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Preface

This report documents the Master’s Thesis projditiwvl undertook to complete my study in Structural
Engineering at the Faculty of Civil Engineering abelosciences, Delft University of Technology. The
project was in cooperation with DHV B.V. (the Netla@ds). The purpose of this thesis is to explare a
‘optimal’ structure for the cellular wall of SharajiNatural History Museum (SNHM), using parametric
CAD models. All the source codes and implementaitiformation can be obtained upon request via the
author’s e-mail: li_lyuan@hotmail.com.

“Where structure is a major consideration, the evegir should be a partner in evolving the desigrthad
the proper integration of structure and archite@wan be achieved. It is of course his job to asisés
architect to realize his architectural concepti@amd he must accept his role as an assistant. Bshbald
be a useful assistant, and that means that he omgitrstand and sympathies with the aims of theitcth
so that he, in his own intuitive thinking, can agiat proposals which will further the architecigshes -
just as a pianist in his own right should not daebreneath his dignity to act as an accompanisipag as
he is nor asked to play with one finger. — @vep”

This Master thesis project means more than jushdugtion topic for me. It gave me a great chaadad
a right attitude of structural engineer - Engineseyanuch more beside calculation, and it is velgessary
to learn how to draw and design, to develop théiapgeower of imagination and CAD skills, and todkm
the language and work methods of the future arctital partners. It recalled my enthusiasm forcities
and design, which | wish | can keep in the future.

As new to the field of Computer Aided Design ofawative architecture, | got stuck for quite sonmaeti
At that moment, one member from Smart Geometrygshared with me quite a long, but interesting
comment, which | would like to abstract and recoede:

“This computation, geometry stuff is hard, anddtiyare new to it you won't get it over night. Thare
however strategies that will make it a lot morelkthat you will be able to solve your own problem

The first is to think about your problem, and wheay that | mean really think about it, think abduwntil
your brain hurts, a lot. Then stop and go for akvahd stop thinking about your problem if you can.

Then once you are out back, draw the problem. Wisay draw the problem, that's not a fancy pictafe
what it might look like (that might end up beindpfil, but mostly it won't). You need to get a whdtard,
or just some white board pens (you can draw ondhdters, windows, cars, anything!). There is sstea
that physicists an mathematicians work on the waltgl it's not because they are all have psychobldgi
problems that make them into vandals, it's becéugws you to stand back, take in the informatiand
rub bits out to make it work. Your drawing won'tdreimage, it'll be a process, the action of drayvin
pointl and then point2 and deciding where point8gbased on the first 2 points, and then realitirag
point4 will never work with that rule set and stag again is the process that you'll need to folldWwese
drawings/ diagrams will probably look very littlié the 'thing' that you are trying to make, bu th
experience will provide you with the knowledge &kenyour 'thing' work. Failing the actual succe$she
process to provide you with a solution, it proviges with something equally valuable, a clear andaise
way of explaining your thought process to othehés Toes two things. It shows them your intentbfter
than a text explanation, and it also shows yourcpss, helping to avoid abortive work repeating ywork,
and also might show up the flaw in the system.



By all means ask questions, but back up the quebtiog/ourself, with some evidence of having domeeso
prior thought, and preferably some research. Bréiogne enthusiastic thinking, and some clear diagriams
explain thought processes!”

| couldn’t totally agree with his opinion at thabment, but thanks for the comments, | did stadaion and
really think about my own problem. Drawing indeedged a lot during the process. As suggested, |
learned to keep trying and do experiments untilstblations were found, reminding myself that inrbxe
engineering should be both challenging and funelter fails to make me pull my hair, but when it's
worked out, it's like having Christmas morning manse As with the joy of juggling — you only find bu
what it really involves when you try to do it yoats

One more thing | would like to record is a remintteat | was once wrong about, but learned from this
thesis project: when introducing computational didesign in the structural design process, getting
advantage of efficiency and fast speed of calcutadind design, we should never lose the basiciphasc
of structural design. And as Alan Harris put ith&'foundation of engineering is knowledge of materiot,
as engineers are so often apt to preach, knowletigethematics’ — structural design is art and Kedge
about material.

Hereby, | would like to take this opportunity tattk a number of people:

My graduation committee, consisting of Prof. Vandbgr Sander Pasterkamp, Pierre Hoogenboom,
Andrew Borgart, and Marco Schuurman (from DHV B.16y, their support. As my path meandered, the
committee steered me in the right direction, foiokH am grateful. They were patient and kind tecdss
the problems with me every time when | got stuck] ®ach me how to analysis and get to know my

structures better. Without their inspiring commeants ideas this report would not be presented here.

My family, friends and colleagues, who have supgibeand encouraged me throughout my graduation
study period, and/or contributed to this report.

Delft, August 2009,

Luyuan Li
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Summary

The primary structure of the cellular wall of Shhag
Natural History Museum (SNHM) can be defined as a
grid structure on a single curved surface (devedtg)a
with a cell-like configuration. The shape of thellwa
(surface) is defined by two free-form curves, which
explicate a ruled/lofted surface.

o

The cellular wall is one of the most captivatingreénts in the SNHM design. Besides its architettura
appearance it also has an important function irsthectural system to distribute both horizontad an
vertical forces. It requires large efforts to ceetite optimal configuration that meets both ithaectural
and structural objectives. This includes the stmadtmaterial of the cellular wall.

The objective of this Master's thesis researclo isxplore an ‘optimal’ grid structure for the cédiuwall.
Since the geometry of the wall surface is deterthineadvance, the design exploration will focustos
grid/pattern generation, and the basic purposetinization is to explore a pattern in which elersesre
tuned up by different design constrains (requiresjen

The chosen approach is to design the structurilaelvall by parametric
CAD modeling via parametric design tools (Genemfiomponents, etc).
These parametric associative tools generate thpleargeometry by
applying rules and capturing relationships amongehelements and link
the geometrical data to the analytical and draftiofjware. The typical
modeling process and advantages of this approdthenexampled by a
case study of Nautilus shell model (Chapter 4.2).

Chapter 2-4 will give some background informati@séd on literature study, including the main topits
SNHM project information and structural optimizatiproposals, Free-form/Special structural design
technologies, and parametric associative desigroapp.

In Chapter 5, the design alternatives will be stdda design exploration diagram will be draw trify the
design constrains and their requirements, folloviivgproposal of structural parameters. Variouscsaral
materials with construction methods will be compia@nd some references study for the structurbipest
and grid structures will be recorded. Study of gtidictures with basic grid types (rectangulagngular,
hexagonal) will be performed to high-light the stural behaviors and design principles of cell-lgkéd.

In Chapter 6 & 7, cell-like pattern exploration ppgrametric CAD modeling will be conducted, which
includes building parametric CAD models and strradtanalysis. According to the grid generation
technologies (pre-studied in Chapter3), the pamacneiodels will be created in 3 categories:

1 Structured grid models

Structured grids have advantages of easy to impierr i)
and good efficiency, but various grid sizes car’t b
introduced or the grid cells will deform too much.

. ‘fi\

In-plane
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Regular grid will result in un-evenly distributeablds and stresses under the design load cases.
2_ Modified structured grid models

A _Insert triangular elements, following the
stiffness requirement: this method increase
the total stiffness and creates moment-free
nodes, but at the same time, it's easy to ca
stress concentration.

B_ Locally double-up hexagonal grid,
following the strength requirement: The
implementation of double-up grid is easier
and results in a configuration of fractal
geometry (local double rhythm).

3 Unstructured grid models

Unstructured grid models are generated via Vor@iagram. Some experiments have been done to find
efficient methods to generate a point-set (grich{®)iand generate grid on the wall surface. Thea€tt &
repel’ method and UV mapping tool were implemeritethis design case.

A1

L
SIS L LSS
T gt st s il
e Sty
5,':3,?';.‘5."‘ ]
O s et siser s, o
e 2
SRS L

P '4%a'a% 0% a8 %y 98 ¥
e e

A x
g% 4% a¥u’ata a®a
TR SR Kol

UV Mapping to surface ( :

When the local densities of the grid structurefere tuned up with the imposed load cases (strattur
requirements), the material will be used in ancédfit way, which can be read from the analysisltesu
better forces distribution and low stress levele Tdtal densities/grid sizes are changed smoottiich
brings nice design aesthetic.

[Suggestion]

In the modified structured grid models, by locally
cutting-out triangles will cause stress concerdrati = -/ |
which cannot efficiently increase the total stifae |

A suggested method is to corporate Voronoi diagra.\.\f’ -
with the associated Delaunay triangulation, effidiegetting advantages of the stiff triangle comeits.

_ Member design

Another method is to apply different profiles (os
sections) for individual beam elements according tc
the structural requirements. Although it will bring
extra requirements for construction — carefullyexbd
and stored, this approach provides quite an efficie
structure.

Chapter 8 concludes the findings of this Mastdrésts research as conclusions and recommendations f
further research.
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Chapter 1

Introduction

This chapter will give an introduction into the madpics of this Master’s thesis project, conclggivith
the problem definition and the research goal.

“Art is solving problems which cannot be
formulated before they have been solved.
The search goes on, until a solution is
found, which is deemed to be satisfactory.
There are always many possible solutions,
the search is for the best — but there is no
best — just more or less good.

Ove Arup”
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1.1 Project and Topic

Project: Shanghai Natural History Museum (SNHM)
Architected by: Perkins +Will

Fig.1.1 Night view of Shanghai Natural History Muse (concept design)

Topic: Cellular Wall design with Parametric CAD Models

The cellular wall (the central wall of the main loling) is one of the most captivating elementsia t
Shanghai Natural History Museum design. Besidearithitectural appearance it also has an important
function in the structural system to distributetbhorizontal and vertical forces.

