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ABSTRACT

A CLASSIFICATION MATRIX PROPOSAL FOR DIGITAL
FABRICATION TECHNIQUES IN ARCHITECTURE

Selen Oztiirk
M.S. in Architecture
Advisor: Burcu Senyapili Ozcan

November 2018

This thesis investigates the relationship between digital fabrication techniques and the
design constraints, such as function and materials, which are determined during
architectural design processes by architects. This relationship is formulated through a
matrix. Digital fabrication techniques are generally discussed upon and decided at the
last step of a design process. This study roots from the idea that knowing which
technique to use for fabrication affects the design process. In that sense, ‘according to
which constraints which technique suits the design intention best’ should aid the
designers. To propose a classification matrix two steps are practiced: first, as digital
fabrication is a newly developing area, there are confusions, shifts, and overlaps of
terminology among fabrication techniques; thus a simplification and classification in
the terminology is needed. Such a classification is carried out in this thesis through
recurrence tables based on a literature survey, the output of which constitutes the main
column of the matrix. Secondly, a set of design constraints are determined by
analyzing built projects, which are realized using specific digital fabrication
techniques. This set of constraints establishes the columns of the matrix. The
classification matrix aims to contribute both to educational and practical sides
of architecture, proposing digital fabrication techniques to designers according to
specific design constraints.

Keywords: Digital Fabrication, Digital Fabrication Techniques in Architecture,
Architectural Design Process, Computer Aided Design — Computer Aided
Manufacturing (CAD — CAM), Computational Design



OZET

MIMARI TASARIMDA DIiJITAL FABRIKASYON TEKNIKLERININ
KULLANIMI UZERINE BiR MATRIS ONERISI

Selen Oztiirk
Mimarlik, Yiiksek Lisans
Tez Damgmani: Burcu Senyapili Ozcan

Kasim 2018

Calismada mimarlikta kullanilan dijital fabrikasyon teknikleri ve tasarim siirecinde
islev ve malzeme gibi ele alinan kriterler arasindaki iliski arastirilip, bu iligki bir matris
yoluyla formiile edilmistir. Dijital fabrikasyon, tasarim siirecinin son agamasinda
degerlendirilmesi gereken bir karar olarak diistiniilmektedir. Bu durumun aksine,
yapilan ¢alismada hangi fabrikasyon tekniginin tasarima uygulanacaginin 6nceden
bilinmesinin tasarim siirecine de etkisi oldugu savunulmaktadir. Bu baglamda hangi
kistasin hangi tasarim niyetine uygun olacagini bilmenin tasarimciy: siirecte besleyen
bir durum oldugu vurgulanmaktadir. Matrisi olusturabilmek i¢in iki asamali bir
calisma uygulanmistir. Dijital fabrikasyon yeni gelismekte olan bir alan oldugu igin
terminolojide kavram karmasasi mevcuttur. Bu nedenle ilk 6nce terminolojide bir
sadelestirme ve siniflandirma yapilmistir. Literatlir taramasi ve tekrar tablolar
olusturularak teknikler siniflandirilmistir. Tlk adim sonucunda ortaya cikan teknikler,
matrisin ana kolonunu olusturmaktadir. Matrisin ana kolonunda yer alan dijital
fabrikasyon teknikleri sirastyla kesit alma, konturlama, mozaikleme, katlama ve
bicimlendirmedir. Izlenen ikinci adim ise tasarim kriterlerinin belirlenmesidir. Bu
kriterler her bir teknige 0Ozgli uygulanmis tasarimlar analiz edilerek ortaya
cikarilmistir. Olusturulan matrisin hem egitim hem de uygulama alanlarinda
kullanilmas1 amacglanmistir. Calismanin sonucunda amag; tasarimcilara, tasarim
stirecinde belirli tasarim kararlar1 i¢in belirli dijital fabrikasyon teknikleri Onerisi
yapabilecek bir matris olusturmaktir.

Anahtar sézciikler: Dijital Fabrikasyon, Mimarlikta Dijital Fabrikasyon Teknikleri,
Mimarlikta Tasarim Siireci, Bilgisayar Destekli Tasarim — Bilgisayar Destekli Uretim

(CAD — CAM), Hesaplamali Tasarim
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CHAPTER 1

INTRODUCTION

Architectural process is mainly concerned with two primary activities - designing and
making - which inform each other in a continuous dialogue as projects progress from
concepts, through design development to final form. (Dunn, 2012) Growing digital
technologies can contribute to the workflow between conception and production for
architectural practices to gain fluidity (Dunn, 2012). According to lwamoto, “Digital
practices have the potential to narrow the gap between representation and building,
affording a hypothetically seamless connection between designing and making” (2009:
4). Also, digital developments affect the practice of architecture. Recently, the role of
the architect has shifted close to the making process as new as it is to designing
(Wannan, 2016). Architects begin to both take part in the conceptual design stage and

construction process by proposing ways of fabricating the design (Wannan, 2016).

Computational design is a recent field of research with its subcategories that span to a
background of approximately 20 years (Gannon, 2013). Computer Aided Design,
which consists of a range of programs that produce different results can be considered
as a subcategory of computational design. Some CAD programs create two
dimensional drawings while others have the capability of creating three dimensional
renders and animations. With Computer Aided Manufacturing (CAM), three
dimensional generated models with CAD programs are converted into numerically
controlled machines. Thus, as the last step of a design process, digital fabrication has
become a way of production for the last 15 years (lwamoto, 2009). Digital fabrication
process can create parts of the design by using computer controlled machines as tools

and these machines translate the computer generated data to physical artifacts.
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Digital fabrication has diverse potentials through the use of different technologies and
techniques. These diversifications may lead to various contributions to the design

processes.

Digital fabrication is considered as one of the final stages of design process.
Fabrication technologies and techniques that designers prefer can explicitly and
implicitly contribute to design ideas. While making a design, decisions of which
machine and method to use should ideally correspond to the design intent and the

machine capability (lwamoto, 2009).

1.1 Problem Statement

This study investigates the features of digital fabrication techniques. It is expected that
the choice of digital fabrication technique can affect even the conceptual design
process and specifying the potentials and drawbacks of fabrication techniques will help

to determine which technique best suites the designer’s intention.

Due to the fact that digital fabrication is a newly developing area, there are
inconsistencies in between the terminology and the descriptions of digital fabrication

techniques in the related literature.

Although digital fabrication is the last step of a design process, it is expected that
choosing the fabrication technique during the initial phases of design will positively

contribute to the design process.

1.2 Aim and Scope of the Thesis

This thesis aims to analyze digital fabrication techniques and classify them according
to their features. The overlaps in the newly developing literature will be determined.
This study will also provide a classification matrix for the implications and limitations

of different techniques that has a potential to optimize the design. The matrix is
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proposed for the aim of clarifying the relation between digital fabrication techniques

and the design constraints.

This matrix is expected to serve the designers during the design process. The
classification matrix, comprising the design constraints and their relation with the
fabrication technique, is expected to lead the designer in the selection of the technique

that suites her design intentions the best, in early design process.

The classification matrix also aims to contribute both to educational and practical sides

of architecture.

1.3. Structure of the Thesis

This thesis comprises of six chapters. The chapters are organized respectively as

follows:

The first chapter of the thesis introduces the problem statement, aim and scope, and

structure of the thesis.

In the second chapter, a short history of computers in architecture is given to
demonstrate the change in the architectural design process. As the technology develops
and new tools begin to emerge, the design process changes with computational power.
Brief information about computer aided design (CAD), computer aided manufacturing
(CAM) and computational design with their subcategories is given. Moreover, digital

fabrication, as an extension of the computational power is discussed.

The third chapter focuses on digital fabrication techniques in architecture. The
confusion, shifts and overlaps in the terminology for digital fabrication techniques in
architecture are simplified and classified according to the recurrence tables. With this
simplification, digital fabrication techniques are classified as sectioning, contouring,

tessellating — tiling, folding and forming. These techniques are discussed in detail.
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The fourth chapter gives information about the design constraints are determined by
analyzing 10 project examples for each digital fabrication technique. These design
constraints are respectively function, material, assembly technique of the parts,

fabrication machine and parametric design patterns.

In the fifth chapter, by integrating the digital fabrication techniques and the design
constraints in a table, the proposed matrix is generated. The classification matrix is

explained in detail to clarify the usage for the designers.

The sixth and the last chapter of the thesis is the conclusion. In this chapter, discussions
of the classification matrix and suggestions for further studies are proposed. The sixth

chapter is followed by a list of references and the appendix.
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CHAPTER 2

HISTORY OF COMPUTERS IN ARCHITECTURE

Designing and fabricating practices in architecture have been improving and evolving
since 1990s. Computers are widely involved in architectural design processes. Not
only as visualization and representation tools, but they also serve for computational
design and digital fabrication purposes. Today, digital technologies in architecture
enable the design process to be performed as a whole from concept generation to the
fabrication phase. In other words, these technologies change the focus of architecture

from being on the result, to generating the design process and production.

In order to comprehend computers’ interaction with architecture, it is necessary to go
back in history and have a look at how computers began to be used in architectural
design. Although analog computers have existed for centuries, digital computing has
become part of our lives since World War Il era with code breaking machines
(Reichardt, 1978). Early modern computers were used as automation tools by scientists
and mathematicians. For example, ENIAC, calculating mathematical tasks for pattern
recognition and physical simulations can be regarded as one of the early modern
computers (Rosen, 1969). ENIAC was mainly used to make these calculations with

more reliable, precise and fast manner (Figure 2.1).

In the 1960s, with the development of the first graphic systems, computers started to
be used in architecture. Firstly, Yershov’s automation typology as a director-agent
model of interaction was invented in 1963 as a one-way “closed chain of transfer and
processing of information” (Yershov, 1965: 315). This invention comprises of a closed

black box and a portal for incoming and outgoing information (Figure 2.2).
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Figure 2.1: ENIAC as an early modern computer
(http://lwww.computerhistory.org/revolution/artifact/78/321)

Our interaction with Computer Aided Design (CAD) programs today is similar with
the director-agent model of Yershov’s as the command-line, mouse and the script
editor are input devices of computer for desired outcomes (Gannon, 2013). The
‘desired outcomes’ should be precisely stated, otherwise the communication model
breaks down. In other words as Gannon implies, “the scope of the machine’s

usefulness is limited by the mind of the human” (2013: 18).
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Figure 2.2: Yershov’s human-machine interaction diagram (Gannon, 2013: 18)

Unlike the Yershov's human-machine interaction, SketchPad, invented by lvan
Sutherland in MIT in the same year, enabled people and computers to communicate
through line drawings (Sutherland, 1963). Sutherland has created an interactive and
visual interface with Sketchpad, which aims to serve for computing function to artists,
architects and designers. Sketchpad also separated “programming a computer” from
“using a computer” (Gannon, 2013: 18). There are two components of the invention.
A light pen and a dock of push buttons that provide designer to sketch 2D and 3D
graphics directly on the computer screen (Figure 2.3). Hence, the designer may begin
with a vague idea for the final graphic object in collaboration with the computer. This
collaboration has the potential to reveal unforeseeable results from abstract ideas of
the user. In the meantime, cybernetic theory was disseminated. The theory promotes a
new way of man-machine relationship, which uses computers to widen the human

intellect by being a representation tool in the design process.

Figure 2.3: Applying design constraints to SketchPad — Before (left) and after (right) (Gannon, 2013:
19)
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As such, architecture can be formulated according to the complex interrelations
between material parts and social engagement; shaping form, space and structure while
understanding and developing them (Pask, 1969). According to Menges & Ahlquist
(2011) the Sketchpad can be considered as an improvement for the cybernetic view of
the man-machine relationship, and synthesis of process as a mirror to the working of

the resulting system.

On the other hand, as Chrisman (2006) implies, with Sketchpad, an interface was
presented as a methodology for maintaining rule-based geometric associations. Ivan

Sutherland explains his invention with these words (Sutherland, 1963: 21-23):

“Construction of a drawing with Sketchpad is itself a model of the design
process. The locations of the points and lines of the drawing model the
variables of a design, and the geometric constraints applied to the points and
lines of the drawing model the design constraints which limit the values of

design variables.”

Besides Sutherland’s Sketchpad, mechanization of the design process continued to be
explored through software such as the first drafting software URBAN 5 by Negroponte
and Groisser (1970) and space planning software as COPLANNER by Souder and
Clark (1964) (Mitchell, 1977). In the 1980s, with CATIA and AutoCAD, architecture

firms began to use CAD programs in offices.

2.1. Computer Aided Design and Computer Aided Manufacturing

Before the introduction of CAD, architects were drawing designs on a paper and
constructors were building the design as exactly as they could. In 1960s, with the

development of computer aided design programs, design processes began to change
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and CAD technologies began to be used as technical support for planning and

construction phases of the design (Wiertelarz, 2016).

CAD comprises of numerous programs with their various results. Some of them are
capable of creating only two dimensional drawings while others can produce three
dimensional renders and animations. They can be categorized as 2D, 2 2 D, and 3D
CAD programs. With them, designers are able to use repetitive tasks like ‘copy’, ‘cut’
and ‘paste’ which provide a quicker working environment. These commands
repositions or removes the elements of the design rapidly. Another advantage of using
CAD programs is documents’ transferability between some software platforms and

formats (Dunn, 2012).

