But the definition of ‘fitness’
is usually arbitrary, so the tools stunt
their own creativity.

Some exceptionally gifted people, like
the late engineer Peter Rice, habitually
link technology, and especially maths,
back to their minds to help them

converge on an essential design truth, to
distil a pure answer. Often this gave Rice a
very strong diagram, a robust core. But even
he said: I'm a bit like a hound following a fox;
I'm following something really close to the
ground and | can’t actually see where it's
going.’ He might have chosen the chicken and
the egg instead.

So far, the emerging technologist has
usually had to limit the output of the process
to an ohject rather than a project. A project
has a definite purpose. A project has a site.
A praject interacts with people. It interacts
with climate. It interacts with time. And unlike
a computer process it is made of imperfect
materials and things that change according
to this interaction. In short, the praject lives
And in part, in having a life, it enriches the
lives of those invaolved in putting together
the project and the next one. Somehow the
algorithm and the wax maodeller don’t quite
do this for me. Yet.

Is emergent technology investigation or
creation? Do these processes start with us
or finish with us? Today we see emergent
phenomena without knowing whether they are
in the mainstream or up a sideline. The next
generation of these emergent tools should
make us a wonderful alternative world of
things that no one ever imagined could exist,
but whether they work depends on the
boundaries set by the system designer.
Choosing the rules, acting as judge and jury —
probably this is where we have the biggest
development challenge. Because we can make
new things, our aspirations for what we can
have, what we can afford, what we know will
work, will change. This is marvellous, an eye-
opening process that should be nurtured.
However, the key to the success of the whaole
caboodle is the human mind which, like Peter
Rice, filters, edits, composes, interrogates
and challenges.

So | would like to advocate less algorithms,
more responsiveness, less technological
drunkenness and more direction. Less silicone-
chippery, more brain. But | can’t quite do it.

| do actually think that a massive
technological orgy will happen anyway and
might get us further, faster, even if it has
the directional stability of a bucking bronco.
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The digital imaging, mapping and modelling of a complex
structure such as a bird’'s nest demonstrates the capacity
and limits of available digital technologies while revealing
the fact that these tools as yet do not belong to the tool-set
of architectural design. With a growing number of
architectural projects based on complex morphological
articulation it becomes increasingly necessary to introduce
available state-of-the-art technologies from other
disciplines and develop these for combined architectural
and engineering purposes.

The available choice of technologies expands the potential
of the ‘continuous data set’ by enabling descriptions at
multiple resolution levels and allowing seamless transitions
between differing ‘description types'. For example, a graphic
information entity can be transformed into a morphometric
description. The ability to constantly move between, and
integrate, differing descriptive methods introduces a powerful
tool for analysis and design.

Descriptive conventions exist within all disciplines, each
employing different techniques, data types and processes.
Any descriptive technique and representation ‘type’
inherently defines the boundaries for analysis and design.
Frequently, the data type employed within any particular
discipline is not compatible with data types in other

disciplines. Within the earth sciences and medical disciplines the
treatment of information is graphic, employing pattern recognition to
decipher spatial features of interest, to search for valuable natural
resources or the occurrence of pathological conditions. The data sets
are made up of voxel units, volume elements that are essentially
3-D pixels. The initial definition of data resolution may vary from
micrometre to kilometre, producing immense files that require
extensive processing. In order to manage these vast spatial data
bases, a range of different methods for postprocessing of the data

is employed in mapping and modelling a bird’s nest, allowing for
measurements and analysis of the material.

In contrast, the representation type in common use in architecture
is the vector, point coordinates expressed as NURBS or polygons
depending on modelling platform. The limitations of the respective
data types are evident. Vector data is highly convertible, easily
movable through most architectural modelling programs, and the
data set is small enough to use in off-the-shelf components. Voxel
data is highly specialised, the depth of information requires a much
higher processing capacity, and heavily customised software is
required in order to realise its full potential. The voxel is properly
defined as a ‘fluid’ information entity. Its usage encompasses
multiple resolution levels, the merging of interior and exterior
definitions, and it may be converted from graphic volume to
coordinate surface description. The ‘fluid’ character of the voxel data
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is employed within medical-imaging sciences to switch
between visualising conditions related to shape and spatial
definitions of the location of phenomena. In addition, it
enables the definition of internal systems by varying the
definition of ‘internal’ and ‘external’ shape. Data
management is crucial if voxel data is to be usable for
architectural analysis and design. Decreasing the immense
size of the voxel file by converting it into a surface mesh
drastically improves the abilities for further processing and
rendering of the 3-D image data in cross-platform
applications.

This suggests a preliminary formulation for a spatial data
base. Voxel data is produced through exposing the study
object to an external influence, such as radio waves,
magnetic energy or radiation. The signal reflected back by
the material of the object is recorded. The resulting map
describes the gradients of signal intensity produced by
varying material properties, visualised as differentiated
brightness levels in the volume of the 3-D image. The
researcher interacts with the data through defining
‘visualisation limits’, the signal intensity levels of interest for
the analysis. This is a pure graphic treatment of information.
Thereafter, the data may be postprocessed through
performing calculations of the material, quantifying and

identifying the occurrence of various material properties. This record
of variable ‘field conditions’ is convertible and allows the
transformation from a data type that describes image volume to

a trianqulated surface mesh description. Depending on the initial
parameters of the calculation, defining the range of maximum to
minimum signal intensity levels that are to be measured, the resulting
mesh is reproduced in outline or in detail. There may need to be a
balance sought between processing-intense-data volume and potential
loss of data for use in computationally inferior environments. This
suggests that there is a constant negotiation between defining the
boundaries for analysis and ensuring an achievable result.

In this research the voxel data set was processed using an algorithm
known as ‘marching cubes’. The algorithm works by subdividing 3-D
space into a series of small cubes. The algorithm then ‘moves’ through
each of the cubes, tests the corner points and replaces the cubes with
an appropriate set of polygons. The sum total of all polygons generated
will be a surface that approximates the one the voxel data set describes.
The volume data was thus converted into a single continuous
triangulated surface. Further data management was produced through
subsampling, which helped reduce the file size sufficiently. From t
Visualisation Tool Kit format, the data was exported into a file format
that provides compatibility for import into an off-the-shelf polygon-
based 3-D modelling program where further formal and structural
analysis and manipulation of the bird’s nest was carried out.
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The processes by which natural systems maintain their
continuity, their adaptation to changes in their environment,
have been the focus of intense study in the sciences of
emergence. Following is an examination of the potential for
achieving the adaptable structures by the architectural
engineering of elastic behaviour, and the role of equilibrium in
controlling the dynamics of designed movements.

Although we might not be aware of it, elasticity is
everywhere around us. We hardly feel how the materials that
we sit on, stand on or walk on deform under the influence of
the external forces they are exposed to or, once these forces
no longer act, how they return to their undeformed state.
Living things achieve very high strength and elastic behaviour
with soft and extendable tissues, and are able to carry loads
and grow. Soft natural tissues are very strong, and achieve
flexibility and adaptability with simple fibre members,
arranged in complex hierarchies. One potent way of
approaching the design and production of adaptable structures
is to examine the characteristics of elastic material behaviour.

Elasticity is one of the most important characteristics of
the physical world, and is the result of the chemical bonds
between the atoms that a material is made of. One can
imagine them as springs between atoms, holding them
together and at the same time reacting to any forces that act
on them. In traditional engineering terms, elasticity is defined
as the deformation in relation to a stress in a material.
Different materials have different elasticity, for example the
elasticity of rubber can be felt when you stretch it in your hand.
A steel band of the same shape and proportions feels very stiff,
but it, too, has elasticity. A force of about a thousand times
more than you apply to a rubber band is needed to achieve the
same effect.

In most cases we relate to elasticity as degrees of stiffness.
And although both elastic and stiff describe the same material
property we usually associate elastic with weak, and stiff with
strong. This is a common misconception because stiffness
describes only the deflection of a material under stress. We
think of the strength of a material as the limit of the material
to withstand stresses elastically, and once stresses go beyond
this limit a material will deform irreversibly. This phenomenon
is called plastic deformation. The results are then dependent
on the material, so that most metals will show a plastic
deformation and therefore a slow and controllable failure.
Glass, however, lacks the ability for plastic deformation, so its
failure is brittle and explosive.

Besides the elasticity of the material, though, another important
factor influences the behaviour of structures: the profile of its
members. In the physical equation elastic strain is expressed in
reference to material stresses or, more simply, to the cross-sectional
area of material to which a force is applied. This is easily understood
using the example of a rubber band to which we apply tension: its
axial stiffness determines its elongation under the pulling force. The
thicker the band, the more force is needed to elongate the band. The
greater cross-sectional area increases its axial stiffness. In the case
of bending, the definition of cross-sectional stiffness is somewhat
more complex, but becomes clear when we look in more detail at what
happens in a structural element. Caused by offset external forces,
bending moments will have to be resisted by a coupling of tension and
compression forces within the member, creating a resistance of equal
magnitude. The part of a cross section under tension will be
elongated, that under compression will be shortened. The member
bends about a neutral axis, a line that flexes but does not undergo any
elongation or shortening.

The amount of material in a cross section resisting compression,
and that resisting the tension on the opposite side of the neutral axis,
define the bending stiffness of a structural element. This is described in
a geometrical value, the moment of inertia. It varies for different types
of cross section, as the influence of material grows with its quadratic
distance from the neutral axis. It becomes obvious that as a result the
stiffness of a beam increases in relation to its depth. With the flexure
and the resulting elongation and shortening, stresses are created within
the material, which again depend on its elasticity. A less stiff member is
flexed more easily and stresses created out of this flexure are lower
than those in a stiffer member. Higher stiffness will result in higher
stresses under a similar bending, so much so that a stiffer member
might be stressed to its limit strength and fail before reaching the
otherwise largest possible deformation. Stiff is not always better.

