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I.  ABSTRACT

Biomimicry is an applied science that derives inspiration for solutions to human problems
through the study of natural designs, systems and processes. Nature can teach us about
systems, materials, processes, structures and aesthetics (just to name a few). By delving
more deeply into how nature solves problems that are experienced today, timely solutions
could be extracted and new directions for our built environments could be explored.

An interesting issue is the development of new design software which enables the writing
of scripts and codes, that when coupled to simulations of dynamic structural and
environmental loads have the potential to extend design processes from the development
and fabrication of a singular static artefact or building to families of variant forms that can
respond to varying conditions. Computationally driven design and production processes
are enabling the fabrication of complex forms and materials of almost all of the products
we use in our daily lives, the complex geometries of many contemporary buildings and the
complex typologies of infrastructural and information networks.

This research attempts to investigate new strategies for sustainable design, which are
derived from the evolutionary development of living systems, from their material
properties and from their adaptive response to changes in their environment. This is
achieved through an attempt to link the two emerging sciences; biomimicry and
computational design, exploring their potential in developing a more sustainable
architecture.
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Page | v



Il. ACKNOWLEDGEMENTS

First | thank God, the glorious and compassionate, for helping me and giving me the

strength to accomplish this work.

My appreciation and gratitude goes then to Prof. Dr. Mohammed Assem M. Hanafi for his
extreme patience with me and constant support. | am indebted to him for his continuous
encouragement and intellectual advice. | also thank Dr. Ziyad Tarek El Sayad for his

guidance and support.

My gratitude goes then to Arch. Maibritt Pedersen Zari, Lecturer at the School of
Architecture, Victoria University, New Zealand, for her assistance and generosity in

providing me with important research material.
Finally, 1 would like to express my deepest thanks to my family, and especially to my

colleague and husband Arch. Kareem El Sayed, for their endless patience, support and

care.

Page | vi



1. LIST OF TABLES

Table 1: A Framework for the Application of Biomimicry (adapted from Pedersen Zari

VL, 2007) ettt bbb bbb bt bbbt bt ettt bbb reene s 15
Table 2: Fibre Bridge evaluation according to achievement of goals ............ccccceevvviennnne. 59
Table 3: Fibre Bridge evaluation through comparison with conventional design............... 60
Table 4: Branching project evaluation according to achievement of goals..............c......... 66
Table 5: Branching project evaluation through comparison with conventional design
1 01CTS RO TSP OP PP PPPTPPRRTPION 66
Table 6: Evaluation of responsive surface according to achievement of goals................... 73
Table 7: Evaluation of responsive surface through comparison with conventional design
L4 CT: T TP PRP PR PPRO 74
Table 8: Evaluation of the AA Membrane Canopy by achievement of required goals. .....82
Table 9: Evaluation of the AA Membrane Canopy through comparison with conventional
AESIGN IMEANS ...ttt bbbt bbbt et et et et bbb b 83
Table 10: Evaluation of the AA shelter project through achievement of goals.................. 90
Table 11: Evaluation of the AA shelter project by comparison with conventional design
LA CT: T T OO PRT PR PPRO 91
Table 12: Piraeus Tower evaluation through achievement of required goals..................... 97
Table 13: Piraeus Tower evaluation through comparison with conventional design means
............................................................................................................................................. 97

Page | vii



IV. LIST OF FIGURES
Figure 1: Thesis StruCture DIagramM..........cooveieiiieieeie et 4
Figure 2: Model Of r0SE CAMPION..........ceiiiiiiiierie i 6
Figure 3: Top-Down DeSign APPrOACKH .........ccveiieiieiieieeie s e e sre e 10
Figure 4: DaimlerCrysler bionic car inspired by the box fish and tree growth patterns.....10
Figure 5: Design Spiral by the Biomimicry INSHULE...........cccovveviiieiiecicce e 11
Figure 6: Bottom-Up APPrOaCH.......cc.ooiiiiiiiiiiieeeee e 12
Figure 7: Lotus inspired LOtuSan PaiNt............cccccveiiiiiiiiii e 12
Figure 8: Levels of BIOMIMICTY .......ccociiiiiiiiiiiiee e 14
Figure 9: Nicholas Grimshaw & Partners' Waterloo, International Terminal and the
PANGONIN. .ot bbb 16
Figure 10: Matthew Parkes’ Hydrological Centre.........coccoveriiiienineenienene e s 16
Figure 11: The North AMEriCan DEAVET. ..........coviiiiiiirieie et 17
Figure 12: Eastgate Building in Harare, Zimbabwe and CH2 Building in Melbourne,
AUUSTTAITAL 1.t ettt s et e et e e se e e R e e be et e ere e nreeteene e reenae s 18
Figure 13: ECOSYStEM PIINCIPIES ....cviiiieiieee ettt 21
Figure 14: Cross section through a stem of & geranium) ...........ccocevvririerenenene s 26
Figure 15: Mutation & Selection diagram (source: Wikipedia.org).........cccccvvvevveiveinenns 27
Figure 16: Cellular architecture of plants ... 31
Figure 17: The self-organisation processes underlying the growth of living organisms....35
Figure 18: Natural system analysis: palm tre€........ccooeiiiiiiii it 36
Figure 19: A naturally produced foam of soap bubbles ...........ccccccooieiiiiiiiieccee 39
Figure 20: Scanning electron micrograph of polyurethane foam...........cccocveiiiiiiicnnne. 39
Figure 22: Watercube digital structural model.. .........c.ccoeviiiiiiieeie i 40
Figure 21: PTW Architects, CSCEG Design and Arup, ‘Water cube’ National Swimming
00T 0] = TSP PPPRTR 40
Figure 23: Generative algorithmic definition ............cccocoeiiiiiiicc e 41
Figure 24: Generative algorithmic definition. ...........ccooiiiiiiiiiince s 42
Figure 25: Ocean and Scheffler+Partner, New Czech National Library Design
Competition, Prague 2006. ..........couiiriiieieieiiesie ettt bbb 44
Figure 26: An analytical computational procedure. ...........ccccveviiiiieiie e, 45
Figure 27: Diagram summarizing the presented methodological framework .................... 47
Figure 28: Types 0f CaSE-STUAIES .........cccviiiiiiie sttt 50
Figure 29: 3-dimentionally printed model of the presented case study............c.ccocevvvrennens 51
Figure 30: Properties of natural fibre COMPOSILES.........cvevieiiiiiiiiiic e 52
Figure 31: Primary form generation steps of the fibre bridge ..........cccooeieiiniiiis 53
Figure 32: Adaptation process for fibre-based project ..........cccccoeviiiieiicie e, 54
Figure 33: Material system development for fibre-based project.........ccoceveveviiciininnnns 55
Figure 34: Testing computationally derived data by creating a model using a CNC-milled
101U ] o SRR 55
Figure 35: Form finding process for fibre-based project..........ccccvvvevieiieeie e, 56
Figure 36: FOrm DeVelOpMEeNT.........cui it 57
Figure 37: Emergent properties of fibre-based project..........cccooevviiiniiiin i 57
Figure 38: Distribution of SUrface OPENINGS ......cccvevviiieiieii e 58

Page | viii


../THESIS%20DRAFT.doc#_Toc281322955
../THESIS%20DRAFT.doc#_Toc281322956
../THESIS%20DRAFT.doc#_Toc281322957
../THESIS%20DRAFT.doc#_Toc281322958
../THESIS%20DRAFT.doc#_Toc281322959
../THESIS%20DRAFT.doc#_Toc281322960
../THESIS%20DRAFT.doc#_Toc281322961
../THESIS%20DRAFT.doc#_Toc281322962
../THESIS%20DRAFT.doc#_Toc281322963
../THESIS%20DRAFT.doc#_Toc281322963
../THESIS%20DRAFT.doc#_Toc281322964
../THESIS%20DRAFT.doc#_Toc281322965
../THESIS%20DRAFT.doc#_Toc281322966
../THESIS%20DRAFT.doc#_Toc281322966
../THESIS%20DRAFT.doc#_Toc281322967
../THESIS%20DRAFT.doc#_Toc281322968
../THESIS%20DRAFT.doc#_Toc281322969
../THESIS%20DRAFT.doc#_Toc281322970
../THESIS%20DRAFT.doc#_Toc281322971
../THESIS%20DRAFT.doc#_Toc281322972
../THESIS%20DRAFT.doc#_Toc281322973
../THESIS%20DRAFT.doc#_Toc281322974
../THESIS%20DRAFT.doc#_Toc281322975
../THESIS%20DRAFT.doc#_Toc281322976
../THESIS%20DRAFT.doc#_Toc281322976
../THESIS%20DRAFT.doc#_Toc281322977
../THESIS%20DRAFT.doc#_Toc281322978
../THESIS%20DRAFT.doc#_Toc281322979
../THESIS%20DRAFT.doc#_Toc281322979
../THESIS%20DRAFT.doc#_Toc281322980
../THESIS%20DRAFT.doc#_Toc281322981
../THESIS%20DRAFT.doc#_Toc281322982
../THESIS%20DRAFT.doc#_Toc281322983
../THESIS%20DRAFT.doc#_Toc281322984
../THESIS%20DRAFT.doc#_Toc281322985
../THESIS%20DRAFT.doc#_Toc281322986
../THESIS%20DRAFT.doc#_Toc281322987
../THESIS%20DRAFT.doc#_Toc281322988
../THESIS%20DRAFT.doc#_Toc281322988
../THESIS%20DRAFT.doc#_Toc281322989
../THESIS%20DRAFT.doc#_Toc281322990
../THESIS%20DRAFT.doc#_Toc281322991
../THESIS%20DRAFT.doc#_Toc281322992

Figure 39: Fibre Bridge interfacing several analysis applications............c..cccoceviveieiiennns 58
Figure 40: Digital model of branching morphology ... 62
Figure 41: Plaster cast of ventilation chambers of a termite mound ..............cccceceevieinenns 62
Figure 42: Branches evolved through the utilisation of 3 algorithms ..............c.ccocvviiins 63
Figure 43: CFD tests of conduit bifurcation morphologies..........ccccccevvveveiiiiiieseciicseenns 63
Figure 44: CFD of airflow in eVolViNg SYStEM ......ccoiiiiiiiiiieiieie e 64
Figure 45: Principles abstracted from termite Mounds............cccoevvieiieeiie v 64
Figure 46: Models of branching morphology & associate CFD analysis...........cc.ccocvvvnnee 65
Figure 47: Functional Prototype of responsive surface (left) with Responsive Veneer Skin
(L L SRR 67
Figure 48: Pine cones open & close when relative humidity changes to release seeds......68
Figure 49: Development of the folded component system through paper models fabricated
DY CULEING PIOLEEIS. ..ottt et e neeeas 69
Figure 50: Development of VENeer COMPONENTS ........c.ccerviriririnisieie e 69
Figure 51: Development of responsive surface StruCtUre ............ccccovveveeieiievieese e 70
Figure 52: Responsive surface computational ProCess...........ccoovvevirieeieieneneseseseseeiens 70
Figure 53: Environmental modulation of responsive surface...........cccccovvvvievivevciieieenns 71
Figure 54: CFD Analysis (left) / Components in Closed and Opened State (right). .......... 72
Figure 55: AA Membrane CanOPY .......c.cciveiueiieiierieiieesteesteseeseesaeseeseestessesraesneseesreennens 75
Figure 56: Adaptation process for the AA Membrane Canopy .........cccocevererencnienieninnnns 76
Figure 57: Full Scale mock-up of the Can0PY........cccecveieeiiiie i 77
Figure 58: Close up view of steel and membrane elements ... 77
Figure 59: Development of the canopy’s material SYStem ..........cccocereriirereiincneneenienes 78
Figure 60: Computational model of the CaN0PY .......ccceiviiriiiiiiicee s 78
Figure 61: The canopy was developed through a multi-levelled computational process...79
Figure 62: Shading analysis of the CaNOPY .........cceieiiiii e 80
Figure 63: CFD analysis investigating pressure differentialS............cccocooeiinniniiinnns 80
Figure 64: Rainwater runoff analysis ... 80
Figure 65: Environmental modulation of the AA CaNOPY .......cccovvviierieieiees e 81
Figure 66: AA Canopy exposed to severe SNOW 10adS ..........c.ccveveiieieeie e 81
Figure 67: 1:10 model of the AA ShEIter ... 84
Figure 68: Site location, Chilean Patagonia. ...........cccceoveviiiiiiere e 85
Figure 69: AA shelter adaptation PrOCESS.........cccviierierierieriesie it 85
Figure 70: Structural analysis of the Shelter ..., 86
Figure 71: Important characteristic 0f WOOd ..........cccoceieiiiiiiiiie e 86
Figure 72: AA shelter Computational ProCeSS........cccueivieiieiiieiie e 87
Figure 73: Final form of the shelter as result of the complex interaction between form,
MALErTal AN SETUCTUIE.... .ottt st be e eas 87
Figure 74: CFD of the Shelter ProjJECt.........ccooviiiiiiiieiee e 88
Figure 75: Environmental modulation of the shelter project..........ccccoocvvvveviviiic e, 88
Figure 76: Displacement analysis of the shelter project..........c.ccoovvviieiiiininis 88
Figure 77: Construction process of shelter & viewing platform ............cccooeiiiiiniiennn. 89
Figure 78: Interlinked relationship between form & behaviour ...........ccccooiiiiiiinns 89
Figure 79: Image of existing Piraeus Tower, Athens, GreCCe...........ccocvvvveiieiieeviieeiieennn. 92
Figure 80: Piraeus Tower adaptation PrOCESS ........coererieriereriirieseseeee e 92
Figure 81: Multiples generations of Piraeus Tower envelope ..........cccocevvieiiineiieneennns 93
Figure 82: Computational process of Piraeus TOWET ........cccccevveveiiieiieeresie e see e 94
Figure 83: Iterative algorithmic procedure of Piraeus TOWE ........cccovveeviiiiniieieniesieins 95

Page | ix


../THESIS%20DRAFT.doc#_Toc281322993
../THESIS%20DRAFT.doc#_Toc281322994
../THESIS%20DRAFT.doc#_Toc281322995
../THESIS%20DRAFT.doc#_Toc281322996
../THESIS%20DRAFT.doc#_Toc281322997
../THESIS%20DRAFT.doc#_Toc281322998
../THESIS%20DRAFT.doc#_Toc281322999
../THESIS%20DRAFT.doc#_Toc281323000
../THESIS%20DRAFT.doc#_Toc281323001
../THESIS%20DRAFT.doc#_Toc281323001
../THESIS%20DRAFT.doc#_Toc281323002
../THESIS%20DRAFT.doc#_Toc281323003
../THESIS%20DRAFT.doc#_Toc281323003
../THESIS%20DRAFT.doc#_Toc281323004
../THESIS%20DRAFT.doc#_Toc281323005
../THESIS%20DRAFT.doc#_Toc281323006
../THESIS%20DRAFT.doc#_Toc281323007
../THESIS%20DRAFT.doc#_Toc281323008
../THESIS%20DRAFT.doc#_Toc281323009
../THESIS%20DRAFT.doc#_Toc281323010
../THESIS%20DRAFT.doc#_Toc281323011
../THESIS%20DRAFT.doc#_Toc281323012
../THESIS%20DRAFT.doc#_Toc281323013
../THESIS%20DRAFT.doc#_Toc281323014
../THESIS%20DRAFT.doc#_Toc281323015
../THESIS%20DRAFT.doc#_Toc281323016
../THESIS%20DRAFT.doc#_Toc281323017
../THESIS%20DRAFT.doc#_Toc281323018
../THESIS%20DRAFT.doc#_Toc281323019
../THESIS%20DRAFT.doc#_Toc281323020
../THESIS%20DRAFT.doc#_Toc281323021
../THESIS%20DRAFT.doc#_Toc281323022
../THESIS%20DRAFT.doc#_Toc281323023
../THESIS%20DRAFT.doc#_Toc281323024
../THESIS%20DRAFT.doc#_Toc281323025
../THESIS%20DRAFT.doc#_Toc281323026
../THESIS%20DRAFT.doc#_Toc281323027
../THESIS%20DRAFT.doc#_Toc281323027
../THESIS%20DRAFT.doc#_Toc281323028
../THESIS%20DRAFT.doc#_Toc281323029
../THESIS%20DRAFT.doc#_Toc281323030
../THESIS%20DRAFT.doc#_Toc281323031
../THESIS%20DRAFT.doc#_Toc281323032
../THESIS%20DRAFT.doc#_Toc281323033
../THESIS%20DRAFT.doc#_Toc281323034
../THESIS%20DRAFT.doc#_Toc281323035
../THESIS%20DRAFT.doc#_Toc281323036
../THESIS%20DRAFT.doc#_Toc281323037

Figure 84: Picture of the studied cactus (Echinocactus grusonii)
Figure 85: Environmental modulation of Piraeus Tower ............

Page | x


../THESIS%20DRAFT.doc#_Toc281323038
../THESIS%20DRAFT.doc#_Toc281323039

Table of Contents

ABSTRACT .ttt bt bt bbbt e bt £ bbb bRt bR e bt bt bt b et bt e e v
ACKNOWLEDGMENTS ...ttt bbbt Vi
LIST OF TABLES ... .ottt ettt vii
LIST OF FIGURES. ...ttt bbbt bbb viii
CHAPTER 1: INTRODUCTION .. ittt 1
1.1 OVERVIEW. ..ttt ettt bbbttt bbb e bbb bbbt b e bbbt e nn e 1
1.1.1  Why choose a biological theme?...........ooi s 2
1.1.2  RESEAICH QUESLIONS .......eiiiiitiieitetet ettt b e 2
1.1.3 Research Aim & ODJECLIVES........cc it st s re e 3
1.1.4  Structure & MethOUOIOGY ......ccviieiiiiice e st 3
TS0l oL T TP P PP TP PP PR 4
1.2 BACKGROUND .....outitiiitiietitetist ettt b et bt b e bbbt s bbb st bbb bbbt b e bt n et nn e 5
I A o 1Y (o] ¢ Tor= L I @ T4 To 10 SRR 5
1.2.2  CUITENE RESEAICH ...ttt 7
CHAPTER 2: INFLUENCE OF BIOMIMICRY ON ARCHITECURAL DESIGN............. 9
2.1 INTRODUCTION ...euitititeuitesisteseateststte ettt bt ss st b et eb e bbb bbb s b st b et e bt n b 9
2.2 DESIGN APPROACHES ......ccuiutitiutateiateststestesestesestestsbe et sbe e be st ebe st besbebestes e et eseabe st ebe e ebeneeneeas 9
2.2.1 Problem-Based APPrOACH ..o s 10
2.2.2  SOolution-Based APPIOACH ..o 12
2.3 LEVELS OF BIOMIMICRY w..ocuiiiiiteiiitiiiitet sttt 14
2.3. 1 OrganiSM LEVEL....couiiiiiiieiiieeeeiee ettt bbbt 16
2.3.2  BENAVIOUN LEVEL .....c.eiiiiciice ettt et ta e 17
2.3.3  ECOSYSIEM LEVEL ...ttt sttt et nas 19
2.4  PRINCIPLES OF ECOSYSTEM BIOMIMICRY ....ociiiiiiiieiiiiiniiesie sttt st 20
2.4.1 Ecosystems are dependent on contemporary SUNHght. ..o 22
2.4.2 Ecosystems optimise the system rather than its COMPONENLS. ..........ccevvvvrireiineieieen 22
2.4.3 Ecosystems are attuned to and dependant on local conditions...........cccccveveieiiiiiencienene. 23
2.4.4 Ecosystems are diverse in components, relationships and information. ............cc.cccceevvnnne. 23
2.4.5 Ecosystems create conditions favourable to sustained life. ..., 24
2.4.6 Ecosystems adapt and evolve at different levels and at different rates. ...........cccccoeevrvene. 25
2.5 SELECTED BIOLOGICAL DESIGN PRINCIPLES .....ccoctiiiiiiiiiirieisieisie st 26
2.5. 1 AJAPLALION ...ttt bt 26
2.5.2  IMALEIIAl 8S SYSTEIMS. ... i iiiiiiie ettt e ste et e e seeese e besneesaeseeeneeneas 26
2.5.3  EVOIULION ..ot 27
T S 1T {0 T oo PP 28
255 FOrM & BENAVIOUT ......ccuiiiiiiiiiic s 28



2.6 CHAPTER SUMMARY ...oiiititiiieeiitteeiteeestteessteessteeessteessteeasteeessteeasseeessseessesesssessnsesassesssnseseneees 29

CHAPTER 3: MORPHOGENETIC COMPUTATIONAL DESIGN ...ooooioiiiiiiiiiiie, 30
3.1 INTRODUCTION utiitiitiitestteite sttt sttt e st sttt e bt sbe e b e b e eseesbeeb e e sbesbe e s s e ebe e bt e sbesbeenbesbees e e nbenaeenne e 30
3.2 MORPHOGENESIS IN BIOLOGY ...cuvitiiiiiieiiiiieiieieieiesesiesiestesaesaesaesaessssessessessessessessessessesensenns 31
KT R B ) 101 o] ISR SRPTR 31
3.2.2  Advantages of studying biological mOrphogenesis. .........coeiivieiiieiiic s 32
3.3 MORPHOGENESIS IN ARCHITECTURE ...ccveitiiesiesierieressessestessesaessessesesssssessessessessessessessessssenns 32
TR 00 R 5 ) 1011 o o ST TS 32
3.3.2  Why Study MOIPhOGgENESIS? ....ecuveiiecieeie ittt st sbe e re e e 32
3.4 GENERAL CONCEPTS ..tititestesiettestetestestessestessessessassasessessessessessessessessssessessessessessessessesessssens 33
3.4. 1 ComPULATIONAL DESIGN....c.viiiiiiiiiiiitiiiete sttt b e 33
3.4.2 Computational MOIrPROGENESIS ......ccveviiiiiiiieiie e 34
3.4.3  SElf-Organization ..........cccuoiiiiiiie et 34
3.4.4 Differentiation & INTEGIatioN .........ccccuiiriiiirieieieieere e 36
3.4.5 AdVaNCed SIMUIBLION .....c.oiiiiiiiee et 36
3.5 MORPHO-ECOLOGICAL DESIGN APPROACH .....ccotiiiiiitiitintesiesiesiesiesessessessessessesseseesessessens 37
3.6 THEORETICAL FRAMEWORK .....ccciitiiiiitiitiitesieieeeeesastestestestesaessesaesassaasessessessessessessessensaseans 37
3.7 SELECTED BIOLOGICAL PRINCIPLES ....ccveitiitiiesietietestestestesteseessesesassassessessessessessessessesessens 39
TN R Ao =) -1 [ SRS 39
3.7.2  MALErIAl SYSTEIMIS .....eiiiiiiiie ettt bbb 40
T T Yo [ 1 o SR 41
N 0 1 0 T=T (1= oSS 42
3.7.5 FOrm and BENAVIOU..........cuiiiieiciiice ettt 43
3.8 METHODOLOGICAL FRAMEWORK .....cciiiiitiiisiesiesietestestestesiesaesseaessesassessessessessessessessesssseens 43
3.9 CHAPTER SUMMARY ....oiiiiitiistattettetestestessestestesessessasaasassessessesaessassessasaasessessessessessessessessasens 48

CHAPTER4: CASE STUDIES: APPLICATION OF BIOLOGICAL PRICIPLES IN

COMPUTATIONAL DESIGN Lot iuiiiiiiiiiiii it ie ittt iesitteiessesseressassetssieserssssssrseiaisersesaiseressessens 49
R 1N =0 010 o 1 (0] AR 49
4.2 SOLUTION-BASED CASE STUDIES .....oeiiiiitiieeiittiie e esttie e s sites e s s stee e s s sabee e s s ssbas s s s ssbanssssabenssssnreas 51
O R =1 TSRS 51
4,22 BIaNCNING ..ottt bbbttt 61
4.2.3  ReSPONSIVE SUIMACE STIUCIUMES ......cceiiieeieeie ettt 67
4.3 PROBLEM-BASED CASE STUDIES......c.coiiiitiieeiittiieessiee e s s sttes e s s sibes e s sssbessssssbessssssbansssssrenssssssens 75
4.3.1 AAMEMDIANE CANOPY ...veueeiieiiiiiitiiiinte sttt sttt bttt 75
T A Y AN ] | (=Y TR 84
4.3.3  PiracuS TOWEE, ATNENS ..cooiiieeeiieee ettt ettt et e ettt e e e e et et et e e e s e s ee e e eteeesssaserrreeeeeeses 92
4.4 GENERAL ADVANTAGES OF THE PRESENTED DESIGN APPROACH .....ccccvvvvveeeeiiicciiiieneeeenn 98
4.5  CHAPTER SUMMOARY ..oetttiiiiiiiettttttt e e e e s sttt bttt e aesssasbateeessessssassbabteeteessssasbbbaesseessssssbbrreeseessss 99
CHAPTER 5. CONCLUSION . ..ttt ittt sttt e st st ere st et etsssatersssaterssssiserassirersessireraesassens 100
LR S U 1Y 1Y = 37 100
5.2 BENEFITS & DRAWBACKS .....ciictitiii ittt e s ittee e s itaee e s sbaeeessibaesessbaeeessebbeeessabbeeesssbbesessasaeneesnns 101
LR T O = [ i (o] 1 OO 102
5.4 FUTURE RESEARCH ...ocoiiiitiiie i stieee sttt e s sttt s s s st ae s e s st as s e s sabas s e s sabasaessabasasssabasaessabansssssbannessnns 104

Page | xii



REFERENCES .00ttt 105
APPENDIX ittt 111
ARABIC SUMMARY oottt 114

Page | xiii



Introduction

CHAPTER 1: INTRODUCTION

1.1 Overview

Current architectural practice regarding sustainable design and construction is not yet truly
sustainable. According to leading biomimetic thinker Bill Reed® (who co-chaired the
development of LEED standards from the outset), we could "have a world full of LEED
platinum buildings and still destroy the planet.” These greener designs, though progressive,
often stick too close to the existing standard in a way that is simply "less bad.” He states
that our designs need to be ‘’Regenerative’’, meaning that we need to contribute to
biodiversity with our own designs ... an approach that not only reverses degeneration of
the earth's natural systems, but creates systems that can co-evolve with us, in a way that
generates mutual benefits and creates an overall expression of life and resilience.
Biomimicry presents a very promising solution to this issue. This is due to both the fact
that it is an inspirational source of possible new innovation and because of the potential it
offers as a way to create a more regenerative built environment.