Revealing a computational model as a physical object is possible for computational
design with CAD — CAM (computer-aided design/computer aided manufacturing)
techniques. These tools benefit output information from the designers computer to
drive computer numerically controlled (CNC) machines. Also, digital fabrication
technologies and techniques enable computationally designed forms to be realized

directly (Jacobs, 2013).

2.2. Computational Design

“The power of computation, which involves vast quantities of calculations,
combinatorial analysis, randomness, or recursion, to name a few, point out to
(sic) new ‘thought’ processes that may have not ever occurred to the human
mind. These ‘idea generators’ which only to expand the limits of human
imagination but also to point out the potential limitations of the human mind

(Terzidis, 2006: 18).”
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Computational design is a term that is confused with computer aided design in
contemporary architectural discourse although they have totally different meanings
(Fathi et al., 2016). As computer aided design (CAD) is mentioned above, it means
‘computerization’ in architectural practices while computation process involves
methods that produce new information from input data rather than merely storing and
organizing it (Menges & Ahlquist, 2011). Basically, both of them are procedures that
one (computation) broadens the amount and specificity of information and the other
(computerization) gets only given, specified information in the beginning (Terzidis,
2003). This differentiation comes from the approach through the design, not from skills
or set of knowledge of the designer. In computer — aided approach, the process starts
with specific information and is concluded with an object whereas computational
process begins with elemental properties and generative rules to end with information
which derives form as a dynamic system (Menges & Ahlquist, 2011). As Vitta states
(1990), in computational design, computers not only contribute to the development

and presentation of the design but also to the “running” of the design.

To reveal a computational model, it is not only important to master computational tools
but also to adopt computational thinking. Computational thinking is a problem solving
process in which mathematical and logical instructions take part. In computational
design, mathematical thinking with calculation skills of computers; “based on well-
defined steps which necessitates a design strategy to be developed at the initial phase

of design process is needed” (Cinici, Akipek, Yazar, 2008: 19).

According to Scheer (2014), computational design may be classified in terms of three
categories; computational design which the designer creates shapes manually,

parametric design and algorithmic design.
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2.2.1. Computational design which the designer creates shapes manually

Thanks to the graphical interface provided by the computer programs used, the
designer can control the complex mathematical processes and obtain forms with this
category (Scheer, 2014). In forms created with this way, the designer already has a
pre-conceived form and the computational power is used to explain, analyze and
fabricate this form. In this method, each step is not carried out with the computer
program. Thus, this method is suitable for “willful shape making” (Scheer, 2014). The
disadvantages of the method are the inability of the generated model to be edited and

the model being a single object, elements of which cannot be reached separately.

2.2.2. Parametric Design

“Rather than the designer creating the design solution (by direct manipulation)
as in conventional design tools, the idea (of parametric design) is that the
designer establishes relationships by which parts connect, builds up a design
using these relationships by observing and selecting from the results produced

(Woodbury, 2010: 24).”

Parameter is a value that is assumed as stable for defined scenarios, but may change in
different situations. Although it is sometimes defined as a limit or constraint, it actually
represents a value (Dunn, 2012). In parametric design, some values that regulate and
control the design process are assigned to elements or group of elements in design and
relationships and connections between these values are determined. The final form is
composed of parameters — “a set of values” - and algorithms — “computational

procedures” - that run these parameters (Scheer, 2014: 141).

The traditional design process and the parametric design process are clearly separated

from each other (Scheer, 2014). In traditional design process, the designer starts the
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process by envisioning a form, while in parametrical design process, the form is the
result of abstract relationships. As Sheer states, in terms of form formation, the
traditional design process is defined as "top-down", while the parametric design

process is "bottom-up™ (Scheer, 2014: 141).

Parametric design has two main contributions to the design process. First of all, after
all the parameters are determined, the system can work on its own and novel solutions
that even the designers cannot foresee can be generated. Secondly, when all parameters

are set, the designer can evaluate many options in a short time frame.

2.2.3. Algorithmic Design

Algorithms are defined as “a computational procedure for addressing a problem in a
finite number of steps” by Terzidis (Terzidis, 2011: 94). In algorithmic design, the
algorithmic system may be implemented repeatedly by ‘recursion’. In this process, the

output of each recursion is used as the input of the following one (Figure 2.4).

Initial
Conditions

Algorithmic System

Population

Selection
Criteria

Selected
Population

Figure 2.4: Algorithmic System Diagram (Scheer, 2014)
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In the algorithmic design, starting as a parametric design process, the designer designs
the algorithmic system, not the final shape. The designer writes an algorithm that
defines the design requirements, named as ‘selection criteria’, and features such as
material properties (Scheer, 2014). The shapes resulting from each implementation are
tested to see if they can meet the ‘selection criteria’ (ibid). Remaining shapes are then

used as inputs for the next run. This process is repeated many times.

2.3 Digital Fabrication in Architecture

Architecture of an era may be described with the capacity of representation and
fabrication techniques employed by architects and constructors. Thanks to the CAD,
CAM and computational design tools, both the design and construction have become
largely digital. As William Mitchell indicates (2001: 354) “architects draw what they
can build and build what they can draw”. To work with Euclidean geometries, for
example, traditional drafting instruments like straightedge and the compass were used
to draw straight lines and circles in material. Traditional drafting tools for Euclidean
geometry were developed partly by architects for individual use and also different
technologies that were developed in other fields have been introduced into architecture
and construction (Kolarevic, 2003). Although architecture is a rather receptive field to
technological developments, the assimilation of technological tools in the field took

time (Krauel, 2010).

In line with this, computers began to be integrated in architectural design process
gradually. In the beginning, they were involved in architectural design as ‘drawing
tools’ and had no impact on the form and construction of the building (Dunn, 2012).
They were only a representation tool and offered speed and optimization for the
drawing process. Then the styles took over the use of computers; deconstructionism,

for instance, made architects explore digital technologies out of “sheer practical
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necessity” (Krauel, 2010: 11). For realizing continuous, curvilinear surfaces,
fabricating the spatial and tectonic characteristics of complex forms became a
necessity. Digital tools satisfied this need by making “constructability a direct function
of computability” (Kolarevic, 2003: 33). Kolarevic named this change in architectural
design as “file to factory” process (Kolarevic, 2003: 31). Lisa lwamoto expresses this

continuum with these words (lwamoto, 2009: 5):

“For many years, as the process of making drawings steadily shifted from being
analog to digital, the design of buildings did not really reflect the change. CAD
replaced drawings with a parallel rule and lead pointer, but buildings looked
pretty much the same. This is perhaps not so surprising—one form of two
dimensional representation simply replaced another. It took three-dimensional
computer modeling and digital fabrication to energize design thinking and

expand the boundaries of architectural form and construction.”

With computability there is no need to think whether a particular form is buildable.
Fabrication becomes a direct consequence of digitally defined projects. It is the
“logical extension to digital design”, depending on computers’ precision and potential
to survive the complexity (Marcos, 2011: 1037). As William Mitchell observes, a
fabrication machine can be considered as a device that “automatically translates a

digital object in the design world into a material reality” (Mitchell, 2004: 78).

One of the pioneer projects where digital technologies were used for construction is
Jorn Utzon’s Sydney Opera House which was completed in 1973 (Kerr, 2003) (Figure
2.5). The intended seashell structure could not be calculated and built with traditional
techniques; thus that paved the way for the use of digital technologies in the

construction process (Krauel, 2010). Later on, Frank Gehry’s Fish Sculpture in
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Barcelona, Spain (1992) is another project that is fabricated digitally (Figure 2.6). The
financial and programmatic constraints of the art work caused the design team to
search for a computer software that can provide optimization for design and fabrication
process (Kolarevic, 2003). They came up with CATIA, which was already developed
by ship and airplane engineers to work with three dimensional digital models and CNC
machines for prototyping (Krauel, 2010). The program generated a digital workflow

using almost no traditional drawings.
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Figure 2.5: Sydney Opera House, Jorn utzon (Drew, 1995: 117)
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Design information has never been linked so directly to the physical production of
architecture (Bonwetsch, et. al., 2006). Today, it is possible to design and construct a

building in a total digital process that allows for complex forms.

There are three main steps for designing and constructing a building following a
continuous digital workflow (Krauel, 2010). The first step is designing the building as
a three dimensional digital model instead of drawing plans and elevations. This 3D
model differentiates from renderings that are used for visualization of architectural
projects (Dunn, 2012). Renderings usually comprise of surface models whereas 3D
model for digital workflow is generally formed with NURBS surfaces and solid

modeling (Dunn, 2012).

Figure 2.6: Fish Sculpture, Frank Gehry (https://casitasitges.com/its-a-bird-its-a-plane-no-its-a-fish-a-
frank-gehry-sculpture/)
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The geometry of the design should be clearly and unambiguously defined for a
seamless design process. After modeling, the second step is defining the dimensions
and properties of elements parametrically for testing and optimizing the geometry

(Krauel, 2010: 12):

“A family of parametric variations all stem from the same characteristic shape
but slightly vary in dimension or shape from one to another. They are instances
of the same design. The essential shape and constituent elements of the design
are clearly set within certain specified constraints, but the exact dimensions and

shapes of individual elements vary from shape to shape.”

There are hierarchy of dependencies between the relations of parameters. Finally, as
the third and last step, information of a three dimensional model that originates from
NURBS surfaces and solid modeling can be directly converted to CNC machines.
Digital fabrication also allows for making copies of the same object or diversifying it.
Before digital fabrication machines, mass production which refers to industrial
manufacturing was preferred (Dunn, 2012). For economical properness, building
components in the 20" century were geometrically simple and limited in terms of type
(Dunn, 2012). With digital fabrication technologies and techniques this situation has
changed. Today, economics and efficiencies of production are not related with the
complexity or vastness of the designed elements. The term ‘mass production’ gave
way to ‘mass customization’, which enables unique, highly variable components. With
mass customization, “it is just easy and cost effective for a CNC machine to produce

1000 unique objects as to produce 1000 identical ones” (Kolarevic, 2001: 275).

From a computational perspective, Mitchell claims that (as cited in Wiertelarz, 2016:

78) we can describe the process of a design development as “translating a digital model
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from some design world into a sequence of instructions for some particular fabrication

machine”.

In this process architects are becoming much more directly involved in the fabrication
of the design by creating design information that drives the fabrication equipment
(lwamoto, 2009). As Castle argues (2005: 4) “the onset of CAD/CAM interfaces that
allows designers to design directly for manufacture has placed production potentially

back in the hands of architects”.
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CHAPTER 3

DIGITAL FABRICATION TECHNIQUES IN
ARCHITECTURE

Digital fabrication reveals realistic choices for representation, evolution and redesign
of complicated forms (Valamanesh & Shin, 2012). According to Sass and Oxman
(2006), the use of digital process in architectural design improves creativity and it
supports the continuity in between different stages of design. Although digital
fabrication may seem to be a later stage of the design process, that does not mean it
should be thought about in the end. Conversely, fabrication techniques require the
designer to evaluate the elements for manufacturing much earlier in the ideation stage
(Dunn, 2012). Knowing which technique will be used for fabrication affects the design
process (Baquero & Giannopoulou, 2015). In that sense, the constraints and the
technique that suits the design intention best should be thought upon in the early stages
of design. Believing that the choice of the fabrication technique has the potential to
affect the design process, the aim of this thesis is to propose a classification matrix
demonstrating the relationship between the digital fabrication techniques and the

design constraints.

As digital fabrication is a newly developing area, there is an ongoing confusion, shift
and overlap in the terminology among fabrication techniques. Same techniques are
often referred to with different names, and some of the techniques are not even referred

to in all of the resources.

Same techniques that are referred to with different names are painted with the same

color for simplification purposes.
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According to the literature survey it is observed that; tessellating, tiling, and
triangulation are defined with different headings, while they are similar in operation.

Tiling is mentioned in Nick Dunn’s book with these words:

“The process of tiling, also referred to as ‘tessellating’, involves the
development of figures or shapes that when assembled together form a
coherent plane without gaps or overlaps. Such tiles may have any geometric
shape provided they fit together, even if the tiles change in size and shape

across the plane itself” (Dunn, 2012: 166).

Also Lisa Iwamoto explains “tessellation, or tiling” as “a collection of pieces that fit
together without gaps to form a plane or surface” and adds that tessellations “can be
virtually any shape so long as they puzzle together in tight formation” (Iwamoto, 2009:
36). Tessellating and tiling are already used in these two references interchangeably.
However, Branko Kolarevic uses polygonal tessellation and triangulation
interchangeably (Kolarevic, 2018: 120). In ‘Manufacturing of Innovative Self-
Supporting Sheet-Metal Structures Representing Freeform Surfaces’ (Bailly et al.,
2014: 52), it is stated that “triangles have been used, that vary in shape and size” for
the study and they can be adapted “to any arbitrary surface geometry” to fabricate the
intended form with “tessellation” technique. According to these definitions,
triangulation refers to using triangles for tessellation patterns and becomes a specific
case for this thesis. Thus, triangles can be considered as one of the patterns for

tessellating/tiling technique.