Splitting the forces into tension and compression within a member
has direct implications on its stiffness, stresses and deflection. This is
true for all structures - taking forces in bending will always require
more material than if the forces are taken axially. However, structures
that are acting in pure axial forces or only in bending are rare. A
superimposition of both creates an interaction and an influence on
stiffness, as stresses and resulting strains are added. This becomes
particularly interesting in surface structures, where curvature and in-
plane reactions are utilised, and bending stiffness is provided at the
same time. Utilising the two parameters provides a subtle way to
generate the necessary stiffness in a structure, using many small
members rather than few large ones. Connections between members
control their interactions and allow stiffness as well as strength to be
added where necessary or when required. Stiffness can be reduced
where it is superfluous, while flexibility can be introduced as and
where desired.

This strategy is applied in the design of fibre composites, where
strength and stiffness are supplied where needed by the fibre layout. The
matrix design ensures the interaction of the fibres and their integration
into the higher geometrical order of the structural component. It is also
found in many natural structures. Additional manipulation of the cross
section of individual members, either by varying thickness or varying
section geometry, will produce varying stiffness, which can be deployed
differently in different directions. Used in combination, these principles
will achieve adaptability in structural systems. Deformation and flexibility
will not contradict elastic stiffness and limitation of deformation under
primary loading conditions. As axial stiffness is in general greater than
bending stiffness, it follows that stiffness is most easily provided using
surface and shape, increasing the amount of forces carried in the plane
of the structure. Bending capacity becomes a secondary action and
introduces a means of control and of positive deformation. The addition



of elements, each with a smaller stiffness, allows the stiffness
allocation of the structure to be designed. Connection of single
elements can increase axial stiffness but can also be utilised in
bending, as outer forces can be split into tension and
compression in the structural macro arrangement.

There is, however, a complication that needs to be taken
into account. Whilst tension forces are inherently stabilising as
they pull and elongate a structural element, compression
forces create a very different effect. The material, right down
to the atomic level, tries to evade compressive forces, by
moving out of the line of action. On a macro level this creates a
stability problem, the buckling under a critical axial load,
which results in the flexure of the member. The same
phenomenon applies also to bent elements. As moments are
creating internal tension and compression, the compressive
part will show a reaction similar to that of a strut under axial
load. It will try to move out of the line of force, but is restrained
from doing so by the tying forces in the tensile part of the
cross section. In these circumstances the only available
movement is a sideways twist and rotation, known in
engineering terms as lateral torsional buckling.

In the simpler case of pure compression the flexure
created by the buckling will create an offset of forces and inner
resistance. The resulting moment is added to the compression
force so that there is now more need for strength and stiffness,
not only in axial compression but also in bending. The increase
of the stresses within the member will lead to increasingly
greater deformations, which in turn have a detrimental effect
on the member’s ability to carry loads, and weakness is
increased. The stability of axially loaded members is directly
related to their bending stiffness.

The context in which these forces act on individual
members is the global structural arrangement, and
equilibrium is needed for its stability. In order to avoid
acceleration and movement, any force acting in the structure
has to be reacted to by a force of opposite direction and equal
magnitude. Finding equilibrium at a minimum level of potential
energy is one of the basic principles in nature and physics. The
behaviour of a soap bubble is a good example. A sphere is the
smallest surface to enclose any given volume, so the
equilibrium of internal pressure and tension in the soap film
will always create a spherical bubble. It can be thought of as
the minimum energy surface specific to the particular
boundary constraints in action at the time.

Similar ideas can be applied when designing structures.
Tension structures show this behaviour in the most
pronounced way, as they change their geometry to find the
minimum energy geometry. Although not so directly visible, the
principle can also be found at work in other structures. If more
than one load path is theoretically possible, it will always be
the one with the lowest possible level of potential energy. It

follows that more than one equilibrium state can be achieved
within a structure, as long as there are different modes and levels
of resistance. Changing the arrangement of external forces and
reactions, and altering the boundary conditions will make the
structure change from one equilibrium state to another. Where
external forces are not directly resisted by reaction the potential
energy will be transformed into kinetic energy, with resulting
movements. These transitions must be designed, and a stable
static equilibrium state provided for each end of the transition.

If the transition increases the energy in the whole structure, both
the equilibrium states will be of a lower energy level and therefore
more stabile. It is not the transition that is the problem but the
control, which can be achieved through the manipulation of
boundary conditions and active changes to geometry.

Adaptability and controlled dynamics of structures are part
of the new concepts of structure that are emerging. The
arrangement of members and material in a structure can allow
us to manipulate stiffness as well as strength. This can be
achieved in various ways, such as the orientation of members,
or by fibre additions on either micro or macro levels, or by
the control of the interaction between members. However,
this is to be related to the global geometry and global structural
behaviour. The intelligent combination of bending and axial
action allows us to utilise the much higher axial stiffness, and
we can design the member arrangements so that bending
flexibility can enable adaptability and controlled dynamics.

The geometry of the structure will play a most important role
in this deployment of forces and stiffness, creating the need
for surfaces to be structurally designed and integrated into
combinatorial load paths.

Sufficient built-in redundancy of members is an essential
characteristic for adaptability, and the provision of a multitude of
load paths can assist the transition stages of dynamic adaptation.
Transitions can be induced in the structure by the designed
application of external forces, by mechanical devices or the
simple adjustment of the boundary conditions.



Right

Model size: 1.80 x 1.80 m
Mesh size: 0.12x 0.12 m
Member: width 10 mm,
thickness 1.5 mm
Material: polystyrene.

Below
Structural system and
variation: four principal radii
were chosen to determine
parametric variation of the
surface curvature of the
structure.

Emergent Technologies HybGrid is an MA dissertation project aimed at making grid- the use of actuators placed between layered strips. Each activator
and Design shell structures adaptable. The project fuses grid shell with has four possible positions that define the distances between strips.
space-frame logic. A layered grid-shell with uniform grid Varying programmatic and spatial requirements are transferred
layout made from elastic members becomes globally defined to the design by means of parametric control through the software
through local manipulations of actuators that regulate the written for this purpose. The design of the system implies the design
distance between the members of the layered lattices. Evolving of the software, so that the limits, rules and ranges of the system are
a form with the capacity for multiple equilibrium parametrically defined in relation to the maximum and minimum
configurations involved the use of genetic algorithms and curvature radii at local and global levels. The software can respond to
material experiments, linking changing spatial requirements desired changes in the global configuration, the size and location of
to their corresponding formal and structural articulation. required internal spaces. Once these spaces are digitally defined, the
The physical articulation was based on the property of software calculates the required local position to each ‘actuator’, which
elastic deformation. In natural structures this kind of will have a unique address. The system is able to adapt to multiple
deformation increases the shaping possibilities in a simple and requirements while operating on simple rules organised by an algorith=
economical way, and maintains the endurance properties that based on the combination of the four positions or radii. The actual
are characteristic of material continuity. The HybGrid follows form of the artefact is therefore not the product of the personal and
these principles by utilising the elastic properties of materials unidirectional view of the architect, but is produced by a collaborative
such as polymers and fibre composites. Fibre composites have process, which continues to affect changes to the form in use.
an extremely optimised elastic/resistance capacity. The system There is no dichotomy between form finding and adaptation of
is based on a grid made up of fibre-composite strips. These the form in use, as form finding continues each time a change to the
strips are continuous and preshaped in order to achieve the building is activated. This extends the idea of form finding from sh
required inertia without unnecessary stressing of the material. optimisation for a single minimum-energy configuration under str
The production method is quite simple, as there is no need for into a dynamic structural system. It combines multiple configurations
differentiation in the configuration of the grid during the or equilibrium states in a structural system with a control system thz
production process. The system can later generate formal and produces complex global transitions between forms from very simpls
structural differentiation by changing the relative distances —— |(ocal rules. A full-scale construction was built at the Architectural
between these strips. These distances are easily changed by Association School of Architecture in July 2003. D

MA Dissertation Project

HybGrid: Form Generation
and Form Finding of
Adaptable Structures

Sylvia Felipe and
Jordi Truco
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Top left

Parametric software interface
for the global definition of a
surface through the variation of
local surface curvatures/radii;
three variations of parametric
settings and resulting surfaces.

Top middle

Sectional articulation of the
three varied surfaces shown in
top-Lleft figures.

d right
t views of the full-

construction at the
ectural Association, July
Size: 8 x 4 m; mesh size:
0.30; member: width 30
hickness 4.5 mm;

ial: polypropylene.

Top right

Rendered views of the three
varied surfaces shown in top-
left and middle figures.

Right

Digital model and sectional
definition of the full-scale
construction at the
Architectural Association,
July 2003.
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In conversation with the Emergence and Design Group, Charles Walker,
leader of the Advanced Geometry Unit (acu) at Arup & Partners,
discusses the unit’'s multidisciplinary way of integrating architectural
design with engineering. As well as its involvement in many other
prajects, Acu has worked with Toyo Ito on the Serpentine Gallery
Summer Pavilions in 2002, with Anish Kapoor for the Marsyas
sculpture of the Unilever series at Tate Modern, and David Adjaye on
the British Pavilion at the Venice Biennale 2003. Each of these
structures involved a unigue and complex exploration.

Tzyo Ito, Serpentine Gallery
Zwmmer Pavilions, London,
102

zposite

~uctural panels schedule

=wing.

“«erior view of the pavilion,

==igned by Toyo lto in
zi.zboration with Cecil
Fzimond.

The Advanced Geometry Unit (asu) at Arup &
Partners has an interesting composition, with

an architect, three engineers, a mathematician
and a scientist making up the small permanent

team. Together they work on basic research
and are connected to another 30 engineers
working on specific projects in a wider
network. All of the permanent members of
the unit have multidisciplinary backgrounds,
combining engineering with architecture,
mathematics, physics or computer
programming. Leadership of the group is

in the hands of Charles Walker, a chartered
architect and a chartered engineer, who
describes the scope of AGu’s work and
elaborates on its notion of advanced geometry.

‘The Advanced Geometry Unit at Arup was set up for
the purpose of research and design in geometrically
complex form and structure. The mandate for AGU is
to explore new organisational strategies based in the
burgeoning field of new mathematics. The unit takes
a specific interest in the use of algorithms, fractal
mathematics and nonlinearity in structure. To achieve
this end, new digital software for both computer
modelling (parametric and relational) as well as
structural analysis (using both finite element numerical
modelling and other techniques such as dynamic
relaxation] form the working tools for developing
geometrically complex nonlinear design.