In nature this has been well documented through the works of pioneers in the field of
biology and evolution. Over many millennia the organisms that inhabit this planet have
gone through countless environmental filters that have shaped and continue to inform the
shape of organisms today. From early iterations to today’s counterparts the wealth of
biological diversity is staggering and is testament to the earth’s testing ground. As
supremely motivated and inquisitive creatures, gained from our ancestors. This intellectual
base is constantly refined and rethought in an effort to sift through what is deemed
unnecessary and excess and arrive at a new level of understanding and ability. Nature has
provided this framework of constant improvement for us and it is this feature that is the
basis for this thesis. The principle of Biomimetics strives to learn how nature has learned
and to not necessarily imitate but distil from nature the qualities and characteristics of
natural form and systems that may be applicable to our interpretation of architecture.

One possible way to explore the potential of biological principles present in nature is
through their application within a computational design setup. What we are experiencing at
this time in design history is one approach for the re-examination of nature using tools of
technology and science.

Biomimetics for design is emerging in colleges and universities all over the world. The
idea of finding a wide-spectrum method for considering nature is slowly appealing to a

! Bill Reed is an internationally recognized proponent and practitioner of sustainability and an architect. He is
also a principal in the regenerative planning firm Regenesis and an associate of the strategic environmental
planning firm Natural Logic. He served as co-chair of the LEED Technical Committee from its inception in
1994 through 2003; is a member of the LEED Advanced faculty and one of the first of twelve USGBC
trainers of the LEED Rating System and a founding Board Member of the US Green Building Council.
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world facing limited resources, nuclear proliferation, and a climate out of synchronization.
In such a situation, letting nature take a role as teacher has a logic that crosses academic
barriers and suggests that the study of natural processes is a valuable component and
potentially an equal partner with traditional biological disciplines researching nature. By
automating parts of the design process, computers make it easier to develop designs
through versioning and gradual adjustment. New design software enables the writing of
scripts and codes, that when coupled to simulations of dynamic structural and
environmental loads have the potential to extend design processes from the development
and fabrication of a singular static artefact or building to families of variant forms that can
respond to varying conditions.

Current development in computer software and technology represents an opportunity to
fully explore the potential and benefits of biological principles found in nature, and their
application in the process of architectural design, in an attempt to produce a more
sustainable or regenerative built environment.

1.1.1 Why choose a biological theme?

There are characteristics of designed objects such as buildings, and characteristics of the
ways designs are produced, viewed both at an individual and at a cultural level, which lend
themselves peculiarly well to description and communication via biological metaphor. The
ideas of ‘wholeness’, ‘coherence’, ‘correlation’ and ‘integration’, used to express the
organised relationship between the parts of the biological organism, can be applied to
describe similar qualities in the well-designed artefact. The adaptation of the organism to
its environment, its fitness, can be compared to the harmonious relation of a building to its
surroundings, and, more abstractly, to the appropriateness of any designed object for the
various purposes for which it is intended. Perhaps most significantly it is biology, of all
sciences, which first confronted the central problem of teleology, of design in nature; and it
is very natural that of all sciences it should for this reason attract the special interest of
designers. (Steadman P. 2008)

A second point is that as a matter of historical fact, it has been biology out of all the
sciences to which architectural and design theorists have most frequently turned. Indeed it
IS surprising, in view of the ubiquity of biological references and ideas in the writings of
the architectural theorists of the last hundred years, that no work of book length has so far
been devoted to the history and theory of biological analogy. The history is certainly a
fragmented one, leading into many remote corners and backwaters of the architectural
literature. Nevertheless analogy with biology is a constant and recurring theme.

(Steadman P. 2008)

1.1.2 Research questions

In this context, a number of questions are addressed in this research:

= |s there an alternative to the currently prevailing approach to sustainability?
= How could biomimetic design benefit from new design software and technology?
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= How could biological principles be applied in computational design?
= What is the potential of such a design approach?

1.1.3 Research Aim & Objectives

Life has had millions of years to finely-tune mechanisms and structures that work better
than current technologies, require less energy and produce no life-unfriendly waste. The
emulation of this technology is the goal of ‘biomimicry’, the art of innovation & design
inspired by nature. Digital technologies on the other hand, are frequently applied to
engineering fields resulting in improved solutions. Very few architects actually benefit
from such technical advances in the field of sustainable architecture.

Research Aim:

The main objective of this thesis is to research the possibility of linking and applying
biological principles in morphogenetic computational design, in an attempt to explore the
potential of both emerging sciences in developing a more sustainable and regenerative
architecture.

Objectives:

= Explore the potential of biomimicry in architecture.

= Study morphogenetic computational design, by establishing a theoretical and
methodological framework for case-studies.

= Explore the possibility of implementing and correlating selected biological
principles with morphogenetic design.

= Analyse and evaluate case studies representing such a possibility.

1.1.4 Structure & Methodology

Through an exploratory and analytical research, this thesis is an attempt to establish a link
between biomimicry and morphogenetic computational design. It starts by the exploration
of the influence of biomimicry on architecture, resulting in a set of selected principles that
could be applied in computational design. These principles are then abstracted in order to
use them as specific morphogenetic design concepts.

Morphogenetic computational design is then addressed and explored within this context,
resulting in a theoretical and methodological framework for selected case studies. Case
studies are then analysed in order to evaluate the application of such an approach on future
sustainable architectural design, by comparison with conventional design means.
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THESIS STRUCTURE

INTRODUCTION ]

EXPLORE INFLUENCE MORPHOGENETIC

OF BIOMIMICRY IN Abstracted COMPUTATIONAL LITERATURE
ARCHITECTURE Principles DESIGN REVIEW
Biomimetic Design: Morpho-Ecological Design:
Approaches Definition
Levels Theoretical Framework
Principles Methodological Framework

ANALYSIS OF SELECTED
PRINCIPLES IN CASE-

STUDIES
EMPIRICAL
STUDY
DISCUSSION &
CONCLUSION

Figure 1: Thesis Structure Diagram

1.1.5 Scope

The scope of this research is the study and analysis of biomimicry as a significant tool for
sustainable architectural design and construction, focusing on the possibility of applying
selected biomimetic principles in morphogenetic computational design processes, thus
highlighting an important link between biomimicry and morphogenesis and outlining its
potential for future sustainable design.

This thesis does not deal with the cultural implications of what the formal physical
appearance of a holistically designed architecture based on biomimetic principles should
be or what cultural values it should reflect.
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1.2 Background

Philip Steadman in his book: ‘The Evolution of Designs’ has presented a comprehensive
overview regarding biomimicry and computational design; their origins and current
research.

1.2.1 Historical Origins

Origins of Biomimicry:

The term biomimicry appeared as early as 1982 and was popularized by scientist and
author Janine Benyus in her 1997 book Biomimicry: Innovation Inspired by Nature.
Biomimicry is defined in her book as a "new science that studies nature's models and then
imitates or takes inspiration from these designs and processes to solve human problems™.
Benyus suggests looking to Nature as a "Model, Measure, and Mentor" and emphasizes
sustainability as an objective of biomimicry.

But critics and philosophers since ancient Greece have looked to natural organisms as
offering perfect models of that harmonious balance and proportion between the parts of a
design which is synonymous with the classical ideal of beauty. The qualities of wholeness,
of integrity, of a unity in structure such that the parts all contribute to the effect or purpose
of the whole, and no part may be removed without some damage to the whole — these are
central concepts in the aesthetics and in the natural history of Aristotle, and are
characteristics in the Aristotelian view both of living beings and of the best works of art.

Architects and designers have looked to biology for inspiration since the beginnings of the
science in the early nineteenth century. They have sought not just to imitate the forms of
plants and animals, but to find methods in design analogous to the processes of growth and
evolution in nature. Biological ideas are prominent in the writings of many modern
architects, of whom Le Corbusier and Frank Lloyd Wright are just the most famous. Le
Corbusier declared biology to be ‘the great new word in architecture and planning’.

The trouble with biological analogy in architecture in the past is that much of it has been of
a superficial picture-book sort: ‘artistic’ photos of the wonders of nature through a
microscope, juxtaposed with buildings or the products of industrial design. But analogy at
a deeper level can be a most fundamental source of understanding and of scientific insight,
as many writers on that subject have pointed out.

Although there is much that is completely new in recent ‘biological’ developments in the
practice and theory of design, this work does nevertheless often tend to echo or reinterpret
ideas in the earlier history of biological analogy. Modern research in ‘biomimetics’
(engineering analysis of organisms and their behaviour with a view to applying the same
principles in design) gives a new name and new rigour to what went under the banner of
‘biotechnique’ or ‘biotechnics’ in the 1920s and 1930s.

Page | 5


http://en.wikipedia.org/wiki/Janine_Benyus

Introduction

Introducing computers:

What has happened over the last thirty years is that there has
been a great flowering of new theory in architecture and
design, looking not just to understand and imitate natural
forms, but seeking insights at deeper levels into biological
processes, from which designers might derive models and
methods. This activity has gathered pace over the past two
decades. One reason has been the growing environmental
crisis, the rise of green and sustainable design, and a belief
that an architecture in closer harmony with nature needs to
take lessons from organic forms and systems.

A second major stimulus has been the general introduction of
computers into the everyday practice of engineers, architects
and industrial designers. Computer-aided design was just 16
years old in 1979 — taking Ivan Sutherland’s® Sketchpad
system of 1963 as year zero. The technology in those days
was unwieldy and expensive, the users mostly government
departments and big companies, and the focus in architecture
on prefabricated industrial systems of construction. In terms
of method the emphasis was on static representation of
finished designs in drawings and virtual 3D models, the
automatic evaluation of structural, thermal and a few other
aspects of physical performance, and costing. There was
much academic interest in methods for the automated
generation of architectural form by computer, but little solid
progress.

All this changed when computers arrived on every desk in
the 1980s, and when powerful new graphics and modelling
software gave designers the means to create and explore new
worlds of complex, fluid, curvilinear, ‘biomorphic’ shape.
(The equation of ‘biological’ with ‘non-rectangular’ could
sometimes nevertheless be rather simplistic.) Programs for
simulating different aspects of the behaviour of mechanisms
and structures allowed engineers to introduce explicitly
‘evolutionary’ methods for optimising performance. From as

Figure 2: Model of rose campion
(Lychnis coronaria) expressed using
a context-free L-system generated
with L-Studio, a software package
developed at the Department of
Computer Science at the University
of Calgary. (Source: AD Journal
volume 78 No. 2, 2008)

2 lvan Edward Sutherland (born 1938 in Hastings, Nebraska) is an American computer scientist and Internet
pioneer. He received the Turing Award from the Association for Computing Machinery in 1988 for the
invention of Sketchpad, an early predecessor to the sort of graphical user interface that has become

ubiquitous in personal computers.
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early as the 1960s computer scientists had begun to devise ‘genetic algorithms’ whose
mode of operation closely mimics natural evolution, for solving otherwise intractable
computational problems and for producing software semi-automatically. Since the 1990s
design researchers have been building these algorithms into experimental computer
systems that ‘evolve’ the designs of buildings and other artefacts.

1.2.2 Current Research

Janine Benyus (2002) lists three types of biological entity on which technology might be
modelled: natural methods of (chemical) manufacture; mechanisms and structures found in
nature; and organisational principles in the social behaviour of animals. Centres for the
study of biomimetics have sprung up in recent years in universities all over the world,
under such names as the Biologically Inspired Systems Lab in Sweden, the Centre for
Biologically Inspired Designs at Georgia Tech, Atlanta, and the Centre for Biologically
Inspired Materials and Material Systems at Duke University, North Carolina. A new
journal of Bioinspiration and Biomimetics has started publication in 2007. In Britain there
are centres for biomimetics at both Bath and Reading Universities. The Reading group was
set up by George Jeronomidis and Julian Vincent, stimulated in part by their Professor Jim
Gordon’s book The New Science of Strong Materials (Centre for Biomimetics 2007).
Research in the centre has concentrated on the properties of organic materials such as
bone, collagen, chitin (from which the carapaces of insects are made), cellulose, and the
silk of spiders’ webs.

Jeronomidis (2004) has turned his mind to possible architectural applications of this
research. Rigidity is created in plant structures by the fluid pressure in cells. Similar
principles might be applied in pneumatic or hydraulic structures for buildings, as Frei Otto
was the first to recognise. Plants change their forms in response to light — petals open and
shut, sunflowers track the sun — providing possible models for environmental controls.

Contemporary architects and researchers are pursuing comparable analogies of design with
growth. In some cases they are experimenting with computer systems that first ‘grow’
designs, and then evolve them. One technique that has proved of particular interest to
architects in this context is the Lindenmayer grammar or L-grammar (sometimes L-
system) due to the botanist Aristid Lindenmayer. The L-grammar is a rule-based system
for representing the topology of the branching structures of plants by means of symbols.
L-grammars are not confined to describing plant-like forms however, but can be used for
generating structures and surfaces that more closely approximate those of buildings. The
architect Dennis Dollens uses software based on L-systems to design constructional
elements with complex curved forms for an organic architecture that makes explicit
reference to animal and plant morphology.

The Genr8 tool for designing ‘interesting’ surfaces resembling natural forms has been
developed by Una-May O’Reilly, Martin Hemberg and Achim Menges of the Emergent
Design Group at MIT and the Emergent Design and Technologies Group at the
Architectural Association in London (O’Reilly et al. 2004; O’Reilly and Hemberg 2007).
Genr8 allows 3D digital surfaces to be grown using L-systems in response to a simulated
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environment that mimics tropisms, reactions to environmental influences like those acting
on plants, such as gravity and sunlight.

Other architects have been generating ‘organic’ doubly curved surfaces with the help of
software that has no basis in biological process or structure, as evolutionary algorithms and
L-systems have. There may be much talk of ‘morphogenesis’, and a rich stew of other
biological concepts invoked, but the truth is that the main analogy with nature is at the
level of appearances only, and specifically with the non-rectangularity of nature.

In this thesis one of the main sources of investigating biologically inspired design as well
as computational design is the writings of Michael Hensel, Achim Menges and Michael
Weinstock of the Emergent Technologies and Design Group at the Architectural
Association in London. Their research focuses on a very specific interdisciplinary
approach to design that is embedded in technological development and design innovation.
They investigate new strategies for design that are derived from the evolutionary
development of living systems, from their material properties and metabolisms, and from
their adaptive responses to changes in the environment.
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CHAPTER 2: INFLUENCE OF BIOMIMICRY ON
ARCHITECURAL DESIGN

2.1 Introduction

Biomimicry, where flora, fauna or entire ecosystems are emulated as a basis for design, is a
growing area of research in the fields of architecture and engineering. This is due to both
the fact that it is an inspirational source of possible new innovation and because of the
potential it offers as a way to create a more sustainable and even regenerative built
environment. The widespread and practical application of biomimicry as a design method
remains however largely unrealised. A growing body of international research identifies
various obstacles to the employment of biomimicry as an architectural design method. One
barrier of particular note is the lack of a clear definition of the various approaches to
biomimicry that designers can initially employ. (Pedersen Zari, M. 2007).

This chapter elaborates on distinct approaches to biomimetic design that have evolved. A
framework for understanding the various forms and levels of biomimicry has been
developed, and is used to discuss the distinct advantages and disadvantages inherent in
each as a design methodology. It is shown that these varied approaches may lead to
different outcomes in terms of overall sustainability or regenerative potential.

It is posited that a biomimetic approach to architectural design that incorporates an
understanding of ecosystems could become a vehicle for creating a built environment that
goes beyond simply sustaining current conditions to a restorative practice where the built
environment becomes a vital component in the integration with and regeneration of natural
ecosystems. A focus is made on ecosystem biomimicry, highlighting its general
characteristics and principles.

Further, specific set biological design principles are selected for further discussion and
analysis in the following chapters.

2.2 Design Approaches

A comparative literature review and examination of existing biomimetic technologies was
conducted by M. Pedersen Zari at Victoria University in New Zealand in 2007. It is
apparent that distinct approaches to biomimetic design exist, each with inherent advantages
and disadvantages. These diverse approaches may have markedly different outcomes in
terms of overall sustainability. While some designers and scientists employ biomimicry
specifically as a method to increase the sustainability of what they have created,
biomimicry is also used in some cases simply as a source of novel innovation (Baumeister,
2007b). As demonstrated by Reap et al (2005), a biomimetic design approach does not
necessarily mean the resulting product or material will be more sustainable than a
conventional equivalent when analysed from a life cycle perspective.

Approaches to biomimicry as a design process typically fall into two categories: Problem-
Based Approach and Solution-Based Approach explained in the following paragraphs.
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221 Problem-Based Approach

Throughout literature review, this
approach was found to have different
naming, such as “Design looking to
biology” (Pedersen Zari, M. 2007),
“Top-down Approach” (Jean Knippers
2009) and “Problem-Driven
Biologically Inspired Design”
(Michael Helms, Swaroop S. Vattam
and Ashok K. Goel, 2009) all referring
to the same meaning.

In this approach, designers look to the
living world for solutions and are
required to identify problems and
biologists then need to match these to
organisms that have solved similar
issues. This approach is effectively led
by designers identifying initial goals
and parameters for the design.

Figure 3: Top-Down Design Approach

The pattern of problem-driven biologically inspired design follows a progression of steps
which, in practice, is non-linear and dynamic in the sense that output from later stages
frequently influences previous stages, providing iterative feedback and refinement loops.
(Michael Helms, Swaroop S. Vattam and Ashok K. Goel, 2009)

An example of such an approach is DaimlerChrysler’s prototype Bionic Car (fig.4). In
order to create a large volume, small wheel base car, the design for the car was based on
the boxfish (ostracion meleagris), a surprisingly aerodynamic fish given its box like shape.
The chassis and structure of the car are also biomimetic, having been designed using a
computer modelling method based upon how trees are able to grow in a way that
minimises stress concentrations. The resulting structure looks almost skeletal, as material
(Vincent et al., 2006).

is allocated only to the places where it is most needed.

Lera

Figure 4: DaimlerCrysler bionic car inspired by the box fish and tree growth patterns.
(Source: Pedersen Zari, M. 2007).

The possible implications of architectural design where biological analogues are matched
with human identified design problems are that the fundamental approach to solving a
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given problem and the issue of how buildings relate to each other and the ecosystems they
are part of is not examined. The underlying causes of a non-sustainable or even
degenerative built environment are not therefore necessarily addressed with such an
approach.

The Bionic Car illustrates the point. It is more efficient in terms of fuel use because the
body is more aerodynamic due to the mimicking of the box fish. It is also more materials
efficient due to the mimicking of tree growth patterns to identify the minimum amount of
material need in the structure of the car. The car itself is however not a new approach to
transport. Instead, small improvements have been made to existing technology without a
re-examination of the idea of the car itself as an answer to personal transport. (Pedersen
Zari, M. 2007)

Designers are able to research potential biomimetic solutions without an in depth scientific
understanding or even collaboration with a biologist or ecologist if they are able to observe
organisms or ecosystems or are able to access available biological research. With a limited
scientific understanding however, translation of such biological knowledge to a human
design setting has the potential to remain at a shallow level. It is for example easy to mimic
forms and certain mechanical aspects of organisms but difficult to mimic other aspects
such as chemical processes without scientific collaboration. (Pedersen Zari, M. 2007)

Despite these disadvantages, such an approach might be a way to begin transitioning the
built environment from an unsustainable to efficient to effective paradigm (McDonough,

2002).
CHALLENGE
10BIOLOGY
stk Sy | DENTIFY
EVALUATE LA AP/ REAL CHALLENGE
AGAINST P A3 .
LIFES
PRINCIPLES
INTERPRET
DESIGN BRIEF
EMULATE DISCOVER

NATURE'S STRATEGIES NATURAL MODELS

DESIGN PRINCIPLES

Figure 5: Design Spiral by the Biomimicry Institute

Page | 11



Influence of Biomimicry on Architecural Design

The Biomimicry Institute has referred to this design approach and explained it through the
“Challenge to Biology Design Spiral” as illustrated in figure 4.