Likewise; sectioning, bilateral contouring, intersecting profiles and waffle structuring
actually refer to the same technique under different headings (Table 3.3). According

to Dunn, “Sectioning is a method of profiling components in relation to a surface

31



geometry. By taking a series of sectional cuts through a digital model, it offers a quick
and effective way of gathering the necessary data to inform a CAD/CAM process.”
(Dunn, 2012: 158). Similarly, Iwamato states that “Rather than construct the surface
itself, sectioning uses a series of profiles, the edges of which follow lines of surface
geometry. The modeling software’s sectioning or contouring commands can
instantaneously  cut  parallel  sections through objects at designated
intervals.”(lwamoto, 2009: 10). Moreover, Kinayoglu implies that sectioning
“involves the creation of cross-sections of the aimed surface in singular or varying
directions” (Kinayoglu, 2017: 76). If the sections are not assembled laterally, it is
called “bilateral contouring” (Sass, 2007). Likewise, if the sections are cutting each
other with varying angles, the technique is defined as “intersecting profiles” (Baquero

& Giannopouolu, 2015) or “waffle structuring” (Wannan, 2016).

Therefore, to propose the matrix, two consecutive steps are taken. First, a
simplification and classification in the terminology is carried out. For simplifying the
terminology, the techniques are classified after a literature survey. 18 references are

examined in this survey (Table 3.1).

Then secondly, a recurrence table is created based on these classifications (Table 3.2).
Recurrence table demonstrates the mostly preferred headings in the references. For
instance, sectioning and waffle structuring headings define the same way of
fabricating. According to the recurrence table, sectioning will be the title of the
technique as it is used 8 times versus waffle structuring, which is used twice in the
references. On the other hand, future fabrication of architecture, use of ruled
developable surfaces and unfolding are only referred to in the references once and they
cannot be related with any of the classifications. Thus, these 3 techniques will not be

mentioned in the thesis.
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After the recurrence table analysis, 9 different techniques remained; comprising of
sectioning, contouring, tessellating / tiling, folding, forming, two dimensional
fabrication, subtractive fabrication, additive fabrication and formative fabrication. In
literature, these techniques are grouped mainly in two categories. The first category is
related with architectural design constraints and the second category is related with

digital fabrication machines and the technology used (Table 3.4).

As shown in the table, two dimensional fabrication, subtractive, additive and
formative fabrication are defined and classified according to the specific fabrication
machine and the technology used. For instance, in two dimensional fabrication,
“various cutting technologies, such as plasma-arc, laser-beam, or water-jet, involve
two-axis motion of the sheet material relative to the cutting head and are implemented
as a moving cutting head, a moving bed, or a combination of the two.”(Kolarevic,
2018: 120). Similarly, additive fabrication mainly depends on the fabrication machine
used such that “incremental forming by adding material layer by layer with
technologies such as Selective Laser Sintering (SLS), 3D Printing (3DP), Laminated
Object Manufacture (LOM) or Fused Deposition Modelling (FDM)” (Wiertelarz,
2016: 84). Also, subtractive fabrication is dependent on the technology used as it is
the “removal of a specific volume of material from solids using electro-, chemically
or mechanically reductive multi axis milling process” (Wiertelarz, 2016: 82). Lastly,
with formative fabrication “mechanical forces, restricting forms, heat, or steam are
applied on a material so as to form it into the desired shape through reshaping or

deformation, which can be axially or surface constrained” (Kolarevic, 2018: 121).
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Table 3.1: Literature Survey for Digital Fabrication Techniques in Architecture
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On the other hand, as it can be mentioned from the definitions of sectioning and
tessellating/tiling above; the remaining five techniques (sectioning, contouring,
tessellating/tiling, folding and forming) are defined according to the design constraints
like function, geometry, scale etc. The constraints originate from the designer rather
than technological possibilities (Dunn, 2012). For instance, according to lwamoto
(Iwamoto, 2009: 90), “Contouring is a technique that reshapes this surface and creates
a three dimensional relief by removing successive layers of material.” The technique
“removes unnecessary material starting from the top level and going down, reaching
to the desired three-dimensional object at the end.” (Kinayoglu, 2017: 73). Also, Lisa
Iwamoto defines folding as a technique that “turns a flat surface into a three
dimensional module creating not only form but also structure with the geometry”
(lwamoto, 2009: 62). Moreover Kinayoglu implies the same technique with these
words: “The folding technique uses an operation to attain the desired shape instead of
creating a new form” (Kinayoglu, 2017: 79). A language is generated using the
characteristic of fold that also creates a source of architectural and structural motion
(Moussavi, 2009) and “the combination of several folds creates a folding” (Meyer et
al., 2015: 443). it. Lastly, in forming, “the possibilities of moulding” (Marcos, 2011:
1045) is explored to generate components. Mainly for mass production “architectural
elements such as fagade panels, detail components and other hardware” (Dunn, 2012:

148) can be fabricated with the technique.

This thesis focuses on the digital fabrication techniques that are defined according to
the architectural design constraints (Table 3.4). The selected five techniques establish
the main column of the proposed matrix (Table 3.5). These techniques are sectioning,

contouring, tessellating / tiling, folding and forming.

35



Table 3.2: Recurrence Table

Future Waffle
Sectioning | Tessellating Tilling Folding Contouring Forming [Fabrication of| Triangulation T ——
IArchitecture 9
8 6 4 10 9 4 1 2 2
Two . " . . . Use of Ruled
Dimensionall Subtractive | Additive Formative Bilateral Intersecting Developable| Unfolding
Fabrication | Fabrication | Fabrication | Fabrication | Contouring | Profiles Surfaces
4 6 6 3 1 1 1 1
Table 3.3: Analysis of Recurrence Table
| Future Wafle |
Sectioning | Tessellating Tilling Folding Contouring | Forming [Fabrication of| Triangulation] .= . .

Two

Dimensionall Subtractive
Fabrication

Fabrication

Additive

Fabrication

Formative
Fabrication

Related with architectural design constraints

SCOPE

Related with fabrication machines and technology
Their area of use

Table 3.4: Classification in the Related Literature and Scope of the Thesis

Table 3.5: Main Column of the Generated Matrix

DESIGN CONSTRAINTS

Sectioning

Contouring

Tessellating /|

Tiling

Fol

Iding

Forming
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3.1 Sectioning

In the sectioning technique, series of profiles are used to construct the surface
geometry and these profiles can be connected to each other with various methods such
as interlocking, mounting and laminating. For the necessary data to inform CAD/CAM
process of sectioning, sectional cuts are taken at intervals from a computer model.
Besides fabricating curvilinear forms, the designer can understand and communicate
the relationships of form, surface and space by slicing the design through digital
modeling software (Dunn, 2012). The commands on the modelling software such as
sectioning and contouring enables the designer to generate parallel sections (Iwamoto,
2009). In sectioning, it is possible to create surfaces; with supports and/or as skins
(Bollinger, Grohman & Tessman, 2010). Also it is possible to generate a whole volume

by laminating the sections one after another.

Although sectioning is often mentioned as a —new- digital technique, it actually has a
long history traditionally in construction industry (Iwamoto, 2009). The technique was
first used in ship industry in the Middle Ages and today, it is still effective in the
aircraft industry to make doubly curving surfaces (Eyres & Bruce, 2012). In airplane
bodies and also boat hulls, sectioning is used to create ribs for the structure (lwamoto,
2009). The surface material can either be described in section as “curves along the

surface” or “unrolled into flat pieces” (Iwamoto, 2009: 10).

Sectioning was used as a building technique in the pre-digital era (lwamoto, 2009). Le
Corbusier for instance, designed the roof of the chapel of Ronchamp constituting a
series of structural concrete ribs, laterally joining each other with crossbeams (ibid).
The reason why Le Corbusier used this technique is based on the fact that the structure
becomes lightweight with “accurate edge profiles for a non — uniform shape to align

and support surface material” (lwamoto, 2009: 10) (Figure 3.1).
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Figure 3.1: Roof of the Chapelle Notre Dame du Haut at Ronchamp, 1950 (Ilwamoto, 2009: 11)

Another architect who used digitally generated sectional construction for his designs
is Greg Lynn. He used computational power in his projects both for early design and
fabrication phases (Iwamoto, 2009). Four of his projects from the book Animate Form
were presented in New York, in 1995, for Artists Space Exhibition (Lynn, 1999)
(Figure 3.2). Curvilinear form of the projects are designed and fabricated with parallel

sectioned ribs using plastic sheet material.

Figure 3.2: Artists Space Installation, Rendering of Sectional Ribs (Iwamoto, 2009: 11)

A more contemporary example is SHOP Architect’s Dunescape installation that won
MoMA/P.S.1’s Young Architects Program in 2000
(http://www.shoparc.com/projects/dunescape-at-moma-ps1/). It IS an

“architecturalized landscape” that is fabricated with stacked, dimensional lumber
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(lwamoto, 2009: 12) (Figure 3.3). Digitally driven methodology of the project enabled
the designers to use the section drawings for realizing the project (lwamoto, 2009).

SHoP architects also used the same technique for making a scaled model of the design.

As seen in the example of Dunescape, sectioning technique can be used for fabricating
the whole 1:1 scale design and its scaled model. For creating multi scaled designs,
sections are produced with two dimensional planar materials. These materials can be

cut with computerized cutting tools like laser, water-jet, plasma cutters and CNC

routers (lwamoto, 2009).

Figure 3.3: Dunescape Installation (http://www.shoparc.com/projects/dunescape-at-moma-ps1/)

Each fabrication technique has different potentials that differentiates it from the others.
Sectioning assembly has the capacity of augmenting structural and tectonic properties
of the surface (Bechthold, 2008). Moreover, series of profiles can be connected to each

other easily and economically.
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3.2 Contouring

With contouring technique, a three dimensional form is created as a whole by
removing material from a solid object. The surface is reshaped with a subtractive
process. Unlike sectioning technique, in which planar materials can be merged with
each other with various methods, contouring generates the whole form by carving a
monobloc object. End results are generally identical in physical appearance with

sectioning technique, although their creation processes and the way material is used

are different.

Figure 3.4: Carvings on a rooftop of an Early Jain Temple
(https:/iwww.wmf.org/sites/default/files/article/pdfs/pg_22-25_jaisalmer.pdf)

In sectioning, separate pieces are joined together to create a design, although by
contouring, a volume is removed from a monobloc object like carving (Kolarevic,
2003). Carving enables designers to generate surface textures as in Greek columns
(Marcos, 2011). In the history of architecture, many components like ‘ordered Greek-

column capitals, friezes, rock-cut architecture and Jain temples’ are made with carving
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different materials such as wood and stone (Ilwamoto, 2009). For instance, around 12"
century Jain Temples in Golden fort Jaisalmer, which is a city in India, are made with
carving different materials such as wood and stone, especially yellow sandstone

(Figure 3.4) (Vaijyanti, 2013).

Carving was widely used in traditional construction practice until industrial
standardization and manufacturing began to have effects on architectural production
(Dunn, 2012). Due to industrialization, carving practice decreased in architectural field
(ibid). However, with the emergence of digital fabrication technologies, contouring
started to be used in creating surface textures similar to those in carving. Besides
generating surface texture, ornamentation can also be produced. Main difference
between traditional carving and contouring techniques is the set of tools used in each

(Dunn, 2012).

Unlike traditional carving tools, such as riffler and knife, CNC routers and CNC mills
are used as tools to reshape the surface in contouring (Marcos, 2011). With flat
materials such as plywood, foams, stone slabs, particleboards and soft metals like
aluminum and bronze, surface effects can be generated with contouring technique
(Marcos, 2011). There are different variables in each design, varying according to the
material characteristics and machine limitations. After they are identified, software
creates a tool-path data with a programming language for CNC machines in the
fabrication process (lwamoto, 2009). This language is called G-Code and consists of
operations with a series of commands like spindle position, speed and depth, for each
individual job (Iwamoto, 2009). Also, whether the design will be produced as part-

wise or as a whole is specified according to machine limitations (Kinayoglu, 2017).
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In spite of the contributions of the technique, the process is quite time intensive and
the subtractive process generally causes extreme material waste (Iwamoto, 2009). The
technique is used mainly for fabricating architectural components like panels, doors or
facades of the buildings (Iwamoto, 2009). For instance, Design 306 by Philip Koether
is a panel design, which is designed for a high rise residential building, Centria in New

York (Figure 3.5).

Although machine limitations give the opportunity to use any stone material for the
design, the panel was fabricated from Indiana limestone and milled with 3 axis CNC
mill (ibid). The size of the panel can be changed according to the width of the space,

while pattern ratio remains stable. Also, the selected pattern enables perforations for

il

Figure 3.5: Design 306 (https://www.architonic.com/en/product/erwin-hauer-studios-design-
306/1028085)

light settlements (lwamoto, 2009).
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Another project with contouring technique is One Main in Cambridge, Massachusetts,
which was mainly designed for the penthouse offices of an investment group in green
building and clean energy technologies (https://www.archdaily.com/778976/one-
main-office-renovation-decoi-architects) (Figure 3.6). In the project, the floor and the
ceiling are continuation of each other showing up a customized fabrication with a

seamless fabrication logic (Dunn, 2012).

