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Abstract

3D printing techniques (also known as additive fabrication) are maturing and
increasingly being used as an alternative means for niche product manufacturing.
These fabrication techniques are now being scaled up and adapted for full-scale
fabrication within the construction industry. While it has been suggested that
construction 3D printing (fabrication of construction elements using scaled up 3D
printing machines) could lead to significant advances within the construction
industry, there are currently few examples of how such advances could be
achieved at a building scale.

Although there has been significant effort invested in the development of
construction 3D printing techniques, little detailed architectural design exploration
has been published to establish methods for its application within the construction
industry. My central proposition is that further detailed architectural exploration,
focused on design for construction 3D printing combined with off-site fabrication
methods and digital design tools, is necessary to tease out the potentials and

limitations of construction 3D printing techniques.

Thisexegesisis split into two parts; the first part presents background research
based on interviews, site visits and literature review, focused on the topics;
design, off-site fabrication, digital design tools and 3D printing within
construction and parallel industries (aerospace, automotive, manufacturing and
shipbuilding). The second part of the exegesis presents case studies of three
architectural projects, which | designed, focused on design for fabrication using
construction 3D printing. These case studiesinclude: Freefab, avisionary design
for a high-rise apartment building on Sydney harbour, designed in 2004. And two
new architectural projects: VillaRoccia, arock inspired house to be built in
Sardinia and (in)human habitat a speculative design for an artificial reef in the
Red Sea.

The original contribution of thisresearchisin the primary field survey of

practices and emerging trends within the construction and parallel industries.



Original contributions are a'so made in the synthesis of selected practices
identified from literature review and the field surveys to form novel design and
construction methodologies. These methodol ogies have been tested through the
design of unique architectural projects focused on fabrication using construction

3D printing.
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1. Introduction - Exploring the Emerging Design
Territory of Construction 3D Printing

1.1. Introducing the field and research

Additive Fabrication is emerging as an important new field within product
manufacturing and is revolutionising the way objects are designed and fabricated
in niche markets within aerospace, medical, toys and jewellery (Wohlers, 2010).
Having originally emerged from the field of Rapid Prototyping, Additive
Fabrication differs principally through the production of end use parts rather than
prototypes. Developments in Additive Fabrication have an application within the
construction industry, with the scaling up of Additive Fabrication techniques to
create ‘ Additive Fabrication for Construction’: a number of Construction 3D
printing* machines have been in development since 1996 (Dini et al., 2008,
Khoshnevis, 1996)

Significant resources have been invested over the last two decadesin the
development of construction 3D printing techniques such as Contour Crafting™,
D-Shape™, Concrete Printing™ and Mineraljet™. Efforts, predominantly by
engineers, have also been made to identify potential applications for these
techniques within the construction industry (Pasquire et a., 2006, Buswell et al.,
2007, Soar, 20063, Buswell et al., 2005, Pendlebury et al., 2006). Strangely
despite sustained high profile media attention focused on Construction 3D
printing (Abrahams, 2010, Werthheim, 2004, Discovery _Channel, 2006) there has
to date been little focused architectural attention on how to design and detall
buildings for construction 3D printing techniques. This has not substantially

changed since this PhD research commenced with only two authors Roche and

! The term Construction 3D printing will also be used within this exegesis and has the same
meaning as Additive Manufacturing for Construction. A discussion of terminology isincluded

within the index of terms.
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Gardiner (Rocheet al., 2007, Gardiner, 2004b, Gardiner, 2011) having published

material on their detailed architectural projects.

Thisexegesisis primarily concerned with filling this gap of detailed architectural
exploration, focused on design for construction 3D printing fabrication with the
aim to tease out potentials and limitations of particular construction 3D printing
techniques. The theoretical aims of this research are to explore the potentials and
limitations of emerging Construction 3D Printing techniques through action
research, analysis and critical reflection on the results in the form of case study
projects. With the aim to increase our understanding of the future opportunities

and limitations of these technigues within the architecture and construction.