It requires large efforts to create the optimalfiguration that meets both its architectural amdctural
objectives. This includes the structural materfahe cellular wall. A good way to design the strual
cellular wall is based on parametric CAD modeling parametric design tools. The complex geometry is
possible to be optimized by parametric associaofevare, which is capable of generating geomdtaind
structural models based on a set of variable pasmand link the geometrical data to the analytod
drafting software.

Parametric associative design approach is chogktharinnovative software GenerativeComponents is
introduced in this project. GC is an associative parametric modeling system used by architects and
engineers to automate the design processes anératealesign iterations. With such a software &l
adaptive parametric design model can be created andbles the user to create and optimize a desig
graphically.

By combining the architectural design of the walhwstructural principles in this model, the podgibs
for the structure can be explored and optimized.

1.2 Problem State

The structural behaviors of the cellular wall aot @asy to be observed or predicted, because cdibplex
geometry. Therefore, parametric associative desgigmoach is very suitable for this design cas¢him
Master Thesis project, several concepts and fundehi&formation will be studied:

Architectural Geometry
An important part in the design of building withesjial design is the description and generatiomef t

buildings as computer models, often because of toenplex geometrical nature and behavior. The
realization of freedom shapes in architecture pgseat challenge to engineering and design. Theplaim
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design and construction process involves many éspiecluding form finding, feasible segmentatiatoi
panels, functionality, materials, statics, and c@&ometry alone is not able to provide solutimrsiie
entire process, but a solid geometric understandiag important step toward a successful reatinatf
such a project. In particular, it is essential oW about the available degrees of freedom foreshap
optimization. Two main contents will be includedfamm description and generation: curves - surfaces
definition and grid generation technologies.

Parametric Associative Design

Parametric design is used for the rapid generati@momputable design representations describinydes
alternatives. Potential design alternatives aregead and evaluated in order to obtain the mashizing
solution. The parametric design approach can be @&ga design process which goal is to targetptienal
combination of structural parameters. As a paramassociative tool, GenerativeComponents [Aisl®5]0
offers many advantages for the design stage of hmgdine structural geometry.

Tooling Design

A new approach toward use of computers in the &trakdesign process — Structural Design Tools (SDT
approach — was proposed by Coenders and Wagen@s, The basic concept is an abstract base model
that initially be built for speed, communicationsight and control over large amounts of data andar
complexity, like the current analysis tools. Insted using the computer for engineering purpose, th
computer can be used for design purpose.

Design Exploration

A Design Exploration Concept - Constraints as dedigvers -was proposed by Axel Killian, 2006. Design
can be described as a process of emergence andealigeesulting from the definition of the consizi,

their relationships, and the design problem. Thestraints that form the boundaries of the problem c
also serve as design drivers for possible desiptigns. Understanding the constellation of coristsas
crucial, and it goes hand in hand with the creatibdesign solutions.

Adaptive Patterns

The basic purpose of optimization is to exploreid gtructure in which all the elements are tunpduy
different design constrains. For the specific desigse of this cellular wall, the geometry of thedlw
surface was determined in advanced. Thus, themegigoration should focus on ‘Adaptive Patterns’
(cell-like), which was represented by parameteh& goal of the design exploration process is etaan
optimal combination of these parameters.

1.3 Objectives

Design conditions

The cellular wall structure can be grouped by fogen/special structures. These kinds of structwidls
require a unique design approach and optimizationgss. The specific design conditions for theutall
wall structure should be clarified first, which inde: the geometric definition, the material pre;eke
structural action forms, the load cases and desiges etc. This information will built up the fouatin
for further design.

Design alternatives

Potential design alternatives are generated aridatea on order to obtain the most promising sotuti
The design alternatives for the cellular wall stawe include the alternatives for: the structurakenials
and construction technologies, structural forms @mfigurations, detailing of connections and jsjretc.
Different design alternatives should be analysisppared and evaluated, by a series of evaluatiterier
In additions, some precedent works from refereqegects/researches will be studied to build up the
background of design alternatives.
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Adaptive patterns by parametric modeling

By implementation of parametric design strategyl;ldee grid structures with adaptive patterns vt
explored for the cellular wall of SNHM. The mairegs include:

1_Build up parametric CAD models: choose parameterfind generation principles and algorithms -->
build up models in programmable environment -->legngentation and resulted models

2_To build up a design in a parametric associatiag, different design step might require a desggn.t
Some computational tools should be built to aidghemetric analysis.

3_Analysis and evaluate the parametric models basede architectural and structural objectivesieSe
of parameters should be experimented to exploréfitenal’ configuration.
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Chapter 2

Project Information

This chapter will present some informationStéanghai Natural History Museum (SNHM) project,
mainly based on the Green Building Study repontnf@HV B.V. These structural optimization suggession
will be taken into account as a starting pointhaf tellular wall design in this thesis study.
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2.1 Architectural Concept Design

Design Concept - Traditional Influences

Through the museum’s relationship to its site,rtheseum is intended to represent the harmonious
togetherness of man and nature which forms thes lodisThinese culture. In traditional Chinese ad an
design, mountain and water are the basic elemémigtore. In response to this, the museum was dedig
as an abstraction of the ‘mountain water gardeitfi the building acting as a mountain surroundirizpdy
of water.

As in traditional design this building is
seen as an approach to the spirit of
nature not an imitation of it.

Screens composed of abstractions of
natural patterns found in traditional
garden pavilions are employed as
structure and sun-protection for the glass
wall enclosing the garden. This patterned
surface also recalls human cellular
organizational structures.

Thus, the experience of the museum will
include the interplay of stone, earth,
water, plants, walls, buildings and light
as in traditional Chinese garden design.
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Wall systems
The museum is enclosed by three wall systems Kpaiess themes found within the exhibitory.

The south wallhas patterns recalling ‘human cell structures’.

It is composed of three layers. A larger scalelirstricture represents the skeletal structureeobtidy and
supports the walls and roof of the museum. An dlatggr composed of a smaller scale pattern reptesen
the tissue and muscle of the body and providesbading for a membrane of glass which is the tiaiydr.

CELLULAR WALL

The north wall is a living wall plane composed of a metal trediisvered with vines. This plane defines an
arcaded walkway connecting the street with the patky and provides shading for office windowsalto
brings the horizontal plane of the park onto theisal surface and represents the vegetation oé#nth’'s
surface.

,,,,,

LIVING WALL

The west wall which is the entry facade along the bus dropxjessed as a tectonic plane of variegated
and striated rock textures. This plane expressemthvement and stresses involved in the formatidheo
earth’s crust.

TECTONIC WALL
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2.2 Structural optimization

A report “Study on Green Building Integration anddign Optimization” was provided by DHV in July
2008, giving structural optimization proposal fdrahighai Natural History Museum concept design, to
achieve the maximum benefits of sustainability.

For the Shanghai Natural History Museum concepigdeshe following sustainable issues are discussed
- Multidisciplinary design

- Adaptability: upgrading economic life span totafatechnical life span

- Effective use of material

2.2.1 Adaptability

Considering the life cycle of building, differeiifiel spans can be recognized for their components:
1 Functional life span
2_Economical life span
3_Technical life span

For the museum it is very interesting to creata@eaptable building that can react on future chanbesse
changes are based on unknown future needs, shatdsto predict these. But the strong characténef
building shows components that will certainly nbange. The cellular wall, the ramp, the routing tred
east and west facade are remarkable pieces thateep the building attractive over time. To reméiis
strong architecture, these should not be desigmechiange. Between these long term architectural
elements large spaces are developed for expositdnginistrative functions, and parking among other
things. These functions are specified by the clbrding to their current needs.

From a sustainable point of view it is to be addis®create a building in which different functibna
configurations can be made, without large effantseerms of energy and material and without demuiggh
its strong architectur&onsidering the structural design it is advised t@reate a clear distinction
between a primary structure and a secondary structte.

The primary structure includes the concrete roaf @mp, the shear walls below the ramp, the celiuél
and the east and west facade. The basement walkddsar an important part of the primary structtiteese
elements are designed for the entire life spah@building and support the strong architecturesr@i
stability is ensured by these elements. The priretagcture should be designed according to thehrtieal
life span. This means that extreme situations shbelconsidered during the design (earthquakesatgi
change, explosions, etc). Over-dimensioning ofptti@ary structure is inevitable.

The secondary structure includes other elements fhe load-bearing structure, like walls, columnd a
floor structures. These are designed accordingedinctional life span and must be able to chanvge
time. This means the secondary structure shoultheattegrated into the primary structure.

2.2.2 Primary structure

In this study report, a primary structure has bg@posed, which is designed for the entire lifenspbthe
building. Efficient use of material, focused on grémary structure, is mainly based on durable nelte
that require less maintenance.

1 Vertical load-bearing system

Concrete is a good structural material to shownthssiveness of the building, because of the relativ
limited building height and the large, thick elertlike the ramp and roof. To emphasize the interna
routing below the ramp and to split up the primang secondary spaces, various concrete walls eaelb
below the ramp around the atrium, following the sawute as the ramp. The structural cellular wall
functions as a third wall support along this pathwalls continue down to the foundation.

