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Abstract \

Abstract

Explorationand optimizatiorof different designs inspired maturally existingormsand patterns
together proving those structures being structurally stable is a continuous and iterative procedure.
Manual approactso theexploraton of any type of structu@etime-consuming and could lead

to erroneous solution©n the other hand, ¢hparts of the structure, for example, metal sheet
panels that form the shell structure is expected to be efficiently manufactured, i.e., theofutting

panel geometry should be wplannedo avoidhighermaterial wastages.

Evolutionarys ol vi ng techni ques develntwaaboluboasesres on I
as an incredible method helpful for the exploratom optimizatiorof designs. Therefor¢his
research study focusses merely on two main objectives, i.e., oneedir@woards tle design
exploration of shell structurproving to be stabland the other direetl towards theefficient

manufacturing of metal panels that form the shell structure.

The mathematical formulations for developing a shell surface in the form of algorithm is
extensively inspired from the plestoric ideas of shell surface developments and Voronoi pattern
available in the naturaxistingsurfaces. The manufacturing teaures of metal sheet panels are
also understood before applying the genetic algorithmdaoel packing.

Chapter2 of this research study explains the concepts for the generation of NURBS which are
required for the generation dfe free form shell surfacalong with the concepts on Voronoi
tessellation and its relaxatiomhe practices in metal sheet fagcade manufacturing are also

explained.

Chapter3 presents the iniementation of the concepté desgn optimization of free form shell
structure in Grasshopper using the genetic algorithm. Besides, the genetic algorithm is applied to

obtain the optimized panel distribution in an assumed metal sheet area.

Chapter4 presents theesults for the implemented algorithm for both the objectives of this

research study.

Chapter5 presents the conclusions amuatlook of the research study.
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Introduction 1

1 Introduction

1.1 Motivation

In the past decade, freeform architecture has enormoushakenthe constructionsector all around

the globe Architects are engaging to reveal new and complex ideas of design inspired by the patterns
availablein nature Meanwhile, this inspiration ihfienced the construction engineering division to arise
with lightweight, structurally stable and economical structures. The novel thoughts of architectural and
civil engineering fieldswere stimulated by the transformations considerezbncerning science,

innovative new materialgligitalizationand manufacturing procesgts

Figure 1.1 explains the evolution o$tructural systemsver the years, i.dorms of architectual
structureduring the starof civilization to the current trends of digital fréerm structureslt canbe
noticed that the weight of the structure from the beginning has tremendously changed into lightweight

structureswith considerable changesstructural staitity (seeFigurel.2).

Besidesin the 20" century the digital reolution radically restructured different industriagheglobal
market Engineerobservedhebenefitsand expbredthe digital processes in manufacturing techniques
for fabricators and contractors. One of the biggest advantages was to control tHfactaang
information resultingn inaccurate material and cost estimates. This digital revolution was immensely
beneftial over the normative pracdswhich wereerroneousnd timeconsuming. This revolution also
helped the architects to study the diffier freeform structures with less manpower, material, money

and time.
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Figurel.1: Evolution of structural systems in tinfi23]
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Figurel.2: The BUGA Wood Paviliotj18]

1.2 The Objective of the Study
This research study includeso main objectivesandis briefly mentioned below:

1. Optimization of freeform metal sheetassembled shelétructure with respect to structural
stability

Althoughthedigital approaches are considered to be the most popular ones to find the different
freeforms and surface patterns on the structure,nthpualapproacksto prove tlosebeing
structurally stable is not easy anadaate. The manual appro@shof structurahnalysiswith a

large number of iteratiortgavingadifferent combination ofarying parameters and constraints

is time-consumingand hence digital methods of structural analgsesimportant. Therefore,
theoptimization techniquef genetic algorithm is considerealobtainthe optimunstructurally
stablefree-form shell structure witlvarying parameters.

2. Optimization of cell or panel distribution in full -scale sheet metafor an effective

manufacturing process

The metal sheet fagade manufacturing industryeenormousproblemsdealing with the
material wastages durirtge manufacturing processf facade paneler grid cell panelsThe
problem arises due to theequirements ofirregularly shaped panelby uncorventional
architectural designs. The placement of each irregularly shaped panels oscal@&inetal
sheet atheright position to have minimum material wastage is a great challenge. Hieace,
optimization techniquef genetic algorithm is considered obtain the optimized distribution

of cells or panels.
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1.3 Problem Statement

This research studgcuses on théllowing questions:

Q1. What are freeform shell structures and what are the background coneepieve those?
Q2. What geometrical aspectsalitbe considered to obtain highly aesthetic shell structures?
Q3. How can a structure be optimized with respect to structural stability

Q4. What factors govern the structural stability and how can it bevachie Grasshopper?

Q5. How metal shegtanelmanufacturing is carried out in tkenstructiorindustry; i.e., Laser cutting,

bending and joining?

Q6. Which optimization technique can be used to achieve minimum material wastagesthering
manufacturing pycess of metal sheet panels, i.e., what paemserve to produce optimum solution

for panel distribution in a full scale tiemetal sheet?
1.4 Organization of Thesis

The thesis iglivided intofive sections. The very first sectios the introduction which includes the
motivation behind choosirgspecific area of research. This section also inchtkde research questions
which are explored in this case study. The second sectthe ¢®@nceptual hdground which is split

into sevenparts, thebackground on all the concepts that are utilized to peethee algorithm of this
research worland aheoretical framework for the respective caseisgi@hethird sectiorcorresponds

to the methodology forthe optimization processwvhich includes detailed step by step explanation of
two algorithms referringo structural stability and manufacturing process respectiVély Resultand
discussion being the fourttection comprise of detailed analysis ofioas cases that demonstrate the
application ofa genetic algorithm for both the aims of this particuksearch work. The laskection

refers to conclusions drawn from this research work and future work that can be carried out to improve

the algorithm futher for various other applications.
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2 Background and Related Work

2.1 Freeform Architecture

The presene of different objects in natuwth avarietyof freeformsand patterngives greater options
for the architects to duplicate these ffeams into the civil engineering structurdhe free formsn
nature are the structural systems that contoralarge number of complex, irregular and agriform
forces acting on it. It is stated that throughout the years of evolution it attemptsitaizai material
and potential energy in the syst¢2h. Free form buildings @& defined as buildinghapes with double
curved shapesvhich donot feature repetition of elements and of whichghape is not structurally

optimised3].

The method of obtaining such natural forism&nown agheform-finding process. The forifinding has
classical and modern definitions. In the former case, the process ofifialimy is the relationship
between the form and forces which are under static equilibrium all over the structure.tBetaiter
case, the from finding process invohadescription othegeometry and theidentifying an appropriate

architectural ad structural shape.

According toresearch on Computational fofiinding methods for fabric structufé], form-finding is
the process that determines the surface configuratiarfabric structure under psiress. There al@
variety of numerical methods to find the forms based on the different variabléiseambst common
methods are the transient stiffness, forced density, and dymatai@tionmethods.Although these
appraches have different numerical methods and tedhé;h involves iterative computation process

to resultin a shape that is in statgjuilibrium.

In thisresearch studyhe formfinding processs carried out byising optimization techniquegenetic
algorithm to obtain thedesiied form of a shell structure having Voronoi pattern by settliftprent

limitations in theparameters such as the height, width, length etc.

2.2 Shell Structures

2.2.1 Historical Development
The early intuitive ideas of developing shsffuctures began at trend of 17 and at the
beginning of 18 centuries, where the forfinding of the structure were carried out by many

processes to obtain the efficient structures.

Antoni Gaudi emerged with an idea that when a flexible rope hetd@mextreme ends is

allowed to suspend along its seteight[5], i.e.,the catenary shape tie rope due to self

weight suspension represents the state of equilibrium in the rope which has tensile forces.

Catenaryrepresents the state of the minimal possible potential energy migthd he catenary

can be described mathetcally by a hyperbot cosine functiorfi]. It holdsa parabolic shape
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when it adjust itselfthroughoutthe chain due to a constant unifotoad. Therefore, Antoni

Gaudi made this catenary rigid and inverted about its supports to form an arch or a thrust line,
only normal compressive forces occur within the camsion The thrust linecorresponding

to an gplied uniform load is a quadratiarabola, it is approximately also that of a dead load

of an arc with a constant cressction.Antoni Gaudiusedthis concept in structural design for

the crypt of the Church of Colonia Guell, Sa@@oma deCervellonear Barcelona.

1

S (D LA FLAY H‘-;l,n.i"'.' U
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Figure2.1: A Hanging model of Gaudi Figure2.2: Model of a ruled surface, also to b
reconstructed bg team from Stuttgart, based seen in the museum of the $ada Familia. Photi
Frei Otto and Tomlow, scal@he model is nov Silke Scheerer

in the museum of the Sagrada Famifihoto:
wiki.

For the Sagrada Familia, Gaudi created a hanging roodsisting of wire chains amwgeights

They representhe main supporting linklConcer ni ng Gaudibhe diligreei ew of
branches of the column hasg which merge int@arabolic arches, in corimation with the

special lighting concept lend the building a unigueninosity and aesthetics. It is also
interesting tonote that Gaudi mainly used ruled surfaces. These doubled surfaces have

the advanage that they can be created by straight lir@snstruction began in 1882 and

continues to this day.

Later in the year 195(@Bwiss engineer Heinz Isletilized physical models to create a three
dimensional surface with the method of hanging models fdine the structure assumed was
an incredible achievement by Isler. These models when inverted or flipped along the supports

led to a freeform shell strture involving compressive forces.

2.2.2 Types ofShell Structures
When designing a civil engineering struetpit is foremost important to understand the flow of
forces and choose appropriate materials for -loeafing actionsThe definition of shell
structue represents that it ia type of building construction which has thin, curved plate
structures shapet transmit forces by compressive, tensile and shear stresses thathact in
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plane of the surfacelhe thickness of the shell is very small in comparisoth the other

dimensions.

There are different types of shell structures as mentioned below;

A Shell Barrel Vaults A Thin Shell Stuctures
A Multi-Bay Barrel Vaults A Thick Shell Stuctures
A Corrugated Barrel Vaults A Shell Dome

A Saddle shell A Gird Shell

A Hyperboloids of Revolution

Figure2.3: TWA Terminal in 1962 (Example of Thin Figure 2.4: Sydney Opera House in 19t
Shell Structure]/] (Example of Thick Shell Structur¢g]

Based on the engineering concepts developed for the shell structures, this research work is directed
towards applying these developed consépito modern methods of the optimization process to achieve

an appreiably aesthetic structure with proof of being structurally stable. Therefore, modern
optimization method of evolutionary algorithm known to be a Genetic algorithm is used and is as

explanedfurther.
2.3 Generation ofNURBS

The term NURBS (Notniform Rational Basis Splines Surfaces) was derived by the principle
developed byPierre Bézier, and Paul de Casteljdar the polynomial representation of curvds
understand the mathematical foraibnsfor thegeneraibn of NURBS, it is necessary to go through a

few basic ideas about the splines and its forms.

2.3.1 Introduction to Splines
Splinesare piecewise polynomial curves, which are easy to construct, accurate to evaluate and
canapproximate theomplex shapes through curve fittinge., a spline function consists of
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polynomial pieces on subintervals joined together with certain contirantjititons.The points

where the segments connect are callgtthe knots of the spline.

2.3.2 MathematicalForm- PowerBasisForm of aCurve
Considering available points ag, xi, X2, X3, énholdsga condition X< x1 < - - - < %. In
additonconsi dering an integer value k O 0. Then,

Xo, X1, X2, Xa, énjs a function S such thaf:

(MDon each interval [xiT1,kxi], S is a polyn
(2) S has a continuoug&1( 1)* derivative or{Xo, Xx].
Here, S is a piecewise polynomial of degree p having continuous derivative of all orders up to
(k-1).

1 A spline of degree br linear splings represented as follows;

o n o O odh ool h
PN ® O oOoh oo h
Yo o 8 (Eq.1)
Iy 38
(3 38

¥ o O och ofo

where, a = ¥< X1 < ... <X = b, the linear spline S(x) is a continuous function that
interpolates the data and constructed from linear functions that are itpoint

interpolating polynomials

Figure2.5: Spline of first degree
1 A spline of degree 2 or a quadratic spline is represented as follows;

Lo o 0w woh oiolo h
RO O O oowh ofolo h
Yoo 8 (Eq.2)
Iy 8
Iy 8

v O oo ooh oo
where, a=xo<x1<...<X%=Db, the spline S(x) is a continuous function that interpolates

the data and is constructed fr@ecewise quadratic polynomial functions.
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1 A spline of degre& or acubicspline is represented as follows;

PR IO I & Qe O Qoh ofohdh
phHh O O 0o O Qah efehdh

Yo o 8 (Eq.3)
'y 38
v 8

M ® O oo oo Qoh ofo W

where, a=¥<x1<...<X%=Db, thespline S(x) is a continuous function that interpolates
the data and is constructed frgniecewise cubic polynomial functions Figure?2.6,
the black points witlstraight lines represent the control points with which the curvature

of the spline can be controlled.