Figure 3.6: Continuous Surfaces of One Main (Dunn, 2012: 136)

Besides creating continuous surfaces, contouring technique provided crafted interiors
with various functions instead of typical industrial components. Also, the technique
enabled the whole project to be fabricated environmentally friendly (Dunn, 2012).
Timber, as a sustainable, carbon-absorbing raw material, was milled with low energy

digital tooling (ibid).

3.3 Tessellating / Tiling

In the analysis of the literature review, it was found out that in literature tessellating
and tiling are used for referring to the same technique. In the technique, various figures

and shapes generate the surface of the form with a tight formation, “constituting almost
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a puzzle without gaps” (lwamoto, 2009: 36). Tessellations can consist of regular
shapes as triangle, square, etc. or it can also comprise of random shapes or figures

(Figure 3.7).
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Figure 3.7: Shapes of Tessellations
(https://www.mat.ucsb.edu/g.legrady/academic/courses/08w256/javier_pl/index.html)

Figure 3.8: M.C. Escher’s drawings (eagle, clowns, two birds, 1938)
(https://lwww.mcescher.com/gallery/symmetry/)

These shapes create an area on the surface of the form, in which every point in the
shape is located on the same polygon (Paoletti, 2017). Basically, tessellating is a
technique, with which the designers can build smooth, curvilinear forms consisting of
shapes on their surfaces using sheet materials. As in the previous technique,
tessellating has also been widely used in the history of art and architecture (Dunn,
2012). For instance, M.C. Escher, a graphic artist in 1900s, was known for his

tessellation art (Schattschneider, 2010) (Figure 3.8).
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Besides art, tessellating as a term also represents “tiled patterns on buildings” and
“digitally defined mesh patterns” (lwamoto, 2009, 36). Due to the potentials of tile
orientations and tessellations in providing structural integrity of the form, tiling has
been used in architecture since the ancient times (Frampton, 1995). Roman mosaics;
ceramics, marbles, and glass tiling in Islamic architecture; flower windows and floor
tiles in Chinese architecture; or rose windows and arch arrangements in Gothic
Cathedrals are typical tessellation examples (Chang, 2018). Buckminster Fuller’s
geodesic dome is one of the first examples of tessellated surfaces (lwamoto, 2009)

(Figure 3.9).

Figure 3.9: Buckminster Fuller’s geodesic dome
(http://www.spatialagency.net/2009/08/24/buckminsterfuller_1-960x607.jpg)

In his book ‘Synergetics, Explorations in the Geometry of Thinking’, Fuller discusses
building a new environment with less energy (Fuller, 1983). As the geodesic dome
uses less raw material, he prefers to work with this special structure (Barbieri, D. et.al.
2016). The geodesic dome, which consists of triangular meshes, depends on a

tensegrity structure, name derived by the combination of ‘tensional’ and ‘integrity’
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(Barbieri et al., 2016). Structurally, the dome becomes stronger as it gets larger and

also, every strut, opening and joint detail is identical with each other (lwamoto, 2009).

Geometric tessellation concept first began to be used for digital design in architecture
with computer graphics (Chang, 2018). The application of geometric tessellation in
the digital era is generated by algorithms of the surface and these algorithms provide
the designers to approximate surfaces (Iwamoto, 2009). Approximating surfaces is one
of the significant advantages of tessellation as a digital design and fabrication
technique, which means to be capable of placing various unique panels on the surface
of the form for multiple scales and curvatures (lwamoto, 2009). For algorithms, input

of the surface results in the output of the geometry (Chang, 2018).

The resulting unique tessellations are not the result of the form that is intended to be
built. Rather, the real potential of tiling lies in the performance criteria that is

calculated via digital design programs (lwamoto, 2009) (Figure 3.10).

Figure 3.10: Performance Criteria of Patterns - Study of a cube using computational fluid dynamics,
“dirty geometry” (Iwamoto, 2009: 37)

Algorithms may enable constructional, structural, material, spatial, perceptual and
programmatic constraints to be determined as a whole for optimized pattern solutions.

Also, material investment can be provided via optimizing patterns with algorithms.
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For example, in Reiser + Umemoto’s West Side Convergence project in New York
(1999), algorithms are used to form triangulated tiling spaceframe of the design (Dunn,

2012) (Figure 3.11).

Figure 3.11: West Side Convergence Project (Gregory, 2003: 52)

Through algorithm components, both physical support - span and concept of being a

whole continuous surface is achieved (Dunn, 2012).

3.4 Folding

In folding technique, a flat two dimensional material is pleated through two or more
creases for generating three dimensional form without losing the characteristic of the
material. According to Deleuze (2003: 26), folding is “a continuous variation of matter
as a continuous development of form”. Basically, the technique has its roots from
origami which “has evolved from traditional Japanese folk art to a design strategy for
contemporary architecture and products” as Hemmerling indicates (2010: 89).
Origami can be identified as “the art of folding paper” and guides the designers to
generate complex geometries that have structural stability (D’Acunto & Gonzalez,
2015: 1). Since 1990s, folding strategies in architecture has been evolving for complex
geometries (Hemmerling, 2010). Creased forms, folded plate structures and roof
structures that are generated from hyperbolic curvature or accordion shape were the
geometries for experimental studies in those times (Iwamoto, 2009). Ramm and Wall

states that (as cited in Tomas & Pascual, 2010: 67), these studies were mentioned as
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“prima donna of structures” by some authors due to their aesthetic values. Besides
visual elegance, making formwork for casting concrete was easy and also the material
has the potential to provide the design’s structural rigidity (Iwamoto, 2009). Also, in
this new generation of architecture, structural performance and wide enclosures are
provided with an economical manner (lwamoto, 2009). As an example, Felix
Candela’s restaurant project Los Manantiales was completed in 1958 as a shell roof of

a restaurant in Xochimilco, Mexico City (Burger & Billington, 2006) (Figure 3.12).

It is an eight-sided groined vault that consists of four intersecting hyperbolic
paraboloid saddles (Burger & Billington, 2006). Billington describes the structure with

these words (as cited in Tomas & Pascual, 2010: 68):

“This roof is made up of eight hyperbolic paraboloidal vaults arranged on a
circular ground plan of about 140 feet in diameter. Apart from deeply recessed
glass wall, the paper-thin (15/8 inches) roof is the entire structure. Structure
and form are one, and the thinness is expressed so powerfully that it is hard to
believe the building is concrete. It is emphatically not a natural form; rather, it

is artificial and the product of a disciplined mind.”
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Figure 3.12: Shell roof of a restaurant in Xochimilco, Mexico City (Faber & Candela, 1963: 159)

In the beginning, materials were limited in number for the first experimentations of
folded forms in architecture (Dunn, 2012). Currently, with improving digital
technologies, various material options and new material studies are available. In
addition, as Nick Dunn suggests (2012) fabricating full size spatial forms like scaled
models provides experiencing the space better. As such folding, as a method of making
1:1 scale designs, may acquire a new function by making building materials fold into

place (Dunn, 2012).

In folding, sheet materials are that are flexible enough for bending, creasing are used
(ibid). Also, in some conditions, heating can be used for making materials more
pliable. To implement the technique, laser cutters have the potential to score sheet
material for easy folding instead of cutting. Besides, water—jet and plasma cutters can

make holes like perforations to assist in the folding.

Folding as a digital fabrication technique in architecture ensures some advantages for

the design. First of all, when folded, materials gain structural stiffness and stability
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(lwamoto, 2009). Thus, the generated form becomes the structure of itself. In other
words, fold as a geometrical deformation of the material, has the ability to be resistant

to stresses and forces in the nature (Meyer et al., 2015).

Secondly, folding composes continuous surfaces with various spacial and
programmatic requirements (D’Acunto & Gonzalez, 2015). For example, in OMA’s
Educatorium project (1997), plywood walls turn into ceiling, continuing a single

language throughout (Figure 3.13).

Figure 3.13: OMA’s Educatorium Project (Gargiani & Koolhas, 2008: 197)

The continuous surface reveals fluidity and multi-functionality. The project consists
of two planes, folding to accommodate varied programs
(http://oma.eu/projects/educatorium). According to Greg Lynn (2004: 24) “If there is
a single effect produced in architecture by folding, it will be the ability to integrate
unrelated elements within a new continuous mixture”. And also Farshid Moussavi
(2009: 45) implies the tectonic properties of folding as “a language, source of
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architectural and structural motion is defined via the characteristic of the fold”. Besides
providing structural stability and fluidity with tectonic properties, folding is materially
economical (lwamoto, 2009). A single material can constitute the overall form by

creasing in pre-determined positions without material waste.

The technique may be integrated with various designs by using computation to fold
and unfold materials and evaluating different variables. For instance, stress pattern
view of the structure of CCTV Building in Beijing which was designed by OMA was
unfolded to display the loads and fold into a 3D model to generate the form (Carroll et

al., 2008) (Figure 3.14).

Figure 3.14: CCTV Building open plan (Dunn, 2012: 140)
3.5 Forming

Forming technique in architecture indicates generating forms from a mold that is also
named as ‘formwork’ using heat and pressure treatable material. Designs are mainly
originated from a pre-prepared formwork. First, the mold is set then the design is
shaped with the technique (Iwamoto, 2009). Molds are named as positive (male) or

negative (female) according to the mode of application (Dunn, 2012). Mainly, thermo
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and vacuum molding are used for positive molds, while casting and injection molding

benefit negative molds (ibid).

Since the discovery of plastic materials like plaster, concrete or plastics, forming
technique has been used in architecture (Iwamoto, 2009). Building components in the
20™ century were manufactured as mass production creating simple, similar forms with
repetitive patterns (Dunn, 2012). However, the technique has been developed along
the history according to the way formworks are produced (lwamoto, 2009). For
example, sectioning or contouring technique can be used to generate formworks.
These formworks are used in generating the components by forming later on. The size
and shape of the components are determined according to the size and shape of the
formwork (Dunn, 2012). As Dunn suggests (2012), because a vast array of materials
can be used and it is possible to combine traditional and digital manufacturing, the
technique offers new possibilities for architectural design. By exploring the possibility
of molding and assembly, diversifications between generated forms may be produced.
Marcos indicates that (2011: 1045) practicing digital techniques of fabrication enables
new materiality that provides inherent properties of materials, but the qualities are
“highlighted either through original combination of materials or through the way those

materials are worked and finished”.

With forming technique, architectural components, such as fagade panels, window
mullions, etc. are fabricated (lwamoto, 2009). Besides small scaled architectural
components, “it is possible to produce precast structural columns and beams, walls, or
even whole zones of the building such as circulation cores” (Dunn, 2012: 148). For
instance, the highly detailed stamped — metal cladding units of the fagade in Berliner
Philharmonie building was fabricated using forming technique in years between 1960

and 1963 (Figure 3.15).
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Figure 3.15: Berliner Philharmonie (https://www.archdaily.com/108538/ad-classics-berlin-
philharmonic-hans-scharoun)

As mass production affected the midcentury ideas for creating the surface of the
buildings, architect Hans Scharoun used ideas from industrial design for the fagade of

Berliner Philharmonie (lwamoto, 2009).

Big Belt house project (2000) in Meagher County, Montana by the American architect
William Massie is another project that is constructed using forming technique (Figure
3.16). The technique was used for creating the walls of the house, which was hard to
accomplish with traditional formwork processes (Martins & Sousa, 2014). It was the
plasticity of the concrete that enabled the generation of the form after creating the
formwork with sectioning technique. 1500 separate pieces were CNC milled for
constructing the formwork before assembling at the construction site and concrete was

poured into the formwork for the final form (Andersen, Mathiesen & Thrane, 2008).

53



Figure 3.16: Big Belt House (https://lelegabeira.wordpress.com/2011/01/21/precedents/11s-arch-306-
precents-big-belt-house-image-4/)

Consequently, forming technique is generally used for mass production purposes. The
main advantage of forming is that, once the mold is ready, generating architectural
components is cost effective and efficient for producing numerous products (Dunn,
2012). On the other hand, generating molds for unique components is time and labor
intensive (Ku & Chung, 2015). Thus, the process will be worth to utilize if there are

numerous iterative components (ibid).
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CHAPTER 4

DESIGN CONSTRAINTS

A design process is mainly formed and developed with various constraints and
relations between them (Gross, 1986). These constraints are simply requirements or
demands which define the framework of designing (Biskjaer & Halskov, 2013). Some
constraints are set externally while some of them arise from the decisions of the
designer. For example, gravity is a constraint that originates from nature, while
formalistic approaches or construction system of the buildings are decided by the
designer. In this thesis, the relationship between digital fabrication techniques in
architecture and design constraints determined by the designer is investigated. Design
constraints have the potential to develop creative processes while confining and
obstructing ideas (Biskjaer & Halskov, 2013). As architect Charles Gwathmey
indicates (interview by Andrew Pressman, 1995), “It is essential to view constraints as
a positive reference for interrogation and invention rather than as a limitation.” In this
thesis, it is argued that revealing a matrix comprising design constraints and digital
fabrication techniques in architecture will contribute to the improvement of the design

idea during the process.

