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ABSTRACT

PROPOSAL FOR ANON-DIMENSIONAL PARAMETRIC INTERFACE
DESIGN IN ARCHITECTURE: A BIOMIMETIC APPROACH

Arslan Selguk, Semra
Ph.D., Department of Architecture

Supervisor: Asst. Prof. Dr. Arau Gdnen¢ Sorgug

February 2009, 171 pages

Biomimesis, the imitation of animate and inanimate forms in nature to inspire new
designs, is term intoduced in the 20" century. The concept that there exist models
and solutions in nature that may improve and optimize the way mankind lives has
been the subgct of much discussion. Although biomimesis as a well-defined
discipline is a relatively recent concept, modeling nature is as old as mankind itself

and can be seen in manydifferent forms in all aspects of life.

In the field of architecure there have been seweral designs created by
imitating/modeling or aspiring to forms in nature. Most of the “end products” of these
processes can be considered as milestones in the history of architecture, with their
innovative form, structure, and construction techniques, and have resulted in
devebpments in many fields through the pioneering of new and successful designs.

The implemenfations of the concept of Biomimesis in the field of architecture are
mostly observed in the design of forms. In the proposed study, besides those forms,
structural behavior and the optimized response to intemal and exemal loads of
these forms, together with their geometrical configurations, have been studied to
provide a methodology to understand relationships in nature for optimized structures
and in the further steps a system design has been aimed.



Within the frame work of methodology, in the first part of the study, form/structure
groups in animate and inanimate nature are classified and their representative
characteristics are discussed. The next part ocuses on the “shell”’, as a case to
exemplify the proposed methodology. For this reason, the “seashell” form is chosen
to explore the forms/structures in architecture. For this purpose, initially the
definitions of a shell and its implementations in architecture have been examined
and the “real problem” has been described: what are the codes in architecture to
understand the hnguage of shells in nature and how this knowledge can be

translated to man made design.

The modeling approaches of the researchers working on the seashells hawe been
examined and parameters developed to generate a mathematical model closer to a
real shell. A program has been written to generate the computational model of
selected seashell Turitella Terebra as a case. Through a series of
abstractions/assumptions first mathe matical then computational model of the actual
seashell have been obtained to explore the behavioral properties of shells. In the
experimental part of the study, 86 shells have been exposed to compression tests,
similar boundary conditions and loads have been applied to the computational
model in two different FEA software, to compare simulation results with te
experimental ones in order to check the precision and efficacy of the computational
model. The results have been analyzd and a number of non-dimensional
parameters are obtained. It is believed that potential relations in the realm of
architecture regarding such non dimensional parameters would be a new era to talk
new design methods and to construct optimized structures. Through tis
pe rception/thinking/de signing/manufacturing method a platform would be formed to
discuss the conceptof Bomimesis in architecture subjectively.

Keywords: Biomimesis in architecture, shell design, design algorithm, seashell
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MIMARLKTA BOYUTSUZ BiR PARAMETRIK ARAYUZ TASARIMI iCiN ONERI:
BiY OMIMETIK YAKLASIM

Arslan Selguk, Semra
Doktora, Mimarlk Bolimu

Tezyodneticisi: Yrd. Dog. Dr. Arzu Géneng Sorgug

Subat 2009, 171 sayfa

Biyomimesis, canl cansiz varliklarn taklit edilerek yeni tasarimlara ilham kaynagi
olmasi kavrami, 20.ylizylin sonunda literatlire girmis ve insanin varolma bigimini en
iyileyecek her modelin ve ¢6zimin dodada oldugu disinme bigimi sistematik bir
bicimde tartisiimaya baslamistir. Biomimesis tanimli bir disiplin olarak 20. ylzylin
bir Urini olmakla beraber, doganin bir model olarak alinmasi insanoglunun

varolusundan buyana ortaya koydugu Uriinlerde farkli boyutlarda ortaya ¢cikmaktadir.

Literatirde, mimarlk alaninda doganin taklit edilmesiyle/modellenmesiyle yada
tasarmin temel ilham kaynagi olmasyla ortaya c¢ikmis birgok tasarm
bulunmaktadir. Bu “son Urtinlerin” pek gogu mimarlik tarihine, énctil ve yenilikgi form
striktiir ve yapim teknikleriile bagyapitlar olarak girmistir ve disiplinler arasi pek ¢ok
yeni ve basarilitasarimlara dnclili k etmistir.

Biomimesis kavraminin mimarlk alanina yansima bigimi ¢ogunlukla formun
olusturulmasi siirecinde géZemlenmektedir. Onerilen bu calsmada ise form
disinda, striktir, formun igsel ve dissal yliklere en az malzeme ile en iyi bicimde
dayanimini saglayan matematiksel oranlarla da ele alinarak, eniyilenmis form-
struktlir tasarmlarinda doganin model olarak alinmasinda bir metodoloji

gelistirilmistir ve ilerleyen asgamalarda ise bir sistem tasarimi hedefenmistir.

Vi



Bu metodoloji cercevesinde, galismanin ik asamasinda canl yada cansiz dogada
bulunan form-striktir gruplari snflandriimis ve bu temel gruplarn belireyici
struktiirel 6zelliikleri irdelenmistir. Bunu izleyen asamada o6nerilen metodobjinin
“‘Omeklenmesi” icin “kabuk” formuna odaklaniimistir. Bu amagla “deniz kabugunun”
mimaride yeni form ve striktir arayislarinda getirecegi kazanimlar sorgulanmistir.
Bu sorgulamada oncelikle strilktirel ve formsal olarak “kabuk’ tanimi ve mimarideki
ginimuze kadar olan yansimalari incelenmis ve “gergek problem” tanimlanmustir:

dogadaki kabuk bilgisi mimarlktaki dilini nasi bulabilir ve bu bilginasi aktarilr.

Deniz kabugu konusunda galismalar yapan arastrmacilarin modelle me yaklagimlari
incelenmis ve gercek kabuda en yakin modeli olsturacak parametreler
gelistirilmisti. Omekleme igin secilen Turitella Terebra cinsi deniz kabugunun
matematiksel modelini sayisal ortama aktaran bir program yazlmistir. Kabuklarin
davranigsal o6zlliiklerinin anlasilabilmesi igin gesitli varsayimlar yapilarak hem
gercek kabuklar hem de model testler icin hazirlanmistr. 86 deniz kabugu gesitli
islemlerden sonra basing testlerinden gecirilmis ayni testler sayisallhesaplamali
model Uzerinde de, sonlu elemanlar analiz yontemi ile hesaplama yapan iki
yazilimla gergeklestiriimistir. Sonuclar degerlendirimis ve bir dizi boyutsuz
parametre elde edilmigtir. Bu parametreler Uzerinden kurubbilecek potansiyel
ligkilerin mimarlk alaninda yeni sdzler sOylemek, yeni tasanm metotlarni
konugabilmek ve eniyilenmis striiktlirler kurmak igin bir baslangic olusturacagi
distnilmekiedir. Bu algllama/disiinme/tasarlamal/iiretme yontemi ile mimarlkta
“Biyomimesis” kavraminin nesnel olrak tartisilabilecegi disiplinler arasi bir
platformun kurulabilecegine inaniimaktadr.

Anahtar kelimeler: Mimarlikta Biomimesis, boyutsuz parametreler, kabuk tasarimi,

egrisellik, algoritma, deniz kabuklari.
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CHAPTER 1

INTRODUCTION

In this chapter the arguments and the objectives of the study are presented,
followed by an overview of the general procedure and outlines of the remaining
chapters under the sub-heading “disposition”.

1.1 Argument

Man has leamed a greatdeal through the observation of natural structures, in both
inanimate and animate forms, which exhibit optimized features in terms of their
structure, material, diverse form, and their response to different
climatic/environmental conditions. Although several structures have come about
through the modeling/imitation/imple mentation of structures in nature, such as tent
structures, drawing influence from soap films and spider's webs, and Fuller’s
geodesic domes or panel structures from honeycombs, the number of researches
focusing on the potentiality of “leaming from nature” to propose new innovative

designs are still very limited.

The concept studied in this thesis is known as ‘biomimesis in architecture”. When
forms in nature are studied it can be seen that these forms are manifestations of the
phenomena of forces. These forces shape the forms and structures, which simply,
economically, and efficiently express the intemal and exemal forces influencing
them. However, it may be difficult to recognize that the forms/structures in nature
have evolved to attain an equilibrium state, either in static or dynamic cases. An
analysis of structures and their behaviors found in nature is essential to provoke
new designs. These forms and their structural systems can be classified into five
main categories according to their shapes and inherited structures: tree-like
structures, skeleton-like structures, shell-like structures, web-like structures, and
pneumatic structures, all of which are explained and clarified through examples in

the following chapters.



It can be argued tat natural structures and systems are efficient regarding their use
of materials, lightness, rigidity and stability; and it is no surprise that they offer great
lessons for designers looking to emulate their efficiency and sustainability. In most
cases the complexity of forms in nature avoids the clear dentification of structural
systems that provide the conditions for equilibrium. Yet, as the computational
technique s and new methods to analyze dynamic and static behavior improve, more
and more interest is placed on these forms, and even complicated structural

behaviors can be modeled successfully.

Contemporary studies have shown that although the impact of biomimesis in
architecture becomes stronger in broader examples still there is need for a
systematic approach. Therefore in this thesis it is aimed to provide a systematic
and then a system design to analyze these complexstructures, to “leam” from them,
and to propose new fields of impkementations in archiecture as it is n other
disciplines that have their own methods. Shells, specifically seashells, are chosen
as the subiject of interest to fulfill this argument. Shells in nature are very common
due to their potential to provide shelter, their minimum material requirements, and
their rigidity. At first glance seashells are compkx structures, but their forms and
structures can be explained using a fw mathematical relations. The close harmony
that exists in seashells as regards to structural behavior, form, function, and material
has led to a number of researches to look deeper into their material properties.
Similarly, man made shells are highly effective structures with respect to their large
span capacity with minimum material usage. Although domes and vaults have been
around for centuries, in general, shels are a product of the 20th century, with
devebpment being closely related with the advancement of numerical analysis
techniques, materials, and constructional technology; however, since the 1960s this
rapid development in the design and production of shells has all but stopped. There
is no single reason that accounts for the demise in the construction of shell
structures; rather, it is a result of many factors. It is believed that leaming from
seashells will be a new expansion that may be known as the “biomimetic revolution

of shells”.



1.2 Objectives and Scope

Seashells are one of the most interesting natural forms in terms of showing how
nature has developed sophisticated forms. A number of studies have already been
carried out into seashells, which have heped man to understand their material
properties and growth characteristics. It is seen that the seashell form is suitable for
the requirements of mnimum energy as well as in response to the action of forces in
the environment. Thompson claims that seashells display a great diversity of forms
from a basic naturalprinciple, “Form as a diagram of forces” (Thompson, 1992).

In this study, seashell forms are employed to question structures in nature and their
implemenfatons in architecture and engineering. The link between nature and
architecture is usually built upon one of two major appraches: the architectural form
that is inspired by nature; and the dewelopment ofa natural form applied directly into
an architectural form by considering the ‘process” of nature and its behavioral and
generative properties. The majority of architectural researchers and designers tend
to follow the first category, while this research looks at architectural form generation
based on the abstracted seashell geometry and a possible structural system
analysis of those forms. The intention of his research is to inspire more interest in
the analysis of natural forms through the integration of architecture and technology

into the example of “seashells” and their “implementations in architecture”.

k is aimed to illustate the close relationship between form, structure, and
proportion, besides material properties and environmental conditions, to address the
stability problem using minimized energy and material consumption, as is observed
in nature. It is also aimed to provide a systematic method in the analysis to propose
new structural systems and their parameters.

The main objectives of tis study are:

a) to explore the potential of Bomimesis and its implementations in different

disciplines, like engineering, medicine, agriculture efc.



b) to explore and structure relationships between nature and architecture.

c) to clarify what is meant by “Biomimesis in architecture”, as a leaming means
from nature.

d) to identify the structural properties of architectural examples inspired by
nature, to classify them, and to choose one to exemplify the hypothesis of
this study.

e) to propose a method to understand and discuss “Biomimesis in architecture”

f) to propose a non-dimensional parametric interface between natural

structures and architectural structure s through shell case.

1.3 Procedure

The study was conducted in seven phases;

First, a literature survey was conducted in order to define the research problem, to
understand the nature of Biomimicry, and to see how features in nature have been
interpreted by architects throughout history. Additionally, a literature survey on how
Biomimetic innovations have been actualizzd in other disciplines was conducted.

Second, it was seen that the applications n architecture inspired from nature
consisted of either form finding concems and decorative intents or inspirations for
ways of natural HVAC. In this study it was intended to reweal that although architects
have borrowed deas from nature in the design of their forms and structures
throughout history, Biomimesis can serve architecture with all its potentials to
propose new and innovative solutions. Biomimesis can be applied for form,
structural systems, and even systems for environmentally friendly
kine matic/static/deployable structures, mirroring those found in nature with the help
of methodologies to be developed specifically for architectural design. Deweloping
technologies in observation and computation allow researchers to learmn more from
nature, however it can be seen that current implementations far from follow the real

meaning of biomimesis.

Third, it is concluded that Biomimesis in architecture should be taken into account

after reconsidering both the developments in science and fechnology and the
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evolution of other disciplines inspired by nature. Although most of the studies in
other disciplines have developed specific methodologies to embed Biomimetic
elements into their research areas in an objective way, architecture is still in its
infancy in experiencing “form-creation processes”, and is mostly conceived as the
inclusion of the use of computers and solid modeling interfaces as design tools in
the light of examples from different disciplines. Hence, Biomimesis can be a
“learning interface”, having its own systematic with objective design parameters to
propose new design paradigms for architecture. For this reason, a set of
architecturalexamples inspired by nature are listed acoording to architectural period,
function, and structure. These are classified under five headings according to their
structural behavior: tree-like, web-like, skeleton-like, pneumatics, and shells, and te

kinetic propertiesofall were examined.

Shells are encountered very frequently in both natural and man-made structures due
to their high structural performance and potential to offer shelter in both natural
organisms and man-made structures. Furthermore, the natural shell, which has
always been a subject of interest for architects as regards form, function, structural
behavior, and material, is very useful in allowing an understanding of the “multi-
dimensional” properties of nature and natural processes in the formation of the final
configuration of te structures. For this reason shell structures were chosen to
exemplify the hypothesis of this study. In this stage also the “methodology”
constructed o be followed.

Fourth, from the natural shells, seashells, and among them coiled shells were
selected. A brief Conchology search was carried out, in the case of this thesis
Turitella Terebra was selected to understand the form-function-structure and
material properties of a natural object. Afer a literature survey on seashells in
architecture it was seen that the seashell form remains as a subject of interest that
is very frequently used in archiecture. For the purpose of this study, 150 Turitella
Terebra were ordered from Miami, USA, and were photographed and documented
according to a number of geometric features. As the understanding of the shell form
cannot be easily understood using Cartesian coordinates alone, some of te
samples were cut vertically and horizontally in order to expose their entire 3D



properties. Using the gathered data and parameters a program was written and a
digital model created. For this purpose, a research was conducted at the University
of Bath in the UK from June to September 2005". The research included studies on
shell theory and the writing of a mathe matical model of a selected seashell (Turitella
Terebra) in a ct+ compiler. Furthermore, recent studies and researches into

Biomimesis were observed to provide a clear understanding of Bio mimesis’.

Fifth,a group of tests were planned and were applied to all 150 specimens?’. Due to
their unconventional forms, the shells needed © be cut in order to allbbw testing with
conventional compression fest machines. Once cut, the shells were again
photographed and documented to record their new geometric features. The data
gathered from these tests was tabulated to understand the variations in the cracks
sustained during the compression tests in relation to the geometric features of each
shell. All the accumubted data was used to draw up statistical graphs, and te

results were discussed.

Sixh, the same loads and boundary conditions are implemented on the
computational model o verify the results and to understand the behavior of shells,
either the ones examined or the ones abstracted or derived by them.. A setofnon-
dimensional parameters were defined to understand the relationship between form-
structure-geometry. A series of man made shells were then designed according to
these parameters and the reasons and possible outcomes of using non dimensional
parameters were discussed.

In the last chapter, conclusions derived from the research, and recommendations
and suggestions for future studies were presented. The importance of thinking with
non-dimensional parameters while cmparng the domains having different
references was highlighted. Finally, in the Appendix part a research on seashells

and terminology of Conchology were presented.

"Research conducted under the advice of Dr. Chris William s, the author's mentor at
University of Bath.

?Research and seminar given by Prof. Dr. Julian Vincent and others on Biomimesis at the
“Centre of Biomimetics”, Bath, England, where a seminarwas given by the author on August
01,2005.

3 Tests carried out in collaboration with Dr. Caner Durucan at METE, METU.



1.4 Disposition

Chapter 2 comprises a literature survey regarding the relationship between nature
and architecture, and an explanaton of Biomimesis in archiiecture. The real
meaning of Biomimesis as a new discipline and its repre sentative examples are also
explained in this part. This chapter also aims to examine how ideas and inspirations
drawn from nature hawe affected architectural design throughout history, and
whether the outcomes can be considered as the real meaning of “Biomimesis in

architecture” ornot.

Chapter 3 presents the theories and postulates of the study, why this study was
proposed and conducted and the question of how Biomimesis can serve as an
innovative design paradigm is emphasized. A classification is carried out regarding
structures in nature and architecture and any similarites between them are
highlighted, giving pioneering examples from the 20th century.

In Chapter 4 the materials used to conduct this study and the methodology of te
doctoral research are described.

In the Chapter 5 interpretations of the seashell in architecture are demonstrated
following the studies on seashell geometry, and seashell modeling approaches in
different disciplines are presented. The deficiencies of these models are explained
and a new model is proposed. In addition, data collected from the testing of shellsis
statistically analyzed. Results were evaluated and a series of non dimensional
parameters are introduced. The meaning of “leaming from nature in architecture” is

discussed though those non dimensional paramefers.

In the last chapter, conclusions derived from this research and recommendations
and suggestons for future studies are presented.

Appendix A introduces general explanations on seashells and terminology of
Conchology. Appendix B represents a timeline highlighting developments in biology

and architecture.



CHAPTER 2

LITERATURE SURVEY

If one way be better than another, that you may be sure is Nature’s’ way
(Aristotale, 4th century B.C.E) (Vogel, 1998)

Human ingenuity may make various inventions, b ut it will never devise any
inventions more b eautiful, nor more simple nor more to the purpose than
Nature does; because in her inventions nothing is wanting nothing is

superfluous. (Leonardo da Vinci 15" cen tury) (Vogel,1998)

Source of hydraulic contrivances and of mechanical movements are endless
in nature; and if mechanists would but study in her school, she would lead
them to the adaptation of the best principles, and the most suitable
modifications of them in every possible contingency. (Thomas Ewbank, mid
19'" century)(Vogel, 1998)

One handb ook that has not yet gone out of style, and predictably never will, is
the handb ook of nature. Here in the totality of biological and biochemical
systems, the problems mankind faces have already been met and solved, and
through analogues, met and solved optimally. (Victor Papanek, 21%
century)(Papanek, 1971)

The human race, since its very beginnings, has had a tendency to discover and
learn from its environment. In this primitive observation/learming/design process,
mankind has adapted and developed skills to provide for his needs by imitating,
interpreting, and using examples found in nature. Mankind’s relationship with nature
was a peer-to-peer experience, and leaming from nature was the only source
availablke b him until the industrial revolution. Afer that tuming point, new horizons
triggered new technologies, and tools for observation became more advanced.
Although the relationshp between man and nature is as old as the history of
mankind, a new aspect of tis relationship has been bom out of a changed point of
view, more advanced tools for observation, an enhanced relationship between man



and nature, and a newgeneration n leaming, adaptation, and design. All these have

combined to result in a new branch of science: Biomimesis.

2.1 The concept of Bio mimesis

Biomimesis, which is derived from the Greek words, bios meaning life, and mimesis
meaning to imitate, is defined as “the study of the formation, structure, or function of
biologically produced substances and materials (as enzymes or silk) and biological
mechanisms and processes (as protein synthesis or photosynthesis) especially for
the pumose of synthesizing similar products by artificial mechanisms mimicking the
natural one s*. T his definition emphasizes the two important features of Biomimesis,
which are:

- The artificial synthesis of naturally occurring materials, substances, or other

structural configurations.
- Mimicking biological processes in creating life-like products.

As can be seen, both of hese features concem the synthesis of specific materials or
structures, and only differ in how directly and in what manner the product comes into
being.

In literature, the approach of using ideas from nature to further technology has been
given a number of names in different disciplines, such a, Biomimetics, Biomimicry,
Biognosis, and Bionics (Vincent, 1995, 10) acoording to the nature of the discipline.
Generally, studies rebted with the study of natural processes and systems for
innovations, solving problems, and dewlophg new technologies is known as
Biomimesis. In this study, the term “Biomimesis” is the preferred term for a new field
of science that allows a study of nature’s best ideas and then imitating and
implementing them to solve hurdles faced by mankind. “Biomimetic” is used as the
adjective form of Biomimesis, like Biomimetic researchers or Biomimetic studies etc.

* Merriam Webster Dictionary http://www .m -w.com/cgi-bin/dictionary?va=biomimesis



Biomimesis as an approach for innovation is not new; indigenous people relied on
lessons leamt through their experiences with nature, its processes, and its
examples. The invention of the airplane by the Wright brothers was a direct
consequence of their observation of the wings of birds. It is possible to say that tis
concept has been implemented since the very first arrival of the human being on
earth, throughout the history of invention and industrialization (French, 1988). The
concept of Biomimesis was proposed as a science by Benyus in her book entitled
“Biomimicry” at the end of the 20" century, and since 1998 the term has been used
to describe studies that provide clues and answers to the needs of mankind through

the observation and analysis of nature (Benyus, 1998).

Recently, scientists have begun to take more ideas from nature, especially since the
explosion in biotechnological research, and some similarities exst with the periods
prior to the industrial rewlution. Biomimetics is currently being used to explore a
variety of design projects, including the development of different biomaterials, most
notably spider silk, robotdesign, animal models, and artificial intelligence.

Likewise, each discipline has its own “understanding” and ‘“interpretation” of
Biomimesis according to the realm, and subsequently sets up and follows its own
methodologies to derive innovative ideas from nature. A classical example of this
process has been the development of the so-called “lotus effect”, used in deweloping
dirt- and water-repellent paint aatings for self-cleaning building facade finishing,
which is based upon observations of the surface of the lotus flower plantand how it
always seems to be “clean”, even in muddy and swamp areas. Similarly, leaming to
grow food as in a prairie, weaving fibers like a spider, computing like a cell, finding
cures like a chimp, running a business like a redwood forest etc. are some other
examples of how Biomimesis is involved in the progress of mankind. In engineering
applications, aerodynamic forms of planes and ships resulting from the observation
of fish and birds; hulls of boats imitating the thick skin of dolphins; sonar, radar, and
medical ultrasound imaging imitatng the echolocation of bats; artificial organs and
prosthesis imitating the human body itself are only a few examples of the impact of

Biomimesis in difierentbranches of engineering.
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Some researchers are looking at natural processes of construction in the hope of
finding efficient, less polluting ways to build structures. At Sandia National
Laboratory in Albuquerque, researchers are attempting to mimic the structure of
abalone shells, which are among the hardest and most durable elements in nature.
These shells are made up of altemating layers of hard and soft material. When a
crack occurs in a hard layer, it is absorbed by the soft layer and does not spread
(Robbins, 2001).

In the field of computer science, the study of bionics has produced cybemetics,
artificial neurons, artificial neural networks, and swarm intelligence. Ewlutionary
computation has also been motivated through Biomimetic ideas, but has taken the
idea further by simulating evolution in silicon and producing welloptimized solutions
that have never appeared in nature. In partiaular, studies into artificial intelligence in
different fields, such as the analysis of medical signals, robot prosthesis; complex
systems, chaos and fractal theories, Hopfield nets, neural networks, genetic
algorithms, Expert Systems and Fuzzy Logic in Applied Sciences; Turing machine
and tests, Chinese room experiments in Philosophy, and so on, are all revolutionary
Biomimetic studies in differentdisciplines (Génen¢ Sorgug, 2006).

2.1.1 Why and How Biomimesis Works

“Biological knowledge is doubling every five years, growing like a pointillist
painting toward a recognizable whole. For the first time in history, we have the
instruments-the scopes and satellite s-to feel the shiver of a neuron in thoughtor
watch in color as a staris bom. When we combine this intensified gaze with the
sheer amount of scientific knowledge coming into focus, we suddenly have the

. . . »5
capacity tomimic nature like neverb efore”".

The expansion of optical horizons through the use of electron microscopes,
photography, photogrammetry and stereoscopy has allowed scientists not only to
observe biological forms, but also explore several different biological processes,
beginning in the eary decades of the 20" century. With the help of these
observations it has been widely understood that in production processes, different

® http:/Av ww biomimicry.net
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from man-made applications, nature generally manufactures at low temperatures,
without toxins, and using few raw materials. Similarly, when living things in nature
are studied it is seen that most of the examples have both lightweight and strong
structures, precisely what architects are looking for in architecture. Furthermore, as
Benyus points out, nature banks on the diversity of polycultures rather than the
vulnerability of monocultures, and nature computes using shapes, not symbols.
These and other new ideas inspire scientists and researchers, and hep them to
brainstorm ways to change the way we think and improve upon them for further

devebpments (Benyus, 1998).

According to Biomimetic researchers there are basically three fundamental ways to
learn from nature in order to solve a specific problem, namely, by considering nature
‘as a model, as a mentor, and as a measure”.

Firstly, nature can be a “model’ and Biomimicry studies nature’s models and
imitates or takes inspiration from these ‘designs’ and ‘processes” to solve man’s
problems, as in the case ofdesigning a solar cell, taking inspiration fom a leaf. The
“‘intelligence” encoded in nature provides “field-te sted” methods of form and function
from which organisms have solved their problems of adhesion, nutrition, resilience,
communication through air, resistance to bio-fouling, etc. Moreower, to be able to
learn how nature makes things, using simple chemicals at moderate emperatures
without the production of toxic by-products would be a further model for researchers.
Secondly, nature can be a “measure”, and Biomimicry may use an ecological
standard o judge the “rightness” of man-made innovations. Questions such as: Are
they life affirming? Do they fit in? Wil they last? What works? What is appropriate?
could be answered, which are highly relevant n contemporary environmental
concems. Finally, nature can be a “mentor”, and Biomimicry can be seen asa new
way of viewing and valuing nature. It may introduce an era based on not only what
can be extracted from the natural world, but what can be leamt from it (Benyus,
1998).