Different characteristics and approaches underpin each of the three case study
projects that form the foundation upon which this exegesis is based, which has
resulted in three very different projects. These different characteristics and
approaches include; speculative and commissioned design, development of new
constructions systems and hybridizations of old ones, design for specific
individuals and design for undefined groups, building models, testing and
prototyping at full scale, design for humans and design for aquatic animals and

plants.

These projects are very different from each other, although they all share the same
thread, digital design for fabrication with construction 3D printing techniques.
Thereis also acommon thread between the projects which include; exploration,
invention and the teasing out of the potentials and limitations of construction 3D
printing. Although the subject matter of the projectsis novel, the approaches that |
have taken as an architect in these projectsis not new and has precedents in the

work of other architects such as Gaudi, Otto, Hensel and Menges.
Construction industry and architecture

The original motivation for this body of research came through afrustration with
practice in the Australian architecture and construction industries. | graduated

from interior design in 1997 and have worked primarily in Architecture since. |
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graduated from Architecture at UTS Sydney in 2004?, the University degree at
that time, required students to work in the field of architecture and study
simultaneously. This practice of work/study gave me an unusual opportunity of
working within the industry and thus understanding the problems of the field first
hand and having the opportunity to creatively investigate potential solutions to the
problems of the industry through university design projects, aform of ‘Action
Research’ (Bradbury and Reason, 2001). Since completing the architecture degree
| started my own architectural practice Faan Studio® in Sydney in 2005 and
became aregistered architect in 2006.

The problems that | experienced during this period (1997-2007) were caused
within both the design* and the building professions and included: problematic
communication between stakeholders and inaccuracies in documentation, material
and energy waste, building mistakes and the need for re-work and resistance to
change by builders, tradesmen and design professionals. These and many other
issues were well documented by 2002, when | first began to seek solutions to
these issue, in the United Kingdom (Egan, 1998) and in the USA (NAHB, 2001).

“Thereis a deep sense that the (construction) industry as a whole is under
achieving. It has low profitability and invests too little in capital, research and
development and training. Too many of the (construction) industries clients are

dissatisfied with its overall performance” (Egan, 1998)

The Egan report identifies many major problems within the construction industry
and clearly identifies the construction industry to be in need of urgent
improvement. By 2004 similar issues were also clearly in focus for other
architects, with publications documenting issues and suggesting alternative

working methodol ogies, such as off-site fabrication (Kieran and Timberlake,

2The UTS Architecture degree until 2005 required students to work in architecture throughout the
course after 1% year.
% Faan Studio was formerly known as jamesgardinerdesign

* Architecture and engineering
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2004, Woudhuysen and Abley, 2004) as a potential solution. The question and
many others were trying to answer at the time can be defined as primarily: how
can design and construction improve? This question became a key motivation for
of thisresearch, although answering this question is outside of the scope of the

exegesis.
Construction sustainability

Within the building industry construction sustainability® isincreasing in
importance and urgency: as the developing world strives toward western living
standards (Zhu and Lin, 2004) and the world is faced with human induced global
warming® (Garnaut, 2011, Solomon et a., 2007) and diminishing natural resources
(Holling and Meffe, 1996). Governments and international agencies are
increasingly calling for change within the construction industry (United Nations,
2006, Constructing_Excellence, 2009) or legidating change (Demaid and Quintas,
2006) within the construction industry to meet the challenges presented in
meeting sustainability targets, legislated controls such as LEED

(U.S._Green Building_Council, 2011) and Australian BASIX
(NSW_Department_of Planning, 2011) rating systems).

Theissuesthat | experienced from within the construction industry first hand as
well as an awareness of the issues of sustainability led me, like others
(Woudhuysen and Abley, 2004, Kieran and Timberlake, 2004) to look for
alternative practices, tools, techniques and methods that could be adopted to

mitigate some or all of the issues faced. Potential for the construction industry has

® Defined in the index of terms

& Human induced global warming is considered for the purposes of this research to be a proven
based on the current scientific published reports (refer references above) and the status that it is
given by Australian and world scientific groups (IPCC, CSIRO climate change, Climate Scientists
Australia) and government/non-government related bodies (UNFCC, USGCRP, climate
commission (Australia). It is however acknowledging that this phenomenon is still being actively
debated and there are detractors of the theory.
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long been identified with the implementation of off-site fabrication (Corbusier,
1931, Gibb, 19993, Davies, 2005, Woudhuysen and Abley, 2004).