Figure2.6: Spline ofthird degree

2.3.3 Non-Uniform Rational BasisSpline Surfaces [NURBS]
As the Power basisurves are unnatural for interactive shape dedgfizier curves were
developed as a mathematically equivafentn, yet more suitable for geometrimodelling i.e.,
manipulationof the shape with the use @tomputerAs per[2], the problem of generalization
of Béziersplines to create nemniform, rationalB-Splineshelped intathe generation dlon-
Uniform Rational Basis Spline surfaces,NURBS surfacesThe generation of NURBS as

carried out as mentioned bel§9y:

The general form of arfrdegreeBéziercurve is:

Yoo 6 @0 Tt ® p (Eq.4)

Bézierintroduced two important ingredients suchPagvector of control pointsand a basi
functionB;n(X). TheP; is represented over coordinates in sgace(X, Yi , z) and basiunctions
are known as Bernstein polynomials of degree n

A .~

0p @ —Z——®p ® h o p (Eq.5)
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Figure2.7: 39 DegreeBéziercurve[2]

As seen in the figure, the 3ogreeBéziercurve include$?, P:, P, andPs represent control

points, and the polygon between them represents the approdisheatge of the curvandis
represented hy

30 20 o 20 o0 @0 @0
P @ P (Eq.6)

RationalBézierCurves The concept of weights was introduced, as BézierCurves cannot
be used to precisely represent conic sections ¢lilades, ellipses, hyperbolas, spheres, etc.)

using polynomial2]. If thereis a weight vector {\§, the ri" degree rationaBéziercurve can
be expressed as:

(Eq.7)

Wi =2 W1

W |I| p
Figure2.8: Circle arc, defined using weigHht2]
A simple quarter of a circleseeFigure2.8) is representelly afactor (a numbr) that will pull

the curve toward the control poiftence named ageight), thughese weights help in additional
control forcorrecting the curves.

B-Sgine Curves To generate the-Bpline curves, there is a need for combiningpBne Basis

functionwith n Béziercurves into one expression

Yo O0p @0 M & © (Eq.8)
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where,P; is a control pointvector and Nip(X) represents pdegree BSpline basis functions,

defined over a specific nonperiodic (and aoriform) knot vectoiX:

8 AsdAw o hAFEEA
(Eq.9)

The definition of " B-Spline basis function of-degree (order p + 1) over a knot vecXor

{X1, ... Xn}is expressed d9]:
5o P N0 »w
™ n £®NI 0N Q (Eq.10)
w W o, . W W, .
0p @ ——0yp ®w ——mF0 75
h ® o " ® ® n (Eq.11)

Rational BSpline Curves and SurfacédURBS curve of | degree is obtained bgtroducing
rational functions andeightinto B-Splinesas introduced previously iationalBéziercurves

is as mentioneblelow[9];

B 0 wx (Eq.12)

where, Pi, wi and Nip(X) representontrol poirs, weights and a ' degree BSpline basis

function respectivelyover a speific non-periodic and nomniform knot vectoiX.

Generatinga NURBS surface is carried out by includiagother parameter v for the second
direction, together witlits B-Spline kasis function and its knot vectoh NURBS surface of
degree p in u directioand degree g in the v direction as a piecewise rational polynomial
functionis representetly the following equatiof9];

Sefy —— " B RE g
B B f f H P (Eq.13)

where, P;j representa network of control points in two directions (i, y),; represents their
weightsand thé respectivenonrational BSpline basis functions in two directioase N; p(u)

andN; q(v) defined over two knot vectors U and V.
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2.4 Voronoi Diagram

24.1

2.4.2

Introduction

Thisis a unique method of space decomposition, which was invented over 100 years ago by a
professor at théJniversity of Warsaw known as Georgy Voror@i. It is also known as
Voronoi decomposition or Voronoi tessellation. As [i€)], Voronoi diagrams are a method of
spatialdata interpolation into polygons around each point in such a way, that each location from
the area surrounding a given point is closer to it than to any other PoaY/oronoi pattern is
available inseveralobjects in naturerigure2.9 shows the availability of Voronoi pattern in a

leaf and wing of Dragonfly.

Fiaure2.9: Voronoi in Naturd241 and[25]

Concept ofVoronoi Generation

A typical Voronoi tessellation created on a 2D surfacé wiset of points distributed randomly
(Voronoi seeds) is as shownhkigure2.10.There is a set of points P =i{jm,, € pn}in a plane.

With the help of Euclidean distance measurement, the distance between the two points is
measured, i.e., the distance of each point from other points is measured amidtthelpsest

to a particular point belongs to that specific point/Sitee bisector line is drawn at the centre
position of the distance measured between the points. Thus, these bisector lines form borderlines
between the cells forming Voronoi diagram. It can be noticed thahe average number of

edges of a Voronoi celsiless than six.

2%
&

Figure2.10: Voronoi Diagram for irregulgpoint distribution2]
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Also, the Voronoi pattern can be generated in different forens,t is possibléo be generat
as a grid shell by placing the initial seeds at requilisthnces. Some of the possible Voronoi
patterns that can be generated are the triangular, quadrangular, hexaagpdtigli(e2.11) and

the combinations.

Figure2.11: Voronoi diagram for regular distribution

2.4.3 Properties of VoronoDiagram
1. Each point on andge of the Voronoi idgram is equidistant from its two nearest
neighbours. A circle can be drawn at the point (being the centhe oircle), where
the three Voronoi cells intersect (Voronoi vertex) and this circle passes through the

three points or site Also, this circledo not contain any other sites in its interior.

Figure2.12: Circle passing through three sites

2.1 f there are o6nd6 number of sites, then t h
n facesThereforet he number of Voronoi vertices is
edges is at most 3n T 6.

2.4.4 Types of Algorithm
There are many ways to generate the Voronoi pattern such as the M(afiagn) time
algorithm, which works on the principles of bisector halfi\es However, there are much more
efficient ways, which run i©(n log n)time. The convex hull can be extradttrom the Voronoi

diagram inO(n) time, it follows that this iasymptotically optimal in the worsise[2].

. Fortuneds Swe eSteven Fontene develgped ain aldgonthm that creates a
Voronoi patternO(nlogn) time usinga sweep line method rather than considering
distances between the various sites. It is a method elajgrnga Voronoi pattern by

sweeping a horizontal line on the plane consisting of some random. points
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Figure2.13: Fortune's Sweep Line Algorithfg]

The method includes a straight line which is known as the sweep line that moves
forward fromleft to right in the above case as showhigure2.13. Considering a very
simple examplef having three sites. The parabolas are generated which defines the
curves formed by the points that are at equal distance from the Bneend site. A
curve is formed by erasing the curves beyond the points of intersection of parabolas
(See beachline)The blue line representhe emerging Voronoi diagram and the red
point represent the Voronoi vertex created due to the three sitesprobess is
continued until all the sites are swept.

Delaunay triangulationlt is defined by the terms of an empty cinacircle property

for triangld11]. It is a unique circumcircle which passes tigh the three points or
vertices of a trianglei.e. the points of the triangle lie on the circumference of the circle
as shown irFigure2.14.

Figure2.14: Points on Circle
Constering a finite set of points in P and if ttiecumcircle of every triangle is empty,

d.e, when there is no point of set Pz{,xsXs,Xs5XsX7} in the interior of the
circumcircle then, it is known as Delaunay triangulationthe below example it ca

be seen that circumcies of all the riangles are empty.

X x3

\ -4 x2

I x1

Figure2.15: Circumcircles drawn from Figure2.16: Voronoi diagram by Delaway
different sites triangulation
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There is apneto-one correspondence between the bounded cells and the vertices of V
or (P) that makes its dual grapibelaunay graph DG(P). Nodes of this graph serve as
sites for the Voronoi diagram and it has an edge between twevhitgsis common to

both the #ges SeeFigure2.16). Following the smple example of set ofeight points

P, where the points represent sites, dull lines representing the Voronoi diagram and bold
lines its dual graph, the Delayn&iangulaton. This method of creating triangulation

was invented by, and named after a Russian mathematician Boris D¢§&unay

Some of the characteristics of 2D planar division are as follows,

1 No twoedges ever cross each othéris a plane graph.

1 The circumcircle of any triangle in a Delaunay triangulation contains no point of P
in its interior.

1 Every Delaunay triangulation of P maximizes trsmallest angle overall
triangulation of P.

1 Each vertg has on average six surrounding triangles

The methd with which the Grasshopper component creates the Voronoi tessellation is based

on Delaunay triangulation and it is therefore used in the research work

2.4.5 VoronoiPatternRelaxationL | oy d o6 dm Al gor i
Lloydbs al gorithm i s one ohemes forecompuisgtthe pentpidal a r
Voronoi tessell ations. As pL2],r Centradal eVaronoih on
tessellations (CVTs) are Voronoi tessellations of a bounded geometric domain such that the
generating points of the tessellations are also thaids (mass centres) of the corresponding
Voronoiregions with respect to a given density functibis stated that evetyme a relaxation
step is performed, the points are left in a slightly more even distributéorclosely spaced

points move fether apart, antroadlyspaced points move closer togefthaf.

Theagorithm ainsto bring the centroslof the Voronoi cells and points of the k sites position
closeto each otheby therepditive procedurelt starts by consideringeverak points or sites
as mentioned in the abogection2.4.2to create Voronoi pattern, .i.e., randomly distributed

points that are used to populate the surface.

1. Once the centroids of the created Voronoi cells are calculated, these centroids act as
new sites for the cells and hence new Voronoi cells areecteat
2. The above step is repeated until the centr@mdains in the same position or there is no

considerable change in the shape of the Voronoi cells.
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A test example below showslaxedVoronoi pattern created with 20 sité&here red cross
represents the iginal sites given to create Voronoi pattéon that particular iterationGreen

cross represents the calculated centroids of cells in each iteration.

x =\ ' % ™\ )
'./” ’ ‘I-. * .I" * : * ’_’,, ” \- * _EI\ * *
ML ss.-w“‘" 3\
Figure2.17: Iteration 1 Figure2.18: Iteration 2
% 4 . % t 2N ® ‘ *® ®
*/"i/* ‘*ﬂ . x.. *\ T
x| ®, %\ * ®
‘ * | . | - ™ ‘ A
| — ® /S . \ ”®
P I e ® [ x ’ x | %

Figure2.19: Iteration 7 Figure2.20: Iteration 4%Algorithm stopped)
It can be noticed ifrigure2.20, the Voronoi tessellatios relaxed with subsequent proportional
cells in comparison with the cells in other iterations (Sgere2.17, Figure2.18, andFigure
2.19). Thus, repositioning the centroids bdon the Voronoi cells helps in genemgta better

pattern that can be utilized for further applications.
2.5 Practicesin Metal SheetFacadeM anufacturing

According to the Fractorfl4], the followingmentionedor near tosimilar practices are carried out in

the market to produce regular metal fagade panels based on the raw data given. One of the ofain aims
this research work is the optimized cutting pattern for metattsimanufacturing and hence it is
necessary to understand the current practices of cutting in the manufacturing industry. As per technical

details, there arévie main methods of the metslheetcutting and are as mentioned below;

Cutting
|
I | | | I
Laser Plasma Flame Waterjet Tube Laser
Cutting Cutting Cutting Cutting Cutting

Figure2.21: Types of cutting practices

It is stated that the® cutting technologies allow greater flexibility, accuracy andjtagity cuts for both

simple and complex shapes. The materials that can be cut using thesgutscéure carbon steel,
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stainless steel, aluminium, brass, copper and titanium. The lionitafi using a specific cutting

technology depends on the thickness of the material coadidethe project (s€Eable2.1).