Nowadays, Biomimetic researchers are discussing and seeking possibilities to
create innovative designs inspired from nature in many fields: from medicine to

agriculture, and from informatics to engineering in interdisciplinary platforms. Many
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researchers, thinking similarly with Benyus, and sharing similar concerns have
declared that, ‘human beings are about fo experience a ‘Biomimetic Revolution’ in
which critical needs in medicine and industry will be addressed by creathg new
materials and devices that incorporate innovations inspired by nature. Within this
framework unlike the Industrial Revolution, the Bbmimicry Revolution introduces an
era (Benyus, 1998).

Scientists, researchers, and designers from several different disciplines are seeking
new designs, production processes, and even ways of conducting business
following lessons learnt from “Biomimesis”. By studing the achievements of
researchers from various disciplines, it would seem that Biomimesis has the
potential to make products cheaper, better, more efficient, and more ecologically
friendly.
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2.2 Nature-Architecture Relationship

In this section it is aimed to examine how the ideas and inspirations from nature
have affected architectural design throughout history, and whether the outcomes

can be considered Biomimesis in architecture or not.

In its long fight for survival in nature, mankind has observed nature and has come
up with solutions to its own problems by imitating, interpreting, and synthesizing its
processes shce the very beginning. Thus it is unawidable that similarities between

nature and man-made designsproducts wil be encountered (Arslan Selcuk etal,
2004).

Architects seeking to provide means for man to live in harmony with nature have
also been affected by nature atdifferent levels, either by the forms, by the structural
systems, or simply by considering nature as a means for ornamentation,
disregarding the periods, styles, and trends of which era o which they belong.
Hence, in this part of the study the “influence of nature on architectural design” is
discussed by studying benchmark projects throughout the history of architecture
within the realm of Biomimesis, as explained in the previous section, as a general
concept.

2.2.1 Observation of Prior Periods

“The architects of the future will b uild inspired by nature because it is the most
rational, the most durable and the most economic of all methods” Juan Torras,
1810 (Senosiain, 2003)

The beginning of studies of natural phenomena in architecture can be seen to date
back to the time when human beings first leamed to buid their own shelters.
Vitruvius declared that the “dewelopment of ardchitecture” was based on the
discovery of fire and language (Vitrivius, 1998). In the se early societies some began
to make roofs with branches, other dug caves out of mountains, and oters,
imitating the nests built by swallows, built shelters out of mud and sticks. Observing
the huts of others, using those improvements or creatively making their own, they
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began © build better and better dwellings. Human beings do not only use natural
materials, but also pick up practical exampks to stimulate new ideas (Portoghesi,
2000). By observing the word and sharing their experiences, humans can
continually improve their inventions and use them to create “history”.

Some examples of how man used and interpreted examples from nature in design
and construction in different cultures and different environmental conditions are
given in Figure 2.1. Influences from nature can be seen across the board, from
simple nest-like huts to sophisticated bulbous domes. Similarly, human beings used
to decorate buildings with flowers, leaves, and figures of animals because of some
aesthetical considerations or because of some religious beliefs (Arslan Selguk et al,
2005b). On the other hand, mankind made use of the “constructions in nature” after
acquiring an intuitive knowledge of construction through the observing of his
environment. When Gothic architecture is examined a very deep and developed
intuitive knowledge of construction becomes visible. The branched support, the tree
structure, can be first observed in the ribsof the Gotic style. Structures stiffened by
ribs are reminiscent of plant structures, branches, and especially leaves, supported
by linear rib-lke tissues. Gothic structures can be considered as lightweight

structures of masonry architecture. There is an accumulation of material onto which

the load is concentrated, while the other parts are lightened.

Figure 2.1 Images from different regions inspired by natural forms (Source: Portoghesi,
2000).
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When individual examples are considered, Horatio Greenough, who was an
American scubptor, named the analogy between nature and architecture as
“eclecticism”. In the mid-18" century he rejected the aesthetic conceptions by
considering nature as a source, with its diverse forms reliance on pre-exsting
models (Lampugnani, 1989). It is interesting to note that the Crystal Palace in
London, considered as “the turning point which introduced a new direction to the
entire architectural design process’, was also inspired by nature. Over 150 years
ago, Joseph Paxton, a gardener, drew inspiration from the Victoria lily leaf for his
design of the roof of the Crystal Palace (Margolius, 2002). He found that each leaf
was supported by radal ribs, stiffened by slender cross ribs that helped to maintain
rigidity and strength across the leaf. Even though the Crystal Palace was made
entirely from glass and cast iron, Paxton’s knowledge of the lily pad made it possible
to create a light yet strong roof, big enough to cover 18,000 square meters. As Hertl
(1966) highlighted, the roof structure of this gigantic steel and glass exhibition hall
bears also an amazing similarity to the lattice-work and articulation of the dragonfly’s
wing. Similarly, the designer, in his own words, emphasized that “/ conceived this
extre mely fine-membered structure in my youth, as a gardener, by studying the leaf
skeleton of the tropical water lily, Victoria regia”. No matter what the real source of
the designer’s inspiration was, it is obvious that nature affected the design of this

important building.

Nature’s effect on architecture has followed many trends and spreads over many
different periods of architecture. The examples chosen from the early-20™ century
show the breadth and variety of the points of view expressed by the architectural
movement connected to the notion of Organicism. It can be concluded that in the
past architects and engineers more often received inspiration from shapes found in
the animal and plant world and leamed the basic principles of the structural be havior
of those shapes. Although architects have gained insight into the basic structural
principles of the natural objects and structures they hawe experienced, they rarely go
much further than copying nature’s motifs for omamentation.
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2.2.2 Architectural Trends Inspired from Nature in 20" Century

“In architecture there are two necessary ways of being true. It must be true
according to the program and true according to the methods of constrction. To
be true according to the program is to fulfill exactly and simply the condiions
imposed by need; to be frue according to the methods of construction, is to
employ the materials according to their qualities and properties...” Entretiens sur
l'architecture, 1863-72 (Fram pton, 1996).

The French architect Eugéne Emmanuel Violletle-Duc (1814-1879) in his writing,
did not address nature and its structures, however his words matched the
“construction principles” of nature. In his theoretical writng he championed the
Gothic style because he felt that its form was determined by structural ne ce ssity and
was derived from construction and materials. Thus he proposed the use of 19"-
century techniques and materials, especially cast iron, according © the same
rationalist principles employed by the Gothic masons (Murphy, 2000).

Outside France his ideas had their most pronounced impact on the work of Antoni
Gaudi, who holds a special place in the history of architecture. He not only
devebped an original style of his own but also brought together form and
construction in a successful way. Gaudis desgns revealed the idea of an
autonomous system in which the coherence between the form of the supporting
structure and the final form of the building appears as the most important subject.
The architect, who practically never trawvelled, drew his inspiration from his ability to
observe and implement the countless details offered by nature. He differed from the
other artists of Art Nouveau by including natural forms more realistically in his

designs.

In Gaudi's Casa Batllo, “a transitional effect between the sculptural plasticity of
Gaudi’s earlier years and the structural type characteristic of his later period can be
observed. Natural and organic forms are no longer omaments superimposed on the
building, but constitute e ssential structural elements, as in the case of bone-shaped
columns’ (Lampugnani, 1989). Following nature’s structures with the use of curves

(Figure 2.2), Gaudi ook natural forces into consideration during the design process.

18



Figure 22 Examples from Antoni Gaudi (source: http://www.organicarchitecture.com)

He searched for efficientand innovative structures through his experimental studies,
in which it can be seen tat he examined the flow of forces in detail and used that
understanding to shape his buildings (Masso, 1999). In this sense Gaudi’'s “design
process’ mimics the natural process of formation of structures under several intemal
and externaldynamic, static, and environmental loads.

In the years following Gaudi success, Expressionism arose is a phenomenon which
principally began in Germany. It was Peter Behrens who achieved the transition to
Expressionism in his buildings with the AEG in Berlin. Hans Poelzig, Max Berg, Otto
Bartning, Hugo Haring, Erich Mendelsohn, and Rudolf Steiner were other architects
clearly distinguishable as Expressionists, employing crystalline forms and organ-like
forms recognizable n their buildings, besides their organicist ideas (Dordan, 2002).

Rudolf Steiner (1861-1925) claimed tat the idea that a building should be “adapted
to whattakesplace in it, like a nut, called Anthroposophy”’, relying on the principle of
growth of plnts and conveying Goethe’s principle of plant metamorphosis. With
folds all over, it has a crystal-like appearance at first sight, but the edges are notas
sharp as they are in crystals and there is no regular geometry. It displays a solid
character instead of a ribbed, skeletal one. Steiner claimed thatin order to discover
the “true” organic form, rather than to impose an extraneous form, man should actin
accordance with nature, not imitate it. He refused the grid of geometric formation,
and instead emphasized an image related to “organic order” (Sharp, 1972).
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During the First World War, the proposed Alpine Architecture designs of Bruno Taut
(1880-1938) were evidence of a change n architecture. In these designs Taut
proposed crystal-like structures for the peaks of the Alps. In 1919, together with like-
minded artists and architects, Taut organized the Glass Chain. Hermann Finsterlin,
brothers Hans and Wassili Luckhardt, Walter Gropius, Hans Scharoun and Max
Taut banded themselves into a forum to exchange arcitectural ideas, drawings,
and fantasies. Their common aim was to overcome hardened acade mic architecture
with fundamentally new constructional forms taken from animat and inanimate
nature (Gossel & Leuthaser, 1991). Crystals, shells, amoebae, and plant forms were
favored as models for future architecture; and for structural purposes, glass, steel
and concrete were the preferred materials, reflecting the influence of Bruno Taut
(Lampugnani, 1989). Crystals and crystal formations are the examples of structures
of a non-living nature and are solid load-bearing structures. However, the glass
pavilion of Taut has a lattice structure that is still made up of linear elements.

Frank Lloyd Wright, Hugo Haring, Hans Scharoun, and Alvar Aalto are some of te
remarkable personalities of this movement of architecture. Among them, Frank
Lloyd Wright (1867-1959) was accepted as one of the most innovative and
influential figures in Modem Architecture. In his radically original designs, as well as
in his writings, he championed te virtues of what he called organic architecture, a
buiding style focused on harmony with nature. For Wright, the word “organic” was
tied to the use of the concrete cantilever as though it were natural tree-like form. In
the Johnson WaxAdministraton Building this organic metaphor rewealed itself in tall

slender mushroom columns becoming thinner towards their bases (Heinz, 2000).

Already in the 1920s, with the reinforced-concrete shell structures of Franz
Dischinger and Walter Bauersfeld, the comparison to an eggshell was evoked.
Although being compatblk only with single-arched stuctures, the necessary
technology was developed by Dischinger, Finsterwalder and Bauersfeld in te
1930s. Load carrying capacities were improved by more complex forms, such as
double-arched saddles. (Gossel & Leuthauser, 1991). It was shown that by means
of a double curvature in form and the use of materials having the capacity to
withstand higher tensile and compressive stresses, great spans, combined with

exce ptionally thin constructions, were achievable.
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Among the engineers who began to apply technically appropriate and elegant
solutons to reinforced concrete constructions, Robert Maillart, Edouardo Torroja,
Eugéne Freyssinet, Pier Luigi Nervi, and Felix Candela were notable pioneers. It is
possible to say that especially Nervi and Candela had a deep interest in natural
structures. Nervi (1891-1979) had an ability to derive beauty from the natural forms
and from the sekection of the right materials and techniques. In his opinion “the
process of creatng form is identical, whether it is the work of technicians or of
artists: the principle that is, whereby the beauty of a structure, for example, is not
Just the outcome of calculations, but of an intuition as to what calculations to use, or
with which itis to be identified” (Lampugnani, 1989).

Figure 2.3 Exhibition building in Turin and Small Stadium in Rome (plan ofthe dome and 200

imes magnified Radiolarian) (Source: Mainstone,1998 )

His Exhibition Building in Turin shows that he achieved in obtaining “strength
through form” in buildings, which was the aim of his studies and experiments. The
enormous building consists in effect of a single roof structure, made up of undulating
prefabricated units (Figure 2.3).

It is arguable that light vaults and domes were the most important architectural
innovations of the 1950s, most of which were contributions of engineers like Spanish
architect Felix Candela, who drew on his experience as a builder to construct the
thinnest conceivable shell with the design of a roof in hyperbolic paraboloids only 15
mm thick (Cosmic Ray Building 1951, Mexico City). His method of shell construction
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is notable for its extreme economy of material. He designed a variety of structures
that used hyperbolic paraboloids, or saddle-shaped shells, which were stiffer and
easier b buid than other shell constructions. Like Nervi, Candela claimed to have
been guided less by exact calculations than by an intuitive feeling “in the manner of
the old master-builders of cathedrals”. This intuition was based on his knowledge of
materials and stresses, accumulated from each ofhis projects.

In 1961 Frei Otto met biologist and anthropologist J. G. Helmcke, and together they
founded the research group Biology and Nature to examine the many and varied
biomorphous constructions ofalgae, which became an important inspiration in Otto’s
designs (Gossel & Leuthaser, 1991). With similar ideas, Otio experimented on many
natural objects at the Institute for Lightweight Structures, founded in 1964 at te
University of Stuttgart, and developed new constructions through analogy with
natural models. He concentrated his atention on the analysis of biological
phenomena, developing his exploration and analysis of lightweight structures in
nature. His research was foaused on the optimized features of structural forms in
nature and lightweight construction (Drew, 1976). His e xperiments with suspended
chains were to find shapes for a long-span suspended roof, stabilizzd by its own
weight without pre-tension. Soap film e xperiments to produce minimal surfaces were
performed with an understanding of natural phenomena, with the understanding that
a soap film always contracts to the smallest surface possible. The concept of soap
film minimal surfaces was then applied o the tnt structures (Otto, 1995). Many
features of his cablenet roof experiments are inspired from spider's webs. He
concentrated on how to achieve more with less, that is, less material and less effort.
He deweloped innovative structures of extreme lightness coupled with extreme
strength, making optimum use of new materials such as thin cables of high-strength

steelor thin membranes of synthetic fabric (Figure 2.4).
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Figure 2 4 Studies from Frei Otto (Source: Otto, 1995)

The works of D’Arcy Thomson and Frei Otto were used as references for nature’s
strategies in achieving strength n rigid tissue forms. Robert Le Ricolais’
documentation of his experimental research workshop at the University of
Pennsylvania clarified how anabgical tinking advanced structural ingenuity in the
design process. Fred Angerer’s investigation nto surface structures demonstrated
that conceptual analogy could be linked with technical strategy in the structural
articulation of load bearing surface forms. He explained how to explore the concept
of minimum materal for maximum strength and the relationship of geometric
pattems to highly effective forms that resist compression and bending forces like in
natural ones (Otto, 1995).

In his 1969 book “Architecture 2000-Predictions and Methods”, Charles Jencks
predicted that the influence of major biological inventions in 1980s and 1990s would
resultin the most significant architectural movementof this century - the Biomorphic
School (Jencks, 1971). He wrote that the Biomorphic School had already had a long
history reaching its zenith a the beginning of the 20" century with the work of Antoni
Gaudi and Frank Lloyd Wright, and later gaining in strength with the work of Soleri
Goff, Kiesler, Scharoun, the Metabolists, Johansen, Rodilla, O'Gorman, Couélle,
Hausermann, Bloc, Katavolos, Guedes, Doemach, and at times Le Corbusir.
According to Jencks, the Biomorphic School was already a strong movement
(Figure 2.5).
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Figure 2.5 Table of architectural concepts by Jencks (Source: Jencks, 1971)

Taking individual examples from recent years, Renzo Piano’s design, the Jean-
Marie Tjibaou Cultural Center, exhibits a harmony with nature by using local
materials and combining traditional techniques with technology. This building has
external forms that resemble vegetables growing from the ground. They are framed
by curving laminated pine ribs, which are secured together using stainless-steel
rods, and have bamboo and bark slats on the outside. The structures provide shade
for the spaces below and guide wind and convection. They hawe a lattice-like
appearance which brings to mind plant tissue. Likewise, the Japanese capacity for
combining high technology with nature and tradition can be seen perhaps at its most
extreme in the Kansai Intemational Airport and Passenger Terminal Buiding in
Osaka, Japan. “In this prize-winning project, in December 1988 in an intemational
competition, Renzo Piano with his partner Noriaki Okabe seems to have found the
perfect mean for his noted abilty to apply the laws and forms of nature to

sophisticated high-tech systems.” (Buchanan, 2005)

A widely-used structure of nature is the “tree”, which can be found in numerous
examples from earlie st periods of architecture. Norman Foster’s terminal building at
Stansted Airport is a steel-structured building with a roof cjomposed out of a seriesof

shallow, partly-glazed domes supported by a forest of tree-like structures (Foster
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and Partners, 2005). The columns are generated by the functional requirements of
the terminal and the need to provide maximum flexibility at the passenger floor level.
The tree-like structures are comprised of clusters of four nterconnected tubular steel
columns. Similarly, Stuttgart Airport, designed by von Gerkan and Marg, completed
within weeks of Stansted Airport, has a huge sloping-roof supported by 12 very tree-
ike steel structures, in which the loads can be seen to be descending through an
elaborate hierarchy, from twigs to branches to trunks, all fundamentaly in

compression (von Gerkan, and Marg, 2007).

The examples included in this part of the study reveal the influence of nature in 20"
century architectural designs explicitly, and are accepted as benchmarkexamplesof
their era. Yet it is possible to multiply the number of examples yielding the influence

of nature, either in the design orprocess, or n the finalartifact.

k is unavoidable that when nature is imitated there will be differences of scale,
function, and intemal structure, especially when the natural form is a living
organism. The most significant difference between them is the differences between
the processes of construction and natural growth (Mainstone, 2001). These

differences have had a marked effect on the development of architectural forms.

Even though the scale, function, and process may be different in nature, design
constraints and objectives are very similar: functionality, optimization, and cost
effectiveness are targeted to co-exist in man-made products. Therefore, it is no
surprise that mankind has always admired biolbgical structures and has often been
inspired, not only by their aesthetic attributes, but also by their design and structural

quality and efficiency

2.2.3 Inspirations from Nature in Contemporary Archite cture

Biomimesis is a term used to describe the act of devebping different methodologie s
inspired by nature to innovate and provide solutions in various disciplines. Until now,
Biomimesis in architecture has been restricted in terms of understanding and usage,

limited to being either “a form finding process” inspired by countess forms, colors
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and details from nature, or as a way to provide solutions for sustainable/green
designs. As is evidentin Koelman'’s (2003) comments on the matter, Biomimicry can
be applied to buidings in three fundamental ways; “by making stronger, tougher,
self-assembling, and with self-healing materials; by using natural processes and
forces b accomplish some comfort requirements of buiblings such as heating and
cooling; and finally by providing resources, rather than draining them, by
using/applying the principles of Biomimesis for zero waste and co-ewlution”. Those

approaches are actually coupled well with the declaration of Benyus.

In this regard, as an example the natural ventilation system of the Eastgate building
by Arup in Harare, Zimbabwe drew inspiration from African termite towers (Figure
2.6). Termites build their homes in the desert in exreme temperatures, and yet
manage to keep te interior of the building cool and clean. The mounds are cooled
in a very clever way that uses the stable low temperatures under the ground.
According to Koelman (2002), fom a whole-system perspective, the African termite
mound might be the supreme example of advanced animal architecture,
incorporating exquisite solutions to design problems (structural strengt, elemental
protection, ventilation, humidity control, etc.) that architects also face. So far, at least
one building has been highly successful in mimicking this sophisticated ventilation
system. From this perspective the Eastgate building uses the termites’ nests as a
source for innovation in the building’s HVAC design to keep the building cool, even
on the hottest days. Using nature-inspired designs for the wentilation and
heating/cooling of buildings instead of high energy-consuming HVAC systems, as in
this example, indicate potential for further innovative design solutions for more
environmenftally friendly, and yet efficient, building systems.
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Figure 26 Section and view from the African termite towers and the Eastgate building by

Arup in Harare, Zimbabwe. (Source: http:/www.arup.com /e xpertise/casestudy.cfm studyid=6)

Another example inspired from tis system is the lonica Building, Cambridge,
designed by the RH Partership. The designers of tis building admit that they took
lessons from the humble termite regarding their heating and ventilation properties.
Natural resources are used to regulate the temperature within the building, and as a

result running csts have been reduced by 45% °.

There are several other architectural designs which are acknowledged as
Biomimetic buildings due to their sustainable solutions, whether related to their
design or to the building systems that they confain. For instance, in all of its five
areas, as specified in the in the project, the Eden Project, Comwall, UK designed by
Grimshaw is accepted as Biomimetic. Its aim is to promote the understanding and
responsible management of the vital relationship between plants, people, and
resources, leading towards a sustainable future for all (Grimshaw, 1993) (Figure
2.7). In the same way, the Kalundborg Industrial Symbiosis project in Denmark is
another Biomimetic approach. Symbiosis means a m-existence between diverse
organisms in which each may benefit from the other. In this context, the term is
applied to the ndustrial cooperation taking place in Kalundborg between a number
of companies and the Kalundborg Municipality, all of which exploit each other’s
residual or by-products. All the above progcts are considered to be environmentally

and financially sustainable. Finally, having a double skinned fagade, Plantation

Chttp /www.battlemccarth y.dem on.co.uk/projects/ionica.html
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Place, London, by Amup has a blind system which responds locally to the sun,
keeping it in or out only where and when absolutely necessary. It also has an air
filtration system which works rather like the human lungs. Polluted air is kept out at
ground level, while cleaner air is drawn in fom higher up and pumped through te

building.

Figure 2.7 View from Eden Project (Source: http:/www.eden-project.co.uk)

Biomimesis can also be applied to buildings in terms of new sustainable materials.
The need for cleaner buildings by maintaining surface coatings for as long as
possible without polluting the environment with chemicals in paints and dust and dirt
provoked Prof. Dr. Wihelm Barthlott from the University in Bonn, Germany, to ask
"How does nature clean surfaces?" He focused on this question and examined the
surface of the leaf for clues. His research team found that nature has a way of
structuring surfaces with self-cleaning properties, especially the “lotus” plant, which
ives in muddy environments and has a self-cleaning leaf (Koch, 2004:7). This
insight has given rise to a new type of building facade with a texture that has
properties comparable to the lotus leaf: water droplets from the rain roll off the
surface, automatically removing dirt as they wash over. A German company is
manufacturing such a product, called Lotusan’ as an architectural material. To sum

" http:/iv ww lotus- effekt.de/en/lotus_effect_html. html
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up, in the 1970s Professor Barthlott's discovery on the self-cleaning propertes of
lotus leaf, followed by studies into its nanostructure and the application of its design
onto glass, plastic and other materials to ensure long-term resistance o staining
from environmental effects, such as pollutants in air, is a very remarkable example

of Biomimetic design. (Figure 2.8)

Figure 2.8 Lotus effect (Source: www lotusan.de)

Lastly, an important field of application is the design of kine matic structures, which is
a subject of interest of the new century, for which there are clues and answers in
nature as well (Arslan Selguk etal, 2005a). Zuk, one of the leading figures of
kinematic design in architecture, asserts that life itself has an inherited motion, as in
a single cell to the most complex organisms, from subatomic particles to galaxies.

He goes on to state “...when motion ceases, life ceases’ (Zuk, 1970). All living
creatures in nature have the ability to move in order to live. For instance, animals
move to migrate and hunt, or plants move according to climatic conditions, and all
have particular mechanisms of their own for motion. Such propositions can be
extended when the concept of Biomimesis is well-defined in an architectural context

and thus allow design solutions having roots in nature with new potentials.

In concluding, as it can be seen from the following diagram (Table 2.2) that nature
has always been a stimulating source on architecture and left clear traces
throughout the history. Nowadays as it is seen from the same mapping, when the
concept of “Biomimesis in architecture” is considered, the term is generally
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interchangeable with the term “sustainability in archiecture”. It is also possible to
claim that increased Biomimetic studies and enhancing Biomimetic way of thinking
would result in a drastic change in architecture. This respectful imitation is a
radically new approach, a revolution. For the near future, unlke the Industrial
Revolution, the Biomimetic Revolution will introduce an era based not on what we
can extract fromnature, but on what we can leam from itas a mentor.

Biomimesis can serve architecture with its all potential in a more exended way.
Biomimesis can propose new and innovative solutions for forms, structural systems,
and even systems for environmentally friendly kinematic/static/deployable
structures, as can be observed n stuctures/forms in nature with the help of a

systematic and methodobgies to be developed specific for architecturaldesign.

Current examples in architecture, related with Biomimetic dewelopments, are still
quite individual and sporadic due to the lack of systematic designing criteria for
archilecture and that disables being a discipline as in other research and
implemenfaton areas like engineering, medicine and agriculture. Architects, who
want to be aware of “nex technological wave” arising from advances in technology
and science in consequence of observation of nature and its phenomena, and who
want to design such buildings in accordance with those advances and reflect the
features of the era to which they belong to, have the possibility to study the “nature-
architecture” relationship using methodobgies provided by the new discipline of

Biomimesis.
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Table 2.2 Changing paradigm in nature architecture relationship

in architecture

iomimesis

bi

changing paradigm of nature architecture relationship
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CHAPTER3

THEORIES AND POSTULATE

Today, while “what Biomimesis is and is not” is continuously brought to question;
man is still leaming to conceive nature as a source for further knowledge. Some
disciplines, like robotics, biomechanics, chemistry, electronics efc., havwe been
devebping a systematic and methodologies for studying nature and its phenomena

to find innovative solutions.

It is shown in the previous chapter that drawing inspiration and leaming from nature,
i.e. Biomimesis, has always been part of architectural design theory, revealing itself
in the forms, structures, patterns, and colors in the search of lighthess and material
qualities which are found in nature. Yet, when examples in architecture are studied
within the realm of Biomimesis, it can be seen that most of these “end-products” of
such a process hawe, in general, failed to go beyond form finding processes, and
many other potentials that can be brought into design using a Biomimetic apprach

have been ignored.

Recently, it has been observed that all living things in nature hawe the ability to fit
form to function efficiently through structure and material, i.e. form, function, and
materials come into existence simultaneously. This process can be considered as
“multi-dimensionality in the natural world”. In this process every organism in nature
avoids excesses and ‘owerbuilding”, gains maximum efficiency with minimum
material and energy, recycles and finds a use for ewerything, requires local
expertise, runs on the sun and other natural sources of energy, and uses only the
energy and resources that it needs (Benyus, 1997). These aspects that make the
natural world sustainable are quit different from what human beings have
experienced in their structures up until now. In man made products, contrary to the
multi-dimensional properties of the natural world, the conventional manufacturing
processes in man-made structures are very “linear”. In other words, man made
structures come into being following the rigid order of a design process, starting
from the design of form, folowed by function, structure, material, manufacture,

mapping of materials, and finally the end product.
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In this study it is aimed to criticize the limited use of Biomimesis in architecture by
considering devebpments in science and technology, the conveying of several other
disciplines and so on. Although most of the studies in disciplines other than
architecture have developed specific methodologies to embed Biomimetic elements
into their research areas in an objective way, architecture is still in its infancy,
experiencing only “form-creation processes”, mostly conceived as the inclusion of
the use of computers and solid modeling interfaces as design tools. Howe\er,
examples from different disciplines have proved that the use of biomimesis has
more potential, and can contribute to re-experiencing and taking influence from the
forms-structures-materials etc. observed in nature, providing not only flexibility in the
creation of forms but also in functions and efficiencies in fulfiling their tasks. Hence,
Biomimesis can be a new interface for learning, having its own systematic with

objective design parameters to propose new design paradigms for architecture.