In the open, orthogonal spaces around the rampetncolumns are located for vertical support of ro
and floors. Suggestion was given to separate thetste rigidly into a radial and orthogonal sturet
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Orthogonal structure

Fig 2.1 separation of a radial and orthogonal grid
Blue: a reinforced concratecture, located with slabs and columns on anogidhal grid
Red: the radial shape of trap and atrium

Here concrete walls and slabs emphasize the roafitige ramp. In the current design an orthogonidl ig
used for the columns in the basement at the sdadgh An alternative on this subject is to use ceter
walls instead, which continue the circular routangl span the distance above the subway tunneiuthat
below the building. The tunnel and the buildingisture must be separated structurally to prevent
vibrations from the metro entering the buildingusture.

2_Stability system

In Shanghai structures must be capable to takégafisant horizontal forces, mainly from wind and
earthquakes. Due to the limited height and masssgrearthquakes might be the critical horizowizd |
case. A good solution is to create a very stiffding that has the capacity to resist these seitraits and
that limits the displacements and accelerationthércurrent design this has been applied by usitg
concrete columns that are moment fixed with thektlebncrete floor and roof slaps. The large stghis
guaranteed by the uniformly distributed columnsrdtie plot.

An alternative for this solution is to gain statyilirom the thick roof and ramp slabs in combinatwith
the shear walls, below the ramp, including theutatlwall, instead of the moment fixed columns. The
walls are an important part of the architecture alnelady have bending stiffness, so there is nd fae
extra moment fixed connections. Due to the circalape of the walls, stability is ensured in alédiions.

Fig 2.2 stability system of shear walls

The advantages of a certain system are as following

- With little additions in size & reinforcement, enall stability can be guaranteed.
- No stability elements in facade

- No thick concrete cores around elevator shafts

- Freedom in adaptation of all main spaces

- More slender columns
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During earthquakes the displacements and accelesatif the building, especially at the sides miggt
much more than with the moment fixed columns, bsedhe stability elements are located in the cetitre
is hard to predict the behavior of the structurardpan earthquake, because of this non-uniform
configuration. To gain a reliable prediction areimive examination on seismic design is requiréis T
examination deserves the preference, if a suifdiesustainable structure is required which funstio
effectively over the long term.

3_Roof and ramp structure

The ramp and the roof structure can have similactfans in the building.

- Horizontal distribution of loads to the variousesr walls (diaphragm action)
- Providing thermal mass during extreme weatheditimms

- Very large spans

- Irregular configuration due to the circular wadlsd altering spans

Using thick concrete slabs ensures both diaphragiorefor stability and thermal mass. But a large
thickness would also increase the self-weight efrtof. An efficient way to limit the self weighithout
losing these advantages is to apply lightweighygtgtene blocks within the slab. By adding beam
reinforcement in the slab, between the PS blooksa astrength can be realized. This reinforcemedtthe
block’s shapes can be freely adjusted to the reduirection, for both the radial and orthogonad gr

Effective use of concrete
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Fig 2.3 Ramp and roof structure

Another advantage of this system is the simpled@hp construction process. Many concrete strusture
are casted in situ in China. With this system tveer slab, including lower and beam reinforcemart,
constructed first. Then the PS blocks are putate) between the beam reinforcement. After finiglire
upper slab reinforcement the upper slab can beepoddvantages of concrete sandwich-structure:

- Increased thermal mass

- Increased spans

- Weight reduction

- Earthquake resilient

4 Cellular wall

The south wallhas patterns recalling ‘human cell structuress tomposed of three layers. A larger scale
inner structure represents the skeletal structitieeobody and supports the walls and roof of thseum.

An outer layer composed of a smaller scale patepresents the tissue and muscle of the body and
provides sun shading for a membrane of glass wkitte third layer.
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Fig 2.4 Sketch of the cellular wall

One of the service functions of this cellular waltransparence for lighting. The museums lighbegrs
the following features compared with common buigginOn the one hand it should provide good visual
environment for the visitors and on the other hiastiould prevent the exhibits from being damaggthle
lighting. This is the most distinguishing differenibetween the exhibition hall and common buildiimgs
terms of lighting. Some specific considerationsuathitect & engineer:

1 Adapt to changing environmental conditions

2__Enable visual relation to the central water body

3_ Create a good educational value

4_ Regulate light intensity, glare protection anermal comfort

NATURAL LIGHT INTO
LOWER LEVELS

H B ARSI NRIRHE /2

{32

USABLE LEVELS BELOW GRADE

Fig 2.5 sustainable design concepts

The primary structure of the cellular wall is stkgtice structure with cell-like patterns; it is anportant
component of the building systems of vertical |desdwing and stability. In the central, sufficieasistance
to shear is provided by numbers of flat and cunedical surfaces, tied together by the floors grekn
roof, as straightforward means of providing stéill he shear walls system are shown in Fig 2€3- r
lines are showing the main effective shear watigluding the cellular wall; and the blue dot lirsre
showing the walls/ fagades that mainly built witagg, not strong structural components.

Fig 2.6 Shear walls shown by red lines



26

The cellular wall is one of the most captivatingrakénts in the building design. It contributes adathe
architectural appearance and functions. As a n@inponent of the primary structure, the cellularlviak
an important function in the structural systemisiribute both horizontal and vertical forces.dtjuires
large efforts to create the optimal configuratibattmeets both its architectural and structuratcbjes.
This includes the structural material and consioactechnology of the cellular wall.

To optimize the structural pattern of the celluaall, one proper design approach is parametriqgdesith
innovative software called Generative Componenitss 1§ an associative and parametric modeling syste
used by architects and engineers to automate #igrderocesses and accelerate design iteratiorh. Wi
such a software tool an adaptive parametric desigtiel can be created and it enables the user atecre
and optimize a design graphically. By combining d@inehitectural design of the wall with structural
principles in this model, the possibilities for thieucture can be explored and optimized.

Optimization of the structure in light of structural requirements .
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Fig 2.7 Structural principles of cellular wall camnfration

Starting point of the slope [roof]
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Fig 2.8 Geometry of the cellular wall in the buiidi
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Chapter 3

Free-Form/special Structures

Because of the non-standard building shape, tthel@elvall structure can be grouped by Free-formdésal
structures. Some fundamental theory and technabfyge form architecture and special structuraigie
will be studied and presented in this chapter ravige clues for further design study.

“I would distinguish the difference between the
engineer and the architect by saying the archgect’
response is primarily creative, whereas the
engineer’s is essentially inventive.

Peter Rice”

Creativity, the ability to create new ideas or tlsing
using your imagination.

Invention, something someone has made, designed
or thought of for the first time.

(Macmillan Essential Dictionary)
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3.1 Form description and generation

“An important part in the design of building withespal design is the description and generatiorhefbuildings as
computer models, often because of their complemggaal nature and behavior. Usually these buigirconsist of
complex relationships in the geometrical desigthefbuilding. An essential step to design, prodassemble or
construct these building is to provide a uniquergetsical description for the geometry and topolo§ince
computation is essential for an efficient desigogess it is also essential to produce these commuaeels which
relative ease. Since often the computer applicateme complex, inaccessible and do not provide nmsgite in their
behavior, this is not an easy task. One of thediiégrences between a regular design process of@mmngular building
and a special structure is the step of the formcdeson and generation which comes as an additistap within the
design.

- Structural Design, special structures”

Architectural Geometry

The realization of freedom shapes in architectasep great challenge to engineering and design. The
complete design and construction process involasynaspects, including form finding, feasible
segmentation into panels, functionality, materiatatics, and cost. Geometry alone is not ableduige
solutions for the entire process, but a solid gedmanderstanding is an important step towardaassful

realization of such a project. In particular, iessential to know about the available degreeseefibm for
shape optimization.

3.1.1 Curves and Surfaces

Curves and surfaces are basic elements in aralmiéect

1 Traditional Surface Classes extrusion surface translational surface

__d
Traditional Surface Classes are largely baset —la " ‘?g
on a simple ‘kinematic’ generation. They are - ,ﬂ;.!g ‘
swept by a profile curve undergoing a smootl - ‘
motion.

For example:
Translating a curve c along a straight line

results in an extrusion surface, whereas rotational S‘i‘ffafe ruled surface
|

translating this curve along another curve d
generates a translational surface.

A rotational surface is created by rotating ¢
about axis A, whereas a ruled surface can be
generated by moving a straight line.

Fig.3.1 Four types of traditional surfaces
[Source: Architectural Geometry]

2_Free Form curves and surface

Free Form curves -Basic knowledge of the generation and propertiéseeform curves allows the
designer to choose the best scheme for the tdsknatand to employ it efficiently. Once the curaes
mastered, freeform surface modeling can be preceded

Three types of free form curves used in designidBé&urves are among the most widely used freeform
curves. They possess an intuitive geometric coctstiuvia thede Casteljau algorithimwhich is based on
repeatedinear interpolation Bézier curves are completely defined by contadygons. B-Spline curves
offer local shape control. They can be generateitibgtively refining a given polygon — a procesfied
curve subdivisionNon-uniform rational B-Spline (NURBS) curves hdugther fine-tuning possibilities via
weights associated with the control points. Theywsed to draw the most complex planar and syatial
curves.
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Bézier curve B-spline curve NURBS curve

control polygon

control point
Y

Y

Fig.3.2 three types of free form curves used ingiefSource: Architectural Geometry]

Table: Design handles for freeform curves

Control points degree Weights
Bézier x
B-Spline X x
NURBS X X X

Symbolx means that this design handle can be set by thekmeBézier curves, the user can only modify
the control points because the degree follows fiteemumber of control points and the weights areabq

to 1. For a B-Spline curve, the user can set tiérobpoints and the degree but the weights arecalhls to
1. Only for a true NURBS curve can the user emplbthree design handles. NURBS curves inherit the
useful properties of B-Spline curves.