‘Advanced Geometry was really a working title that
stuck. By “advanced”, we wish to concern oursel
with developments in new mathematics, for example




Chris Ofili and David Adjaye,
British Pavilion, 50th Venice
Biennale, 2003

Above

Chris Ofili's exhibition (with
David Adjaye) ‘Within Reach’
at the British Pavilion for
the 50th Venice Biennale.
The glass ceiling is made of
176 coloured-glass panels in
the motif of a seven-pointed
star to create an immersive
environment to experience
the art.

Right
Close-up of the glass ceiling.

Right

A series of rapid prototype
models are made at each
design iteration to find the
appropriate glass-panel
configuration and form for the
glass ceiling.

66

chaos theory, as opposed to Euclidean geometry. Our
ambition is to break out of the Euclidean box or cage
that structures much of our environment specifically
through the use of new structural organisations. We are
interested in a new paradigm, for example 3-D packing
which is noncuboid, as the underlying organisational
structure of architectural space.

‘We use numerical models in structural analysis,
which is to say numerical computer models. Our
software can read in a bxF model, giving nodes and
the connectivity matrix of a structure. We then assign
material and structural properties to the members
and define a loading. Based on the individual member
stiffnesses and the connectivity matrix, the computer
assembles a generalised stiffness matrix for the
structure as a whole, which it inverts to find the
generalised flexibility matrix. The loading matrix is then
applied to the flexibility matrix to slave the deflections
and forces can be derived from this. This is what we
call the finite element method and has been in use for
over 20 years. So engineers have been modelling in
the computer for as long as architects, although our
models do tend to be more precise and disciplined
than architectural models constructed for visualisation

‘We consider geometry beyond a simple structural
performance. As engineers we, too, wish to create a
contemporaneous design and we see our discipline as
equally cultural. But more importantly structure has
always been the dual of architectural space. One canne:
exist without the other. | mean structure in the generz!




Zaris Ofili and David Adjaye,
~itish Pavilion, 50th Venice

Z=nnale, 2003
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sense of the term, that which provides order.
We have always worked with the finite limits

of technology. But today there is a gap between
what can be built and what can be imagined.
Digital technology has progressed so fast that
what is built is more limited by the imagination
than by technology. This is where we look for
opportunity.’

The problems acu tackles are all very different
and have involved 3-D bracing of interlocking
planes, algorithms as a generative tool, the
buckling stability of flat plates and the
manipulation of stressed skins to achieve
sculptural form. The fact that each project
brings new problems requires the unit to develop
a new approach for each design. Walker is very
evidently excited by this, and about the methods,
tools and techniques of AGU's work.

‘Generally the problems we seek to solve are
unique. On the basis of the design problem we

form a project team, that is to say we assemble skill-
sets specific to the design, on a project-by-project basis.
This might involve a degree of computer modelling to
solve the setting out, or the need to develop a new tool
for the modelling that is not available, or the
development of software to accommodate a new form-
finding technique. As we face the problem, we begin o
get a feeling for the specific skills that might be n
We collect the appropriate individuals and “charetie™ ¢
problem, encouraging the unusual, unconventional and
extreme. Sometimes individuals drop away, to carry out
other work, and new team members join. It's often very
difficult to trace authorship in this process. We tend 1o
own the designs collectively.

‘Most of the methods we use are based on existing
techniques, like finite element numerical analysis.
However, in most of the projects there is often one
aspect of the project that requires a new tool - sither
an auto-lisp routine needs to be written or sometimes
something more sophisticated. For our research work
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on Marsyas, a large sculpture with Anish
Kapoor, Tristan Simmonds modified Fablon,
our form-finding software, to form-find with
inflation pressure applied to the elements.
We don’t do this sort of thing very often but
making your own tools is definitely a higher
form of craftsmanship.

‘Our methods are very specific and as such no
standard technique can develop. As an engineer
| am quite focused on the project deliverables, or
delivering the project. I'm not overly concerned
about how we get there. Occasionally, when
modelling a repetitive structure, the old-
fashioned way of point-and-click over and over
again is the most immediate. On other occasions
we write a software patch to automate this.
Usually we work with some fairly simple but
reliable and effective tools. I'm not unhappy with
this as it is the delivered project that interests
me. Some of the guys in the group would like to
develop our own tool box of wonder tools. | find
each project so unique, and generally quite fast,
that developing a wonder tool would be like
hitting a moving target. I'm happy to use
whatever is available at the time, even if it is
not perfect, as long as it gets the job done.
Occasionally we do pull old self-made tools
out of the cupboard.’

The unusual composition of the team and
the commitment to innovative tools for rapid
development and delivery suggest a
contemporary form of the atelier. It suggests
that small independent practices, if sufficiently
multidisciplinary, can successfully tackle very
complex projects. The role of data and modelling
in this environment is crucial, and a high degree
of skill is required to work with, and modify,
several different software packages.

‘In many ways the way we work is similar to
that of a small office. The key is to work very
intensively in a small group and move quickly
to a resolved design. The team members have
to be passionate about what they are doing.
They have to “buy in” intellectually and own the
project or a specific part of it. The project
succeeds on the strength of their efforts. It's
the personal passion of the individual late at
night that raises a project to a higher level.
| don’t place great value on where an idea
comes from. It could be from the janitor or
from my four-year-old son. It's recognising
a good idea that | pride myself on, and when
| see a twinkle in the eye of an engineer who
will work all night to prove he is right, then
| know we are getting somewhere. You don't
need a big office for that.

‘We use computer models first
as initial visualisations or
sketch models and then build
more rigorous and robust
working models. The analysis
model develops out of these
more rigorous studies!

‘We use many different commercial software
packages for both modelling and analysis. For analysis
we use Oasys (Ove Arup Systems) software as we have
access to the code authors and can modify it if
necessary. Tristan Simmonds is our code-meister
when we need something different. Daniel Bosia often
writes his own programs to develop geometry.

‘Models play a big role in our work. We usually
go straight to the computer. Physical models need
to catch up. We use computer models first as initial
visualisations or sketch models and then build more
rigorous and robust working models. The analysis
model develops out of these more rigorous studies.
The data we use is generally structural analysis such
that when an analysis is run we look at the hot spots
and the performance generally, then make a proposal
for improving the design and go back to the 3-D
models to refine them. It's an iterative process.

‘Our models are often very difficult to read, either
printed or on screen. About three years ago we bought
a solid printer, a ThermoJet from 3-D Systems. This
has been fully integrated in our working method for
some time and we often go very early to a solid wax
model to test an idea. An automotive stylist once told
me that you only get 40 per cent of the information
about a surface on screen. This is because of parallax
and the subtle nuances of natural light and motion that
the machine can’t replicate. It's absolutely true. Car
stylists have known this, and this is why they'still build
clay slicks and reverse engineer their modifications.
On the screen you simply can’t get it right. On a recent
project with artist Chris Ofili we stretched the limits of
the solid modeller. It was a glass ceiling in Venice and
without the wax models we couldn’t have done it, that
is, solve the collision detection and ensure it was what
we wanted to build. But now I'm finding there is a scale
problem. You can’t get your head inside the wax models.
I think the project would have been better if we had
taken the model to a VR cave and stood inside it, then
made a snagging list and reverse engineered the
model. You only need this approach when you have
some very complicated shapes in three dimensions.
We had 176 angled planes of glass.
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‘Solid modelling is an integrated part of our work.
We are not precious about these models. They are
working tools that can easily be rebuilt. The important
thing is having the machine right next to you in the
office ready to go. It demystifies the process and allows
you to play at first and discover the strengths and
weaknesses of the medium. Actually it's rather dull
and relatively simple to use. It still has limits. Often
we get involved in building architectural models for
competition entries, like a complicated curved space-
frame roof with 10,000 elements. We use a bureau
which builds in resin or nylon, and often send them
much more complicated sTL files than they ever get//
from the automotive industry.’

AGU is usually asked to collaborate in very complex
and innovative structures. The role of the architect has
to be quite different from that of the older convention,
in which an architect brings a finished design to an
engineer who acts as a consultant in a very strictly
defined role. In innovative projects there is less concern
with professional demarcation and more emphasis on
the creative functioning of a network of contributors.

‘We do tend to get involved from the very beginning
of a project. This is usually because someone wants to
do something new or speculative, but needs to know up




“mish Kapoor, Marsyas, Tate
Wadern, London, 2002
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2 ion and sections
“Aarsyas installation.

zr=-glass model of
Wzrsyas installation.

front what is and isn’t possible. In this sense we
become collaborators, often jointly authoring
the design concept. If an architect is doing
something he has done before, one knows

the parameters. The engineering can come

in later. But if you are looking for something
unprecedented you need to work with first
principles and you'll need an engineer there to
agree. Even better, an engineer with a sparkle
in his eye who will stay up all night to prove it
works. It's all about intellectual “buy in”.
We're not very good at doing what we're told
to do. We'll usually change something to make
it our own.

‘Increasingly, architects and clients are
forming project teams in a similar manner to
the way we resource projects internally, that is,
assembling skill-sets on a project-by-project
basis depending on the project needs. More
and more we see networks of consultants
coming together on a specific project then
disbanding and reforming at another time
for a different project. This departs from the
traditional model where the client is at the
top, with the architect next and the consultants
below. In this new type of informal network

both the client and the architect become two nodes
within the diagram, but the centre of the project
team could be the engineer. Similarly in, say, a bridge
project, the engineer could have a closer link to

the client than the architect. This eliminates the
traditional control structure in favour of a network

of specialists. Once this is established it no longer
matters where one enters the network.