Research held in Georgia Institute of Technology by Michael Helms, Swaroop S. Vattam
and Ashok K. Goel, at the Design Intelligence Lab in 2006, also defined this approach
through 6 definite steps, which are very similar to those defined by the Biomimicry
Institute:

= Step 1: problem definition

= Step 2: reframe the problem

= Step 3: biological solution search

= Step 4: define the biological solution

= Step 5: principle extraction

= Step 6: principle application
(Michael Helms, Swaroop S. Vattam and Ashok K. Goel, 2009)

2.2.2 Solution-Based
Approach

As stated in the previous approach,
this approach was also found to have
different naming such as “Biology
Influencing Design”, “Bottom-Up
Approach” and “Solution-Driven
Biologically Inspired Design”.

When biological knowledge

influences human  design, the

collaborative design process is

initially dependant on people having

knowledge of relevant biological or

ecological research rather than on

determined human design problems.

A popular example is the scientific

analysis of the lotus flower

emerging clean from swampy

waters, which led to many design

innovations as  detailed by Figure 6: Bottom-Up Approach
Baumeister (2007a), including Sto’s Lotusan paint which enables buildings to be self
cleaning.

[ 2 ; : o \
Figure 7: Lotus inspired Lotusan Paint (Source: Pedersen Zari, M. 2007).
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An advantage of this approach therefore is that biology may influence humans in ways that
might be outside a predetermined design problem, resulting in previously unthought-of
technologies or systems or even approaches to design solutions. The potential for true
shifts in the way humans design and what is focused on as a solution to a problem, exists
with such an approach to biomimetic design. (Vincent et al., 2005)

A disadvantage from a design point of view with this approach is that biological research
must be conducted and then identified as relevant to a design context. Biologists and
ecologists must therefore be able to recognise the potential of their research in the creation
of novel applications.

Research held in Georgia Institute of Technology by Michael Helms, Swaroop S. Vattam
and Ashok K. Goel, at the Design Intelligence Lab in 2006, also defined this approach
through 7 definite steps:

= Step 1: biological solution identification
Here, designers start with a particular biological solution in mind.

= Step 2: define the biological solution

= Step 3: principle extraction

= Step 4: reframe the solution
In this case, reframing forces designers to think in terms of how humans might
view the usefulness of the biological function being achieved.

= Step 5: problem search
Whereas search in the biological domain includes search through some finite space
of documented biological solutions, problem search may include defining entirely
new problems. This is much different than the solution search step in the problem-
driven process.

= Step 6: problem definition

= Step 7: principle application
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2.3 Levels of Biomimicry

Within the two approaches discussed, three levels of biomimicry that may be applied to a
design problem are typically given as form, process and ecosystem (Biomimicry Guild,
2007). In studying an organism or ecosystem, form and process are aspects of an organism
or ecosystem that could be mimicked.

A framework for understanding the application of biomimicry is proposed that redefines
these different levels and also attempts to clarify the potential of biomimicry as a tool to
increase regenerative capacity of the built environment. By defining the kinds of
biomimicry that have evolved, this framework may allow designers who wish to employ
biomimicry as a methodology for improving the sustainability of the built environment to
identify an effective approach to take. The framework that will be described here is
applicable to both approaches (design looking to biology, and biology influencing design).
The first part of the framework determines which aspect of ‘bio’ has been ‘mimicked’.
This is referred to here as a level. (Pedersen Zari, M. 2007)

Figure 8: Levels of Biomimicry

Through an examination of existing biomimetic technologies it is apparent that there are
three levels of mimicry; the organism, behaviour and ecosystem. The organism level refers
to a specific organism like a plant or animal and may involve mimicking part of or the
whole organism. The second level refers to mimicking behaviour, and may include
translating an aspect of how an organism behaves, or relates to a larger context. The third
level is the mimicking of whole ecosystems and the common principles that allow them to
successfully function. (Pedersen Zari, M. 2007)
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Example : Building that mimics termites

The building looks like a termite.

The building is made from the same material as a termite; a
material that mimics termite exoskeleton / skin for example.
The building is made in the same way as a termite; it goes
through various growth cycles for example.

The building works in the same way as an individual termite;
it produces hydrogen efficiently through meta-genomics for
example.

The building functions like a termite in a larger context; it
recycles cellulose waste and creates soil for example.

The building looks like it was made by a termite; a replica of
a termite mound for example.

The building is made from the same materials that a termite
builds with; using digested fine soil as the primary material
for example.

The building is made in the same way that a termite would
build in; piling earth in certain places at certain times for
example.

The building works in the same way as a termite mound
would; by careful orientation, shape, materials selection and
natural ventilation for example, or the building mimics how
termites work together.

The building functions in the same way that it would if made
by termites; internal conditions are regulated to be optimal
and thermally stable for example(fig.12). It may also function
in the same way that a termite mound does in a larger context.
The building looks like an ecosystem (a termite would live
in).

The building is made from the same kind of materials that (a
termite) ecosystem is made of; it uses naturally occurring
common compounds, and water as the primary chemical
medium for example.

The building is assembled in the same way as a (termite)
ecosystem; principles of succession and increasing
complexity over time are used for example.

The building works in the same way as a (termite) ecosystem;
it captures and converts energy from the sun, and stores water
for example.

The building is able to function in the same way that a
(termite) ecosystem would and forms part of a complex
system by utilizing the relationships between processes; it is
able to participate in the hydrological, carbon, nitrogen cycles
etc in a similar way to an ecosystem for example.

Table 1: A Framework for the Application of Biomimicry (adapted from Pedersen Zari M., 2007).
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Within each of these levels, a further five possible dimensions to the mimicry exist. The
design may be biomimetic for example in terms of what it looks like (form), what it is
made out of (material), how it is made (construction), how it works (process) or what it is
able to do (function). The differences between each kind of biomimicry are described in
Table 1 and are exemplified by looking at how different aspects of a termite, or ecosystem
a termite is part of could be mimicked. (Pedersen Zari, M. 2007)

It is expected that some overlap between different kinds of biomimicry exists and that each
kind of biomimicry is not mutually exclusive. For example, a series of systems that is able
to interact like an ecosystem would be functioning at the ecosystem level of biomimicry.
The individual details of such a system may be based upon a single organism or behaviour
mimicry however; much like a biological ecosystem is made up of the complex
relationships between multitudes of single organisms. (Pedersen Zari, M. 2007)

2.3.1 Organism Level

Species of living organisms have typically been evolving for millions of years. Those
organisms that remain on Earth now have the survival mechanisms that have withstood and
adapted to constant changes over time. As Baumeister (2007a) points out ‘the research and
development has been done’. Humans therefore have an extensive pool of examples to
draw on to solve problems experienced by society that organisms may have already
addressed, usually in energy and materials effective ways. This is helpful for humans,
particularly as access to resources changes, the climate changes and more is understood
about the consequences of the negative environmental impact that current human activities
have on many of the world’s ecosystems. (Alberti et al., 2003)

An example is the mimicking of the Namibian desert beetle, stenocara (Garrod et al.,
2007). The beetle lives in a desert with negligible rainfall. It is able to capture moisture
however from the swift moving fog that moves over the desert by tilting its body into the
wind. Droplets form on the alternating hydrophilic — hydrophobic rough surface of the
beetle’s back and wings and roll down into its mouth (Parker and Lawrence, 2001).
Matthew Parkes of KSS Architects demonstrates process biomimicry at the organism level
inspired by the beetle, with his proposed fog-catcher design for the Hydrological Center for
the University of Namibia (fig. 9) (Killeen, 2002). Ravilious (2007) and Knight (2001)
discuss a more specific material biomimicry at the organism level, where the surface of the
beetle has been studied and mimicked to be used for other potential applications such as to
clear fog from airport runways and improve dehumidification equipment for example.

Figure 9: Matthew Parkes’ Hydrological Centre
University of Namibia and the stenocara beetle. Waterloo, International Terminal and the pangolin.
(Source: Pedersen Zari, M. 2007). (Source: Pedersen Zari, M. 2007).
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Nicholas Grimshaw & Partners' design for the Waterloo International Terminal
demonstrates an example of form and process biomimicry at the organism level (fig. 10).
The terminal needed to be able to respond to changes in air pressure as trains enter and
depart the terminal. The glass panel fixings that make up the structure mimic the flexible
scale arrangement of the Pangolin so they are able to move in response to the imposed air
pressure forces. (Aldersey-Williams, 2003)

Mimicking an organism alone however without also mimicking how it is able to participate
in and contribute to the larger context of the ecosystem it is in, has the potential to produce
designs that remain conventional or even below average in terms of environmental impact
(Reap et al., 2005). Because mimicking of organisms tends to be of a specific feature,
rather than a whole system, the potential also remains that biomimicry becomes technology
that is added onto buildings rather than being integral to them, particularly if designers
have little biological knowledge and no not collaborate with biologists or ecologists during
the early design stages. While this method may result in new and innovative building
technologies or materials, methods to increase sustainability are not necessarily explored.
(Pedersen Zari, M. 2007)

2.3.2 Behaviour Level

A great number of organisms encounter the same environmental conditions that humans do
and need to solve similar issues that humans face. As discussed, these organisms tend to
operate within environmental carrying capacity of a specific place and within limits of
energy and material availability. These limits as well as pressures that create ecological
niche adaptations in ecosystems mean not only well-adapted organisms continue to evolve,
but also well-adapted organism behaviours and relationship patterns between organisms or
species. (Reap et al., 2005)

Organisms that are able to
directly or indirectly control
the flow of resources to other
species and who may cause
changes in biotic or abiotic
(non living) materials or
systems and therefore habitats
are called ecosystem engineers
(Jones and Lawton, 1995,
Rosemond and  Anderson,
2003). Ecosystem engineers N e
alter habitat either through their Figure 11: The North Ar_nerican beaver.
(Source: Pedersen Zari, M. 2007).

own structure (such as coral) or

by mechanical or other means (such as beavers and woodpeckers). Humans are
undoubtedly effective ecosystem engineers, but may gain valuable insights by looking at
how other species are able to change their environments while creating more capacity for
life in that system. Several authors provide examples and details of organisms altering their
own habitats while facilitating the presence of other species, increasing nutrient cycling
and creating mutually beneficial relationships between species. The building behaviour of

s
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other species is often termed ‘animal architecture’ (von Frisch and von Frisch, 1974,
Hansell, 2005) and may provide further examples of such ecosystem engineers.

The famous example of the North American beaver (castor canadensis) (fig. 11)
demonstrates how through its altering of the landscape, wetlands are created and nutrient
retention and plant and animal diversity is increased, helping in part to make the ecosystem
more resilient to disturbance. (Rosemond and Anderson, 2003)

In behaviour level biomimicry, it is not the organism itself that is mimicked, but its
behaviour. It may be possible to mimic the relationships between organisms or species in a
similar way. An architectural example of process and function biomimicry at the behaviour
level is demonstrated by Mick Pearce’s Eastgate Building in Harare, Zimbabwe and the
CH2 Building in Melbourne, Australia (figure 12). Both buildings are based in part on
techniques of passive ventilation and temperature regulation observed in termite mounds,
in order to create a thermally stable interior environment. Water which is mined (and
cleaned) from the sewers beneath the CH2 Building is used in a similar manner to how
certain termite species will use the proximity of aquifer water as an evaporative cooling
mechanism. (Pedersen Zari, M. 2007)
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Figure 12: Eastgate Building in Harare, Zimbabwe and CH2 Building in Melbourne, Australia.
(Source: Pedersen Zari, M. 2007).

Behaviour level mimicry requires ethical decisions to be made about the suitability of what
is being mimicked for the human context. Not all organisms exhibit behaviours that are
suitable for humans to mimic and the danger exists that models of consumption or
exploitation could be justified on the basis of how another species behaves. For example,
mimicking the building behaviour (and outcome of that) of termites might be appropriate
for the creation of passively regulated thermally comfortable buildings. Mimicking the
social structure of termite colonies would not be suitable however if universal human
rights are valued. It may be more appropriate to mimic specific building and survival
behaviours that will increase the sustainability and regenerative capacity of human built
environments rather than mimicking that could be applied to social or economic spheres
without careful consideration. It may be more appropriate to mimic whole systems rather
than single organisms in this regard. An example is Benyus’ (1997) assertion that we
should ‘do business like a redwood forest’. (Pedersen Zari, M. 2007)

Page | 18



Influence of Biomimicry on Architecural Design

2.3.3 Ecosystem Level

The mimicking of ecosystems is an integral part of biomimicry as described by Benyus
(1997) and Vincent (2007). The term ecomimicry has also been used to describe the
mimicking of ecosystems in design (Lourenci et al., 2004, Russell, 2004), while Marshall
(2007) uses the term to mean a sustainable form of biomimicry where the objective is the
wellbeing of ecosystems and people, rather than ‘power, prestige or profit’. Proponents of
industrial, construction and building ecology advocate mimicking of ecosystems (Graham,
2003, Kibert et al., 2002, Korhonen, 2001) and the importance of architectural design
based on an understanding of ecology is also discussed by researchers advocating a shift to
regenerative design. (Reed, 2006)

An advantage of designing at this level of biomimicry is that it can be used in conjunction
with other levels of biomimicry (organism and behaviour). It is also possible to incorporate
existing established sustainable building methods that are not specifically biomimetic such
as interfaced or bio-assisted systems, where human and non-human systems are merged to
the mutual benefit of both. An example is John and Nancy Todd’s Living or Eco Machines
where the process of waste water treatment in ecosystems is mimicked and also integrated
with plants (Todd, 2004, Todd and Josephson, 1996). The Australian developed Biolytix®
system mimics soil based decomposition to treat grey and black water and again integrates
actual worms and soil microbes into the process. (Allen, 2005, Baumeister, 2007a)

A further advantage of an ecosystem based biomimetic design approach is that it is
applicable to a range of temporal and spatial scales (Reap et al., 2005) and can serve as an
initial benchmark or goal for what constitutes truly sustainable or even regenerative design
for a specific place.

The most important advantage of such an approach to biomimetic design however may be
the potential positive effects on overall environmental performance. Ecosystem based
biomimicry can operate at both a metaphoric level and at a practical functional level. At a
metaphoric level, general ecosystem principles (based on how most ecosystems work) are
able to be applied by designers with little specific ecological knowledge. Several authors
have offered such general principles (Benyus, 1997, McDonough and Braungart, 2002, de
Groot et al., 2002). A set of ecosystem principles derived from comparing these cross
disciplinary understandings of how ecosystems function is detailed by Pedersen Zari and
Storey (2007). If the built environment was designed to be a system and was expected to
behave like an ecosystem even if only at the level of metaphor, the environmental
performance of the built environment may increase. (Korhonen, 2001)

On a functional level, ecosystem mimicry could mean that an in-depth understanding of
ecology drives the design of a built environment that is able to participate in the major
biogeochemical material cycles of the planet (hydrological, carbon, nitrogen etc) in a
reinforcing rather than damaging way (Charest, 2007). That a greater understanding of
ecology and systems design is required on the part of the design team is implicit. Also
required would be increased collaboration between disciplines that traditionally seldom
work together such as architecture, biology and ecology. Such an approach challenges
conventional architectural design thinking, particularly the typical boundaries of a building
site and time scales a design may operate in. (Pedersen Zari, M. 2007)
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While Kibert (2006) cites a number of authors advocating similar ideas, he criticises this
kind of approach to design, because of the difficulty in understanding and modelling
ecosystems and asserts that ‘...the mimicking of nature in human designs is one
dimensional [and] non-complex...” This is true in terms of realised built form, but does not
suggest that mimicking what is known about ecosystems is not a worthy goal in terms of
increasing sustainability or indeed that it is impossible, particularly when one takes into
account that biological knowledge may be doubling every 5 years. (Benyus, 1997)

As discussed, most examples of biomimicry are organism biomimetic. While biomimicry
at the organism level may be inspirational for its potential to produce novel architectural
designs (Aldersey-Williams, 2003, Feuerstein, 2002), the possibility exists that a building
as part of a larger system, that is able to mimic natural processes and can function like an
ecosystem in its creation, use and eventual end of life, has the potential to contribute to a
built environment that goes beyond sustainability and starts to become regenerative (Van
der Ryn, 2005; Reed, 2006). This does not prevent organism biomimicry at a detail or
material level.

The examples provided in table 1 demonstrate the deepening of the levels of biomimicry in
terms of regenerative potential from form biomimicry at the organism level to functional
biomimicry at the ecosystem level. A building that is exhibiting form biomimicry, which is
stylistically or aesthetically based on an organism, but is made and functions in an
otherwise conventional way, is unlikely to be more sustainable than a non-biomimetic
building. (Pedersen Zari, M. 2007)

A building that is able to mimic natural processes and can function like an ecosystem in its
creation, use and eventual end of life has greater potential to be part of a regenerative built
environment. It is suggested that if biomimicry is to be conceived as a way to increase
sustainability of an architectural project, mimicking of general ecosystem principles should
be incorporated into the design at the earliest stage and used as an evaluative tool
throughout the design process as described by the Biomimicry Guild (2007), Pedersen Zari
and Storey (2007) and Hastrich (2006).

2.4 Principles of Ecosystem Biomimicry

A set of ecosystem principles derived from comparing cross disciplinary understandings of
how ecosystems function is detailed by Pedersen Zari and Storey (2007) as follows.

By conducting a comparative analysis of related knowledge of ecosystem principles in the
disciplines of ecology, biology, industrial ecology ecological design and biomimicry, a
group of ecosystem principles aiming to capture cross disciplinary understandings of
ecosystem functioning was formulated. It is intended that this biomimetic theory in the
form of a set of principles based on ecosystem function could be employed by designers, to
aid in the evolution of methodologies to enable the creation of a more sustainable built
environment. (Pedersen Zari, M. and J. B. Storey, 2007)
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The following sources were used: Benyus (1997), Berkebile & McLennan (2004),
Biomimicry Guild (2007), Copeman (2006), de Groot et al. (2002), Faludi (2005), Hastrich
(2006), Hoeller (2006), Kelly (1994), Kibert et al. (2002), Korhonen (2001), McDonough
& Braungart (2002), Reap et al. (2005), Thompson (1942), Vincent (2002), Vincent et al.
(2006) and Vogel (1998). Additional sources, typically from the discipline of ecology were
used to expand upon each principle.
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Figure 13: Ecosystem Principles

It should be noted that ecology literature typically does not offer sets of generalised
principles but tends to explore the complexities of certain aspects of ecosystems, and that
there are a number of controversial theories in ecology, such as the exact process and
mechanisms of evolution and ecological succession for example (Kay & Schneider, 1994).

The ecosystem principles provided here are generalised norms for the way most
ecosystems operate rather than absolute laws and should be taken as a starting point for
further research to fully understand the different and important aspects of each simplified
principle. They are in a list format (with a brief explanation following) in order to be an
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easily usable set of generalised principles that if employed by designers with limited
background knowledge in ecology could significantly improve the sustainability of the
human built environment.

Ecosystem principles can be applied to the design process by transforming them into a set
of design principles that are in the form of questions that are asked of the project at all
stages of the design (Biomimicry Guild, 2007, Charest, 2007).

Research conducted by Pedersen Zari and Storey (2007) explains ecosystem principles as
follows:

= Ecosystems are dependent on contemporary sunlight.

= Ecosystems optimise the system rather than its components.

= Ecosystems are attuned to and dependant on local conditions.

= Ecosystems are diverse in components, relationships and information.

= Ecosystems create conditions favourable to sustained life.

= Ecosystems adapt and evolve at different levels and at different rates.

2.41 Ecosystems are dependent on contemporary sunlight.

= Energy is sourced from contemporary sunlight.
= The sun acts as a spatial and time organising mechanism.

Solar radiation is the only input into the closed loop ecosystem of earth and except for
gravitational effects of the moon, is the only source of energy either directly or indirectly
available to organisms. The majority of ecosystems exist through utilising contemporary
sunlight (recently received from the sun) that has been converted by photosynthesis into
biomass, which forms the basis of the food chain (Kibert et al., 2002). In contrast, humans
currently source a large proportion of energy from ancient sunlight in the form of hydro
carbon fuels.

The sun also acts as a timing and directional orientation or spatial organisation mechanism.
Biological rhythms such as diurnal and annual (or longer) cycles are determined by the
sun’s gravitational effect and the rotation of the earth. Migration patterns or flowering
seasons in some species in response to these cycles are examples of the role the sun (or the
earth’s relative position to it) has in timing mechanisms in ecosystems.

If the built environment was based on this one principle alone as is advocated by
sustainable design theory in general, where its energy was sourced from contemporary
sunlight (including wind, hydro and biomass) and it was sited and organised according to
climate, environmental impact would be considerably less and there may be consequent
significant positive physical and psychological health impacts (Kellert, 2005).

2.4.2 Ecosystems optimise the system rather than its components.

= Matter is cycled and energy is transformed effectively.
= Materials and energy are used for multiple functions.
= Form tends to be determined by function.
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Ecosystems use energy and materials in a way that optimises the whole system rather than
individual components (Kelly, 1994). What would appear to be inefficiency in individual
organisms can sometimes equate to effectiveness for the entire system (McDonough &
Braungart, 2002).

In an example of both materials and energy effectiveness, organisms in ecosystems tend to
use materials for more than one function (Benyus 1997). This means less energy is
expended and can be used for other functions such as health, growth and reproduction etc.

Reap et al. (2005) describe the characteristic of form fitting to function as ‘the use of
limited materials and metabolic energy to create only structures and execute only processes
necessary for the functions required of an organism in a particular environment.” Geometry
and relative proportions found in nature are offered as examples of materials and energy
efficiency by various authors (Vogel, 1998, Faludi, 2005).

A Dbuilt environment that mimicked this aspect of ecosystems through increased

communication and organisation to ensure effective material cycles and careful energy
flow would challenge conventional attitudes to building boundaries and the idea of waste.

2.4.3 Ecosystems are attuned to and dependant on local conditions.

= Materials tend to be sourced and used locally.
= Local abundances become opportunities.

Species that make up ecosystems tend to be linked in various relationships with other
organisms in close proximity (Allenby & Cooper 1994). They typically utilise resources
and local abundances from their immediate range of influence, and tend to be well adapted
to their specific microclimatic conditions (Reap et al. 2005).

The functions required for an ecosystem to continue and remain in dynamic balance
including the cycling and production of materials, are usually carried out by species within
the system, existing in specific niches and linked with each other (Benyus, 1997). The
ecosystem as a whole is able to be responsive to local conditions through extensive
feedback loops created by the relationships between these organisms.

Incorporating this principle into the built environment implies that a thorough
understanding of a particular place would be required of the design team and that local
characteristics of ecology and culture would be seen as drivers and opportunities in the
creation of place.

2.4.4 Ecosystems are diverse in components, relationships and information.

= Diversity is related to resilience.

= Relationships are complex and operate in various hierarchies.

= Ecosystems are made up of interdependent cooperative and competitive
relationships.
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= Emergent effects tend to occur.
= Complex systems tend to be self-organising and distributed.

A diverse system is often described in biomimicry literature as a robust and stable one
capable of adapting to change. In certain levels of ecosystems and in individual organisms
there may be a level of redundancy to allow for adaptation to changing conditions at
different rates. Some ecologists describe this as the ‘insurance effect’ (Shear McCann
2000). This concept is usually expanded upon in ecology literature, and it should be noted
that there is considerable historical debate about the relationship between diversity,
complexity, resilience and stability in ecosystems (Harding 2001). What is clear from the
literature is that the number and strength of relationships between species in systems is
more important to dynamic stability than actual numbers of species (Shear McCann 2000).
Through this kind of cooperative networking, one element (or organism) can fail without
disrupting the entire system.