Free Form surface

Bézier surfaces are just families of Bézier curidgey have the same drawbacks as their curve
counterparts: As soon as one degree is too higly,gborly represent the shape of the control mesh.
Moreover, changing one control point has a gloffece— which makes editing difficult.

To avoid this problem, one can use B-Splines ferdirface definition. Such a B-Spline surfacess al
defined by a quadrilateral control mesh. Howevwegddition the degrees for the u- and v-curvesbean
chosen. The implications of the degree on the shmasts of the surface are the same as for curves.

Another straightforward extension is the use of NBSsurface, which have a weight attached to each
control point. The effects of changing a weight e same as for NURBS curves.

NURBS surface

decreased

Fig. 3.3 welglas shape parameters of NURBS surfaces :
increasing eight pulls the surface towards the correspondargrol point,
decreasingeighit shows a push-away effect [Source: ArchitedtGeometry]
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3.1.2 Grid generation technology

With the definition and generation information airees and surface, the geometry problem comes to a
polygon phase — discrete surface. This sectionfagllis on describing methods to describe a georaétri
complex continuous surface in a discrete way thatifficiently accurate to represent a design foemed
surface. This discretisation of the continuousaefis done by generating a grid on the surfade. Gr
generation is an important step in the structueaigh process, since the architectural shaperislated
into structural elements.

According to Liseikin [1999], some important terfos grid generation can be listed out:

1 There are two general notions of a grid in alimensional bounded domain or on a surface: thkigri
considered as a set of algorithmically specifieth{zoof the domain or the surface. These pointcalled
grid nodes The grid is considered as an algorithmically dégd collection of standard n-dimensional
volumes covering the area of the domain or surfabe.standard volumes are referred tgrag cells.

2_The boundary points of one dimensional cellscatied thecell vertices These vertices are the grid
nodes. The grid nodes are consistent with theaglid in that they coincide with the cell vertices.

3_Aone dimensional cell is a closed line or segmehose boundary is composed of two points. A two
dimensional cell is two dimensional simply conndate®main, whose boundary is divided into a finite
number of one dimensional cells, referred to as#leedgesNormally, the cells of two dimensional
domains or surfaces are constructed in the fortriarfgles or quadrilaterals. The specific choicéhef cell
shape depends on the geometry.

4 Grids can be divided in two fundamental différelasses: structured and unstructured. Theseeslass
differ in the way in which the mesh points are lhcarganized:

Structured grids unstructured grids

Coordinate list

nodel  x1 vyl 5
node 2 X2 y2

node 6 x6  y6

Connectivity list
element1 quad 1234
element2 tri 354
element3 & 456

Fig. 3.4 The logic of structured and unstructuradg[Gable, 1996]

- Structured grids
Structured grids has local organization of the githts and a form of the grid that is not
dependant on their position, they are definedéyeral rule. The nodes and connections in a
structured grid have a fixed relationship to onether. The connectivity of the grid is implicitly
taken into account.

- Unstructured grids
Unstructured grids have a connection with neightapgrid nodes that varies from point to point.
Thus, they require for explicitatements of the connectivitjpetween nodes.

5 The two fundamental different classes of meshto three additional subdivisions of grid typ@isick
Structured Grids, Overset Grids andHybrid Grids . These kinds of grids possess to some extend the
features of both structured and unstructured grids.
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Grid requirement

The traditional use of the grid generation is agrio discrete a domain or surface in such a mathiagr
computation of physical quantities is as efficiastdesired.

1 Grid size

The number of grid points is an indication of thiegize, the maximum value of the lengths of tak ¢
edges is an indication of the cell size. Generatchniques for grids need to posses the abilitpdrease
the number of grid nodes.

2_ Grid organization
Grids need to have some organization of their nagescells. This organization should identify
neighboring points and cells.

3_ Grid deformation

Cell deformation characteristics are formulated@se measures in the difference between the deforme
cell and the standard or least deformed cell. Sthdlements are elements with edges of equaliengt
Typically, cell deformation is characterized by Hepect ratio; the angles between the cell edggthen
volume of the cell. The major requirement for grédls is that they must not be folded or degenaante
points or lines.

4 _Consistency with Geometry
The accuracy of the interpolation of a discretecfiom is considerably influenced by the degree of
compatibility of the mesh with the geometry of fiteysical domain (complex surface).

5_ Grid Validity

The grid must be valid, for example, there sho@ab (unwanted) holes or self-intersections. This i
quite obvious requirement, but various (mainly wnstured) grid generation techniques require chrgki
for these conditions.

Basic grid generation methods

Structured grid

Structured grids are in structural engineeringrttosst utilized grid. The main reasons are the sititglio
generate the grid because these follow often fltwardesign of the shape and the predictable andaregu
shape of the elements. The second reason is thessiso adapt the mesh size, element size ancietem
organization.

Two techniques are often used in the practiceBthek-Structured Grids andStructured Grid by
Analytical Approach. Boundary-Conforming Structured Grids is a third method, often used in other
engineering disciplines. This method is suitablgegaerate grids over simple surfaces.

- Boundary-Conforming Structured Grids

An efficient structured grid is one whose generatielies on a mapping concept. The idea is to aghaos
computational domai&" with a simpler geometry than that of the physstall shape Xand then to find a
transformation X)) between these domains which eliminates the farea non-uniform mesh when
approximating the physical quantities (Haas, 1962).

A boundary-fitted coordinate grid in the regiofiiX commonly generated first on the boundary b&ixd
then successively extended from the boundary tinteeior of X. This process is analogous to the
interpolation of a function from a boundary or e tsolution of a differential boundary value praoblén
this base there have been developed three basipgod methods of grid generation with the mapping
approach;

_ Algebraic methodswhich use various forms of interpolation or spéinctions

_ Differential methodsbased mainly on the solution of elliptic, parabaind hyperbolic equations in a
selected transformed region



32

_ Variational methodsbased on optimization of grid quality properties

x{f)

1y,

Fig.3.5 Boundary-conforming quadrangular & triangged [Liseikin, 1999]

In practice, the structured grid generated by mapppproach is today not in this form in use. Tis
because of the difficulty to find one transformatfactor x€), to generate a grid over a complex 3D shape
of the designed structure.

Unstructured grid

Structured grids lack the flexibility and robusteésr handing domains with complicated boundaeshe
grid cells may become to skewed and twisted. Ungirad grids can be the solution for the problem of
producing grids in regions with complex geometrgcBuse of the irregularity of the distribution loé t
nodes, cells are obliged to have any particulapshin addition, there are no restrictions to thenectivity
of the neighboring grid cells, cells can overlagnclose each other. Unstructured grids providertbst
flexible tool for the discrete description of a quex geometry.

Unstructured grids allow an instinctive approachotmal adaptation, by either insertion or removiahades.
Grid refinement of an unstructured system can keraplished locally by dividing the cells in the pes
zones into smaller cells. Unstructured grids alkmedeleting cells in regions where the geomesrpat
that complex. In practice, the overall time reqdite generate unstructured grids for complex gedeseis
much shorter than for structured grids.

Although the generation time of an unstructured ggishorter than that of a structured one, using
unstructured grids brings about a more complicatederical algorithm because of the data management
system. This data management system requires ambplgorithm to number and order the nodes, edges,
faces, and cells of the grid. In addition, extranpatational memory is needed for storing this infation

on the connection between the cells of the mesh.

Advantages of unstructured grids are:
- Generality, there is no need to think about bloekainposition
- Straightforward grid refinement.
Disadvantages are:
- Inefficiency on many conventional hardware confagioms
- Not straight forward to get an efficient parallelion
- Descretisation formulas are often complicated
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- Octree Approach

In the Octree approach the region of the shelrss ¢overed by a regular Cartesian grid of culgitscn 3D,
or squares in 2D. Then the cubes containing segnuénthe domain surface are recursively subdivided
eight cubes until the desired resolution is reach&e cells intersecting the body surfaces are éarinto
irregular polygonal boundary cells (see Fig.3.6).

Py of1

N a2 quadrant order

I W interlor quadrant
O exterior quadrant
l ¥ boundary quadrant

[
Quadtree
.0/ 1 2 3
[=]

Fig.3.6 Example of the Octree approach [Thomps8ag]

The grid generated by this Octree approach is magidered as the final one, but serves to simidéy
geometry of the final grid, which is commonly corspd of tetrahedral cells built from the polygorells
and the remaining cubes (Liseikin 1999). The maawthack of the Octree approach is the inability to
match the grid with a prescribed boundary surfabe. grid on the surface is not constructed as elgsin
forehand, but is derived from the irregular volucedis that intersect the surface. A second disadgenof
the Octree approach is the rapid variation in sielk near the boundaries.

- Delaunay triangulation & Voronoi Diagram

Many free-form or form-finding designs involve colep regions that are not easily amenable to pure
structured grids. Structured grids may lack theuiregl exibility and robustness for handling complex
surfaces, or the grid cells may become too skewadisted. Therefore, the unstructured grid conéept
considered as one of the appropriate solutionlseigtoblem of producing grids in regions with coexpl
shapes.

Delaunay Triangulation In general, the Delaunay approach connects nergitpoints, of some
previously specified set of nodes in the regiothefshell surface, to form tetrahedral cells inhsaavay
that the circumsphere trough the four vertices wfti@hedral cell does not contain any other pdihe
following subsections discuss the three major teghes for generating triangles based on the Delauna
criterion; Voronoi Diagram, Edge Flipping Algorithamd Incremental Bowyer-Watson Algorithm.