Table2.1: Characteristics of cutting technologies

Technique Material Limits
Carbon Steel <25 mm
Stainless Steel <30 mm
Laser cutting Aluminium <30 mm
Copper Alloys <12 mm
Carbon Steel 50 mm
Plasma Cutting Stainless Steel 50 mm
Aluminium 40 mm
Flame Cutting Carbon Steel 150 mm
CarbonSteel Up to 300 mm
Waterjet Cutting Stainless Steel Up to 300 mm
Aluminium Up to 300 mm
Carbon Steel 12 mm
Tube Laser Cutting Stainless Steel 8 mm
Aluminium 1 mm

When working witha higher level of details, it is necessary to detail the joints of the metal sheets,
berding angles etc. hence, to obtain the correct angles of bend in the metal sheet assembly, there should
be a proper match between the data obtained from the 3D drawing and the panels cut on the metal sheet,
i.e., there should be a data signifying suffitioffsets and complete bending lines corresponding to the
position of the sheet in the structure. Therefore, understanding the type of bending techniques is

necessary and hence a brief explanation is mentioned below;

Bending
|
| | I | [ |
. . i ! Step Roll Wipe Rotary
V-Bending SRERIE Bending Bending Bending Bending

Figure2.22: Types of bending practices

The most common type of bending hatque is the “ending, which has three sgboups (i)
bottoming, (ii) air bending, and (iii) coning. It is stated that 90 percent of the bending ¢asidd out
using air bending and bottominghe amounbf force or tonnage required depends on khekhess of

the material used and the inner radii.
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- - V - die width (mm)

Figure2.23: (i) Bottoming, (ii) Air bending, (iii) Coning
It is stated that carrying out bending with the abmentioned techniques need to be accounted for
bending sprindack. It is nothing but natural spring back dogertain angle when the materthht is
being benis withdrawn fromtheload. Hence, to overcome the error due to spring back, the angle of
bent is added with the sprifmack anglego achieve the desired angle ($égure2.24). The bending
radius also has coidaerable impact on the sprisizack effect and it is therefore mentioned that larger
the bending radius greater the spring back effect and vice versa.

Figure2.24: Springbacleffect
Based on all the above méned basic ideas about bending and cutting, this research work is being

carried for metal panel distribution fadow level of detail representing only cutting geometry and no
assembly and bending technigaestaken into conigleration due to the linted scope of work in this

area.

2.6 Genetic Algorithm

2.6.1 Introduction

A genetic algorithm is a search heuristic technique that comes under probabilistic methods of
optimization that rely on random selection factors and probabilisticidacilt isa method thatis
developed based on the naturally observed phenomena. It works on the basic principle originated from

Nature and its selection method influencedby ar | es Dar wi nds theory of na

According to[15], life was sustainedhrough the reproduction of the first amoebas. It means the
reproduction process is nothing but theltiplication process. Small randamutations started resulted
in combination with the environmeahdwereresponsible for the creation of unique individu&lsme
individuals survive for a longer time and some for the shorter time and this is basew dit &

particular individual isThis process is being carried out in naturddte.
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2.6.2 Concept of Genetic Algorithm

Genetic algorithm is a randelma s e d classical Mhe basit wotkingopringipley al g o
of Genetic Algorithms has one to oner@spondence in the form Gfenerabn, Selection, Mutation

and CrossovelThe process of natural selection stavith the selection of fittest individuals from a
population.Theoffspringare produceavhich inherit the characteristics of the parentswiticbe added

to the next generatio If in case, th@arents have better fitness, their offspring will be better than parents

and have a better chanoé surviving. This procesgontinues until a generation with the fittest

individuals will be found.

There are five phases thegenetic ajorithmand areas mentioned beloyL6];

A 4
| Fitness Function |

Mating_ Pool|

Y

| Parents Selection |

y
Crossover

Mutation

Offspring

Figure2.25: Five phases of genetic algorithm
1. Population The set of individuals considered, which represenisssible solution for a

problem that need® be solvedin other wordsthe GeneticAlgorithm works on a population
consisting of some solutions where the population size is the number of solutions. Each solution
is called individualand eery individualis characterized by a set of parametaersvariables

known as Genes§enes are joined into a string to form a Chromosome (soluBorgry values

are usedgstring of 1s and 0s) for encoding the geneth@chromosomeEach gene has two
properties (i) representdts value (allele) andii) representingthe location (locus) within the

chromosome which is the number above its value.

Gene Location

Al 0 0 0 0 0 0 Gene Value
A2 1 1 1 1 1 1

A3 1 0 1 0 1 1 li4t———— Chromosomes

A |11 lo 11 ]o

<«—— Population

Figure2.26: Definition of population
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Each chromosome has two representations;
()  Genotype: The set of genes reprasgnthe chromosome.
(i)  Phenotype: The actual physical representation of the chromosome
2. Fitnessfunction The fitness function determines how fit an individualnisomparison with
theother individualsThe result of the fithess function signifies the fiaealue, which in turn
represents the quality of the solution. The higher the fitness value the thighgualityof the
solution There are various kinds of fitness functions based on the objectives:
a. Single objective fithess function
b. Multiple objectivefitness function
3. Selectionln this steptheselection of two individuals is carried out based oir fiteess score
or quality of the solution. It is stated thalexction of the best individuals based on their quality
is applied to generatenown asamating poolwhere the higher quality individual hasigher
probability of being selected in the rimaf pool[17]. The selected individuals in the mating pool
are the parents and the generation of two offspring are the childremating of higkquality
individuals produces or generates increasingly higher quality individibaistheir parents.
Thus, eiminating lower quality individuals from generating lower quality individuals than the
parents.
Because the offspring generdtusing the selected parents have the same characteristics of its
parents. Thus, they may include the same drawbacks as pautiwets. Therefore, it shall be
noted that the offspring generated with higher quality as mentioned above is possible when some
changesreapplied to each offspring to create new individu@tee set of all newly generated
individuals will be the new popation and this willreplace the previously used old population.
Every population created is called a generatiod theproces of replacing the old population
by the new one is called replacement
4. Crossover:lt is considered to be the most significahtape in Genetic algorithm. Crossover
correspondingly generates new generasisrthat of natural mutationAs mentioned earlier
by mutating the old generation parents, the new generation offspring arrives with genes from
both the parents anthe numberof genes carried is random. It is essential to know that
sometimes the offspring carries half of its genes from one pareatatfdrom the other parent.
Also, the percentage of genes coming from each parent vary and it is completely random.
a. Single point crossover: In this case, a single crossover point is chosen randomly in the
chromosomes of selectédo parentsand genes arexchangedefore and after such
point from its parents. The resulting chromosomes are offspring. Thus operator is called

singlepoint crossove(SeeFigure2.27 andFigure 2.28).
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/(,‘rossover point

At [oJoJofo]o]o A [1 11 JoJo]Jo
AT

A2 1|1|1 1|1|1 ae [oJoo ]

Figure2.27: Exchanging genes between tw Figure 2.28: New Offspring

parents Al and A2

b. Twoand morepont 6s crossover: it certainly mean
havebeen randomly divided into two or more parts. Thus, having two or more crossover
points(SeeFigure2.29). A probability factor is introduced to controletewapping of
genes and to avoithe generation of the same parents agaims introduction otthe

probability factor is called uniform cramger[2].
Parent 1 Child 1
ofofofofofo]— [o]o]1[1]o]n
50% chance
T — ORI
Parent 2 Child 2

1‘1|1

Figure2.29: Uniform Crossover

5. Mutationt Swapping genes of two parents is sometimes not enough to explore the whole search
space, whih results iravariety of unexplored possible solutions and optimization process is in
danger of easily converging to some local minimum or maximum. Theredosgehgthen the
diversity of the population, an additional factor is introduced, known aationiThe nutation
is a change, or an error in a genoplaysa secondary role, and it represents a random alteration
of the single chromosome alleldésshallbe noted that withowt mutation, the offspring carries
all the properties of its parents. Bif there is a need to add new features to sifidpring, the
mutation is necessary¥he nutation occurs randomlgndit is thereforenot recommended to
increae the number of genes to be applied to mutalibe individual after mutation is called
amutant (SeeFigure2.30).

Before Mutation
A 11 frfofofo]

AS fftfrl“ﬂu1tat[i0r; [1]1]o0]

Figure2.30: Mutation Before and After

6. Termination The genetic algorithm terminates when the population has converged and does not
produce offspring witih are different from the previous generation. Thus, it signifies that the

soluton for a problems achieved.
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The optimizatiorwith the help ofenetic algorithm is used in this research work to arise with the stable
structurehaving Voronoi tessellatiorand isas explained irsection3.1.1and3.1.2 In addition, the
geneticalgorithm is also used for distributing and closely packing ttegjilar panels in the metal sheet

and it is explained isecton 3.2

It is also necessary to understand the current developments taking place in the reseanchndesig
construction sectors related to this research work. Therefore, the following two cases study helps in
understanding #aprocedures followed in each field before heading onto the preparation of optimization

algorithm in grasshopper.



Background and Related Work 22

2.7 Case Studies

2.7.1 The BUGA Wood Pavillion
Reference Reason: Integrative Interdisciplinary Process in a Project
Project NameThe BUGA Wood Pavillion
Location: Central summer island of the Bundesgartens20&@ in Heilbronn, Germany
Contributors:The Institute of Computational design and Construction (ICD) and Institute of
Building Structures and Structural Design (ITKE)niversity of Stuttgart, Germany

Dimensions: It spans 30 meters and ceagrarea 0f500 m?2

Figure2.31: SouthView of BUGA Wood Figure2.32: Interior and flexible event spa
Pavilion, © ICD/ITKE University of Stuttga © ICD/ITKE University of Stuttgarf19]
[19]

Inspiration As per[18], the BUGA Wood pavilion is a segmented wood shell structure inspired

by the biological principles found in the plate skeleton of shal dollars, scientifically

classified as echinoids. Isistated thathte e c hi n o i dsbells a® ergeranple efd
natureds hi ghl expleiting theos/ariationtof theeir geametty and shagéas,

optimizing material and energy usk addition,the sand dollars employ plastructureswith

interl ocking connepldtesons bet ween the shell 0s

Approach:The study was conducted by the different disciplines at different phases to produce
such a marvellous structure presented irFigere2.31andFigure2.32. The aim was to enable
the synergistic relationships between the different disciplines i.edetiedoping methods$or

managing the coordination across architectural desiggineerig, fabrication, and assembly.

It is stated that the processs carried outyodevelopinga& o mput ati onal t ool ba
Grasshopper plu. It is stated that the magoalwas toexpandhe scope ofligital models to

fabrication and constructioenablingall disciplinesthe possibility of checking architectural

definitions against thdinal production geometryand construction logistics aturing the

process
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Figure2.33: Multidisciplinary proces® ICD/ITKE University of Stuttgar{19]

1. Modelling technique: Agerdbased modelling was used toreate the planar
segmentation of the shetructure. The segments the fold lines of the archese
stated to be following more constrained, regular arrangement and their positions were
manually controlled. However, the segments of the shell’sapszid to berganised
with more freedom due tactively interactingagentscreating esmooth transitiorfrom

a rigid grid to a less constrainedgment distributian

Figure2.34: Structural studyl11]

2. Materials: Wood and the plates and the beams were made of lamina¢ed lenber
(LVL). It uses 45 m? of wood and the structural wooelements weigh 36.02 kg/m?2.

3. Benefits of using hollow cassettes or panels: The process involved transforming the
cassettes from solid plates to hollow, slicing each plate in half and emgedding of
edge beamd hus, improving the structuratability and t is alsomentioned thait can
reach a structural height of 160 mm with the same amount of material per square meter
of shell surface, reaching triple the span of a shell structureseiiti segments.In
addition, the cavities of t hpggosdaeulsticé s seqgr
minimize material consumption and weight, reduce weight, and grant access inside the

modules for straight forward esite assembly
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Figure2.35: Parts involved in a panel [11]

4, The rumber of cassettes: Three hundred and sew&@rtgassettesiumbered with
unique IDs.
5. Structural optimization: Information extracted for the structural dd&i@jrfrom digital

fabrication model includes geometry, material thicknesses of plates and lieagns,
orientation of the wood, arrangement of connection elements, and supEpests
studied during this step are as follows,

a. Influence of jont stiffness

b. Influence of joint tolerances

c. Comparison of construction systems: weight and construction height case study

d

Comparison of construction systems: maximum span

6. Fabrication process: Robotic fabrication procéssolved the following steps as
mertioned in theFigure2.36;

Figure2.36: Robotics involved during the fabrication process [11]

7. On-site assembly: It is stated that the erection process was carriedioeifatioving
three stages
a. Spine cassettes were assembled into six assemblies cirtia¢fs and joined to
three full arches with a connecting 'keystone,'
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b. The cantilevemethod of assembly was used for itmeer shell
c. Finally, the cassettesf the outer curvesvere connected to the open edges of the
pavilion

The study[18] states tht during the whole process there was a large amountarfation

related to different categoriesckuas geometric parameters, the topological relationship with
its neighbours, the final shapéits elements used for machining, the shape of its elements,
different production phases, static properties, material properties, environmental-agdiéfe

data, connection hardware and installation constraints, fabrication data related to the robotic
fabrication of the components, and information about the logistatshidis been exchanged
between different disciplines for successful completiothefrojed starting from the design

phase to construction phase.