Ecosystems are organised hierarchically (Kibert et al., 2002), and at different scales may
be governed by different physics principles (Vogel, 1998, Thompson 1942).

In complex ecosystems both cooperation and competition between individuals and species
are important in the creation of ecosystem dynamics (Kibert et al., 2002). Organisms will
occupy non-competing niches and species in the same niche may use tactics such as
defining territories or having non-overlapping feeding times to avoid competition. Reap et
al. (2005) discusses life existing in a cooperative framework as relating to ‘the diverse web
of interactions that effect populations, facilitate resource transfers, ensure redundancy and
generally maintain the biosphere.’

Emergence in ecosystems is the phenomena of novel and unexpected organisation in
complex systems. Allen (2002) asserts that it is through new relationships of control and
constraint that emergence appears, allowing systems to become more complex. Ecosystems
tend to be made up of distributed and decentralised networks of feedback loops dependant
on relationships between organisms, and between the living system and the rest of the
environment, making them rapidly responsive and adaptable to change (Vincent et al.
2006, Kelly 1994). Kibert et al. (2002) describe this aspect of ecosystems as self-
organisation. This kind of organisation, based on multiple feedback mechanisms, tends to
have high amounts and transfer rates of information. (Allenby & Cooper 1994)

Translating this into the built environment implies a systems approach to architectural

design where considering the relationships between buildings or components is as
important as designing the individual buildings themselves.

2.45 Ecosystems create conditions favourable to sustained life.

= Production and functioning is environmentally benign.
= Ecosystems enhance the biosphere as they function.

The growth and activities of organisms tend not to damage the ability of the overall system
they are a part of to exist and continue (Rosemond & Anderson 2003). Organisms must
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manufacture or process the materials or chemicals they need in the same environment that
they live in and concentrated toxins, such as snake venom for example tend to be used and
produced locally (Kibert et al., 2002). This is in direct contrast to the typical human
approach towards manufacturing. Allenby & Cooper (1994) point out that chemicals
including nutrients are toxic in natural systems if in high concentrations, and that living
systems typically do not to have clusters of high energy and materials transformations and
avoid high fluxes in the use of energy and materials. Materials (both internal such as
organs and external such as shells) are produced at ambient temperature and often use
water as the chemical medium (Faludi 2005). Benyus (1997), contrasts this with the human
tendency to produce in the energy and materials intensive ‘heat beat and treat’ method
rather than allowing ‘the physics of falling together and falling apart — the natural drive
towards self — assembly’ to do the work.

As ecosystems shift from development stages to more complex stages through time and
through the combined activities and interactions of the organisms within them, the system
tends to become more adaptable to change and is able to support more organic matter and
organisms with longer and more complex life cycles. (Odum 1969; Faludi 2005)

Mimicking this aspect of ecosystems would require the built environment to be considered
as a producer of energy and resources and designed to nurture increased biodiversity in the
urban environment. An understanding of ecology in the creation of the built environment
would form the basis of it being able to participate in the major planetary cycles (such as
the hydrological and carbon cycle etc) in a way which reinforces and strengthens them
rather than damages them.

2.4.6 Ecosystems adapt and evolve at different levels and at different rates.

= Constant flux achieves a balance of non-equilibrium
= Limits, tend to be creative mechanisms
= Ecosystems have some ability to self heal

Adaptation and evolution allow organisms and whole ecosystems to persist through the
locally unique and constantly dynamic, cyclic environment they exist in. Reap et al. (2005)
describe adaptation as the means by which an organism adjusts (behaviourally and
physically) to change throughout a lifetime. Evolution is referred to as the process by
which slower genetic changes happen though successive generations in species or
ecosystems through the medium of the gene.

Benyus (1997) touches on the idea that nature ‘curbs excesses’ from within systems
(internal feedback) as well as from external events or changes (external feedback).
Feedback mechanisms, or the way that changes in one part of the ecosystem are
communicated throughout the entire community are cited as a factor in the ability of
ecosystems to adapt and evolve (Allenby & Cooper, 1994). Limits existing in ecosystems
are discussed in terms of carrying capacity and intensity of flows of materials and energy.
(Berkebile & McLennan, 2004)

The implications of applying this principle to architectural design could range from a
redefinition of when a building is considered to be finished, allowing it to be more
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dynamic over time (applying techniques for additive and adaptable design and design for
disassembly for example), to designing mechanisms into building systems to allow for
added complexity to evolve over time, increasing the ability of the built environment to be
able to respond to new conditions and possibly to become self-maintaining.

2.5 Selected Biological Design Principles

From the previously stated principles of ecosystems, a set of specific principles were
selected from some of them. These selected principles provide a basis for further study in
the following chapters. Particular selection of these principles was due to a number of
reasons such as their current applicability in computational design within the limitations of
available technology and knowledge. Another reason is the availability of research and
suitable examples to serve as case studies for further analysis. This selection however does
not imply the significance of these principles over others.

2.5.1 Adaptation

As mentioned in the principle 2.3.6:
“Ecosystems adapt and evolve at
different levels and rates” they
respond to changing environments
both by behavioural adjustments of
individuals and by Darwinian genetic
changes in the attributes of
populations.

Adaptation is the evolutionary
process whereby a population
becomes better suited to its habitat.
This process takes place over many
generations and is one of the basic
phenomena of biology. The term
adaptation may also refer to a feature Lo
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organism's survival. Such adaptations the close-packed bundles of differentiated vessels and cells. The

duced in a variable opulation geometrical arrangement and close—packe_d integration produces
are pro ) pop ) a complex structure, strong but flexible, and capable of
by the better suited forms reproducing gifferential movement. Al cells have a structural role in addition
more successfully, that is, by natural to other functions, and structural capacity emerges from their
selection. interaction. (Source: AD Journal Volume 74 issue 3, 2004)

2.5.2 Material as Systems

From the ecosystem principle 2.3.2: “Ecosystems optimise the system rather than its
components” it was concluded that ecosystems use energy and materials in a way that
optimises the whole system rather than individual components (Kelly, 1994). All living
forms are hierarchical structures, made of materials with subtle properties that are capable
of change in response to changes in local stresses. Biological material systems are self-
assembled, using mainly quite weak materials to make strong structures, and their dynamic
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response and properties are very different from the classical engineering of traditional
man-made structures. (Hensel M., Menges A. and Weinstock M. 2010)

Organisms and natural systems are often composed of a number of interrelated components
and materials that act on a continuous scale from the micro to macro structure. At each
level of structural organization the cells within the organism perform a function that
corresponds to a necessary requirement at that level. (Panchuk N. 2006)

The cells within a tree for example perform this hierarchy of functions at different scales.
At the micro level the cells are responsible for the movement of water from the roots to the
leaves. Based on weight, the tubular structures of the cells are also stronger than a solid
structure that would not be able to act as a transport mechanism. When these cells are
grouped together they provide the tree with a high strength lightweight structural system
that resists both tensile and compressive forces as well as allowing for flexibility.

(Panchuk N. 2006)
2.5.3 Evolution O
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the result of relentless experimentation of evolution. By means of profligate prototyping
and ruthless rejection of flawed experiments, nature has evolved a rich biodiversity of
interdependent species of plants and animals that are in metabolic balance with their
environment. Analogy of evolutionary architecture should not be taken just to imply a form
of development through natural selection. Other aspects of evolution such as the tendency
to self organization are equally or even more significant. (Frazer J. 1995)

Nature's complex forms and systems arise from evolutionary processes. In addition, living
forms grow, and growth is a complex process intertwining contributions of the genotype
with the variable contributions of environment and phenotypic dependencies. In nature, the
genotype comprises the genetic constitution of an individual, while the phenotype is the
product of the interactions between the genotype and the environment. The emergent
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properties and capacities of natural forms stem from the generative processes that work
upon successive versions of the genome. This genome is compact data that is transformed
into biomass of complex structural complexity. A compelling goal is to instrumentalise the
natural process of evolution and growth, to model essential features of emergence and then
to combine these within a computational framework.

(O’Reilly U., Hemberg M., and Menges A. 2004)

2.5.4 Emergence

As discussed in the principle 2.3.4: “ecosystems are diverse in components, relationships
and information” relationships are complex and operate in various hierarchies, and
emergent effects tend to occur.

The dynamical systems of nature, the systems of living beings and the systems of the
physical world including climate and geological forms, display a variety of organisational
and behavioural characteristics that are central to the study of emergence. There are many
definitions of evolutionary and developmental processes that unfold over time. One that is
widely quoted is that put forward by Tom de Wolf and Tom Holvoet, who proposed the
following working definition of emergence:

A system exhibits emergence when there are coherent emergents (property, behaviour,
structure...) at the macro-level that dynamically arise from the interaction between parts at
the micro-level. Such emergents are novel with regards to the individual parts of the
system. (De Wolf and Holvoet 2005)

The evolution of all the multiple variations of biological form should not be thought of as
separate from their structure and materials. It is the complex hierarchies of materials within
natural structures from which their performance emerges. Form, structure and material act
upon one another, and the behaviour of all three acting on each other cannot be predicted
by analysis of any one of them alone. (Hensel M., Menges A. and Weinstock M. 2010)

2.5.5 Form & Behaviour

From the ecosystem principle 2.3.2: “Ecosystems optimise the system rather than its
components” the relationship between form and function is emphasized, and as a result,
form and behaviour are equally important.

Biological forms and their behaviour emerge from process. It is process that produces,
elaborates and maintains the form and structure of biological organisms (and non-
biological things), and that process consists of a complex series of exchanges between the
organism and its environment. Furthermore, the organism has a capacity for maintaining its
continuity and integrity by changing aspects of its behaviour. Form and behaviour are
intricately linked. (Hensel M., Menges A. and Weinstock M. 2010)
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The form of an organism affects its behaviour in the environment, and a particular
behaviour will produce different result in different environments. Behaviour is non linear
and context specific. (Hensel M., Menges A. and Weinstock M. 2010)

2.6 Chapter Summary

This chapter has presented two main approaches in biomimetic design (Problem based and
Solution based) and discussed a framework for understanding the different levels of
biomimicry; organism, behaviour and ecosystem levels. Advantages and disadvantages of
each level were presented, highlighting the different potentials of each level in sustainable
or regenerative design.

A focus has been made on ecosystem biomimicry as it has the highest potential for a
regenerative built environment, highlighting its main principles. Based on these, a group of
more specialized or specific principles were selected, that serve as criteria for the analysis
of case studies in chapter 4. The selection of these specific principles was due to amount
of available research and literature, in an attempt to link them with current research on
morphogenetic computational design as will be presented in the following chapters.

Computational design software and technology present new tools for the investigation of
such principles and their underlying potential. The current widespread fascination with
nature is a reflection of the availability of new modes of imaging the interior structure of
plants and animals, of electron microscopy of the intricate and very small, together with
the mathematics of biological processes.

New working methods of architectural design and production are rapidly spreading
through architectural and engineering practices, as they have already revised the world of
manufacturing and construction. The material practice of contemporary architecture cannot
be separated from this paradigm shift in the context within which architecture is conceived
and made. The study of natural systems suggests the means of conceiving and producing
architecture that is more strongly correlated to material organizations and systems in the
natural world. (Hensel M., Menges A. and Weinstock M. 2010)
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CHAPTER 3: MORPHOGENETIC COMPUTATIONAL
DESIGN

3.1 Introduction

A biomimetic approach to design in architecture (ecosystem biomimicry) requires the
development of the currently established and practiced design methods and tools towards a
higher level of material, structural and performative integration. Thus it is proposed that
integral computational design based on the principles of morphogenetic processes provides
such an extension and thus allows for a biomimetic approach in architecture.

Architecture as a material practice is predominately based on an approach to design that is
characterised by prioritising the elaboration of form over its subsequent materialisation. In
today’s practice digital tools are still mainly employed to create design schemes through a
range of design criteria that leave the inherent morphological and performative capacities
of the employed material systems largely unconsidered. Ways of materialisation,
production and construction are strategized only after a form has been elaborated, leading
to engineered, material solutions that often juxtapose unfitting logics. This research
presents an alternative morphogenetic approach to design that unfolds morphological
complexity and performative capacity from material constituents without differentiating
between formation and materialisation processes. This requires an understanding of form,
material and structure not as separate elements, but rather as complex interrelations that are
embedded in and explored through integral computational design processes.

(Menges A. 2009)

This chapter presents a definition of morphogenesis in both biology and architecture.
Another set of definitions is also presented that serves as a theoretical framework for
further case-study analysis. The same biological principles selected in the previous chapter
are discussed again within the context of computational design. Finally, a methodological
framework is outlined that provides further explanation for the presented design approach.
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3.2 Morphogenesis in Biology

S.  Roudavski  (2009) explains
morphogenesis in biology,
highlighting the general advantages of
studying it as follows.

3.2.1 Definition

Morphogenesis is a concept used in a
number of disciplines including
biology, geology, crystallography,
engineering, urban studies, art and
architecture. This variety of usages
reflects ~ multiple  understandings
ranging from strictly formal to poetic.
The original usage was in the field of
biology and the first recorded
instances occur in the second half of
the 19th century. An earlier, now rare, B
term was morphogeny, with the = . ' \L
foreign-language equivalents being < !

_ Bt
morphogenie  (German, 1874) or /\ /
morphogénie (French, 1862). Geology
was the next field to adopt the term in cel ?gem?;&d
the 20th century. Figure 16: Cellular architecture of plants can be
. . conceptually subdivided into several scale levels represented
In biology the word ‘morphogenesis’ in this diagram by horizontal planes. This conceptual
is often used in a broad sense to refer subdivision helps to formalise the structure and functioning
to many aspects of development, but of plants. (Conceptual diagrams based on the work of

when used strictly it should mean the Dupuy et al. 2008; photomicrograph of Coleochaete

. . . orbicularis, top, is by Yuuji Tsukii, Protist. Information
mo!d!ng of cells and tissues into Server, URL: http://protist.i.hosei.ac.jp/.)
definite shapes.

&

Furthermore, in biology the word “morphogenesis” can be used to refer either to (i) the
structural changes observed in tissues as an embryo develops or to (ii) the underlying
mechanisms responsible for the structural changes. Both understandings can be of interest
and inspiration for architects, despite the fact that a literal importation of biological
structures or processes into architectural design is usually not feasible, meaningful or
desirable.

Morphogenesis is one of several processes typical for living organisms. Apart from
morphogenesis, these processes include growth, repair, adaptation and aging. Transferring
knowledge of these processes into designing might be also productive, especially in
relationship to architectural structures with dynamic capacities.

In the biological sciences, the study of forms and their categorization, or morphology, was
the first instrumental set of zoology, predating the evolutionary theory. More recently,
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morphology has outstripped its historical confines, becoming morphogenesis, with an
emphasis on the forces that generate living forms, on how forms and environments came
into being.

3.2.2 Advantages of studying biological morphogenesis

A Dbetter understanding of biological morphogenesis can usefully inform architectural
designing because:

= Architectural designing aims to resolve challenges that have often already been
resolved by nature;

= Architectural designing increasingly seeks to incorporate concepts and techniques,
such as growth or adaptation, that have parallels in nature;

= Architecture and biology share a common language because both attempt to model
growth and adaptation (or morphogenesis).

3.3 Morphogenesis in Architecture

S. Roudavski (2009) also explains the concept of morphogenesis in architecture as will be
presented in the following paragraphs.

3.3.1 Definition

In architecture, morphogenesis (“digital morphogenesis” or “computational
morphogenesis”) is understood as a group of methods that employ digital media not as
representational tools for visualization but as generative tools for the derivation of form
and its transformation often in an aspiration to express contextual processes in built form.

Recent discourse on digital morphogenesis in architecture links it to a number of concepts
including emergence, self-organization and form-finding. Among the benefits of
biologically inspired forms, their advocates list the potential for structural benefits derived
from redundancy and differentiation and the capability to sustain multiple simultaneous
functions. (Roudavski S.2009)

3.3.2 Why study morphogenesis?

= A biomimetic approach to architectural design requires the development of novel
design methods that integrate both the modeling of behavior and the constraints of
materialization processes. This approach presents aspects of the profound changes
to the architectural design process entailed by a transition from Computer Aided
Design towards Computational Design.

= |t will present the research on computational design tools and demonstrate their

application in research based on the abstraction of biological principles for the
development of environmentally responsive structures.
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= Complex, non-uniform structures are expected to become increasingly common in
architecture in response to the growing utilization of parametric modeling,
fabrication and mass-customization.

= New challenges and opportunities that the designing of such structures brings are
without direct precedents in architecture. Yet, such precedents do exist in nature
where structurally complex living organisms have been adapting to their
environments for millions of years.

This requires an understanding of form, material and structure not as separate elements, but

rather as complex interrelations that are embedded in and explored through integral
computational design processes.

3.4 General Concepts
Within the context of this research, a set of relevant concepts are presented and explained

since they are important for the understanding and comprehension of the forthcoming
theoretical framework and case-studies.

3.4.1 Computational Design

Achim Menges (2009) explains that computational design lends itself to such an approach
as it is enables employing complex behaviour rather than just modelling a particular shape
or form. The transition from currently predominant modes of Computer Aided Design
(CAD) to Computational Design allows for a significant change of employing the
computer’s capacity to instrumentalise materials’ complex behaviour in the design process.
CAD is very much based on computerized processes of drawing and modelling stemming
from established representational techniques in architectural design (Terzidis 2006). In this
regard one of the key differences lies in the fact that CAD internalizes the coexistence of
form and information, whereas Computational Design externalizes this relation and thus
enables the conceptualization of material behaviour and related formative processes.

In Computational Design form is not defined through a sequence of drawing or modelling
procedures but generated through parametric, rule based processes. The ensuing
externalization of the interrelation between algorithmic processing of information and
resultant form generation permits the systematic distinction between process, information
and form. Hence any specific shape can be understood as resulting from the interaction of
system-intrinsic information and external influences within a morphogenetic process.

The computational design process that forms the base for this research allows the
exploration and development of surface geometries in 3 dimensional space that have
virtual environmental conditions. The exploration is enabled by an evolutionary module
that produces populations of surfaces in many generations, and the development is
governed by an algorithm that mimics organic growth. (Menges A. 2009)
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3.4.2 Computational Morphogenesis

Computational form-generating processes are based on “genetic engines” that are derived
from the mathematical equivalent of the Darwinian model of evolution, and from the
biological science of evolutionary development that combines processes of embryological
growth and evolutionary development of the species. Evolutionary computation offers the
potential of relating pattern and process, form and behaviour, with spacial and cultural
parameters. Evolutionary computational strategies for morphogenesis have the potential to
be combined with advanced structural and material simulations of behaviour under stresses
of gravity and load. This approach is part of the contemporary reconfiguration of the
understanding of ‘nature’, a change from metaphor to model, from ‘nature’ as a source of
shapes to be copied to ‘nature’ as a series of interrelated dynamic processes that can be
simulated and adapted for the design and production of architecture.

During the short history of so-called digital architecture, the notion of morphogenesis has
almost become a cliché owing to excessive referencing to all kinds of design processes that
operate most often merely on a metaphorical level. This thesis presents current research on
morphogenesis that attempts to investigate the principles underlying natural
morphogenesis and step by step transferring them into an integral computational process.

Within this context, computational morphogenesis can be described as a process of
perpetual differentiation. The increasing morphological and functional difference of
elements enabling the system’s performative capacity unfolds from their divergent
development directions triggered by a heterogeneous environment and multiple functional
criteria.

(Hensel M., Menges A. and Weinstock M. 2010)

3.4.3 Self-Organization

Complex adaptive systems entail processes of self-organisation and emergence. However,
both concepts express very different characteristics of a system’s behaviour. Self-
organisation can be described as a dynamic and adaptive process through which systems
achieve and maintain structure without external control. The latter does not preclude
extrinsic forces, since all physical systems exist within the context of physics, for as long
as these do not assert control over intrinsic processes from outside. Common form-finding
methods, for example, deploy the self-organisation of material systems exposed to physics
to achieve optimisation of performance capacity. Self-organisational systems often display
emergent properties or behaviours that arise out of the coherent interaction between lower-
level entities, and the aim is to utilise and instrumentalise behaviour as a response to
stimuli towards performance-oriented designs. (Hensel, M. 2006a)

Self-organisation is a process in which the internal organisation of a system adapts to the

environment to promote a specific function without being guided or managed from outside.
In biology this includes the processes that concern developmental biology, which is the
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study of growth and development of organisms and comprises the genetic control of cell
growth, differentiation and morphogenesis. (Hensel, M. 2006b)

Figure 17: The self-organisation processes underlying the growth of living organisms can provide important
lessons for architects. Natural systems display higher-level integration and functionality evolving from a
dynamic feedback relation with a specific host environment. Coloured X-ray of hyacinth flowers at different
stages of growth. Environmentally sensitive growth can deliver a paradigm for architectural design.

(Source: AD Journal, Volume 76 no.4, 2006.)

Self-organising systems display capacity for adaptation in the presence of change, an
ability to respond to stimuli from the dynamic environment. Irritability facilitates systems
with the capacity to adapt to changing circumstances. The critical characteristics of
biological self-organisation are: small, simple components assembled together in three
dimensional patterns to form larger organisations that, in turn, self-assemble into more
complex structures that have emergent properties and behaviour. (Hensel, M. 2006a)
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3.4.4 Differentiation & Integration

When attempting to set forth a paradigm for
differentiated and multi-performance
architectures, it is interesting to examine
available methods for modelling biological
growth informed by a hosting environment.
Through this investigation it is possible to derive
architectural strategies and methods that are
informed by environmentally specific conditions
and, thus, to achieve advanced levels of
functionality and performativity.

(Hensel, M. 2006b)

In biology, differentiation entails the process by
which cells or tissues undergo a change towards
a more specialised form or function, to become
increasingly oriented towards fulfilling specific
tasks, to acquire specific performance capacity.
(Hensel, M. 2006a)

Complexity increases when the variety
[distinction] and dependency [connection] of
parts increases. The process of increasing
variety is called differentiation, and the process
of increasing the number or the strength of
connections is called integration. Evolution
produces differentiation and integration in many
'scales' that interact with each other, from the
formation and structure of an individual
organism to species and ecosystems. (Hensel,
M. 2006c)

3.4.5 Advanced Simulation

Simulations are essential for designing complex
material systems, and for analysing their
behaviour over extended periods of time. Much
of the physical environment can be simulated in
the computer: a simple ‘Google’ search will
show a collection of sites on the web that have
interactive simulations of physics principles,
including light, optics, springs and masses,
pendulums and waves, harmonics, mechanics

N

e
A

Figure 18: Natural system analysis: palm tree. For
the investigation of the palm tree’s exceptional
capacity to respond to very high dynamic loading,
the morphology of the leaf (top) and stem were
accurately modelled. The analysis of the bending
stresses occurring at different sections of the palm
stem (centre) shows different local bending
stresses, indicating the global relationship of
bending and torsion stiffness, resulting from the
locally differentiated cross section. The structural
performance of the leaf was investigated by means
of comparing stress patterns developing over the
leaf (bottom right) due to wind pressure with the
stresses that would occur in a leaf with no folds
(bottom left) under the same conditions. EmTech
Natural Systems Module, Zoe Saric, Biraj Ruvala,
Michel da Costa Goncalves and Jennifer Boheim,
2005.(Source: Hensel M. et al 2010)

and momentum, and even nuclear physics. In such simulations, the parameters of objects
can be modified and the resultant change in behaviour observed.
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Most architectural design software now includes sunlight modelling for any location in the
world, and an increasing range of plug-ins or scripts can simulate the behaviour of chains
and springs under gravity. More sophisticated simulations, such as the stress response of
structures under imposed loads, or the flow of air and heat through spaces and in materials,
are standard modules in engineering software.