Voronoi Diagram The Delaunay triangulation has a dual set of pmtggreferred to as the Voronoi
Diagram or the Dirichlet Tessellation. The VoroBeagram can be constructed for a random set oftgpoin
on the surface of a structure. Given a set of pdimthe plane, the idea is to assign to each poiagion of
influence in such a way that the regions decomglussurface of the structure. To describe a speedy

to do that, let S element of R2 be a set of n panid define the Voronoi region of p element o$he set
of points x element of R2 that are at least aseclogp as to any other point in S (Edelsbrunneid 200

V, ={x € B*||lxr —p|| < ||z —q|||,¥Vg € S

The Delaunay triangulation is obtained by drawiagreDelaunay edge from one endpoint straight to the
midpoint of the shared Voronoi edge and then dtitaig the other endpoint. For each triangle forrimed
this way there is an associated vertex of the Vairdiagram which is at the circum-centre of thesthr
points which form the triangle. Thus each Delaumengle contains a unique vertex of the Voronoi
diagram and no other vertex within the Voronoi stoee lies within the circle centered at this verte
Fig.3.7 depicts the Voronoi polygons and the asdediDelaunay triangulation.
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It is apparent from the definition of a Voronoi pgbn that the degeneracy problems can arise in the
triangulation procedure when three points of a pidétriangle lie on a straight line or four or regoints
are cyclic. These cases are readily eliminatecefcting or slightly moving the point which causies
degeneracy from the original position.

Voronoi
diagram

Delaunay
triangulation

Fig.3.7 Voronoi diagram and the associated Delatmiaygulation [Source: Architectural Geometry]

Centralized Voronoi Diagram:

There is a remarkable procedure that may fix sampatipoints and changes the remaining ones sthbat
are closer to the barycenter of their correspontfionoi regions. The resulting Centralized Voronoi
Diagram (Fig.3.8) also produces very nicely shapiadgles in the associated Delaunay triangulafidmus,
to regularizea set of points, one may use an iterative proceduir@ny step, it computes the Voronoi
Diagram and moves each point toward the barycefiiés Voronoi cell. Steps of this algorithm:

input points

o
° barycentres

centralized
Voronoi diagram

Fig.3.8Steps ofCentralized Voronoi Diagram [Source: Architecturad@netry]

- other methods

There are some other methods to generate unstedoginds, for exampl&owyer-Watson Algorithm,
Edge-Swapping Algorithm, And Advancing Front Approach — no further introduction or discussion in
this report.
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Adaptive Meshing

For all the grid generation methods, a pre-defigied density is required. This grid density is olo$o
give an acceptable accuracy in the approximatiach@turface by the grid. It is possible to specéytain
properties of the final grid before the start of tirid generation, for example a higher grid dgnséar
sharp discontinuities in the boundary of the sw@faca coarsened grid over large, smooth aredeeof t
surface. Using an iteration process for the gridegation that adapts to the characteristics o§tinéace
can lead to a better discretisation of the freenfat surface. There are two parts to this adaptice g
generation technique.

1. Measurement of the local error between the gergtgaid and the free formed surface. The
required density can then be calculated by dividirgmeasured error by the required error and
multiplying it to the local order of the grid geaéion method. The required distribution of the grid
density should be equally distributed with the einathe approximation by the grid.

2. Re-generating the grid with the specified gridsigndistribution. The adaptive meshing must be
capable of t refinement and coarsening. Therehaee tmethods for grid refinement:

Mesh point movement - The original mesh connegtigtmaintained, but the mesh nodes are moved.
This method can only cope with relatively smallustinents without introducing very distorted cells,
but it allows refinement/coarsening and is fasisThethod is very suitable for structured gridsjcluh
require a fixed connectivity, where the abilityredine and coarsen is important.

Local refinement - Grid cells are locally sub-diet] Surrounding cells will also have to have some
degree of subdivision to maintain a valid grid (xample no nodes on triangle edges). This method i
fast and allows coarsening by reversing the subidnj merging cells. The mesh connectivity is
changed, so this method is only suited for unstmect meshed.

Total remeshing - The grid is completely regenetatéh the new density parameters. This is the most
general method, but it is not fast and there isinple way to reverse the refinement. With Delaunay
triangulation processes, extra points can be atw#te existing triangulation to refine the mesh.

Grid generation for the cellular wall

From a theoretical point of view, there is no lmsted grid generation approach to be chosen. €bedrid
generation technique for a particular design dep@mdthe geometry of the surface, the architectigsign,
and the structural layout.

In the cellular wall design case, the step of @itcsurface as structural components is very iraparfhe
primary structure is a grid structure. The quadityhe grids determines significantly influences thulti-
functions, including the structural and architeatdunctions. [Examples of these functions candaslrin
the Design Exploration Diagram in Chapter 5.1]
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3.2 (Structural) Design Conditions

3.2.1 Theoretical framework and design variables

Proposed by P.Th. Vermeij [TUDelft, 2006] in higea, a theoretical framework for free form struatur
design can be set up for structural design conttio

In the domain of structural design, ‘material’,rée’ and ‘geometry’ are the main constituents, each
contributing with their own field of science. Rulbg laws of physics, together these constitutesrdehe
how a structure receives a load (with a certainmitade, direction and behavior in time), by which
structural mechanism (with what resulting stressritiution and deformation) the internal configioatof
material transports this load, until it is dischedgThe complexity of the form also diffuses th&ght in
the structural action, where rules of thumb doexast (Wagner, 1999). Architectural and economical
considerations are taken into account as boundagitions.

Theoretical framework includes design variables thedt use in structural design research.
1 Geometrical definition (geometry)
2_ Structural action (force)
3_ Material processing (material)
The arrangement of material in

spatial compositions and
members’ cross-sections is

constrained by the availability of
production technologies.

The geometrical constitution |

determines the stiffness and Material properties determine
deformations of an object subjected strength and internal forces, but
to loads. Spatial configurations with are affected by the method of
varying orientation of cross sections production, that can result in the

need dramatic simplification before presence of residual stresses.
they can be analysed in common
finite element software.

Fig.3.9 Theoretical framework [P.Th.Vermeij, 2006]

The three design variables adopted in this thezaieiamework are highly interrelated, as is exéfiegul
through general notions in Fig.3.9. Some relatigpsshre critical: some geometrical constructs aag be
materialized through specific manufacturing proesss

To handle the design variables, framework can bsequmted with sub-categories:

1 _the geometrical definition is subdivided intg D 2- and 3-dimensional objects, commonly kn@sn
points, curves, surfaces and volumes. They areatkteddefine an element in geometrical sense. In
addition to the n-dimensional classification, tfansation techniques of extruding, scaling andtintpare
included. Thus the geometrical classification corstanformation on how the shape was created, wisich
useful to couple the geometrical definition to mieturing techniques.

2_the structural action is subdivided into vecteection-, surface- and form action, of which also
combinations do exist in either superposition ¢eriaction (Engel 1999). Each class of structuriibac
corresponds to a typical type of stress, that latklink to appropriate materials and geometrical
arrangements.

3_ material processing is subdivided in additiwdtsactive and formative techniques, as well irrifadiion
of two-dimensional elements.

With this technical framework, the actual (struetydesign conditions can be discussed. In thevioiig
part, the design conditions for the three main titurents of the cellular wall structure will be deibed and
explicated. They can function as a starting paimtrf which the structural design and optimization
strategies will be developed.
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3.2.2 Definition to the cellular wall

1 Geometry definition

Curve
In plane or in space, of any curvature

Planar surfaces (plane)
= Gaussian curvature = 0, both principal
curvatures are 0

Sraght
Line or rule

Single curved surfaces
| | (developable)

Gaussian curvature = 0, one principal
curvatures is 0, the other is non-zero

Cylindrically curved
Parallel ruling lines, e.g. cylinder

Conically curved |
Converging ruling fines e.g. cone

Double curved surfaces -
Gaussian curvature = 0 Synclastic (convex or concave)
Gaussian curvature > 0

Anticlastic (saddle shape) |
m Gaussian curvature < 0

Fig.3.10. Descriptive classification of geometryTR.Vermeij, 2006]

The surface of the cellular wall (of SNHM) can tefided as
Single curved surface (developablewhich is curved in only one
direction (one of the principal curvatures is zeanyl can therefore
be unrolled to a plane.

The merely geometrical feature of being developabimportant
when it comes to materialization, for which in @iple all sheet
materials are candidate. Developable surfaces eaylmdrically
or conically curved.

To be more specific, the surface is defined by fee-form curves (explicating a Ruled/Lofted suefac
Examples of Ruled surface and Lofted surface avavetl in Fig.3.11, so does the wall surface germrati

Fig.3.11. Ruled / Lofted surfaces definition andemtion

Structural topology

The geometry of the surface has been definedrélagively simple, comparing to most of the freent
structures. However, the geometry problem shoudtlide the surface discretion — polygon grid genenat
As discussed before, grid generation is a verjcatistep in this cellular wall design case.

The structural topology defines the way structumaimbers are connected together. It defines how the
structural members are related to each other. \ilisrstructural topology is lined to/associatedwitie
building shape, the geometry of the structure aathb result.
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2_ Structural actions

Yl N
Form-active Vector-active Section-active Surface-active
E.g. cables and E.g. trusses E.g. beams and plates E.g. folded plates

membranes

Fig.3.12. Four mechanisms of structural action examples of components featuring them

Structure systems

Types

Form-active

Cable structures
Tent structures

Pneumatic structures

Arch structures

Vector-active

Flat trusses
Curved trusses
Transmitted flat trusses
Space trusses

Section-active

Beam structures
Rigid frame structures
Beam grid structures

Slab structures

Surface-active

Plate structures
Folded plate structures
Shell structures

Definitidoy Engel (1999):
Form-active structure systems are systems of flexible, non-
rigid matter, in which the redirection of forcesiected by
a self-found FORM design and characteristic FORM
stabilization.
Vector-active structure systems are systems of short, solid,
straight lineal members (bars), in which the reztioa of
forces is effected by VECTOR partition, i.e. by multi
directional splitting of single forces (compressoreensile
bars).
Section-activestructure systems are systems of rigid, solid,
linear elements, including their compacted fornslab, in
which the redirection of forces is effected by niiabtion of
SECTIONAL (inner) forces.
Surface-activestructure systems are systems of flexible, but
otherwise rigid planes (resistant to tension, casgion,
shear), in which the redirection of forces is eéecby
SURFACE resistance and particular SURFACE form.