Off-site fabrication

The potential to implement off-site fabrication within the construction industry to
me, on asuperficial level, scemed illusively easy until | started to intensively
research the areafor a series of design projectsin my final years studying
architecture. At thistime | realised that there was no single way to design or detail
for off-site fabrication but instead a myriad: of which surprisingly little
documentation providing detail could be located and less again had been proven
to be viable through commercial success (Davies, 2005). It also became apparent
that many of the most famous architects of the 20™ century had designed or
developed a system for prefabricated buildings. Particularly famous examples of
these included; Buckminster Fuller *Witchita House', Jean Prouvé ‘Maison
Tropicale', Frank Lloyd Wright * Jacobs House', Walter Gropius’ * General Panel
System’, Charles and Ray Eames * Case study house no. 8', Richard Rogers ‘ Zip-
Up Enclosures’, Paul Rudolph ‘Oriental Masonic Gardens', Moshe Safdie
‘Habitat ‘67’ and Kisho Kurokawa ‘Nakagin Capsule Tower’ (Bergdoll et al.,
2008, Davies, 2005). | asked myself the question, with such a variety of systems
developed by such prestigious architects, ‘why is off-site fabrication not more

prevalent today?

Answering this question and others that arose during this explorative research
period became the primary motivation for extensive global and local field
research (including site/factory visits, interviews and questionnaires) within the
construction and parallel industries between 2006 and 2009; focussed on off-site
fabrication, the implementation of automated fabrication and digital design tools.

"Including Konrad Wachsmann
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Digital design tools

Potential for the construction industry has, like off-site fabrication, also been
identified to exist with the use of digital design tools®. The main benefits of such
3D CAD toolstoday identified by Nicholas can be briefly summarised as:
improved co-ordination of documentation and consultants, the ability to interface
with CAM (computer aided manufacturing) equipment, the use of analysis and
optimisation software to aid the design process and the increased ability to deal
with complexity (Nicholas, 2008).

| had learnt how to use CAD programsin 3D before | had learnt how to use CAD
in 2D°. Following on from this | continued to lean toward 3D CAD within my
office work and all of my university projects. Hence drawing and documenting
buildingsin 3D seemed the logical path to follow, although at the time (1997-
2004) from my experience such documentation in Sydney architectural practices
was not widespread and only afew architectural CAD programs (Archicad™,
Autodesk™, Architectural Desktop™ (ADT) and Revit™) were at the time
designed specifically for coordinated 3D documentation (Garba and Hassanain,
2004), as they are today with the significant advances of Building Information
Modelling (BIM).

On further investigation into the use of digital design tools for design and
documentation, a number of leading architects and offices at that time including
Gehry Partners, Burry, Future Systems and Foster and Partners were actively
tapping into the potential of 3D Digital design tool beyond its use as a design and
visualisation tools with the use of scripting, analysis and parametric modelling
(Lindsey, 2001, Kolarevic, 2003, Burry, 2002, Shelden, 2002). Thisinnovative

8 Refer to definition of digital design tools in the index of terms (chapter 1.5)

° The CAD course at Enmore Design Centre, SIT Sydney focused specifically on the use of 3D
CAD instead of 2D CAD, it was explained to me at the time that if you learn 3D CAD you will be
able to teach yourself 2D and that the opposite way of learning is more difficult. Discussion with
Albert Chia, CAD tutor Enmore SIT 1995.
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use of digital design toolsin many cases followed in the path of developments

and/or pioneering practices of the parallel industries®® (Kolarevic, 2003).
CAM and Additive Fabrication

After significant research in the field of off-site fabrication and 3D digital design
tools it seemed, to me, that there must be a‘silver bullet’** automated fabrication
computer aided manufacturing (CAM) technique that could unlock the potential
of off-site fabrication and the emerging capabilities of 3D digital design tools.
Although the use of CAD/CAM have been used for some time within the parallel
industries, implementation within the construction industry has taken hold more
recently (Burry, 2002, Mitchell, 1999, Kolarevic, 2003).