For this pumose, in this study of the realm of Biomimesis, the most common
abstracted structures used in architecture are explored. Forms are to be classified in
an analogous way to the structures found in nature. Classified forms and structures
are studied notonly for their formal resemblance, but also their form possibilities and
structural properties, providing required static and dynamic stabilities and strengths

accompanied by light-weight and minimized energy consumption.

3.1 Biomimesis in Architecture

The examples presented in the previous chapter, which are related either with the
imitation of nature through forms for new challenging archiectural designs, or
through their functions for sustainable solutions, may not be adequat to give clues
of how Biomimesis can be inwolved in the architectural design process, as has been
experienced in oter disciplines. In other disciplines, like mechanical and material
engineering, robotics and medicine, Biomimesis has been successfully implemented
with its own systematic and mules. Hence, in this dissertation, a “system design” in
archilecture is proposed, aiming to show all the possibilties of biomimesis in

architecture while continuing to leam from nature.
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The complex generation process of the form-structure-function trilogy to fulfil the
‘task of being existent’, as it is observed in nature, should be studied more in order
to allow implementation with all its potentials in architectural design. Biomimesis can
then be considered as a new “tool” in this exploration process through its systematic
ways of analysis and synthesis, allowing development of methodologies peauliar to
the field of interest. Hence it is possible to claim that Biomimesis in architeclure is a
new platform/interface in which architects not only imitate or are inspired by nature,
but leam from it to provide efficient designs that include the best features of their

studies.

Afterall the discussions above, it can be concluded that © understand the potentials
of “Biomimesis in architecture” there is an apparent need to dewelop a methodology
for architects. Architects should question natural processes regarding the multi-
dimensionality of the process of teir creation and evolution accordingly, starting
from the abstractions of structures found in nature. Therefore, in the following
section, firstly structures found in nature are classified, animate and inanimate
structures in nature are discussed, and pofential structural solutions are revealed
from an architectural point of view. Then, the most common architectural stuctures
that have been inspired from natural forms and structures are classified to

understand to what extent they have affected conte mporary architecture.

3.1.2 Biomimesis in Architecture: Relationship among Nature- Structure-
Architecture

While the scale, function, and processes observed in nature are different to those
found in architecture, the constraints and objectives (functionality, optimization, and
cost effectiveness) are very similar. Therefore, it is no surprise that mankind has
always admired biolbgical structures and has often been inspired by them, not only
in their aesthetic attributes but also in their engineering and design qualities and
efficiencies.

When the interaction between nature and architecture is studied, it can easily be
seen that the interventions between what architects design and what exists in nature

are very complicated, ranging from materials to construction techniques, from
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structural systems to aesthetics. In this section, firstly the structures inspired by
those in nature are categorizzd according to their animate and inanimate nature,
and again according to their visual/formal similarities. Following this categorization,
examples are presented to illustrate the similarities between natural and man-made

structures using a number of benchmark examples from the history ofarchitecture.

3.1.2.1 Classification of Structures in Nature

Nature exhibits a diverse variety of structures, and generally the form and visual
qualities of nature’s animate or inanimate forms have evolved due to intemal and
external environmental forces, and static and dynamic loadings. This complex
formation process and duality of form and structure make it difficult to compare man-
made structures with those in nature. Hence, it is necessary to establish criteria for
further analysis of man-made designs and forms observed in nature in a systematic
way. In the next section, some categories are presented regarding the structural
behavior and the formalivisual characteristics of animate and inanimate formations
in nature, and major structural systems observed in many architectural designs are
compared within the bounds of these categories. In this categorization, structures

produced by animals (Hansell, 2005) can also be included within the animate

nature.

Figure3.1 Examples from inanim ate nature (S ource: Otto, 1995)

Objects in non-living nature - simple atoms and molkcules, crystals, rocks,

mountains and waters, stars and galaxies etc. - constitute a set of characteristic
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forms and structural properties (Noel, 1978). The processes of formation shape their
final forms, by which the structural system is shaped with material properties, and
static and the dynamic intemal and exernal loadings of the environment in which
they should stand, e.g. by the bBws of the physical universe. The analysis of
structures in non-living nature show that in their developmentonly a limited number
of formation processes take place: the accumulation of masses, the movement of
large masses, the flow of liquids and gases, and the solidification of matter into solid
bodies. Yet those inanimate structures have exremely long life spans when
compared with the life span of any animated form. One of the important non living
nature examples in architecture can be considered as the polyhedrons (Platonic
Solids) inspired from stars, crystal like structures in prisms, antiprisms, geodesic
domes, and folded plate structures tensegrity structures, as well as space frames

applications.

Animals, plants, and microorganisms are the “living structures” found in nature. They
are able to assimilate and transmit forces with litle expenditure of material and
energy, even in their short period of existence. It can easily be seen that the world of
animate nature is absolutely diverse, mobile, and mutable, and is diverse when
compared with inanimate nature. Another important categorization of the structures

in nature can be infroduced in relation to load bearing capacities, as in the case of

man-made structures.

Figure3.2 Images from animate nature (Source: image library of CorelDRAW® Graphics
Suite X4)
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k is observed that one-dimensional natural structures are mostly lightweight
elements, such lke tension-stressed fbers, hairs, sinews, muscles; and
compression and bending-stressed stalks, trunks, branches, bird feathers, and
bones. Membranes of cells, skins, intestines, and spider webs can be considered as
two-dimensional structures that are resistant to tension, exhibitihng membrane or
shell characteristics that are able to transmit forces through their surfaces.
Structures composed of tension and compression-stressed elements, such as the
wings of insects, bats, and birds etc. can be onsidered as two-dimensional,
however most of the structures in living nature are three-dimensional. Many
compression and pressure stressed structures, like vertebral bones and
compression and bending-resistant skeleton systems of trees and bushes, the
spongiosa inside bone, and the three-dimensional skeletons of radiolarian, can also
be included in this categorization. The bodies of many animals consisting of tension,
compression, and bending-re sistant elements are also three-dimensional.

All structures used in architecture belong to one of these categories, depending on
the forces that they are subjected to. In a building, the structural elements can vary
from one-dimensional tension or compression members, to plates and shells to
support a diverse variety of intemal and extemal loads, as is the case with
structures in nature. Any structure in nature and any man-made structure should
withstand similar forces and loads. Thus, it is very natural to draw inspiration from

nature in the design ofnew innovative structures.

3.1.2.2 General Taxonomy of Archite ctural Structures Inspired by Nature

Developments in science alter the way the process of life is perceived in physical
nature. An analytical approach to natural and cultural phenomena emphasizes the
basic characteristics of the modem age. Nietzsche says that “scientific method
distinguishes the nineteenth century’ (Korkmaz 1998). Therefore, an analytical
approadh to nature is achieved through “scientific method.” Method means the type
of researching the objects within the limits of objective research areas. Scienfific
method is a body of techniques for investigating phenomena and aocquirng new
knowledge, as well as for correcting and integrating previous knowledge. t is based

on gathering observable, empirical and measurable evidence subject to specific
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principles of reasoning, the collection of data through observation and
experimentation, and the formulation and testing of hypotheses®. When it is possible
to test and interpret the world in nature by numbers, then it may be possible to
understand the process of stucturing and use those ideas in nature to te
advantage of mankind, which is the basic aim of Biomimetic researchers. In
architecturaldiscourse the break between the ancients and modems occurred in the
19" century, when the question being raise by architects changed from “what” to
“how”, that is from the object to the process. This change allowed researchers to
discover new architectural and structural solutions derived from the observations of

the natural environment.

Following these researches, a new formal understanding and aesthetic of te
architectural entity emerged in the 20" century. Structural aesthetics changed with
the new basic principles. Gropius, the founder of the pioneers this theme, Bauhaus,
claims, "...as history shows, the concept of beauty has changed along with progress
in thinkihg and technique.” (Hartoonian, 1994). A similar statement is made by Nervi
"...every improvement in the functional and technical efficiency of a product brings
about an improvement in its ae sthetic quality (Holgate, 1986). For Nervi the result is
a truthful style, and its characteristics are structural essence, a necessary absence
of decoration, and a purity of line and shape. If a building is correctly designed in its
structure, its beauty shines from the correctness of the structure. Itis not a matter of

which material you use, buthow you use it.

It is possible to claim that innovation derived from technology, new modes of
calculations, computation, and new theories have been developed by the architect’s
intuiton. Developments of structural design in the Modem Movement employ
several theories from different disciplines, like mechanics, pure mathematics, civil
engineering, the use of new matrials, and the architect’s intent. Knowledge of
buiding technology changes from being a craft to a scientifically-designed entity,
and there is a fendency to use mass produced rather than natural materials.
Knowledge of materials also raises an opportunity to explore more challenging and

innovative structures. In this respect, several structural systems that havwe been

8h ttp :/len.wikipedia.org/wiki/S cientific_m ethod# note-0
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devebped allow spans of larger distances than ewer before. It is important to
mention that these structures show the similarities between structures in nature and

man-made structures.

In this study, structures are classified into five main categories, namely, tree-like
structures, web-like structures, shell-like structures, skeleton-like stuctures and
pneumatic structures. Pioneering examples of each category belonging to different
periods of architectural history are presented. Through an analysis of these
examples the visual similarities in man-made structures and structures in nature are

discussed in the context of Biomimesis.

3.1.1.2.1 Tree -Like Structures

In the tree, nature has presented the concept of growth and multiplication in which
the sequence of trunk, branch, leafets, and leaves exemplify patterns which are
very similar to those govemning architectural orders. In the categorization of
structures according to their formal/visual characteristics rather than their load
carrying capacity, the first category appears to be tree-like structures. Throughout
history, trees have been significant for mankind, being the preferred choice n the
provision of many needs, from heating to housing. Observations of tree-like
structures led man o gain knowledge in new constructional methods and structural
systems to safisfy their needs. When historical architecture is examined, a very
deep and developed intuitive knowledge of construction becomes visible. According
to Portoghesi, the tree has faught man the concept of growth and multiplication,
since ramification lies at the very hearth of its nature. The branched support tree-like
structure can be first observed in the ribs of the Gothic style, while today tree-like
structures in architecture are mostly three-dimensional support systems, which have
been used increasingly in steel, wood, and concrete buildings.

One of the oldest examples of a tree-like structure is the Eddystone Lighthouse,
Southwest of Plymouth (1759) by John Smeaton. Smeaton’s model was based on
an English oak tree, which he considered as having the best configuration o resist
the forces of nature (Addis, 2001). Similarly, Antonio Gaudi, who practically never

journeyed anywhere, drew his inspiration from his ability to observe and reuse the
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countless details offered by nature. When one enters the crypt of Sagra da Familia
in Barcelona, the four inclined basalt columns standing out give the sensation of an

organicand natural structure, like trees in a forest.

In the 1970s, great interest was given to architectural structures derived from the
ramification concept in nature. Frei Otto studied the “minimum path system” to
investigate a form for compression-loaded ceiling and roofing (Roland, 1970). Otto
claims that the fan structure (@) as used in timber and steel building can be
addressed as a materialized direct path network. The branched fan construction (b)
is more effective in many cases as the buckling lengths of the compression
members are reduced; while the tree branched structure (c) is a materialized path
network with minimum detours, needing a relatively small amount of material and
with a load bearing capacity that can be increased by thin branches (d) Figure 3.3
(Otto, 1995). Several structures were constructed by Otto following this concept, and

by later architects following his design principles.
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Figure 3.3 Branching theory of Frei Oto (Source: Otto 1995)

In today’s architecture, tree-like columns are very common due to developments in
the steel industry and CAD-CAM technologies. BCE Place (1987) was designed as
a mixed-use complex in Toronto by Santiago Calatrava. The structure of the
complex comprises eight inwardly-inclined steel supports bifurcated upward,
eventually meeting to form pointed parabolic vaults spannng 14 meters across the
interior space. Over a 30-by-3-meter regular plan, tree-like structures rise and
support nine intersecting barrel vaults, creating a “forest” effect (Tzonis, 1999).
Rather than resortng to the imitation of these precedents, however, Calatrava
reinterprets them as “forests” of structural “trees.” This forest effect in Calatrava’s

designs is very common, and can be found in the Bauschanzli Restaurant, Zurich
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(1988), the Cathedral of St. John Divine, New York (1991), Oriente Station, Lisbon
(1993-98), and the Reina Sofia National Museum of Art, Madrid (1999).

Figure 34 Examples from Calatrava’s tree-like structures BCE Place, Bauschan4i
Restaurant Oriente Station (Source: Zardini, 1996)

Figure 3.5 Examples from contemporary tree-like structures Stuttgart AirportP assenger
Teminal (Von Gerkan, 2007), Stansted Terminal (Fos ter and Partners, 2005)

The roof of the Stuttgart Aimport Passenger Terminal, Germany (1996), designed by
Meinhard von Gerkan, is among the contemporary examples of tree-like structures.
The huge sloping roofis supported by 12 very tree-like steel structures, in which the

loads can be seen to be deseending through an elaborate hierarchy, from twigs to
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branches to trunks, all fundamentally in compression. More directly, the construction
of the terminal roof is based on the structure of a tree, thus providing an

unmistakable and individual feature for Stuttgart Airport (Figure 3.5).

There are a vast number of examples of tree-like structures that can be found n the
history of architecture, all of which exhibit the main architectural and tecdnological
characteristics of their period. Besides those exampks there are many other
progressive architects who have been nfluenced by trees in their designs, whether

consciously or not.

3.1.1.2.2 Skeleton-Like Structures

When most animals are examined, every bone of the skeleton, and the skeletal
system itself, show how nature has formed a sophisticated, lightweight, and rigid
structure that is perfectly suited for kinetic design. Since the main structural
elements of buildings are based on the spine, as is the case in animals, it seems
obvious that a further less-dominant structural element should be based upon the
ribs. In nature the spine and ribs work in conjunction with one another to provide
supportand protecton. This idea seems plausible for buildings as well. Ribs provide
support for the roof and create enclosure in the form of a buiding. While designing
the famous Eiffel Tower, Maurice Koedlin, assistant to the architect, was inspired
by the femur, the lightestand strongestbone in the human body, with self-ventilation
properties due to the porosity of the bone material, as shown in Figure 3.6. Buildings
designed and constructed similar to this bone optimize the construction material,
and also provide firmness and flexibilty in the skeleton of the construction
(Williams,2003).

Again, Gaudi, in Casa Battlo (Barcelona 1905-1907), showed natural and organic
forms which were no longer omaments superimposed on the buiding, but
constituted essential structural elements, as in the case of bone-shaped columns
shown in Figure 3.6. As a contemporary example, Nicholas Grimshaw’s addition to
Waterloo Station, which can be likened to the human hand, can be presented
(Grimshaw, 1993). The cupped “hand” reaches across the track to make an
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enclosure of the space. Study of the conceptual sketch of the hand can easily reveal

the influence of the skeletal structure on the structure of the building.

Figure3.6 Images from skeleton-like structures Eiffel tower and femur (Source: Williams,
2003), CasaBatto (Source: Masso, 1999), Wated oo Station (Source: Grimshaw, 1993)

Santiago Calatrava has also used features of an animal shapes and skeletal
structures in the design of many of his bridge and building projects (Williams, 2003
Sharp, 1994). He understands how a body varies in order o accommodate its
various parts and forces through identical rib-like pieces, which are less expensive
to manufacture and yet have a high capacity to carry uniformly distributed loads
when they are employed in man-made structures. Calatrava could possibly be
considered the master of today’s skeleton-like architecture.

3.1.1.2.3 Web-Like Structures

In the categorization of structures found in nature, web-like structures have another
importance in addition to their load carrying capacity that arises from their sik-like
quality. Spider silk is strongerand more elastic than Kevlar, the strongest man-made
fiber (Shear et al, 1989). Web-like structures exhibit membrane characteristic in their
load bearing features. Moreoer, their load carrying capacity is extremely high, and
yet the structure itself is lightweight. Tents, which are basically man-made
membrane structures, can be considered similar to those web-like structures in
nature (Beukers, 1990). Drawing influence from the tents of indigenous people of
different regions, a very early example of large-scale use of a membrane-covered
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tensile structure can be seen in the truss-roofed exhibition pavilions constructed for
the Nizhny Novgorod Fair of 1896 by Viadimir Shukhov, and the Sidney Myer Music
Bowl, constructed in 1958 (Kronenburg, 1996).

In the 1960s, Frei Otto, who studied the similarities between tents and web
structures, was the pioneer architect of tensile construction. He improved his new
concepts by foausing his investigations on one of the principal forces encountered in
a structural system - tensile stresses. The moderm tent is principally based on Otto’s
studies and designs and can be compared to a spider's web in the way it uses
strength and grace bgether. Itis a perfect example of using the minimum amountof
material to cover a vast area. Traditional tents were revived by Otb as a leading
prototype for lightweight adaptable buildings (Otto, 1995).

Figure 3.7 Web-like structures in nature (Source: http:/Awww.hainaultforest.co.uk) and

architecture (Source: http://www .panoramio.com/photo/9972384 )

Innovative structures with extreme lightness have been developed by Otto
throughout his studies. Since the 1970s, web like structures have been championed
by designers and engineers such as Ove Arup, Buro Happold, Eero Saarinen, Horst
Berger, Matthew Nowicki, Jorg Schlaich, the duo of Nicholhs Goldsmith & Todd
Dalland atFTL Design & Engineering Studio, and David Geiger (Robbin, 1996).

Steady technological progress has increased the popularity of fabric-roofed
structures. The low-weight materials make construction easier and cheaper than

conventional methods, e specially when large open spaces hawve to be covered.
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3.1.1.2.4 Pneumatic Structures

Pneumatic structures, which occur both in inanimate and animate nature, can easily
be found in a variety of forms of animate nature, plnts, and animals in various life
processes and conditions. Pneumatic structures have been developed and built up
through countless variations of a single construction principle, namely, the principle
of the “Pneu”, which is a system in which a tension-resistant, flexible envelope
surrounds a filing (Dent, 1972) The envelope and the filling together form a load-

bearing structure.

Figure 3.8 (a) MontgolfierBrothers’ hot air balloon (1783) (Herzog, 1977) (b) Jacques
Charles hydrogen balloon (1783) (Herzog, 1977) (c) Santos-DumontNo 1 Dirigible (1898).

The first experiments with pneumatic structures were undertaken during the
devebpment of hot air balloons. Brazlian priest Bartolomeu de Gusmao conducted
a pioneering experiment as early as 1709 in Lisbon. At the end of the 18" century
the Montgolfier brothers built an 11 meter diamefer hot air balloon made from linen
and paper. Jaques A. C. Charles, the fatherof the Zeppelins, began construction of
the first hydrogen balloon, a large rigid dirigible, at the end of 19" century (Herzog,
1977; Forster, 1994 ).

From an architectural point of view, the best of our present knowledge starts with
English motorcar manufacturer Frederick William Lanchester, who first recorded te
idea of supporting tents through intemal air pressure in 1917. During Word War I,

and following the invention of nylon, the idea started to be used by the military for

45



emergency shelters (Topham, 2002). In the following years, pneumatic
constructions and their use of air as a supportng medium became a part of
archiectural language. The study of air bubbles formed in liquids is undoubtedly
nature’s most relevant precedent in the design of pneumatic building construction,
and this approach was a starting point for Frei Otto. Systematic research and
devebpment of the form, finding processes of technical pneumatic constructions by
Otto and his team resulted in progress in the development of new structural systems
having roots in pneumatic forms in nature, alowing the construction of many
innovative building forms. Through the IASS Pneumatic Colloquium (University of
Stuttgart, 1967) and seweral publications and designs, Otto broadened the
landscape, notonly of pneumatics, but of tension structures in general. Pneumatics
was also part of the repertoire of Richard Buckminster Fuller, whose proposal of a
pneumatic dome to cover New York (Figure 6) is a famous example of Utopian
pneumatic architecture (Baldwin, 1996). At the end of the 1960s, the Paris group
Utopie, which included architecture students Jean Aubert, Jean-Paul Jungmann,
and Antoine Stinco, and sociologist Jean Baudrillard, among others, formulated
criticisms on architecture, urbanism and the daily life of French society. They were
also influenced by the Archigmm Manifesto and reintempreted the aesthetic of
pneumatic structures, using them as a form of social expression related to
ephemerality and mobility, in contrast to the inertia of the postwar European society
(Dessauce, 1999). The use of pneumatic structures, such as the Fuji and American
Pavilions in exhibitions, reached a peak at Expo ‘70 in Osaka, Japan, when they
were widely adopted due to the poor quality of the soil and high seismicity of the
region. Another interesting example is provided by the Floating Theater, which was
realizzd by the same team that produced the Fuji Pavilion. The structure was
composed of three inflated tubes, highly pressurized and connected by a single
layer membrane, with the inner space kept under a negative pressure, thus
providing a rare case of an aspirated pneumatic structure (Wilkinson, 1996).

David Geiger developed several projects employing cable reinforeed, insufflated
membranes for sports stadiums in the United States and Canada from 1974 to

1984. The largest of these stadiums are the Pontiac Silverdome in Michigan (1975),
the Vancouver Amphitheater (1983) and the Minneapolis Metrodome (1982), all of

which cover more than 40,000m? with capacities of more than 60,000 seats (Foster,
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1994). Likewise, in the 1990s this structural system was very popular for arge-span
roofing, such as in the Big-Egg Dome in Tokyo (Figure 3.9), the Expo’ 92 German
Pavilion in Seville, and the Nimes Roman Arena in Rome.

Figure 3.10 Archipelago, by Architects of Air (Source; Topham, 2002)

In today’s architecture, pneumatics are frequently used in smaller and ephemenral/
temporary buildings, more for aesthetic than e conomic reasons, since their futuristic
and revolutionary appearance usually provokes fascination among observers and
users. The pneumatics retum is even more impressive in te field of object design,
as there are fewer constraints in the exploration of new shapes, especially with the
aid of the modem computerized design tools and the availability of high tech
materials. Eloquent examples are given by the colorful and organic pavilions of
Maurice Agis or the Architects of the Airand Buildair offices. (Figure 3.10)
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3.1.1.2.5 Shell-Lke Structures

Shells are among the most common and most efficient structural elements in nature
and technology because of their high resistance, minimum material, large spanning
capacities and sheltering characteristics. Examples of shells in the morphology of
nature are particularly abundant. (Melaragno,1991). Many great artists were inspired
by the beauty, diversity and design of the shell, that they incorporated them into their
masterpieces. Architecture has been profoundly influenced by the geometry and
sheltering capacity of these 'natural wonders' done by snails, clams, scallops, and
other marne mollusks. Many scientists could notavoid themselves to study of shell
shapes from mathe matical and geometrical point of views.

Figure 3.11 Shell examples from nature and architecture (source: Melaragno,1991,
Senosiain, 2003, Chiat, 2004)

The discovery of cement made possible the realization of new architectural designs
using thin shells in structural systems. Moreover, the advent of concrete as a new
buidng material at the beginning of the 20" century strongly infuenced the
conventional way of construction and the design of new domes. In the 1920s, te
first examples of reinforced concrete shells were introduced by Franz Dischinger
and Walter Bauersfeld, evoking a comparison of their domes with eggshells. The
technology developed by Dischinger, Finsterwalder, and Bauersfeld n the 1930s
was compatible with single-arched structures, and following this, further
devebpments in the analysis of these forms and their manufacturing processes

made possible the building of more complicated forms, such as double-arched
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saddkes (Gossel & Leuthauser, 1991). Later, many other engineers and arcitects,
such as Robert Maillart, Edouardo Torroja, Eugéne Freyssinet, Pier Luigi Nervi, and
Felix Candela were to design and apply technically approprate and elegant
solutions to reinforced mncrete mnstructions. Among them, Nervi and Candela

brought some solutions to their designs that were inspired by structures in nature.

To conclude, as seen from the taxonomic diagrams (Table2.2 and Table 3.1) and
the examples chosen from different periods in architectural history, man-made
structures are deeply influenced by structures in nature. Many progressive architects
and engineers have been inspired by nature — by both animate organisms and
inanimate structures. This inspiration led some architects, such as Otto, Fuller, and
Candela, to establish institutes to research natural structures and pattemns. They
contributed to architectural design and the development of new structures based on
structures in nature. Apart from these names, the general tendency of the “nature-
archiecture relationship” stayed only as a source of inspiration for architects.
Examples from these two approaches reweal that nature has always been a part of
architectural design, either implicitly or explicitly, and architects have found clues in
nature for new designs and technologies. Hencae, in the world of architecture nature
has and will always be a source for the next generation of designs, as has been the
case in the past. Using nature as a source of stimulation in architectural design was
given several names in different architectural periods. Nowadays, this concept is
discussed within the realm of “biomimesis in architecture”. This terminology implies
that nature-architecture interaction can go beyond the “form finding process” and
can be a “learning interface”’, having its own systematic with objective design
parameters - as in many other disciplines - changing design the paradigms for
archiecture. It is widely accepted tat Biomimesis has more potential and can
contribute to (re)experience and the creation of forms-structures-materials etc. as it
is observed in nature, providing not only flexibility in the creation of form, but also in

function and efficiency in the fulfilment of function.
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Table 3.1 Diagram representing architectural structures inspired by nature

prior

periods

1800's

1900’s

2000’s

polyhedrons

egyptian and
maya pyramids

neolithic period
carved stones 2000 bc

bronze dodecahedron200bc

basilica of san marco 1425
de divina proportione

da vinci 1452

planet of jupiter
direr1471

mysterium cosmograficum
kepler 1571

stars

escher 1898

corpus hypercubus

dali 1904

geodesic dome

fuller 1920

convent of saint marie

le corbusier 1920

the one-family house
botta 1950

prisms antiprisms
folded plate structures
tensegrity structures
space frames
hypercube

architectural

pneumatic
structures

tree-like

structures
tree trunk as a structure
classical column

1567
eddystone lighthouse hot air balloons
] /59 1709

columns in sagra da familia

1883

supporting tents by air

1917
branching theory

emergency shelters 1945

structures

web-like
structures

tents

nizhny novgorod fair
1896

sidney myer music bowl

inspired by nature

skeleton-like
structures

eiffel tower
1887

columns in casa battlo

hamburg garden exhibition 1904

german pavilion montreal

munich summer olympics

haijj terminal 1978
munich hellabrunn zoo

;97O| fuji-american pavilions 1958
ce place 1

178 flz;r?ng theater 1971 g5
bauschanzli restaurant ) iverd di

1988 pontiac silverdome stadium 1947
cathedral of john divine ] ?75 ,

1991 minneapolis metrodome 1972
oriente station 1982

1993 vancouver amphitheater

stuttgart airport 1983 1980
1996 1988big-egg dome

ciutat de les arts les ciencies 1996airtecture

1996 1998cocoon
columns of new milano fair
2002 2000airquarium

mission valley branch library 2001 pneumatrix
2003

animal houses
1989

waterloo station
1993

milwaukee museum
1994

lyon airport station

sandiego convention center 1994

1983

tokyo international forum

denver international airport 1994

1995

sainsbury commercial centerpeqhody essex museum

2000
weihai stadium china

2002

2003
turning torso

2005

shell-like

structures

roman domes

byzantine domes

islamic domes
renaissance-baroque domes

from masonry to concrete
thin shells

1913centennial hall
1957sydney opera house
191 6airship hangar at orly
1934hayden planetarium
193%swiss exhibition

1951 cosmic reays library
1955kresge auditorium
1956waikiki shell
1957small sport palace
1958xochimilco restaurant]
1959cnit

1962twa aterminal
1966church santa monica
1970focus cinema
1975yakima valley sundome
197 6kingdome stadium
1976biodéme
1980thompson arena
1996valencia opera house
19960ceanographique
1998city of arts sciences

2000sondika airport
2000wales botanic gardens
2000illinois assembly hall
2003csanta cruz de tenerife
2003messehalle freistadt
2007admirant
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As it is clear from the Table 3.1 shells have been widely used in architecture and
have always been a subject of interest due © their high structural performance and
their potential to provide clear spaces. Furthermore, shells in nature, which has
always been a subject of interest forarchitects due to its forms, functions, structural
behavior, and materials, is very convenient to hquire into te efficiency in form-
structure and material usage relationship that biomimesis force us to understand.
Shells are also fitting © question “multi-dimensional’ properties of natural structures
and to understand the natural processes that have resulted in the formation of the
final configuration of the stuctures in nature. For this purpose, after previous
taxonomic study on architectural structures inspired by nature, the following sections
of this chapter concentrates on shell structures in architecture. Firstly a research on
shell definitions, the origins of man-made shells, and shell types in architecture with
pioneering examples are given. Then an overview of analytical and numerical
methods in shell analysis is to be presented to set a base knowledge for further

discussions.