Note: Structures acting in surface-action condist surface, as form-active structures could bepmsad of too. The
difference between both structural systems is ddfthhrough the nature of the material the surfageade of: form-
active structures do not resist to compressiorsioerand shear, whereas material in surface-astivetures do.

The Cellular wall can be defined as a heavily-lahged network on single curved surface. Sincege
structure is designed as surfaces of rigid matesialctural action may be mainly associated tcstivéace-
active mechanism.

3 Materials

Manufacturing process

Other volumetric elements

Additive Subtractive Formative 2D-fabrication
Moulding Moulding
constraints constraints may
may apply! apply!
+ | Curvilinear Straight Cutting
£ " \ts (0D-E)
g of constant Plan?{s:)urve Rewie Single axis bending
‘2 s::::is:n Space curve Expanding Double axis
° (1D) Casting Milling bending
8 Planar Layering ;
[}
° Surface (0D-E-E) Cutting
8 | elements | Single curved : ) .
o
£ | of constant (1D-E) Single axis bending
] . = -
g thickness Double curved " " Str_etc_hlng (requires
] | significant force) |
[C]

Key:

Element cannot be produced through this method

Possible but little appropriate since less elaborate processes are available

Most appropriate

Materials problem can be described a material msing. And three different processes for the prodoc
of elements are commonly distinguished: additiubtiactive and formative (as shown in the tablevapo
The specific material processing of the cellulal wal be further discussed in Chapter 5 — Design

alternatives.
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Chapter 4

Parametric Associative Design

The design strategy chosen for the cellular walicstire is parametric associative design. This whagill
discuss this approach. The general concept witldseribed, accompanied by some project examplea and
vision on how this approach can benefit structdesign. A parametric tool — GenerativeComponeniis wi
be introduced, exampled by a basic case-studyatfigipformed structure (Nautilus Shell).

“Computer programs can do all sorts of
things. But remember that the computer has
no intelligence — only the ability to do lots
of repetitive tasks very quickly.

— Willism2005”
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4.1 Parametric Associative Design Approach

4.1.1 Parametric Associative Design

Parametric design is, in a sense, a rather resdrietrm; it implies the use of parameters to dedifierm
when what is actually in play is the use of relasio

From an elementary point of view, there is noteacboundary between what can be called parametric
design and what is called computer aided draftingn@deling. In these cases, forms are created by
combining basic entities that are inserted in tloelehafter a basic template, which includes thgioper
parameters", is filled. A line, for example, isemtity that becomes part of a model once two paranmseits
length and its direction, are specified. Howevés ttoes not work for complex elements where we want
relations to be maintained while modifying theirsandependently.

Building elements can be grouped in families teattspontaneously to be parameterized. To desaribe
family, to elaborate a primary design of a familyg only need two things: a topological description
specifying the parts that constitute it and thatrehs they maintain with each other and a dimeadio
scheme specifying priorities and dimensional casts. In this way we can define an abstract cotacf
elements and insert them in our models. What ifwaat to modify the inserted elements? This is where
parametric design, in a promising way, properlytsth in CAD-CAM-.

The parametric 3D computer modeling process wakksd conventional numerical spreadsheet. By gjorin
the relationships between the various design featand treating these relationships like mathealatic
equations, it allows any element of the model tatenged and automatically regenerates the model in
much the same way that a spreadsheet automatiealjculates any numerical changes.

As such, the parametric model becomes a "livingtiehavhich is constantly responsive to change, ofer

a degree of design flexibility not previously aadile. The same technology also allows curved sesfsx

be "rationalized" into flat panels, demystifyingtbtructure and building components of highly caxrpl
geometric forms so they can be built economicatly efficiently.

An important application of parametric design agatois in the structural engineering for Complex
Geometry / Free-Form Architecture. This approaahlmfully defined by “Parametric Associative
Design”: The first adjective, parametric, referghe fact that the computer is used to generatgmeby
making use of parameters. Parametric design isfasele rapid generation of computable design
representations describing design alternative®ri®iat design alternatives are generated and eealua
order to obtain the most promising solution. Theapzetric design approach can be seen as a design
process which goal is to target the optimal comtmmeof structural parameters. The second adjective
associative, refers to an approach which enabéedekigner to link the different parameters of the
structural design to each other. The result is sudlsign approach is a collection of linked patansehat
describe the structural design. It new becomesilest® change the values of parameters at theoétitk
design process, even parameters that were set firg¢hstages of the design process.

4.1.2 Design Tool concept

A new approach toward use of computers in the strakdesign process — Structural Design Tools (8DT
approach — was proposed by Coenders and Wagen@f)$s, The basic concept is an abstract base model
that initially be built for speed, communicationsight and control over large amounts of data andar
complexity, like the current analysis tools. Insted using the computer for engineering purpose, th
computer can be used for design purpose.

One SDT example is given based on OpenStrategy Fording framework— a framework towards a
theoretical and implementation model for form fimgliand structural optimization techniques. This etod
could contain form finding, structural optimizaticand generative and iterative calculation techesdoy a
high-level object-model for the optimization sulijegy SDT approach, a similar model structure el
built as a carrying medium for the models (Fig.4lti$tead of only storing parameters in the stmecan

'cAaD- Computer Aided Design; CAM — Computer Aided Manufacturing
2 OpenStrategy Form Finding framework has proposed by J.L.Coenders and L.A.G.Wagemans in earlier work
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optimization-like structure will be used, which calso store associative and relational boundarids a
constraints, so that the SDT will be able to thetrtown validity, consistency and applicabilitthe SDT
approach is able to follow the current developméntmalysis tools by interfacing to them, but ®olust
be built specific for design purpose.

Generative

interface tool

interface tool

| , interface tool
interface tool

scripting

Databases

\ COM/DOM/... interface

Fig.4.1 a diagram of SDT example [Coenders & Wagemna005]

An important aspect of the Structural Design Taalscept is the parametric associative characttreof
design tools. Parametric design is used for thiel gg@neration of computable design representations
describing design alternatives. Potential desitgristives are generated and evaluated in ordsstan
insight into the impact of the structural parametm the final integral design. With adding assibgédy to
the structural design process, design steps deediand the possibility of adjusting the parameitethe
end of the design process is reached. With degigstinictures for Complex Geometry/ Free Form
Architecture, this ability is very valuable. Sintere is little design experience with these kiofls
structures, it is hard to predict what the impda design decision on the final design is. Thditstof
defining the values of the structural parameteth@end of the design process leads to a mom@eafti
structural design process.

Building up a design in parametric associative vemgh design step requires a design tool to bd afzaed
Making the process parametric associative, therateves for the separate structural elements ibdibg
can be quickly evaluated, and also the interadistween the different design steps. In this waig, it
possible to alter the parameters at the end dbtia¢ design process, whereby an optimization tdvesr
integral building design is possible. In Chaptese¥eral computational tools have been built fomajidhe
parametric design.

4.1.3 Multi-Parametric structural design

A research paper of “multi-parametric structuradige” was presented by design engineers Bollinger +
Grohmann, 2008, with their own projects.

In the 2d" century, the classification of structures accagdindefined building typologies was the central
to engineering design. Driven by the innovatiorh@exture — especially free form structures, thisigst to
be changed: some structural engineers move awaytfie notation of a building being a variant of an
established type, by considering each structusmasdividual case in point with inherently complex
behavior. Bollinger + Grohmann conceive of struetas an integral part of architecture. The overall
performance of an architectural project resultsnfreegotiating and balancing a complex network of
multifaceted, interrelated requirements.

A project’s diverse design criteria can be underdtas a network of interdependent nodes. Once this
network settles into a state of equilibrium of was influences a high level of integral performaatthe
building and its structure has been attained. Tapmacity cannot be achieved through single paramete
optimization of the overall system, as the lingaoit such processes cannot account for the contpleki
architectural projects.
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4.1.4 Project Examples of parametric design

In the recent past, several new projects have tieased by means of parametric design process:

Project: Swiss Re, London, 2004
Architect: Foster and Partners
Structural engineer: Arup

Foster approach on Swiss Re was to seek robustasefthat every
participant in the design process had access telEkbe geometry of the
project was communicated as an Excel spreadshdet enethod statement on
how to generate the geometry. The specialist subactors’ resultant
geometry was then inspected by Foster’s design seahany divergence
discussed and eliminated. Swiss Re also demorstiaéanteraction of
physical models, made by the architects, and thgital models, a flip-top
from the physical to digital and back again, ualilthe consequences of the
geometry are fully understood. [ACADIA/AIA, 2006]

[Source:ArchitectureWeek.coin

Structure system: The 180-meter tall tower is sutgooby an efficient structure consisting of a caintore
and a perimeter "diagrid" a grid of diagonally indeking steel elements. Some traditional centomkd
buildings of this height would use the core as amseof providing the necessary lateral structuedlibty.
Because of the inherent stiffness of the exterizgrdl, the central core is required to act onlydsad-
bearing element and is free from diagonal bragingducing more flexible floor plates.