“While the CAD/CAM technol ogical advances and the resulting changes in design
and production techniques had an enormous impact on other industries, there has
yet to be a similarly significant industry-wide impact in the world of building
design and construction. The opportunities for the architecture, engineering and
construction (AEC) industries are beckoning, and the benefits are already
manifested in related fields’ (Kolarevic, 2003) p15

The predominant CAM techniques, used for architectural projects, being
laser/plasma cutting, punching and CNC milling/cutting. Although there are
significant benefits with the implementation and exploitation of these techniques,
my imagination was captured by another group of techniques: Additive
Fabrication. Additive Fabrication, aso commonly called ‘3D printing’, emerged
from Rapid Prototyping techniques devel oped for the manufacturing in the 1980’ s
(Wohlers, 2007).

10 Aerospace, Automotive, Shipbuilding and manufacturing

1 Silver Bullet definition “something that acts as a magical weapon; especially : one that instantly
solves a long-standing problem” Merriam Webster Online - http://www.merriam-
webster.com/dictionary/silver%20bullet Access date 21% August 2011
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It seemed certain, when | first came into contact with these machinesat UTS, that
such techniques would be scaled up sooner or later for the fabrication of buildings
or construction elements. On discussing such thoughts with the workshop
manager at UTS"?, it was mentioned to me the existence of a concrete printer, but
no leads could be given. After an exhaustive search | came across an article on
Contour Crafting and subsequently found the, at the time, obscure Contour
Crafting Website. On discovering the construction 3D printing technique it
became apparent that this could be potentially game changing *silver bullet’

fabrication method for the construction industry that | was searching for.

For my final architecture studio at UTS | decided to test the combination of
Contour Crafting fabrication technique, off-site fabrication methods and 3D
digital design tools as the starting point for the design of an apartment building
named ‘ Freefab Tower’ which is presented in this exegesis as a case study
(Chapter 4.1). This project formed the starting point from which this PhD research

followed with considerably more rigour.

2 Discussion with John Dennison in the UTS Industrial Design Workshop April 2004
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1.2. Hypothesis and themes

Through the attempt to answer the questions. ‘how can design and construction
improve’ ahypothesis has emerged focused on what | call ‘the silver bullet’
construction innovation, that will enable the benefits of off-site fabrication to be
realised, with construction 3D printing. Although my personal motivation for this
PhD remains focused on the question “how can design and construction improve’
and the eventual transformation of the construction industry; the focus of the PhD
is much more modest. There are still too few detailed architectural projects
designed or fabricated to be able to quantify these improvements or to be able to
definitively state that construction 3D printing will unlock the potential of off-site

fabrication, digital design tools or transform the construction industry.
The hypothesisistherefore as follows:

A hybridisation of new and existing design practices, digital design tools, off-site
fabrication methods combined with construction 3D printing techniques could
lead to significant advances for architecture and construction. To better

under stand the potentials and limitations of construction 3D printing combined
with off-site fabrication methods and digital design tools, further detailed

architectural exploration isrequired.

The Hypothesis has two specific components: the first is to further explore design
for construction 3D printing techniques through the combination of new and
existing design practices, digital design tools and off-site fabrication methods.
The second is to glean from these projects the potentials and limitations that exist
for specific construction 3D printing techniques in order to better understand how
construction 3D printing might be implemented to advance architecture and

construction.
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The hypothesis raises a series of questions, as follows:

» If an architectural project isto be fabricated using a particular construction
3D printing technique

1. What are the implications for the way it will be ar chitecturally
designed

2. What are the implications for documentation - the way the project
will be designed/documented using 3D digital design tools

3. What are the implications for the way the project will be designed
and assembled for off-site fabrication
and

4. What are the opportunities for construction sustainability?

These four questions related to design, documentation, construction and
sustainability will be used is the primary subjects of scrutiny in the analysis of the

three case study projects presented in this exegesis.