Working with simulations requires the development of a logical mathematical description
of the performance of a system or process, which corresponds to certain specific
parameters of its physical behaviour.

(Weinstock, M. & Stathopoulos, N. 2006)

3.5 Morpho-Ecological Design Approach

Biology is the science of life; it is concerned with the living. For this reason, architecture
must go beyond using biology as merely a source of convenient metaphors. Ecology is the
study of the relationship between organisms and their environment. This definition also
suits the discipline of architecture surprisingly well: in our view one of the central tasks of
architecture is to provide opportunities for habitation through specific material and
energetic interventions in the physical environment.

Correlating morphogenesis and ecology, a new framework has been developed for
architectural design that is firmly rooted within a biological paradigm and thus connected
with issues of higher-level functionality and performance capacity. Enhanced context
sensitivity lies at the base of this approach. This approach is referred to as ‘Morpho-
Ecology’.

It argues for an ecological model for architecture that promotes an active modulation of
environmental conditions across ranges and over time through morphological
differentiation. This approach promises both a new spatial paradigm for architectural
design and advanced sustainability that links the performance capacity of material systems
with environmental modulation and the resulting provisions and opportunities for
inhabitation.

(Hensel M. & Menges A. 2008)

3.6 Theoretical Framework

The theoretical & methodological frameworks relevant to this approach concern
themselves with intense differentiation of material and energetic interventions that are
evolved from:

= Their specific behavioural tendencies in given environment

= Their mutual feedback relationship

= Passive modulation strategies that are sustainable

= Speculation on the resultant relationship between spatial and social arrangements
and habitation patterns and potentials.
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Morphogenesis is concerned with the processes that control the organized spacial
distribution of cells which arises during the embryonic development of an organism,
producing the characteristic forms of organs, tissues, and overall body anatomy. This
approach takes up the concept of morphogenesis relating to the way the development of
material systems is informed by inquiries into scale and size-specific behaviour and related
performative capacities. This involves the exposure of the system at each stage of
development to a series of extrinsic influences and stimuli provided by a given
environment. (Menges A., Hensel M. 2007)

This approach commences from the unfolding of performative capacities inherent in
material systems in relation to the specific environment they are embedded within, as well
as an intensively empirical mode based on physical and computational form generation
analysis methods. Compared with current practice it presents a radically different take on
the relation between formal expression and performative capacity of the built environment,
as well as a fundamental revision of prevailing approaches to sustainability. (Menges A.,
Hensel M. 2008)

Performance:

An alternative understanding of performance, one that is based on multi-parameter
effectiveness rather than single-parameter optimisation and efficiency, must from the start
of the design process include both the logics of how material constructions are made and
the way they will interact with environmental stimuli. Computation in analytical and
generative modes has a key role in both aspects. The underlying logics of computational
processes, particularly when combined with computer-controlled manufacturing processes,
provide a much higher level of design synthesis. (Menges A. Hensel M. 2008)

Form-Generation:

Particularly related is the underlying impoverished notion of form-generation, which refers
to various digitally driven processes resulting in shapes that remain detached from
material and construction logics. In foregrounding the geometry of the eventual outcome
as the key feature, these techniques are quintessentially not dissimilar to more conventional
and long-established representational techniques for explicit scalar geometric descriptions.
As these notional systems are insufficient in integrating means of materialisation,
production and construction, they cannot support the evaluation of performative effects,
and so these crucial aspects remain invariably pursued as top-down engineered material
solutions. (Menges A., Hensel M. 2008)

This suggests that the talent, but as yet unused, potential of computational design and
manufacturing technology may unfold from an alternative approach to design, one that
derives morphological complexity and performative capacity without differentiating
between form-generation and materialisation processes. (Menges A., Hensel M. 2008)

The morpho-ecological approach aims for a more integral design approach to
correlate object, environment and subject into a synergetic dynamic relationship.
(Menges A., Hensel M. 2008)
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3.7 Selected Biological Principles

The previously selected biological principles stated in chapter two are presented here once
again within the context of such a design approach. They represent some of the most
important features and characteristics of morpho-ecological design, and will serve as

analysis criteria for case studies in the next
chapter.

The selection of these principles was due to the
available research and literature on this topic, and
does not imply their significance over others.

3.7.1 Adaptation

According Weinstock M. et al (2006), the means
by which biological systems respond and adapt to
environmental stresses and dynamic loadings are
complex, so that responses are nonlinear, arising
out of the interactions of multiple material
hierarchies. The most important principle of
adaptation, not regarded by classical engineering,
is small random variation in the ‘design’, repeated
over time. It is this stochastic process that
produces robust systems that persist through time.
In mathematical terms, ‘stochastic’ is often used
in opposition to the ‘deterministic’. Deterministic
processes always produce the same output from a
given starting condition; stochastic processes will
never repeat an identical output. It follows that
developing processes that include small random
mutations over many iterations is a significant
‘evolutionary’ strategy for design, architecture and
engineering, and one that will preclude the
standardisation of components and members.

Adapting geometry to changing circumstances
throughout the design process can be a time-
consuming and costly ordeal or, on the other hand,
can be anticipated and tools designed that
facilitate the possibility of significant changes
right up to the manufacturing stage. Whenever the
design  requirements and constraints and
performance profiles of a design change, it is
important that the design can absorb such changes
through a modifiable geometric modelling setup
capable of retaining geometric relations
(Hensel M. 2006)
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Figure 19: A naturally produced foam of
soap bubbles, demonstrating the
differentiation of polyhedral cells in an
intricate geometry of foam architecture,
including the basic Plateau rules for the
intersection of three films. (Source: AD Journal,
Volume 76 no.4, 2006.)
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Figure 20: Scanning electron micrograph of

polyurethane foam, showing the porous
structure of differentiated open and partially
closed cells. Magnification x 20 when printed
at 10 centimetres wide.

(Source: AD Journal, Volume 76 no.4, 2006.)
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3.7.2 Material Systems

Figure 21: PTW Architects, CSCEG Design and Arup, ‘Water cube’ National Swimming Centre, Beijing,
due for completion 2007. Competition model showing overall scale: 177 x 177 metres (581 x 581 feet) and
more than 30 metres (98 feet) high, with an entirely column-free interior space.

(Source: AD Journal, Volume 76 no.4, 2006.)

. ) A PR AP R AT TP R AT T PN AT A
The notion of the material system constitutes Ao g v s s 4
one central aspect of the research presented in [ S s o 'qgg.‘.:?};{qi,{._"#
this thesis. While it may initially seem obvious E’;‘g j_ 1 T e s ST A

to consider material systems more or less as
the equivalent of construction systems and
tectonics, material systems are conceived
within this context as a more profound and
integral concept. In this way, material system
does not refer to the material constituents of a
building alone, but rather describes, in a
system-theoretical ~ sense, the complex
reciprocity  between  materiality, form,
structure and space, and the related processes
of production and assembly, and the multitude
of performative effects that emanate from the Figure 22: Watercube digital structural model.
interaction with environmental influences and The mathematics of foam geometries are used to

forces. (Hensel M., Menges A. and Weinstock produce the structural array, ensuring a rational
M. 2010) ' optimised and buildable structural geometry.

(Source: AD Journal, Volume 76 no.4, 2006.)
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Interestingly, this conceptualisation of material systems enables the utilisation of the still
latent potential of computational design processes. The ability of computational processes
to simultaneously do both-to stochastically derive and systematically process complex data
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sets within a defined or evolving constrained space can be utilised to explore a system’s
performative capacity within its materially determined limits.

Material and morphological characteristics are derived through iterative feedback loops,
which continuously process the material system’s interaction with statics, thermodynamics,
acoustics, and light and so on. In contrast to the currently predominant modes of utilising
computation first for formal expressions liberated from all constraints of construction, and
then for the economically driven rationalisation of the resultant, tectonically complicated
buildings, this approach utilises computation to recognise and exploit the material system’s
behaviour rather than merely focusing on its shape.

(Hensel M., Menges A. and Weinstock M. 2010)

3.7.3 Evolution

Architecture is considered as a form
of artificial life, subject, like the
natural world, to principles of
morphogenesis,  genetic  coding,
replication and selection. The aim of
an evolutionary architecture is to
achieve in the built environment the
symbiotic behaviour and metabolic
balance that are characteristic to the
natural environment. (Frazer J. 1995)

The concept of evolution is explored
in computational design processes
through the use of evolutionary
algorithms. An evolutionary algorithm
or EA is a set of rules, embodied in a s
computer program that starts with a ... = . .
given ‘population’ of potential = . -
solutions to a problem — in our case
solutions to a design problem. The
members of this population act as
‘parents’ to a new generation Of
‘children’, passing on their ‘genes’
with slight variations introduced at
random — equivalent to the effects of

mutations in natural evolution. In Figure 23: Generative algorithmic definition

some EAs the children can inherit Differentiated honeycomb morphology prototype exhibited at
the AA Projects Review, July 2004, and digital model of

genetic material” from twolpa_rents differentiated honeycomb morphology from which the
(or maybe more than two!) in & manufacturing data is extracted.
process akin to sexual reproduction. (Source: AD Journal, Volume 76 no.4, 2006.)

The children are then subjected to a
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series of evaluations to measure their ‘fitness’ according to some specified criteria.
Collectively, these criteria therefore represent the ‘environment’ of the evolving
population.

Chromosomes in EAs, then, are
encoded  representations  of
features of designed objects:
whether the features are present
or absent, their size, shape,
quantity, position, material and
so on. They are, figuratively
speaking, the DNA of the world
of evolution by computer. In
more advanced algorithms, as we
will see, the chromosomes, rather
than representing the forms and
features of objects directly, can : =
ms_tea_‘d consist of |n§truct|ons for Figure 24: Generative algorithmic definition.

building  the objects  from algorithmically derived honeycomb prototype in which each cell
component parts and sub- is unique in shape, size and depth, allowing for changing cell
assemblies. (The resemblance to  densities and double-curved global geometry, and close-up views
DNA is then rather closer.) showing planar connection tabs between honeycomb layers (left)

and double-curved global surface articulation (right).
(Steadman P. 2008) Source: AD Journal, Volume 76 no.4, 2006.

3.7.4 Emergence

The phenomenon of emergence was discovered in the 1970s, it offers a new precision to
the study of evolution, complexity and the ‘new’, and it appears to be strangely applicable
to a huge range of disciplines and scales, from the micro-biological to the macro-
economical. It forces us to reconsider the pervasive atomic, collage-based view of the
world, which is concerned with parts, even parts in seemingly complex arrangements. An
emergent organization exhibits behaviours or has properties which are not predictable by
observing any of the behaviours or properties of its constituent parts. That is, the emergent
whole always exceeds its parts qualitatively. The beautiful coherence and dynamics of a
swarm of bees can never be traced back to the behaviour of a single bee. Within the realm
of architectural practice, an emergent network is more than an arrangement of expertises or
an overlapping of spheres of influence. It is a collective which exhibits emergent
behavioural patterns that are unpredictable by examining the behavioural patterns of its
parts. (Wiscombe T. 2006)

Emergence refers in fact to a very particular scientific phenomenon: the indivisibility and
irreversibility of wholes- be they structures, organizations, behaviours, or properties. In
particular, emergence refers to the universal way in which small parts of systems, driven
by very simple behaviours, will tend toward coherent organizations with their own
distinctly different behaviours. (Wiscombe T. 2005)
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3.7.5 Form and Behaviour

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

Forms maintain their continuity and integrity by changing aspects of their behaviour and
by their iteration over many generations. Forms exist in varied populations, and where
communication between forms is effective, collective structured behaviour and intelligence
emerges. Form and behaviour are intricately linked. The form of an organism affects its
behaviour in the environment, and a particular behaviour will produce different result in
different environments. Behaviour is non linear and context specific.

(Hensel M., Menges A. and Weinstock M. 2004)

3.8 Methodological Framework

According to Hensel M., Menges A. and Weinstock M. (2010) the methodological
framework associated with this approach requires the development of an integral
computational setup in which the system evolves. There are two crucial constituents for
this setup; one is the definition and inclusion of a set of characteristics and constraints
defined through a series of relevant parameters. The definition of the range within which
these parameters can be operated, while remaining coherent with other constraints such as
construction and fabrication, is a critical task for the designer. The second crucial
constituent is the recurring evaluation cycles that expose the system to embedded analysis
tools. Analysis plays a critical role during the entire morphogenetic process, not only in
establishing and assessing fitness criteria related to structural and environmental capacity,
but also in revealing the system’s material and geometric behavioural tendencies.

The computational setup is explained as follows:

= The starting point is the thorough analysis of the project brief and the careful
examination of it context in terms of the actual site situation, specific environmental
influences, project requirements and limitations of the construction process.

= A material system is then selected by the design team based on project requirements
and related influences. A set of physical and digital experiments are performed in order
to determine the geometric description of this material system, and to capture and
embed its parameters and constraints. Similar to the definition of the elements of the
material system, the definition of the relation between these elements is also important.
The related manufacturing method and assembly techniques are also defined, studied
and embedded into the system.
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Figure 25: Ocean and Scheffler+Partner, New Czech National Library Design Competition, Prague 2006.
The distinctive articulation of the library’s cantilevering volumes is developed through generative
computational processes driven by spatial and structural criteria. (Source: AD Journal, Volume 78 no. 2,
2008)

In parallel, research of a specific organism is undergone (if relevant to the project) from

which the extraction and abstraction of relevant characteristics is performed. These
characteristics are described in terms of rules and parameters in order to implement
them in the computational setup. This phase is optional and varies greatly from one
project to the other depending on its specific conditions, requirements and available
biological research.

This leads to the definition of performance profiles and related fitness criteria which
significantly constrain the design process. For the subsequent steps of initiating the
development and differentiation of the system, it is critical to capture and embed its
parameters, hierarchies, dependencies and variable ranges in a system-defining
genotypic dataset.

The Danish genetics pioneer Wilhelm Ludvig Johannsen introduced the profound
difference between the genotype and phenotype in developmental biology in 1909
(Mayr 2002:624). The genotype constitutes the unchanging genetic information,
whereas the individual actual gestalt emerging from its interaction with the specific
environment in which the development takes place is referred to as the phenotype.
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In computational morphogenesis the
genotypic  definition  unfolds a
performative  phenotypic  material
system. This takes place through the
integrative  differentiation  of its
elements driven by  multiple
performance  requirements.  This
comprises both the ontogenetic growth
process of individual systems and
comparative, evolutionary
development of system populations
across many generations.

The technical implementation of
algorithmic growth processes varies
according to system type and design
strategy. In any case, the most
common and relevant aspect is the
proliferation of elements across
several growth steps, in which each
element is regenerated rather than
added to another. In this process each
element and component adapts its
morphology by calibrating its
functional requirements with its
particular sub-location in the overall
system.

This computational generation of
performative phenotypic components
is driven by a feedback with different
simulation and analysis tools. These
tools are not only employed for cross-
checking the self-forming limits of the
system, but also enable iterative
analyses and evaluation cycles, so that
the specific gestalt of the system
unfolds from the reciprocal
influences and interactions of form,
material and structure within a
simulated environment.

o
ANVE L
‘- ‘s

Figure 26: An analytical computational procedure indicates
the stress distribution within the envelope of the new library’s
cantilevering volumes which is evaluated and mapped as a
vector field of principle forces (top). According to this
structural information, combined with other parameters such
as the angle of incident sunlight, view axes and spatial
characteristics, a network of merging branches is derived
(centre) which is developed into a structural envelope of the
volumes cantilevering from the central volume comprising the
national archive (bottom). . (Source: AD Journal, Volume 78
no. 2, 2008)
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Similar to the algorithmic growth process, evolutionary computation offers different
ways of implementing such generative processes and fitness evaluation techniques.
What all such procedures have in common is using the evolutionary dynamics of
combination, reproduction and mutation of the underlying genotypic datasets through a
genetic algorithm as well as selection procedures.

Overall it is important to note that true morphological as well as performative
differentiation requires the design and evaluation criteria, as well as their hierarchies and
weighing, to develop alongside the evolution of material system. Rather than aiming for
single-objective optimisation, computation becomes the means of integration: integration
of the system-inherent constraints of materials, manufacturing and assembly, together with
the system’s interaction with a wide range of external influences and forces.
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Morphogenetic Computational Design
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Figure 27: Diagram summarizing the presented methodological framework
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3.9 Chapter Summary

This chapter has demonstrated an overview of morphogenesis, outlining the possible
benefits of such an approach in architectural design. A set of general concepts relevant to
morphogenesis is explained as they are needed for the comprehension of the presented
approach.

A morpho-ecological design approach is presented, correlating morphogenesis and
ecology, which suggests a new framework for architectural design that is firmly rooted
within a biological paradigm. Both the theoretical as well as the methodological
frameworks are explained for such an approach. The selected biological principles in the
previous chapter are stated again, and re-explained within the context of computational
design, creating a better understanding of the theoretical framework.

The morpho-ecological design approach lies at the core of this thesis, achieving a critical
part of the research aim in attempting to correlate biological principles with computational
design by discussing a set of selected principles twice: once within a biological context (as
stated in the previous chapter) and again within the context of morphogenetic
computational design.

These set of biological principles serve as analysis criteria for case studies in the following

chapter, where a set of projects are analysed in order to evaluate the outcomes of such a
design approach.

Page | 48



Case Studies: Application of Biological Priciples in Computational Design

CHAPTER 4: CASE STUDIES: APPLICATION OF
BIOLOGICAL PRICIPLES IN COMPUTATIONAL DESIGN

4.1 Introduction

It is a broadly acknowledged fact that today the majority of people on our planet live in
cities, and that two thirds to three quarters of the Earth’s ecosystems are interfered with by
humans. These interferences affect a great deal of change of the Earth’s biosphere,
including the local and global climate. It seems obvious that the vast amount of local
interlinked material and energetic modifications of any context amount to significant
regional and global changes.

These local modifications are to a large extent affected by the built environment, and it is
this realm that deserves greater attention and a broader scope of approaches than currently
pursued. The research presented by the Emergent Technologies and Design Group at the
Architectural Association in London, presents an approach towards this thematic that does
not compete with the current paradigm of the preservation of the natural environment or
prevailing takes on sustainability, but that examines instead the capacity of material
interventions in modulating environments within specific contexts and empirically
established ranges, while considering a continuum between the inside and outside across
the material threshold.

Insights into how to approach this line of research derived from studies in natural systems
and their interaction with the environment. This entailed, for instance, detailed studies of
plant morphologies and the way in which any particular morphology contributes to the
physiology of a plant and its exchange with its environment. One line of inquiry
investigated the way in which morphological features of specific cacti contribute to self-
shading and airflow modulation close to the surface of a selected plant, such that loss of
water through evaporation and transpiration can remain within a permissible range.
However, listing such singular examples can be misleading. It would be a misconception to
reduce the morphology of living systems to subsets with singular functions. This would
just re-assert the prevailing prejudice based on which architecture and engineering
strategizes material assemblies as mono-functional building subsystems or elements that
are optimised towards single objectives. Instead, a succinct attempt was made to conduct
the inquiry into the morphology and material characteristics of living systems as
performative systems that cannot be reduced to mono-functional elements. (Hensel M.,
Menges A. and Weinstock M. 2010)

This chapter presents a number of research projects, performed at the Architectural
Association School of Architecture, London, which serve as case-studies for the design
approach discussed in chapter 3. The biological principles selected in the previous chapters
are utilised here as analysis criteria for these projects. Each project is analysed according to
these principles and then evaluated to demonstrate the main advantages of such a design
approach by comparing it with conventional design means.
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The projects explained in this chapter present the development of an evolutionary design
tool for architecture and its application in an investigation that abstracts principles from
biological structures in order to develop a new approach for sustainable architectural
design.

The following case-studies will attempt to investigate the potential of different design
ideas, all sharing the same general theoretical and methodological framework previously
mentioned in chapter 3, but differ in their approach to solve the design problem, either
solution-based or problem-based approaches. Three projects will be presented for each

type.
[ Case Studies ]

A. Solution-based B. Problem-based
approach approach
Fibres ‘ AA Component
F % Membrane Project,
\ London

g Branching ‘ " AA Shelter Project, \
% Patagonia

a Responsive surfaces ‘ Piracus Tower
% Envelope, Greece

Figure 28: Types of case-studies
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4.2 Solution-Based Case Studies
4.2.1 Fibres

The high integration of form, structure and function inherent to living nature very often
results from the astonishing versatility of fibrous systems. This is even more remarkable if
one considers that most of these biological systems consist of a small range of materials
only, as it suggests that nature organises material in a highly effective manner.

The basic materials of biology are so successful not so much because for what they are, but
because of the way in which they are put together. The geometrical and hierarchical
organisation of the fibre architecture is significant. The same collagen fibres are used in
low modulus, highly extensible structures such as blood vessels, intermediate modulus
tissues such as tendons and high modulus, rigid materials such as bone.

(Hensel M., Menges A. and Weinstock M. 2010)

Figure 29: 3-dimentionally printed model of the fibre bridge project. March Dissertation of Christina
Doumpioti, 2008. (Source: Hensel M. et al 2010)
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Variations in the section and material properties of biological ‘structural members’ offer
very considerable advantages over the constant section usually adopted in conventional
engineered structures. The differentiated distribution of cells, fibres and bundles, according
to height and slenderness, offers a very interesting model for the production of fibre-
composite materials systems. Sectional variations produce anisotropy, a gradation of
values between stiffness and elasticity along the length of the stem in plants that is
particularly useful for resisting dynamic and unpredictable loadings.

(Hensel M., Menges A. and Weinstock M. 2006)

As a result of their highly differentiated material make up, fibre composites possess a
number of properties that enable a highly specific and adaptable material distribution in
response to the forces acting on them:

= Contrary to materials with homogeneous internal structures and isotropic behaviour
(which means the same behaviour regardless of the direction of the forces applied),
natural composite are anisotropic. As a consequence, the material’s structural
capacity can be adapted in response to the force’s direction and magnitude.

= Natural fibre composite structures emerge from processes of adaptive growth. It is
a process of growth under stress that enables the remarkable versatility of natural
fibre composites by the selective deposition of new material at the position and in
the direction where it is needed. It is driven by the forces the organism experiences.

= Therefore the most critical aspect in most complex natural composites is the fibre

organisation and layout, rather than their materiality. The same small number of

material constituents, fibres and matrix, can display a wide range of properties and
serve multiple functions.

1 )

mportant Properties
of Natural Fibre
Composites

(They are anisotropic.\
The material’s structural
capacity can be adapted in
response to the force’s
direction and magnitude

- J

(" They emerge from )

adaptive growth
New material is located at the
position and in the direction
where it is needed

& J

(" Organisation and )

layout
The basic materials of biology
are so successful not so much
because for what they are, but
because of the way in which they

k are put together. )

Figure 30: Properties of natural fibre composites
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Christina Doumpioti’s March dissertation at the AA School of Architecture, London,
investigates these resourceful fibre structures, by not only investigating the organisation
and layout of fibres, but also developing and employing a computational process of growth
under stress for manmade fibre composite structures. The project aimed at developing a
shape-finding and fibre-path generation method for tow-steered composite structures by
transferring the underlying principles of natural adaptive growth into a computational

design process.