Background and ReladeNork 26

2.7.2 Soumaya Museum

Referene ReasonRationalisation of freeform facades
Project NameSoumaya Museum

Location: Mexico City, Mexico

Contributors: Fernando Romero LAR and Geheghnologies

Dimensions: It covers an area of 17060
NONNRRR
N

Figure2.37: Soumaya Museum, Mexic Figure2.38: Soumaya Museum, Mexico ©Rafas
©Adam Weismarj26] Gamo [26]

This marvellous project involves facad®tionalisation strategy developed by Gehry
Technologies. According ta research papg?1], the strategy was carried out to mitigate the
tradeoffs between the project constructabilitg. having a low number of unique building
componentsand the placement of flat hexagompalnelswith perceivable irregularitiesf ahe
panelto-panel gapsn the complex surface of the structaithout compromising the aesthetics
of the structureThe complexity of designing, analysing and constructability ofpietelson a
surface with iregular curvature is stated to be a majballenge and the different process

carried out during the design and construction stages are briefly expaitihedfollowing,

It is reported that Fischer, Thomas suggested different rationalization strabemresdome the
high risk of panel fabrition economies during mass production. The three strategies
considered are as follows,

a. Prerationalization: Opportunities idecision making

b. Postrationalization: How to cope with the design consequences

C. Corationalzation: a hybrid strategy to take paeal decisions affecting the

rationalization of form together with the process of design.

The rationalization strategy was carried out by haiegrtain set of initial assumptions and
rules as mentioned below;
a. Maintaining a uniform gap betweenlsix sides of the hexagon panel system

b. Begin with a standard hexagon size dimension of 63cm diameter
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C. Scaling the hexagonal system from a diameter range of 63cm to 175cm
d. Grouping the panels into different families which in turn reduceauhgerof unique

panelsfor the fabrication/ production process

In addition to the above assumptipitss stated that the other two major strategies considered

in the prerationalizaton stage were

0] freeform space frame structure which acts as the panel positioning deviee and
supporting structure for aluminium panels avaterproofingpanelsand

(ii) The Master Design Surface (MD@psfrozenas a fixed design cgmonent to avoid
intermittentdesign and fabrication changes.

e useset

Figure2.39: Layers during constructid28] Figure2.40: Layers consideref27]
It is stated that during the process, there w@cerationalization strategies carried éoibbtain
the coordination datahich were unsuccessful due to the type of complexity in the Master
Design Surface (MDS)

® The conformal and isometric mappiragionalization strategy for panelling the doubly
curved surface was unsuccessful due to the reason that the surface was formed with
NURBS (NonrUniform Rational BSplines) digitized from a physical modklis stated
that the wrapping of 2D drawings of g layout over the complex NURBS surface
preservechdther the length nor the angle, as conformal mapping is suitable only for
the cylinder or a planar surface.

(ii) The second rationalization strategy was the mapping of Gaussian Curvature properties
onto theMDS. The mapping helps in obtaining areas on theaserfvith relatively low
curvatures.Since this approach allows wrapping of 2D patterns on the complex
surfaces, but it cannot provide the smooth transition between the areas of relatively high

curvaturedifferences.

Therefore, sphere packing or circle megshes rationalization strategy is stated to be considered
to obtain the panel, strut and node assembly coordination data for manufacturing and assembly.

The sphere packing rationalization strategyolags intersecting circles whose diametengeha
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the caresponding relation with the hexagon diameters. The circular mesh having intersecting
circles with certain diameter were constructed having consideration for the actual diameters of

the hexagon and tlgap between the hexagons as shown irfrthere2.41 andFigure2.42.

Figure2.41: Hexagons enclosed by intersecit Figure2.42: Hexagon diameter and g4p1]
circles[21]

From the circle mesh grid on the surface, the hexagonal patterns along with desiratkgaps
stated to be extracted. The other challenges involved was the correcting artafectedions

or areas with high curvature. Due to high curvature, the outpesedre stated to rose and
retracted from the initial position due aogeduction in the height of the panel$he correction

for the reduced height was carried out ushepostproduction process in which the initial step
involved was the identificatioof all the panels that required corrections. Further, a curve was
vertically passed through the points in the columns of panels starting from the top of the surface

envelope anghassing the boundary edge of the surface as shown figihe2.43,

Figure2.43: Vertical curves to stretch hexagd@4]
These curves are stated to be used as rails to pull the hexpgoald down until the vertical
and haorizontal dimensions correspond to each othethiegheight to width ration on éflegree
hexagon was used to calculate the amount of percentage required to stretch the hetkagon of
required height.

The belowmentonedFigure2.44represent the stretchingtbiehexagon on theomplex shape.

Figure2.44: Stages in stretchin@1]
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The final stage of the design involdehe reduction othe number of unique panels to avoid

high manufacturing costs. It is stated that client asked for 7 or 24 unique type of panels all over
the surface due tihiefact of major dallenges involved ialarge number of unique panels, i.e.,

() cost of producing unique moulds for each, (ii) constructability challenges, and (iii)
substructure frame design challenges. Therefore, a statistical approacheah& clustering

was carriedout over the panel pomtion by considering 21 parameters witle area of the

panel being the key parameter. Thus, the designers were able to obtain the desired number of
families with unique size&igure2.45 shows the finaldmilies of the panels obtained using the

k-means clustering algorithm

Figure2.45: Final panel familie$l5] Figure2.46. Construction proceg45]

Hencdorth, it can be concluded that this case study gives a greater iidighhe design
challenges and solutions without compromising the aesthetics of the structure. The
rationalization strategy of sphere packing,-seljusting pattern stretching algiwin in parallel
with k-means clustering for unique panel families gives likst solutions for the desired
aspects.
There are plenty of important aspects such as the-agsatl modelling technique to develop a pattern,
structural analysis and interdisdimry interactiongelated to datdlow in case study 1 and panel
grouping, @nel relaxing etc. in case study 2 can be learnt. Based on those understandings, the
optimization algorithm for thestructurally stable free form structure formed by NURBS and pane
distribution can be carried out. The next section represents the stegplprocedure of the optimization

algorithm.
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3 Methodologyfor Optimization Process

Therearetwo main objective of this research work namelg) Optimization of freeform metaheet

assembled shell structure with respect to structural stabitity(ii) Optimization of cell or panel

distribution in fultscale sheet metal for an effective manufacturing proddss RhineGrasshopper

platform provides numerous optionstocremte 3D surf ace based on the use
work, the numbeand typeof components considerésibased on the calculation time as the genetic

algorithm experiences longer processing time.
3.1 Optimization of Shell Structure Form - Structural Stability

The methodology used for executing fbemer objective of the reaech work .i.e.the optimization
process of shell structure assembled with metal painelsves three important steps as mentioned

below(seeFigure3.1);

1 Creation of 3D shell surfadeaving Voronoi pattermwith different parameters
1 Basicstructural analysis of the structuceobtain only the maximum displacement value

1 Application ofgeneic algorithmby using thevalue obtainedh the 2 step.

3D surface with
Voronoi panels
Genetic Basic Structural
Algorithm Analysis

Figure3.1: Optimization process for stable structure

So, with the aboweentioned steps, the study carried out regarding thefluence of Voronoi

tesselations (either relaxed or irregular) on the structural stability together with the other pare

3.1.1 Creation of 3DShell Surface with Voronoi Pattern
The 3D surface for the shell structure was created by using different cemtp@vailable on
the grasshopper together with additional components frérpasty plugins. The detailed
description regarding the type of inputs fed and the outputs obtamradefich componeid

mentioned in the following steps

Step 1:Setting up a reference polygon to know lieationof theshell structure
This step includethecreation of a reference polygon, which will give a basic idea of where the
3D surface should bereated. This polyan is also used as a reference for the creation of ellipse

at a certain height (description follows in further steps).
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Plane [l
- ......... EPS Radius

Segments
Fillet Radius

Polygon

Polygor

Length

Figure3.2: Polygon componernih Grasshopper

Based on the input dataquired by each component, the following inputs are given to obtain
the polygon as aautput;

Table3.1: Inputs forpolygon component

Type of Input Given input Description
Plane Plane XY Polygon bas®lane
Radius 3

The madius of a polygon (distance from

centre to tip).

Segments 11 Numberof segments

Fillet Radius Default value =0 Polygon Corner fillet radius

Table3.2: Outputs frompolygon component

Type of Output Output Description
Polygon Curve Polygon
Length Number Lengthof polygoncurve.

The following output can be visualized in Rhino:

Reference Polygon

Plane XY

Figure3.3: Reference planand polygon
Step 2: Drawing a base geometry for the shell structure in Rhino

In this research, the base geometry for the shell surface is constrained between 10m x 10m
square (can .OhegaomeatryiddsawrcimRhinac e )

Base Geometry
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Step 3: Setting up an ellipseatertain height from the base geometry to maintagheight

of the shell structure

-
|

Polygon Cente

Figure3.4: Creating an Ellipse at certain height

A The centre of the set polygon on plane XY is extracted

A 1t is moved to a certain height usiagrector inthe z-direction (height can be varied
between 3.00m to 5.00m).

A This moved point acts as a plane for the ellipse

A The radii of the ellipsaredefined

Table3.3: Inputs for Ellipse component

Type of Input Given input Description

Plane Plane at a point Base plane of the ellipse

Radius 1 1.00 to 5.00 Radius in {x} direction

Radius 2 1.00 to 5.00 Radius in {7} direction.
Table3.4: Output from Ellpse component

Type of Output Output Description

Ellipse Elliptical Curve Resulting ellipse

Focus 1 Co-ordinates of Point 1 First focus point

Focus 2 Co-ordinates of Point2  Second focus point

The following output can be visualized in Rhino:

Ellipse

Base Geometry

Reference Dimensions

Figure3.5: Visualization of Ellipse in Rhino
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Step 4: Dividing the top ellipse and bottom base geometrgeverasegments to obtaimany
points

Figure3.6: Process for geometry division

>\

The base geometry and top ellipse are dividedsat@ralsegments to obtain the list
of points.

>\

Foranellipse, the number of counts considkiebetween3and 0us er 6 s choi ce
For base geometry, the number of counts considered is between 10 énd 2% r 6 s

choice)
Table3.5: Input for Ellipse Segmentation

Type of Input Given input Description
Curve Ellipse Curve to divide
Count 3to 10 Number of segments
Kinks False Split segments at kinks

Table3.6: Input for Base Geometry Segmentation
Type of Input Given input Description
curve Base Geometry Curve to divide
count 10to 20 Number of segments
kinks False Split segments at kinks

Ellipse Points

Base Geometry Points

Figure3.7: Output after division of geometry
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Figure 3.7 shows the obtainedutputafter dividing the top and bottom geometry istveral

segments andll pointsof each segment are necessary to proceed with the next steps.

Step 5: Picking a single point from the ellipse and inserting into the list of points of base
geometry

The point list generated by the divide curve component for ellipse and thgduasetryis
carefully visualizedFor example point 3 ofanellipse is inserted into the point list of bottom
base geometry ats'and &' position The selection of the pati and insertion places are free to

be chosen by the user. Thus, there are staconsonchoosing a particular poirif.the chosen

point is inserted at tow positionhen the structure haso opening. Therefore, the number of

places the point isiserted into the list defines the number of openings.

( Panel
—> {0;0})
0 {-0.831103, 2.462007, S}

Ellipse

point list

Base Geometry
point list

Figure3.8: Creating a list of points for NURBS curve

The slider in Figure3.8 represents the chosen point in the ellipse point list and the grasshopper
component Alist itemo all ows t heanbesverywel o ¢ h o«
seen that the panel has-aalinates of point3 of anellipse. This point cordinate is plugged

into the usedefined positions in the point list of the base geometry using the grasshopper
component fAlnsert itemso.

The final outputofte Al nsert i temo beloomponent can be see

/ : Panei — Inserted Points

{0;0;0}

0. (8 0 01

|1 {-0.831103, 2.462007, s;'.:

3 {3.695045, 3.368478, 0}
4 {2.228€32, 4.47581€, 0}
5 {0.461342, 4.5786€71, 0}

£ s 8 4 =0 M 0
==( 8 {-3.013173, 3.330086, 0} )]
9 {-4.251086, 2.632161, 0}
10 {-4.914866, 0.318747, 0}
11 {-4.914866, -0.518748, 0}
12 {-4.251086, -2.632161, 0}
13 {-3.013173, -3.590086, 0}
14 {-1.368315, -4.809128, 0}
15 {0.461342, -4.978671, 0}
16 {2.228€52, -4.475816, 0}
17 {3.695045, -3.368478, 0}
18 {4.€62361, -1.806208, 0}

A
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Step6: Creatinga NURBS curve with the point list creat@dprevious step
The point |list created in step 5 is Bagedert ed
on the theoretical explanation mentioned on NURBS curve isébton2.3, the inputs are

given as mentioned ifable3.7 andFigure 3.9 shows the obtained outpiatthe form ofRhino

visualization

Table3.7: Inputs fao NURBS curve component
Type of Input Given input Description
Vertices List created Curve control points
Degree 3 Curve degree
Periodic True Periodic curve

Table3.8: Output from NURBS Component

Type of Output Output Description
Curve NURBS Curve ResultingNURBS curve
Length Number Curve length.
Domain Domain Curve domain.