The three case study projects. Freefab Tower, VillaRoccia and (in)human habitat
were all concelved quite differently. The first Freefab Tower was completed prior
to the commencement of this PhD and was completed as an entirely speculative
project, the second VillaRocciais a commissioned project, which has had three
distinct design stages and included prototyping. The third project (in)human
habitat was concelved as a speculative project and has since transformed into a
live project which should move into prototyping later in 2011. It istherefore
considered that this explorative project led research can lead to tangible outcomes
and add not only to theory but also to practical knowledge (Downton, 2003) in the
field of construction 3D printing.

The format of this exegesis varies from standard exegesis format; in this exegesis
the Hypothesis and the Methodology have been moved to the beginning, before
the background chapter in order to clarify the questions that are being addressed
and to clearly state the methods used to address these questions. By stating these

items up front it should be easier to understand the content from the outset.
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1.3. Defining the resear ch outline

This exegesisis constituted in two main parts; the first part introduces the subjects
under study, terminology used, the motivations and position that underpin this
research, the hypothesis that guides the focus of study, the methods that have been

used to generate the research as well as the body of background research.
The subjects that constitute the background research include the following
- Architectural design
- Construction Sustainability
- Digita design tools
- Off-site fabrication methods
- Additive Fabrication techniques

This background research is built on broad based literature review of the above-
mentioned topics as well as primary qualitative and quantitative data and
information obtained through construction and parallel industry* interviews and

guestionnaires.

The second part of this exegesis includes three architectural case studies that have
been generated through applied research and are presented and analysed in
reference to the background research and hypothesis. The three architectural case
studies include both specul ative and commissioned architectural projects designed
by me between 2004 and 2011. Each of the three projects was designed for
fabrication using construction 3D printing and have been designed with the focus

on exploring the potentials and limitations of this type of fabrication technique.

3 parallel industries — Aerospace, Automotive, Shipbuilding and manufacturing.
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The analysis of case studies focuses on responding to the questions that emerged
in response to the hypothesis (chapter 1.2) and differs slightly from the

background research topics listed above.
Thisanalysis of the case study projects will concentrate on the question

How have potentials and limitations of a particular construction 3D printing

technique been manifested and what does this mean?
With focus on the following subjects
- Architectural design
- Digita definition (using 3D digital design tools)
- Off-site fabrication
- Construction sustainability

Each of the case studies will be analysed separately in reference to the relevant
background research. A discussion of the findings from the case studies will then

be presented in the conclusion, which will focus on important findings and trends.

To finalise the exegesis the significance of the research will be discussed, further
research opportunities will be described including how this work can be used asa

platform for further research.
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1.4. | ndex of abbreviations
2D — Two-dimensional
3D — Three-dimensional
BIM — Building information modelling
CAD — Computer aided design
CAM — Computer aided Manufacturing
DDAA - Délivering Digital Architecturein Australia
GC™- Generative Components (parametric Digital design tool from Bentley)
RMIT — Roya Melbourne Institute of technology
SIAL — Spatia Information Architecture Laboratory (RMIT)
stl — Stereolithography file format for 3D printing
US — United States of America

UTS - University of technology Sydney
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1.5. | ndex of terms
Additive Fabrication

The term rapid manufacturing has been the most widely used by industry; defined
as “a technique for manufacturing solid objects by the sequential delivery of
energy and/or material to specified pointsin space.” (Asiabanpour et al., 2008)
and “the use of a computer aided design (CAD)-based automated Additive
manufacturing process to construct parts that are used directly as finished
products or components’. (Hopkinson et al., 2006a) Together these two
definitions give an indication of both the how the technique creates objects and

what these objects are used for; finished objects or components.

Many terms have been coined by academia and industry over the last two decades
including: Rapid prototyping, Rapid Tooling, Rapid Manufacturing, Solid
Freeform Fabrication, 3D Printing, Direct Manufacturing, Layered Manufacturing
and Additive Manufacturing®. Wohlers has proposed alternative terms * Additive
Fabrication’ and 3D printing’ (Wohlers, 2007) after consultation with leadersin
the industry, both terms will be used within this exegesis. * Additive fabrication’
will be used for small-scale professional fabrication and ‘ construction 3D
printing’ used for large scale construction applications. The term ‘3D printing’
will aso used in place of additive fabrication in some cases where additive
fabrication occurs at home or on inexpensive additive fabrication machines
developed for the consumer market, as suggested by Wohlers (Wohlers, 2007). It
is acknowledged that neither terms are perfect but they are the best of a

problematic bunch.