The following aspects will be analysed in order to evaluate the application of the
previously mentioned biomimetic principles in morphogenetic computational design:

= Adaptation
= Material Systems

= Evolutionary form finding/growth process

= Emergence: interaction of form,
material and structure

= Form and behaviour

= Environmental modulation

4.2.1.1 Adaptation

The project was to adapt to a number of
influences such as:

Project requirements:

The project’s design intention is bridging
between 2 existing buildings 10 metres
apart by constructing a long-span fibre
composite shell that functions as a
passageway as well as an exhibition space.

Structural requirements:

The objective of the system’s structural
development is improving the load-bearing
behaviour, minimising strain  energy,
levelling the magnitude of stress across the
system and achieving a reduction of weight
while meeting essential criteria of
directional strength and stiffness.

Environmental influences

The fibre organisation must also respond to
environmental influences such as solar
exposure and prevailing winds.

inputs

design domain

ponts randomly distributed on cylinder
specify number of points >> 115

....
unay lesselation e
supports

® dynamic loads || movement path
@ pressure

Figure 31: Primary form generation steps of the fibre
bridge. March Dissertation of Christina Doumpioti,
2008. (Source: Hensel M. et al 2010)
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In an attempt to adapt to these requirements and influences, the project aimed at
developing a shape-finding and fibre-path generation method for tow-steered composite
structures by transferring the underlying principles of adaptive growth into a computational
design process.

Research on Natural
Fibre Composite
Structures
Project
Requirements

Structural

Requirements
Resulting structure

Translation into

C%r:\putatlonal specifically tailored
0063§ of to influening forces
Adaptive and performance
Environmental Growth criteria
Influences
Manufacturing
Process

Figure 32: Adaptation process for fibre-based project
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4.2.1.2 Material System

Tow Steering Computational Highly
(Manufacturing , Process differentiated fibre
method) Translation into

Material Properties
of Fibres
(such as density &
elasticity)

rules & parameters
for computational

layouts that corre-
spond with system
requirements
+
Machine codes ready
Fibre-Path for manufacturing
Generation

setup

Figure 33: Material system development for fibre-based project

The manufacturing process played a major role in the development of the system. Tow
steering is a manufacturing technique for high-end composite structures and is currently
used in aerospace engineering and sailing technology. This production technology allows
fabricating large-scale fibre composite structures, whereby each laminate is produced by
combining layers of different fibre orientations, materiality and thickness. Most
importantly, it allows for laying each fibre along an individual, digitally defined path.

The fibre tows are fed off spools through a tensioning system to the tow placement head,
which travels numerically controlled along a very thin layer of fibre mats laid onto a
mould. The mats provide the base surface for individually laid fibres deposited by the fibre

head.

This manufacturing
possibility enables the
conception of large-scale,
architectural fibre systems
with highly differentiated
fibre layouts that
correspond  with  the
structural and functional
requirement of the system.

The process is directly
informed by this
manufacturing method, as
well as material properties
such as density and
elasticity. The  splines
derived during the fibre
path generation process
can be directly employed
to establish the related
machine code for laying
up the fibres.

Figure 34: Testing computationally derived data by creating a model using a
CNC-milled mould. March Dissertation of Christina Doumpioti, 2008.
(Source: Hensel M. et al 2010)
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4.2.1.3 Evolutionary Form Finding

A computational process of adaptive growth was developed in order to exploit the potential
of tow steering manufacturing. This process consists of two interrelated sub-processes: one
generates the overall system, and the other derives the fibre layout as fibre reference pass
for tow-steering manufacturing.

Generated Form

Maximum load-

- Generation of fibres in bearing capacit
| Computational the direction of ezl
process of adaptive principle stress in order " Minimum transverse

growth to achieve a stress stresses and shear

levelling across the between fibres
entire system

Consists of two interrelated )
sub-processes Stress acts as one of the main The resulting structure displays

growth-promoting agents a differentiated fibre layout in
which each fibre’s location and
direction is directly related to the
Generation of Fibre reference forces acting on it

overall system pass
(for manufacturing)

Figure 35: Form finding process for fibre-based project

Both processes are interlinked and informed by external forces and environmental
influences acting on the system. Stress acts as one of the main growth-promoting agents. In
the process of generating the overall shape, points act as cells and as are driven by an
iterative algorithmic procedure, they self-organise into a particular pattern of point
distribution. This serves as a base for defining a surface, from which new nodes are
extracted that act as fibroblast cells during the path generation process. Triggered by stress
concentrations, they generate fibres in the direction of principle stress in order to achieve a
stress levelling across the entire system.

For each vertex point a specific load and support condition is specified according to its
location within the overall system. Subsequently the overall structure is evaluated through
a finite element analysis.

The vertices points with the lowest values of stress begin to act as attractors triggering the
surrounding point to migrate towards them. In search of equilibrium of forces, the
algorithm iterates through various cycles of structural analysis and point reconfiguration
until a relatively equal distribution of forces is obtained.
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For the fibre path generation, the generated
overall shape is analysed by means of finite
element analysis, the stress type, direction and
magnitude are investigated. The nodes
displaying the highest stress concentrations
are defined as agents that organise the fibre
structure between the nodes so that the fibres
are laid in the direction of the largest principle
stresses. They aim at maximizing the system’s
load-bearing capacity through a fibre
arrangement that at the same time minimises
transverse stresses and shear between the
fibres. The resulting structure displays a
differentiated fibre layout in which each
fibre’s location and direction is directly
related to the forces acting on it.

4.2.1.4 Emergence

This case study demonstrates the enormous
potential of combining the versatility of
fibrous systems with new computational
design and computer-controlled
manufacturing processes. An interrelated
development of form, material and structure in
concert with novel design methods moves one
step closer to the higher functionality
displayed by natural systems.

In this process differentiation emerges through
the intricate reciprocity between material
make-up and environmental forces and
influences that result in a structural
articulation that cannot be reduced to its load-
bearing capacity, but rather provides a robust

and multifaceted range of performance
capacities.

This becomes very clear for example in the
process of achieving the required porosity
levels. Approaching a surface assigned to
form an opening, the fibre paths are locally
altered so that the fibres are not disrupted or
cut. Rather than terminating abruptly, as is
common in other fibre lay-up technologies,
here the fibres follow the contours of the
openings, which allow the forces to flow
around the voids.

shape generation

stress intensily

A x
P a
g

stress evaluation

tessalation

Figure 36: Form development of the fibre bridge
project. March Dissertation of Christina
Doumpioti, 2008. (Source: Hensel M. et al 2010)

Computational
Desgin

Versatility of Computer-
Fibres Controlled
Manufacturing

Resulting in a structural articulation that cannot be
reduced 10 its load-bearing capacity. but rather provides a
robust and multifaceted range of performance capacities

Figure 37: Emergent properties of fibre-based project.
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4.2.1.5 Environmental Modulation
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Figure 38: Distribution of surface openings. March Dissertation of Christina Doumpioti, 2008.
(Source: Hensel M. et al 2010)

In addition to the structural requirements, another critical factor was included in the
computational process of deriving the system’s morphology.

In order to achieve locally differentiated levels of porosity of the composite skin, the
generation process is further elaborated by including environmental evaluation cycles in
dialogue with the structural analysis.

Structural analysis of the fibre path system allows for identifying skin areas with the least
stress concentrations, that is to say areas where material can be removed without having a
major impact on the overall load-bearing behaviour. Simultaneously a fibre volume
fraction analysis indicates areas of little fibre density. Where the 2 areas overlap, there are
possible locations for surface openings.

In order to select which of these locations should be used to create openings, solar
exposure analysis was employed to investigate the distribution and magnitude of incident
solar radiation and light transmission to the system’s interior. Furthermore, computational
fluid dynamics enabled testing the impact of prevailing winds on the interior airflow
patterns in relation to different distributions of surface openings.

Fibre volume fraction
analysis Solar exposure
analysis

/Skin area with
/ least fibre density |

/ Possible locations Best locations for
Overlap for skin openings skin openings
 Skin area with
\_ leaststress /
CFD analysis

Structural analysis

Figure 39: Fibre Bridge interfacing several analysis applications.
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4.2.1.6 Form & Behaviour

This iterative computationally driven negotiation of design criteria such as structure, space,
light and ventilation results in a highly differentiated fibre composite structural form
integrating a wide range of performance criteria, thus radically affecting its behaviour and
enabling it to successfully achieve the project requirements.

4.2.1.7 Fibre Bridge Evaluation

The suggested design approach is evaluated according to the following criteria:
= Achievement of goals and objectives
= Comparison with conventional design methods

Achievement of goals and objectives

Required goals How were they achieved

Bridging 2 existing
buildings, 10m apart.

Improving load-
bearing capacity.

Minimizing strain.

Levelling stress
across the system.

Reduction of weight.

Directional  strength
and stiffness.

Providing a suitable
level of porosity for
solar exposure and
ventilation

Investigating the organisation and layout of fibres
in natural systems

Exploring the manufacturing possibility of tow
steering as a means of producing fibrous systems
with highly differentiated layouts that correspond
to the system’s functional requirements.

Employing a computational process of growth
under stress for the generation of both the overall
shape as well as the fibre layout. This process is
directly informed by the required performance
criteria as well as the manufacturing method and
material properties.

Recurrent analysis of the resulting system in terms
of structural and environmental performance

Table 2: Fibre Bridge evaluation according to achievement of goals
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Comparison between the presented design approach and conventional design

methods

Presented Approach

The presented design approach successfully achieved the
required goals and objectives, in addition to the following
aspects:

*The form is a product of all affecting factors
interacting with a simulated environment: This setup
enables iterative analyses and evaluation cycles, so that the
specific form of the system unfolds from the reciprocal
influences and interaction of form, material and structure
within a simulated environment.

= Advanced structural performance and versatility: the
fibres aim at maximizing the system’s load-bearing
capacity through a fibre arrangement that at the same time
minimises transverse stresses and shear between the fibres.
This resulted in a highly versatile structure, where the fibre
layouts correspond to the system’s structural and
functional requirements.

= Adaptation: the structure displays a differentiated fibre
layout in which each fibre’s location and direction is
directly related and adapted to the forces and influences
acting on it.

= High efficiency: the computationally driven negotiation of
multiple design criteria such as structure, space, light and
ventilation results in a highly differentiated fibre
composite structure integrating a wide range of
performance criteria.

Conventional
Approach

If a conventional design
and construction method
was to be applied, some
goals and objectives will
be difficult to achieve such
as:

= Directional strength and
stiffness.

= Difficulty of
coordinating conflicting
design criteria.

= Means of construction
and fabrication might not
directly  affect  the
resultant form.

Table 3: Fibre Bridge evaluation through comparison with conventional design
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4.2.2 Branching

Branching patterns appear in great abundance in natural
systems, ranging from overall plant morphologies, to
respiratory and vascular systems of organisms, to rivers
and climatic phenomena such as lightning strikes.
Natural branching systems generally provide for energy
efficiency in the distribution of other materials.

Such patterns are self-similar, which implies that ‘each
piece of a shape is geometrically similar to the whole’
(Mandelbrot 1982:32), whether they are dispersive or
convergent. Nevertheless, there are also differences in
the specific patterns that occur in natural systems. Both
self-similarity and differences between different
branching patterns derive from the rate and ratio of
bifurcations that characterize a particular branching Figure 40: X-ray of Coleus leaf showing

pattern. branching system of venation.
Source: AD Journal volume 78 No. 2, 2008

“In recent years, scientists have developed tools for
assessing in mathematically precise way the generic
features of different branching patterns, and by doing
so, have been able to provide clear criteria for
distinguishing one such form from another. These tools
have played a crucial role in allowing us to understand
how branched forms grow, because only through them
do we have a definite quantifiable means of
determining how close a given physical or biological
model comes to reproducing the form observed in
reality” (Ball 1999:111)

For the visualisation and simulation of plant growth,

developmental algorithms are frequently utilised. Figure 41: Branching network of

Lindenmayer-systems or so-called L-systems, are a pulmonary arteries and bronchi. Resin cast

specific variant of a formal grammar-iterative parallel ~ of the system Sl:ﬁpllymg blood and air to
s P e lungs.

rewriting systems that are ut_lllsed for the purpose of (Source: AD Journal volume 78 No. 2, 2008)

plant growth modelling in theoretical biology,

developed by the Hungarian biologist Aristid Lindenmayer (1952-89). They are

particularly suited to model the growth of branching geometries.

In context-specific L-systems, this process can incorporate a variety of influences, such as
the simulation of the response to gravity (gravitropism) and the response to light
(phototropism), opening these processes to potentially be informed by performance
criteria. (Hensel M., Menges A. and Weinstock M. 2010)
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PR &
A

Figure 42: Digital model of branching morphology. March Dissertation of Yukio Minobe, 2008.

(Source: Hensel M. et el 2010)
The following project presents the March dissertation project of Yukio Minobe (2008), at
the AA School of Architecture, where he investigated the design of a complex branching
system for ventilation embedded within a cast dome-shaped envelope. In order to evolve a
branching ventilation system between the inside and outside of a cast shell structure, and
between determined start and end points, he developed different types of algorithms to
serve each purpose.

The project embarked from a detailed analysis of the environment-related shape of termite
mounds reducing thermal impact, and the complex ventilation systems of such mounds.
The following aspects will be analysed in order to evaluate the application of the
previously mentioned biomimetic principles in morphogenetic computational design:

= Adaptation

= Material Systems

= Evolutionary form finding/growth process

= Emergence: interaction of form, material
and structure

= Form and behaviour

» Environmental modulation

4.2.2.1 Adaptation

The project was to adapt to a number of influences
such as:

= Sun path

= Prevailing winds

' Figure 43: Plaster cast of ventilation
chambers of a termite mound.

. . . . .2, . . (Source:
project since its main objective was investigating http:/www.lboro.ac.uk/service/publicity/newsrelea

the ventilation System through branching ses/2004/04_100(a)_termites_update.html)
networks.

There was no specific program in this research

4.2.2.2 Material System

Due to the nature of this research project which focused on branching networks for
ventilation systems, material systems were not addressed.
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Further research questions will need to address material characteristics and their resulting
impact on the thermal behaviour of a material construct, followed by physical tests on a

construction scale.

4.2.2.3 Evolutionary Form Finding

Following the study and analysis of termite
mounds, 2 algorithms were developed that
articulate a branching ventilation network
within the thickness of the material
envelope of the volume; which are a
centroid branching algorithm, and a close
sphere packing algorithm. These 2
algorithms differ in their logic and in the

branching pattern to serve different
functions.
Centroid  branching  algorithms  are

deployed to adjust the growth direction of
each growth step. Predefined endpoints act
as attractors, attracting a tip point of new
branches, so that the branches can
eventually reach the attractor. In this
approach, the branch length needs to be
defined and, depending on that length, the
branch angle will be defined too. The
branch length can be adjusted in each
growth step and for each cluster. This
makes it possible to modify the branch
length according to required airflow

S
Figure 44: CFD tests of conduit bifurcation
morphologies. MArch Dissertation of Yukio Minobe,
2008. (Source: Hensel M. et el 2010)

3 algorithms developed from
the study & analysis of
termite mounds

N

Centroid ) )
Algorithm These 2 algorithms  articulate a
branching ventilation network within
the thickness of the material enve-
lope of the volume
They differ in their logic and in the
Sphere branching pattern to serve different
Packing functions
Algorithm
This algorithm is used to articulate
37 Subsequent the overall orientation and articula-
Algorithm tion of the volume with regard to the

sun path, deducing this principle from
the termite mound

Figure 45: Branches evolved through the utilisation of 3 algorithms
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conditions  within  the  branching SN
network. The density of branching '
networks and the angles between
branches were analysed for resultant
airflow pattern.

Subsequently an algorithm  was
developed that articulated the overall
orientation and articulation of the
volume with regard to the sun path,
deducing this principle from the
termite mound.

A specific site was selected to provide
context-specific input such as the sun L
path and prevailing wind direction. For
this site a series of geometries for the
global volume were derived. These
volumes were analysed with regard to
airflow utilising different branching
ventilation patterns.

4.2.2.4 Environmental Modulation

Through  the anal.ySIS of termite Figure 46: CFD of airflow in evolving system. MArch
mounds, several environmental aspects Dissertation of Yukio Minobe. 2008.

were observed: (Source: Hensel M. et el 2010)
= Upward airflows from the nest through the buoyancy effect
= The lateral air distribution from the mound chimney via lateral connections towards
surface conduits.
= Airflow towards the negative pressure zone of the mound due to pressure
differentials.
= Suction from the negative pressure side of the mound.

'/ = 7

Upward
Airflow

Lateral Air
Distribution

Abstracted & applied

to computational
Effect of Pressure RS
Differentials
Air Suction

Figure 47: Principles abstracted from termite mounds
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These observations were abstracted and applied in computational process in order to create
a highly effective ventilation system.

4.2.2.5 Form & Behaviour

A context-sensitive iterative process of global form generation, branching pattern
generation, and airflow analysis was established.

This can be explained as the overall form was developed with regard to the sun path and
prevailing winds, deducing this principle from the termite mound. The form affected the
behaviour of the ventilation system, as the locations of inlet and outlet point for ventilation
were positioned according to the prevailing winds. CFD analyses provided continuous
feedback to the process, ensuring maximum efficiency.
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Figure 48: Models of branching morphology & associate CFD analysis. MArch Dissertation of Yukio
Minobe, 2008. (Source: Hensel M. et el 2010)
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4.2.2.6 Branching Project Evaluation

The suggested design approach is evaluated according to the following criteria:
= Achievement of goals and objectives
= Comparison with conventional design methods

Achievement of goals and objectives

Required goals

=Creating a ventilation
system based on that
existing in termite mounds

=Creating a ventilation
system without the use of
electrical or mechanical
means.

How were they achieved

= Investigating the design of complex branching systems
through the study and analysis of termite mounds

=2 algorithms were developed that articulate a
branching ventilation network

= Another algorithm was developed to articulate the
overall morphology

= Resultant airflow patterns were recurrently analysed to
provide feedback

Table 4: Branching project evaluation according to achievement of goals

Comparison between the presented design approach and conventional design

methods

Presented Approach

The presented  design
successfully achieved the
goals and objectives.

Conventional Approach

If a conventional design method was to be

approach applied in order to achieve the same goals and
required objectives stated above, it would not be

successful because of the following reasons:

= It is extremely difficult and complicated
to accurately mimic ventilation systems
in termite mounds and apply its
underlying principles without the means
of suitable software and computational
design processes.

= Difficulty of manually adjusting the
length and angle of every single branch
to achieve the required performance.

Table 5: Branching project evaluation through comparison with conventional design means
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4.2.3 Responsive Surface Structures

Figure 49: Functional Prototype of responsive surface (left) with Responsive Veneer Skin (right).
(Source: Hensel M. 2009).

The response of a given material to changes in environmental conditions presents
interesting opportunities for performance-oriented design. This research conducted by
Steffen Reichert of the Department of Form Generation and Materialization at the
Hochschule fur Gestaltung (HfG) in Offenbach, Germany in 2006/07, explores the
possibility of utilising the dimensional changes of wood induced by changes in relative
humidity in the environment.

Architecture is a material practice. Materials make up our built environment, and their
interaction with the dynamics of the environment they are embedded within results in the
specific conditions we live in. Throughout architectural history, materialization was
predominantly to do with reducing change and neutralising its effect through some way of
stabilisation. For example, the dimensional changes of materials due to changes in
environmental conditions, such as thermal expansion. This was seen undesirable,
problematic and to be avoided at all costs. This is seen as missed opportunity in the history
of architecture as a material practice.

According to Phillip Ball ®: ‘today we still do not have a material that rivals wood in its
subtlety of structure and property’. This implies that we may not have understood and
deployed its full capacity given that we have largely subdued or eliminated that capacity of
wood with regard of its mutability in response to extrinsic influences.

% Philip Ball (born 1962) is an English science writer. He holds a degree in chemistry from Oxford and a
doctorate in physics from Bristol University. He was an editor for the journal Nature for over 10 years. He
now writes a regular column in Chemistry World. Ball's most-popular book is the 2004 Critical Mass: How
One Things Leads to Another, winner of the 2005 Aventis Prize for Science Books.
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Biological materials such as wood, display inherent directionality in their material make-
up: they are anisotropic. They display different characteristics in different directions,
resulting also in different behaviour in different directions. It is its specific anisotropic
make-up that enables wood to change dimensions due to fluctuations in extrinsic
conditions. Wood is also hygroscopic; meaning that due to its complex capillary structure
it absorbs moisture from its environment and yields it back so as to reach equilibrium
between moisture content and the relative humidity of the environment.

(Hensel M., Menges A. and Weinstock M. 2010)

One biological system operating on this
principle is the spruce cone. The initially
moist, closed cone gradually dries and this
leads to a differential dimensional change of
the upper and lower tissues of the cone scales
where they are connected to the cone stem.
During the drying process this dimensional
change triggers a shape change of the scales
and the cone opens and the seeds are
subsequently released. What is particularly
interesting is that, because the behavioural
response is latent in the material, this system
works without any contact with the tree, and
the opening and closure can be repeated over
a large number of cycles without any
material fatigue. (Menges A., 2009)

The project aimed for the development of a
surface system made up of environmentally
responsive elements that embed climate
sensor, actuator, and regulating element all in Figure 50: Pine cones open & close when relative
one very simple component without the need humidity changes to release seeds.

for any additional kinetic mechanisms or (Source: AD Journal volume 78 No. 2, 2008)
central information control.

The following aspects will be analysed in order to evaluate the application of the
previously mentioned biomimetic principles in morphogenetic computational design:

= Adaptation

= Material Systems

= Evolutionary form finding/growth process

= Emergence: interaction of form, material and structure

* Form and behaviour

= Environmental modulation

4.2.3.1 Adaptation

The main focus of this project is utilizing the hygroscopic characteristics of wood in the
development of a surface structure capable of adapting its porosity to changing humidity
levels. The research is still at its infancy and therefore has not been applied to an actual
building project.
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4.2.3.2 Material System

Initial experiments focused on the behaviour
of simple veneer elements. Key design
parameters were tested in relation with the
element’s response time to changes in
moisture content and resulting shape. These
parameters include:
= Fibre orientation
» Ratio of thickness
= Length and width
= Constraints of manufacturing and
construction  deriving  necessary
cutting patterns and assembly
protocols

The tests resulted in the definition of a
component based on material performance
and anticipating the assembly of a larger
system. The overall surface consists of about
600 different components; each component
consists of 2 critical parts:

Load-bearing structure: parametrically Figure 51: Development of the folded component
defined as a folded system with planar faces system through paper models fabricated by cutting
that can be manufacture from sheet material plotters. (Source: Hensel M. et al 2010)

and easily connected to the adjacent component as well as the veneer on top of it.

Triangular veneer patches: in which the cutting pattern is related to the veneer grain,
where the fibre direction is always parallel to the long edge of the triangle, which is then
firmly connected to the substructure.

‘\ Load-bearing
"\ structure
\
Fibre . \
orientation \
Key design parameters ; \ :
were tested R_atlo of \ Component
Veneer thickness \ Definition
Experiments ) Each consists of 2
T Length and / critical parts
Changes in moisture 2 / !
content and resulting width /
shape were monitored /
Constraints of /
manufacturing | /
2 triangular

veneer patches

Figure 52: Development of veneer components
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4.2.3.3 Evolutionary Form Finding

The complex dynamics of the mutual
modulation of environmental influences,
material responses and the system’s
behaviour needed to be taken into account
during the design process.