3.2 Contemporary Biomime tic Approach in Architecture: A Case on Shell

There are numerous shell structures in nature, of which eggs, skulls, nuts, turtles,
and seashells are some notable examples, and which haw been source of
inspiration in architecture. As mentioned earlier, shells are common and highly
efficient structural elements in nature and in the built environment due to their high
strength, large spanning capacity, minimum material usage, and sheltering
characteristics, emerging from its form-function-structure and material synchronicity.

A shell’s structural behavior is derived directly from its form, thus in the design of a
shell-like structure the fundamental consideration is geometry. This not only dictates
the esthetics, but the overall efficiency and behavior of the structural system as well.
Hence, it is believed that in this study shell structures will provide a base for further
discussions of biomimesis and its possible impkementations in architecture.
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3.2.1 Definitions on Natural and Man4Made Shells

»9

The dictionary defines a “shell” “as “usually hard outer covering that encapsulates

certain organisms, such as mollusks, insects, and turtles; a hard rigid usually largely
calcareous oovering or support of an animal; or the hard or tough often thin outer
covering of an egg and the hard usually fibrous outer layer of some fruits e specially
nuts”.

As seen from the definition, the word shell is commonly used to describe external,
usually hard, protective, or enclosing case or covering in nature. Similarly, in man-
made products the word shell is used to define a rigid covering that envelops an
object or a framework or exterior, as of a building. According to Kelker and Sewell
(1987), while designing any structure, designers always aim to achieve economy by
minimizing costs within the functional and aesthetic requirements. Furthermore, they

fry to evolve new forms with conwenient materials that resist the loads more
efficiently than when the structure is designed in a conventional form.

“...for covering a given area by a roof, designing a slab and a beam structure
requires slabs spanning on secondary beams which themselves span
between the main and beams supported on columns. As column spacing
becomes larger and larger the sizes of the beams increase, consequently,
making the structure uneconomical and aesthetically unpleasing. Alternatively,
to cover the same area, it can be conceived a curved surface that carries the
loads mainly in direct compression or tension, rather than in bending and in
shear as done by the slab and beam structure. With a relatively small
thickness, such curved stress can sustain large loads over large column free
areas with a minimum of deflection. The b ehavior of such surface structure
can be compared to that of a soap film memb rane which covers alarge area
with extremely small thickness, or to that of an eggshell, which resist
considerab le pressure in spite of being very thin. Such curved surfaces, which
have thickness that are small compared to other two spatial dimensions, are
called shells...” (Kelker and Sewell, 1987).

9Definition of shell , http://lwww.thefreedictionary.com/shell.
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As explained above, shell structures are greatly superior to conwentional column-
beam structures when seeking o cover large spans with minimum material. In wide
spans, carrying capacity compromising live and dead loads is very efficient in shells.
Although shells have the most complex structural behaviors they are still the most

effective form.

“...In the pre-industrial age, the structural form for the wide spans was the
masonry vault and dome. The development of reinforced concrete in the late
19th century made the maximum span possible with the compressive form-
active type of structure. After than shells are considered one of the most
important developments of 20th century in architecture and in other industrial
products.” (Melaragno, 199 1)

Like the arch, other curved shapes often used in concrete shells allow the spanning
of wide areas without the use of intemal supports, giving an open and unobstructed
interior. The use of concrete, which is inexpensive and easily cast into compound

curves, reduces both material and construction costs.

Such potentials and pros have made shells a source of inspiration forarchitects, and
thus they are encountered very frequently due to their high structural performance
and potential to provide shelter, not only in natural organisms but also in man-made
applications.

Among the many interesting aspects of the shell in technolbgy, engineering, and
archiecture, one stands out as being of utmost importance: that shell forms are
shaped according to the loads that they are exposed to (Zannos, 1987). The theory
of these structures tends to deal with the mathematical models, stripped of many of
the characteristics that make them recognizable as useful structural systems in
many fields. The following section explains the origins and the general usage of
shells in technology, engineering, and architecture in order to develop a clear
understanding of how widely those structures are being used.
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3.2.2 The Origins of Man-Made Shells

When man as creator uses his hands and mind fo shape the physical world,
he often finds a source of inspiration in the b reath of creation manifested in
nature. Either by artistic intuition from physically observing nature as a
scientist, man creates structures realizing that he has two b ases from which fo

operate: form and the reality ofthe materials. (Melaragno, 1991)

The origins of the man-made shell can be traced back to masonry vaulting, and
timber and masonry domes. Two basically different roots stand at the origin of the
construction of vaults and domes, one stemming from a psychological need; the
other from technological evolution in the art of the building. These aspects that
merge to create man-made curviinear shells constitute a common cultural
foundation, shared by the creative, artistc mind and its logical, scientific,
technological counterpart, which ultimatly have the same goal of designing

structures for human habitation (Melaragno, 1991).

In the history of architecture masonry arches, vaults, and domes reflect certain
structural necessities through their characteristic thickness. Their thickness was
dictated by the materials used - stone, brick and mortar joints. Their inability to resist
tensile stresses required a widening of their cross-section so that compression
would reduce the effect of potental bending. Substantial thickness was often
intuitively felt necessary to prevent buckling, thus masonry vaults and domes never

attained the daring slendemess of concrete.

The birth of thin shells in architecture can be accepted as the discovery of cement,
which made reinforced concrete possible. With the invention of reinforced concrete
and developments in analytical and computational methods, the applications of
curved forms reached their golden age. Some examples of man-made shells, which
are effective in the use of both material usage and structural behavior, approximated
those found in nature. The successes of these new curved structures are based on

the ability of reinforced concrete to carry tension as well as compression.
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3.2.3 Basic Structural Properties of Shells and Their Use in Architectural
Applications

“Shells in architecture” are curved structures capable of transmitting loads in more
than two directions to structural supports. Their surfaces are shaped so as to
respond to loading primarily through the development of tensile and compressive
membrane forces and shear stresses, and are made out of such nelastic materials

as concrete, wood, metaletc.”.

There are several definitons and theories e xplaining the complex behavior of shells.
A widely accepted theory of shells was developed by Viasov, 1951, whose definition
of the thickness of shells describes them as “thin” when considered with respect to
the thickness of the other elements of a shell. A shell is a curved surface thin
enough to develop negligible bending stresses over most of its surface, while being
thick enough not to buckle under small compressive stresses. These structures can
be very thick, thick, moderately thick, thin, and very thin, and the 3D solid effect
decreases and the stretching effect increases respectively. Heino Engel, in his book
“Structural Systems” (1997), classifies man-made structural systems according to
their structural forms and behaviors as form-active, vector-active, section-active,
surface-active, and heightactive. In this categorization, shells are described as
“surface-active structures’. He argues that surfaces are the most effective and te
most intelligible geometric means of defining spaces. The surface structure, when
certain structural properties are given, can perform its structural functions without
additional support members (Engel, 1997). A surface-active structure
simultaneously envelopes the intemal space and the external building, determining
the form and space of architecture. Similarly, form resistant structures (Salvadori,
1975) are those based on the principle that loads are carried through the shaping of
the structural surfaces. The new carrying capacity is obtained not by increasing te
amount of material used, but by giving it a proper form. Included in these structures
are compressive shells, tensile cable networks, and air-supported tensile membrane
structures. From tis viewpoint shells are surface-active and form active structures.

© The author acknowledges the valuable guidance of Dr. Chris Williams from the
Department of Architecture and Civil Engineering at the University of Bath, who helped in
explaining the term s and definitions of shells.
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Another classification based on the geometric properties of the shell was put forward
by Melaragno (1991), who gave names to the most frequently used shell forms in
architecture, namely barrel shells, spherical domes, conoidal shells, cantilevered
shells and hyperbolic paraboloid [hypar]. The combined effects of mass and
geometry are majr factors in the structural strength of shells. Generally, these shell
structures can be divided into two main classifications: singly curved, in which te
curvature is in only one direction, and doubly curved, in which the curvature is in
both directions.

Barrels are singly curved shells, formed by bending a flat plane, and are the most
typical shape of a dewelopable shell that is curved only in one direction. The most
commonly used shapes for barrel shells are semicircular or parabolic (Billington,
1996). Due to their ability to resist tension they can be supported only at the comers
and are therefore unlike the barrel vaults due to their ability to resist tension.
Another important point o note about barrel shells is that they can be used to span
longitudinally as well as along the shorter span. An example of the architecturally
effective use of concrete barrel shells can be found in the Kimbell Art Museum
(1966-72), Fort Worth, TX (Antoniadis, 1992).
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Figure 3.12 B ehavior of barrel shells and transmission of the forces to the supports (Source:
Melaragno, 1991: 131-132).

According to Melaragno et al. doubly curved surfaces can be further subdivided
into synclastic and anticlastic. The aurvature of a shell can be of the same sign
throughout, that is, be concave or convex everywhere. In such a case, the surface is
called synclastic. In synclastic shells, the centers of both curnvatures are located on
the same side of the surface. The spherical dome is an example of a synclastic
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shell, because any section attained by intersecting the dome with a normal plane
produces a line that has only a downward aurvature. The curvature of a shell can
also be of a different direction, such that the surface is both concave and convex at
the same time, which is known as anticlastic. In anticlastic shells the centers of
curvature in the two directions are on opposite sides of the surface. Hyperbolic
paraboloid (hypar) and conoidal shells are examples of anticlastic shells (Ketchum,
1997). When such a surface ntersects with normal planes, the sections formed can
be a parabok with either upward or downward curvature, and at times can even be

a straight line.
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Figure 3.13 Three basic shapes of conoidal shells (Source: Melaragno, 1991: 133).

Cantilevered thin shells constitute their own subgroup within the larger family of shell
structures, one that is distinct in terms both of geometry and of structural behavior.
Such shells have more lightness than any other cantilevered structure. The fact that
their means of support are unclear to the typical observer creates an illusion of

loftiness, capable of inspiring a sense of wonder and admiration (Salvadori, 1972).

SN

Figure 3.14 Examples from cantilevered shells (Source: Melaragno, 1991: 136-137).
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In a hypemolic paraboloid hypar] the surface is generated by the movement of one
parabola on another parabola of opposite curvature. lis surface is one of the most
structurally efficient of all surfaces. It has an “arch” action in one direction and a
“cable” action in the other. The thrust of the arch action and the pull of the cable
action at the edge beams results in compressive forces that act down the edge
beams to the supports (Melaragno, 1991: 141). Many architectural shell buildings
have been mnstructed in the last century using all these shell types. The following
section confains a number of examples, including experimental shell structures,

from the 20" century.
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Figure 3.15 E xamples from hypars in architecture (Source: Melaragno, 1991: 136).

A further classification can be made according to the material properties of shell
structures. Thin shell theory is assumed to be homogenous, isotropic, and linearly

elastic regarding the use of concrete materials.

With all these shell types many architectural shell buildings were cnstructed n te
last century. The following part covers some examples including experimental shell

structures of the 20" century.

3.2.4 Experimental Shell Structures and Shell Builders of the 20" Century
Although the art of building domes as special shell structures has been known since
ancient times, Melaragno (1991) argued tat, “at the beginning of the last century,

under the influence of the art movement and the dominance of hdustrialized

58



buildihg materials, any remnants of aundlinear architecture were mercilessly
banished. Within that period avant-garde art emphatically proclaimed a ftotal
repudiation of the traditions and classical revivals that in architecture were
symbolized mostly by arches and vaults. Ready-to-use rectilinear steel beams and
colurms and easy-to-build rectilinear concrete forms struck a lethal bbw to the
cunilinearapproach in architecture’.

From this point of view it can be said that arches, vaults, and thin-shelled stuctures
must be rediscovered. After the golden years of shell structures in the 1960s the
question of “is there a revival of interest in shell structures in this century, and where
might it lead?” can be answered through the development of computational
techniques, growth in material availability, cost facors, labor supply, construction
techniques etc., all of which play a part and should be examined. The question of
how the impact of information technologies and Biomimesis will create new horizons

shouMd also be brought up for the next generation of shell designs.

As mentioned in the previous part of the study, in the 20" century a rapid
devebpment in reinforced concrete technology was observed. New structural
solutobns and new forms by master builders were developed, stretching the
performance of concrete to its limits. The maximum efficiency of concrete obtained
from its fluid property was achieved through the introduction of load-bearing surface

structure “shells” in the early 1920s.

Thin shells and other surface structures constitute a type of construction thatis dras-
tically different from that of linear structures, whether they are planaror spatial. Thin
shells, membranes, slabs, and pneumatic structures, which all come under the
heading of surface structures, constitute an enormous field that offers a great variety
of solutions to specific problems. Three-dimensional cables and two-dimensional
membranes, for instance, correspond to each other in terms of orees, as do arches
to shells, and beams to slabs. This correspondence of planar to three-dimensional
structures derives from a similitude of structural behavior observabk in each indi-
vidual system. The similar behavior of cables and membranes causes them to
change shape under different load conditions. Thus, these two structures are always

stressed only by Ensile forces.
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3.2.4.1 Pioneering Examples

At the beginning of the 20" century the advent of concrete as a new material
brought about basic changes in the philosophy of construction, which also affected
the construction of shells. Reinforced concrete allowed builders to abandon masonry
and employ concrete, mostly in tension, compression, and bending, for a wide range
of applications, including building frames. This new field of architecture and
structural typology captured the imagination of numerous designers, some of whom

emerged as “innovators”.

In this part of the study, starting from the benchmark examples of masonry domes,
concrete shells and large steel contemporary domes are presented in historical
terms as case studies and in conceptual terms from an architectural and structural
pointofview. When conducting a literature survey it is seen that masonry domes are
covered by texts on architectural history; concrete shell structures are covered in
case studies in the architectural press and in scientific engineering press from a
structural point of view; and khrge steel domes are usually described only in
engineering periodicals.

When the users of reinforced concrete in the creation of high curvature surfaces are
considered the name that comes to the forefront is Antoni Gaudi. Gaudi (1852-1926)
pioneered scientific components in architectural design by exploring the potential of
geometry. His major contribution, through which he certainly enriched the
devebpment of aurvilinear architectural forms, was in the creation of new shapes,
especially the development of the hyperbolic paraboloid. Whether it is seen as an
artistic creation or as a discovery of geometric relationships in the platonic sense,
Gaudi’s hyperbolic paraboloid is an almost magical shape that will continue to
intrigue the mind (Fischer, 1964). This concept explores not only the geometric
relationships that generate the form, but also the possibilites of construction
methods and the very rationality of structural behavior (Perez, 1979). The Church of
the Sagrada Familia in Barcelona, for which he designed the hyperbolic paraboloid,

remainsas a memorable landmark for those sensitive to architectural pacesetting.
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Robert Maillart (1872-1940) can be considered as the first architect to master
concrete as a new material in the creation of new forms. He began his career n the
early years of reinforced concrete, and in exploring the potential of this moldable,
durable mixture, created prototypes. Art and technology became one in many of his
structures, and certainly Maillart’s contribution o concrete structures has had a
tremendous influence on the art of the concrete shell. The Zementhalle for the Swiss
Provinces Exhibition, though an isolated sample of Maillart’s design, establishes this
eminence (Mainstone, 1998). Maillart's name remains associated with innovative

concrete forms thatextend the structural virtuosity of thin shells.

Another important example, Eugene Freyssinet, was one of the pioneers of concrete
shell construction, launching a technique that was perfected by Eduardo Tormja and
Felix Candela. Freyssinet is known mostly as an innova®or in “thin shell” structures.
He contributed significantly to the devebpment of pre-stressed concrete technology
by founding inventive techniques for this new methodology in reinforced concrete:
ightness. Freyssinet's strong association with thin-shell design is shown in his
airship hangar at Orly, France (Muriel, 1994:260).

A further major confribution was made by Franz Dischinger (1887-1953) in ferms of
the “construction and implantations” of concrete tin shells. He was part of te
original group of German engineers responsible for the great impetus associated
with new theories of shell construction in the 1920s in central Europe. In 1922, he
was a part of the team that designed the hemispherical dome for the Zeiss optical
company (Melaragno, 1991). Up until 1932, Dischinger's work dominated the design
and construction of the most prominent shell structures in Germany.

Pier Luigi Nervi (1891-1979) emerged in the 1950s as a versatile personality,
bridging architecture and civil engineering. With an important appreciation of the
integrity of hybrid structures, Nervi explored the powerful contribution of geometric
forms to structural strength, and provided a logical interpretation of how materials
must be used. His explorations in geometry were bold and extremely imaginative,
yet always contaned a strong, disciplined rigor that avoided illogical extravagance.
According to Huxtable, the great success of Nervi’s structures was derived from his

intuitive use of “prefabrication”, using a modular type of building component that was
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mass-produced and cast on site. He was able to assemble complex structures with
great economy (Huxtable, 1965). Nervi often used shells in “combination with other
structural elements” to great architectural effect, for example his 5,000-seat
Palazzetto dello Sport (Figure 3.15), Olympic grounds, Rome, has a series of Y-

shaped columns splayed outward at its perimeter to act like flying buttresses
(Zannos, 1987).

Figure 3.16 The dome of Palazzetto dello Sport, Rome by Nerv (Source:
http://en structurae de/ photos /index.cfm?js=11138).

The continuing dewelopment of design, analysis, and construction techniques of
shell and spatial structures has resuled in an increasing fund of information of
practical interest to architects, engineers, and builders throughout the 20" century.
The IASS, founded by Eduardo Torop (1899-1961) in 1959, has as its goal the
achievement of further progress through an interchange of ideas among all those
interested in lightweight structural systems, such as lattice, tension, membrane, and
shell structures. Eduardo Tormja continued the tradition of architectural virtuosity in
Spain begun by Antonio Gaudi. According to Harris, Torroja must have been
influenced in his architectural thinking by the daring and innovative creativeness in
Gaudi’s art (Harris, 1991). Like Nervi, Torroja was trained in civil engineering and
expanded his knowledge into architectural composition. The materal he used mostly

was reinforced concrete in the form of thin shells.
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Compressive form-active structures were also produced in metal. After World War I
another important person, Buckminster Fuller, came into prominence. He transferred
technology developed for the war into the building industry and used new materials
such as plastics and lghtweight metals. The strength to weight ratios of these new
materials opened an opportunity to create new forms of buildings and construction
systems. He was the great inventor of his time and a pioneer in the use of
technology in architecture. Fuller examined maximum performance from a minimum
of material. He worked on space frames and geodesic domes that could be mass
produced and easily transportable, managing to integrate design and technology

with a technical background to form the building’s expression.

In the last half of the 20" century, the works of Anton Tedesko (1903- ) made a
major contribution to the advancement of thin-shell design in the United States.
Among his thin shells is that of the new Lambert Field terminal building in St. Louis,
built in collaboration with Hellmuth, Yamascale and Leinwebel; and in collaboration
with | M. Pei he designed a hypemolic paraboloid gable-roofed shell in Denver that

stands outas an nspiring probtype.

In the early 1950s the name Felix Candela came to dominate in the field of shell
architecture, especilly in Mexico. Coming from an archiectural education rather
than an engineering background, Candela uses the geometry of his daring
structures as a starting point that evolves through engineering and construction to
completion (Candela, 1960). One of the major geometric forms he most uniquely
explored is the hyperbolic paraboloid. This complex form lends itself to the most
unimaginable architectural compositions, ones that only Candel has thus far been
able to create. In addition to his creative uses of solid geometry, Candela used
materials and construction techniques in a unique, imaginative way. His structures
achieve a thinness that astonishes obserwers. Candela’s structures are refreshingly
free of the cold, mechanical qualities that the industrialization of the building art
frequently generates. From among his famous works, the Medalla de la Virgen
Milagrosa Church, the Los Manantiales Restaurant (Figure 3.16), and the Sports

Palace for the XIX Olympic Games can be mentioned.
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Figure 3.17 The shell of Los Manantiales Restaurant, Mexico by Candela (Source:
http://www .princeton.edu/main/news/archive/S22/33/11G69).

Development of curvilineararchite cture contnued with Eero Saarinen’s (1910-1961)
powerful prototypes, included different species of curvilinear forms, from conwex to
concave, from orthodox geometries to unorthodox free forms. Encouraged by the
new architecture of the 1950s, which emerged with intense enemgy after the war,
Saarnen was arguably the pioneer of those explbring the possibilities of
curvilinearity by using concave shapes for suspended roofs, as well as convex
domical shells. From his concave suspended roof over the Dulles Airport terminal in
Washington, to the traditional dome he used with a new, modem vocabulary for the
M.LT. Auditorium in Cambridge, Massachusetts, (Figure 3.17), Saarinen has left an
indelble mark. Unlike Nervi, and Candehl, Saarinen expressed himself in mostly
archiectural terms, and therefore had more impact in architectural circles, which
could have led to his conthued achievement. Roman claims that “..one wonders
whether the progress of curvilinear architecture would have been extended beyond
its current level if Eero Saarinen had lived longer” (Roman, 2003). Among his
famous works are the Gateway Arch frames atthe Old Courthouse, SaintLouis, the
TWA Flight Center, New York, (Figure 5.8), and Dulles International Airport,
Washington.

In Europe, after World War I, Mircea Mihailescu (1920- ) studied shells with a strong
background in the analysis of these structures, and his approach to design came
from this standpoint. However, he was able to reach the same kvel of architectural
quality as other designers tat started from an aesthetic concept of form. Beginning
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his career just after World War Il, Mihailescu was unfamiliar at the time with the
architecture of Felix Candela, but was motivated by the work of the German school
of the 1930s. He saw in the tin shell structure the practical expression of an
analytical surface containing membrane stresses within its thickness. Major works
by Mihailescu include a railway depotin Brasov, Romania (1947), consisting of forty
conoidal shell elements, each cast on movabk centerings; a textile factory in
Bucharest (1958), consisting of a cylindrical roof shell cast on movable centering

and a health spa in Olanesti, Romania (1960).

Figure 3.18 TWA Flight Center and Kresge Auditorium, MIT, Cambridge by Saarinen

(Source: http:/www.bluffion.edu/~sullivanm inde x/'saarinen/saarineninde x.html).

French architecture in the 1950s was based on the relationship between art and
technology. The aesthetic expression of structures was © again gain importance in
the post-war years with the rapid erection of industrial and aultural buildings. Jean
Prouve designed a wide spanning system of parabolic vaults and attached curtain
walls of glass and steel to the Centre National d’Industries et Technologies (CNIT,
1953-58), which was the largest clear span shell structure in the world at te
beginning of the 1990s. (Figure 3.18)

To sumup, the recent history of architecture can be seen as a development towards
ightness. In the last two decades developments in material and construction
technologies have made it possible to design more challenging forms through shells.
The shell is the one way of creating te lightness and great flexibility of modem

form. Concrete shells developed in the mid-20" century were highly popular among
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architects and engineers, beng at the cutting edge of structural design. With the
invention of the computer in the late-20™ century, designers have gained te
capability to determine stresses within a structural member much more ease and
speed than 10 years earlier. To explore fully the qualities of a material the designer
must have a vast knowledge of its properties. This requires an intuitive ability to read
a buiding as a structural object, and © hawe advanced technical knowledge.

Figure 3.19 the roof of Centre National d’Industries et Technologies by Prouve (Source:
Addis, 1994)

3.2.5 Present Techniques in the Analysis of Shell Structures

The analysis and design of shell structures is a topic of interest in a variety of
engineering disciplines. The civil engineer is concemed with shell applications in
architecture for span roofs and silos. The mechanical engineer is interested n the
design of pressure vessels, including nuclear reacbor containment vessels and
pipes. The aemnautical engineer is involved in the structural design of aircraft,
rockets, and aerospace vehicles (Zingoni, 1997). All of these structures require te

analysis and design of shells.

Although architects also need an understanding of the analysis and design of shell
structures, they may not be able to devote the time to study in detail or become
specalizzd in the mathematical theory of shells. Therefore, the goal of this text is to
explain, in a simple and concise manner, some important aspects of shell analysis
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and design by understanding shell behavior. The most important aim of this
research is to prove that in design practice, when a shell is analyzed using an
available computer program, the designer/researcher must hawe sufficient
knowledge of shell behavior to be abke to verify the accuracy of the results and

interpret them correctly.

According ® Billingibn, the four essential probkems facing a designer of
revolutionary concrete thin shells, more or less in omer of importance, are
“construction”, “experimentation”, “analysis”, and “appearance”, through which the
be st-known pioneers of thin shells became known as builders as well as designers.
Designers need to be aware of construction problems and the possibilities of
experimental results on digital and scale models, of the limits and techniques for
appropriate simplified “analysis”, and finally the visual results of the designer’s

choices.