‘A hundred years ago engineers worked for
contractors. There was no consulting engineering
profession. It's only since the modern movement and
the stripping bare of structure that architects needed
structural advice before tendering a project. In the
last 50 years architects have deskilled and become
very dependent on engineers. Today clients are
experimenting with building procurement, trying to get
the adversarial forces out of construction. Partnering
is becoming common and people are beginning to
take the longer-term view in their relationships with
others. All of this encourages networking. | believe
things will move in the direction of partnering and
networking over the longer term. This could allow
much greater creativity in design and construction,
particularly as expertise from other fields, such as
automotive and industrial design, are brought into
the construction world.”
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Manufacturing contractor Waagner Biro is best known
for complex geometry constructions. Managing director
Johann Sischka, in conversation with the Emergence and
Design Group, discusses the methods and construction
strategies for complex structures such as the dome

of the German Reichstag, the roof of the Great Court
of the British Museum in London, and the roof of the
Sony Center in Berlin.
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Wzrman Foster, dome of the
#=ichstag, Berlin, 1999
posite, top
Tz complex assembly process
‘orman Foster’s dome of
"= Reichstag began with a
=porary structure, which
coorted the 18 separate
=c=s of the ramp as they
:: elded together to make
7= continuous ramp.

asite, middle left
Tz ramp, which has a curve
= no constant radius, is
zmorted by only a few pins
the outside.

mosite, middle right
=mal view from the ramp.

zsite, bottom

zropped dome. The
moieted ramp, with the
—czland horizontal dome

members in place and the
mporary structure removed.

=c«ing of the complex
=ametry of the ramp was
out on a jig, which
ith the internal

=ng positive location.

Waagner Biro has collaborated with distinguished
architects including Foster & Parnters and
Murphy/Jahn, as well as with the eminent
engineering offices of Arup & Partners and Buro
Happold. The challenges and problems
encountered in the construction of complex
geometry projects have driven a rethinking of
conventional approaches to manufacturing and
construction. With no architectural precedents

to rely on, Waagner Biro had to develop a new
construction rationale that could provide accuracy
and stability for the manufacturing and assembly
of Norman Foster’s dome of the Reichstag.

‘The biggest problem was the spiral ramp.
This was the first really complex geometry
project, as the curve has no constant radius and
very little support, just a few pins on the outside
of the ramp. We began to run two different
computer systems simultaneously, each starting

from a different approach. All the steel plates
that the ramp is made of are twisted, and with
no constructed precedents it was not obvious
what the best approach towards rationalising
the geometry would be. Each section of the
ramp was built up and variously precambered
depending on the local support condition — we
had to mark on the plate where the elements
came together and then it was “folded back”
for the flat plate to be cut.

‘There was a very complex “stem” line, or
organisational line, for the geometry of the ramp
and the section of the ramp was also complex
in form: it also had its own inclination within
the ramp and the floor does not have a constant
relation to the other pieces of the section. The
question was how to put the ramp together in
the most effective way? Fabricated jigs were set
out to line up with the internal stiffeners of the
ramp pieces, which were used for positive
location. The coordinates of setting out were
checked and pieces preassembled and tack-
welded. Templates were used to match the ends
of each assembled section to make sure that
no kinks occur when the whole ramp is put
together. The question of assembly was very

complex. A temporary structure was first built on site,
and then the 18 pieces of the ramp were lifted into
place and welded together until the whole ramp was
complete. Next, the vertical members of the dome were
put up and fixed to the temporary structure, and then
the horizontals were put in place and welded to the
verticals before the ramp was fixed to the completed
dome structure. Finally the structure was “depropped”
- the temporary structure was removed. The “proof”
was the calculation of the completed structure, but
the process of assembly had to be demonstrated to
the proofing engineer.

‘The moving sun-shading element added a further
difficulty. When the components were manufactured
and preassembled in the workshop, the individual
sections looked very odd and to the human eye it was
very difficult to see how they fitted together. The client,
the site architect and ourselves were rather nervous
about the possibility that the components might not
fit together, but finally they did. We learned from this
experience that a different sensibility is needed to be
able to tell whether odd-looking pieces will eventually
fit together.’

Preassembly of pieces of a structure on jigs does
offer a positive location in controlled conditions, but
the assembly of the whole of a complex geometry
structure often requires a temporary structure. The
Great Court roof for the British Museum is a steel
lattice grid over a square plan. It is not completely
symmetrical, and the behaviour during the
construction process was rather complex, as grid-
shells don’t have any structural integrity until they
are complete and in their final position.

‘The roof is a steel grid-shell. In order to provide =
geometric transition from the circular reading-room
to the square courtyard-perimeter, Buro Happold
deployed customised form-generating software to
resolve architectural and structural requirements.
The software generated two spirals winding in
opposite directions to create a triangulated lattice.
The transition from the short perimeter of the reading
room to the longer one of the courtyard resulted in
small triangles in the centre that progressively
increase in size towards the outer perimeter. Prior
to construction, a test piece was built to measure its
deflection, in order to ensure that the structure would
be both strong and sufficiently ductile. The key to its
construction was a working platform on a 20-metre-
high scaffold deck, where the construction took place
and which had to hold up the weight of the roof during
the assembly process. Our strategy was to allow
complexity in only one element.

‘To minimise potential difficulties in manufacturing
and assembly we chose the members to be complex
and the node to be simple. The 4,878 steel members
that make up the grid-shell are therefore all different



and manufactured to precise tolerances to
accommodate 3,312 glass panels. We modified
a robot that is commonly used in the
automobile industry to cut the steel members
in a computer-aided manufacturing process
straight from the digital model. The members
have a constant width, but the depth varies
from member to member, and also 30 per cent
of the members are tapered. During the cutting
process the machine also marked the element
number on to the upper side of each plate and
marked centre, top and bottom of each node.

‘The manufacturing sequence was the same
as the installation sequence, and there was no
lead time. Steel and glass were manufactured
simultaneously. The steel members were then
shipped to B&K Fabrications in Derby where they
were assembled on jigs into a series of ladder
trusses up to 10 metres in length. These were
delivered to the site and lifted onto carefully
placed props. The position of these props was
critical for the precision of assembly. The next
task for us was the assembly of the ladder
trusses into lengths that could span from the
reading room to the courtyard buildings.

‘The deflection of the scaffold deck, due to
the 500 tonnes of steel, needed to be factored
in so that we could be confident of welding the
sections together in the correct positions.
During the process of the frame construction the
position of each node needed to be monitored
constantly to ensure precision. Every few days
the props needed readjustment to counteract
the increasing deflection of the scaffold deck.

Norman Foster, roof of the
Great Court, British Museum,
London, 2000

The scaffold deck on which
construction took place had to
support the weight of the roof
during assembly as the
structure had no integrity until
complete.

The props were carefully
lowered until the roof rested
on its bearings. During
relaxation’ into position the
roof dropped 150 millimetres
with a lateral spread of 90
millimetres.

(®))

The maximum tolerance between each structural node
was only 3 millimetres. Once the 152 ladder trusses
were installed the double-glassed panels, each of them
a unique triangle, were placed. Now weighing 800
tonnes the entire roof was still resting on the props.
Finally the props were carefully lowered until the roof
came to rest on its bearings.

‘During this process the roof was constantly being
monitored to check its actual deformation against the
anticipated one. The roof dropped 150 millimetres and
spread 90 millimetres laterally as it settled. In other
words, the structure was built in one shape, which was
then “relaxed” into position. Since the exterior walls of
the surrounding buildings could not receive any lateral
forces the engineers at Buro Happold decided to rest
the roof on sliding bearings, supported by a reinforced
concrete beam that rests behind the parapets of the
facades. The sliding bearings avoid the transferring of
lateral forces into the facade, and so the weight is only
transferred vertically. The reading room itself could
not accept any lateral or vertical forces and so a series
of load-bearing columns had to be constructed around
its perimeter for the roof to rest on.’

Working with complex geometry constructions
requires a careful calibration between the mutual
influences of the boundary conditions and different
parts of the as yet incomplete structural system
during the assembly process. It is important to note
that the successful incorporation of the many
necessary adjustments to local structural components
is a crucial development for the manufacturing and
construction process of complex geometry structural
systems. The planning of the assembly sequence
requires the creative use of the stresses built up in




the unfinished structure during construction,
and these will not be identical to the balanced
forces in the final constructed piece.

‘The 4,000-square-metre roof for the forum
of the Sony Center in Berlin has a very complex
elliptical geometry that spans 102 metres along
the long axis and 77 metres along the shorter
axis. The roof is made from 750 tonnes of steel,
glass and a translucent fabric membrane.

* A steel framework ring-beam, which serves as
the primary load-bearing part of the structure,
sits on only seven bearings on top of the five
buildings that make up the Sony Center. From
this ring beam an inclined king post is
suspended by means of steel cables. Due to
the geometry and size of the ring beam it was
impossible to transport preassembled parts

of the beam to the site. The 11 geometrically
different segments of the ring beam were
constructed on site with the help of adjustable
templates, lifted into place, welded together
and subsequently lowered onto the bearings.

‘The placement of the king post gave us
the most difficult assembly problem. The king
post was assembled from top to bottom in a
supporting scaffold. The roof had to be built in
a different shape to the final shape, which only
appeared when the structure was complete and
fully stressed. Our innovation was to design
the inclined king post to work like an umbrella;
shorter for the installation of the cables and
membrane and then lengthened to stress the
assembled structure. It took 1,500 tonnes of
pressure to extend the king post. A crane with
the 50-metre reach necessary for the assembly
process was positioned on top of the inclined king
post to optimise the effective working radius.

‘After the completion and placement of the
ring beam and the king post, the upper layer of
72 cables that carry the roof membrane and the
lower layer of 16 cables that support the king
post were assembled. Subsequently the king post
was telescopically extended by 700 millimetres
in order to prestress the cables. This
prestressing took place over a period of several
days to allow the fibres in the membrane to
assume appropriate directionality. Further
prestressing the tension elements of the
structure compensated for the loss of tensioning
in the membrane. Finally the glass elements
were installed.’

The search for unusual solutions to complex
geometrical problems necessitates the
development of new methods and tools.
Waagner Biro has developed its own digital tools
and techniques for the integration of digital

e & : =

‘During this process the
roof was constantly being
monitored to check its
actual deformation
against the anticipated
one. The roof dropped
150 millimetres and
spread 90 millimetres
laterally as it settled.

In other words, the
structure was built in one
shape, which was then
“relaxed” into position.
Since the exterior walls of
the surrounding buildings
could not receive any
lateral forces, the
eriginesrs at Bure
Happold decided to rest
the roof on sliding
bearings, supported by a
reinforced concrete beam
that rests behind the
parapets of the facades!