Thereis a problem with many of the terms coined by industry and academia;

Rapid prototyping, Rapid Manufacturing, Solid Freeform Fabrication, Direct

4 There are many more terms that have been coined for this field of fabrication techniques, which
will not be discussed here. These terms are the most commonly used to describe prototyping, tool

building (tooling) and fabrication processes.
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Manufacturing, Layered Manufacturing. The problem with these terms can be
described as having one or both of the following attributes; first they do not
accurately or clearly describe the technique. For example the term
‘manufacturing’ is a process defined by The Concise Oxford Dictionary
“Manufacture (v). 1. make (something) on a large scale using machinery.”* or by
the Australian Oxford Dictionary “Manufacture (n) 1. (a) the making of articles
especially in a factory etc.” ** Additive Fabrication can and usually does occur
without ‘fabrication on alarge scale (i.e. making many) and outside of a‘factory’.
The Second problem with the termslisted above is that they often contain words
that are no longer particularly relevant to the technique. For example the term
‘Rapid’ was originally associated with the rapid production of prototypes over

traditional means.
Construction 3D printing

As stated above within the definition of Additive Fabrication the term
‘Construction 3D Printing’ will be used instead of other aternative terms such as
‘Freeform Construction’, ‘ Construction Scale Additive Manufacturing’ and

‘ Additive Manufacturing for Construction’.

The term 3D Printing is considered by Wohlers as being aterm which will be
enduring and that is also easy understand (which is helpful in the construction
industry).

> The Concise Oxford Dictionary accessed through The Oxford Reference online premium.
http://www.oxfordreference.com.ezproxy.lib.rmit.edu.au/views/SEARCH_RESUL TS.html?y=7&
g=manufacture& category=s7& x=20& ssid=11352459& scope=subject& time=0.12405618691837.
Accessed date 4th August 2011

18 The Australian Oxford Dictionary accessed through The Oxford Reference online premium.
http://www.oxfordreference.com.ezproxy.lib.rmit.edu.au/views/SEARCH_RESUL TS.html?y=7&
g=manufacture& category=s7& x=20& ssid=11352459& scope=subject& time=0.12405618691837.
Access date 4th August 2011
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“I truly believe that 3D printer will become the term of choice in the future to describe
systems that fabricate parts additively. The termis easy to say and understand, given
that most people under stand the basics of three dimensions and printing. Combined, it
communicates exactly what is happening technically in these machines. | believe that

few people won't get it.” (Wohlers, 2007)

The term * Construction Scal€e’ isalso not preferred, asin ‘ construction scale 3d
printing’, as the term scale is often understood to mean ‘scaled’, asin the term
‘scale model’ and can therefore be confusing on first exposure to the term. Scale
can, in the alternative sense also be understood to mean that a construction scale
3D printer can only produce construction size objects such as buildings and large
panels etc, whereas the three machines developed to date can all operate at
different scales and produce different size products. They have however been
developed for the construction industry, which has its own technical challengesto
overcome, so it is considered shrewd to include the term to be clear that the

techniques are appropriate to use for construction.

The second reason for steering away from the term ‘scal€’ isthat once the concept
is understood for example * Construction Scale 3D printing’ the term scale (asin
size) isno longer relevant and is a cumbersome add-on for aterm that will be
used frequently in conversation and written material. Again | don’t propose the
term * Construction 3D Printing’ to be the perfect term, | do however believeit to
be the best term available today.