Therefore, this part of the study aims to cover briefly analytical and numerical
methods in shell analysis. There is a general theory relating to thin shells, developed
by Vlasov, 1951 (Calladine, 1983), to describe shell behavior. This theory consists
of elements of stresses and displacements, membrane theory of axisymmetric shell
geometry, application of membrane theory to axisymmefric, non-axisymmetric
loading, bending theory of cylindrical shells, the effect of ring stiffeners, and bending

theory of spherical and conical shells.

Shell structures can usually be analyzed by modeling a set of beams, arches, and
catenaries. Shell structures draw their strength from shape and not from the strength
of the materials used, and also can carry relatively large point loads. These
structures are very complex and carry forces along many paths. For any shell
structure, there will be a simple method of analysis that can be used to check the
more precise analysis. Stiffest path cncepts are useful in understanding shell
structures (Ketchum, 1997).

As an architectural application, shells came into the architectural conaur with thin-
shelled structures, a three-dimensional form made thicker than a membrane so that

it can not only resist tension as membranes do, but also compression. On the other
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hand, a thin shell is made thinner than a slab, which makes it unable to resist bend-
ing as a slab does. In short, thin shells are structures that are thicker than
membranes, but thinner than slabs (Calladine, 1983). The theory behind the concept
of thin-shelled structure made possible the experimental shell structures in

architecture that will be covered in the next part of this chapter.

A thin shell is a curved membrane that is thin enough to develop negligible bending
stresses over most of its surface, but thick enough not to buckle under small
compressive stresses. A thin shell dewelops under load membrane stresses, such
as tensile, compressive, and tangential shear. A thin shell is stable under any
smooth load which does not overstress it, since it does not have to change shape to
avoid the development of compressive stresses (Chattejee, 1988). Thin shells are
made out of materials capable of resisting compressive and tensile stresses, such
as metals, timber, and phstics. They are ideally suited to reinforced concrete
construction because of the ease with which concrete is poured or sprayed into
curved shapes.

In order to develop membrane stresses over most of its surface, a thin shell must be
properly supported. A proper support is one which:

- develops membrane reactions, i.e. reactions acting in the plane tangent to the shell
at the boundary.

- allows membrane displacements at the boundary of the shell, i.e. displacements
devebped by the strains from membrane stresses.

ff the support reactions are not fangental to the shell, or if the membrane
displacements are prevented by the support, the shell devebps bending stresses,
usually near the boundary, which are referred o as bending boundary disturbances.
If the shell shape and the support conditions are both chosen incorrectly, the shell
may develop bending stresses ower its entire surface. A shell designed in such a
way cannot actas a thin shel, meaning it does not support most of the load of the

membrane stresses.

Figure 3.20 illustrates that the influence of the support conditions on thin shell

stresses are given by the behavior of cylindrical barrel shell under its own dead load.
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When a long cylindrical barrel is supported at its end on stiff frames, it acts like a
beam of semicircular cross section and develops longitudinal stresses (f,) distributed
linearly across its dept, tangential shears (f,,) and hoop stresses (f,), which vanish
along its longitudinal boundary. The membrane stresses f, f, and f,,are capable of
carrying the load without the development ofbending stressesand lateral thrust. The
same barrel supported along its longitudinal boundaries acts as a series of identical
semicircular arches, and since the circle is not the funicular of the dead load, the
shell develops a trust and additionally hoop stresses (f,) bending stresses (f,) and
transverse shear stresses (f;,) all over its surface. Even if the longitudinally
supported barrel has a centenary cross section, which is a funicular for the dead
load, it cannot be funiaular for another load, and is bound to develop bending

stresses under loads such as snow.

Figure 320 Axial and shear forces in the shell elementunder axial load. (Source: Salvadori,
1982: 324).
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Figure 321 Axial and shear forces in the shell element under axial load. (Source: Salvadori,
1982: 324).

It is thus seen that a thin shell will act properly, i.e. will carry most of its load through

membrane stresses, only if it is thin, properly shaped, and correctly supported.

In general, membrane stresses are so small that in most cases the thickness of a
shell is determined by the bending boundary disturbances. Even so, membrane
stresses must be evaluated in oder to:

- determine where tensile stresses may devebp and provide adequate
tensile reinforcement if the shell is made out of an essentially compressive stress
and check buckling.

- determine the highe st compressive stress and check buckling.

- determine membrane boundary displacements and the bending stresses
devebped by their partial or total pre vention.

According to Billington, materials in standard thin shell theory are assumed to be
homogenous, isotropic, and lnearly elastic. Concrete is none of these, but
numerous experimental results havwe demonstrated that for working loads the
standard theory predicts short-term loading behavior. (Medwadodowski,1971)

3.3 Concluding Remarks of Chapter 3

As it is seen from the classification of architectural structures inspired from nature,
the tendency is using nature as a source of “form” and still in the infancy of the real
meaning of Biomimesis in architecture. Interestingly, Frei Otto who is one of the

innovative architects observing, experimenting and karning from nature and
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implementing those ideas to his designs naming this proaess as “‘form finding
process” and given the title to his book “‘Finding Form”.

All these structures namely, tree-like, web-like, skeleton-like, pneumatics and shell-
ike structures can be investigated for the discussions of nature-architecture
relationship and potentals of Biomimesis for next generation structures which
requires minimum amount of material and energy for maximum efficiency to avoids

excesses and overbuilding.

This process can be considered as “multi-dimensionality in the natural word”. In this
process every organism in nature avoids excesses and “overbuilding”, gains
maximum efficiency with minimum material and energy, recycles and finds a use for

everything, requires local expertise, runs on the sun and other natural sources of
energy, and uses only the energy and resources tat itneeds.
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CHAPTER 4

MATERIALS AND METHODOLOGY

In this chapter, the materials and metods used to carry out this study are
presented. For this interdisciplinary research, first of all a literature surwey was
conducted on the subject of “Biomimesis” to discuss how researchers in various
disciplines are leaming of various design concepts from nature. Afterwards, the
questions of “what is Biomimesis in archiiecture” in the light of examples from past
and present; and “what should be Biomimesis in architecture” for the next
generation of designs, are discussed. After noting the differences in inspiration
levels and leaming approaches in architecture and other disciplines, the missing
element was found to be the lack of methodology to be used. In the light of the
iterature survey, it was noted that a systematic approach with objective parameters
shoud have been developed to understand the potential of biomimesis in
archiecture. To exemplify the research question, it was decided © concentrate on
“‘shell” forms, which are common in both nature and architecture. Shells in
architecture, in which form, function, and structure take shape simultaneously, were

examined according to the era in which they were constructed.

For this research it was important b focus and set relatonships among rules of
mathematics/generation, form, function, structural behavior, and material properties
of a particular natural object to understand the potentials of Biomimesis in
architecture. It is believed that to parameterize those properties and understand the
relationships among them would help designers, as an “initial wise guess”, to create
new optimized forms/structures in architecture. lh organisms of complex forms in
nature this intent may be difficult to recognize. However, seashells are one of the
complex forms whose functions, in form and structure, are simple enough to be
approximated through mathematical relationships. Therefore, among the shell
structures in nature, the wiled seashell geometry, called Turitella Terebra, was
selected due © their manageable complex form, which has been an interesting
model for man-made structures and has been used as a strong form in art and
archiecture throughout history. As is evident in existing man-made structures, one
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structural system, known as the shell structure, expresses the concept of structural

forms similar to those of seashell forms in nature.

The research undertaken by the author in this study foaused on this problem, and

the following materials and methods are presented.

41 Materials

The materials used for this study can be listed as follows:

Vi.

Vii.

viii.

A literature survey ino the research domain, conducted at the libraries of
Middle East Technical University, Bilkent University, and the Istanbul
Technical University in Turkey, and in the University of Bath in the UK,
the thesis library of YOK", the online library of UMI digital dissertations,
online papersand published material obtained from the intemet.

A survey into the rehtionship between nature and ardcitecture. A
classification of structures found in nature tat have infuenced
architectural structures.

Studies into natural and man-made shells, a literature survey on the
origins and pioneering examples of man-made shells.

A brief biblogical study of seashells.

Doaumentation and analysis of 150 Turitella Terebra seashell specimens
from the muddy sands of the tropical region of the Indo-Pacific, obtained
from Miami, USA.

After the cutting, scanning, and measurement of selected seashells, a
mathematical study of shell geometry.

A survey on the mathematical properties of seashells and their
applications in architecture

A program, using the parameters of a scanned seashell, written in C++,
to reoonstuct the Turitella Terebra™. A surwey into the material

" The Council ofHigher Education of the Republic of Turkey.
2 Carried out in collaboration with Dr. Chris Wiliams and Alex Fisher, Department of
Architecture and Civil Engineering, University of Bath, UK.
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properties of different types of seashells and biomimetic studies on
seashell materials.

iX Structural behavior ftests on m@ndomly selected @t seashells.
Compression tests with an AGS-J Shimadzu 10kN-type machine™.

X. Finite Element Analysis Software (SAP2000)14 to repeat and compare
the analysis on actual seashells.

Xi. Statistical data, obtained from mechanical tests of sample space and
FEM tsts, to yield comparisons and analogical possibilies of man-

made

4.2 Methodology

In the field of architecture, there are several designs created by imitating/modeling
or drawing inspiration from forms in nature. It cannot be denied that most of the end
products of those imitation processes have become milestones in the history of
architecture due to their innovative form, structure, and construction techniques,
resulting in developments n many fields through the pioneering of many new and
successful designs. However, these successes have not gone beyond the visual

challenge ofan architectural form.

The implemenfations of the concept of Biomimesis in the field of architecture are
mostly observed in the design of forms/shapes. However, in this study, besides
those forms/shapes in nature, structural behavior and the optimized response to
intermal and external loads of these forms, together with their geometrical
configurations, are studied to provide a systematic for the design by nature and a

methodology for innovative structure design in archiecture.

The study followed the following procedure:
i- A literature survey was conductd in order to define the research problem
and to gain information about Biomimesis, Biomimesis in architecture, and

®Located in the Mechanical Laboratory of the Department of Metallurgical and Materials
Engineering, METU. Tests conducted with Dr. Caner Durucan and Gul Cevik, METE, METU.
The specimens were prepared and cutwith a high speed cutter at the Material Laboratory of
the Department of Architecture, ME TU.

¥ Sofware supplied by the Department of Architecture, METU .
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Vi

the optimization process of man-made products, highly concentrated on
architectural shell forms and structures

Focus on man-made shells and natural seashells to enable comparison.
Mathematical analyses on a number of selected and aut seashells to reveal
their generation rules and mathematical properties.

Research conducted at the University of Bath, UK, from June to September
2005. The research included a literature survey into the subject and
guidelinesof Turitella Terebra; developmentof re construction software at the
University of Bath, UK. Writing of Turitella Terebra reconstruction software in
C++, taking data from the measurements of an actual seashell. This method
is superior to those of previous researchers, who roughly abstracted seashell
forms.

Documenfation of a sample setof 150 seashells by taking photographs and
measuring the height, weight, whorl number, and base ratio properties of
each specimen. Afterwards, randomly selected shells were prepared for
mechanical tests and were re-documented.

The testing of 86 specimens using a 10 kN SHIMADZU AGS-Jtype Strain-
Extention Controller static machine o analyze compressive properties. The
data from this process is obtained through a program written in TRAPEZUM-
2 software, and all the data plotted in Microsoft Office EXCEL,2003.
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CHAPTER 5

CASE STUDY: (RE)DISCOVERING (SEA)SHELL ARCHITECTURE

The question of to what extent the limitations/borders of architecture have expanded
and the pofential new horizons for the next generation of architecture can be
answered through an analysis of the changing design paradigms; the development
in designs, computation, and manufacturing tools; and the amount ofavailable data,
information, and diverse processing methods. Together with the above, a potential
expansion of this discussion may be the concept of “Biomimesis in architecture”, an
approach to learn from the best ideas in nature for further innovations in
architecture. Asexplained in detail in previous chapters, many other disciplines have
raised such questions from the point of view of their particular field of interest, and
Biomimesis has been accepted as one of the new approaches for the changing

requirements of the new world.

One the most challenging sections of this study was to develop a system that could
help understand te large quantity of data coming from different disciplines, such as
biology, mathematics, and engineering, and transfer them to architecture. For this
reason a thinking cycle was accepted as a road map, which is a common method in
many disciplines: observe the real problem, collectdata and evaluate it to create a
working model, simplify the large quantity of data with a mathematical model
based on known mathematical theories, and improve that working model to obtain a
compufational model that can compute the data and ewaluat the results for
feedback.

This thinking cycle of the new era seems appropriate © understand the complex
forms and structures of nature, and then to explore the potential of Biomimesis in
archiecture. In the next step, to explore the potentials of biomimesis in architecture,
shells and then seashells are selected for the reasons explained in Chapter 3 and a
methodology is proposed o exemplify the argument of this thesis. The developed
methodology starts with an observation of seashells and their interpretations in art
and architecture. Then, the data collected from the selected and analyzd

seashells is evaluated in a logical way to create a mathematical model of the real
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problem. T his large quantity of data is simplified using non-dimensional parameters
to obtain a working model. This working model is improved to obtain a
computational model, which will compute the structural properties of the selected
seashell and evaluate the results for feedback.

In this chapter a systematic/an algorithm that should be followed in the analysis of
natural forms is presented on the example of seashells. For the purpose of how te
proposed method will be carried out is illustrated trough this dagram (Figure 5.1).
Detailed explanation of each decision/ flow chart step will be explained in te

sections given below.

v
» real model
observations simplification
-
feed back to working
the design model

[ 3

|
mathematical

ssults&synthesis
results&synthesis o)

w .
Cuinpru Lalivnal

model

Figure 5.1 Simplified computation cycle for learning from nature™

5.1 Observation of Shell Forms Inspired from Nature

In nature, most shells are rigid dwellings made up of dead tissue, having form,

geometry, and a supporting structure in which living creatures dwell. In this sense,

15Graphics drawn based on the discussions with Dr. Arzu GONENC SORGUG
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shells in nature are “architecture”. According to Hersey (1999) the word “shell” is
frequently architectural, stating that “many languages have these sayings and other
analogies; for example Conca, “shell” in Iltalian, also means ‘hich”in that language;
coquille, “shell” in French also means ‘house’; and, in German, “snail shell” is
Schne ckenhaus” (Hersey,1999: 42).

t was found in the literature survey that shells are among the most common and
most efficient structural elements in nature. Possibly for this reason, exampks of
shells in the morphology of nature are particularly abundant. Seashells, egg shells,
turtles, skulls, nuts, and the nests of some birds and insects can be included in this
category. Many artists have been inspired by the beauty, diversity, and form of
shells, and hence conwey them into their masterpieces. Similarly, throughouthistory,
some of the plan types, fagade elements, and omamentations in architecture have
been profoundly influenced by the geometry of these forms of snails, clams,
scallops, and other marine mollusks. Furthermore, many scientists have also
studied shell forms from mathe matical and geometrical points of view, in addition to

their material properties, for further studies.

It is believed that rapid dewelopments in material and construction technologies and
increasing computational power will allow further impkementations of man-made
shells, having high structural stabilities and the capacity to bridge larger spans with
minimum material, energy consumption, and sheltering characteristics, as can be
found in nature. Shell structures have the potential to be explored for new and
innovative designs in architecture, moreover seashells, which are accepted as a
demonstration of “multidimensional natural processes for the formation of structures”

will contribute to our present level of knowledge within the realm of Biomimesis.

In this context, this chapter is focused on “seashells’, to link the shells found in

nature © the shell forms in architecture through such aspects as form to geomeftry,
and structure to function. Starting from the ancient examples of these inspirations,
representative examplesof seashells in art and architecture are summarized.
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5.1.1 Interpretations of Different Seashell Forms and Spirals in Art and
Architecture throughout History

Throughout the ages, seashells have been an object of ingpiration and have held a
prominent place in many cultures. The oldest known examples of the seashell in art
are found in the cave paintings of France and Belgium, says Senosiain, who adds
that the Americans, Mayas, Toltecs, Aztecs, and Incas used shells as symbols,
tools, musical instruments, money, ornaments and jewellery. In the archaeological
digs at many ancient sites, many remains of shell forms, such as omaments, have
been found (Senosiin, 2003). Phoenicians, Greeks, and Romans used the shell
shape as part of teir building design and decoration (Hersey, 1999:43), and similar
examples have been found in Anatolia and Africa. Renaissance Europe embraced
endless architectural shapes enriched with decoorative elements associated with
these creatures (Senosiain, 2003: 53).

it can also be seen that seashells have bng been a subject of interest in the
paintngs of artists. For example, “The Birth of Venus” by Botticelli (1484) was
created according to classic mythology, in which a girl appears on a seashell
symbolizing being bom from the sea. As the story goes, the delicate droplets of
water that rolled gently down her body fell into the shell, creating beautifully formed
pearls™ (Figure 5.2). During the Rococo style of the 18" century, the seashell
appeared in diverse arts, carefully and fancifully wrought with great imagination.
During the period of Flemish Baroque, Rembrandt painted molluscs with great
precision, beauty and naturalness (Cook, 1979). Miro and Picasso created paintings
in which seashells were the main subject. Henry Moore sculpted pieces with shapes
that announced the prolific presence of molluscs . Agan, it is obvious that
Leonardo da Vinci was aware of the aestetics found in seashells, namely
Ammonites (Figure 5.3).

® WebMuseum Paris The Birth of Venus http:/Www m arbled assics.com/artist-botticelli-birth-
venus-art.htm

7 Molluscan Art, Architecture and Art Formshttp:/Awww.m anandm ollus c.net/links_art.html
lastaccessed on Nov 2005
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Figure 52 The Birth of Venus, Sandro Botticelli, (Source: hitp /www.ibiblio.org/wm/paint/

auth/ botticelli /venus/venus.jpq).

Figure 5.3 Seashell abstractions byLeonardo da Vinci (Source: Cook, 1979:36 3).

Inspiration from seashells has continued into paintings from modern times, such as
studies by Dimitri Mytara™, Uriy KakicheVv®, and Mogilevsky Konstantin®. (Figure
54)

18http://www.ae geanshells .gr/painting .htm
® http://www.painting ofrussia.com/
20http://www.artgallery.com ua/bigpicture php ?Artist=1&ID=01 1&Ing=eng
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Figure 54 Seashells in modern painting (Source: :
php ?Artist=1&ID=011&Ing=eng)

From an architectural pont of view, the balance between form and structure
synthesized in the mollusk’s shell represents a stimulating challenge for architects.
For practical reasons its characteristics have been adopted as principles for
buiding; as in the compressed vault and the curved structure, a prevailing element
in Roman, Byzantine, Romanesque, Gothic and Renaissance architecture
(Senosiain, 2003, 50). Moreover, in the history of archiecture, the ages of te
Baroque and Rocoo can be considered as the beginning of seashell intepretations
in architecture. Those years coincide with the first systematic studies n mollusk
classification by Georges Cuvierin 1799 (Thompson, 1992;177).

Studies into the “spirals” found in shells were also a source of inspiration for
architects. So common were Archimdian and Equiangular spirals in architecture that
these forms can be seen in lonic, Corinthian, and composite capitals from ancient
Greece and from Rome, throughout the Middle Ages, and nto modem times (Cook,
1979). (Figure 5.5)
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Figure 55 Seashells and columns (Source: Hersey, 1999)

Similarly, seashells have inspired many architects in the design of stairs in their
buildings. According to Cook, who devoted chapters of his book to spiral stairs,
“Saint-Etienne-du- Mont, Paris, the two right handed helical staircases are perhaps
France’s most flamboyant architectural spirals”. Steeply wrapping their columellas,
and of symmetrically reflective handedness, they circle upward to a horizontal bridge
across the church’s nave (Figure 5.6). It is clear that, these shapes in seashells
fascinated also Leonardo da Vinci while designing his double helix staircases in the
form of a double snail (Figure 55). This kind of seashell-like staircase was common
in multi-storey buildings where stairs were needed throughout the medieval and

early Renaissance architecture (Cook, 1979).

According to Hersey (1999) the word “shell” is frequently architectural, stating that
‘many languages hawe these sayings and other analogks; for example Conca,
“shell’ in lfalian, also means ‘hich”in that language; coquille, “shell”’in French also
means *house’; and, in German, “snail shell”is Schneckenhaus”(Figure 5.7). When
the last century’s architecture is considered, Gaudi incorporated the spiral line into
his columns, stairs and towers. Le Corbusier designed a museum with a spiral
shape and continuous growth. Bruce Goff defned the structure of Bavinger House
with a long stone wall forming an ascending bgarithmic spiral (Cook, 1979).
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Figure 5.7 Examples from seashells in architecture (Source:Hersey, 1999; 53-56)

Certainly the most well-known architectural design-based seashell inspiration is the
Guggenheim Museum by Frank Lloyd Wright. The building rises as a warm beige
spiral and its interior is similar to the inside of a seashell. The architect spenta great
deal of time studying molluscs, and designed a continuous living space in harmony
with structure and form; one style, one color and just one material (Figure 58).
Wright expresses his thoughts on seashell architecture as follows: “...the dwellings
of these primarily lives of the sea are the houses we lack; it would be like living in a
beautiful and naturally inspired way. Observe the innate capacity for invention
revealed in this colection of minute residences built by hundreds of small, natural
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creatures. Each one has built its own house with a lowely, unmistakable variation
that will never end...” (Heinz, 2000)

Figure 58 Inner and outer spaces of Guggenheim Museum by Frank Lloyd Write (Source:
Senosiain, 2003)

Kenzo Tange built Olympic Games Stadium in Tokyo by drawing inspiration from the
seashell structure. In its interior the primeval form of the tent takes on a fantastic
new dimension, and its exterior has the dynamic tension of a seashell.

Another important example is the famous Opera House in Sydney, designed by
John Utzon. Giedion? explains that “.the architect solved the vaulting problem by
use of a sequence of ten great shells, rising up to sixy meters over the Opera
House. The foldhg wings of each of these giant shells (erected without use of
scaffolding) tilt over a single section of the complex, each closed by a concave glass
wall designed to be spatially sucked up into the vault”. Sydney author Ruth Park
wrote about the Sydney Opera House in 1973: “..to walk info the Opera House is to
walk inside a sculpture, or perhaps a seashell, maybe an intricate, half-translucent
nautilus. Momphology and the computers have composed a world of strange

breathless shapes, vast, individual, quite unlike any other architecture | have ewer

21 Sigfried Giedion, Architecture of the 1960's: Hopes and Fears
http://www .arch.columbia.e du/Projects/C ours es/Image schemata/giedion .html

84



seen...’””. Although these shells are unsuccessful in many aspects, such as in

construction and economy, the importance of those shells may be based on the
involvement one of the “earliest uses of computers in structural analysis” in order to
understand the complex forces the shells would be subject o (Jones, 2006).

Figure5.9 Shells of Sydney Opera by John Utzon (Source: Senosiain, 2003)

The Community of Christ temple was designed by Gyo Obata (HOK), Missouri
(1994), and ewkes the spiral shell of the Turitella Terebra, with a stainless steel
spire that raises nearly 90 mefers (Chiat, 2004, 72). To create this extraordinary
shape architects wrote a computer program to produce the spiral, and then refined
the shape (Figure 5.10). The aim of using such a complex spiral as a metaphor was
probably b raise the sky like a heavenly object, and to create a feeling of eternity

inside the space. Again in this example the spiral form executes the architectural
meaning and function.

22 Sydney Opera House htip:/www.s ydneyarchitecture.com
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Figure 5.10 Inner and outer spaces of Com munity of Christ by HOK (Source:Chiat, 2004 )

Figure 5.11 Sage Gateshead cultural center by Foster (S ourcewww .fosterandpartners.com)

Foster and Partners designed a performing arts centre, he Sage Gateshead, n the
UK. The building is created with a cross-section that resembles the geometry of a
seashell, and was deweloped using specializzd parmamefric modeling software. The
complex toroid geometry of the enclosure was rationalized to allow a repetition and

standardization of the construction elements (Figure 5.11).

There hawe also been a number of researchers that have studied seashells and their
spiral forms to facilitate the form finding processes in architecture. For example,

Jirapong discovered seweral architectural forms using matematics that “modeled”
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seashell geometry. He asserts that the qualities of these types of architectural
spaces are very convenient to human nature fom a psychological point of view
(Figure 5.12).

Figure 5.12 E xperimental shell architecture by Jirapong (Source: Jirapong, 2002)

The applications and researches in contemporary architecture which are inspired
from seashell geometry and spirals, or from the spatial properties of these structures
may be greatly expanded. Howewer it is believed that the mentioned examples,
starting from the early periods of architectural history, are the best examples of how
architects have been inspired by the forms of seashells and spirals in nature. In
addition, it is worthwhile mentioning these end products, as they have already been
recognized as among the best buildings of their era. Furthermore, it is possible to
find clues from these examples to answer the question ofhow the next generation of
shells will be designed.

5.2 Analysis of Seashells and Seashell Geometry

In mane made structures, structural behavior of a shell is derived directly from its
form, thus when designing a shell-like structure, the fundamental consideration is

the choice of geometry. This not only dictates the esthetics, but also the overall

efficiency and behavior under load of the structural system.
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As can be seen from the examples, the seashell form has an important impact on
architectural form. The geometric structural and spatial features of seashells have
influenced architecture throughout history. It is believed that the analysis of a
seashel’s morphology and an understanding of teir geometrical properties will
provide designers when it is examined in a systematic way while designing a shell
structure resembling those in nature.

Actually, the seashell exhibits various interesting propertes, from its material
properties to its structural efficiency, from patem to wlor. All these properties are
interrelated to the shape of the seashell. For further investigation of seashell
geomefry, a general knowledge about the biological properties of seashells is
required (Related documents are available in Appendix 1), and an understanding of
their mathematical properties. In this regard, approaches to the mathe matical study
of seashells will be reviewed from related literature in the Pllowing section. Finally,
the mathematical properties of the selected seashell, namely Turitella Terebra, will
be examined. For this research, it is important to reveal how the complex geometry
of a seashell, which affects its overall shape and structure, can be
simplified/abstracted, and explained through the use of mathematical rules to

devebp a mathe matical model, and then a computational modelof seashells.

5.2.1 Mathematical Studies on Seashell Geometry

Historically, mathematicians have come up with methods for describing curved and
fractal geometry in nature, such as the logarithmic spiral of the mollusk shell, the
closest packing arrangement of bees, and the branching structures of wing
membranes and trees. Mathe matical ratios have been used to represent and predict
the harmony, consistency, and proportion of that plants, animals and physical matter

show in growth and movement.

In coiled seashells, growth generally takes place at the rim of the aperture, which
expands as the shell grows while the overall shape of the shell remains the same.