‘All software development is, of course, prgject
driven, often requiring the programming of
entirely new modules for each prgject, although
some modules also carry over from praject

£o project. Different projects pose different
problems of rationalising geometry, of
computational 3-D modelling that has to relate
to either computer-aided manufacturing or
fabrication instructions for complex manual
manufacturing-and-assembly processes.
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modelling and computer-aided manufacturing.
Customised software does not, however, provide
the concept of fabrication and assembly, and this
is where the engineering takes a creative step
into new territory. In addition it is also necessary
to develop calculation and testing procedures for
these new types of structures.

‘There are not many construction companies
that can offer the combined knowledge,
expertise and manufacturing capability in steel
and glass that these kinds of projects require. It
was necessary for us to create new methods and
tools for modelling and construction, and the
computer software we developed for these
projects is now in constant use. We develop our
own customised software and we have expertise
in code writing. All software development is, of
course, project driven, often requiring the
programming of entirely new modules for each
project, although some modules also carry over
from project to project. Different projects pose
different problems of rationalising geometry, of
computational 3-D modelling that has to relate
to either computer-aided manufacturing or
fabrication instructions for complex manual
manufacturing-and-assembly processes.

‘The geometries we are now quite often
dealing with pose difficult problems, particularly
when the glass has to have flush outer surfaces
and special frames for curved surfaces. The
dome of the Reichstag, the facade of the Greater
London Assembly and the Great Court roof were
key projects for us in this respect. We soon
realised that we were developing very special
skills within our group for the manufacturing and

construction of complex geometry projects. Of course it
was impossible to do this prior to recent computational
development. However, computational expertise in
modelling complex geometries for construction must

be paralleled with manufacturing expertise. We
collaborate very closely with our highly skilled workshop
staff in the development of software and computer-aided
manufacturing strategies and technologies.

‘It is essential to establish the concept of fabrication
and assembly very early in the design development.
For computer-aided manufacturing the information
has to be structured so that the relevant machine can
directly read it. There is no manual interface, no hand
in between to make adjustments by eye. The digital
model or data set is continuous and flows straight to
machine cutters. The manufacturing is fully integrated
and all fabrication processes run from one and the
same model.

‘We confirm that the design works for the most
extreme conditions, as the program must be run
directly. Mock-ups of full-scale pieces and destructive
load testing are sometimes required, but usually on
typical connections, or on components instead of entire
structures. We establish an intensive dialogue with the
architects and engineers from the very beginning of the
development, focusing on construction concepts and
solutions with an emphasis on continual development.
We have to make sure that we are never out of touch
with the design concept and the necessary engineering
knowledge, and we calculate all components,
connections and assemblies many times over. Our
collective experience yields a special kind of expertise
that allows us to say that what looks odd is not
necessarily wrong; it is just that we do not yet have an
eye for such geometries.” ®
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Morpho-Ecologies:
oproaching Complex
NVIroNMents

The differentiation of material systems offers the possibility

to develop an architectural approach that integrates ecological,
topological and structural performances. Achim Menges presents
two generative design strategies for differentiated structural
systems approaching complex environments. They are explained
alongside two of his prajects — one derived from component
proliferation and another derived from local manipulations of a

larger global system.

Dense urban conglomerations have accelerated

the effects of social, economic and

environmental processes on the human

environment. The increasing complexity of space-

use cycles and material life cycles requires

an understanding' of the built environment as

ecological, topological and structural provisions

that facilitate human activities. .
Ecology refers to all the relationships

- between human groups and their physical and

social environments. Topology is introduced here

as the connections between all the material

elements in an environment. Structure refers

to organisational capacities above and beyond

load bearing. In this way ecology, topology

and structure are inseparably intertwined.

These interrelations become instrumental when

positive feedback between linked properties

and their reciprocal influences modifies the

generative process. The differentiation of a

material system through a feedback process amplifies
the dynamics of the environment. Emergent
organisational effects then facilitate the mutation

and migration of human activities.

The most important aspect of this approach is the
emphasis on process and the acceleration of the
evolution of an architectural environment, in which the
relation of form and space to programme acknowledges
the dynamic patterns of human habitation. Environment
is understood as a dynamic composite of habitat-specific
conditions and in habitant-specific itineraries, a gradient
field of performative micro and macro milieus.? Together,
these milieus produce an ecosystem, a dynamic
relationship between environmental, topographical
and structural intensities and human activities. Such

- anintegral approach suggests that architectural design

constitutes the modulation of micro-environmental
conditions within an emergent macro-environmental
system. It promotes modulations of the whole ecosystem,
so that the architectural environment yields diverse and
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intense social interactions and mutable relations
between habitat and inhabitants. This is a shift
from a unit-based design approach to condition-
based design.

A condition-based approach involves
generative feedback between digital and physical
form finding, structural analysis and ecological
testing techniques. The move away from
‘morphographics’ towards morphogenesis
enables the projects to be developed from the
bottom up. The evolution of material capacities
and structural morphologies then leads to the
emergence of an ecosystem. These
morphogenetic processes are driven by the ability
of matter to self-organise in relation to selected
performance criteria. As morpho-ecological

interrelations unfold in a nonlinear and complex
manner, it is necessary to set up an operative design
tool that recognises structural geometric behavioural
patterns, corroborates qualitative difference and traces
the inherent organisational logic of the system.

An account of two morpho-ecological design
strategies is presented. These projects aim to generate
complex environments that continue to evolve through
adaptation, a process known as adaptiogenesis.
Adaptation is based on evolutionary modifications and is
the process of the continuous adjustment of a system to
its environment. The two projects explore different ways
of strategising morphological and ecological influences
upon an evolutionary design process that aims to evolve
a differentiated structural system. In Postagriculture,

a research project for a large-scale agricultural
production facility in the Netherlands, the design
proceeded by strategic proliferation of a parametrically
varied component into a larger differentiated system.
The Landscape Playhouse, a competition design for”
the new Royal Theatre in Copenhagen, instrumentalises
local manipulations within a global system.

The initial design criteria of the projects differ
according to their contexts: the Playhouse in
Copenhagen is located away from the main public
street-life of the city centre. The intention is to create
an urban environment that provides for a multitude of
different activities and users, a piece of public fabric
with its own rich urban life.

The Postagriculture project begins with the
recognition of the importance of environmentally and
socially sustainable food production. The project needed
to negotiate multiple programmatic claims on a limited
space. lts location in the Westland, the largest and
densest greenhouse production area in the
Netherlands, implies that this location needs to
facilitate both time-intensive agricultural production
(as outlined by the 5th Dutch National Planning
Memorandum) and extensive public leisure activities
(as requested by the municipal development plans of
Rotterdam and the Hague) at the same time. The aim is
to articulate an inclusive and responsive strategy, one
that enables a mode of agricultural production that is a
highly integrated, mutable and vital urban programme.
The project promotes a local hybridisation of intensified
agroproduction with public recreation. This in turn
demands an architecture that is capable of negotiating
and adapting to different system requirements.

Thus, the challenge of the Landscape Playhouse
is the insufficient capacity of corridor and room
arrangements to give access to public movement and
activities, while the challenge of the Postagriculture
project is to spatially combine activities that appear
to be incompatible.

The approaches to both projects begin by
establishing relevant performance criteria. In the case
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Perspective view of the deep
structure evolving from the
proliferation of parametrically

varied surface components.
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of the Landscape Playhouse, mapping the
required unit-based programmatic typologies on
to a field of distributed condition-based activities
made it possible to trace performance profiles.
The organisational focus shifts to gradient
topological and ecological conditions, such as
the degree of connectivity or enclosure combined
with the intensity of illumination, acoustics and
climatic conditions.

For the Postagriculture project the systemic
investigations were more complex. Parametric
information about the climatic requirements of
the agricultural and recreational systems and
their subprocesses was used to build an
organisational model. The model indicates
specific condition profiles and differential
relations, and system specificities emerge as

patterns of gradient thresholds and potentially shared
conditions. The model is dynamic and is used for
evolving the deployment of activities, organised by
differential intensities of light, temperature and smell.
It is employed to test internal developments and
changes, and to absorb and reconfigure new
information and external expertise, and establishes a
continuous feedback loop enabling an intricate relation
between analytical and generative modes.

Designing a performative, complex environment
necessitates thinking about structure as a condition
that generates and differentiates. It is helpful to think
of structure not as a static object but rather as a
process of material operations. Manipulations within
the organisational logic and constraints of material
systems are intrinsically connected to the modulation
of microclimatic conditions.



The differentiation process of the Postagriculture
project is based on an investigation of one structural
component, which indicates the possibilities and
constraints of algorithmically controlled parametric
variations in relation to selected performance criteria.
Pneumatic structures were chosen for their potential
for differentiation, which can be achieved by exploiting
their nonlinear characteristics and differential states of
stability. A pneumatic component - a specific pneu® -
was evolved from a simple inflated cushion in which the
basic structural principle is the relation between the
pressure of the compressed air volume and the pre-
stressing of the membranes. The working methodology
was based on feedback between different modalities,
using iterations of cycles between digital definitions of
the boundary points, physical modelling derived from
cutting-patterns produced in an engineering software
program, empirical and digital form finding and digital
structural analysis. By multiplying the evolved ‘single
cushion’ component a prototype was developed - a
multichambered surface component.

The relation of surface geometry to internal air
pressure produces structural stability. This dynamic
relation required the animation of boundary definition
points that were then transferred back into the
structural software package, providing the input for a
digital form-finding process and enabling the production
of a physical prototype. The resulting prototype has a
number of forms and pressure states in which it is
stable. This prototype is a self-supporting pneumatic
surface, geometrically defined by different surface
tensions and by seams that are structural elements.
Parametric changes of variables such as the orientation,
distribution, density and differential reinforcement of the
seams, the depth and the internal pressure of the pneus,
and the type and treatment of the surface material were
all tested, analysed and catalogued in relation to their
structural performance, topological characteristics
and capacity to modulate light and climatic conditions.