To present the relationship between digital fabrication techniques in architecture and
design constraints, 10 sample projects are examined under the heading of each
technique. Every project is numbered in the table, from 1 to 50 in order to reference
them in the matrix (Table 4.1) and is lined up under the heading of their related

fabrication technique.
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Based on these projects, 5 constraints are presented in relation to the fabrication
techniques. These constraints are function, material, assembly technique of the parts,

fabrication machine and parametric design pattern.

Table 4.1: Examined Projects

TESSELLATING
SECTIONING CONTOURING FOLDING FORMING
TILING
Dynaform Bone Wall Acoustic Bariers E:"y garadi;enr:vilion Alice
Franken Arkitekten Urban A&O Kas Ooterhuis e osse/| Florencia Pita mod
Architects
A Change of State Landscape Lounge Project for} 5, Ringroad infrastructure | Vector Wall Prototype Pavilion
Nader Tehrani the Dutch Embassy UNStudio Reiser+Umemoto MOS

ONL

Door with Peephole
WILLIAMSON
WILLIAMSON

Serpentine Gallery Pavilion
Alvaro Siza, Eduarto
Souto de Moura

[Satin Sheet
niversity of California,
Los Angeles

Helios House
Office dA and Johnston
Marklee & Associates

Nubik
AEDS/Ammar Eloueini

(c) Space
Alan Dempsey, Alvin
Huang

Marble Curtain
Studio Gang

GRADIENT SCALE
SPAN

Bubble
ranken Arkitekten

In-Out Curtain
lwamoto Scott

Tool Hide
Ruy Klein

Metropol Parasol
Jurgen Mayer

Cocoon Club
3deluxe

Trutec Building
Barkow Leibinger

Aoba-tei
Atelier Hitoshi Abe

o
HE BB aAB8

Yokohama International
Port Terminal
FOA

Berkeley Hotel Entrance
[Canopy
Rogers Stirk Harbour Pa

Yokohama International
Port Terminal
FOA

West Coast Pavilion
Atelier Manferdini

BamScape
Faulders Studio

mTABLE
Gramazio & Kohler

Technicolor Bloom
Brennan Buck

Music Theatre in Graz
UNStudio

Loewy Bookshop
Jacob+MacFarlane

Digital Origami
Chris Bosse

Campus Restaurant and
Event Space
Barkow Leibinger

Horten Headquarters
Building

3XN

Airspace Tokyo
Thom Faulders
Architecture

Spencer Dock Bridge
AL_A

Cwall
Andrew Kudless/Matsys 38

hiatsu
Heather Roberge

A8 B
~

Mafoombey
Martti Kalliala,Esa
Ruskeepaa,Martin Lukasgzy

Dragonfly
Tom Wiscombe
JEMERGENT

Softshelf
Brian Brush - Yong Ju Leég

P Wall

Andrew Kudiess/Matsysm

NGTV

IJ|GNUFORM m

JCa’l‘ifojrnia: Stage Set for Manifold
OND eBpeISe m Andrew Kudless/Matsys

BURST 003
SYSTEMarchitects

CNC Panels

Jeremy Ficca _—
AEDS/Ammar Eloueini

4.1 Function

In the light of the analyses of the selected projects, function is the heading of the sub-
categories of structure, surface, volume and mold, considering their relationship with
digital fabrication techniques. Each selected project may correspond to more than one
sub-category. In table 4.2, the projects are placed according to their corresponding sub-

categories.
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Table 4.2: Function — Digital Fabrication Technique Numerical Table

FUNCTION STRUCTURE SURFACE VOLUME MOLD
SECTIONING 1,2,374,5,7, 8,910 2,4,557, 9,10 3,9,10 6
CONTOURING 11, 19 i, ‘319‘:‘535’ 1 12,16 18
TESSELLATING sloa26z | |Ph2223,94,05, 2670, ey
TILING 28,29, 30
FOLDING 317 32535¢ i% 37, 38, 39,31, 32, :;33’,?;‘;”1% 36, 37, 31,3537
FORMING 46 4l 42;;‘,3;;’4;35’ il 44,47,50

Sectioning technique can be used simultaneously as structure, surface, volume and
mold. Different from the next four techniques, all of the projects in sectioning are used
for generating structure. Furthermore, in A Change of State (2), (c) space (4), Metropol
Parasol (5) and Loewy Bookshop (7), the structure is also the surface of the geometry.
In Serpentine Gallery Pavilion (3), the structure of the design generates a volume for
people as an interior space (Figure 4.1). Besides, Mafoombey (9) and BURST 003 (10)

use sectioning to originate structure, surface and volume at the same time (Figure 4.2).

Figure 4.1: Function as structure and volume in Loewy Bookshop (7)
(http://lwww.jakobmacfarlane.com/en/project/loewy-bookshoop/)
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Figure 4.2: Sectioning technique generating structure, surface and volume of Mafoombey (9) (Marcos,
2011)

As in sectioning technique, contouring can also be used for structure, surface, volume
and mold functions. In Bone Wall (11) and Softshelf (19), structure of the designs

generates the surface (Figure 4.3).

Figure 4.3: Contouring technique generating structure and surface for Bonewall (11) and Softshelf (19)
(Krauel, 2010: 14, 181)
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In tessellating and folding, all projects that are studied use the technique for generating
surface. Besides, Acoustic Barriers (21), Marble Curtain (24), Technicolor Bloom
(27), Vector Wall (32), Yokohama International Port Terminal (36), C Wall (38),
Dragonfly (39) and Manifold (40) compose the structure merged with the surface
(Figure 4.4). Within these examples, Yokohama International Port Terminal (36) is
interesting in the sense that it employs more than one fabrication technique at the same

time.

In West Coast Pavilion (26), Entry Paradise Pavilion (31), Aoba-Tei (35) and Digital
Origami (37), structure, surface and volume are created at the same time with both

tessellating and folding (Figure 4.5).
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Figure 4.4: Marble Curtain (24) and Yokohama International Port Terminal (36), tessellating and
folding techniques generating structure with surface (Dunn, 2012: 171;
https://www.archdaily.com/554132/ad-classics-yokohama-international-passenger-terminal-foreign-
office-architects-foa)

Figure 4.5: Digital Origami (37), folding technique generating structure with surface (Krauel, 2010:
206)

In forming technique structure, surface and volume can be generated as in Bubble (44),

Music Theatre in Graz (47) and NGTV (50), where surfaces surround the volume

(Figure 4.6).
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Figure 4.6: NGTV (50) generating volume and surface with forming technique (http://murmur-
la.com/no-good-television-reception-bar/)

4.2 Material Properties

Based on the examined projects, materials that are used with digital fabrication
techniques are divided into three sub-headings according to their properties. These
sub-headings are sheet (planar) materials, three dimensional solid materials and
materials that can be reshaped with heat and pressure respectively. When the projects

are examined, a clear distinction is evident between material selections (Table 4.3).

In sectioning and folding, sheet (planar) materials such as chipboard, cardboard, thin
shells of concrete, plastic sheet material, steel fins, lumber, pvc tubing, plywood,
aluminum and metal plates were used. While in sectioning fabricated parts directly
come together with various assembly techniques, in folding the material folds upon

itself, improving structural stiffness before the assembly process.

Table 4.3: Material Properties — Digital Fabrication Technique Numerical Table
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MATERIAL SHEET (PLANAR)| THREE DIMENSIONAL MATERIALS THAT CAN

PROPERTIES MATERIALS SOLID MATERIALS | BE HEATED AND PRESSURED
1,2,3,4,5,6,7,
SECTIONING i
11,12, 13, 14, 15, 16, 17,
CONTOURING 1920
TESSELLATING | 21,23, 24,25, 26,27, 2
TILING 28,29, 30
31,:32,33::34,:35,36;
FOLDING 37, 38, 39, 40
41,42, 43, 44, 45, 46,
FORMING 47, 48, 49, 50

In contouring, three dimensional solid materials are used for all 10 projects. The
geometries are generated out of solid, flat, thick materials such as stone slabs, wood,
gypsum board and foams. The material lessens and gains new tectonic dimensions with

a subtractive process similar to carving as in GRADIENT SCALE (14) (Figure 4.7).

Figure 4.7: GRADIENT SCALE (14) subtractive process of contouring (Iwamoto, 2009: 102)

Likewise, in A2 Ringroad Infrastructure (22), which was fabricated with tessellating
technique, concrete sound barriers are carved with a pattern as in contouring project
examples (Figure 4.8). Remaining 9 projects used sheet (planar) materials like in

sectioning and folding.
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Figure 4.8: Carved concrete sound barriers of A2 Ringroad Infrastructure (22) with tessellating
technique (Dunn, 2012: 166)

Different from other four techniques, in forming, materials like plastic and aluminum
were heated and/or pressured to reach the intended form. With proper machines, states
of material change for pouring it into a mold. The desired shape is generated through

various material forming processes.

4.3 Assembly Technique of the Parts

As the third design constraint related with digital fabrication techniques in architecture,
assembly techniques between fabricated parts are defined. Mainly, assembly means to
attach geometries (Sass, 2004) and it is needed when making designs in larger scale,
where the large surface is broken down into partitions. The form and size of the

partitions are based on the available sizes of the material and machine limitations.

The selected projects are fabricated using 5 digital fabrication techniques assembled
with 6 techniques, comprising interlocking, laminating, welding, binding or bolting

materials from perforations, and single module (Table 4.4).

Table 4.4: Assembly Technique of the Parts — Digital Fabrication Technique Numerical Table
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ASSEMBLY TECHNIQUE , ! BOLTING FROM | SINGLE
OF THE PARTS INTERLOCKING | LAMINATING| WELDING | BINDING PERFORATIONS |MODULE
SECTIONING 3,4,5,7,10 9 16 2.8
CONTOURING 11,14,15, 18 19 o
TESSELLATING 22,24, 25, 28 27,29, 30 21,23,26
TILING
FOLDING 31,37,38 35,36 33 32,34,39,40
41,42, 43, 44,
RORMING 45,48, 49, 50 < 46

In sectioning, half of the selected projects were assembled with interlocking. For
instance, Serpentine Gallery Pavilion (3) (2005) uses mortise-tennon connections as
interlocking assembly details (lIwamoto, 2009) (Figure 4.9). Likewise, (c) Space (4),
Metropol Parasol (5), Loewy Bookshop (7) and BURST 003 (10) are assembled using
interlocking parts of the designs. While in Mafoombey (9) laminated cardboards
create an interior volume, in Dynaform (1) and Yokohama International Port Terminal
(6) concrete materials are welded to each other. Also, in A Change of State (2) and
Campus Restaurant and Event Space (8), materials are bolted from perforations

(Figure 4.10).
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Figure 4.9: Mortise-tenon connection of Serpentine Gallery Pavilion (3) (2005) by Alvaro Siza and
Eduardo Souto de Moura (Alvaro Siza and Eduardo Souto de Moura with Cecil Balmond, 2005: 100)

Figure 4.10: Campus Restaurant and Event Space (8) project, bolting materials from perforations (Dunn,
2012: 161)
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5 projects out of 10, such as Landscape Lounge Project for the Dutch Embassy (12),
Door with Peephole (13), BamScape (16), mTable (17) and CNC Panels (20) are
produced as a single module in contouring (Figure 4.11). These projects are mainly
produced for small scale interior or outdoor designs that suit the machine limitations.
When the scale gets bigger, the designs can be assembled with interlocking or bolting

from perforations.

Figure 4.11: Door with Peephole (13) that is fabricated as a single module with contouring
(https://www.williamsonwilliamson.com / arch / projects / door — with -peephole/)

Both in tessellating and folding, interlocking, binding and bolting techniques are
utilized. In Technicolor Bloom (27) cable binders; in Airspace Tokyo (29) stainless
steel rods (Krauel, 2010); in California: Stage Set for John Jasperse (30) and Nubik
(33), zip ties bound the partitions (lwamoto, 2009) (Figure 4.12). Also, in folding,
welding method was used in the projects Aoba-tei (35) and Yokohama International

Port Terminal (36) in addition to tessellating.
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Figure 4.12: Binding technique for Airspace Tokyo (29), California: Stage Set for John Jasperse (30)
and Nubik (33) projects (Krauel, 2010: 80; Iwamoto, 2009: 75)

Interlocking various partitions is also preferred in the forming technique. Besides, the
three levels of Music Theatre in Graz (47) are welded together with a twist (Dunn,
2012) (Figure 4.13). Also, structural elements of the Berkeley Hotel Entrance Canopy

(46) are formed as single modules (Figure 4.14).
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Figure 4.13: Music Theatre in Graz (47) (UN Studio: MUMUTH, House For Music and Music Theatre,
2010: 98)

Figure 4.14: Structural elements for Berkeley Hotel Entrance Canopy (46) (Dunn, 2012: 157)

4.4 Machine Properties

Digital fabrication machines are diversified according to the way they act on the
material and their mechanism of control (Pfeiffer, 2009). In the light of the examined
projects, fabrication of the techniques can be done with 3 different machine types

(Table 4.5) namely, additive and manipulative CNC machines, subtractive CNC
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machines and material forming machines through the use of heat and pressure.
Additive and manipulative CNC machines are mainly benders, sewing machines,
welding machines, and robotic arms capable of multi-axis movement with various tool
attachments (ibid). Subtractive CNC tools include multi axis milling, routing, and
turning machines, laser cutters, sign cutters, hot-wire foam cutters, plasma cutters, and
water jet cutters (ibid). Finally the material forming machines are the thermo and

vacuum based machines that can be used in material forming processes.