Potential

The Oxford Dictionary online defines Potential as“1 [ mass noun] latent qualities
or abilities that may be developed and lead to future success or usefulness....”*’

7 Oxford dictionaries Online. http://oxforddictionaries.com/definition/potential  Access date 5th
August 2011
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Thisresearch is focused on identification of potential rather than quantification of
what that potential will result in, quantification of such potential is beyond the

scope of this PhD research and resulting exegesis.
Parallel Industries

The term Parallel Industriesis used to refer to the group of industries that are
considered to have practicesin parallel to the construction industry, such as digital
CAD design, off-site fabrication and the use of CAM automation for fabrication
of their product. These industries include Aerospace, Automotive, Shipbuilding

and Manufacturing.
Design

The word Design is “given quite specific and different meanings by particular
groups of people.” “design is both anoun and averb and can refer either to the
end product or to the process’ (Lawson, 2005). The Oxford Dictionary® definition
can be distilled down to the following 1. production of a“plan or drawing” (or
3D model®) 2. “the art or action of conceiving...something beforeit is made” 3.
“The arrangement of features’ 4. “ A decorative pattern” 5. the “purpose or
planning that exists behind an action, fact or object”. Benton further defines
design as “a process of conscious decision-making” (Benton, 2008), although it can
be argued that many aspects of the design decision making process may be made

based on unconscious preferences.

18 Oxford Dictionaries (online) http://oxforddictionaries.com/definition/design Access date 8th
July 2011

9 3D model is added to this dictionary definition as this primary means of communicating design
intent for production using CAM fabrication technique. This means of production and use of 3D
datadirectly for fabrication instead of ‘plans or drawings' is still relatively unusual within
architecture and manufacturing fields generally and thusis probably the reason why 3D models

are not included in this dictionary definition.
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The definition of design in the context of this exegesis, is generally related to
architectural design and in thisinstanceis largely concerned with items: (1)
production of a 3D model (2) The art or action of concelving something and (5)

The purpose or planning that exists behind an...object.
Parametric

Holzer (cited Burry 1999, 79) describes a parametric design/model as* set up on the
basis of rules and references that govern geometry and thereby provide the designer
with syntax for creating an unlimited number of morphologically different versions of

the same design-templ ate”
Scripting

“Scripting is atext based method for using design tools.....Scripting allows the
designer direct access to an applications commands...as well asto general control
structures such as loops, logical and mathematical operators and conditionals
which dictate the sequential progression through the methods when the script
executes.” (Nicholas, 2008) There are two main types of scripting in common
usage by designers; text based scripting and visual scripting. Both typesrely on
text scripts, but the second (visual scripting) uses modules of pre-defined scripts
within avisual interface to allow for scripts to be assembled with little knowledge

of grammatical scripting language (e.g. VBA, c+, python).
Optimisation

Thisterm in this exegesis refers to a group of software used to find asingle or
multiple ‘optimal’ solution(s) to single or multiple performance criteria. The
Oxford Dictionary® defines optimize as to “make the best or most effective use of

(asituation or resource)”. In most cases optimization software generates multiple

2 Oxford Dictionaries (online).
http://oxforddictionaries.com/definition/optimize#m_en_gb0583750.005. Accessed 15 july 2011
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‘acceptable’ ‘compromise’ solutions or designs, which can be selected by the

designer. (Fonseca and Fleming, 1995)
Tools

Theterm ‘tools in this exegesisrefers mainly to digital design CAD software.
Thisterm is used as a heading and general term to refer to a broad range of CAD
software in use by architects and engineers as well as within the parallel

industries.
Digital Design Tool

The term digital design tool in this exegesis refers to the use of CAD tools that
have as their focus a core design capability (Rhino™, Generative Components ™,
CATIA™ Maya™) rather than a core focus on the production of 2D

documentation (Autocad™, Revit™, Archicad™, Vectorworks™).
Digital Definition

The oxford dictionary of English defines definition (n) as“1. a statement of the
exact meaning of a word, especially in a dictionary. an exact statement or
description of the nature, scope, or meaning of something: our definition of what

constitutes poetry. [ mass noun] the action or process of defining something.”*

The second part of the above definition is used here “an exact ... description of
the nature, scope”’ of abuilding or design element. The term ‘Definition’ was
used quite regularly within interviews with the parallel industry companies (refer
Appendix C) interviewed and referred to the 3D documentation model used for
design, analysis and manufacture. The term ‘digital definition’ is expansion of the