An example of a morpho-ecological interrelation
is the way the density of reinforced seams and their
related structural capacity corresponds with the
transmission of light and energy, influencing local
illumination, temperature gradient and air movement.
Another example is the nonlinear relation between the
internal pressure and depth of the pneus, the related
load-bearing capacity through prestressing the
membrane, and the regulation of thermal conductivity
through dead-air chambers. This data, and the related
variations of assembled surfaces, feed the proliferation
process of the component, producing a complex and
differentiated system. The resulting ‘deep’ structure
is a manifold of local geometries and ecosystems within
a macro environment.

The feedback loop between material articulation and
the modulation of interior conditions proceeds beyond
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an understanding of structure as an accumulation
of separate parts joined together. Structure here
is a complex system, differentiated and
performative. Digital simulations, with particular
focus on temperature-scan and light analysis,
show how the structure responds to locally
specific load-bearing requirements, producing
microclimatic differentiation. More importantly,
the analysis of the structural and environmental
performance also indicates the gradient transition
from the hard-modulated micro-environments to
a negotiable field of soft-modulated areas. These
areas, which emerge in between the regulated
material and surface manipulations, enable a
robustness of distributed open systems over
a broad range of conditions that can trigger
and accommodate programmatic mutations.
The Landscape Playhouse project explores
a different strategy. Here, the complexity of the
global system emerges from distributed local
manipulations within the structural field of a
continuous surface. The correlation of local
surface control points, principal surface
curvature® and intersection, and geometrical,
topological and structural logics is developed
through an evolutionary process of digital and
physical test-modelling and analysis. Initially
the intersection of constant mean curvature
surfaces’® - surfaces with the same curvature
at any point - indicated capacities for structural
and topological differentiation. For example,
the intersections of the surfaces become arch
structures that redistribute forces so that the

material within the plane of the intersection becomes
structurally redundant. These connective zones of the
intersection carry the potential to modulate spatial as
well as environmental conditions. Departing from
constant curvature by developing the intersections as
local moments of one larger self-intersecting surface
suggested the possibility of gradually informing the
interrelation between the intersection plane and local
surface regions.

The geometric characteristics of these regions vary
from synclastic to anticlastic articulation with related
structural as well as topological capacities. Scripting
them as local operations allowed the surface to adapt to
site-specific trajectories and force fields, through an
iterative sequence of test modelling and manipulation.
The performative curvature and self-intersection of the
surface has been informed by correlative digital and
physical modelling, employing different cap/cam
technologies. For example, monosectional and
bidirectional laser-cut models inform sectional
curvature studies, laser-sintered rapid prototypes
investigate the differentiation of locally complex surface
geometries negotiated by global tangency alignments,
and 3-D-printed sectional models corroborate
topological relations. These modalities and digital
analysis techniques are combined within the process
of surface evolution, and performance evaluation
unfolds patterns of differentiated effects.

Further scripting, cataloguing and analysing
geometric operations reveals the operative relation
between locally manipulating the surface and
modulating zones of different degrees of connectivity or
enclosure and gradient intensities of climatic, noise and
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Right

The performative curvature
and self-intersection of the
surface has been informed by
correlative digital and physical
modelling, employing different
cAp/caM technologies. For
example, monosectional and
bidirectional laser-cut models
(top) inform sectional
curvature studies, laser-
sintered rapid prototypes
[bottom) investigate the
differentiation through locally
complex surface geometries
negotiated by the global
tangency alignments, and
3-D-printed sectional models
(middle) corroborated
topological relations.
Combining these modalities
and digital-analysis techniques
within the process of surface
evolution and performance
evaluation unfolds patterns of
differentiated morpho-
ecological effects.
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light conditions. The evolving structural
characteristics of differential load distribution
within this complex semi-monocoque shell also
enabled a secondary system of differentiation.
Necessary local surface penetrations are related
to the varying load-bearing capacity of the
surface. This means that, depending on the
degree of stress within a particular local area
of the shell, the surface area is punctuated by
‘holes’ filled with another material or sometimes
no material. The new material has different
transparencies and densities, leading to gradient
fields of illumination and interiority that are
intrinsically related to the structural
performance of the system.

The dynamic interaction of multiple locally
controlled surface definitions and penetrations

is an evolutionary process, one that evolves a complex
global surface articulation that has interrelated
structural, topological and ecological performances.

This approach is very different from more
conventional deterministic strategies that match
spatial units or locations with singular ways of
inhabitation, the static neutrality of generic spaces
that serve as a means of achieving ‘flexibility’. In
these projects both differentiation strategies® are
part of design processes that relate the evolution of
architectural form to environmental and social
performance. The research suggests that alternative
ideas of efficiency and sustainability of the built
environment can be explored through adaptiogenesis.
Structural ‘efficiency’ here evolves locally, by tracing
and exploiting system characteristics that privilege
material capacities. Consequently, larger material
systems operate through implicitly adaptive
redundancy. Through this process of bottom-up "hyper-
articulation’, complex environments have the potential
for inherent responsiveness, the ability to adapt to
anticipated as well as divergent criteria.

The evolution of a differentiated genotypic
organisation, based on the logic of the material system,
leads to an intrinsically adaptive system of
differentiated conditions and environments that enable
activity migration and mutation. In addition, the
evolutionary process enables a phenotypic plasticity’
through active changes to structural spatial elements
that locally adapt, triggering fields of potential
inhabitation that are embedded in an ever-changing
global organisation. In each case the architectural
design is thought of as an ecosystem that organises
the use of space in inclusive, time-based performance
packages that allow for a denser and more
differentiated environment. o
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The bony lamellae of the
femur, made of compacted
collagen fibres and minerals.
During self-formation a matrix
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Section through the stem of a
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that contains xylem vessels
and supporting tissue.
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The developments in smart materials and
responsive buildings are at the forefront of
scientific and technical advances in engineering
and have stimulated a renewed interest in biology
and biomimetics.' Whilst there have been a
number of interesting architectural applications
of advanced materials in architecture, we cannot
say that intelligent buildings exist.
Environmentally responsive systems for buildings
have certainly made rapid advances in the last
decade, but they function as a collection of
devices such as louvres and shades, controlled
by a central computer that receives data from
remote sensors and sends back instructions

for activation of mechanical systems.

This is essentially a 19th-century concept,
even if human decision-making has been
replaced by computational decision-making.
Natural systems are quite different. Most
sensing, decision-making and reactions are
entirely local, and global behaviour is the
product of local actions. This is true across all
scales, from small plants to large mammals.
When we run for the bus, we do not have to
make any conscious decisions to accelerate our
heartbeat, increase breathing rate and volume,
or to open our pores to regulate the higher
internal temperatures generated. Plants,
lacking a central nervous system and
mammalian brains, make growth movements
to orientate themselves to the sun or to correct
their inclination.

In order to abstract engineering principles for
use in architecture, we must first recognise that
we are studying material systems in which it
makes little sense to distinguish between material
and structure. Further, we must recognise that all

natural material systems involve movement - both local
and global - to achieve adaptation and responsiveness.
There has been little systematic engineering study of
dynamic systems in nature, and in particular of the way
in which many biological material systems achieve
movement without muscles

Geometry and Fibre Material Hierarchies

In the morphogenesis of biological organisms, it is the
animation of geometry and material that produce form.
Dynamic capacity, the ability to move, is created by the
same factors. Geometry and material hierarchies
produce dynamics. Biodynamics are achieved by a
system of pre-tensioning and variation of turgor
pressure’ in differentiated geometrical arrangements
to produce different kinds of movements. Many animals
with flexible skins, such as worms and sharks, use
hydrostatic skeletons where the prestressing of fibres in
tension is balanced by compression in a fluid. Similarly,
nonlignified plants are entirely dependent on control of
turgor pressure inside their cells to achieve structural
rigidity, prestressing the cellulose fibres in the cell
walls at the expense of compression in the fluid. Trees
prestress their trunks, too, with the outermost layers
of cells being prestressed in tension to offset the poor
compressive properties of wood.?

Biology makes use of remarkably few materiats,
and nearly all loads are carried by fibrous composites.
There are only four polymer fibres: cellulose in plants,
collagen in animals, chitin in insects and crustaceans,
and silks in spiders’ webs. These are the basic
materials of biology, and they have much lower
densities than most engineering materials. They are
successful not so much because of what they are but
because of the way in which they are put together.

The geometrical and hierarchical organisation of the
fibre architecture is significant. 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.

Fibre composites are anisotropic, a characteristic that
can provide higher levels of optimisation than is possible
with isotropic, homogeneous materials, because
stiffness and strength can be matched to the direction
and magnitude of the loads applied. It is growth under
stress; the forces that the organism experiences during
growth produce selective deposition of new material
where it is needed and in the direction in which it is
needed. In bone, material is removed from the under-
stressed parts and redeposited in the highly stressed
ones;* in trees a special type of wood, with a different
fibre orientation and cellular structure from normal
wood, is produced in successive annual rings when
circumstances require it."Thus biology produces a large
number of patterns of load-bearing fibre architectures,
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Ripe seed capsule of the field
poppy, showing the release of
seeds by the self-organised
process of dehiscence
(dehydration and splitting).

Above right

A freeze-fractured tendon
revealing the parallel structure
of collagen fibres of varying
size. The parallel organisation
produces a structure that is
flexible but inelastic and able
to resist tension.

Opposite

Human collagen-fibre bundles
made up of three long
polypeptide chains that self-
assemble into triple-helix
fibrils, extensively cross-
bonded to form a strong
inextensible structure.
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each a specific answer to a specific set of
mechanical conditions and requirements.*

Fibres are most efficient when they carry pure
tensile loads, either as structures in their own
right or as reinforcement in composite materials
that are used as membrane structures in biaxial
tension.” Fibres perform poorly in compression
because of buckling, even when partially
supported laterally by the matrix in composites.
In nature there are a number of available
solutions to this problem: prestress the fibres
in tension so that they hardly ever experience
compressive loads; introduce high-modulus
mineral phases intimately connected to the
fibres to help carry compression; or heavily
cross-link the fibre network to increase lateral
stability, and change the fibre orientation so that
compressive loads do not act along the fibres.