Table 4.5: Machine Properties — Digital Fabrication Technique Numerical Table

MACHINE ADDITIVE AND MANIPULATIVE SUBTRACTIVE FORMING
PROPERTIES CNC MACHINES CNC MACHINES MACHINES
1,2.3,4.5,
SECTIONING 1,6 7.8.9,10
11, 12, 13, 14, 15,
CONTOURING 16,17, 18, 19, 20
TESSELLATING 30 21,22,23,24,25,
TILING 26, 27,28, 29, 30
31, 32, 33, 34, 35,
FOLDING 32,33, 35,36 37.38.39, 40
41,42, 43, 44,
FORMING 46, 48, 49, 50

According to the examined projects, in some of the projects two different kinds of
machines were used one after another. For instance, steel sections of Dynaform (1)
were first CNC cut (subtractive CNC) and then they were welded on the ground
(manipulative CNC). Likewise, in Vector Wall (32), laser cut parts (subtractive CNC)
were bend to fold (manipulative CNC) for the intended form (Dunn, 2012) and in
Nubik (33) and California: Stage Set for John Jasperse (30) examples, parts were laser
cut (subtractive CNC) before zip ties were integrated (manipulative CNC) to the design

(Figure 4.15).
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Figure 4.15: Laser cut and Folded geometry of Vector Wall (32) (Dunn, 2012: 142)

In contouring and forming techniques, specific kinds of machines were preferred.
While all projects in the contouring technique were fabricated using milling and
routing processes; Alice (41), Prototype Pavilion (42), Bubble (44) structural elements
of the Berkeley Hotel Entrance Canopy (46) and NGTV (50) in forming were thermo
or vacuum formed (lwamoto, 2009; Dunn, 2012). Also, in Satin Sheet (43), Shiatsu
(48) and P Wall (49) superforming process, in which a sheet of material is heated and
forced to take the form of the molds using gas pressure, was preferred (lwamoto, 2009)

(Figure 4.16).

Figure 4.16: Superforming process of Shiatsu (48) (Ilwamoto, 2009: 136)

70



4.5 Parametric Design Patterns

Christopher Alexander discusses generative design patterns in his book A Pattern
Language: Towns, Buildings, Construction (1977), that define architectural systems.
He refers to such systems as ‘languages’ in the book (Jabi, 2013). These systems
enable practical, beautiful classical spaces and forms to be generated through various
patterns (Alexander et.al., 2013). Parametric design also depends on patterns (Jabi,

2013).

Parametric design patterns are mainly used to generate planar solutions for
organization of the design or alter design elements according to recognized site forces
(ibid). Each pattern has diverse and different potentials from each other for the
intended design process. The patterns are studied in books such as Elements of
Parametric Design by Robert Woodbury and his team (2010), Tooling by Benjamin
Aranda and Chris Lasch (2006), and The New Mathematics of Architecture by Jane
and Mark Burry (2012). In Parametric Design for Architecture, Wassim Jabi (2013)
states that parametric patterns are still developing and evolving in progress and he
defines 9 different parametric patterns, which include controller, force field,
repetition, tiling, recursion, subdivision, packing, weaving and branching by
following the order that Christopher Alexander presented and Woodbury,

Aranda/Lasch and the Burrys continued (ibid).

The examined projects may be associated with these 9 parametric design patterns. In
each project at least one parametric design pattern is used. According to the examined
projects, the corresponding parametric design pattern to the fabrication techniques are

specified (Table 4.6).
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Table 4.6: Parametric Design Patterns — Digital Fabrication Technique Numerical Table

PARAMETRIC DESIGN
PATTERNS CONTROLLER |REPETITION|SUBDIVISION|FORCE FIELD|TILING| RECURSION |PACKING |[WEAVING|BRANCHING|
152,374 5] 2,3,4,
SECTIONING | ¢2g50 | 1368 8 Ls 2 8 T
11,12,16, | 11,14, 15,
CONTOURING 17.18.19 19,20 18 13
TESSELLATING 21,23,24, | 21,22,23, | 21,23,24,25, o §§ ggg‘; o6 21,23,24, %
TILING 26,27,30 |24,27,28,30] 26,27,29,30 s s, 26, 27, 29
31,32, 33,34, |33,34,35,36| 31,32,33, 34, 32,35, 38,
FOLDING 35, 36, 38, 39, 40| 37, 38, 39, 40| 36, 38, 39, 40 39,40 o
42,43,45 41,43 42,45
44,46,47,50 | 41,43,45 noeeh yi2s 142,
FORMING 48,49 48,49 48,49

The table shows that the controller, repetition and subdivision patterns are used in all

five digital fabrication techniques.

Controller

Controllers mainly allow the form to be controlled and manipulated by dividing it into
parts and sub-parts. For example, in Bubble (44), which was fabricated with forming
technique, control points were used in the project’s NURBS model (Dunn, 2012). In
the model, specific controllers were generated according to various parameters and the
final form was created (ibid). Also, the control points specify the proper positions of
the steel structure of the project under the glass facade which were fabricated with

sectioning technique (ibid) (Figure 4.17).
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Figure 4.17: Controller Parametric Design Pattern in Bubble (44) (Dunn, 2012: 152,153)

Repetition

In repetition, the repeated patterns can be changed according to different parameters
such as distance, time, location, etc. (Jabi, 2013). For example in Aoba-tei (35), the
repeated dot patterns were shaped according to the places of lighting units to create the

light and shadow of the zelkova tree (Iwamoto, 2009) (Figure 4.18).
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Figure 4.18: Repeated dot patterns of Aoba-tei Restaurant (35) (lwamoto, 2009: 81)

Even if all the repeated patterns in a design may not be identical, they usually have the

basic uniformity with the former ones (Jabi, 2013).
Subdivision

While working with smooth surfaces and forms, to detail or to fabricate the form,
subdivisions can be needed as in Technicolor Bloom (27)(Figure 4.19). In subdivision,
the surface can be divided into parts by “tracing, scoring or cutting lines through the
surface.” (Jabi, 2013: 82). Although subdivision may be used in all of the digital

fabrication techniques, it is mostly used in tessellating, folding and forming.
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Figure 4.19: Subdivisions of 27 (Technicolor Bloom Project) (Krauel, 2010: 187)

Force field

Force field can be considered as the sum of all the factors affecting the form of an
object or structure. For instance, the speed of a car passing at 120km/h is a force, which
affects the form of Acoustic Barriers (21) (https://www.archdaily.com/15400/acoustic-barrier-
onl). Also, the surface and the volume were stretched with the force of the flow

direction of cars (ibid) (Figure 4.20).
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Figure 4.20: Force Field Parametric Design Pattern in 21 (Acoustic Barriers)
(http://nrd.adsttc.com/15400/acoustic-barrier-onl)

Tiling

Tiling pattern, which is basically the 2D version of repetition is defined in mathematics
as arranging identical planar shapes to fill an intended surface without overlapping
(Jabi, 2013). Satin Sheet (43) reveals diverse organizational possibilities which were
experienced through the tiled surfaces of the panels (lwamoto, 2009) (Figure 4.21).
Also, in tiling, adjacency is an important factor besides repetition and modularity

(Aranda & Lasch, 2006).

Figure 4.21: Tiled surfaces of Satin Sheet (43) (Iwamoto, 2009: 134)
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Recursion

Recursion is a special case of repetition (Jabi, 2013). With this pattern, a process is
created to repeat itself for the next iteration (ibid). Recursion is used with sectioning
and tessellating techniques. In both A Change of State (2) and West Coast Pavilion

(26), repetition of the shapes reproduces itself for the next generation (Figure 4.22).

Figure 4.22: Recursion Parametric Design Pattern in West Coast Pavilion (26) (Atelier Manferdini:
West Coast Pavilion, 2008: 127)

Packing

Packing is a related pattern with tiling and subdivision (Jabi, 2013). Contrary to tiling
and subdivision, there is no need for packing to cover all the surfaces (ibid). It
organizes the elements’ positions according to the other elements nearby and provides
structural strength with adjacency (Aranda & Lasch, 2006). For example, in C Wall

(38), the Voronoi pattern of the design implies the positioning of cellular subdivision
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and structural efficiency (Ilwamoto, 2009) (Figure 4.23). The packing pattern was used

in sectioning, tessellating, folding and forming techniques.

Figure 4.23: C Wall (38) demonstrating Packing Parametric Design Pattern (Iwamoto, 2009: 85)

Weaving

Weaving is used to give surface a structural strength by interlocking two different
systems, which are traditionally called ‘warp’ and ‘weft’ patterns (Jabi, 2013). These
patterns were integrated in 4 using an interlocking cross joint system. A self-
supporting form is generated by digitally defining the design processes with parametric

algorithms (Iwamoto, 2009) (Figure 4.24).
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Figure 4.24: Interlocking cross joint system of (c) Space (4) as Weaving Parametric Design Pattern
(Krauel 2010: 30, 31)

Branching

Branching can be also used for structural purposes in architecture as in the project
example of Helios House (23). Branching was used in both tessellating and folding. In
Entry Paradise Pavilion (31), the overall form takes inspiration from microscopic cell

structures such as foam, sponge or coral leafs (lIwamoto, 2009) (Figure 4.25).

Figure 4.25: Branching Parametric Design Pattern for Structural Purposes in Helios House (23)
(Johnston Marklee & Associates: Helios House, 2008: 49) and Entry Paradise Pavilion (31) (Iwamoto,
2009: 78)
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Also the table shows that, in a specific project, more than one parametric design pattern
can be used. For example, in Dynaform (1), both force field and repetition patterns
were used. In the project which was used for BMW exhibition pavilion, in contrast to
the stationary cars inside, a movement of the structure was desired (Dunn, 2012). With
the Doppler effect, which involves the external forces, movement of the space is
provided (ibid) (Figure 4.26). Also, in Dragonfly (39), honeycomb patterns for the
morphology of dragonfly wings (lwamoto, 2009) show the characteristics of
repetition, subdivision and packing patterns, while control points serve the designer to

regulate the form (Figure 4.27).

Figure 4.26: Dynaform (1) with Force Field and Repetition Parametric Design Patterns (Dunn, 2012:
162, 163)
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Figure 4.27: Dragonfly (39) with Repetition, Subdivision and Packing Patterns (Iwamoto, 2009: 72)
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CHAPTER 5

THE PROPOSED CLASSIFICATION MATRIX

Up to this point in the thesis, first the terminology related to digital fabrication

techniques is clarified based on the recurrence of the terms in the related literature.

Secondly, the relationship between digital fabrication techniques and design

constraints is analyzed.

At this chapter, these two efforts are merged into one matrix to specify the complex

interrelations of the fabrication techniques with the design constraints.

The outcome of the terminology study establishes the main column of the matrix. This
column consists of 5 digital fabrication techniques comprising sectioning, contouring,
tessellating / tiling, folding and forming. These fabrication techniques can be

considered as five different ways to realize digitally defined projects.

The outcome of the analysis of the 10 selected projects from each fabrication
technique, in association with the design parameters, establishes the main row of the
matrix. This analysis reveals that, fabrication techniques may vary according to 5
different design constraints. These constraints can be listed as function, material,
assembly technique of the parts, fabrication machine and parametric design pattern

(Table 5.1). Each constraint has its subcategories.

Mainly, the matrix serves for the designers by demonstrating the relationship between
these constraints and digital fabrication techniques. As such, designers may choose the
most appropriate fabrication technique in the early stage of design and develop their

designs accordingly.
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Table 5.1: The Classification Matrix Proposal
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In the matrix, for instance, following the row of folding, it can be seen at the
intersections of function heading that folding can be used to establish the whole
structure, surface or volume (Table 5.2). Also, in the classification matrix, it is

apparent that for folding the best material is sheet materials (Table 5.3).

Alternatively, looking at how sheet materials can be used, it is seen that they may be
used in sectioning, tessellating/tiling and folding, as the matrix is bi-directional (Table

5.3).