Based on this knowledge, one can theoretically trace back each point on the rim

88



through successive earlier growth stages to the apex, which is the oldest part of the
shell (Figure 5.13). Normally gastropod shell forms consist of a conical tube that
forms a coiled structure of one or more revolutions of whorls (Moore, 2001). Early
naturalists recognized that this shell curve is similar to the form of a particular kind of

spiral, known as the logarithmic orequiangular spiral (Thompson, 2001).
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Figure 5.13 Shell parts (Source: Brusca, 2002:722 )

The logarithmic spiral can be used to understand the generation model of seashells.
It is a mathematical curve which has the unique property of mainfaining a constant
angle between the radius and the tangent to the aurve atany pointon the curve. ltis
also known as an equiangular spiral and can be ilustrated using the polar
coordinate system (Figure 5.14). The position of a pointon the curve is determined
by two values; r, which is the distance from the point to the origin of the coordinate
system; and 6, which is the angle between a radius and the horizontal line o te
right of the origin. T he general equation of the logarithmic spiral is (Seggem, 1990):

r= ag 9@t (1)

where a is a constant radial distance from the origin of the coordinate system o te
beginning of the spiral; a is the constant angle between the radius and a tangent to
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the curwe; and e is the base of the natural logarithmic (€=2.72). In the logarithmic
spiral of the coiled shells the whorl continually increases in breadth at a constant
ratio. Each ratio is broader than its predecessor in a definite ratio when measuring in
the same angle of radius.

Figure 5.14 X-Ray view of ashell (Source: Conklin, 1985) and its logarithmic spiral (Gyorgy,
1981)

5.2.2 Modeling Approaches on Seashe Il Ge ometry

The first attempt to define a spiral mathematically was the logarithmic spiral by
Descartes in 1638 (Meinhardt, 2003). Since then, several studies have been carried
out in several disciplines, such as mathematics, biobgy, and paleontology, to
understand and decipher the relations of these compkex forms. Starting with
Moseley (1838) many investigators have foaised on the curves of the seashel and
their mathematical properties. He was followed by many researchers, such as
Thompson (1942), Raup (1961, 1962, 1965, 1969), Kawaguchi (1982), Cortie
(1989), lllert (1983, 1987, 1989, 1995), Dawkins (1996), and Fowler (1998)
(Meinhardt, 2003), among oters, who outlined a number mathematical relations
that control the overall geometry of seashells. In their studies and models, the
logarithmic spiral was used to model the natural growth and self-similarity

encountered in these forms
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The theoretical seashell morphology can be traced back to the work of Moseley,
who derived equations for calaulating the volume, surface area, and center of gravity
of planispiral and trochospiral shells. Thomson presented some measurements of a
wide variety of taxonomic and functional shel types and showed their conformity

with the logarithmic spiral (Thompson, 1992). (Figure 5.15)
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Figure 5.15 S eashell modeling parameters by Thompson (Thompson, 1992:192)

Another important study that parameterizes the growth of seashells was realized by
Raup, who is known as the pioneer of computer modeling of shell morphology with
the application ofdisplaying shell shapes using a computer. In his first paper on this
topic he introduced dimensional plots of longitudinal cross-sections of shells as a
blueprint for manually drawing shell forms (Raup, 1961). He then extended his
model to three dimensions (Raup, 1965) and visualized shell models as stereo pairs
to emphasize the three-dimensional construction of the shells (Raup, 1969). His
models were plotied asa collection of dots and lines.

Raup described the geometry of seashells using three parameters, which he called
whorl (rate of expansion of the generating curve), distance (relative distance
between the generating curve and axis of coiling), and translation (the change of
the cone’s movement along an axis with respect to the whorl). The working strategy

of the Raup method can be summarized as: the spiral rotates around a fixed axs,
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which always remains geomeftrically similar to itself. Then, to create the shape of the
seashell, a generating curve rotates around the spiral, increasing its size as it spirals
down. Finally, any dimension of any seashell can be found by one of three
parameters. Due to his parmametric apprach, Raup’s model is still accepted as one

of the most effective seashell models in literature.
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Figure 5.16 The parameters controls shell geometry (Source: Raup,1965).

Figure 5.16 by Raup illustrates te effect on the overall shell geometry for changes
in these different parameters, using an ellipse as the whorl cross-section. Howeer,
it is clear from observations of actual shells (Figure 5.21) that the cross-section is
more complex than the input that the three parameters allow. In the pursuit of
realistic visualizations, Kawaguchi enhanced the appearance of shell models using
filled polygons which represented the surface of shells more convincingly than line
drawings. Similar techniques were used subsequently by Oppenheimer (1986) and
Prusinkiewichz and Strebel (1986). A different approach was adopted by Pickover
(1989) who approximated shell surfaces by using interpenetrating spheres. lllert
(1989) introduced Frenet Frames (Bronsvoort, 1985) o precisely orient the opening
of a shell. His model also captured a form of surface sculpture. Cortie (1989) studied
the patem forms on the surface of the shell model. Finally, the model of seashell
geometry by Fowler et al. (2003) was similar o that introduced by Raup, and was
the first to implement free-form cross sections using a Bézer curve (Farin, 2002
Rogers, 2001) as the input. All the above studies foaused on modeling te
appearance of the shell surface.
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After examining all these approaches, it is seen that each can be considered as a
milestone for their era, as each model reflects the observaton and tools of
measurement, modeling and tchnologies of the time. Thus, in all these approaches
seashells were modeled as a singke surface, as a two-dimensional object, and
embedded in three-dimensional space. Today, such modeling research should be
carried out employing observation tools, knowledge, information, and computational
technologes to the maxmum exent. For this reason, in this research a
mathematical model is developed that can be transformed into a computational

model for further studies.

As it is mentioned, available seashell models were constructed according to some
abstractions and assumptions with in the range of information researchers have. In
this research much work has been done to accurately model the cross-section of the
shell, showing the thickness of the shell wall and the complex solid volumes that are
formed down the intermnal spine. As described abowe, shells as a structural
mechanism are incredibly sensitive to variations in geometry. These models were
not sufficient to understand how varying curvilinear affects the overall strength of the
seashell, and it was therefore essential for this research to create a method for
generating a computational model for seashells that included the actual generating
curve and thickness of the seashell, thus providing a model which can form the
basis for a three-dimensional structural analysis. The following section explains the

mathematical and the computational modeling process of the selected seashell.

5.3 Computational Model Developed for the Coiled Seashells

The surface of any shell maybe generated by the revolution about a fixed axis
of a cdosed curve, which, remaining always geometrcally similar to itself,
increases its dimensions continually. [...] Let us imagine some characterstic
point within this dosed curve, such as its centre of gravity. Starting from a
fixed origin, this characteristic point descrb es an equiangular spiral in space
about a fixed axis (namely the axis of the shell), with or without a
sim ultaneous movement of translation along the axis. The scale of the figure

increases in geometrical progression while the angle of rotation increases in
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arithmetical, and the centre of similitude remains fixed. [...] The form of the
generating curve is seldom open to easy mathematical expressions
(Thompson, 1992 Chapter VI).

The first studies were intb the concept of 3D spirals, the so-called “helix’ in
Cartesian coodinatt and polar coodinate systems. (Figure 5.17) According to
Chris Williams, the natural description of shell shapes may be given in £rms of a
generating spiral and the shape of the opening, generatng curve or section. Firstly,
a simple computer program was written that incorporated a simple function
describing the geometry of a seashell. The parameters of the program were similar

to the Raup’s model (Figure 5.17).
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Figure 5.17 3D spiral in Cartesian coordinate and polar coordinate systems
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The proposed parameters of the program are:

S: Section; Shape of the aperture or shape of the shell's tube cross section

H: Horizontal Displacement; Departure from the coiling axis of the section in the
horizontal direction

V: Vertical Displacement; Translation along the vertical direction of the coiling axis

G: Growth: Aperture expansion or the rate of increase of section size

<
-
L 2 ]
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v4

+—— coiling axis

aperture

Figure 5.18 P roposed seashell param eters

The generating curve, section is accepted as a circle, and the growth path as a
logarithmic spiral (Figure 5.19). The results with changing parameters are shown in
Figure 5.19 and Figure 5.20 n a wire frame view, generated by rotating the circles
along the axis of the spiral. The end product of the program is a drawing file (dxf)
comprising 3D surfaces which can be fed into all CAD and CAM software. The
number of surfaces can be controlled © obtain a more or less smooth logarithmic
surface.
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Figure 5.19 Abstracted seashell models developed by the author

Figure 520 Abstracted seashell models developed by the author

This simple program was not sufficient to model the selected seashell of this
research. As mentioned before, the generating aurve of the seashells has a more
complex geometry than the circular abstractions. For this reason a wide research is
conducted on the geometry of the Turitella Terebra o understand the actual form
and structure of the shell (Arslan Selguk, 2006). The first stage is an analysis of the
mathematical properties of that particular seashell, followed by the design of an
algorithm to create its mathematical model.
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5.3.1. Mathematical Analysis of the Selected Seashell: Turitella Terebra

All coiled seashells are formed in nature by growth at the shell’s free keading edge
and a surface of revolution formed along a spiral path about the shell’s axis. Their
increase in overall size is achieved purely from the successive addition of material to
one end only. From an inspection of actual seashell cross-sections, the older
previously-formed parts of the shell remain, on the whole, unaffected and
geomefrically unchanged once produced (Arslan Selquk et al, 2005) (Figure 5.20).
The surface of the shell is determined by a generating curve, in section, sweeping
along the above helico-spiral. The generating curve is of constant shape, but
increases in sizz by a constant ratio as the section sweeps the aurve. The size of
the section increases as it revolves around the shell axis. The shape of section
determines the profie of the whorls and of the shell opening. The impact of section
on the shape of a shellis shown in Figure 5.21.

Figure 521 Cut cross-sections of a selection of seashells found in nature (was being cutin
the Ceramic Laboratory of Department of METE, METU)
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For this reason, an understanding of the geometrical model of Turitella Terebra
begins with the analysis of the “section”. A number of samples were cut vertically
with a high speed cutter at the Material Laboratory in the Department of
Architecture, METU. A set of numerical data was obtained from te cut shells. As
seen from Figure 5.22, the shell grows with some constant coefficients. To clarify
this coefficient some dimensional parameters were listed, such as height, base
diameter, number of coils, distance/displacement between each generating curve in
the vertical and in horizontal, as in Table 5.1, to enable understanding of the
numerical relations of the shell. These parameters were entered info the program,

thus modeling the Turitella Terebra.

Figure 522 Geometrical analysis of the vertical section of Turitella Terebra

As seen from the Table 5.1, there is an always constant coefficient which defines
the growth of seashell. ForTuritella Terebra these coefficients are; 1.20 for the area
of each sequential whorl, 1.10 for the circumferences of each sequential whorl,
1.16 for the \ertical displacement, and finally, 1.16 for the horizontal displacementof
whorl.
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Table 5.1 Coefficients found in the vertical section of Turitella Terebra

area K Circumference  k  vertical displacement  horizontal displacement
o | RS lpan. | 254 | 1.09 o | 1.15 i | 1.15
heslisbicatl e 5 1 T i | 1.10 ek 1147 i 1.18
whorl03 . 3385 122 210 | 1.10 63 | 118 22 1186
e | TS gy | T | 1,00 i | 147 19 1,18
whord5 . 2321 | 1.49 174 | 1,09 46 . 16 1.15
whorlQ6 | 1948 121 159 | 1.10 | 14
whorl07 1596 1 1.20 144 | 1,00 Fi 117
whorl08 . 1320 | 1.20 131 | 1.10 B7 | 115
WHEnS | s 11.20 | e | [ = | 1.186
whor 1o . HD 1120 108 | 1.09 = 1]
whaorl11 749 99

5.3.2 Mathematical Model of Turitella Terebra

Previous studies into seashell modeling have set out parametric rules to define te
abstracted shell form; however the approaches of the researchers failed to generate
forms that exactly replicated the seashell in nature. In particular, the section
parameter brought forward by Raup was not sufficient o model the species n te
natural world, and that was why Fowler designed his model according to a cross
section, which would generate the closest shape of the seashell by logarithmic
spiral. However, his model was also notadequate to model the seashell selected for
this research, which is looking for the form-structure relationship.

For tis reason it became a requirement to write an algorithm to create a
mathematical model that takes its parameters from a real cut Turitella Terebra. A
parametric model of the shell was set up using the cross section of a single whorl as
the input. In a similar approach o Fowler etal, (Fowler, 1992) the shape of a single

typical whorl was defined as a B-spline, which can be used to approximate a smooth
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curve from a small set of control points (Farin, 2002-Rogers, 2001). Figure 523

shows a B-spline oforder five, and its control polygon.

Figure 523 Atypical B-spline and its control polygon

The surface of the shell is determined from a section created with a B-spline,
sweeping along the abowe helico-spiral. The section takes its pammeters from te
whorl of the cut shell. Therefore, the main apprach in modeling the solid cross-
section of the Turikella Terebra was to first generate the internal whor surface,
which forms the cavity in which the gastropod lives. A portion of this surface could
then be offset defining the outermost surface and the thickness of the shell (Figure
5.24). The volume between these two surfaces would then form the geometry of the

solid material which forms the shell.

Figure 524 The outermost surface of the s hell

From the definition of a B-spline the curwe is parameterizzd along its length, with
respect to parameter p with a range of 0 < n<1.0.u = 0 and 1.0 refer to the start
and end of the closed loop respectively, whilst the point u = 0.5 is half way around

the length of the curve. Between the values pg, = 0 and pjq, the whorl B-spline is
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offset by a given thickness to form the outer surface of the shell. This was the first
assumption for the model that shells cross section has a constant thickness. The
outer surface is parameterized between ¢pegin aNd deng. A single whorl cross-section
in its local coordinate system is illustrated in Figure 5.23 and Figure5 24. The ribson
the external shell surface, as illustrated kter in Figure 5.29, is generated by
superimposing a sine-based function onto the surface normal component of the
position vectors. This was the second assumption to define wave function on the

surface of Turitella Terebra.

Figure 525 The points controlling of generating curve from scanned cut shell

The shell surface geometry is defined using cylindrical polar cordinates (r, 6, z),

which can be expressed in terms of Cartesian coordinates (x, y, 2):

x =rcos@
y =rsin @ (1)

zZ=Z

Similar to the models of other researchers, the modeling of a shell surface starts

with the construction of a lbgarithmic helicon spiral (H) (Coxeter, 1961). It has te
parametric description of:

o=t,r=rg' , =z, (2)
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The path along which a shell’'s whorl cross-section follows is a logarithmic spiral,
and it is the geometric propertie s of this curve that define the overall geometry of the
shell. A logarithmic spiral is a curve which forms a mnstant angle between its
tangent and radius vector at any point. Hence, logarithmic spirals have te
altemative name of equiangular spirals. Figure 5.26 illustrates the constant A, which

defines the rate of spiral forany such curve.
¥

Figure 526 Geometry of the logarithmic spiral.
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Figure 527 Construction of the shell surface

The relationship between any two points on a logarithmic spiral can be described by

the formula below:

tanl:lﬂ (3)
0

7
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giving

thanA :L (4)

3

where ryis the radius at 6 =0.

From observations made of real seashells, the growth rings, which correspond to
the whorl cross-section, are not radial and do not even lie in one plane, but are
rather curves in three dimensions. This means that the shel’s rate of spiral, A, as
previously illustrated, is required to be such that the point ¢4, ON the current
leading edge cross-section must lie coincident with ¢.q On the preceding section
after slightly less than one revolution about the major z-axs, i.e. A6 = 27 - 6;4,, s

illustrated in Figure 8 and expressed in the following equation (5):
r(09¢end ) = r(9 + 277: - ejoin ’ ¢begin ) (5)

Thus A is controlled by the relationship:

0,0 )

i
%

where:
A =rate of spiral constant
r, =radius to point ¢,
r =radius to point ¢

0j0in = exhlﬁ at pomt ¢join

The growth constant is applied to the whorl by transforming its coordinates using te
formulae below, based on the cylindrical polar coordinate transformation (equation

(1)
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Figure 528 Geometric relations of the shell surface

Figure 5.28 illustrates the sequential increase in size of the cross-section, starting
from an infinitesimal size at the origin. The shape of the whorl, the value of ¢, and
the offset thickness are all parameters easily measured from actual seashell cross-
sections, and itis from these inputs that the whole three-dimensional shell geometry
can be generated. Figure 5.29 and Figure 530 shows a well defined crmelation
between the real natural seashell on the kftand the computer generated modelon
the right. While designing the modeling process of Turitella Terebra, it was important
to answer three questions: firstly, the question of “precision” of a model was
important while reconstructing a natural object. It is believed that precision will affect
the results when analyzing the structural behavior of the selected natural structure.
This problem is achieved with the section formed by B-Spies. Secondly,
computational cost is considered related o the precision of the model. A moderate
number of 3D surface elements are used for the matematical model. Thidly, the
compatibility of the model for finite element analysis of that particular structure was
important. It is believed that all these concems were satisfied with this model.
Finally it is important to highlight that the generated algorithm abowe is flexible to
explore different type of coiled shells by changing the parameters shown in Figure
5.18 and Figure 5.25.
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Figure 529 Scan of the seashell found in nature (eft) computer generated shell model (right)

by the algorithm developed for this research.

Figure 5.30 Demonstration of the flexibility of the program to experience different coiled

seashell foms.
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The generated program/algorithm can be explained briefly as a pseudo code;

1. Open splinedata.txt file and read the parameters for the inner B-spline;
- read control points gathered from the cut shell,
- read u-begin, u-join and offsetdata
- read verticaldisplacement (k)
- read horizontaldispbcement (theta)
- read numberofwhorls (m/n)

2. Calculate closed internal B-spline
function=exp(theta*tanlambda);
XValue=function*(xCurve[j][0]*cos(-theta+xCurve[j][2]));
yValue=function*(xCurve[j][0]*sin(-theta+xCurve[j]2]));
2Value=-function*xCurve[j][1];

xCurvel[j][0] = scaled r value fora generating curve
xCurvel[j][1] = scaled z value fora generating aurve
xCurvel[j][2] = scaled theta value for a generating curve

3. Calculate the offset between internal closed B-spline and extemal open
B-spline according to u-join and offsetvalue

if(j==1)offset=2*offset;
if(i’>1) scake (offset)

4. calculate the growth constant from

tani:lﬂ

rdo

[}

which describes the relation between “©”and any “r” (theta is the angle of
the logarithmic spiral and r is the radius of the logarithmic spiral)

5. generate inner surface
for(i=0;i<=m;i++)

theta=(2.0*P1)/(1.0"n);
for(j=0;j<=n;j++)

phi=(2.0%*P1)/(1.0*n);
/lgenerate inner surface values

Ai]j]=xValue;
Viilil=yValue;
Fi][]=zValue;

6. Draw inner surfaces to she ll. dxf file
void DrawDXFSurface(void)

Turitella <<"0\n3DF ACE\n8\n"<<Layer<<"n";
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Turitella <<"10\n"<<xiJ[j]<<"\n";
Turitella <<"20\n"<<y[i][j]<<"\n";
Turitella <<"30\n"<<Zi[[j]<<"\n";
Turitella <<"11\n"<<xif[i+1]<<"\n";
Turitella <<"21\n"<<y[i[[j+1]<<"\n";
Turitella <<"31\n"<<Zi[[+1]<<"\n";
Turitella <<"12\n"<<x[i+1[j+1]<<"\n";
Turitella <<"22\n"<<y[i+1 Jj+1]<<"\n";
Turitella <<"32\n"<<Z[i+1][j+1]<<"\n";
Turitella <<"13\n"<<x{i+1J]<<"\n";
Turitella <<"23\n"<<y[i+1 J[]<<"\n";
Turitella <<"33\n"<<Zi+1][]<<"\n";
Turitella <<"62\n"<<2<<"n";

~N

. calculate the external open B-spline and add the sine wave component
norm special to Turitella Terebra

for(i=0;i<=m;i++)

{
theta=(2.0%*P1)/(1.0*n);
for(j=0;j<=n;j++)

{
phi=(2.0%*P1)/(1.0*n);
/lgenerate outer surface values
Ai][]=xValue;
ylill]=yValue;
Fi]]=zValue;

8. Draw outer surfaces to shell. dxf file

void DrawDXF Surface(v oid)

{
Turitella<<"0\n3DFACE\n8\n"<<Layer<<"\n";
Turitella <<"10\n"<<xi][j]J<<"\n";
Turitella <<"20\"<<y[i[[j]<<"\n";
Turitella <<"30\"<<Zi][j]J<<"\n";
Turitella <<"11\n"<<xi][j+1]<<"\n";
Turitella <<"21\n"<<y[i][j+1]<<"\n";
Turitella <<"31\n"<<Z[i][j+1]<<"\n";
Turitella <<"12\n"<<x[i+1][j+1]<<"\n";
Turitella <<"22\n"<<y[i+1][j+1]<<"\n";
Turitella <<"32\n"<<Z[i+1][j+1]<<"\n";
Turitella <<"13\n"<<x[i+1][j]<<"\n";
Turitella <<"23\n"<<y[i+1]j]<<"\n";
Turitella <<"33\n"<<Z[i+1]j]<<"\n";
Turitella <<"62\n"<<2<<"n";

to‘\f-'

. Write successful termination message :
cout<<"\nDXF file written, end of program\n"

10. Terminate the program
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5.4 Behavioral Analysis of Seashell(s)

In the world, both natural and man-made objects express themselves with their
specific forms, all of which have to withstand the forces to which they are exposed.
The consistency that confers this capability is the structural capability inherent in its
form. To withstand those forces, the intemal mechanical action that operates inside
each structural form is activated. According to Mainstone (2001), understanding the
basic concept of his process, called the “flow of forces”, is a major achievement for
the economy of the structural forms (Mainstone, 2001).

The flow of forces does not present problems, since the object form and structure
follows the direction of the acting forces. However, when the flow of forces and the
structural form are not acting together, the structure collapses. This normally occurs
in man-made structures in which the form is delineated in order to serve a particular
function and is frequently contrary to the natural flow of forces. Both natural and
man-made structures affect a redirection of oncoming forces to preserve a definite
form that stands in a definite relation to the function. Both types of stuctures
execute this relation identically on the basis of the two principles: flow of forces and

state ofequilibrium (Thompson, 1992).

From this viewpoint, forms and structures in nature are examples for leaming about
the harmony of functions, forms, structures, and materials. As stated previously, a
colling seashell, in this case Turitella Terebra, has been selected for the
investigation of these properties of natural structures. The seashell has been an
interesting natural model for man-made structures throughout architectural history.
As is evident in existing man-made structures, one structural system, known as a
shell structure, expresses the concept of structural forms similar to the seashell
forms in nature. This system is well defined and has been discussed in many

classifications of man-made structural systems.
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This section of the study investigates the structural behavior of the selected
seashells’ geometry to understand the relationships between height, base ratio,
whorl numbers, and the load they resist. For the analysis of a complex structure,
there are two methods commonly implemented among engineers and researchers:
physical structural model analysis and digital structural model analysis. In this study
both methods are used. Firstly, compression tests of 86 selected specimens from
150 Turitella Terebra are carried out, and then the same tests are applied in te
digital environment on the digital models of the Turitella Terebra, as explained in the

previous part.

There are some limitations gowerning the structural analysis of a seashell in this
research due to factors associated with the form and the structure of the seashell,
as most of the equipment in mechanical laboratories and the analysis approaches
progmammed n FEA software are designed © accommodate conventional
orthographic forms i.e. columns and beams. Hence, 86 seashells and their digital

models undergo preparation for these tests.

5.4.1 Analytic and Numerical Properties of Turitella Terebra According to

Basic Shell Theories

There are several definitons and theories explaning shells and shell behavior, as
covered in Chapter 3. According to Viasovs widely accepted theory Turitella
Terebra is “a thin shell”, being that the thickness of the shell is “thin” with respect
to the thickness of other elements in the shell, and that it is a curved surface, thin
enough to develop negligible bending stresses over most of its surface, while being

thick enough not © buckle under small compressive stresses.

Among the many interesting aspects of the shell in technology, engineering, and
architecture, one stands out as being of utmost importance: the shell form is shaped
according to the loads that it is exposed to (Zannos, 1987). From this respect one of
the most important shell definitions, considering the overall structural behaviors of

implemenfatons n architecture, was brought by Heino Engel (1997), who classifies
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the existing man-made structural systems into five main categories: form-active,
vector-active, section-active, surface-active, and height-active. In this sense, similar
to other seashells, the Turitellh Terebra has a form-active behavior with respect to
its geometrical properties; but can also be conceived as a surface-active structural
system according to its load bearing behavior. Furthermore, after close observations
of vertically cut shells it can be claimed that this type of coiling shell is a section-
active structure due to the owerall strength arising from the shape of the generating

curve.

Melaragno (1991) classified man made shells as, barrel shells, spherical domes,
conidial shells, cantilevered shells, and hyperbolic paraboloid [hypar]. The form of
the Turitella Terebra can be assumed/ perceived as a conic shell when the form is
interested. If the form generation is important then the mathe matical analysis shows
that Turitella Terebra actually manifests hyperbolic paraboloid behavior. When the
whole shell and its coiling parts are analyzed in detail it is seen that differentparts of
the shell hawe different characteristics. For examplk, the apex of the shell can be
considered as a cantilevered shell and from the surface spanned per whorl, as a
barrel shell.

fconidial shell
hyperbolic paraboloid
section-active synclastic (positive)
siructure doubly curved shell

Figure 531 Structural analysis of Turitella Terebra according to shell theories.
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Generally, shell structures can be divided into two main classifications: singly
curved, in which the curvature is in only one direction, and doubly curved, in which
the curvature is in both directions. Turitella Terebra is a synclastic (positive)
doubly curved shell because the curvature of surfaces is concave in both

directions. All these analyses from different shell theories are shown in Figure 5.31.

Another classification can be made according © the material properties of shell
structures. Thin shell theory is assumed to be homogenous, isotropic, and linearly
elastic regarding concrete materials in standard. Mollusc shells are made primarily
of calcium carbonate, with traces of strontium and other elements (Kim, 1999).
Calcium carbonate is similar to concrete, as numemus experiments have
demonstrated, in that for working loads the standard theory predicts short-term
loading behavior (Medwadodowski, 1971). Therefore Turitella Terebra can be
assumed as homogenous and isotropic for the analysis.

5.4.2 Physical Compression Tests on Turitella Terebra

The shell behavior of Turitela Terebra was studied under the compressive loads
which are commonly seen in the man made structures. Tests were carried on 150
Turitella Terebra samples, ordered from Miami, USA. Shells were given an ID
number randomly from 1 to 150. Then, the total height, base radius, and the number
of whorls of each shell were measured using a digital micrometer caliper. The
reason why mentioned parameters are selkected to measure is that man made shells
are also designing according to similar parameters in terms of strength of the shell.