Movement Without Muscles

Many plants are capable of movement. Slow
movements often pass unremarked, even
though they are very familiar, such as those
seen in the petals of flowers that open and
close, the tracking of the sun by sunflowers,
the convolutions of bindweeds around
supporting stems and the snaking of roots
around obstacles. Rapid movements are more
visible, such as the closing and drooping of
leaves when Mimosa pudica is touched. Very
rapid movements, too fast to be seen, are
exceptional, but do occur in the closing of the
leaves of the Venus flytrap. And the most
common of all movements is the shedding of
leaves in the autumn, which is not a passive
mechanism but an active one. In all these
examples, movement and force are generated

by a unique interaction of materials, structures,
energy sources and sensors.

Movements that are reversible in plants are
produced by pressure changes within special cells.
These parenchyma cells are flexible in bending but stiff
in tension; when a cell takes in water, the pressure
exerted on its walls increases, and the cell increases
in size due to the elasticity of its walls. If the pressure
of neighbouring cells increases at the same time, the
tensions result in deformations of the whole tissue,
which causes movement of part of the plant. The
arrangement of cells of different sizes and orientations
constrains the movement in the direction that is
needed. When the osmotic pressure® within the cells
slowly decreases, the movement is reversed. A common
example of this mechanism is the daily lifting and
lowering of leaves in a day/night cycle.

These material systems are essentially working as
networks of interacting mini-hydraulic actuators, liquid-
filled bags which can become turgid or flaccid and
which, owing to their shape and mutual interaction,
translate local deformations to global ones and are
capable of generating very high stresses.

The same mechanism is used within the tissue of the
leaf, where the stomata regulate the respiration of the
plant. Stomata open when the air is humid, and close
when it is dry. The mechanism is differential pressure in
an asymmetrical arrangement of cells. The outer and
inner walls are much thicker than the lateral walls, and
so have greater resistance to deformations. The thinner
areas are more easily stretched. The asymmetry of the
cell’s structure and of the wall thicknesses directs the
movement caused by the pressure changes. There are
two controlling cycles, of water and of carbon dioxide,
which at times may compete, as carbon dioxide can
limit photosynthesis. Light stimulates the stomata to
open, and they close at night except in very arid
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climates where the cycle is reversed to prevent
water losses.

If the pressure change cannot be reversed,
the pressure builds beyond the ability of the
tissue to resist the force. The tissue will rupture
in the weakest area. Weak areas are carefully
placed, so that the orientation and speed of the
rupture is controlled. This mechanism is
designed for the explosive movements or
catapult actions of some fruits.

The fruits of all Impatiens plants have
specially formed weaker tissues along which
the ruptures will propagate, severing the
longitudinal connections between the carpels,
which instantly roll up and catapult the seeds
away. The squirting cucumber, Ecballium
elaterium, uses the same mechanism to
discharge its seeds at such high velocity that a
distance of up to 10 metres is achieved. Similar
mechanisms can be seen in operation when
leaves emerge from buds and deploy to catch
sunlight. The packing of the maximum surface
area of material in the bud and expanding it
rapidly and efficiently is the result of very clever
folding geometry, turgor pressure and growth.’

Variable-Stiffness Material Systems
Evolutionary adaptive mechanical design in
natural material systems occurs at the level of
the species, in response to a set of inputs on the
developing organism. The inputs include loads
and environmental pressures that interact with
the genetic information available. Evolutionary
time is very long, but evolutionary adaptation
can be successfully modelled in computational
processes and is useful in design strategies for
the development of architecture in series, types

and populations. There are two other aspects of
biological adaptation that occur over much shorter
time scales, which involve individuals rather than
whole species and are thus more observable.

Thigmomorphogenesis is the changes in shape,
structure and material properties that are produced
in reponse to transient changes in environmental
conditions. Tropisms of various kinds are also
observable, such as heliotropism in sunflowers. These
are all growth movements, slow adaptations to changes
in specific conditions. The formation of reaction wood in
trees, needed to straighten a trunk towards the vertical
when it has experienced inclined growth or to offset
loads from prevailing winds, and the mechanism of
bone remodelling are perhaps the best known and best
documented examples. Fibre orientations, structural
capacities and properties of materials are modified by
slow movements within a material; these are not yet
available in industrial materials, but it is clear that this
should be the goal of longer-term research.

There are many instances in engineering where
variable-stiffness materials and structures would be
beneficial. For example, this is particularly true for
vibration control, and in applications where it would be
beneficial to alter the shape of a rigid structure, or an
element of structure, and then restiffen it. Potential
architectural applications are structures that could be
reconformed for change of load or condition, and
portable structures that could be soft for transportztion,
rigid in deployment and soft again for relocation.

There are several examples of this in biology that
offer interesting models that are more immediately
achievable. The most interesting is the variable-stiffness
collagen found in many marine animals.” It is found in
sea cucumbers and also at the base of spines in sea
urchins. In this system, the collagen fibres are
embedded in a matrix that can be changed from rigid
to nearly liquid. In the liquid, low-stiffness state the
collagen fibres act as uncoupled elements and do not
have any reinforcing effect. When the matrix is hardenad
by the release of calcium ions, the efficiency of load
transfer between matrix and fibres increases and the
composite becomes rigid. The sea cucumber goes soft
when threatened and flows away; the sea urchin softens
the anchorage of its spines when it wants to move and
can relock the system in a new location.

The study of biodynamics offers models for dynamic
material systems and for adaptation. Scale has to
be carefully considered if principles are abstracted
from biodynamic systems for use in architecture.
Forces increase exponentially when differential
pressure systems are enlarged. The geometrical
organisation and fibre patterns are scaleable, and
with ‘'muscle-less’ movement and stiffness variability
suggest a means of achieving significantly advanced
architectural material systems. o
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Below

View from the Schléssberg. In form and material the
Kunsthaus may be an alien presence, but it also seems
an appropriate and welcome one.

For the Austrian city of Graz, Peter Cook and Colin Fournier have created
a contemporary art centre with an ‘amorphic, perimeter-hugging form’
that has already been dubbed by locals ‘the friendly alien’. Jeremy Melvin
explains how the drama of the Kunsthaus befits not only its 19th-century
context but also its task as a gallery space that incites interaction.
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Like most of Austria, Graz - Europe’s cultural capital for 2003 -
is polite and wears its uniforms well. The principal difference
is that here the uniforms are not just splendid scenery and
gorgeous relics of an imperial past, though it certainly does
have a wonderful natural setting, ringed by peaks with the River
Mur running through a gorge deep enough to prevent melting
snow flooding the city, and its very own captive mountain,
the Schlossberg, which as its name suggests was forced into
subservience when a castle was built on its summit. Its sunlight,
casting intricate detail on the traditional buildings into sharp
relief, is such that you realise you are within spitting distance of
Italy, but a glimpse of the Hotel Weisler, designed by a pupil of
Otto Wagner, recalls the proximity of Vienna. Sit in a café here,
Peter Cook explains, and you will feel your neighbours stiffen
respectfully when a canon of the cathedral walks past.

Graz’s other uniform also manifests itself socially,
architecturally and intellectually. Scientists at the university have
won numerous Nobel prizes over the last couple of decades, as
Cook’s co-designer, Colin Fournier, is quick to point out. And
there is a strong literary tradition, which arose in part because
Graz took the lead in establishing a post-Nazi Austrian culture.
In architecture the Grazer Schule has pioneered a language of
contemporary materials, the striking forms of which speak as
much of context as of deconstruction, and it is from this nexus
of tradition and innovation that Cook’s and Fournier’s Kunsthaus
takes its place in the urban and social fabric.

Shaped as if it has landed on its site, the Kunsthaus's bulbous
blue form provoked the soubriquet ‘the friendly alien’ -

€

appropriately, perhaps, because it is on the side of the
river that saw the typical paraphernalia of 19th-century
urban expansion that could not be accommodated in

the traditional city centre. A century ago, grand hotels
and railway stations were probably just as alien, and
Eiserners Haus, the iron-framed former department
store that the Kunsthaus incorporates, was made entirely
from components manufactured in south Yorkshire.

Graz has numerous museums, ranging from
Renaissance palazzi to white boxes, but the whole ethos
of a post-Bilbao contemporary arts centre depends on
an arresting and unexpected image in a part of town that
needs regeneration. It was perhaps this underlying truth
that scuppered an earlier proposal that the Kunsthaus
be formed from converting wartime air-raid shelter
tunnels in the Schlossberg, which lies on the posher
side of the river. Cook and Fournier were unplaced in
that competition, but made enough powerful friends to
be in a strong position when the scheme foundered and
the new site was chosen. Their earlier entry also had
the inestimable value of familiarising them with the
specific functional requirements, from the secure
delivery facilities to the ancillary and administrative
activities, as well as the gallery spaces themselves.

The Kunsthaus is obviously within the tradition of
contemporary arts centres that have covered Europe
from Helsinki to Santiago di Compostella, and like
them has specific economic parameters. The site is
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The organic form of the Kunsthaus fits within the site
parameters, incorporating the Eiserners Haus, and_
abutting a pair of nondescript 18th-century town houses
that are due to become an architecture centre.

Opposite
Site plan.

Top
Ground (entrance level), showing the entrance through the
Eiserners Haus and location of the café and lecture room.

Middle left

The lower of the principal gallery levels. Within the
irregularities of wall and travolators, there is plenty of
space for flexible layouts.

Middle right
Diagram showing structural concept and position of
cowls.

Bottom left
The upper of the exhibition galleries, showing the position
of the cowls and the needle.