Moreover, by reviewing the constraint — technique relationships separately, it is
possible for the designer to analyze the relation of constraints and techniques in each
reference project for further studies (Table 5.4). Also, visual and numerical tables for
each constraint — digital fabrication technique relationship are generated and they can

be found in Appendix B to view the relationship in a more detailed way.
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Table 5.2: Folding — Function Relationship in the Proposed Classification Matrix

Table 5.3: Folding — Material Properties Relationship in the Proposed Classification Matrix

85



Table 5.4: Constraint — Technique Relationships in Each Reference Project for Further Studies

FUNCTION STRUCTURE SURFACE VOLUME MOLD
SECTIONING 1,2:3.4:5,7, 8,910 2,4.5:7.:9.10 3,9,10 6
CONTOURING 11, 19 L 9‘42(;5 i 12,16 18
TESSELLATING 21,24, 26,27 21,22, 23, 24, 25, 26, 27, 21,26
TILING 28,29, 30
FOLDING 31532735 i%, 37, 38, 39,31, 32, :;:;,’:;‘;,’if), 36, 37, 31,35,37
FORMING 46 4, 42‘;;’3;;‘,4;35’ Al 44, 47,50

MATERIAL

SHEET (PLANAR)| THREE DIMENSIONAL MATERIALS THAT CAN

PROPERTIES MATERIALS SOLID MATERIALS BE HEATED AND PRESSURED
5205045657
SECTIONING 8.9.10
11,12, 13, 14, 15, 16, 17,
CONTOURING 18. 19,20
TESSELLATING | 21,23, 24,25, 26, 27, .
TILING 28,29, 30
31, 32, 33, 34, 35, 36,
FOLDING 37, 38,39, 40
FORMING 41,42, 43, 44, 45, 46,

47,48, 49, 50

ASSEMBLY lECl”l\IQUE BOLTING FROM | SINGLE
OF THE PARTS INTERLOCKING | LAMINATING| WELDING | BINDING PERFORATIONS |MODULE
SECTIONING 3,4,5,7, 10 9 1.6 28
CONTOURING 11,14,15,18 19 e
TESSELLATING 22,24, 25,28 27,29, 30 21,23,26
TILING
FOLDING 31,37, 38 35,36 33 32,34, 39, 40
41,42, 43, 44,
FORMING . 4 46
MACHINE ADDITIVE AND MANIPULATIVE SUBTRACTIVE FORMING
PROPERTIES CNC MACHINES CNC MACHINES MACHINES
1,2,3,4,5,
SECTIONING 1.6 e
11,12, 13, 14, 15,
CONTOURING 16,17, 18, 19, 20
TESSELLATING - 21,22, 23,24, 25,
TILING 26,27, 28, 29, 30
31,32, 33, 34, 35,
FOLDING 32,33, 35,36 o
41,42, 43, 44,
FORMING 46, 48, 49, 50
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Table 5.4: Constraint — Technique Relationships in Each Reference Project for Further Studies

PARAMETRIC DESIGN
PATTERNS CONTROLLER |REPETITION|SUBDIVISION|FORCE FIELD|TILING| RECURSION |PACKING |WEAVING|BRANCHING|
1,2,3;4,5, 2,3,4,
SECTIONING s || taes 8 15 2 8 -
1,12,16, | 11,1415,
CONTOURING 17.18,19 9.0 18 13
TESSELLATING 21,23,24, | 21,22,23, |21,23,24,25, o ;gggg‘; o6 21,23,24, o
TILING 26,27,30 | 24,27,28,30] 26,27,29,30 i bs. 26, 27,29
31,32, 33,34, |33,34,35,36) 31,32,33, 34, 32, 35,38,
FOLDING B35, 36, 38, 39, 40] 37, 38, 39, 40| 36, 38, 39, 40 39,40 o
42,43, 45 41,43 42,45
44,46,47,50 | 41,43,45 43, 45, ,43, 45,
FORMING 48,49 48,49 48, 49
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CHAPTER 6

CONCLUSION

Design and construction influence and develop each other in the architectural design
process. With the developing technologies, digital tools began to be used in
architectural fabrication and fluidity between design and production processes has
been provided. However, there are confusions, shifts and overlaps of terminology
between digital fabrication techniques in architecture as they are newly developing
technologies. Also, digital fabrication is considered to be the last stage of the design
process. The fabrication techniques that designers prefer can affect the design right

from the beginning stages.

Within this conception, this thesis aims at generating a matrix for designers to be
utilized in order to determine the best fabrication technique that fits for their design

intentions.

In order to generate the classification matrix, first, a simplification and classification
of the relevant fabrication technique terminology is carried out. In this step, recurrence
tables for the terms are established based on a literature survey and a set of digital
fabrication techniques (sectioning, contouring, tessellating — tiling, folding, forming)
are obtained. Secondly, a set of design constraints are determined. To determine this
set, 50 different architectural projects are analyzed in relation to the digital fabrication
techniques. In the light of this analysis the obtained design constraints (function,
material, assembly technique of the parts, machine and parametric design pattern) are
merged with the set of fabrication techniques and a classification matrix is established.
The classification matrix displays what specifications should be present for a specific

fabrication technique in terms of design constraints and alternatively, which
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fabrication technique suits the best for a specific design constraint. As such, designers
may use the matrix even before starting with their designs in order to determine the
best fabrication technique that is going to be used in the end. It is assumed that

proposing a classification matrix will contribute to the design process.

These two steps for generating a guideline matrix can be considered as two different
contributions for digital fabrication techniques in architecture. First of all, as the
terminology of digital fabrication techniques in architecture are simplified and
classified according to their properties, this new categorization can pave the way for
new studies. Secondly, for specifying the design constraints that are related with digital
fabrication techniques in architecture, different projects are examined. These projects
are used for both generating numerical and visual & numerical tables besides the

classification matrix. These tables can also be used in various different studies.

The classification matrix proposal is generated based on the current literature and 49
different project examples in terms of 50 aspects. As the technology develops, new
digital fabrication techniques can be introduced and added. Moreover, examining new
projects can reveal different design constraints or changes in the subcategories of the
existing design constraints. It is possible to make additions and subtractions to the
matrix according to the developments in the field. The classification matrix proposal

can be revised. This enables the matrix to be constantly evolving.

For further studies, firstly, the classification matrix can be enriched by analyzing
project examples, which utilize more than one fabrication technique. In this thesis, one
such example was the Yokohama International Port Terminal (6 and 36). By increasing
such examples, a more expanded matrix can be obtained. Secondly, the parametric

category of the matrix may be more detailed. Parametric design patterns have more
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complex and dense relationships with the fabrication techniques than the remaining
four other design constraints. In parametric design, all the digital fabrication
techniques are inherently existent. As such their relation is more complex and

integrated than the others. This relation can further be considered in future studies.

90



REFERENCES

Alexander, C., Ishikawa, S., Silverstein, M., & Jacobson, M. (2013). A Pattern Language

Towns, Buildings, Construction. New York, NY: Oxford Univ. Press.

Alvaro Siza and Eduardo Souto de Moura with Cecil Balmond. (2005). Domus, 884, 98-101.

Andersen, T., Mathiesen, D., & Thrane, L. (2008). The Use Of Robots And Self-Compacting
Concrete For Unique Concrete Structures. Tailor Made Concrete Structures,173-173.
doi:10.1201/9781439828410.Ch129

Aranda, B., & Lasch, C. (2006). Tooling: Pamphlet Architecture. New York: Princeton
Architectural Press.

Atelier Manferdini: West Coast Pavilion. (2008). Journal of Architecture and Urbanism, 454
- 456.

Bailly, D., Bambach, M., Hirt, G., Pofahl, T., Herkrath, R., Heyden, H., Trautz, M. (2014).
Manufacturing of Innovative Self-Supporting Sheet-Metal Structures Representing Freeform
Surfaces. International Conference on Manufacture of Lightweight Components —
ManuLight2014, pp.51-56. doi: 10.1016/j.procir.2014.06.106

Barbieri, N., Machado, R.D., Barbieri, L., Lima, K.F. & Rossot, D. (2016). Dynamic Behavior
of The Geodesic Dome Joints. International Journal Of Computer Applications, 140(6), 40-
44. doi:10.5120/1jca2016909346

Baquero, P., & Giannopoulou, E. (2015). Workflows From Design To Fabrication: Parametric
Explorations In Fabrication Workshops. Next Generation Building 1,169-180. doi:
10.7480/Ngb.2.1.1519

91



Bechthold, M. (2008). Hyperbolic Structures: Shukhov’s Lattice Towers — Forerunners of
Modern Lightweight Construction. Hoboken, NJ: Wiley.

Biskjaer, M. M., & Halskov, K. (2013). Decisive Constraints As A Creative Resource In
Interaction Design. Digital Creativity,25(1), 27-61. doi:10.1080/14626268.2013.855239

Bollinger, K., Grohmann, M., & Tessmann, O. (2010). The Sphere Project — Negotiate
Geometrical Representations from Design To Production. In C. Ceccato (Ed.), Advances in
Architectural Geometry 2010 (pp. 103 — 111). New York City, NY: Springer.

Bonwetsch, T., Kobel, D., Gramazio, F., Kohler, M. (2006). The Informed Wall: Applying
Additive Digital Fabrication Techniques on Architecture. Synthetic Landscape Proceedings.
ACADIA 06. 489 — 495. ETH Zurich

Burger, N., & Billington, D. P. (2006). Felix Candela, Elegance And Endurance: An
Examination Of The Xochlmilco Shell. Journal of The International Association For Shell
And Spatial Structures: IASS, 47(3), 152nd Ser., 271-278.

Carroll, C., Gibbons, C., Ho, G. W., Kwok, M., Cross, P., Duan, X., . .. Pope, C. (2008). Case
Study: CCTV Building - Headquarters & Cultural Center. CTBUH Journal, (03), 14-24.

Castle, H. (2005). Design Through Making. Architectural Design, 75(4), 4.

Chang, W. (2018). Application of Tessellation In Architectural Geometry Design. E3S Web
Of Conferences, 38, 03015. doi:10.1051/E3sconf/20183803015

Chrisman, N. (2006). Charting the Unknown: How Computer Mapping At Harvard Became
GIS. Redlands, CA: ESRI Press.

92



D’Acunto, P., & Gonzalez, J. J. (2015). Folding Augmented: A Design Method To Integrate
Structural Folding In Architecture. Origami¢, 479-488. doi:10.1090/Mbk/095.2/11

Deleuze, G. (2003). The Fold: Leibniz and The Baroque. London: Continuum.

Drew, P. (1995). Sydney Opera House: Jorn Utzon. London: Phaidon.

Dunn, N. (2012). Digital Fabrication In Architecture. London: Laurence King Publishing.

Eyres, D.J., & Bruce, G. J. (2012). Ship Construction. Oxford: Butterworth-Heinemann.

Faber, C., & Candela, F. (1963). Candela, the Shell Builder. New York, NY: Reinhold Publ.

Fathi, A., Saleh, A., & Hegazy, M. (2016). Computational Design As An Approach To
Sustainable Regional Architecture In The Arab World. Procedia - Social and Behavioral
Sciences, 225, 180-190. doi:10.1016/J.Sbspro.2016.06.018

Frampton, K. (1995). Studies in Tectonic Culture: The Poetics Of Construction In Nineteenth
And Twentieth Century Architecture. Cambridge: MIT Press.

Fuller, R. B. (1983). Synergetics: Explorations In The Geometry Of Thinking. New York U.A.:
Macmillan U.A.

Gannon, M. (2013). After 50 Years Of Computer Aided Design. In Werner, L. C. (Eds.),
(En)Coding Architecture, (pp. 16-21). Computational Design Lab. Carnegie Mellon

University

93



Gargiani, R., & Koolhas, R. (2008). OMA. EPFL Press.

Gregory, P. (2003). New scapes: Territories of complexity. Basel: Birkhiuser.

Gross, M.D. (1986). Design As Exploring Constraints (Doctoral Dissertation). Retrieved From
https://depts.washington.edu/dmgftp/publications/pdfs/gross_thesis.pdf

Hemmerling, M. (2010). Origamics: Digital Folding Strategies In Architecture. CAAD |
CITIES | SUSTAINABILITY: 5th International Conference Proceedings Of The Arab Society
For Computer Aided Architectural Design (ASCAAD), pp. 89-96.

Meyer, J., Duchanois, G., Bignon, J-C & BOUALI A. (2015). Computer Design And Digital
Manufacturing Of Folded Architectural Structures Composed Of Wood Panels: Testing And
Validation Of The Proposed Digital Approach. In Y. Ikeda, C. M. Herr, D. Holzer, S. Kaijima,
M. J. Kim. M, A, Schnabel (Eds.), Emerging Experience In Past, Present And Future Of Digital
Architecture, Proceedings Of The 20th International Conference Of The Association For
Computer-Aided Architectural Design Research In Asia CAADRIA 2015

Iwamoto, L. (2009). Digital Fabrications: Architectural And Material Techniques. New York:

Princeton Architectural Press.

Jabi, W. (2013). Parametric Design for Architecture. London: Laurence King Publishing.

Jacobs, J. (2013). Algorithmic Craft: The Synthesis Of Computational Design, Digital
Fabrication, And Hand Craft (Master’s Thesis). Retrieved From

http://web.media.mit.edu/~jacobsj/resources/jacobsj_thesis.pdf

Johnston Marklee & Associates: Helios House Atelier Manferdini. (2008). Journal of
Architecture and Urbanism, 454 - 456.