Inserted Point

=

NURBS Curve

Figure3.9: Rhino visualization of NURBS curve

Step 7: Creating a dace from the generated NURBS Curve

The Apatcho ¢ omp on e ntheuserro ctedtecan igcredildesreedopnptierae g i v €
dimensional patch surface, whican be controlled by the control points of the NURBS curve.

Table3.9 represents the inputs givandFigure3.10 shows theoutputof the patch surface

Table3.9: Inputs for Patch component

Type of Input Given input Description

Curves NURBS Curve Curves to patch

Points 0 Points to patch

Spans 10 Number of spans

Flexibility 1 Patch flexibility (low number; les:
flexibility)

Trim True Attempt to trim the result
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Table3.10: Output fom Patctcomponent

Type of Output Output Description
Patch Surface Patch Result

Patch Surface

Shell Structure Surface

Figure3.10: Rhino visualization for Patch surface

Step 8: Creating Voronoi tessellation on 2D Surface

To create &oronoi tessellation, it foremost required to have a set of randomly distributed points
as mentiord insection2.4. Although grasshopper has a 3D Voronoi tesseliatimmponent, it

was not used in this research due to the fact of higher computation time and also, 2D Voronoi
tessellation serves the same purpose as 3D Votessellatiorfor this research studyrhus,

thelatter enabling lower computation timedomparison with the former.

The points are randomly generated on the 2D surface within the chosen shape of the base
geometry wusing the c onfhe2b\oromnoitelselatipris Qesmdrated g e 0 me t
by using the output dfnpfuRopwl athee dieVemueotnroyi 00 &
3.11 belowalong withTable3.11, Table3.12, Table3.13 andexplains the state of inputs and

the outpus obtained in the form of Rhino visualizatidihshall be noted that the boundary of
Voronoitessellatior2D surface is within thapproximatedectangulaboundary with respt

to the given base geometiiyy differs for the negative curvatures and polygons

Table3.11: Inputs for Population component

Type of Input Given input Description
Geometry Rectangular surfaci Geometryto populate (curves, surface, bre

generatedrbm given base andmeshe®nly)

geometry

Count 210 (randorty chosen Number of points to add
number)

Seed 1 Random seed for insertion

Points Empty Optionalpre-existing population
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Table3.12: Outputs from Population component

Type of Output Output Description

Population Points The population of inserted points

Table3.13: Inputsfor Voronoi component

Type of Input Given input Description
Points Rectangular surface generat Points for Voronoi diagram

from given base geometry

Radius Empty Optional cell radius
Boundary Base geometry Optional containment boundary for diagram
Plane Empty Optional base plane.

Table 3.14: Output from Voronoi component

Type of Output Output Description

Cells Points Cells of the Voronoi diagram

Point population

Voronoi pattern

Figure3.11: Voronoi visualizatiorin Rhino

Step 9: Trimming the Voronoi pattern ar2D plane to the requireslrfacearea

Since it is mentioned in the previous step that the Vortessellation is generated for the
rectangular boundary with respect to the given base geometry, it is theeddedrto trin out

the irrelevant set of Voronoi cells outside the base geometry. Haegeasshopper component
ATrimwithRe gi o n 0 ditoserve the gurpases

The set of inputs for A Tiguredl2widtthe prikedgisasn 6 | s
explained below;

A The generated NURBS Curve projeted onto the 2D surface using the component
AProject Geometryo. The output of this par
for the first compagnewmhti | el Trhiem AWiutrlv eRe g in
Voronoi cells.
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A ln the other A@ATri mtvhiet hi RRegg iommo i cmmp o nt eankt
and ACurveo input takes the NURBS Curve.
A The output of these two ATrim withs Regi on
subjected to cl eani ng ow the Nul valuds s théIStloe an T

curves.
A Then, the list of curvearejoinedt o act as one unit using the
(seeFigure3.12).

Cleans Null
values in the list

Figure3.12: Trimming the regions of Voronoi

Step 10: Projecting the trimmed Voronoi pattern onto the shell surface and reducing the
curvature of cells to the tolerance value

Since the Voronoi tessellation has been developdeiprevious step, the main aim is to obtain

the Voronoi tessellation onto the shell surface created in step 7. The grasshopper component
which is suitablefotte def i ned aim i s the fAProjecto. The
component gets theitmmed Voronoi 2D tessellation and the shell surface respectivigiyre

3.13 show the complete detail about this step. In addition, as the curvature has certain slopes

and this was reduced by fixing the corners of the Voronoellesion at the same points as

projected and curves were replaced by the polyline joining tlmeicorhis step was carried out
using the ACurve to Polylined component.
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Figure3.13: Projecting Voronoi parg with reduction in curvature

Step 11: Closing the naked or open edges of cells to ckxges using a component from
Weaverbird

In the previous step, it can be noticed that the generated Voronoi tessellation shell surface has
open edges and this issoan be resolved using & ®arty plugin for Rhino generated by
Weaverbird adNakWedaBeubidadd® component. The (ge
serve as an input for this component and the generated output can be visualizdeigaréhe

3.14.

Open Edges
.
QQ %
Cleans Null
values in the list Closed Edges

Figure 3.14: Closing naked edges

Step 12: Measuring the dimensions of the edges

This step is not an essential part of this research work. However, the dimension of the edges can
be used for visualization for further steps such as during the relaxation process of Voronoi
tessellation. The procedure to determinedimeensions of the egs is as shown in thigigure

3.15.
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Figure3.15: Dimensions of panels on the shell structure

In the process of measuring the dimensions of the edges, the generated closed edge curves serve

as input and it is exploded to form individual elements in the list. Thefength d the curve

is calculated using the fddesthentappxintaedvptiotwoe nt . 1
decimalvales and concatenated with the term Amo wf
tagged to the curves using the component At ac

Step 13 Setting offset of edges to haaelear picture of cells
This is conglered only to be a visualization step, which shows the clear shapes of each panel.
Thecomponentss sed in this step involves #APolygon c

Figure3.16 represents the clear visualization of panels in Rhino.

Figure3.16: Setting offset of edges

Step 4. Proportionating / Relaxing Voronoi <cel | ¢
Based orthesection2.4.5 Ll oydods al gor i t hnpary pligimgnbweame nt e d

asfhHoop Snake. o0 This component gives freedom f
with the feature of automatic iteration progegth the termination conditiofhe components

are set in the following order as showrthieFigure3.17. The A Popul ate Geomet

serves as input for the starting data. Theoutpnt t he f orm of fAFeettbackOo

V o r o rmampobent. Theentroidal points of these Voronoi cells a@culated using the
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AfAread component. These centroidal points ar
iAreaodo component to the dat astleVoroHwo relaxatisnn a k e .

techngue is achieve(seeFigure3.17).

=
®

E

g
]
£

HoopSnake]

Figure3.17: Algorithm for Voronoi relaxation

Based on the abovmentioned algorithm, the following output (sEgure 3.18) is obtained
which representthe Voronoi pattern after relaxation. The paneds be seeasproportional to
each other and are as desiéghall be notedhat the surface for the panels is crdatging the
compoent from Weaverbird knoGmra&s SfuWela rvv esri oinr. d

Perspective ¥

Figure3.18: Relaxed Voraoi patteraRhino
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Step b: Check for flatnesand obtaining centre of gravity of panels
Although, the Grasshopper provides

component that features check for pdtahess -

|
0 0.007087

as a whole, it was not suitable to the process fi Yooy

of this research algorithm due to the absence ::g::
planar surface. Hence, a component known ) E !
APl anaro is wused ottbe 1‘}5:222;
polygon curves forming each panel. The outy 0‘3";:

of the canponent signifies that those polygo : :%:'E:
curves having a valu B ) )yl ana
flat (seeFigure 3.19). However, it was noticed ” §:$§3I‘

very few polygon curves hasavalu 6 0 6 . E% E.Z.;;

other deviation valuem the listalso signifies GE E%‘s

that the polygon curves with deviations close E E%’E

zero representhé curves near to flat. Hence, :‘ Egs

is assumed that all the panels are close to flatr o i |
and shall be considered for furthéudy process.

Figure 3.20 shows the centref gravity of each Figure3.19: Flatness check

paneland panel numbering

Figure3.20: Centre of gravity ofeachpanel and panel numbering (Top View)

The above mentioned steps does represents the work flow of the alg@ithnthe figures
representing the form of the structureni the final the form{see Appendix A4 for alternate
forms). Therefore in order to obtain the structurally stable formrehs a need to perform a
basic structural analysis whideliversa reference value known as the fithess valugéoetic
algorithm.



Methodology for Optimization Process 43

3.1.2 BasicStructural Analysisfor FitnessValue
As the research work is directed towards the form of the shell structseel ba structural
stability, it is therefore required to perform certain basic structural analysis. Because, the genetic
algorithm iscertainly dependent on a fithess value and perforstingturalanalysis directs the
research work towards this value.eT$tructural analysis is performed on a grasshoppefiplug
known as Karamaba 3[n depth structural analysis was not a scope okwmothis research.
Therefore, basic assumptions aomsidered while performirtipe structural analysis arate as
descriled below;

1 The sheet panels arssamed to have beam like connection, instead of performing
analysis for the sheet as a whole, ilee,jpint between the panels is assumed as a beam
of rectangular steel sectioRdr furtherdetails seematerial assignmersectior)

The structural analysis is performed usihgfirst-order theory of small deflections
Only gravity loadand selweightare considered

The joint between the elemersconsidered to haveinges

The detailed description garding the type of inputs fed and the outputs obtained from each
components mentioned in the following steSteps are continued from the previoustion);

Step B: Converting the polyline curves into beam elements

The compMemeretr bi r dés Naked Boundaryo + ACI ean
form of polygon curve representing Voronoi cells (see stepTtiBse polyline curves or line

likecures are converted into single strainght el e

ALine to Beam (Kar arrigme321). 0 components (see

Voronoi shell
structure generated

Figure3.21: Line to Beam

Step I: Defining loads

The Karamba 3D plugn permits various ways of assigning loads to the structure and in this
case simplest of all the ways is considered. Hra@uare3.22, it can be seethat the gravity load

and selweight in the fom of point loadareappliedto the nodes of the Voronoi cell pattern.

The inputs and outputs of the components are well defined.
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Figure3.22: Defining loads

Step B: Defining joints, material and crosgdion
The component considerefgemt @edmncheiakingds | o€ hi
joint by choosing rotations in x, y, and z directions (Sigeire3.23). The materials and section

defined are steel and rectangidaction respectively (séégure3.24).

}

Joint-Agen

)

)
s
3
E
g
G
x
c
-3
T
1
o

Figure3.23: Defining Joint Figure3.24: Defining material and crossection

Stepl9: Defining support conditions

The support conditions can be differently set up, i.e., fixed end supports or hinged support etc
(seeFigure3.25). The points of the supports are obtained by sing the list of points obtained from

the ALine to Beam (Karamba 3D)0 component an
considered, i.e.he selection of points is carried out by visualization in Rhino.
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Points from “Line to Beam
(Karamba3D)” component

Figure3.25: Defining supports

Step D: Model Assembly and analysis

All the abovementioned conditions arriterionar e assembl ed together u
Mo d el ( Kar amba 3 Bguc 8.26)mphennttee whole (medeldas subjected to
structural analysis using first ordéebry for small deflections inrder to obtain thBmaximum

displacementfcm] of each loaetase of the model at equbints and miepoints of elementsis
considereas a fitness value.

Points from “Line to
Beam” component

Elements from “Line
to Beam” component

T

| Defined Supports

Analyze (Karamba3D)

| Defined Loads

| Defined cross section |—

| Defined material I—
| Defined joints Ii

Assemble Model (Kavamba30)]

Figure3.26: Model assembly and analysis

Step A: Components to visualize tlamalyse results
Below mentioned are soneéthe components thatrehelpful to visualize theesults inheform
of numbers along wittifferentcolours (seFigure3.27). In order to view the results of stresses,
shear forces in elements and support reactions refer to Appendix Al.
1 Beam Resultant Forcds gives normal force resulting bending moment and shear
forces
1 Beam Force$ gives normal érce, shear force in y and z directions, torsional bending
moment, and bending moments in y and z directions.