Bottom right
Long section. The galleries are contained within their own
form, which is reached by travolator.
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not overly generous and any project with the required
accommodation would be likely to cover its entire surface
area, and need more than one storey. There was also the
Eiserners Haus to incorporate, which, as it turned out, needed
almost complete rebuilding. These conditions did not
inevitably lead to Cook’s and Fournier’s design as the only
logical solution, but they do make sense of its amorphic,
perimeter-hugging form, and of the essential drama with
which it is infused, especially in the pair of travolators that
switch back on each other as they take visitors from ground to
first, and then to the upper level. With the entrance at ground
level through the austere, almost peristyle Eiserners Haus,
with offices on its upper levels, and ancillary functions such
as a café and lecture room on the ground floor of the
Kunsthaus proper, the two main exhibition spaces, on two
levels, could take uninhibited possession of the flowing form.
These levels are generously serviced to facilitate a wide
range of installations and their size minimises the effect of

the serpentine perimeter, should anyone want an
orthogonal layout. Modulated daylight can come into
the top floor though the roof-top cowls, which from
the exterior resemble bubbles bursting in the viscous
droplet. Perched precariously across the top, again
suggesting an analogy with the surface tension of
liquids, is the ‘needle’, an observation platform that
the engineer, Klaus Bollinger, allowed to vibrate
slightly. Overall the effect is one of invisibly arrested
flow, as if the building itself is a brief episode of calm
in the flux of contemporary art, which makes a neat
metaphor for the way an exhibition will always be
historical even when its subject matter is of living
artists. With an easily locatable entrance and logical
disposition of basic functions, it is easy to appreciate
the building at an immediate level, but its facade

is deliberately inscrutable to conceal the specifics

of any exhibition.



Opposite, top left

Roof view of one of the
Kunsthaus cowls. These might
be safety valves releasing
pressure from inside.

Opposite, top right
Night view.

Opposite, bottom left
Historical view of the
Eiserners Haus. Austrians
have always been keen on
uniforms and uniformity.

Opposite, bottom right

The conjunction of forms
intrigues as well as respecting
the context. On the left beyond
the glazed wall is the rear of
the Eiserners Haus that Peter
Cook has referred to as ‘stuff’.

Above
The upper gallery, where the
roof becomes a source of light.

Right

View from the mezzanine into
the upper gallery, showing the
first installation.

Cook in particular reacts against the tyranny of the norms
that have governed art museums where the architecture is
supposed to be neutral but actually imposes a dead hand on -
interpretation. He would not be distressed, one feels, if some
curators and even a few artists reacted against the
Kunsthaus’s idiosyncrasies because, as someone with
considerable curatorial experience, he wants the building
to have free reign to provoke, intrigue, fascinate and even
set visitors on some sort of path to interpret. The interaction
between work and space, between the cat’s cradle of
competing ideas that make up contemporary culture, needs
to have scope to come into effect.

These perceptions run through the design, perhaps most
importantly accounting for the drama: Cook is a keen
orchestral concert goer and is acutely sensitive to timing,
placement and sequence as generators of meaning through
their contingent interaction. But Cook’s and Fournier’s
perceptions of contemporary art inform the entire approach

to design as an interactive dialogue. Drawing on the
intellectual resources available to them as professors
at the Bartlett, their design emerged through a series
of iterative sessions where drawings and discussions
played an equal part, all circling around an intuitive
sense of what felt right. Cook expresses fascination
for apparent minutiae which actually turn out to have
vital bearing on the final impression. How do you cope,
he muses, with the point where a consciously
contemporary art museum abuts the almost completely
new replacement of a late-19th-century monument?
Neither ‘fish, flesh nor fowl’, he prefers to leave it as
‘stuff’, the sort of anonymous cladding panels that
compete neither with the drama of the blue-glass skin
nor the reticence of the Eiserners Haus. It knows, in
other words, which uniform to wear, and it is in this
ability to be extraordinary without being disruptive that
the Kunsthaus makes its most impressive impact. »
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Blurring the Lines:

Case Studies of Current

cAD/CAM Technigues

The Chesa Futura |
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Top left
= The interactive plan and section manipulations give rise to a
reference surface that generates all subsequent solid geometries
by offsetting from it. The design consultants receive this surface
as their template for the various building systems’ development.

Geometry Method

Plan View Section View

B The digital modelling begins with an arrangement of parametrically controllable

tangent arcs that can be manipulated to refine the architectural form and respond
to various performance requirements. The model at this stage is built by the
specialist modelling group by programming within the source code of the cap
package. This initial investment of effort is then the basis of extensive collaborative
studies by the designers.

The si
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André Chaszar describes how the design team on the Chesa Futura used a
combination of parametric modelling and digital structural and environmenta
analyses, as well as cnc modelling and full-scale construction technigues,

to realise the Swiss apartment block’s unigue rounded ‘pumpkin’ form.

This unusually shaped apartment building located on a steeply
sloping site in St Moritz, Switzerland, is scheduled for
completion this year. Conceived by a team including Foster

& Partners and Arup, and Toscana AG as the local structural
consultant, the project relied extensively on digital techniques
for its design and analysis. Furthermore, a substantial portion
of the construction, comprising the building’s wooden
structural and walling systems, was cNc fabricated from locally
harvested wood processed by contractor Holzbau Amann,
located in Germany. The project’'s main constructional features
are: a concrete foundation including garage and service
spaces; two concrete cores for circulation and services that
also give lateral stability to the structure; a steel-framed ‘table’
structure that serves as the base for the apartment spaces and
stands on eight legs resting on the foundation; and a double-
curved wooden shell for the apartments that is punctured with
deep, rectangular openings forming balconies and giving shade
to the flat, recessed glazing. The project demonstrates the use
of parametric modelling, digital structural and environmental

engineering analyses, and cNc fabrication for design
study models as well as full-scale construction.

In seeking to develop a plan characterised by tight
systems integration and possessing a correspondingly
high degree of available space utilisation, the designers
found digital capabilities to be useful in numerous
respects, resulting in the following design process.
The architectural concept was sketched as a rounded
‘pumpkin’ form responding to, among other things,
sight lines, height restrictions, the developable area,
and the reduction of the building’s bulk and envelope
area. In order to enable a manageable process of
refining this form, a parametric design method
commenced with definition of plan and sectional
curves constructed from circular arcs of varying radii
constrained to tangency at their junctions. The decision
to restrict curve segments to arcs stemmed from
a desire to maintain precisely developable offset
dimensions for the various assemblies as well as to



Right

The detailed digital model also includes internal systems whose ¢ ination
can thus be checked and their concepts easily communicated among the project
participants.

Below left

Digital modelling of the primary structural system of the shell is part of an ‘“(;?'"?' "WFme'S
: . : i - S m: m;

iterative loop with the structural analysis and design, with periodic checks [ s
against architectural requirements and other building systems as noted above.

Below right

Data from the cAb model is used at an advanced stage of design development to

produce a very accurate and detailed physical model by rapid prototyping. In

general, Foster's practice prefers a design approach reliant on a variety of media

including sketches, physical models, digital models and digitally generated , ‘

drawings. : i ‘

External facade columns |

Bottom left |

A detailed architectural cap model of a segment of the shell aids study of the . v | E
|
|

arrangement of its components, including the structural glue-laminated ribs, > . Internal walls
around staircases

the stressed-skin insulated plywood panels, battens, shingles and fenestration Internal walls and columns
d=cemblies: Reinforced concrete slab
Bottom right 1 . |
The construction of a prototype wall segment provides proof of concept as well B ——— Reinforced concrete cores

as an unprecedented opp nity to study detailing and constructibility issues.

Although cladding mock-ups are fairly common practice in many countries for

significant projects, the level of effort invested in them depends largely on the

prevailing building culture. When it comes to innovative construction, such

studies are invaluable even on small projects. Steel table and legs
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t to right
he wood slats forming a glue-laminated beam are bent and bonded with a conventionally
controlled jig.

Bonded beams are cut to shape and final dimensions with a multiple-tooled cNc router, which can
also cut notches and other special features.

make the controlling form describable with relatively few data,

making for easy and reliable transmission to other parties in
the project team. Corresponding to this form, the construction
scheme emerged from identification of the underlying polar
coordinate geometries inherent in the plan, resulting in a
segmental, radiating arrangement of primary structure and
infill panels

Given this ‘design surface’ and a desire to refine the
framing, the designers benefited from a structural analysis
showing that construction of the walls from stressed-skin
panels could take advantage of the closed, relatively regular
shape of the architectural form and result in shell action
that allowed significant reduction of the primary structure’s
bulk and weight. Further development of the shell form in
the 3-D parametric architectural model included refinement
of the internal floor areas, ceiling heights and sight lines
as well as definition of the surface as a series of patches
constrained to tangency along the entirety of their joint
boundaries. The roof and base were separated from the
walls by two slightly inclined sectional planes, resulting
in a ring beam and rain gutter at the top. ‘Freezing’ of the
generating shell form by the architects at an early enough
stage permitted finalisation of the engineering analyses
while still allowing refinement of the architectural design
through parametric manipulation of the various assemblies’
offsets from the generating surface.

The comparatively low stiffness, weight and density of
wood makes it suitable for high-speed, 3-D forming with a
variety of tools, some of them digitally controlled. Primary
structural elements were constructed as glue-laminated
curved beams. Wood for the beams was harvested locally,
from specially selected trees. The lumber sawn from these
was dried and the slats planed and jointed with conventional
high-capacity machines. Wall elements were designed
as double-curved wood panels including glue-laminated
elements, plywood skins and embedded insulation.

The beam slats were laid up in a conventionally controlled

nduetaminatéd beams
ternal cladding will also be i

are used to clad the building, since ¢
propriate choice for weathering, =g
ed shape.

bending jig with glue, and clamped until cursg Nt
one side of each .ue-lammated member w

so that it could t evenly on the work sur®
subseqd:‘t operations. The beams were then

by a cNc router with a variety of tool shapes, g
required finished dimensions, tapering and &5
notches and other features required at joints

of the connection hardware was installed in the
factory, and the pieces comprising the wall panzis
also assembled there. On site, the glue-laminztzs
rib beams and ring beam were joined together zns
the wall panels subse sequently inserted. In contras:

the walls’ external c
hand-cut shingles that give the desired appear=
and weathering ab Jt'_.' and conform well to the

ddmg was accomplishec

double-curved surface form.

This project thus demonstrates the capabilities
of cAD in terms of describing complex forms and
integration of systems, as well as the ability of
parametric digital modelling to assimilate changes

in particular aspects of the design geometry - for
example, in response to external constraints such
as regulations concerning the building’s bulk — while
preserving the overall relationships between the
components. cam milling of wooden elements
exemplifies a process in which digital fabrication
comprises a substantial portion of the work and
requires relatively little further processing, in
comparison with the cutting of sheet materials, for
example, which require significant further assembly
before they are complete. ®