94


https://depts.washington.edu/dmgftp/publications/pdfs/gross_thesis.pdf
http://web.media.mit.edu/~Jacobsj/Resources/Jacobsj_Thesis.pdf

Kerr, J. S. (2003). Sydney Opera House A Plan For The Conservation Of The Sydney Opera
House And Its Site (Third Ed.). Howlett Design. doi:ISBN 0 909654 11 5

Kinayoglu, G. (2017). Form And Part Through Standard / Non-Standard Duality). Retrieved
From http://repository.bilkent.edu.tr/handle/11693/33731

Kolarevic, B. (2001). Digital Fabrication: Manufacturing Architecture In The Information
Age. In Reinventing The Discourse - How Digital Tools Help Bridge And Transform Research,
Education And Practice In Architecture: Proceedings Of The Twenty First Annual Conference
Of The Association For Computer-Aided Design In Architecture, pp. 268-278. ACADIA.
Buffalo, New York: SUNY.

Kolarevic, B. (2003). Architecture in The Digital Age: Design And Manufacturing. New York:
Taylor & Francis.

Kolarevic, B. (2018). Designing and Manufacturing Architecture in the Digital Age.
Architectural Information Management. In 19th eCAADe Conference Proceedings, 29-31
August 2001, pp. 117-123. ISBN 0-9523687-8-1. Helsinki, Finland.

Krauel, J. (2010). Contemporary Digital Architecture: Design & Techniques. Barcelona:
Links.

Ku, K., Chung, D. (2015). Digital Fabrication Methods Of Composite Architectural Panels
For Complex Shaped Buildings. In Y. Ikeda, C. M. Herr, D. Holzer, S. Kaijima, M. J. Kim. M,
A, Schnabel (Eds.), Emerging Experience In Past, Present And Future Of Digital Architecture,
Proceedings of The 20th International Conference Of The Association For Computer-Aided
Architectural Design Research In Asia CAADRIA 2015

Lynn, G. (1999). Animate Form. New York, NY: Princeton Architectural Press.

95


http://repository.bilkent.edu.tr/handle/11693/33731

Lynn, G. (2004). Architectural Curvilinearity: The Folded, The Pliant And The Supple. In
Lynn, G. (Eds.), Folding In Architecture. West Sussex, UK: John Wiley & Sons Ltd.

Marcos, C. (2011). New Materiality: Digital Fabrication And Open Form. Notes On The
Avrbitrariness Of Architectural Form And Parametric Design. In Proceedings Of The
International Conference On Innovative Methods In Product Design, June 15th— 17th, Venice,
Italy.

Martins, P. F., Sousa, J.P. (2014). Digital Fabrication Technology In Concrete Architecture,
In Fusion, Proceedings Of The 32nd International Conference On Education And Research In
Computer Aided Architectural Design In Europe, pp. 475-484. Vol. 1. Ecaade: Conferences
1. Newcastle Upon Tyne, UK: Northumbria University.

Menges, A., & Ahlquist, S. (2011). Introduction: Computational Design Thinking. In A.
Menges, & S. Ahlquist, Computational Design Thinking. Chichester: John Wiley & Sons.

Mitchell, W. J. (1977). Computer-Aided Architectural Design. New York: Mason/Charter.

Mitchell, W.J. (2001) Roll Over Euclid: How Frank Gehry Designs And Builds. In: Gehry,
F.O., Ed., Frank Gehry, Architect, Guggenheim Museum Publications, New York, Pp. 352-
363.

Mitchell, W.J. (2004) Design Worlds And Fabrication Machines, In B. Kolarevic (Ed.),
Architecture In The Digital Age: Design And Manufacturing, Spon Press, 55-79.

Moussavi, F. (2009). The Function Of Form. Barcelona: Actar.

Paoletti, 1. (2017). Mass Customization With Additive Manufacturing: New Perspectives For
Multi Performative Building Components In Architecture. Procedia Engineering, 180, 1150-
1159. D0i:10.1016/J.Proeng.2017.04.275

96


https://cumincad.architexturez.net/documents?f%5Bauthor%5D=23320
https://cumincad.architexturez.net/doc/oai-cumincadworks-id-ecaade2014-239

Pask, G. (1969). The Architectural Relevance of Cybernetics. Architectural Design, 494-496.

Pfeiffer, D. (2009). Digital Tools, Distributed Making & Design (Master's Thesis). Retrieved
From
https://vtechworks.lib.vt.edu/bitstream/handle/10919/36171/pfeiffer_dv_t_2009.pdf?sequenc
e=1&isallowed=y

Reichardt, J. (1978). Robots: Fact, Fiction, and Prediction. London, England: Viking Press.

Rosen, S. (1969). Electronic Computers: A Historical Survey. ACM Computing Surveys, 7-36.
d0i:10.1145/356540.356543

Sass, L. (2004). Design For Self Assembly Of Building Components Using Rapid Prototyping.
In Architecture In The Network Society: 22nd Ecaade Conference Proceedings, 95-104.

Ecaade: Conferences. Copenhagen, Denmark: Royal Danish Academy of Fine Arts.

Sass, L., & Oxman, R. (2006). Materializing Design: The Implications of Rapid Prototyping
In Digital Design. Design Studies, 27(3), 325-355.

Sass, L. (2007). Synthesis of design production with integrated digital fabrication. Automation
in Construction,16(3), 298-310. doi:10.1016/j.autcon.2006.06.002

Schattschneider, D. (2010). The Mathematical Side of M. C. Escher. NOTICES OF THE AMS,
57(6), 706-718.

Scheer, D. R. (2014). The Death of Drawing: Architecture in The Age Of Simulation. London:
Routledge.

97


https://vtechworks.lib.vt.edu/bitstream/handle/10919/36171/Pfeiffer_DV_T_2009.pdf?sequence=1&isAllowed=y
https://vtechworks.lib.vt.edu/bitstream/handle/10919/36171/Pfeiffer_DV_T_2009.pdf?sequence=1&isAllowed=y

Sutherland, I. E. (1963). Sketchpad: A Man-Machine Graphical Communication System. In
Proceedings of The AFIPS Spring Joint Computer Conference, Detroit. Pp. 21-23

Terzidis, K. (2003). Expressive Form: A Conceptual Approach to Computational Design.

London: Spon Press.

Terzidis, K. (2006). Algorithmic Architecture. Oxford: Architectural Press.

Terzidis, K. (2011). Algorithmic Form. In A. Menges, & S. Ahlquist, Computational Design
Thinking. Chichester: John Wiley & Sons. pp. 94-101.

Tomas, A., & Marti-Montrull, P. (2010). Optimality Of Candela's Concrete Shells: A Study
Of His Posthumous Design. Journal of the International Association For Shell And Spatial
Structures, 51, 67-77.

UN Studio: MUMUTH, House for Music and Music Theatre. (2010). Journal of Architecture
and Urbanism, 472 - 474.

Vaijyanti. (2013). Jaisalmer: The Golden City. Noida, India: Parragon.

Valamanesh, R & Shin, D. (2012). Design Inspired By Digital Fabrication. In IDSA Education
Symposium, August 15, Boston.

Vitta, M. (1990). Intelligent. Sobriety in The Heart Of London. L Arca, 39(6), 24-25.

98



Wannan, Samer R. (2016). Teaching Parametric Design In Architecture - A Case Study. In
Parametricismvs. Materialism: Evolution Of Digital Technologies For Development (8th
ASCAAD Conference Proceedings), London (United Kingdom) 7-8 November 2016, pp. 357-
366

Wiertelarz, K. M. (2016). Processes of Making Algorithmic Methods In Architectural
Practise. Kassel, Hess: Kassel University Press.

Woodbury, R. (2010). Elements of Parametric Design. New York: Routledge.

Yershov, A. P. (1965). One View Of Man-Machine Interaction. Journal of The ACM, 12(3),
315-325. doi:10.1145/321281.321283

99



APPENDICES

APPENDIX A
PROJECT
NUMBE NAME ARCHITECT YEA | LOCATION PHOTO
R R
1 Dynaform Franken 2001 | Frankfurt am
Arkitekten Main
Georgia
] Institute of
2 A Change Nader Tehrani 2006 Technology,
Georgia
Serpentine Alvora Siza,
3 Gallery Eduarto Souto de | 2gg5 | London
Pavillon Moura UK
Alan Dempsey,
4 (c)Space | Atvin toang | 2008 | -ondon
, UK
Metropol .
5 Parasol Jurgen Mayer 2005 Seville,
Spain
Yokohama ]
| Port Pier, Japan
Terminal
7 Loewy Jacob+MacFarlan | 2000 | Paris, France
Bookshop e
Campus - -
8 Restaurant | Barkow Leibinger | 2008 Ditzingen
and Event
Space
Martti Kalliala, o
Finland

Martin Lukasczyk
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https://www.architectmagazine.com/project-gallery/?co=United%20Kingdom
https://www.architectmagazine.com/project-gallery/?ci=London
https://www.architectmagazine.com/project-gallery/?ci=London
https://www.architectmagazine.com/project-gallery/?co=United%20Kingdom

PROJECT PHOTO
NUMBER NAME ARCHITECT YEAR | LOCATION
North
10 BURST 003 SYSTEM 2006 Haven,
11 Bone Wall Urban A&O 2006 Broadway,
New York
Landscape
12 Lounge ONL 2006 Berlin
Project for
the Dutch
Embassy
Door with WILLIAMSON
13 Peephole WILLIAMSON | 2004 Canada
GRADIENT Vienna,
14 SCALE SPAN 2005 Austria
15 Tool Hide Ruy Klein 2006 New York
16 BamScape Faulders Studio 2010 California
17 mTABLE Gramazio&Kohler | 2002 Zurich :““::‘:
18 Spencer AL_A 2006 - Dublin
Dock Bridge 2009
19 Softshelf Brian Brush — 2008 Seoul, South
Yong Ju Lee Korea
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PROJECT

NUMBER NAME ARCHITECT YEAR | LOCATION PHOTO
20 CNC Panels Jeremy Ficca 2004
21 Acoustic Kas Ooterhuis 2006 Utrecht, The
Bariers Netherlands
22 A2 Ringroad UNStudio 2002 The
infrastructure Netherlands
) Office dA and 2006 -
23 Helios House Johnston 2007 | Los Angeles
Marklee&
Associates
24 Marble Studio Gang 2003 Washington
Curtain D.C.
25 Trutec Barkow Leibinger | 2006 Seoul
ildi i knaan
Building it
West Coast ) o Beijing,
26 Pavilion Atelier Manferdini | 2006 China
. Vienna,
27 Technicolor Brennan Buck 2007 Austria
Bloom
Horten Copenhagen,
28 Headquarters 3XN 2009 Denmark
Building
Airspace Thom Faulders
29 Tokyo Architecture 2007 Tokyo,
Japan
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https://www.archdaily.com/search/projects/country/the-netherlands
https://www.archdaily.com/search/projects/country/the-netherlands
https://www.archdaily.com/search/projects/country/denmark
https://www.archdaily.com/search/projects/country/denmark

PROJECT
NUMBER NAME ARCHITECT | YEAR | LOCATION PHOTO
California: | AEDS / Ammar Cannes,
30 Stage Set Eloueini 2003 France
For John
Jasperse
Entry ) ‘
31 Paradise Chris Bosse / 2006 Essen,
Pavilion | PTW Architects Germany
Reiser +
) AEDS/Ammar Kansas City, i
33 Nubik Eloueini 2005 Missouri T
IS 50, >
34 In-Out Iwamoto Scott | 2005 | Chicago and
Curtain Pittsburgh
35 Aoba-tei Atelier Hitoshi | 2004 Sendai,
Abe Japan
Yokohama ]
Port Pier, Japan
Terminal
37 Digital Chris Bosse 2007 Sydney,
Origami Australia
38 C Wall Andrew 2006 Ohio State
Kudless / University
Matsys
Tom Wiscombe
39 Dragonfly | EMERGENT | 2007 | Los Angeles
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PROJECT

NUMBER NAME ARCHITECT YEAR | LOCATION PHOTO
40 Manifold Andrew Kudless / 2004 London, UK
Matsys

Los
41 Alice Florencia Pitamod | 2007 An_geles_,
California
Prototype
42 Pavillion MOS 2005 New York
University of University of
43 Satin Sheet California, Los 2007 California,
Angeles Los Angeles
44 Bubble Franken 1999 Frankfurt
Arkitekten
Frankfurt am
45 Cocoon Club 3deluxe 2004 Main
Berkeley
46 Er';?tﬁl Rogers Stirk 1998 - London
Can?) ce Harbour + 2005
Py Partners
47 Music .
Theatre in UNStudio 2009 | Graz,
University of
48 Shiatsu Heather Roberge 2007 California,
Los Angeles
49 P Wall Andrew Kudless / 2006 Columbus,
Matsys Ohio
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PROJECT

NUMBER NAME ARCHITECT YEAR | LOCATION PHOTO
Beverly
50 NGTV GNUFORM 2005 Hills,

California
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APPENDIX -B

Table B.1: Function — Digital Fabrication Technique Visual and Numerical Table
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Table B.2: Material Properties — Digital Fabrication Technique Visual and Numerical Table
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Table B.3: Assembly Technique of the Parts — Digital Fabrication Technique Visual and Numerical

Table
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Table B.4: Machine Properties — Digital Fabrication Technique Visual and Numerical Table
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Table B.5: Parametric Design Patterns — Digital Fabrication Technique Visual and Numerical Table
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