1 Reaction forces gives reactiorforces and moments, support posititiee sum of
reaction forces and moments.
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1 Nodal Displacements Nodal translationsrad rotations

1 Modal View and Beam Mw

Figure3.27: Visualization of stress distribaftn in the model

The optimization processff obtaining thestable free form structure is carried out by connecting various
parameters to the genetic algorit@ma | apagos based on the fitness
di s pl ac e m&aestlts andistessiasection exfains in detail about the parameters considered

for various cases.
3.2 Optimization of Cell or Panel Packing

The second aim of this research work is to optimize the panel distribotefull-size metal sheet,
whose data can be further extracted and utilioe metal sheet manufacturing process such as the laser
cutting. The optimization process is carried out to have a designated pattistribution of cells in

the full size méal sheet to avoid material wastages during the manufacturing process.

Although the optimization process is also carried out using Genetic algorithm, there are certain
limitations with which the research work has bgmmformedat this particular stage.oe of the
limitations or major challenges restrained this research ta depth for the distribution of panels are

as mentioned below:

A The panels that form3D shell structurbave a minor deviation in the flatness and this deviation
is certainly accepted by the industry. However,@nasshopper do not allow these unflagin
panels to be unrolled on a 2D plane. Hence, the panels are projected onto a 2D plane which
allowsto move aheador further steps in the optimization proceBssides, the data is extracted
from theoptimized3D shell surfacgseesection3.1.1), there are slight variations in the panel
sizes considered in nesting packing process

A It is well known that the panel shapes does not resemble the actual assembly of the 3D shell
surfacej.e., no exact panel shapes with bend regiod cut outs are considereas (shown in
this research wofR2)).
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challenges are resolved, this algoritbam be applicable

Optimization process using genetic algoritoeson with the following steps;

Althoughthere are certain limitationghis generated optimization algorithm can be applied to3ihy

shellstructurewith random bae geometry and flat panel shapes. If thevaboentioned limitations or

Step 1: Ktractingfourteenrandom cells or panels from tbptimized3D shell structure.

In this step, the fourteen (random numbess e r 0 s
optimized 3D shell structure is extracted. The extraction is carried out by using a component

iRRmRdom Reduce. h arging tVdranoi tells oftthe o f

optimized 3D shell structure and the output has the list of randomly picked celEidsee
3.28).

Step 2: Generation of random points for the centroids of the panels

In this step, random points are generated usinggeve pool of grasshopper. The two gene

pool (pink boxes) represent-codinates for xaxis and yaxis of points. The gene pool takbe

me nt i on e d(seekigure3dR®. Tlie Gputs ot thisseditorisdsert or 0

dependent and in this research watlsquare sheet with dimensions 15m x 15m is considered.

i nput

Hence, the maximum value in the ediis mentioned as 15. (Note: These dimensions are only
consdered for demonstration purposes). The actual full size metal sheet available in the market

have a dimension of 2m x 6m.

Figure3.28: Random picking of Voronoi cells for nasg

as

=]

Cancel

Figure3.29: Gereration of random points and sheet
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Step 3: Transferring pickguhnes to the randomly generated points

The randomly picked panels (see step 1) are placed onto the generated random points (see step

2) with the help of centroids, i.e., vectors are gerdraetween the centroids of the anigi

panels and the newly generated random points.

are transferred (sdggure3.30).

Randomly generated
points

Figure3.30: Transferringpanelsfrom 3D surface

Step 4: Check for collision between panels, defining weighted fithess function for genetic
algorithm

It is well known that in order to have effectingsting or packing of panels in the sheet, the

panels should not colde and this is checked wusing the
Ma ny | Ma n yFigare3BInit cantbe seen that all the fourteen panels considered are not
colliding and hence the |ist sthtionnsalsdidhawh se o v
as A0 for False or nool lciodilmglidmgo and A1l for
The fitness value for the genetic algorithm i
occupied by the panel s and s thal beorotedithaten c ol | i
order to have more influence of collision onto theegéni ¢ al gor it hm, the MfAsu
value is multiplied by a weight. In this research work, the weight consideegties10 or20

(chosen randomly based on trigdeeFigure 3.31)). The expression considered to generate a

part of thefitness value is as mentioned below;

i Qi 00O miphwz ¢ (Eq.14)
The result from the expression is based on the valtie 6 x 6 . I f the value of
equal to zero, then resuéikesav al ue 1. I f not, t heweighThatie of ¢

effect of area is reduced to half so that the collisionrhae influence on the fitness value.
Therefore, thditness value is generated as mentioned below;
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"QQO eUAIGIO Q1 Qe | Qi 640 (Eq.15)

)
0:0
q0 426.869113

0 427.869113

)l . - [ panel |
b 10703 00
10
1 False 20
2 False 30
3 False 10
4 False \ 50
S False 60
6 False 70

7 False

80

8 False 90

9 False 100

10 False 110

11 False 120

12 False 130
13 False

Figure3.31: Collision check and fitness value generation

Step 5:Measuring the dimensions of the panels on ezt

The method was also applied during the measurement of panels in the optimized shell structure
in the previous task.lle aim of the step (séégure3.32) to gather data for dimensions which

can be further utilized for refinintdpe laser cutting operations.

0.520m6 m
03m 052m 0.4'm
A6 m  0.64 gg - 0.46 gn —
.36 6 1 0'458*)1 m 05mO*08 m. 052> m
0.497 M 4 m .
0.46 m 0.51 2ma mo-51m
0087 .45 048 BOBImTAIE M
oé3m 0-99m

0.43@7 m

M Q.48 m
0.45m 0.47mg 4

0.52m
m

- 073’3'_{?7 m

Figure3.33: Visualization of dimensions (Not optimized)
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Step 6: Measuring thaternal anguladimension®f the panels on the sheet
The internal angles of the pels are measured using basic mathematical rules of radians. The
method used for generating the angle son the 2D sheet is as showrFiguttes3.34. The

appearance of the output on Rhino is shown irfFigare3.35.

Location

l FPanel
| Round (number, decimals)

Colour

Figure3.35: Visualization ofinternal angles

Now, the panel distribution or nesting is reddybe optimized by running a buitli genetic algorithm
componentof Grasshoppek nown as the #fAGal apagoso. The result
Galapagos component to different paraangor gene pool. Optimization process and connection of

gene pots for individual caseare discussed in tHeesults andiscussiorsection.
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4 Results andDiscussion

4.1 Optimization of Shell Structure Form - Structural Stability

With reference to the grasshopper algorithm developed isdtien 3.1.1and sectior8.1.2 the

optimization process to attain a structurally stable free form metal sheestsheture is carried

out by connecting a c osapFguedl)tThekialowiwgresiitGard a pag o
demonstrated for various case®rderto show the efficiency of genetic algorithm for any suitable

application.

——
g
m

Figure4.1: Galapagos component in Gragpper

4.1.1 Case 1:Form with Single Opening andlrregular Voronoi Tessellation
Aim: To obtain the form of the structure withsingle opening, which results in minimum
displacements.
Inputs: Table4.1 defines the various types of paraers with which a shell structure attains a
shape. The parameters inclutie width and height of the base geomgtiycular), number of
Voronoi panels anits dimensions set between a certain range based on visualiZatosingle
opening of the struate is obtained by inserting a point of the upper geometry at position 1 of
the NURBS list. Table 4.2 defines the inputs for genetic algorithidowever, he number of
individuals in each generation is set to 20 with an initial bob40 anda maximum number of

stagnant generations before #igorithm abortareset to 50andfitness value is subjected to

minimization.

Table4.1: Geometrical inputs for Case 1
Preliminary set up Value Description
Base Width 10 m User6s choice
Base Length 10m User6s choice
Voronoi cells 210 User6s choice
LIl oyddés iteration 0 User6s choice

Approximate range for length of each 0.2 mto 0.8 m Depends on number of Voronoi cel

side of panel and relax#ion (visual check)
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Table4.2: Inputs for Genetic algorithrof Case {Galapagos)

Gene Pool Form Range set = Type of value Influence
Height Number 3.00t0 5.00 Real (two decimals) Structure
slider height
Division in basegeometry =~ Number 10 to20 Integer Structure
slider shape
The point in upper Number 1to 10 Integer Structure
geometry slider shape

Outputs: After running the genetic algorithm, the following outpate attained defining the
lowest ftness value, i.e., maximum displacementthasowest value of all the generations (see
Figure 4.2). The shell structure witthe lowest displacement can be seen with colonales

signifying low axial stresse$igure4.3 and Appendix A}

Height of the structure = 3.21 m
Division in base geometry = 20 divisions
A point in the upper geometry = #@oint

Fitness value or Maximum displacement = 0.114€68

> > > > >

Number of iterations / combinations checke#561

The following graphs represent the valueshaf above mentioned parameters considered at
various iterations. The graphs are sorted based on the maximum displacemeni.ealdnes
maximum displacement valigsorted from lowest to highest. Theteme left and right sides

of the curve in the first graph represent the best and worst solutions respectively. In comparison
with the first graph, the corresponding values of height, divisions in the base geometry and point
in the upper geometry considdrare alsosortedbased on the fitness value sortikigre, it can

be seen that the best solution referthedowest maximum displacement value of 0.114068 cm

and the worst solution value2s0768cm.
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Fitness value or Marium
displacement

Heiaht of the structure

Point in theupper geometry

Divisionsin base

Figure4.2: Algorithm output graphs for Case 1

Figure4.3: Algorithm visual output for Case 1

4.1.2 Case2: Form with Single Openingand RelaxedVoronoi Tessellation
Aim: To obtain the form of the structumth a single openingwhich results in minimum
displacements.
Inputs: Table4.3 defines the various types of parameters with which a shell structure attains a
shape. The parameters inclutie width and height of the bagieometry(circular), number of
Voronoi panels and its dimensions set between a certain range based on visudlizasorgle
opening of the structure is obtainieda similar way as mentioned in casé&sknetic algorithm
is set to a similar configuiian as in case 1, i.@he number of individuals in each generation is
set to 20 with an initial boost of 40 atitk maximum number of stagnant generations before
the algorithm abortareset to 50 and fithess value is subjected to minimization.
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Table4.3: Geometrical inputs for Case 2

Preliminary set up Value Description

Base Width 10m User 6s choice
Base Length 10m User 6s choice
Voronoi cells 210 User 6s choice
Ll oyddés iteratior 160 User 6s choice

Approximate range for the length of 0.2 mto 0.8 m Depends on number of Voronoi cel

each side of panel and relaxation (visual check)

Table4.4: Inputs for Genetic algorithm of Cas€@alapagos)

Gene Pool Form Range set = Type of value Influence

Height Number slider 3.00 to 5.00 Real (two Structure height
decimals)

Division in base Number slider 10 to 20 Integer Structure shape

geometry

Point in upper Number slider 1 to 10 Integer Structure shape

geometry (point 1)

Outputs: After the execution of the genetic algorithm, the following ougpateobtained
defining the lowest fitness value, i.e., maximum displacementhedewest value of all the
generationsThe shell structure witkhe lowest displaement can be seen with colour cede

signifying low axial stressgsee Appendix A3)

Height ofthe structure = 3.26 m
Division in base geometry = 11 divisions
A point in the upper geometry = "@oint

Fitness value or Maximum displacement = 0.133578 cm

> > > > >

Number of iterations / combinations checked = 2421

The following graphs represent the valueshsf above mentioned parameters considered at
various iterations. The extreme left and right sides of the curve in the first graph represent the
best and worst solions respectivelyHere, it can be seen thakthest solution refers the

lowest maximum displacement value of 0.133578cm and the worst solution value is 1.9128cm.
The comparison and conclusions with reference case 1 are mentioned Gorttlesions
section.
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Fitness value or Maximum displacemer

Height of the structure

Point in the upper geometry

Divisionsin base geometry

Figure4.4: Algorithm output graphs for Case 2

Figure4.5: Algorithm visual output for Case 2
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4.1.3 Case3: Form with Double Openings and Relaxed VoronoiTessellation
Aim: To obtain the form ofhe structure withdouble opening, which results in minimum
displacements.
Inputs: Table4.5 defines the various types of parameters with which a shell structure attains a
shape. The parameters inclutie width and height of the base geomefcircular), number of
Voronoi panels andts dimensions set between a certain range based on visualiZetion.
double opening of the structure is obtained by inserting a point of the upper geometry into the
positions 3 an@ of the NURBS listTable 4.6defines the inputs for genetic algorithand
configuration is similar to the other cases, itlee, number of individuals in each generation is
set to 20 with an initial boost of 40 aaagnaximum number of stagnant generasitrefore the
algorithm abortsreset to 50 and fitness value is subjedi® minimization.