Samples were prepared for testing according to the standards decided after
discussions with engineers from the Department of Metallurgical and Materials
Engineering, METU. It was decided to submit the shells to compression tests after a
cutting process to obtain samples due to their unconventonal form.
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Figure 532 Asample space of 150 Turitella Terebra bought from C yber Island Shops, Inc,
Miami, USA.

Figure 5.33 Measurements with a digital compass.
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Table 5.2 Base, height and whorl numbers of each specimen

ID | Baser | Height |Whorl ID |Base+r Height | Whor ID | Base-r | Height | Whorl
1 27 127 23 51 30 130 24 101 31 130 19
2 28 123 22 52 30 133 24 102 31 130 20
3 28 127 25 53 30 126 19 103 31 131 24
4 28 120 20 54 30 126 25 104 31 131 23
5 28 126 24 55 30 127 22 105 31 131 23
6 28 126 23 56 30 127 22 106 31 132 22
7 28 127 26 57 30 128 23 107 31 132 23
8 29 128 22 58 30 123 20 108 31 132 22
9 29 127 24 59 30 124 20 109 31 133 22

10 29 127 24 60 30 124 21 110 31 135 24
11 29 128 24 61 30 124 19 111 31 133 23
12 29 128 24 62 30 128 23 112 31 137 25
13 29 131 26 63 30 131 24 113 31 137 22
14 29 131 25 64 30 126 20 114 31 139 25
15 29 131 23 65 30 126 20 115 3 139 28
16 29 131 23 66 30 127 21 116 31 139 25
17 29 132 28 67 30 126 23 117 31 142 25
18 29 132 26 68 30 125 19 118 31 142 25
19 29 110 13 69 30 128 23 119 32 117 16
20 29 119 17 70 30 130 28 120 32 133 12
21 29 119 19 7 30 133 24 121 32 118 14
22 29 121 16 72 30 130 23 122 32 127 23
23 29 121 18 73 30 135 24 123 32 125 13
24 29 123 19 74 30 135 25 124 32 128 24
25 29 123 19 75 30 135 26 125 32 128 20
26 29 124 22 76 30 136 26 126 32 128 24
27 29 124 23 77 30 138 30 127 32 129 22
28 29 125 24 78 31 119 17 128 32 131 22
29 29 128 24 79 31 120 21 129 32 133 25
30 29 127 25 80 31 120 16 130 32 133 25
31 29 128 23 81 31 125 19 131 32 134 21
32 29 129 25 82 31 125 23 132 32 134 22
33 29 129 25 83 31 126 24 133 32 135 25
34 29 133 23 84 31 126 19 134 32 135 25
35 29 133 24 85 31 126 21 135 32 137 22
36 29 133 25 86 31 126 24 136 33 126 21
37 30 139 25 87 31 126 21 137 33 132 20
38 30 115 17 88 31 127 25 138 33 133 20
39 30 117 17 89 31 127 23 139 33 133 22
40 30 113 14 90 31 128 22 140 33 133 20
41 30 126 23 91 31 128 20 141 33 139 18
42 30 128 22 92 31 128 20 142 34 142 20
43 30 124 22 93 31 128 23 143 33 140 24
44 30 125 22 94 31 128 21 144 34 150 20
45 30 122 17 95 31 129 21 145 34 142 21
46 30 124 20 96 31 129 25 146 30 127 22
47 30 126 20 97 31 129 21 147 34 142 22
48 30 127 23 98 31 130 22 148 34 140 22
49 30 132 22 99 31 130 23 149 34 124 21
50 30 132 25 100 31 130 21 150 33 140 21
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5.4.2.1 Preparation of Samples for Compression Tests

Since the shells are very complex it was not easy to apply compressive forces in
their native forms so specimens were prepared making them suitable for te
measurements. For this purpose, specimens were aut to obtain a tapered geometry
having parallel surfaces to each other so that uniform compressive loads could be
applied. A high speed cutter in the Material Laboratory of the Department of
Architecture, METU® was used to cut the samples. Prepared sampks were re-
documented by measurement of height, weight, whorl number, and photographs.
Then cut seashells were exposed to compression tests to understand the overall
behavior. A total of 86 specimens were tested using a 10 kN SHIMADZU AGS-J-
type StrainExtension Contoller statc machine to analyze the compressive
properties at the Mechanical Laboratory of Department of Metallurgical and
Materials Engineering, METU*. The resulting data from this process was obtained
through a program written (0.5 mm stroke per second) on TRAPEZUM-2 software,
and then all the data was plotted in Microsoft Office EXCEL, 2003. This machine is
also able to measure fension and bending limits, however the geometry of a
seashell does not lend itself to such tests, and hence was disregarded.

— g ]

Figure 5.34 Typical cut lines of a Turitella Terebra

2 The author acknowledges the valuable guidance of Prof. Dr. Emine Caner Saltik and Goze
Akoglu from Mechanical Laboratory of Department of Architecture, METU, who organized
the laboratory part of this study

The author acknowledges the valuable guidance of Dr. Caner Durucan and Gul Cevik,
from Department of Metallurgical and Materials Engineering, ME TU, who organized the
laboratory part of this study
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During the cutting process the parts are identified according to the cutlines shown in

Figure 5.34 and then each sample was named as the original ID number plus part

\ 1‘:3 .I13b 113-a

Figure 5.35 Figure representing a-b-c parts of cutshells

number.

The sample prepared for testing were tabulated according to base radius (mm),
height (mm), weight (gr), whorl number, time for failure (sec), structural load for
failure (N) and displacement (mm). All these procedure was standardized for
documenting each specimen. Pictures from Figure 5.35 to Figure 5.42 show the
state of the specimens before testing, after fracture happened, and finally the results
of failure on loadtime graphics drawn in an EXCEL sheet. The results of tests were
plotted in t£rms of force versus failure

Tests results can be seen in Figure 5.37 Figure 5.40 Figure 543. Force failure
graphics exhibit typical characteristic of brittle materials that elastic range continues
towards to peak of the graphic and than failure starts. The peaks on the graphs
show the allowable force to be applied o the shell and after that non linear be havior
stars. It is seen that maximum stress appears on the top part of the surface on
which forces applied. Then it s transferred to the ground trough the rigid spine on

the center of the shell. Spine behawes like a stiffener in man made shell.
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Sample 1-1D109

Table 5.3 Dimensions and testresults of sample D109

ID BASE-R HEIGHT WEIGHT WHORL

STROKE
number (mm) (mm) (gr) number TIME (sec) LOAD(N) (mm)
109-a 27 38 16.03 2.5 64.25 963 0.56
109-b 18 31 4.97 3.5 41.05 1018 0.37

Figure 5.36 Sample ID109 cut shell

Figure 5.37 Sample ID109 tested s hell
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Figure 5.38 Failure graphics of sample ID109a and ID 109
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Sample2- 1D140

Table 5.4 Dimensions and testresults of sample D40

ID BASE-R HEIGHT WEIGHT WHORL STROKE
number (mm) (mm) (gr) number TIME (sec) LOAD(N) (mm)
140-a 30 36 1342 2 48.15 429 0.43
140-b 18 29 3.9 3 7155 472 0.62

Figure 5.39 Sample ID140 cut shell

Figure 540 Sample ID140 tested s hell
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Figure 541 Failure graphics of sample ID140a and ID 140b
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Sample-3 ID115

Table 5.5 Dimensions and testresults of sample ID-115

ID BASER HEIGHT WEIGHT WHORL STROKE
number (mm) (mm) (gr) number TIME (sec) LOAD (N) (mm)
115-a 27 37 118 2.5 38.1 433 0.34
115-b 17 27 3.42 3.5 73.7 657 0.64

Figure 542 Sample ID115 cut shell

Figure 543 Sample ID115 tested shell
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Figure 544 Failure graphics of sample ID115a and ID115b

Table 5.6 and Table 5.7 shows the physical behavior of samples sorted according to
whorl numbers, in different range of base radus, height and weight, under
compressive forces. The results are plotted on a Weibull statistics which is

representing the stress-strength relation for the Turitella Terebra.
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Table 5.6 Numeric values of base, height, weight, whor numbers, time for failure, load and
stroke for 43 samples (part1)

ID BASE-R HEIGHT WEIGHT | WHORL TIME LOAD STROKE
number (mm) (mm) (gr) number (sec) (N) (mm)
118 27 78 208 8 42 1000 0.38
141-b 20 22 5.54 1.5 105.95 794 0.92
144-a 27 29 10.33 1.5 426 486 0.38
141-a 30 32 1718 1.5 798 1745 0.7
141d 10 10 1.26 1.5 103.4 505 0.9
141-c 15 15 2.2 1.5 43.65 637 0.39
143-a 28 40 135 2 3065 220 0.28
138-a 28 40 1345 2 446 527 0.39
145-a 30 38 13.22 2 66.95 318 0.59
144-b 20 25 4.79 2 732 1142 0.64
116-a 26 32 8.8 2 1224 2306 1.06
140-a 30 36 1342 2 48.15 429 0.43
137-a 30 36 11.35 2 84.85 803 0.74
028-a 27 32 9.13 2 48 722 0.42
110-a 28 33 1141 2 81.55 1266 0.71
139-c 12 14 1.77 2 93.35 699 0.81
116-b 18 21 4.8 2 899 978 0.67
136-b 14 15 1.35 2 70.75 306 0.62
147-a 32 34 1348 2 4425 776 0.39
139-a 30 31 12.93 2 129 1895 1.12
139-b 20 20 4.06 2 70.3 613 0.62
142-a 11 16 19.32 25 36.15 437 0.32
128-b 16 23 3.06 2.5 4425 444 0.39
136-a 28 40 8.52 2.5 123.1 137 1.07
109-a 27 38 16.03 2.5 64.25 963 0.56
113b 18 25 4.33 2.5 929 1028 0.81
143-b 16 22 2.8 2.5 60.3 473 0.54
115a 27 37 118 2.5 38.1 433 0.34
128-a 27 37 1294 2.5 46.3 631 0.41
127-a 28 38 1212 2.5 37.35 564 0.34
113-a 28 38 1441 2.5 939 663 0.82
132-a 26 35 9.2 25 25 379 0.23
113-c 12 16 1.54 2.5 8738 566 0.56
110-b 19 25 3.77 2.5 75.85 837 0.66
146-a 27 34 1143 25 62.7 672 0.55
133-a 28 34 11.27 2.5 155.85 485 1.3
144-c 13 22 2.2 3 536 425 0.47
140-b 18 29 3.91 3 7155 472 0.62
137b 16 25 3.16 3 38.55 349 0.34
147b 21 32 5.42 3 5895 791 0.52
145-b 20 30 4.63 3 64.9 625 0.57
130-a 28 42 9.5 3 492 945 0.44
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Table 5.7 Numeric values of base, height, weight, whor numbers, time for failure, load and
stroke for 43 samples (part2)

ID BASE-R HEIGHT WEIGHT WHORL TIME LOAD STROKE
number (mm) (mm) (gr) number (sec) (N) (mm)
038 24 35 6.02 3 15.75 267 0.15
146-b 17 24 3.51 3 64.8 765 0.57
112-a 28 38 12.32 3 20.75 500 0.19
116-c 12 14 1.75 3 145.7 617 1.2
110-c 11 20 1.65 3.5 91.3 469 0.8
037 23 41 10.89 35 88 988 0.77
042 24 42 9.9 3.5 107.05 888 0.94
040 22 38 7.54 3.5 93 595 0.82
109-b 18 31 4.97 3.5 41.05 1018 0.37
133-b 17 29 4 3.5 789 747 0.69
130b 13 22 14.05 35 5065 593 0.46
115-b 17 27 3.42 3.5 73.7 657 0.64
028-b 17 26 2.9%6 35 3595 311 0.32
052 23 52 8.96 4 56.05 371 0.5
135-a 27 53 15.38 4 86.8 407 0.76
053 24 45 8.09 4 63.95 274 0.57
112b 14 26 2.83 4 78.25 469 0.69
131b 13 24 3.15 4 238.85 544 1.08
142b 31 57 1.29 4 30.05 695 0.27
138-b 17 31 4.17 4 46.75 566 0.41
132b 16 27 3.31 4 49.7 794 0.43
041 23 38 7.7 4 20.15 240 0.19
044 24 51 8.48 4.5 3395 471 0.36
046 23 44 8.89 4.5 16.15 305 0.15
039 24 41 7.9 4.5 18.15 455 0.17
135-b 14 21 2.36 4.5 69.8 923 0.61
054 24 52 12.95 5 2445 653 0.22
045 23 49 1262 5 20.3 522 0.19
043 23 48 9.06 5 9.15 298 0.09
051 24 50 10.23 5 113 333 0.11
129 26 52 1241 5 7755 234 0.69
047 25 53 1124 5.5 30.75 574 0.28
131-a 30 52 13.08 5.5 87.8 720 0.78
120 28 69 1798 6 3195 451 0.29
048 22 53 8.19 6 714 551 0.62
127-b 17 40 4.46 6 37.15 407 0.33
119 27 62 13.12 6 174.7 593 1.17
126 27 67 137 7.5 46.2 458 0.42
122 28 67 13.05 7.5 40.05 478 0.36
123 29 81 18.91 8 331 491 0.3
125 28 76 1585 8 216.8 664 0.97
124 27 78 206 9 385.3 779 0.78
121 28 78 182 9 102.9 474 0.9
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5.4.2.2 Results

Generally, for the statistical analysis of mechanical tests on brittle materials, and to
describe the failure of those materials, one of the popular and useful statistical
method is Weibull statistics. Weibull plots are often used in the design of products
fabricated from brittle materials, and are used © estimate the cumulative probability
that the given sample will fail under a given load. For this reason physical behavior
of the randomly selected and cut seashells were obtained trough experimental
studies and the test results were illustrated © exemplify the behavior (Figure 5.43).
The behavior on the graphics shows that the strength of a seashell is a function of
its base- height ratios. Although due to impurities and defects in material properties
and lack of precision in the cutting or microscopic cracks appeared during sampling
operation, some fluctuations appeared in the graphs the overall behavior of the
shells show that their strength is proportional with a base to height ratio. Material
defects might be caused by the environmental factors and differentiation n nuftrition
in diferent seasons.

20
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Figure 545 Weibull statistics of tested shells
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54.3 Finite Element Analysis of Computational Model

The model generated for the seashell was analyzed by FEA software. The efficiency
of the computational model was evaluated under the assumptions described in the
previous sections, and the results were compared with the experimental results. The
pumpose was to inquire how the knowledge was transferred from one medium to
another: fom nature to man made. The model obtained trough geometric relations
and isotropic material assumption were analyzed by FEA. FEA is one of the efficient
methods to generalize structural behavior of complex forms which are impossible to
obtain though analytic methods. As mentioned, some physical impurites and
surface irregularities observed on natural seashells, due o several environmental
reasons are assumed to be negligible and analysis focused of gross structural

behavior rather than micro structural behavior.

Even though, some of them are important structural elements for the actual
seashell. Examples of these elements are the growth line on the shell, created when
shell material is added to the exsting rim of the aperture; the cormugated thin shell
devebps to strengthen the shells with lesser material used, and the thickness of
material varied throughout the growth forms. These elements are believed to have
structural influences on the actual seashell geometry. However, the structural
analysis of the seashell geometry in this research will be performed only on digital

seashell geometry thathas a constant thickness.

The seashell structural analysis is performed using the following steps: retrieval of
numerical data/digital model of the Turitella Terebra geometry, specifying of material

properties, supports and loads, execution of analysis, and verification of results.

Assumptions: It is important to mention here tat, as can be remembered from
Chapter 5.32, the mathematical model of Turiella Terebra was created as two
different surfaces: first, the inner shell; and second, and the outer shell, which

represents the outer sine wave-type surface. For the digital analyses thickness of
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the shell was assumed constant and then, structural efiect of a wavy surface was
considered negligible. As it is expected fom Biomimetic studies which are
interdisciplinary from inherent nature, this study has an interdisciplinary approach
and there are some assumptions through te simulation part of the analysis. For
example, material properties of Turitella Terebra for FEA are assumed to be
homogeneous and isotropic in which material properties are all same in xyz
directions although it is orthotropic and has many defects due to environmental
factors. This is the tird assumption after assuming thickness of the shell as
constant and wave function of the surface as sinusoidal. Computational model
constructed according to assumptions as well as compressive tests were realized

according to these assumptions.

5.4.3.1 Preparation of Digital Model for FEA

There are several number of structural analysis packages among them the
SAP2000 V.10 a civil engineering software and MSC Patran 2005r2 a mechanical
engineering software were selected to perform and compare the simulation results
with the experimental ones. They have both powerful calculation engine and ability
to modify geometry and analyses specifically in a graphic manner, and present
results graphically. To understand the ramifications of the analysis using this specific
software the general consideration and description of the related issues were

discussed.

Ik is assumed that the material assigned © the model has elastic, isotropic
properties and since the analysis carried in elastic range, then SAP2000 Patran
2005 was appropriate for the analysis. Since actual shells are brittle it requires some
other structural analysis tools for fracture and plastic deformation. However the
model and the assumption will allow the model proposed here to be simulated with
elasticity properties. Due to the assumptions the analyses was performed in elastic
range and allowable stress were compared with the stress obtained through te
experiment. Computational model obtained through several observations and
assumptions be analyzed under the similar loading conditions form and boundary
conditions used in experiments. Since the results of simulations and experiments to
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be compared then sample forms, boundary conditions and loading conditions were

chosen according to experimental ones.

< S we

S

Figure 546 Typical cut parts of the computational model for FEA

L

For this purpose, data preparation/preprocessing were developed  facilitate the
analysis in several steps. Firstly, the mathematical model of the Turitella Terebra
was re-run according o the geometrical/dimensional properties of the fested shells.
Among the cut shells the “b” part having common dimensions were selected which
has base a radius= 20mm and height= 25 mm and whorl number = 2.5. The same
process was applied to the digital model being cut to the same dimensions and
prepared for the FEA. The digital model of the seashell prepared/cut in 3DMax7.0
environment (Figure 5 45), then transformed into a data environment/a domain/a file
format which was “accessible” by such structural software; SAP200 and
Patran2005r2.

The steps followed for the FEA procedure have been displayed in Figure 547
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Figure5.47 Requirements of FEA process to be followed.

5.4.3.2 Specifying Material Properties, Loads and Boundary Conditions

There are two common approaches to create a structural model in SAP2000. The
first approach is to create a model inside the software by using a set of commands
with data numbers in the SAP2000 editor, while the second approach is to import a

Drawing Interchange Fie (DXF) format file prepared n any CAD software. The
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advantage of the second approach ower the first is the ease with which complex
structural forms can be created. While transferring the geometry to SAP2000, the
reconstructed seashell geometry was in the original scale of unit mm. Similarly MSC
Patran 2005r2 has different approaches to create a stuctural model; however as
mentioned ACIS format of digital model was imported and the following steps were
applied.

Once the structural geometry of the seashell was reconstructed, the next step was
to specify the materal and its properties to the geometry. The material was
assumed as a typical calcium carbonate which is very similar to Turitella Terebra in
nature and important characteristics like modulus of elasticity was agreed to as
35000 MPa, and Poisson's coefficient was accepted as 0.27. The thickness
assumed to be constant and it was chosen as 1 mm which was very similar to
Turitella Terebra.

Table 5.7 Typical physical properties of calcium carbonates (Source: http://www.calcium-
carbonate.org.uk/calcium-carbonate.asp)

GCC = Ground Calcium

Typical physical properties of Calcium Carbonates gggc;n:rt:cipitated
Calcium Carbonate

molecular weight (Dalton) 100.09

density (kgl™") 2.71

Mohs' hardness 3

decomposition Temperature (°K) from 1150

Young's modulus (MPa) 35000

Poisson's coeffident 0.27

acoustic transmission speed (m/s) 1400

surface tension (m J/m2) 207

thermal conductivity (W/K.m) 2.4-3.0

specific heat (kJ kg-1 K 0.86

linear coefficient of e xpansion (K™) 9.10°®

dielectric constant 6.1

specific volume resistivity (Ohms/cm) 1.10%
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Both software are capable of calculating both distributed loads and jointloads on te
surfaces or pints. Like in the mechanical compression tests, loads are assigned to
the symmetry center (Global Z direction) of the upper part joints (Figure 5.48). For
the both models 1000 N was loaded o see the behavior of the shell.

Figure 548 Loading conditions of SAP2000 m odel

Here the boundary conditions and the position of the seashell, which has many
possibilities in its natural environment, assumed to be bounded to the ground as in
the experiments. The exact support location of the actual shell is almost impossible
to define, as it depends on the shell orienfation in its living environment and te
nature of the environment itself, such as sand, mud, or rock. These undefined
situations direct the research to develop an assumption of the support condition.
The support assigned in this research simultion is located aound the bottom
surface of the cut shell, as the same in the mechanical compression tests, so that
the results will be harmonious. From the SAP2000 assign menu, joint restrictions
were selected as pinned and assigned to the selected joints. The pinned-type of
supports restrain all three translational degrees of freedom, as illustrated in Figure
5.49. Similarly, boundary conditions were assigned as fixed for the computational

model created in Patran.
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Figure 549 The revised geometry with the supports and type of joint restraints of SAP2000
model.

Different from SAP2000 Patran software computes a mathematical model in three
steps: first, pre-processing is realizzd in which ACIS file (the geometric model) from
AutoCAD is important to Patran, material and element properties are defined and
boundary conditions are decided here. Second, prepared input file is opened in
NASTRAN all mathematical process is realizzd in here and this step is called
processing. And finally in the postprocess step, results and outputs are imported to
Patran again to display the graphical results. For the seashell geometry, the most
useful result for structural evaluation is the color pattem. In this particular analysis,
the element stress output indicates two important results: von Mises shell stress
(SVM), and Resultant von Mises Forcees (FVM). A color code ndicating the values is

provided to allow easy evaluation of the graphic results.

5.4.3.3 Results

The results of FEA show structural performance of computed samplke in the output
file which automatically produces the geometry information, the analysis result and

revealing potential error ranges in the analyzing process as well. In the FEA
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interface it is possible to see stresses concentrated in the digital model. There are
many display tools to enhance graphical representations of these structural
behaviors. As can be seen from the shell stress diagrams obtained from two
different FEA software, stress generally concentrates on the upper part and most of
the stress is transferred through the rigd spine in the center of shell which prevents
failure of the surface. The stress pattems obtained through the analysis show that
the majority of compressive forces are on the upperpart where it is directly exposed
to the loading.

The graphs in Figure 550 show tat the simulation results have very similar
behavior with the actual structural behavior observed in experiments. Hence the
computational model obtained through observations and assumptions explained in
detail in previous sections, is adequate to represent structure behaviors of te
seashell under given loading conditions.

Several simulations were performed for different shells having different base to
height ratios and similar results were obtained. One of the analysis results were
given in Figure 5.50, Figure 5.51, Figure 5.52 that represents the overall behavior of

shell structures in FEA medium.

Figure 5.50 Graphics showing failure in a real shell and Von Mises Shell Stress diagram of
Sap2000 and Patran
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[ SAP2000 v10.0.1 Advanced [ Resukant F™ Diagram (MODAL) - Mode 1 - Period 0.01215]

Figure 5.52 Graphical result of displacement diagram of Patran
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5.5 Synthesis: Introduction to Non -Dimensional Parameters

As a dictionary definition, a non dimensional parameter is the parameter of a
problem with a value that is independent of the units of measurement. In other
words it is a quantity without any physical units and thus a pure number. One of te
most important properties of non dimensional parameters is that it constitutes
“values” to compare incomparable quantities by referencing each other. Similarly,
non dimensional parameters are important to compare the domains having different
references.

In daily life non dimensional quantities are extensively in use such as Poisson’s
ratio, absorption coefficientorpi number. In engineering, where leaming from nature
is relatively widespread, the usage of dimensionless quantites relate with te
transferring knowledge obtained from nature o the solution of a specific problem.
Thinking with non dimensional parameter resulted in many important developments
in engineering. Forinstanae Mach number is a ratio of speed of a man made object
moving through air, or any fluid substance divided by the speed of sound, drag
coefficient playing and important role in aerodynamic calculations and many others
allowing b ‘“evaluate performance” regarding to different media with different
references/restrants/domains. Dimensionless physical constants developed in
physics and cosmolbgy brought about knowledge © understand the word and the
universe. There are many non dimensional parameters, and most of them are more
complicated, employed in engineering in order to leam “systematically” from nature

instead ofoobserving it.

For architecture the new way of leaming from nature might be thinking via non
dimensional parameters. For this reason the results of experiments are syntesizd
by the non dimensional parameters gathered through the e xperiments.

During experiments some unexpected results like 200 N or 2000 N were seen due

to some possible defects in test materials occurred in pre and post faces of te
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experiments hence they are statistically discarded. Bot the experiments and
simulations have shown that structural behavior of the seashells and their strength
to compressive forces can also be expressed a function of base to height ratio which
is an indicator to decide on the dimensions of shell. The data gathered from the
tested shells sorted according o baseheight ratio in the EXCEL file and they are
grouped. Then the loads were omganizd along with the increasing base/ height
ratio. The average value of each base versus height ratio group was calculated. It
was seen that when the ratio increased loading capacity also increased. It can be
conclded that the shells with higher base ratio stands higher loads. This behavior is
shown in the Table 5.8 where the daracteristic base-height ratios with
corresponding average loading before fracture. This summarizes the detailed
behavior of 86 test sample.

Table 5.8 Representing base-heightratio range toload

base/height 0.35 0.40- 0.50- 0.60- 0.70- 0.79- 0.90-
ratio 0.38 0.48 0.59 0.69 0.76 0.86 1.00
load (N) 543 548 628 649 662 869 931

Later the same data grouped in relation to aut places namely; a, b, and ¢ parts and
analyzed separately. Relations for the “a@’, and “b” parts are tabulated in te
following fables. For the “c” part is disregarded due to poor number of specimen to
evaluate. From the tables, it can be concluded that there is obvious orderly
ascending relation among the loading capacity and increasing base-height ratio,

increasing weight and increasing whorl number.