In order to account for the relationship
between individual components, their
location within a larger system and the
resultant micro and macro-
thermodynamic modulations, the
development of the global surface is
based on a mathematical definition
through an equation with a number of
variables.

Iterative changes to these variables
provide a robust yet simple base for the
hygromorphic evolution of the surface
geometry. This process is driven by the
stochastic alteration of the mathematical
surface, the subsequent associative
component generation and the related
Computer Fluid Dynamics analysis of

Figure 53: Development of responsive surface structure.
(Source: AD Journal volume 78 No. 2, 2008)

each system instance’s behaviour. The relevant data is continuously fed back and informs
the next system generation. This enables a computational, hygromorphic evolution in
which manipulation in the local element setup, regional component assemblies or the
overall system are directly related to environmental modulations and vice versa.

Overall surface

generation
Generated forms con-
B tinuously analysed
i ! ) 2 interlinked
Computational processes Resulting data
Process = — ' iscontinously fed
back to the next
. generation
Subsequent N ——
component S _ _
generation The correlated calibration of local dimensional

changes, resulting shape change, overall cur-
vature and orientation enables a specific
calibration of environmental response

Figure 54: Responsive surface computational process
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This feedback and relevant data provides for continuous parametric alterations of the
computational model. In the resultant system morphology, the double curvature of the
load-bearing structure orients the veneer elements towards or away from specific
environmental input. In this way, the elements can either be exposed to or removed from
the impact of critical influence of humid airstreams such as sunlight, thermal energy and
global airflow. The fine calibration of local dimensional changes, resulting shape change,
overall curvature and orientation enables an equally specific calibration of environmental
response and modulation. The parametric setup of this computational differentiation
process also incorporates the constraints of manufacturing and construction and derives the
necessary cutting patterns and assembly protocols at the same time.

4.2.3.4 Emergence

A functional full scale prototype consisting of more than 600 geometrically variant
components was constructed and tested. Once exposed to changes in relative humidity, the
veneer composite patches swell or shrink and thus facilitate the opening and closure of
each local component resulting in different degrees of porosity across the surface, which is
both a structure and responsive skin.

This high level of integration and interaction of form, structure and material performance
enables a direct response to environmental influences without the need for additional
electronic or mechanical control.

4.2.3.5 Environmental Modulation

Each sub location senses
and reacts independently
Humidity sensor

Material capacity

: ; i f the developed
Increase in relative Swelling of o
humidity {arce slorants ‘ component Change actuator
integrates a number
of functions

Porosity control

The capacity of absorbing
and retaining moisture is
fully reversible

Figure 55: Environmental modulation of responsive surface

The veneer elements used in the material system swell when an increase in relative
humidity and related moisture content occurs. As a result, and due to the fibrous
restrictions, the surface expands mainly orthogonally to the main fibre direction. The
ensuing gradual shape opens a gap between the curving element and the substructure and
thus increases the component’s degree of opening.

The material’s hygroscopic capacity of absorbing and retaining moisture is fully reversible
and, given an extreme change in relative humidity, is also pretty rapid with the shift from a
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closed to a fully opened state taking less than 20 seconds. The material capacity of the
developed component integrates a humidity sensor, change actuator and porosity control
element. The component’s direct responses to environmental changes suggest a locally
controlled system in which each sub location senses and reacts independently as part of an
emergent overall environmental modulation.

The resultant calibration of overall curvature and local component morphology in different
opening states enables a highly specific modulation of airflow and related humidity levels
across and along the system.

Figure 56: CFD Analysis (left) / Components in Closed and Opened State (right).
(Source: AD Journal volume 78 No. 2, 2008)

4.2.3.6 Form & Behaviour

The overall surface curvature plays an important role in the intricate interaction between
system and environment. It contributes to structural capacity, as well as providing different
orientation and exposure of each element to relevant environmental influences, thus
affecting the behaviour of the system.
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4.2.3.7 Responsive Surface Evaluation

The suggested design approach is evaluated according to the following criteria:
= Achievement of goals and objectives
= Comparison with conventional design methods

Achievement of goals and objectives

Required goals How were they achieved

= Developing a surface = Analysis of wood veneer through physical tests to
structure that adapts extract relevant performance capacities according
the porosity of its to the performance criteria.
skin, and related
cross-ventilation  in = The tests resulted in the definition of a component
response to relative based on material performance and anticipating
humidity the assembly of a larger system.

= No electrical or = Underlying constraints of fabrication are
mechanical  devices embedded in the system

are to be used.
= Development of the global surface is based on a
mathematical definition through an equation with
a number of variables.

= Evolving of various designs and analysis and
evaluation of their environmental performance

= Feedback of the findings into the next run of the
procedure

= Selection of the evolved surface with desired
environmental performance

Table 6: Evaluation of responsive surface according to achievement of goals
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Comparison between the presented design approach and conventional design
methods

Presented Approach Conventional Approach

The presented design approach If a conventional design method was to be applied in

successfully  achieved  the order to achieve the same goals and objectives stated

required goals and objectives. above, it would probably be unsuccessful due to the
following reasons:

= Difficulty of applying the relevant
characteristics of the selected wood veneer
without computational means

= Difficulty of manually calibrating each
component to respond to various conditions
and orientation within the envelope

= Difficulty of coordinating the articulation of
each single element with that of the overall
form.

Table 7: Evaluation of responsive surface through comparison with conventional design means.
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4.3 Problem-Based Case Studies
4.3.1 AA Membrane Canopy

TR

Figure 57: AA Membrane Canopy.
(Source: http://www.membranespaces.net/?page_id=806)

The project aimed at accomplishing both, being an experiment that allows exploring and
synthesising a number of research topics, while at the same time completing a
commissioned project, which required the construction of a canopy for the Architectural
Association terrace. The project was developed, designed and construction by the
Emergent Technology & Design master students at the Architectural Association School of
Architecture, London, in collaboration with structural engineers from the London branch
of Buro Happold®.

The following aspects will be analysed in order to evaluate the application of the
previously mentioned biomimetic principles in morphogenetic computational design:

= Adaptation

= Material Systems

= Evolutionary form finding/growth process

= Emergence: interaction of form, material and structure

= Form and behaviour

* Buro Happold is a professional services firm providing engineering consultancy, design, planning, project
management and consulting services for all aspects of buildings, infrastructure and the environment. It was
founded in 1976, by Sir Edmund Happold in Bath in the southwest of England.
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Environmental modulation

4.3.1.1 Adaptation
The canopy was to adapt to a number of existing influences and constraints such as:

Site situation:
The contact points between the canopy to be constructed and the surrounding building

were

limited to three existing columns, which could only withstand minimum bending

moments.

Environmental influences
Such as wind pressure, precipitation loads of rain and snow, sunlight and shading.

Construction limitations

Weak existing sub-structure.

The entire canopy was to be assembled without cranes or scaffolds.

(This greatly limited the overall weight and size of the individual components)
Manufacturing and assembly processes : Due to significant budget constraints, the
material system to be developed needed to consist of common, inexpensive stock
material and only to rely on fabrication processes operable in the school’s
workshop by unskilled labour.

Only the membranes needed to be cut and the steel elements needed to be nickel
plated by specialised manufacturers

Project requirements

Environmental

Requirements

Construction

The canopy needed to protect the terrace from crosswinds and horizontally-driven
rain.

On the other hand, a high degree of porosity was necessary in order to minimize
wind impact pressure and to avoid blocking the view towards a specific landmark
building.

Site Situation Development of

material system

Influences

Translation into
rules & parameters
for computational
setup

Computational Generated
Process Adaptive Form

Limitations

In this iterative computational process each

element adapts its morphology by calibrating

its functional requirements with its particular
sub-location in the overall system

Project

Figure 58: Adaptation process for the AA Membrane Canopy
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Defining the material system’s inherent parameters and their influence in the design
process and the development of the overall system allowed for each individual component
to be differentiated in response to the specific requirements of the overall system’s sub
location in which it is placed.

In this iterative computational process each element adapts its morphology by calibrating
its functional requirements with its particular sub-location in the overall system.

4.3.1.2 Material System

Because of the aforementioned constraints,
the basic component of the material system
developed for this project comprises:
= A framework of compression
elements, simple galvanised steel
tubes;
= Steel wires as tension elements on
the perimeter;
= The membrane assembly

In the overall structure the membrane
patches contribute considerably to the
structure’s load-bearing capacity as the

main tension elements and at the same time Figure 59: Full Scale mock-up of the canopy.
(Source: Hensel M. et al 2010)

provide the system’s skin.

For the development of the membrane
component system, it was important to
define the material system’s inherent
parameters and in particular their variable
bandwidth determined by the constraints of
individual elements.

This generic definition allowed for each
component to be differentiated in response
to the specific requirements of the overall
system’s sub location in which it is placed.

The parameterisation of the component was
based on a large number of physical tests
exploring the system’s inherent constraints.
First the self-forming behaviour of the
membrane element was investigated in
relation to the location of the points where
it attaches to the compression framework.
The variation of the coordinates of the
anchor points leads to variant equilibrium
states of the acting forces and related
membrane shapes.

Figure 60: Close up view of steel and membrane
elements.
(Source: http://imww.membranespaces.net/?page_id=806)
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The parametric description of the tubular steel frame is hierarchically dependant on the
membranes, in that its geometric variance is limited by the constraints of their self-forming
processes to prevent wrinkles or more generally to ensure proper tensioning so that the
membranes can become structurally active.

In addition, the compression elements have their own inherent limits, for example the
maximum deviation of joint angles on both ends. Furthermore, in order to prevent local
buckling, the relative maximum length of each tube is limited in relation to the
compressive force acting on it as the tubes’ diameter range was restricted to 16 to 22mm
owing to manufacturing and weight constraints.

Framework of
compression
elements

Development o
Steel wires as

Physical basic system 9 Definition of
tests component tension elements Material System
which consists of

3 parts

To explore the system’

g Membrane
inherent constraints

assembly

Each component to be differentiated
in response to the specific require-
ments of the overall system’s sub
location in which it is placed.

Figure 61: Development of the canopy’s material system

4.3.1.3 Evolutionary Form Finding

The technical implementation of
algorithmic growth processes is mainly
characterized by the proliferation of
elements across several growth steps, in
which each element is regenerated rather
than one added to another.

The  computational differentiation
operates on three different levels in this
project:

= The component level and its

dependent elements

= The level of the multi-component Figure 62: Computational model of the canopy.
subsystems (Source: Hensel M. et al 2010)

= The overall system configuration
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Each level is generated in direct feedback with different analytical tools and continual
cross-checks with the given constraint space. Thus the morphogenetic process enables the
balancing and calibration of multiple or even conflicting design criteria and the unfolding
of the material system’s inherent performative capacity.

The full exploration of the design space as defined by the variables and evolving margins
of the phenotypic plasticity, as well as the related development of a system’s specific
performative capacity, is possible in an evolutionary process.

Similar to the algorithmic growth process, evolutionary computation offers different ways
of implementing such generative processes and fitness evaluation techniques. What all
such procedures generally have in common is using the evolutionary dynamics of
combination, reproduction and mutation of the underlying genotypic datasets through a
genetic algorithm as well as selection procedures.

The continuous differentiation of the system and all its elements is driven by the open-
ended, stochastic search of the morphogenetic process, in combination with the selective
nature of fitness rankings at the interval of each generation.

Similar to the definition of the material system through physical models and prototypes,
the analysis and evaluation of the system’s performative capacity may equally be cross-
checked through empirical tests. The findings of analytical modes oscillating between the
analogue and computational realm can lead to alterations in the weighing of evaluation
criteria or even the system’s underlying definition itself.

Operates on 3

interrelated levels The component

level
Each level is generated in
direct feedback with different
Computational muITtRicIJ?r\\Iecl)r?;nt analytical 9ol and conthiusl
Brocess b tp cross-checks with the given
subsystems constraint space
The overall
Mainly characterized by the sysmm.
configuration

proliferation of elements
across several growth steps

Figure 63: The canopy was developed through a multi-levelled computational process
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4.3.1.4 Emergence

In this iterative growth and proliferation process each element adapts its morphology by
calibrating its functional requirements with its particular sub-location in the overall system.

This computational generation of the performative & %
phenotypic components is driven by a feedback with =
different simulation and analysis tools. These tools are Sasesess
not only employed for cross-checking the self-forming
limits of the system. This setup enables iterative
analyses and evaluation cycles, so that the specific
gestalt of the system unfolds from the reciprocal
influences and interactions of form, material and
structure within a simulated environment.

For example a sequence of finite element analyses Figure 64: Shading analysis of the canopy
conducted by the engineers from Buro Happold during
the design phase evolved the structure in such a way
that the pre-tensioned membrane elements became an
integral load-bearing part of the system, not just a
cladding on a space frame.

Depending on the system’s intended environmental
modulation capacity, the morphogenetic development
process needs to recurrently interface with appropriate

T
4.3.1.5 Environmental Modulation® l —

analysis applications. For example, multi-physics .
computer fluid dynamics for the investigation of _ )
thermodynamic relations, light and acoustic analysis. Figure 65: CFD analysis investigating

pressure differentials

Concurrently iterative CFD tests of the system’s
aerodynamic behaviour were conducted on both the
level of the overall system and local components
assemblies. In feedback with analytical tools
simulating the system’s interaction with precipitation
and its related drainage behaviour, this multi-criteria
evaluation derived a finely calibrated level of
permeability of the porous membrane skin that
minimises wind pressure and simultaneously prevents
local accelerations of airflow due to channelling gaps
between the membrane elements.

A further important factor that influenced the
system’s development was the shading behaviour of

Figure 66: Rainwater runoff analysis

> Source of images in this page: Hensel M. et al 2010.
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the canopy in different seasons and at different times of day, aiming for a mix of shaded
and exposed terrace zones that change from winter to summer.

Computer
Fluid

Dynamics
This multi-criteria  evaluation
derived a finely calibrated level of
Morphogenetic permeability of the porous mem-
Development : e Solar brane skin that minimises wind
; S Exposure < pressure and simultaneously pre-

Process v X yp
applications vents local accelerations of
airflow due to channelling gaps
between the membrane elements
(Depending on the system's Light/Acoustic
intended environmental Analysis 4

modulation capacity)

Figure 67: Environmental modulation of the AA canopy

4.3.1.6 Form & Behaviour et NIIITNS

5

The form of the membrane canopy was
a result of the required behaviour, which
was fed into the system as a number of
constraints or parameters, such as
protection from wind and rain, allowing
the view towards a specific landmark, in
addition to the required structural
behaviour. This approach enhances the
intricate  link  between form and

Figure 68: AA Canopy exposed to severe snow loads.
(Source: Hensel M. et al 2010)

behaviour, such as that present in natural organisms.
The form of an organism affects it behaviour in the /’-j\
environment, and a particular behaviour will produce < /-7//
different results in different environments.

Form Behaviour
The resulting membrane shelters the terrace while at y
the same time remaining porous enough to avoid . L-/\
excessive winds or blocking the view across London’s \/_,/
roofscape. In addition, the integrative nature of the

The form of the membrane
canopy was a result of the
required behaviour

morphogenetic process derived a high level of
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robustness as compared to design processes aiming for single-criteria optimisation. Since
its construction, it has withstood gale force winds and excessive snow loads, both were not

originally designed for.

4.3.1.7 AA Membrane Canopy Evaluation

The suggested design approach is evaluated according to the following criteria:
= Achievement of goals and objectives
= Comparison with conventional design methods

Achievement of goals and objectives

Required goals

= Protection from
wind & rain

»High  degree of
porosity

= Use inexpensive
materials-operable
in school’s
workshop

= Canopy is to be as
lightweight as
possible due to weak
existing substructure

How were they achieved

The summation of all defining factors derived through
and verified by a multitude of digital and physical test
models leads to the definition of the genotype of the
system’s basic component. This genotype is the initial
design seed which constitutes the unchanging genetic
information.

The relevant material properties, self-forming capacities,
geometric characteristics, manufacturing constraints and
assembly  logics are described as reciprocal
interdependencies operating within specific margins.

In  computational  morphogenesis the  genotypic
information unfolds a performative phenotype through
implementation of algorithmic growth processes, and the
evolutionary development of system populations across
many generations. The phenotype is the actual form
emerging from its interaction with a specific
environment.

Depending on the system’s intended environmental
modulation capacity, the morphogenetic process
recurrently  interfaces with  appropriate  analysis
applications such as computer fluid dynamics for the
investigation of thermodynamic relations, light, acoustic
and aerodynamic behaviour.

In feedback with analytical tools simulating the system’s
interaction with precipitation and its related drainage
behaviour, this multi-criteria evaluation derived a finely
calibrated level of permeability of the porous membrane
skin that minimises wind impact and simultaneously
prevents local accelerations of airflow due to channelling
gaps between the elements.

Table 8: Evaluation of the AA Membrane Canopy by achievement of required goals.
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Comparison between the presented design approach and conventional design

methods

Presented Approach

The presented design approach successfully achieved the
required goals and objectives, in addition to the following
aspects:

*The form is a product of all affecting factors
interacting with a simulated environment: This setup
enables iterative analyses and evaluation cycles, so that
the specific form of the system unfolds from the
reciprocal influences and interaction of form, material
and structure within a simulated environment.

»Balancing multiple and conflicting criteria: This
morphogenetic process enables the balancing and
calibration of multiple, or even conflicting, design
criteria and the unfolding of the material system’s
inherent performative capacity.

= Adaptation: In this iterative computational process each
element adapts its morphology by calibrating its
functional requirements with its particular sub-location in
the overall system.

»Higher robustness: the integrative nature of the
morphogenetic process derived a high level of robustness
as compared to design processes aiming for single-
criteria optimisation. Since its construction, it has
withstood gale force winds and excessive snow loads,
both were not originally designed for.

= Relatively short timeframe: considering that the entire
structure was developed, designed, manufactured and
erected in 7 weeks, it demonstrates the potential inherent
to the integral approach of computational morphogenesis.

= Higher efficiency/multi-functional components: In the
overall structure the membrane patches contribute
considerably to the structure’s load-bearing capacity as
the main tension elements and at the same time provide
the system’s skin.

Conventional
Approach

If a conventional design
method was to be applied
in order to achieve the
same goals and objectives

stated above,

it would

probably be successful.
The difference will be in
the following aspects:

Difficulty of precisely
calibrating every single
element to the specific
forces and conditions
acting upon it, leading
to less efficiency.

Difficulty of
coordinating

conflicting design
criteria.

Means of construction
and fabrication might
not directly affect the
resultant form.

Table 9: Evaluation of the AA Membrane Canopy through comparison with conventional design means
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4.3.2 AA Shelter

- =

Figure 69: 1:10 model of the AA shelter. (Source: Hensel M. et al 2010)

Despite the fact that the presented design approach required a serious engagement with
technology, it is certainly not limited to exotic materials, expensive manufacturing
processes and vast budgets. The opposite is demonstrated through the following project,
which is also based on the previously explained computational approach, yet utilises more
mundane building materials and the extremely limited manufacturing technology available
in one of the world’s most remote areas, Patagonia.

Here complexity, and related performance capacity, unfolds from the continuous evolution
and differentiation of initially simple material elements and construction procedures. The
project was designed by a team of the Emergent Technology & Design Group students in
the land of Hacienda Quitralco in Chilean Patagonia within one week.

The following aspects will be analysed in order to evaluate the application of the
previously mentioned biomimetic principles in morphogenetic computational design:

= Adaptation

= Material Systems

= Evolutionary form finding/growth process

= Emergence: interaction of form, material and structure

= Form and behaviour

= Environmental modulation
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4.3.2.1 Adaptation

The shelter was to adapt to a number of
existing influences and constraints such as:

Site situation:

The site was in a remote area on the land of
Hacienda Quintralco in Chilean Patagonia,
imposing  stringent  constraints on  the
development of the material system.

Environmental influences

Such as wind pressure, rain, sunlight and
shading. Structural capacity in regard to
frequent  earthquakes was of critical
importance.

Construction limitations
= Only one kind of locally cut timber was

available.
= The only tool for fabrication was the
chainsaw.
Project requirements Figure 70: Site location, Chilean Patagonia.
The project entailed the design of a viewing (Source: Hensel M. et al 2010)

platform and shelter.

Site Situation Development of
material system

Environmental

Influences
Computational Generated
Process y Adaptive Form
Construction ;
Limitations
Project

Requirements

Figure 71: AA shelter adaptation process
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4.3.2.2 Material Systems

The project comprised a generic platform on a raft
foundation, and a shelter that consisted of two
ruled surfaces made from straight equal-width
timber planks.
The decision of constraining the basic
computational definition of the system was made
in response to:
* Pre-manufacturing constraints of timber on
site.
* The available construction means.
= The local knowledge of timber
construction.

Wood has variable stiffness in relation to grain
orientation. The considerable difference in
modulus of elasticity in relation to fibre direction is
particularly useful here, with the modulus of
elasticity parallel to the main fibre direction
generally being approximately 15 times higher than
that perpendicular to the fibres.

This enables the ruled surface to be constructed
from planks that are not all situated within parallel
construction planes. Depending on the overlap and
joint points with the adjacent element, each plank
can bend slightly along its longitudinal axis. The
degree of deviation from coplanar plank assembly
enables a specific curvature in the overall structure
that is given as a function of each local plank joint.

Figure 72: Structural analysis of the shelter.
(Source: Hensel M. et al 2010)

The design space for the subsequent exploration of the system’s capacity was defined by
the possibility of varying the guide curves in space, the length and the maximum angle

between planks.

Important

material

S in relation to
characteristics

Variable stiffness

grain orientation

This enables the
ruled surface to be
constructed from
planks that are not all
situated within paral-
lel construction
planes

Figure 73: Important characteristic of wood
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4.3.2.3 Evolutionary Form Finding

Key design criteria for the evolutionary design process were basic functional requirements
such as the enclosed volume in relation to envelope surface, minimum ceiling height and
the view axis towards the fjord. Structural capacity as well as climate conditions was also
key criteria.

The considerable constraints determined by the availability of just one material element in
addition to the mentioned design criteria provided the key constituents of the
computational design process. Various generations of ruled surface configurations were
derived and each generated instance individually evaluated, so that the results could inform
subsequent generation cycles.

- Each generated

5 L= TRRY T “instance individually
. “".'P“‘?‘"”” i Various generations of ~ evaluated, so that
process of adaptive ruled surface configura- the results could
, growth tions are derived ' inform subsequent

- generation cycles

Figure 74: AA shelter Computational process

4.3.2.4 Emergence

The final form of the shelter was a result of the material system’s characteristics and
properties, and both the form and the material system interacted to produce a structure that
successfully fulfilled the proposed functional requirements.

Figure 75: Final form of the shelter as result of the complex interaction between form, material and structure.
(Source: Hensel M. et al 2010)
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4.3.2.5 Environmental Modulation

The design process repeatedly interfaced
with environmental analysis applications,
testing the model’s performance and
providing important feedback to the system.
Such applications included structural and
displacement analysis of the shelter
exposed to seismic forces, in addition to
computer fluid dynamics analysis which
served to determine horizontal loads and
airflow conditions within the shelter as a
design input.