A fundamental characteristic of the Swiss Re bogds the use of a consistent unifying system coetbi
with a constantly varying geometry vertically thgtuthe building. This type of geometry is particlyja
suited to a parametric design approach: many odé¢tailed design conditions can be investigated by
setting up fixed mathematical relationships betwaeelatively limited numbers of geometric parangete
designing the building shape. This approach wad tesdrive optimization of structural componentsl an
details, and to generate 3D model geometry foryaiglcoordination and structural design.

(Left) Top-view: parametric nodes of the tower'snputer model[Source:ArchitectureWeek.coin
(Mid) Twisting floor plans of Swiss RSourcewww.ansys.corh
(Right) ‘Diagrid’ structure of Swiss RiSourcewww.pixelmap.corh

Project: Guangzhou TV and Sightseeing Tower (‘Supedel’)
Guangzhou, China, 2009

Architect: Information Based Architecture (IBA), Aterdam

Structural engineer: Arup

The Guangzhou TV and Sightseeing Tower comprisextarnal steel frame
and inner central concrete core. This core isHerlifts, escape stairwell and
vertical building services risers. The structuransmpressive feat of technical
expertise and elegance, but with a 610m high thetdas posed some tough
engineering design challenges. Its slim waistling @mplex geometry
required the team to walk a tightrope between gchiral form, safety and o
cost. [ARUP, 2008] LT 1T 6 N
[Sourcewww.skyscrapercity.coin
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Structure system: The hyperboloid structure idhanform of a twisted and tapering tube. It comgiae
external steel frame and inner central concrete.cCine outer steel-framed structure consists cft@dl
columns with concrete in-fill, a series of 46 oghlped rings of different sizes and single-directio
diagonals throughout the structure. Columns, rary$ diagonals form together a web that varies theer
section of the tower. The columns are all perfestigight although they lean over to one directgiving
the tower a dynamic twist. The rings are placedherfar inside of the columns so that they spatialiss
each other and are connected off-centre. This mhkeimside view to be dominated by the rings, avkiile
view from the outside is dominated by the slopiotumns.

The form is generated by two ellipses, one at dmdation level and the other at an imaginary loortial
plane just above 450m high. The tightening causeithé rotation between the two ellipses is theapder
the tight 'waist', and is in the form of a twisteghe. One of the main issues that had to be ke
regarding the cost was the client's desire to taedightest 'waist' possible. According to thehaect
Mark Hemel, "This was a complex issue since thestngize relates to multiple issues. For instartee; t
number of lifts needed to transport the public og down the building determines the minimum space
needed for the core. The position of the core iin tsl affected by the desire to have a rotatintareant at
the top of the building. On top of this, any changéhe waist size results in a change in dendithe
structure altering the wind resistance. All thesseies affect the amount of structural steel netwlerkate a
stiff structure. This makes this building an exaenpf a complex structure for which intensive stadiere
done in order to come to an optimized result.”

The complex geometry was possible due to paramesociative software, which is capable of genegati
geometrical and structural models based on a setrible parameters and link the geometrical tiathe
analytical and drafting software.

Project: BMW Welt, Munich, 2008
Architect: Coop Himmelb(l)au
Structural engineer: Bollinger + Grohmann

from a multiparty design process.
- BollingeérGrohmann”

[Source:http://www.e-architect.co.gk

During the competition, Bollinger + Grohmann deyeld a double-layered girder grid which demarcates
the upper and lower boundaries of the roof-spaaseim alignment with the architectural concep of
floating cloud. Driven by the simulation of antiaied loading scenarios, the initially planar girded was
deformed so that the upper layer assumed a cuskimbulge. The lower layer also reacts to a nunadfer
spatial and structural criteria; for example, tbefrintegrates the customer lounge, a large inciat
opens the views towards the famous BMW headquademsr and channels the forces to the defined
bearing points. The combined capacity of both gigiel layers to act as one spatial structure Vaitally
differentiated behavior is achieved through theitisn of diagonal struts within the interstitiplage. In
response to local stress concentrations, the gtalalepth of the system varies between a maximubh2 o
meters and just 2 meters in areas of less forabelmorthern part of the building the roof mergéth a
double cone, typical of Coop Himmelb(l)au's wor,form a hybrid shape. Similarly, the related begdi
behavior of the roof structure gradually transfoinse the shell-like behavior of the double cone.

From a structural engineering perspective one qaati challenge proved to be the geometric compefi
building elements and their interaction, as eachllochange had consequences on the global sctie of
system. This high level of interdependency needdzktintegrated in the analytical models of thaecttre,
which required, for example, the set up of an esitenmodel of the complete roof structure includatig
load-bearing elements. Any significant change todtiffness of one of the cores, for instance, had
considerable repercussions for the overall behadfitiie structure necessitating the re-evaluatiuh a
recalculation of the overall system. Consequettti, elaborate, iterative design process depenaie:ky
on intense collaboration with the architects ardteel, clearly defined protocols of data exchange.
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Coop Himmelb(l)au, BMW Welt, Munich, Germany, 2008
The complex digital structural model of the overall structural system which
consists of steel and concrete elements.

Project: National Stadium (‘Bird’s nest’), Beijin2008
Architect:Herzog & de Meuron
Structural engineer: Arup

Arup defined the geometry of the bowl using a pdulerew
computer software programme, specifically writtenthis
purpose. The software is programmed parametribatonany
layouts can be generated just by altering someegeneration
rules. [ARUP, 2006]

[Source:http://en.beijing2008.4dn

The project was designed, in a sense, from thdénsiit. The seating bowl geometry was set firgh) wi
focus on optimizing the sight lines and drawing $kats as close as possible to the field of plag. T
overall form of the outer structure was then comfigl to create a smooth, curved wall and roof atdba
seating. The base of this outer shell lies alonglipse. Interior walls are vertical, forming alfipgical
cylinder, while the saddle form of the roof is énitm a toroid. The outer walls trace a warped si@fa
between the edge of the roof and the ellipticaébas

These overall surfaces are constructed from a sggyniandom pattern of structure. But the primary
structure is actually derived from a simple georgdrinciple and structural system. Twenty-fourwrohs
rise from the ellipse at the base to support tidigegtal frames spanning the stadium. These trumses
arranged to run tangentially along an oval roofripg, creating a complex geometry that, when caliple
with secondary tube members, generates the nesafigearance.

[Source:http://www.structuremag.org/article.aspx?articleli34]

(Left) Trussed Portal Frames Span the Stadium

(Mid) Secondary Tubes Coupled with the Frames Citbat®andom Pattern
(Right) Secondary Tubes Coupled with the Frames CtkatRandom Pattern

The portal frame system supports gravity loadscéffely, pulling structural demand from the roofviards
the walls. It also provides positive seismic resise. The truss members are actually box sectipns 8.9
feet (1.2 meters) on a side, and fabricated fraategl

Although the interior seating bowl is roughly efigal in plan, an efficient, repetitive, modularusttural
design was developed that yielded economies indatiwn in particular. The column grids to the e
west of the field were set out in a series of cotrée circles with large radii of curvature, whileose to the
north and south were arranged similarly with srmablii. The result was a repetitive system witlo tyvid
patterns supporting the four main quadrants. Tti@mszones were limited to corner areas. The atratt
system was made up of precast concrete step-atidgsaaits spanning to sloped beams.
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4.2 GenerativeComponents

4.2.1 About GenerativeComponents

GenerativeComponentss a parametric CAD software developed by Benflggtems. Such a program
defines geometry by applying rules and capturitati@ships among model elements. In doing so, the
process of drawing shifts from reliance on the nediesreliance on scripting. It's known as Smart
Geometry - a technology for describing the undagyiule-set of a geometric form — potential existsit
to become the basis of a new field of AE®nsultancy centered around geometric exploration.

The advantage of using such a system is that thengey becomes rationally defined. This allows
designers to explore variation in these geome#fettionships and parameter values, with the rewplti
geometric model automatically rebuilt at variougels of detail and completeness, as determinetidy t
designer. Instead of being drawn into strugglere&ting geometry the designer is free to focushen t
underlying conceptual principles, leaving the aruitask of modeling to the software.

“GenerativeComponents is an associative and parametodeling system used by architects and
engineers to automate the design processes andkaateedesign iterations. It gives designers and
engineers new ways to efficiently explore alterabuilding forms without manually building the @ikt
design model for each scenario. It also increakes tefficiency in managing conventional design and
documentation. GenerativeComponents captures asphigally presents both design components and
abstract relationships between them. This capatligits GenerativeComponents go beyond making
geometry explicit; it makes design intent exphaitwell. Although designers are working graphically
based on intuition and experience in architectwtasign, their work is captured in logical form.”
[Bentley, 2006]

When using the program, the designer is presenfedmation in three different ways, as shown in.&ig.
The first is the model view which contains the Zipresentation of model elements. The second is the
symbolic view which indicates visually the relatstiips among the model elements. Finally, the sitgt
is the editable lines of code which capture théohysof how the model was drawn.