Table4.5: Geometrical inputs for Case 3

Preliminary set up Value Description

Base Width 10m User6s choice
Base Length 10m User 6s choice
Voronoi cells 210 User6s choice

L | o yitdrétien 160 User 6s choice
Approximate range for the length of 0.2 mto 0.8 m Depends ornthe number of Voronoi

each side othe panel cells and relaxation (visual check)

Table4.6: Inputs forGenetic algorithm of Case 3 (Galapagos)

Gene Pool Form Range set = Type of value Influence

Height Number slider 3.00 to 5.00 Real (two Structure height
decimals)

Division in base Number slder 10 to 20 Integer Structure shape

geometry

Two Points in upper Number slider 1to 10 Integer Structure shape

geometry (point 2 and
8)

Outputs: After theexecution of the genetic algorithm, the following output is obtained defining
the lowest fitness vady i.e., maximum displacement tiaslowest value of all the generations
(seeFigure4.6). The shell structure witthelowest displacement can be seen with colours code
signifying low axial stresséseeFigure4.7 and Appendix AR

A Height of the structure =45 m
Division in base geometry 20 divisions
A point in the upper geometry '@oint

Fitness value or Maximum displacement 218338cm

> > > >

Number of iterations ¢ombnations checked = 2201
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The following graphs represent the valueshef abovementioned parameters considered at
various iterations. The extreme left and right sides of the curve in the first graph represent the
best and worst solutions respectively. Hérean be seen that the best solution referh¢o

lowest maximum displacemevalue 0f0.218338cm and the worst solution valueGs817103

cm. The corresponding deformations and the colour codes are shown in the seventh part of
Appendix A4.lt can be oticed that the maximum displacement value is higher when compared

to the othe cases due to the fact of including two openings in the structure.

Fitness value or Maximum displacemer

Height of the structure

Point in the upper geometry

Divisionsin base geometry

Figure4.6: Algorithm output graphs for Case 3

T
=
22
=
it

Figure4.7: Algorithm visual output for Case 3
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Figure4.8: Final structure after visualization

4.2 Optimization of Cell or Panel Packing

In this optimization process, the same poment Galapagos executes the genetic algorithm for a
different purpose, i.e., evenly distributing ircdgrly shaped geometries representing metal sheet panels
on a fulkscale metal sheet without collisionsvel of tuning defines how well the panels peeked

close to each other.

The optimization process is carried out$orirregularly shaped paneilsat are obtained by sorting the
panels withthe area in descending order. The panel extracted after optimization of structure in case 3
(seethe previolws section) are 28, 46, 49, 158, 166, and T centroids of the panels are used as
reference pointsral transferred to the newly generated points by the two gene pool, ard

coordinates. The rotation of the panels is also considered to ol#drghfit.

4.2.1 Case 1: PanePackingfor Low Level ofTuning
Inputs: Table 4.7 representghe inputs or the varying parameters fed into the Galapagos
componentogether with population configuration shownHRigure 4.9. The limits for sheet
dimensions set are 4.0m indirection and 3.0m irthe y-direction (hence the values are set
between a certain range Trable 4.7). It shall be notedhat the dimensions of sheet metal
considered is just an assumption and it can vary depending on the availabilitymartes.
This algorithm is universal for any dimensions of the metal sheet.

Table4.7: Parameters as a gene pool for Galapagos

Gene pool for six panels Form Range set Type of value
x-coordinate Gene pool 0.0t04.0 Real pnedecimal)
y-coordinate Gene pool 0.0t03.0 Real pnedecimal)
rotation Gene pool 0.0 to3600 Real pnedecimal)
Evolutionany Solver
Max Stagnart 50
Fopulation 75

it oost - [ISTOTN]

Maintain D| 30 Fo.
Inbreeding [+ 2 0 L

Figure4.9: Inputs for solver
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Table4.8: Centroidal ceordinates and rotation angles of panels for initial packing configuration

Panel Number Co-ordinates Rotation angle Sheet Area Wastage
Panel 28 (1.8, 0.6) 101.3
Panel 46 (1.0,0.1) 113.9
Panel 49 (0.8, 2.0) 152.2
Panel 158 (2.5, 1.4) 267.7 9.558 nt 6.422m?
Panel 166 (3.1,0.1) 194.9
Panel 173 (0.4, 1.0) 94.3

Table4.8 represents the gene pools set after randomizing it by 100 percent and it is the
configuration or panel distribution fed into the Galapagos componenFEigae4.10). It can
be noted that the initial sheet area is 9.558amd the material wastage is 6.422. ifhe
dimensions of metal sheet in x and yedtionare3.51m and 2.723m respectively.

Outputs. After 216 iterations, the genetic algorithm produces a brilliant pgckf panels
reducing the area approximately near to half of the initial configuratiorthiearea is 4.523m
and the material wamge is 1.386 A The corresponding coordinates of panels centroids fo
final packingconfigurationareas shown ifmable4.9 and the final configuration can be seer
Figure4.11. Also, it can be natedthat thedimensions othe metal sheet in x and y directic

are2.54m and 1.78n resgctively.

Table4.9: Centroidal ceordinates and rotation angles of panels for final packing configuratio

Panel Number Co-ordinates Rotation angle Sheet Area Wastage
Panel 28 (2.8,2.2) 68.5°
Panel 46 (2.6, 1.5) 288.6
Panel 49 (1.9, 0.4) 164.4
Panel 158 (2.8, 0.6) 199.9 4.523 nt 1.386m?
Panel 166 (1.8,1.2) 15.7
Panel 173 (1.9, 2.1) 21.7

Figure4.10: Initial packing of paels Figure4.11: Final packing of panel®r case 1
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4.2.2 Case 2: PanePacking for High Level ofTuning
Inputs. Table 4.10 represents the inputs or the varying paramsefed into the Galapagos
component together with population configuration showRigure4.12. The limits for sheet
dimensions set are 4.0m indirection and 3.0m irthe y-direction (hence the values are set
betveen a certain range ifable 4.10). The major change for fintuning is increasing the

decimal places of gene pools and change in the range of rotation angle.

Table4.10: Parameters as a gene pool for Galapagos

Gene pool for six panels Form Range set Type of value

x-coordinate Gene pool 0.00t0 4.00 Real (two decimals)
y-coordinate Gene pool 0.00 to 3.00 Real (two decimals)
rotation Gene pool -180.000t0 +180000 = Real (threedecimas)

Evolutionary Solver

Max Stagnant 50
Population 100 00
Initial Boost 20 x
Maintain 30 %
Inbreeding [+ 2 0 %

Figure4.12: Inputs for solver

Table4.11represents the gene pools set ftbeprevious case and it is the initial configuration
or paneMdistribution fed into the Galapagos component Egare4.11). It can be noticed that
the initial sheet area is 4.523 and the material wastage is 1.386 rhe dimensions of metal
sheet in x and y directicsre 2.54 m and 1.78 m respectively.

Table4.11: Centroidal ceordinates and rotation angles of panels for initial packing

Panel Number Co-ordinates Rotation angle Sheet Area Wastage
Panel 28 (2.8,2.2) 68.5°
Panel 46 (2.6, 1.5) 288.6
Panel 49 (1.9, 0.4) 164.4
Panel 158 (2.8, 0.6) 199.9 4.523 nt 1.386m?
Panel 166 (1.8,1.2) 15.7
Panel 173 (1.9, 2.1) 21.7

Outputs: Figure4.13shows the final@nfiguration or panel packing obtained after 956 iterations.
It can be noticed that thereaslight drop in the area of sheet metal along with the drop in wastage,
.i.e., skeet area and wastage have values 4.484ahcth1.3487 rrespectively (segable4.12).

Also, the panel packing is in such a way thatdbeespondinglimensions ot sheet inthe x-
directionarelower than the dimension indirectionswhen compared to the case 1, i.e., values

are1.85 m and@.42 m respectively.
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Table4.12: Centroidalco-ordinates and rotation angles of panels for final packing

Panel Number Co-ordinates Rotation angle Sheet Wastage
Area
Panel 28 (0.69 0.82 -20678°
Panel 46 (2.24,0.81) 26.368
Panel 49 (1.51, 1.04) -13.563
Panel 158 (0.64 1.65 24.40F 44847T*  1.3487m?
Panel 166 (2.22 159) 110.003
Panel 173 (143, 1.85) 50.173

Figure4.13: Final packing of panels for case 2 (not to scale)

Thus, the optimizatiomattemps for finding structurally stable forms of the shell structure padel
distribution or packings mentioned above are compared in the next section and conclusions are drawn

for these attempts.
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5 Conclusions andFuture Work

5.1 Conclusions

With referencdo thetwo main objectives of this research wadtie study has been carried basedn

the concepts available prehistoricadlyd applying those in the currently availablelationary solvers

The ideas behind the development of shell structurestaple and renownejfires in theengineering
world such asAntoni Gaud Frei Otto and many othealong with their achievementgasunderstood.

The availability of free form dégns and patterns in nature have also been #ineice on the
development of tls optimizationalgorithm. In addition, the two case studies as real standing structures

in two different continentg/ereof great nspirationfor this research work.

I As mentbned in the previoushapterst he f i rst objective of the re
of freeform met al sheet assembl ed <SARmeithe struc
requirements of #nresearch work, there was a need for relaxednértessellation in the shell
structure which directly governs its structural stability based on the form atthjnether
influencing parameters such #te height of the structure, number of divisionstire base
geomdry and points in the upper geotne( i.e., nunber of openings)The research work was
carried out by condeling a circular base geometry inside a square witim 10 width and 10 m
in length.The results are generated based orvéthge of the maximum displacememhich acts
as a fitnes value for the genetic algorithnthe following optimized shell structures were
achieved by using genetic algorithm technique;

1 Case 1: Form with Single Opieg and Irregular VVoronoi Tessellation
This case acts asraference case, where there was naxationof Voronoi patterrand the
resulting stable structure by the genetic algorithm givesnaximum displacement value has
as0.114068 cmThis value habeen obtained aftéihegenetic algorithm has performed 2561
iteratiors with various combinatiorof three different parameters (as mentioned above)
included as number sliders in the algorithm. The corresponding vébuethe other
parametergre discussein the Results and Discussion section.

1 Case 2: Form with Single Opening and relaxed Voronesé&kation
I n comparison with the reference case, t he
algorithm, using a component hoopsnake in Grasshopper. Thus, it can be noticed that the
Voronoi tessellations are proportional and vadlhped compared tthe refeence case.
However, the genetic algorithm has resulted in a maximum displacement value of 0.133578
cm for a structurally stable shell structafter 2421 iterations with various combination of
three different parameterfhe corresponding value the height of the structure is 3.26 m,
which is close to 3.21m in the reference ca$bus, it can be concluded that there was a

greater influence of the Voronoi pattetogetherwith the shape of the surfaam the
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maximum displacement valuelence,the resultat value although being greater than the
reference case but the genetic algorithm gives aesthetically and structurally acceptable
structurewith better panel shapes and rounded opeocimgpared to the reference cagth
irregular panel shapes@ sharp cuopening

1 Case3: Form withDoubleOpening and relaxed Voronoi Tessellation
This case varies from the other two cases because it has two openings compared to the single
opening in first and second cases and relaxed VVoronoi pattern comptrefirst case The
lowest value for maximum displacement is 0.218338 cm after 2201 iterations. The
structurallystable form of the shell structure now has 3.45 m as heighta Mvedl-known
fact that when the structure has two openings, the resdismicemergwill be higherand
hence the value of maximudisplacementn this cases higher in comparison with the other

two cases.

Thus, it can be concluded that the manual appesiorexplorea wide variety of forms for being
structurally stablerad aesthetically pleasing aime-consuming approach. There are greater risks
of inaccurate results and hence the optimization technique using genetic algorithenbyoesser
range of designs of ttehell structure for the architects that fall undeH wt&able forms according

to the regulationsThis algorithm helps architects to achieve stable structures by performing basic
structural analysis. The detailed structural analysis could be perfornted byperts in the field

and it can be further used the algorithm.

The second objectivef t hi s r e s eOptimizétionsoftcell drypanel distributian in fill
scale sheet metal for an effective manufacturing process The manufgaestaur i ng
mentioned in sectioR.5 gives a brief idea ometal sheet fagade manufacturiktpwever, the
panel packing is performed at ldevel detail, i.e., Only pahgeometry is considered. Details
about the bending planes and final cut geometry are neglected due ¢ol fintpeof work. To
demonstrate the applicatiarfi genetic algorithm on panel packing, two cases were considered as
mentioned below:
1 Case 1. Pandtacking for Low Level of Tuning
Theinitial packingconfigurationwas considered after the gene pomhsisting opoints was
randomized by 100 percerithe corresponding sheet area and material wastage for this
packingis 9.558 nt and 6.422 rhrespectively. After performing the optimization process
using the genetic algorithm, the panels were packed close to eachestigng in a sheet
area 4.523 rhand wastage 1.386%mafter 216 iterationsThus, it can be noticed that there
was considerdb and successful packing of panels carried out by the genetic algorithm.
However, there were minor gaps and the edges ofahel geometry were not close to each

other as desired due to the fact of defining the lower number of decimal places for the poin
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to move and rotate. Therefore, another attempt was carried out and is as mentioned in the
flowing case.