Table 5.9 Representing base-heightratio range toload relation for the “a” parts of the
sample space

base/height 0.35- 0.44- 0.50- 0.67- 0.79- 0.93-
ratio 0.42 0.48 0.61 0.74 0.85 0.97
load (N) 500 530 560 660 950 1400

Table 5.10 Representing weight to load relation for the “a” parts of the sample space

7.54- 8.48- 950- | 1212- | 1538- | 17.18-
weight (gr) 8.18 9.20 1089 | 1400 | 1603 | 20.08
load (N) 380 450 (820) 670 750 820

~~—"
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Table 5.11 Representing increasing whorl number to load for the “a” parts of the sample
space

whorl
num ber 1.52 2.5-3 3.54 4.55 5.56 7.58 9
load (N) 500 540 560 550 570 620 630

Table 5.12 Representing base-height ratio range to load relation for the “b” parts of the
sample space

base/height 0.43- 0.62- 0.70- 0.8-
ratio 0.59 0.67 0.76 1.00
load (N) 580 630 760 880

Table 5.13 Representing weight to load relation for the “b” parts of the sample space

1.20- 2.36- 3.77- 4.63-
weight (gr) 1.35 3.51 4.46 5.54
load (N) 500 590 710 890

Table 5. 14 Representing increasing whorl number to load for the “b” parts of the sample
space

whorl
num ber 2.5 3 3.5 4 4.5
load (N) 670 690 750 800 900

From the tables it is possible to argue that apart from base to height matio some
other ratios might be introduced such as weight © whorl number, base to whorl
number or weight o surface area. The behavior seen in the tables, shows the
relations abstracted from the form itself. These relatons reveal some parameters
that can be leamt from those. It is possible to leam from the tables that when the
base to height ration closes to 1 ten the shell stands maximum forces. This little

information  gives the fundamental knowledge ofhow a man made shell could be
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dimensioned. Because a man made shell takes shape basically according to te
dimensions of area to be cmvered and the height which are the basic elements of
creating a space. Although this reference is small and has been derived from a
small case, it serves to solve a big problem in architecture: dimensioning of a shell.

From the FEA results it is proved that the computational model has been working
properly. Through different experiments with this model, such as, differentiating te
material, the ratios or even the form itself, several analyses can be done to generate
different knowledge which will serve architecture from the structural point of view. It
is also possible to argue that, if the limitation range is known relating for example
base-heightload relationship, then required initial conditions for the optimization
would be satisfied. For this case, leaming from these relations would be a starting

pointas a “wise guess’ to design shells inspired fom nature.

To exemplify how to use the knowledge gained through experiencing shells in
nature 3 different tapered cones, which is an abstraction of seashell commonly used
in architecture as well, have been designed. All of them have same base radius as
10 meters and same top radius as 6 meters. Their heights were differentiated
consecutively as 5, 8 and 10 meters as the dimensions which might be used in
archiecture. The base height ratios of the tapered shells chosen according o the
ratios of seashells, experienced in the experimental and simulation results of te
Biomimetic process. They were drawn in AutboCAD and prepared for FEA in
Sap2000. During te analysis their materials were selected as concrete and
bounded with fixed restraints. Three models were also subgcted to the same
loading conditions as 100.000kN to see the behavior of different base to height
ratios. The Figure 5.53 below shows that the higher base b height ratio stands te
more loading conditions before failure.
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base: 10m
height: 10m
b/h:1

max load: 100kN

base: 10m
height: 8m
b/h:1.25

max load: 138kN

base: 10m
height: 5m

b/h:2

max load: 430kN

Figure 5.53 Demonstration of the working “base to heightrato” relation with loading on a

tapered cone

138



Interestingly, a few domed buildings examined from the historical masonry mosques
more recently built concrete dome buildings and it is seen that the base diameter to
height ratios were close o 2 in Hagia Sophia which was builtin 537. Similarly in the
mosques built by Sinan this ratio is coming closer to 2 when his knowledge and
experience is enhancing through the years. It is possible to argue that in the
circumstances where the geometry is wise, these ratios are important to take into
consideration.

Table 5.15 Diameter to height ratios of someimportant dome structures (Source:
http://archnet.org)

building construction diameter/
year height ratio

Ayasofya 537 2.02

Mahmut Pasa Mosque 1464 1.69

Fatih Mosque 1470 2.01

Sultan Beyazid Mosque 1486 1.31

Sehzade Mosque 1548 1.63

Suleymaniye Mosque 1557 1.64

Kara Ahmet Pasa Mosque 1558 1.64

Ristem Pasa Mosque 1561 1.84

Mihrimah Sultan Mosque 1565 1.54

Lala Mustafa Pasa Mosque 1565 2.03

Selimiye Mosque 1574 1.97

Sokullu MehmetP agsa Mosque 1577 1.62

Azapkapi Mosque 1578 1.74

Kilic Ali Pasa Mosque 1580 1.50

Meclis Mosque 1987 1.97

Ataevier Merkez Edebali Mosque 2008 1.36

(the biggest domed mosque in the

world)

Briefly, here an examplification is performed on a type of shells in nature o show
that the proposed systematic represents a thinking platiorm for a new leaming
environment. Case could have been any case to signify the methodology and
thinkihng cycle discussed throughout this thesis. To sum up, non dimensional
parameters might be thoughtas a fundamental reference © associate two different
domains: nature and man made envionment.
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

In this chapter, the conclusions reached at the end of the study entitled “Proposal for
a Non-Dimensional Paramefric Interface Design in Architecture: A Biomimetic
Approach” are presented. In addition, recommendations and suggestions for further

studies are also made.

6.1 Conclusions

k can be seen that dewelopments in basic sciences throughout history in such
realms as chemistry, physics, and mathematics had a marked affect on the 19" and
20th centuries, giving rise to many technological devebpments. Today, it is possible
to ague that biology has the potential to make contributions to the scientific
devebpments of this century. In the last decade the results of a number
revolutionary researches stemming from biological studies, such as cloning, DNA,
genetics, stem cell etc., have entered our daily lives. Additionally, developments in
digital and information technologies, such as artificial neural networks and genetic
algorithms in engineering; robot prosthesis and artificial organs in medicine;
complex systems, chaos, fractals, and Hopfied networks in applied sciences; and
many other examples across a wide spectrum of disciplines, have increased
interdisciplinary interaction and have played a key role in facilitating new integrated
researches, such as in nanotechnologies. Hence, the potential that biobgy offers to
researchers in science and design in terms of “inspiring/leaming/adapting and/or

implementing ideas from nature” cannot be underestimated.

Biomimesis, which can be summarized as leaming and understanding the “probable
solutons and pofentials in nature”, is an interaction between many disciplines that
actually gathers those disciplines and introduces the need for methods and
systematic for each discipline. After gaining experience by observing nature,

mankind has leamed to take lessons from it as both a measure and a menfor.
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According to many researchers from different disciplines, if this leaming process
continues and becomes commonplace a “Biomimetic rewolution” will be experienced

in the coming years.

When the scope of architecture is considered, the highlighted point in the most of
the discourses regarding the next generation of architecture is that biological data is
going to create new paradigms in that field as well. In this context, this study argues
that “biomimesis in architecture” is a paradigm that can be concluded as leaming
from the relationships of multi-dimensions and multi-pamameters, such as
mathematical, formal, structural, material, spatial, functional etc. properties of
natural organisms to design optimized architectural structures beyond copying their
shapes. In other words, biomimesis is a code for the comect association of all of

these parameters.

This thesis provides a platform for discussion on the subject of “what can architects
learn from the formation processes in nature with the help of the rapidly deweloping
digital and information technologies, beyond formal and visual inspiration?” In the
first step of the study, answers to the questions of “what is biomimesis’, and “how
has it taken place in science and technology?” has been investigated. In this
process some remarkable examples of Biomimetic studies are given, and thoughts
for the future by a number of researchers are evaluated. To introduce the subject of
‘what is Biomimesis in architecture the first step was to review the relationship
between nature and architecture throughout history, and then to list the architectural
artifacts inspired by and emulating the formations and phenomena in nature. From
this list, the study focused on 20™ century architecture. At the end of the research on
20" century architecture, by taking the computation, representation, construction,
and material technologies of that period into consideration, it was concluded that
natural inspiration in architecture is a kind of visual expression — except from Otto’s
and Fuller's designs — and many of them were constructed by and over design just
to set an analogy between natural forms and architectural forms. Just the same
these buildings are mentioned as the pioneering examples of their periods in the
literature of architecture.
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The research to convey the real meaning of Biomimesis in architecture began with a
classfification of the living and non-living form structure groups in nature that inspire
architects, and then a determination of the structural properties of those main
groups was considered. Different from man-made structures, one of the most
determining properties observed in natural structures is that form, function,
structure, and material come into existence simultaneously. From the literature
survey it is seen that to be able to analyze such kind of properties has a potential to
form architectural design paradigms. Therefore, the prominent architectural
structures emulating natural structures are classified into five main groups: tree-like,
web-like, skeleton-like, pneumatic, and shells. The properties of each structural
group are studied, considering the examples stand out with natural resemblances

and then the scope of the natural inspiration is discussed.

After this phase, it is seen that all those exampks have an important place in
architectural literature, and yet all are the result of form-finding processes. It is also
clear to see the success behind these. It is inevitable to notice that the “success”
which is a result of this search, the consciousness of the operation in nature is
parallel to the development in observation and calculation technologies. In recent
examples we witness that the striking forms, designed with the help of modem

computer technologies, are also related to natural forms.

Although it is not realistic to make an absolute definition or draw the outline of
Biomimesis applications in different knowledge fields, since these applications may
end up with very different and unexpected results because of the correlations of
technologies and fields, yet there are different provisions for each field. One of them
suggests that “Biomimesis” could have three main fields of application in
archiecture: in the production of more resistant, stronger, lighter, self-combining,
and self-repairing materials; in the climatization of the buildings and the built
environment; and in the creation of a sustainable, recyclable built environment that
allows the reuse of waste materials without consuming but producing resources.
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Without doubt, the implementation of these expectations in the field of architecture
will contribute to the sustainable environment, which is a subject that is being
discussed in many fields at present. However, the point to be discussed and
questioned here is how to transfer this interaction/language o different fields
specifically to architecture. Considering the multi-dimensionality in te
inspiration/learning/adaptation from nature and/orapplications arising from it, as well
as the complexty and wersatility which require a cooperation of discourses,
computational calculaton methods and the intense use of computer and informatics
technologks, it is a must for each field to develop its own systematic and methods,
in other words “methodology.” It must be expressed that in leaming from nature
one should focus on understanding the process and should base thoughts on

concrete/constructed data, rather than a formalanalogy.

6.2 Introducing Non-Dimensional Parameters as a Base for Learning from

Nature

As it is discussed in the previous chapters of the thesis, the potential that
biomimesis offers t© researchers in science and design in temms of
“‘inspiring/leaming/adapting and/or implementing ideas from nature” cannot be
undervalued. The point need to be highlighted here is that biomimesis, as a well
defined scientific domain, impose a way of thinking and a system design to transfer
the answers/knowledge it contains. For the disciplines like engineering, medicine,
agriculture and cosmology that are transferring the Biomimetic knowledge to their
domain knowledge, has been developing a way of “computational thinking” e volved
in accordance with the developing technologies. The question of “what about in
architecture” has motivated this study. It is already experienced n many engineering
disciplines that, “parametric thinking” and as a consequence non dimensional
(dimensionless) parameters are employed to relate different media having different

origins and/or references.

As for architecture, where there is a close relationship with nature, methodologies
need to be developed for specific answers could be leamed from nature. Those
answers might come up with new smart echnologies and optimum designs based
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on performance like reducing energy and material usage, diminishing ecological
footprints and increasing stability that can be seen already in nature.

For architecture the new way of leaming from nature might be thinking via non
dimensional parameters. As a long service method in engineering non dimensional
thinking should be explored in architecture as well. By the way, each discipline
should deal with generating its own language. T his study tries o find that language
in architecture. From this point of view this study constructed and proposed a
“parametric thinking cycle” as a methodology to inquiry the real meaning of
biomimesis in architecture on a shell case. Figure 6.1 shows this proposed cycle
with the case used foran examplification in this thesis.

observations real domain: real model: specific
research ? shells in nature seashells seashells:
taxonomies: || w)\;_-‘_A} L, oL L) TLirire]lc: Terebra
structures in nature & M e“, _v W "‘r

and architecture [ q e d® %,

feed back . simplification

to the design = | O
initial wise guess i RS
and as a result;
optimized shells

in architecture T
synthesis analysise—/| [computational| [mathematical

of knowledge
coming from
nature:
introduction to
non-dimensional
parameters

model model

Figure 6.1 Proposed methodology for learning from nature a case on seashells: Biomimesis
in architecture
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The first step o develop non dimensional quantities derived from nature is asking
the correct question to starta research. This phase is called as “real problem”. Then
the changing/improving observation tools are one of the most important tools to
understand how nature works, what is the life span of that particular natural object,
why is that system generate as it is efc.. At that time an enhanced knowledge of
studied/selected natural object is required to relate the real problem to man made
objects. Mathematical model of the real problem can be constructed by appropriate
simplifications. Mathe matical model can be transferred to a computational model by
correct assumptions. The level of assumptions defines the precision of
computational model and thus precision of results. In the next stage results should
be evaluated © relate with a man made object. At this point non dimensional
parameters could be setinto design problem as a fundamental for initial wise guess.
In the final phase non dimensional parameters might be discussed and compared by
designing relattd man made object. This processitype of thinking illustrated on a
man made shell example (a fapered cone) shown in Figure 5.53. The form studied
here is the abstraction of a seashelland it is inquired through this example is how
the knowledge gained by Biomimetic analysis is to be reflected to the design
process. Parameters, which are derived through the analyses of seashells illustrated
in previous sections, are employed o decide on initial decision steps to relate te

form and space quality

The main difference which the author aims to emphasiz in this thesis is that
methodology is important in the reflection of Biomimesis on architecture, and that
this multi-dimensional and multi-disciplinary concept could be transferred to another
discourse, i.e. architecture, accurately and efficiently only with a developed method.
In order to develop a methodology in architecture, what the simultaneous formation
of structural-material and formal properties of living and non-living things,
“Biomimesis” may change in archiecture could give clues. At present, itis accepted
that architecture and design are undergoing change, and that informatics and
computer technologies have transformed the design concept from a result to an
interactive process. In this transformation phase, including “Biomimetic” parameters
in the process will help in perfecting/optimizing the design. Leaming from the form-
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structure-material triplet is possible by making algorithmic thinkihg a part of

archiecture and deweloping analogies using computationaland/or analytical models.

In this context, in the exemplification chapter of this thesis, the author focuses on
“shells” in the classification, illustratng the relationship between nature and
architecture. Shells started to be designed and produced exensively, e specially with
the development of concrete fechnology, after which developments in material
technologies, such as reinforced concrete, steel, plastic, and composite materials,
have been rapid. Another important factor affecting this production has been the
increase of technologies used for the complex calculation methods required for
buidings with large spans using the minimum of materials, such as shells. Along
with this, the manufacturability and/or constructability of curved surfaces have
increased with the advancement of CAD CAM technologies, making shells one of
the most important structures of the century.

The main motive for developing a “methodology for leamming from nature in
architecture” is the extensive use of the seashell as a metaphor n architecture for
centuries, and the definition of architecture at the very first phase by space-form-
structure and materil in the design of the 20th century product shell. With this aim,
firstly a brief Conchology search was carried out, and the Turitella Terebra
examplification study which is commonly used in architecture and whose complex
geometry shall be parameterized with the help of some man abstractions, was held.
Since no such shells are available in Turkiye, 150 shells were brought from abroad.
The shells were categorized by height, whorl number, and base ratos and
photographs were taken and documented.

After that the mathematical relations of the sea shell, which define the form and
structure so the space of the shell, were tried to be solved. Since this analysis could
not be made in two dimensions, making a mathematical model which will define the
complex geometry of the seashell was needed. Previous models formed by a
number of mathematicians, biobgists, paleontologists, and software expers were

studied, and deficiencies were detected. Following this, the studies of making te
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computational model of Turitella Terebra continued at Bath University in the UK. A
model which was thought to represent Turitella Terebra in the best way was
devebped. The methodology deweloped in the second phase of examplification,
composed of the stress analysis and compression tests of documented shells, and
then of shell pieces cut similarly, and lastly an evaluation of the collected data. The
first step of this was evaluating the data in order to understand the relationship
between geometry and stress resistance. Afer the mechanical tests, both in order to
see the accuracy of the digital model and the reliability of the mecdhanical tests, the
same physical conditions were created in the digital media and tests were redone
using the FEA method.

The next phase of examplification was composed of te stress analysis and
compression tests of doaumented shells. Shell pieces cut similarly, evaluation of the
collected data tabulated. The first step of this was evaluating the data in order to
understand the relationship between geometry and stress resistance. After the
mechanical tests, both in order to see the accuracy of digital modeland the reliability
of mechanical tests, the same physical conditions were created in the digital media
and tests were redone using FEA method. This was also an atempt to understand

the precision/correciness and workability of computational model.

I is believed that assembling the quantitative data with visual models and using
these models investigating quantitatie metods for transferring them to
archilectural design and including in architecture shall be an accurate
exemplification study. The distinction of this study among similar ones is its
emphasis on the necessity that inspiration from nature shall not be restricted in
formal aspect, and that the design process shall be important in architectural design.
Potential relationships established with the help of analogy and experimental studies
done by ushg the digital models, are believed to make a start for new design
methods and innovations in architecture and in this way an interdisciplinary platform
fordiscussing ‘Biomimesis in architecture” objectively is believed to be oconstituted.
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Beside s those issues discussed abowe the following conclusions are arrived at:

Using mathematics as an investigation tool: In this research it is seen that
mathematics is a meta language to investigate the relatonships among rules of
generation of form, function, structural behavior in natural structures. All complex
“real problems” are mostly ill defined for the researchers due to such huge numbers
of parameters and variabkes. Mathematics at that point is the one of the most
important/only tool to analyze and understand a natural object or phenomena as a
real problem. Therefore, while leaming from nature, the tendency is first to create a
mathematical model as an abstracted/simplified version of the problem which results
in the computational model soon. Similarly in architecture, our perception of nature
has been changing through the impact of the developing computational technologie s
and tools. Basically, abstraction/simplification of natural complexforms/structures by
mathematical models would be a starting point to explore inspiring forms.

Demonstrating the reasoning scientific process of understanding-
abstracting- modeling of a natural structure: The research proved that scientific
approach on the study of seashell geometry, provides knowledge of how a natural
form might be modeled. This particular approach gives valid and defnable result,

which can be developed to find the answers of biomimesis in architecture.

Introduction of non-dimensional parameters Information gained through te
analysis of shells fundamental knowledge of how a man made shell could be
dimensioned can be questioned. A man made shells generally take shape according
to the dimensions of covered area and the height although the references obtained
from non dimensional parameter is small it serves to solve several problems in
architecture. To sum up, non dimensional parameters might be thought as a
fundamental reference to associate two different domains: nature and man made

environment.

Parametric thinking as a keyword in computational design: Actually, even the

devebpment of parameters requires dewlopment of a method. The question of
“which parameters to use and what are the dependencies of parameters to each

other” defines the success of a computational design. Designing a parameter is
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related with the knowledge designer have and expected precision and leaming
outcome. To sumup, designing the correct parameters (like base to height ratio) will

resultin a success in an engineering design.

Incorporating “forces” that shaping the design: man made in nature: it can be
said that forms in nature are manifestations of the phenomena of forces. These
forces shape the forms and structures. As the same, a man made shell abstracied
from a seashell is designed by using the non dimensional parameters obtained
through the experimentsand simulations and optimized by applying the forces.

The future of thin shells: New computation and construction technologies together
with the developments in materal industry seem to make possible with shell
structures to span large areas with less material. This tendency will inspire
designers and will start a new era for next generation spatial structures inspired from

nature.

6.3 Recomme ndations for Future Studies

For the possible developments in architecture, recent Biomimetic studies could be
followed and the potentials of interdisciplinary studies could be explored with in te
framework of the “systematic thinking” proposed here. In this study only structural
behavior of a natural and man made objects namely shells were investigated as a
function of proposed methodology. Another type of natural and architectural
structure could be investigated for further kaming from nature.

Further more, different aspects of architectural discipline such as material
production and its use, tectonics; manufacturing can be explored more in future,
focusing on further researches on microstructures of seashell material and its
structure having a potential to develop an earthquake resistant material and

structure for man-made buildings.
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Regarding the recommendations for the case studied here, as explained before,
there were some assumptions throughout e xamplification of the case study, such as
in developing mathematical model, computational model and experiments. For
further studies these assumptions can be refined and the models could be improved
with developing technologies and the results can be compared to see how te
precision affects the non dimensional parameters for initial wise guess.

There are some points that are not covered within the frame of this study. For
example a shell structure with its architectural program, stuctural details and
material properties could be explored by using the methodology propose in this
dissertation. From this pont of view, the method could also be used for further

inve stigations according to other building structures inspired from nature.

Further studies could also be research on Biomimetic studies rebted to architectural
discourse (Table 2.1). Moreover the revision of individual examples and periodic
styles representing nature architecture relationship could be enriched to consolidate
the idea behind i: changihg paradigm in architecture (Table 2.2). Recent
architecturalexamples could be added to enrich the classification given in the thesis
(Table 3.1), besides the classification could also be enhanced such as by adding
kinetic properties of mention structures or constituting new structural typologies like
armadillo like structures, fish like structure, flower like structures and which are

quite popular recently among architects.
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APPENDIX A

SEASHELLS AND TERMINOLOGY OF CONCHOLOGY

As a general explanation, seashells are the exterior skeletons (exoskeletons) of a
group of animals called “mollusks”. The word "mollusk® means "soft-bodied;" an
exterior skeleton is very important to these creatures, providing them with shape and
rigidity, and also with protection, and sometimes camouflage, from predators
(Abbott, 1954). The Pllowing are specific terms generally used in the study of
seashell in biology and zoology and cited from Cox, 1979.

Conchology (concha means "shell" in Latin.) It is the term for a science
dealing with the external skeleton of the animal in side.

Mollusca (nollis means "soft" in Latin). French naturalist, Georges Cuvier,
had proposed this name for the boneless creatures. The name in English is

mollusc or mollusk.

Hersey (1999:42) claims that, in the type of shells phylum Mollusca must be
concemed as the commonest one in nature. Scientists estimate there are 80.000-
100.000 species of mollusks. Shells, which provide protection for these invertebrate
animals, are the supporting systems of the structures of this phylum. Mollusks have
soft bodies containing intemal organs. Many species have a muscular foot and
some species have a head with tentacle and eyes, says Brusca (2003: 703-720). He
continues to say that mollusks have same species resemble each other, are capable

of interbreeding, but may differ slightly in size, shell shape and color.

Ruppert and Bames (1994) states that, shells are primarily made of the mineral
calcium carbonate, a salt present in the blood of mollusks, obtained either form the
food they eat or water te live in. The one feature unique of all mollusks is the

presence of a “mantle”. The mantle is a lobe, pair of lobes, or fold of muscular flesh
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containing specialized gbnds. The glands convert the salt in the bbod to a liquid
form of calcium carbonate. Cells at the edge of the mantle secrete this liquid. It
solidifies, forming more shell. As mollusks grow larger and additional shell is
required for support, another layer of calcium carbonate is spread onto the lip of the
shell. Since the thickness of each layer is slightly different, this starting and stopping
of the growth process forms “growth lines” (Ruppert and Bames, 1994).

According to Russell and Hunter, many species of mollusks found in warmer waters
have shells more colorful than found farther north because te southern occurring
mollusks have more nutrients available to them. The organic pigments contained in
the nutrients are processed by the mollusk, distributed by the blood system, and
then the mixed with the liquid calcium just before the shells harden. A colorful shell
is produced. The colors and patems of each species are inherited although there is
some natural variation. Environment and diet also influence the coloration of shells

within species (Russell- Hunter, 1970),

In general, the two types of shells commonly found are bivalves, mollusks with two
shells hinged together, and univalves, mollusks having a single shell. The “valves”
by the way, actual shells, so called because they control the inflow of food and
outflow of waste (Stanley, 1970). Actually, scientists have developed a process of
classification in which all living creatures are organized into systems of groups,
generally based on common properties. According to their many anatomical
variations, the mollusks have been divided into 5 main classes. The four most
common classes of mollusks are chitons, tusks, bivalves and gastropods,
interestingly, octopus and squid are mollusks too, but have no extemal shell
(Stanley, 1970).

a) Chss Polyplacophora (Amphineura) — the chitons are little armored tanks,
with a row of eight overlapping plates protecting them (Figure 5.11).
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b) Class Scaphopoda — the tooth and tusk shells also have a single shell, but it

does not coil at all; it grows in a narrow and very slightly curved cone shape (Figure
5.11).

Figure A.2 Representative exam ples of bivalve and chambered nautilus (Source: Gordon,
1990)

c) Class Bivalvia — clams, oysters, mussels, scallops, cockles, shipworms,
inhabit ooeans, brackish water and fresh water. The two shells of bivalve are
generally mirror images of one another, joned byan ehbstic ligament orhinge. When
the animal dies and decays and only the shell are left, the two valves usually break

apart at the hinge. (Figure 5.12)

d) Class Cephalopoda — chambered nautilus, octopi, squids and cuttlefishes
contains about 200 extant species and they range in size from a few centimeters to
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the giant squid over20 meters in length and weighing over 250 kg, living inside, the
largest invertebrate (Figure 5.12)

e) Class Gastropoda — snails, slugs, limpets, whelks, conchs, periwinkles
frequently found are the snail and whelk. Gastropods (gastro means stomach and
pod means foot) live in fresh and salt water and some species live on land. In most
cases, their single shell has a spiral appearance consisting ofa coiled tube,
increasing in size as it winds around a central axis. This mollusk usesa foot o move
along a floor of its habitat. Many varieties of these single shell mollusks eat bivalves.
Depending on species, they retrieve their meal by either forcing the bivalves apart
with their foot or by drilling into the bivalve’s shell (Figure 5.13). Gastropods are the
most diverse group of mollusks, with an estimated 24,000 land, 40,000 marine and

3,000 freshwater species.”

Figure A.3 Somerepresentative examples from Class Gastropoda

According to Vermeij, the primary function of the gastropod’s shell is the protection
and they build their shells according to a few basic principles that relate to growth
and form by secretions of the mantle glands that control it growth (Vermeij, 1993).
However, Senosiain (2003: 48) can notreveal his bewilderment and goes on to say
that, it is surprising how mollusc, being so soft, can create such hard, resistant

% THE SHELL MAKERS: Gastropods,
http://www .arches .uga.edu/~am v yne/GS C/gastropoda.htmlaccessed on Nov2005
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structure. The structure grows and is enlarged gradually, consolidating itself
progressively from inside.

When the intemal structure of the shell is considered it can be observed by slicing
the shell thorough its vertical axis. The section is a continuous tube coiled with an
imagiary axs which is indicating the shell growth starting from the childhood of the
animal (Dawkins, 1997: 199). At first glance, overlapping whorls and the columella
with its ribs inside the shell seems like helping to increase the owenall stiffness of the
shell structure. Cox (1979) asserts that in some shells the coied tube gets tightly
around the axis and forms an ebngated cone called the columella, attached by the
muscles that permit a mollusk to withdraw all its soft part into the shell. Although
some mollusks cease to grow after reaching sexual maturity, most continue to grow
throughout their lives. Size is not an indicator of age, however, many other factors,
including water temperature, type and quantity of food available, affect the rate of
shellgrowth (Vermeij, 1993) as mentioned before.
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APPENDIX B

BIOLOGY and ARCHITECTURE

Table B.1 Timeline representing developments in biology and architecture
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