# Nautilus - GenerativeC V8i - (Licensed For Academic Use Only) \T\Eﬂ
i Jelalalslslzlsl B~ B+ 2~ @+ @ 44 e ~ 0o <=0+ [= 0 v 2 G - AFit View -] ||
it ponents Y8i X| 1, Default Fles: |1 v

File gle Graph Tools Debug Help = = = = [] Expand Clipping Planes

basecsooFlane - @B D H @ Ba|@ e
A R G AR |

Display complete. o | & Default [

Fig.4.2. Interface of GenerativeComponents (Ver§igri1.05.36)

3 AEC - Architecture, Engineering, Construction
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Feature structure

The core GenerativeComponents design framework4Bipresents fundamental geometry types and
operations and related measurement operationssi§rtir can use these to generate special components
and compositions of such components forming a cetaglesign configuration. In parallel, an engireser
use the fundamental measurement operations probigléte GenerativeComponents framework to read
the design geometry. The GenerativeComponents frankecan also be used to build evaluative tools
which can address key issues of building perforraaknally, the design geometry can be reinterprete
from the perspective of digital fabrication.

geometry

curves, surfaces, solids

measurement
length, area, volume
evaluation
cost, energy, circulation

Fig.4.3 GenerativeComponents design framework

design application

configuration, components

fabrication
flat patterning,
CNC robotics

GenerativeComponents consists of a rich set ofgfireetl geometric types and relationships, whichlzan
combined and used by the designer to capture newe aomplex geometric relationships and operations.
Rather designer can extend the tool set with his oser-defined, rule-based, project-specific fesgur
Feature modeling is parametric embodiment of “dogpteat yourself” methodology of computation. The
idea is to create a few components and massively déipem over scaffold geometry.

The function of “create user’s own feature” haverbapplied in the parametric model of cell-likedgri
structures: the hexagonal in-pack feature (Chap®R) — which was automatically applied to each
triangular grid on the entire surface — changirggghttern from triangular to hexagonal, in ordereiuce
the complexity of topology; and the fractal hexadeature — double-up the selected hexagonal grid by
filling in smaller hexagons. (Chapter 6.3.1)

Instead of using the GCScript, features can alseriiten in Visual Basic / C# and integrated into
GenerativeComponents as a dynamic link library)(fik. This gives a large space for investigateltin
functional modeling process in the programmablérenment by GenerativeComponents. One example is
the ‘rcghull’ plug-in (Chapter 6.4.2) — which wasead to generate Delaunay triangulation and Voronoi
Diagram, by building up an interface between mesh ‘Qhull’ and GenerativeComponents.



49

4.2.2 A general case study

This case studywas done to illustratetgpical modeling processwith GenerativeComponents.

The primary structure is a lattice shell built bgedwork, with a conceptual shape of ‘Nautilus’r Ease
study, limited variables in the parametric desigremaken into account, and the consideration waslyn
based on the structural functions.

Fig.4.4 The geometry (Surface) was basically deffiag
Path by spiral curve in golden rati@gd and Parabola thrust lines along the pa&iheen)|

Fig.4.5 Surfaces showed by the construction lines:
Main variable of the structural form was the slop¢he vertex

Fig.4.6 Decompose the surface into structural corapts [Steel Lattice Shell]

Fig.4.4-4.6 shows a 3D modelf a surface constructed using cross-sectiondtalgmoints/curves, which
in turn have been created on planes defined orapyi@piral curves (Boundary and middle curves Red i
Fig.4.4). Overlaid on the surface are a 2D arrgyaifits Uniformly/parametrically spaced in the spat
the surface, and then overlaid on the points aerias of quadrilaterals. This configuration migggresent
the design of an ‘idealized’ roof surfaces whichsirtue panelized into fabricatable sub-components.

In this model the following variations are possil{s) the boundary curves — including the outeraipand
inner circle - can be change (Fig.4.4) (B) the slopthe Parabolic vertex can be modified to imprthe
shape (Fig.4.5) (C) the number and spacing of tlteppints on the surface can be defined in théasar
2D parameter space (Fig.4.6) (D) various alteredtacing’ option are available to use the poinstioe
surface to populate either planar or non-planadgladerals panels or triangular panels (Fig.4.BisTs a
system of geometric relationships. It is unlikéipt the designer can define and manage theseoredatps
without some computational support to externalizé @ecord his design intent in an editable and re-
executable form.

* The conceptual structural form with a Nautilus shape was abstracted from the author’s previous design assignment
“new pavilion for the Mekelpark, TU Delft”, 2008
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u Symbolic Diagram [
PR R

Fig.4.7 Symbolic diagram of the 3Dmodel

Fig.4.7 show the Symbolic modelwhich externalizes and presents these relatipaghian explicit
graphical firm. This is a system of ‘multiple repeatation’, in which for each component of the niode
there is a direct correspondence between the grapli symbolic representations. The designer can
observe and modify these relationships by locaticgmponent of the model either in its 3D graphical
form (in the 3D model) or in its symbolic repressitn (in the Symbolic model). A component can be a
explicit geometric element with a graphical repreaton, such as a point, plane, curve, and surfautil.
Alternatively, a component can be more abstract) s1$ a variable, expression, conditional statenoent
even a user defined script. It may not have a gcaphepresentation, but nevertheless it still cbnte to
the logical system of relationships which will rkso some geometric expression.

Fig.4.8 Parabola thrust line defined by Mid-Curve anedetermined Height (Left); Law-Curve (Right)

The 3D model showed in Fig.4.4-4.6 with explicintol points, used to define and manipulate the
dependent curves and planes, using familiar teciesiof ‘direct manipulation’. Sometimes designers
maintain relationships which are essentially geoim@t nature, but the controlling geometry is not
necessarily of the same dimensionality as othezcspf the design model, and may not be definglden
same ‘model space’ as the resulting design. Inetkésnple, the main surface model is defined in 3D
geometry. However, the profile (or ridge lines}hit surface can also be defined in 2D, independftite
main 3D model. This would be as if the Mid-Curvég(E.8Left) was unfolded to be a line; the height of
each parabola thrust line was defined by its panaenelue (position) along the Mid-Curve. This dam
achieved by using a ‘Law Curve’ model (Fig.4.8 R)gl Law Curve is essentially a geometrically defil
‘function’, which returns values for Y (the depentigariable) given a range of values for X (the
independent variable) and a curve that definesdla¢ionship between X and Y. In this case, theieslof
X represent the distance along the Mid-Curve ardsdiues of Y represent the vertex of the parabolic
thrust line.
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Fig.4.9 Assembly the components (quad-polygon); Cafidhe polygons shows the put-of-plane level

Design is not only about specifying and evaluathgresulting configuration, but also anticipatirayv
that configuration can be materialized. The nomatajuadrilateral panels are a case in péiigt4.9
Fabrication Plan showed how the array of panels can be unfoldedarsteries of planar strips, with each
strip having an external cutting profile. The captcl design for the structure was a steel Lattogcture
with glass facade, and a quad-pattern was usetsicdse, thus a checking if the out-of-plane lefehe
each quad element is acceptable for the brittlenzdt(glass) is necessary. In Fig.4.9 the coldhef
polygons shows their out-of-plane level. Besides fabrication plan, the choice of lines color thoe
cutting and scribing lines can be defined to m#étehpower setting of a standard laser cutter.

Summary of the Case Study
1 _Advantages of the strategy

The significance of this example is that it showsvhihe designers can achieve two important advances
(1) Design their own design tools (and createdhis GUI - Graphical User Interface) and (2) Formeli
and externalize their design process, in a fornthvis understandable, editable and re-executable. S
having defined this process, the designers caroexphriations within the solution space, not imsaigid
parametric way, but by using an intuitive procefSslioect manipulation’ and ‘hand-eye coordinatiofihe
whole process was intuitively controlled in dynasniénd at the same time the designers can be ¢ctoder
materialization of the design than at any stageesihe craft era. To arrive at this combinatioinédition
and control, the designers have to be skilled énldlgic of design, in order to define and refine domplex
system of geometric, algebraic and logical relaigps which is the essential foundation of thiscpss.

2_Design exploration & structural optimization

In this case study, the GenerativeComponents nmsdaetated using two main scripts: the first caniteg
variables written to help define the base geomatiyto provide the ability to test alternate geasinet
configurations during the structural optimizatidndies — shape optimization; the second written to
generate the typical/standard lacing configuratisrgeometry — to discrete the geometry into strradt
elements. This provides the flexibility to change tnternal lacing options.

Data exported from the GenerativeComponents modslugsed for optimization studies of the steelwork
members, which investigate a large number of s¢pa@eometric configurations. The alternatives ssidi
included changes in the height to span ratio ofitiel profile at each cutting slide, changes tddbing
type & size, and a combination of both — which Heglin an initial study of several separate geoinet
configurations — three of them are listed below:
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Abstract from the structural analysis results

Load case: self-weight only
All models were assigned the same cross-sectionégleprofile

Modal Analysis — Buckling load & buckling shape

Scale: 1:400,0 Seale: 1:400.0

Defarmation magnification: 2,000 Daformation magnification: 2,000

Case: A2 Task 2 : Mode 1 Case: A2 : Task2  Mode 1

Mode 1, Load factor. 7.733 Mode 1, Load factor. 2571

Static Linear Analysis

Beam Derived stresses - Von Mises Stress

- 48,70E+8 Pa
40,03E+8 Pa

33.38E+8 Pa

26,69E+8 Pa
20,01E+8 Fa
13,39E+6 Pa
B.67T1E+E Pa

0.0Fa

- 2000, Nm
1420, Nm

2671 Nm

2867 Nm
2857 Nm
-857.1 Hm
1428, Nm
2000, Nm

Height [m] 4-~4 4~10 4~15
Total weight [kN] 413.82 462.39 516.41 indels

With the parametric model, the ratio of height-span be explored to build up a good structural form

For structural engineers, using GenerativeCompesneart give them the abilities to create and ralibma
the geometry and eliminate errors that might refsofh manual modeling methods; to quickly regereegat
number of different geometric configurations usedthe optimization studies — which can yield atcos
effective and efficient structural design.
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