1 Case2: Panel Packig for High Level of Tuning
In this case, the initial packing configuration considered is the packing configuration obtained
in case 1ln this casehe gene poavasmodified byplacingthree decimal places values and
the rotation angle range betwed80° to +180. After executionof the genetic algorithm,
the resulting sheet area was noticed to have impacted a minor dratigesheet area and
wastage value after 956 iterationsitBhe orientation and placements of panels close to each
other wereobseved to have incredible chges and wreas desiredThe values obtained for
sheet area and wastage were 4.484%7@md 1.3487 rhrespectively.

Thus, it can be concluded that the abowentioned attempts for panel packing were successful and
further tuningcan be performed to achieletter results. However, an increasing number of genes
to come up with the perfect packing takes higher computation time and it is not feasible for this
type of application having higher computation time and produce a sligétigr result than the
onesobtained above. Hence, only two cases were performed to show the impact of the initial point
distribution, orientation and increased gene pool on the final results of panel packing.
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5.2 Future work

In this research work, thewere two mainobjectives namely (iDptimization of freeform metal sheet
assembled shell structure with respect to structural stahbitd (ii) Optimization of cell or panel
distribution in fullscale sheet metal for an effective manufacturing proéesdormer, theoptimization
process was carried farlow level of structural analysis and thetdat the cell or panel packing was
carried for the geometal shapeof the panels. This research work carektendedn various aspects

as mentioned below:

1. With referenceto the brmer optimization process, the reseasttall be carried out for
developing complete flat panels. The achievement of complete panels in the shell structure shall
bein accordancwvith theagentbased modelling technique as learned ftbencase sidy- The
BUGA Wood pavilion.

2. Once the flat panels are achievebe detailed structural analysis shall lperformedin
accordancevith the EURD Codes and achieve a fitness value that governs a particular model.

3. Since in this research work, thanels genated are near to flat and has deviations and fyrther
the packing process for these panels was attained by projecting on to the local planes. If these
panels are produced flat, those flat panels can be used for packing algorithm.

4. The flat pand shall be pcked with a high level of details as mentioned below

1 The bending angle between any two panels based on the curvature of the shell structure
shall be considered.
This bending angle shall be used to define the corner cuts of the panel
This bemling shall i@ used to define the offset in the geometry for final cutting designs
in sheet metal.

5. Explorationof moreshell structuradesigns and other optimization technigskall be carried
outand compared.

6. Study onthe influence of different tessetian shaped panelshall be compared with the

Voronoi tessellation shell structure.
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Appendix

Al: Support position, reaction forces and moments

tessellatior(Case 3)

Nr.

0

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Support position
{-4.509269,0.572066,0.117618}
{-1.308381,4.732029).000498}
{-1.234747,4.750467.003112}
{-1.930198,4.51425,0.02666}
{-2.476541:4.239154,0.066016}
{-3.162023,3.755801,0.065199}
{-2.4450584.224135,0.080565}
{-3.912887:2.553456,0.127504}
{4.493087,1.97921,0.142092}
{4.757496,1.21235,0.055587}
{4.385734,;2.206628,0.148198}
{-1.238592,4.750814,0.028575}
{-2.026378:4.471898,0.056173}
{-1.24043,4.590065,0.133489}
{-4.808352,0.961194).015713}
{-4.684462,1.469598).000262}
{-4.606449,1.698586,0.008385}
{-4.441004,1.696651,0.068944}
{-4.464361,0.957582,0.121788}
{-4.4561822.061005,0.000786}
{-4.709249,1.359218,0.020213}
{-4.525008,1.358989,0.056332}
{-4.253359,1.753511,0.124079}
{-0.492952,4.872781).024422}
{0.303141,4.8860040.0264}
{0.31358,4.565111,0.146361}
{-2.066772:4.453361,0.057326}
{-2.280529,4.347903,0.040071}

{-2.358603,4.280895,0.051593}

Reaction Forces
{3.146985,0.854694,2.991618
{0,0,0.128429}
{-0.9295;4.257187,2.513746}
{2.72705;2.422403,2.317745}
{0,0,0.128047}
{3.319097,3.550377,3.24563}
{0.641024,4.829664,3.052554
{3.747419,1.725125,398257}
{0.68255;1.133791,2.571604}
{-2.71573,2.01574,3.437436}
{-5.24845,2.419427,8.295004
{0,0,0.284248}
{4.757426,2.750191,2.788081
{-2.947528,5.46017,3.249713
{0,0,0.168648}

{0,0,0.122906}

{0,0,0.087941}
{1.82424;2.894203,1.560737}
{3.364171,0.488182,3.05056}
{0,0,0.1862B}

{0,0,0.22209}
{2.093749,2.797985,1.599461
{3.556479,0.75922,3.361035}
{-0.79125:4.62136,2.758718}
{0,0,0.247962}
{-3.8235650.30998,5.397719}
{0,0,0.11012}

{0,0,0.11364}

{0.37066;3.981603,2.386145}

fonbllo opening relaxed Voronoi

Reaction Moments
{-0.003665:0.737604,0.083607}
{-0.00L041,0.00296,0}
{-0.469823,0.085339,0.121784}
{-0.321297:0.374241:0.113074}
{0.002251,0.002804,0}
{0.277965;0.3061,0.089876}
{0.292286;0.073955,0.035049}
{0.422614;0.591013,0.007681}
{-0.196657,0.933698).090751}
{0.101704,0.455766,0.185887}
{-0.54824,0.631324,0.055224}
{0.001288;0.000267,0}
{0.089604;0.092305,0.016908}
{0.154073,0.136727,0.111631}
{-0.002285,0.001873,0}
{-0.001542,0.000336,0}
{0.002482;0.001582,0}
{-0.260349,0.333075,0.023473}
{-0.1559350.731718,0.024505}
{0.003368;0.00096,0}
{0.000816;0.001019,0}
{0.24593;0.289936,0.042566}
{0.077379:0.883185,0.13842}
{-0.3515550.09004,0.185754}
{-0.00237,0.000121,0}
{-1.117296,0.15885,0.192287}
{0.002205,0.003826,0}
{0.00032;0.000783,0}

{-0.632283,0.2292940.0%118}
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29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

{4.566558:1.546075,0.129988}
{-3.697423.3.22997,0.049727}
{-4.8624130.569591:0.03309}
{-4.1789782.577037,0.022732}
{-3.767226,2.866465,0.113669}
{-3.519379,3.32572,0.082369}
{0.409245,4.885807,0.062964}
{-0.410432:4.89242,0.014492}
{1.080444,4.784836,0.002839}
{1.12927,4.77061,0.00789}
{1.122694,4.61292,0.094683}
{-2.999375,3.886813,0.05803}
{-2.386863,4.290451,0.043667}
{4.861684,0.684568).000021}
{4.884633,0.3154920.015303}
{4.660385:1.544412,0.035956}
{-4.486728,0.200918,0.139328}
{-4.338013,2.299133,0.030862}
{-3.980736,2.873595,0.049134}
{-4.224983,2.123198,0.093434}
{4.847615;0.623106,0.021494}
{-4.892212,0.204828).031437}
{-3.559754,3.381303,0.058798}

{4.748217;1.248811:2.5365€6}

{-5.34739,2.877396,5.410685
{2.620808,3.693713,2.843382
{0,0,0.257549}

{0,0,0.229032}
{2.02420;2.962047,2.736972}
{3.45660;0.360047,1.880745}
{-3.20591,8.177826,9.084786
{-1.538911,4.970172,4.15512
{0,0,0.078855}
{0.718837:1.463799,0.65791}
{-11.32101,10.04242,10.4715
{1.066166:3.163659,210578}
{0,0,0.211142}

{0,0,0.246064}
{-3.55065:0.80548,4.201319}
{0,0,0.178476}
{3.300963,0.989206,2.889629
{0,0,0.202806}

{0,0,0.147365}
{3.55054;0.100341,2.596812}
{-5.54898,0.190733,5.816747
{0,0,0.504269}

{0,0,0.169899}

{0,0,0.168319}

{-0.020906:0.144483.0.002087}
{0.334332;0.24874,0.065073}
{-0.00027-0.002718,0}
{-0.001566:0.002789,0}
{-0.651413:0.548157,0.022312}
{-0.146087:0.532192;0.052127}
{0.772167:1.076219,0.485461}
{0.081706:0.236557,0.288727}
{0.000575,0.004444,0}
{-0.302079:0.407886:0.288031}
{-2.061493,1.317616:0.613469}
{-0.447965.0.27539:0.031944}
{-0.002121,0.003182,0}
{0.001089,0.00035,0}
{0.101869,0.78223,0.074676}
{-0.002849,0.001442,0}
{-0.0362780.827929.0.057544}
{-0.00061-0.000838,0}
{-0.000418:0.00096,0}
{-0.1429380.763298,0.002128}
{0.019768;0.13743,0.018619}
{-0.000204:0.003248,0}
{0.000282;0.001106,0}

{0.002231;0.000262,0}
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A2: Normal forces, shedorces and bending moments for all elements for double opening relaxed

Voronoi tessellation

1 1
Normal Forces. || : Shear Forces || Bending Moments
10;0;0;01 ! 10;0; 0,00 ! 10;0;0;0
0 -1.924521 0 -0.300856 00.077277
1 -1.913871 | 1 -0.288828 | |1 0.077297
1070;0;:1) [ 10;0;0;1} ] 10;0;0;1)
0 -1.85074E 0 -0.464428 0 -0.011574
1 -1.926478 |1 -0.431432 | |1 -0.011874 [
{0;0;0;2) [ 10;0;0;2} | 1070;0;2)
0 -1.s81182 0 -o.117218 0 -0.005922
1 -1.583184 |11 -c.078188 | |1 -0.00ss22 |
10;0;0;3) [ (0:0. 077 I 19;0;0;3)
__ 0 —z.25EE4% 0 0.14067 0 0.031262
3 1 -z.z66858 |11 6.183408 | {1 0.091282 [
E 10;0;0;41 [ 19;0;9,41 | 10;0;0;4)
E % 0 -1.832132 0 0.294216 0 -0.037182
z |1 totasaze 11 o.32a62e {1 -0.0a7152 |
= ?5.,. =N (0;0;0;5) [ (070;0;81 | 10;0,0,5}
Py Se( -1.22812 Pl 0 0.344508 o o -0.08885 D
g 1 -1.24888 1 6304388 | |1 -0.0zess
w | {0;0;0;6) [ (070;0;8) | 1070, 0; 8}
= 0 =2, 967436 T o[=0:02384%
2 1 -2.s4e4de |1 6001821 | |1 -0.022044
‘ 10;0;0;7) ‘ 1979;90;7) | 19;0;0;7}
0 -2.210812 0 o.o61278 0 0.0049%
1 -3.187802 | |1 0.10812s | |2 0.00ass
10;0;0;8) [ 190,081 | 10;0;0;8)
0 -2.076264 0 -0.302407 0 0.027631
1 -2.063881 |1 -o.7e7382 [ |1 0.027e31 [
{0;0;0;8) ‘ (070;0;8) | 10;0;0;8)
0 -1.374418 0 0.238373 0 -0.03€993
1 -1.388038 16.271888 1 -0.03€888
£0;0;0;18) ‘ 10;0;0;10} | 10;9;0;10}
0 -2.585144 0 -0.186774 0 0.045295
1 -2.612839 1 -0.130865 10048288
I __ (GG - 10:0:0:11) II 19;6;6;11)

A3: Grasshopper components for stresses and deformation visualization irfé&Rldoable
opening relaxed Voronoi tessellation
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A4: Some examples of variatie in base geometry

1. Ellipse as a base geometry with a single opening

2. Freeform base geometry with double opening
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3. Ellipse as a base geometry with douteenings

4. Ellipse as a base geometry with double openings and applied loads

5. Deformation in elements of the structure formed Blpse as a base geomef{double

opening}
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6. Deformation of the structure formed blifgse as a base geometdouble openings

7. Deformation of the structure formed byircle as a base geometffpr Case 3 hAving

double openings)

8. Reaction forces at supports for the structure formealdicle as a base geomettfyor

Case 3 having double openings)