Figure 77: Displacement analysis of the shelter project.
(Source: Hensel M. et al 2010)

Structural
Analysis

Rrecurrent

Morphogenetic interface with
Development appropriate analysis Displacement
Process applications Analysis
(Depending on the system's ComPUtef_HUid
intended environmental Dynamics

modulation capacity)

Figure 78: Environmental modulation of the shelter project
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4.3.2.6 Form & Behaviour

e W e o
Figure 79: Construction process of shelter & viewing platf

>
p/

orm. (Source: Hensel M. et al 2010)

The entire structure is supported by an A-
shaped frame constructed from 8 planks,
which form an integral part of the shelter’s
surface. This allows minimising contact
points between platform and surface in order
to avoid moisture damaging the roof planks.
The two surfaces that make up the shelter are | /
symmetrical and lean against each other. The
combination of the weight of the surfaces, — —

their  flexible connection and slightly
bendable planks, enabled the resistance of the

.\

completed structure to the impact of strong The resultant form radically affected the
earthquakes of the region. The resultant form  Figure 80: Interlinked relationship between form
radically affected the behaviour of the & behaviour

structure’s behaviour and its achievement of
required design objectives.

This was put to the test the night after completion, which witnessed a number of

earthquakes; it survived this first test without damage and has withstood a number of
severe earthquakes and storms since its construction was finished in spring 2007.
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4.3.2.7 AA Shelter Evaluation

The suggested design approach is evaluated according to the following criteria:

= Achievement of goals and objectives
= Main advantages of this design approach

Required goals
= Protection from wind &
rain

= Create a
platform

viewing

= Resistance to seismic
activity

= Use only local
construction materials
and means

Achievement of goals and objectives

How were they achieved

= The summation of all defining factors derived through and
verified by a multitude of digital and physical test models
leads to the definition of the genotype of the system’s
basic component. This genotype is the initial design seed
which constitutes the unchanging genetic information.

= The relevant material properties, self-forming capacities,
geometric characteristics, manufacturing constraints and
assembly  logics are  described as  reciprocal
interdependencies operating within specific margins.

= [n computational morphogenesis the genotypic information
unfolds a performative phenotype through implementation
of algorithmic growth processes, and the evolutionary
development of system populations across many
generations. The phenotype is the actual form emerging
from its interaction with a specific environment.

= Depending on the system’s intended environmental
modulation  capacity, the morphogenetic  process
recurrently interfaces  with  appropriate  analysis
applications such as computer fluid dynamics for the
investigation of thermodynamic relations, light, acoustic
and aerodynamic behaviour.

= |In feedback with analytical tools simulating the system’s
interaction with precipitation and its related drainage
behaviour, this multi-criteria evaluation derived a finely
calibrated level of permeability of the porous membrane
skin that minimises wind impact and simultaneously
prevents local accelerations of airflow due to channelling
gaps between the elements.

Table 10: Evaluation of the AA shelter project through achievement of goals
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Comparison between the presented design approach and conventional design
methods

Presented Approach Conventional Approach

The presented design approach successfully If a conventional design method was to
achieved the required goals and objectives, in be applied in order to achieve the same
addition to the following aspect: goals and objectives stated above, it
would also probably be successful. The
High level of complexity and performance difference will be in the following
even in a situation where only the simplest aspects:
means of construction are available. It proves Difficulty of creating complex forms
to be particularly relevant in_contexts with with a single material and simple means
very limited resources. of construction.

Table 11: Evaluation of the AA shelter project by comparison with conventional design means
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4.3.3 Piraeus Tower, Athens

Ioannis Douridas’ MSc
dissertation(2006) at the AA School
of Architecture, focused on how a
new envelope for a climatically
deficient 1970s mid-rise office
building with a glass curtain wall,
located in Athens, Greece, can make
this building inhabitable without
introducing any  electrical  or
mechanical devices for climatisation.

The following aspects will be
analysed in order to evaluate the
application of the previously
mentioned biomimetic principles in
morphogenetic computational design:

" Adaptgtion Figure 81: Image of existing Piraeus Tower, Athens, Greece
= Material Systems

= Evolutionary form
finding/growth process
= Emergence: interaction of form, material and structure
= Form and behaviour
= Environmental modulation

4.3.3.1 Adaptation

Project
Requirements

Problems in
Existing Building

Computational ’ Generation of
Process of surface components

Adaoti with different articulation
aptive to respond to different
Growth locations on the
building

for computational |

setup
Environmental

Influences

Research &
Analysis on a
Cactus

Figure 82: Piraeus Tower adaptation process
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The project was to adapt to a number of influences such as:

Project requirements:
Designing a new envelope for an existing mid-rise building, overcoming excessive heating
and cooling loads.

Environmental influences
= Sun path
* Prevailing winds
Existing building suffers from the following:
» Intense overheating of the interior space in the summer months and the inverse
during the cold winter months.
= Asaresult cooling and heating loads are very high
= The building is consequently inhabited.

These acting influences and constraints were translated into a set of rules, parameters and
variable ranges and implemented in the computational process. The generated forms are
consequently radically affected by them.

4.3.3.2 Material System

Due to the nature of this research project
which focused on the envelope’s morphology
and design, material systems were not
addressed.

The actual material characteristics of the
component require elaboration, and its
performative impact would need to be
embedded in the system.

4.3.3.3 Evolutionary Form Finding

Research and analysis of a cactus
(Echinocactus  grusonii) revealed certain
morphological features that help in reducing
thermal gain.

Based on this study, an initial surface
component was established to serve as the
base element for an articulated surface for the
selected building.

Figure 83: Multiples generations of Piraeus Tower
envelop, MSc dissertation of lonannis Douridas
2005. (Source: Hensel M. et al 2010)
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Subsequently the different logics driving the articulation of the global form of the
envelope, the meso-scale of the component regions and the local scale of the singular
component needed to be established.

On each scale criteria of aerodynamic performance, self-shading and light penetration are
affected. Together the entire system fulfils its performative capacity with regard to these
three criteria.

Following this a process for evolving the system needed to be established. A hill climbing
algorithm based on multi-objective optimisation that is typically used in artificial
intelligence applications that evolve from a starting condition towards an articulated global
state in a non-linear process.

A large number of system configurations were evolved, analysed and evaluated with
regard to local and global performance, gradually approaching a set of valid solutions to
the multi-objective optimization.

3 Scales
Singular
component
Research : NP
: Computational Component Hill Climbing
and analysis P regions Algorithm
of a cactus rocess

An initial surface
component was

Global form of
the envelope

established )
Based on multi-objective optimisa-
tion, used to evolve the entire
system
Figure 84: Computational process of Piraeus Tower
4.3.3.4 Emergence

This research project focused on the environmental performance of the new building
envelope with regard to its aerodynamic performance, light penetration and self-shading in
an attempt to minimize thermal gain. The actual material and the necessary structure of this
envelope are key areas for further research.
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4.3.3.5 Environmental Modulation
p|V+'—;-vf=p,V- ;v]
V2 = 5.47m./sec

Air changes per hour = VxS Aolume

upper rim average

préssure: 101309Ps °
Air changes perhour = 237 a.c/h

north facing facade view south facing facade view

volume: 44895 cum

lower fim average
pressure: 101326

Figure 85: Iterative algorithmic procedure of Piraeus Tower based on solar exposure analysis, MSc
dissertation of lonannis Douridas 2005. (Source: Hensel M. et al 2010)

Research into the environmental performance of a
cactus (Echinocactus grusonii) revealed that the
combined morphological features-hydrostatic and ribbed
body- help in reducing thermal heat gain through a
combination of self shading and utilising air flow.

Airflow was investigated through extensive computer
fluid dynamics analysis.

Based on this study, an initial surface component was b . Y d &
established to serve as the base element for an o Y

articulated surface for the selected building. Figure %g;Eii:;%;igstgfuit:siisd cactus

The geometry of this initial component was analysed and modified based on its self-
shading capacity and the light penetration with regard to the interior, leading to a set of
components with different articulation to respond to different locations on the building
envelope with respect to their orientation to the sun path.

A second step aperture is introduced to the component in a similar process as the one
before and elaborated through airflow analyses of homogeneous and heterogeneous regions
of components, including acceleration and deceleration of airflow velocity and pressure
zone distribution.

On the north side, the differentiated components serve only ventilation purposes, while on
the other sides the combined effect of self-shading and ventilation must be operative.
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Self
shading
Research .. .
and analysis | Reduce therma Eolapl o
of a cactus heat gain
Utilising air
Abstracted flow
morphological features S

Computational process

Recurrent interface
with relevant analysis
applications

Figure 87: Environmental modulation of Piraeus Tower

4.3.3.6 Form & Behaviour

The overall form of the envelope has a significant impact on its behaviour regarding its
aerodynamic performance, light penetration and self-shading that together create a system
that minimizes thermal gain.

4.3.3.7 Piraeus Tower Evaluation

The suggested design approach is evaluated according to the following criteria:
= Achievement of goals and objectives
= Comparison with conventional design methods
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Achievement of goals and objectives

Required goals

= Minimizing thermal
gain through 3
important criteria:
1. Aerodynamic
performance
2. Self-shading
3. Light penetration

=No electrical and
mechanical means are
to be used.

How were they achieved

= Architectural analysis of the selected building: type,

location, use, etc...

= Analysis of the environmental building performance

= Analysis of specific plant morphology to extract

relevant performance capacities according to the
performance criteria established in 2.

= Setup of algorithmic design procedure

= Evolving of various designs and analysis and evaluation

of their environmental performance

= Feedback of the findings into the next run of the

algorithmic procedure

= Selection of the evolved envelope with desired

environmental performance

Table 12: Piraeus Tower evaluation through achievement of required goals

Comparison between the presented design approach and conventional design

methods

Presented Approach

The presented design
approach successfully
achieved the required
goals and objectives.

Conventional Approach

If a conventional design method was to be applied in order
to achieve the same goals and objectives stated above, it
would probably be partially successful due to the following
reasons:
= Difficulty of applying the relevant characteristics of
the  selected plant  morphology  without
computational means

= Difficulty of manually modifying the geometry of
the envelope’s component to respond to various
conditions and orientation within the envelope

= Difficulty of coordinating the articulation of each
single element with that of the overall form.

Table 13: Piraeus Tower evaluation through comparison with conventional design means
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4.4 General Advantages of the Presented Design Approach

The presented research projects all share a set of common advantages that significantly
imply the importance and potential of the suggested design approach. Through the analysis
and evaluation of these projects, the following issues were observed:

The form is a product of all affecting factors interacting with a simulated
environment: This setup enables iterative analyses and evaluation cycles, so that
the specific form of the system unfolds from the reciprocal influences and
interaction of form, material and structure within a simulated environment.

Adaptation: In this iterative computational process each element adapts its
morphology by calibrating its functional requirements with its particular sub-
location in the overall system.

Higher efficiency/multi-functional components

Balancing multiple and conflicting criteria: This morphogenetic process enables
the balancing and calibration of multiple, or even conflicting, design criteria and
the unfolding of the material system’s inherent performative capacity.

Integration: Rather than aiming for rationalization or single-objective
optimisation, computation becomes the means of integration: integration of system-
inherent constraints of materials, manufacturing and assembly, and a wide range of
external influences and forces.
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4.5 Chapter Summary

This chapter has presented a set of research projects demonstrating the main characteristics
of the ‘Morpho-Ecological’ design approach discussed in chapter three. Six projects were
analysed, three represented the ‘Solution-Based’ approach and three for the ‘Problem-
Based’ approach. Both approaches were discussed in chapter two.

Analysis criteria for these projects were the abstracted biological principles:
= Adaptation
= Material Systems
= Evolutionary form finding/growth process
= Emergence: interaction of form, material and structure
» Form and behaviour
* Environmental modulation

These principles were presented in both chapters; two and three. Each project was

evaluated in two ways; first according to its achievement of required goals and objectives
and second by comparing it with conventional design means.
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CHAPTER 5: CONCLUSION
5.1 Summary

This thesis is an investigation into biomimicry (on the behaviour and ecosystem level) and
presents the development of a design method based on biological principles that are
applied and correlated with morphogenetic computational design.

Architecture and biology at first glance do not appear to be so different—both are
materially and organizationally based, both are concerned with morphology and
structuring. Both are wound together by multiple simultaneous systems and drives, and
probably most important for us, both are constructed out of parts operating as collectives.
Recent bio-theories on complex adaptive systems and especially the phenomena of
emergence have begun to open up territory that architecture can no longer ignore if it is to
have any relevance, and indeed resilience, in the future.

A truly biomimetic approach to architectural design requires the development of novel
design methods that integrate both the modelling of behaviour and the constraints of
materialization processes, in addition to environmental factors and influences. This
requires an understanding of form, material and structure not as separate elements, but
rather as complex interrelations that are embedded in and explored through integral
computational design processes. Correlating and combining morphogenesis and ecology,
suggests a new framework developed for architectural design that is firmly rooted within a
biological paradigm. This morpho-ecological approach aims for a more integral design
approach to correlate object, environment and subject into a synergetic dynamic
relationship.

Nature’s design process utilizes a number of feedback systems to direct the growth and
formation of an organism based on the internal and external forces acting on and within it.
All systems are continually updated and act in concert with each other to provide optimum
functionality at all levels of development. If this is applied to architecture, then it becomes
possible to develop buildings that are strongly related to and affected by their surrounding
environment, and are much more advanced in terms of environmental and sustainable
performance.

This thesis started by exploring the application of biomimicry in current architectural
design, resulting in a set of design approaches, levels and principles as presented in chapter
two. Computational design and morphogenesis are then discussed in chapter three,
introducing the ‘Morpho-Ecological Approach’ which correlates morphogenesis with
ecology. A theoretical and methodological framework is presented for this approach,
outlining its main characteristics. The same biological principles discussed in chapter two
are stated again within the context of computational design, and serve as analysis criteria
for case studies to evaluate the outcomes of the presented design approach.

Case studies in chapter four demonstrated the huge potential of integrating biological
principles with current computation, analysis and simulation software. They present the
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possible implications of such a design approach in future sustainable and regenerative
architectural design.

5.2 Benefits & Drawbacks

Through the analysis and evaluation of the selected case-studies, it can be concluded that
the suggested theoretical and methodological frameworks enable the designer to:

Develop an architecture that is produced as a result of the existing environmental,
materialization, and special requirements, and therefore specifically tailored to its
location and conditions.

Produce a more advanced architecture in terms of sustainability.

Create a variable structural prototype unit that is able to conform to a variety of
complex surfaces and whose form is derived from natural spatial and structural
morphologies, the physical limitations and benefits of the intended construction
materials, and the desired construction methods.

Develop a design process and documentation system that allows the architecture,
engineering, and construction community to work more effectively as a cohesive
unit with regard to the digital design and physical construction of architectural
projects.

Reduce the complexity of the translation from digital design to built form.

Support for extra complexity. For the structures to become more flexibly adaptable,
their complexity will have to increase.

Amplified imagination. Benefits of this approach in the context of creative practice
include algorithmic visual creation, potentially leading to unusual results.

Procedural integration with environmental simulation, evaluation and design tools.
Flexibility given by a fully generative, dynamic approach that can inform the
development of form at multiple levels of the hierarchy can help to derive
structures able to respond to needs for comfort, amenity, energy, climate
responsiveness and environmental impact. Environmentally efficient design
solutions can be counterintuitive, especially in situations where there are complex
patterns of usage and unusual building forms. Integration of analysis with the
flexibility of a generative approach to form-making can help to explore the benefits
of configurations that would otherwise be overlooked.
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Although this approach has radical benefits to architecture and future sustainable building
and design, it must be stated that currently there are a number of obstacles that face this
approach:

= The way to explain a real space in a digital space might be regarded as the most
problematic factor in the developments of emergent technologies and sustainable
design. In a virtual space of 3D visualisation software, drawn objects do not have
any meanings, and they are the brief output of binary data on a screen. On the other
hand, users regard such objects as buildings, rooms, parts of architecture, etc. This
gap of recognition between computers and human beings is one of the factors that
obstruct combinations of digital and sustainable design.

= Accurate realistic iterations of enormous calculations are obstacles. Accuracies and
practicalities including spatiality, materiality and so on are exceedingly significant
factors for environmental simulations. It is impossible to simulate environmental
performance in any case without these elements. In fact, a great deal of data must
be determined for calculations in environmental simulation software like
ECOTECT, TAS, etc to produce meaningful results.

= User preference is another obstacle in terms of not only environmental
optimization, but also design aspects of architecture. It might be easy to achieve
targets only numerically. For example, the purpose to gain maximum sunlight is
simply solved with the largest window or glass box. However, these solutions are,
needless to say, not acceptable for designers or architects. Environmental solutions
produced by computers are only useful when they are satisfied with these solutions.
Moreover, projects are more complicated due to the existence of clients. Therefore,
optimized solutions are necessary to be generated in accordance with user
preferences.

5.3 Criticism

Three critical concerns are related to the research presented in this thesis. The first concern
related to the manufacturing and assembly costs of buildings made from parts that are all
different in dimension. However, by and large it is now accepted that feasible production is
possible owing to contemporary computer-aided manufacturing techniques. Because of the
financial crisis of 2008-2009, however, this concern has been repositioned; now, highly
differentiated architectures are more often than not seen to stand for an exuberant
capitalism out of control that does not consider expenditure or the lack of resources. Yet,
the approach presented here may well be accomplished in a context of sparse material or
technological resources (except those that derive the design process itself).

The second criticism, which is frequently voiced, is that the approach introduced here
relies heavily on very specific knowledge, skills and tools. True as this may be, it needs to
be seen within the context of the insufficiency of current answers to the problem of local
and eventually global climate change. The question is whether architectural education and
practice needs serious rethinking and repositioning. With this also comes the necessity of
re-skilling and re-tooling. When seen in this context it may become more evident why
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first-principle knowledge in physics, computation and engineering is indispensible as a
first step.

The final criticism regarding this design approach is the role of the designer. Some might
claim that the increasing software development in computational design gradually
diminishes the human role in design. Although the presented design approach heavily
depends on computer software and technology, the architect’s role remains significant and
Is summarized in the following points:

= Analysis of project requirements and constraints

= Definition of the material system component according to these requirements and
constraints and its geometric description and properties (through a large number of
physical tests)

= Definition of the relation between these components

= Description of the aforementioned points as design parameters in the computational
model

= Definition of the genotype (initial design seed) as a result of the summation of all
defining factors through and verified by a number of physical and digital test
models

= Selection of suitable algorithmic growth processes

= Recurrently interfacing with appropriate analysis applications

= Continuous evaluation and feedback
As Christopher Alexander® has stated ‘A digital computer is essentially a huge army of
clerks, equipped with rule books, pencil and paper, all stupid and entirely without

initiative, but able to follow millions of precisely defined operations. The difficulty lies in
handing over the rule book.’

6 Christopher Alexander (born October 4, 1936 in Vienna, Austria) is an architect noted for his theories about
design. He is professor emeritus at the University of California, Berkeley. Now retired (though ceaselessly
active), he is based in Arundel, Sussex, UK.
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5.4 Future Research

= The presented projects in this thesis are all still within the context of research and
exploration. It would be important for future research projects to fully implement
such a design approach within the context of actual building projects, with all its
associate complex spacial and functional requirements.

= Another important line of research is the application of such a design approach on
an urban scale. This was outlined by Professor Michael Weinstock, who explains
that we should recognise architectural constructions not as singular and fixed
bodies, but as complex energy and material systems that have a finite lifespan, exist
as part of the environment of other active systems. He continues to elaborate:

‘A metabolic model abstracted from natural systems can be developed to enhance the
performance of individual buildings so that their metabolic systems are responsive to their
internal and external environment. Groups or clusters of environmentally intelligent
buildings can be interlinked with systems for material and energy flows, organised to
generate oxygen, sequester carbon, fix nitrogen, collect and purify water, acquire solar,
ground source and wind energy, and respond intelligently to the dynamical changes in
local weather systems. As energy plays a critical role in all biological scales, from the cell
to the ecosystem, so energy flows and metabolic systems for buildings and cities with be
central the adaptation of contemporary urban culture to climate change.’

(Weinstock, M. 2010)
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Appendix

APPENDIX

List of Definitions

(Source: Merriam-Webster online dictionary)

= Algorithm: [noun]
A procedure for solving a mathematical problem (as of finding the greatest common
divisor) in a finite number of steps that frequently involves repetition of an operation;
broadly : a step-by-step procedure for solving a problem or accomplishing some end
especially by a computer.

= Anisotropic: [adjective]
Exhibiting properties with different values when measured in different directions.

= Bifurcate: [verb]
Transitive verb: to cause to divide into two branches or parts.

= Biomimetics: [noun]
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 purpose of synthesizing similar products by
artificial mechanisms which mimic natural ones.

= Computation: [nhoun]
a: the act or action of computing : calculation .
b: the use or operation of a computer .

= Differentiation: [noun]
1: the act or process of differentiating.
2: development from the one to the many, the simple to the complex, or the homogeneous
to the heterogeneous.
3 a: modification of body parts for performance of particular functions

b: the sum of the processes whereby apparently indifferent or unspecialized cells,
tissues, and structures attain their adult form and function .

= Emergent Evolution:[noun]
Evolution that according to some theories involves the appearance of new characters and
qualities at complex levels of organization (as the cell or organism) which cannot be
predicted solely from the study of less complex levels (as the atom or molecule)

= Evolution : [noun]

A process of continuous change from a lower, simpler, or worse to a higher, more
complex, or better state: growth.
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= Genotype: [noun]
[International Scientific Vocabulary gene]: all or part of the genetic constitution of an
individual or group.

= Gestalt: [noun]
A structure, configuration, or pattern of physical, biological, or psychological phenomena
so integrated as to constitute a functional unit with properties not derivable by summation
of its parts.

= Hygroscopic: [adjective]
1: readily taking up and retaining moisture.
2: taken up and retained under some conditions of humidity and temperature.

= Integration: [noun]
1: the act or process or an instance of integrating: as
a: incorporation as equals into society or an organization of individuals of different groups
(as races)
b: coordination of mental processes into a normal effective personality or with the
individual's environment.

2 a: the operation of finding a function whose differential is known.
b: the operation of solving a differential equation.

» [teration: [noun]
The action or a process of iterating or repeating: as
a: a procedure in which repetition of a sequence of operations yields results successively
closer to a desired result.
b: the repetition of a sequence of computer instructions a specified number of times or until
a condition is met.

= |sotropic: [adjective]
Exhibiting properties (as velocity of light transmission) with the same values when
measured along axes in all directions.

= Modulation: [noun]
A regulating according to measure or proportion: tempering.

»= Morphogenesis: [noun]
The formation and differentiation of tissues and organs.

= Phenotype: [noun]
The observable properties of an organism that are produced by the interaction of the
genotype and the environment.

= Reciprocal: [adjective]

1: serving to reciprocate: consisting of or functioning as a return in kind <the reciprocal
devastation of nuclear war>
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2: mutually corresponding <agreed to extend reciprocal privileges to each other's citizens>

* Regeneration: [noun]
1: an act or the process of regenerating: the state of being regenerated.
2: spiritual renewal or revival.
3: renewal or restoration of a body, bodily part, or biological system (as a forest) after
injury or as a normal process.

= Stochastic: [adjective]
1: random; specifically: involving a random variable <a stochastic process>
2: involving chance or probability: probabilistic <a stochastic model of radiation-induced
mutation>
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