term definition used by DDAA interview participants. Here the term refersto a

2L The Oxford Dictionary of English. Accessed online through Oxford Reference Online Premium.
http://www.oxfordreference.com.ezproxy.lib.rmit.edu.au/viewsENTRY .html ?entry=t140.e021243
0&filter_out=long& srn=1& ssid=588473131#FIRSTHIT Access date 5" August 2011
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detailed and information rich 3D digital design model that is used as the central
definition and documentation for a project, negating the need for paper and 2D
documentation. This term has been adopted in place of other terms such as 3D
documentation and digital file. A digital definition filethat isan ‘exact ...
description of the nature, scope’ of a an object, assembly or project is required for
CAM fabrication and other activities related to procurement of buildings and
building elements. This term becomes particularly important with the construction
3D printing of buildings and elements, due to the need for accurate and
coordinated digital datafor the fabrication of a project.

Generative design tools

First it isimportant to define generative design; Nicholas states “ The key feature
of Generative Design process is that, from the application of a series of basic
rulesfor variation to an initial state, new and perhaps unpredictable information
is produced. Generative design processes typically consist of a design
representation, a generation mechanism (commonly either grammar-based or
evolutionary), and a means for evaluation and acceptance of the new generation.”
(Nicholas, 2008) These processes today tend to be CAD based software tools and
in this exegesis generative design tools are considered to include three types of
digital design tool: parametric, script based and optimisation tools. The term
Generative CAD toolswill be referred to in some cases generally and in others the
specific type of Generative CAD toolswill beidentified i.e. BESO™ an

optimisation tool, Grasshopper™ avisual scripting tool.
Boolean (operation)

Thisterm refers to a number of operations available within digital design tools
such as Rhino™ and Netfabb™. These operations involve the interaction between
two objects that overlap in space. For example; the addition of one to another, the
subtraction of one from another or the subtraction of the non-overlapping

elements of both to create an object made from the intersection of both.
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M ethods

The Concise Oxford Dictionary defines method as “Method n. 1. a particular
procedure for accomplishing or approaching something.” #

The term *methods’ is used in this exegesis to refer to groups of methods,
especially construction methods, including off-site fabrication. Thisterm is used
as a heading and general term to refer to a broad range of construction and
assembly methods and practices used within the construction and parallel

industries.
Techniques

The Australian Oxford Dictionary defines Technique as“1. Technical skill in an
art. 2. a means of achieving one's purpose, especially skilfully.” # The meaning of
the word here is taken to be the technical means of achieving one' s purpose. The
term ‘techniques’ is used in this exegesisto refer mainly to automated fabrication
techniques, including Additive Fabrication and computer aided manufacturing
(CAM). Thisterm isused as a heading and general term to refer to a Additive
Fabrication techniques, especially Construction 3D printing.

Construction Sustainability

For the purposes of this exegesis the terminology ‘ construction sustainability’ will
be used and will include the following (further explanation regarding the use of

the term can be found in chapter 3.4):

2 Concise Oxford Dictionary accessed through The Oxford Reference online premium.
http://www.oxfordreference.com.ezproxy.lib.rmit.edu.au/views/SEARCH_RESUL TS.html?y=12
& g=method& category=s7& x=20& ssid=997352754& scope=global & time=0.294992489168941.
Accessed online 4th August 2011

2 The Australian Oxford Dictionary accessed through The Oxford Reference online premium.
http://www.oxfordreference.com.ezproxy.lib.rmit.edu.au/views'ENTRY .html?entry=t157.e55343
& srn=3& ssid=50108468#FIRSTHIT Accessed online 4 August 2011
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Material use —raw and processed material inputs throughout the life of the
building, sustainability of the resource, waste, recyclability.

Energy use — embodied energy of raw and processed materials, sustainability of
the resource, fabrication of the building, operation of the building,

decommissioning, capture of energy from the environment.

Air — pollution, recycling

Water — use, collection, waste and recycling

Bio-diversity — support and improvement of floraand fauna

Human factors — functional, thermal, acoustic, sunlight access and ventilation.

Refer to the following chapter for further definition (3.4) of construction
sustainability.

Off-site fabrication

The term *off-site fabrication’ will be used within this exegesisinstead of
aternative terms such as * Prefabrication’, ‘ Pre-assembly’, ‘off-site construction’,
‘system building’, ‘ construction industrialization’ and the plethora of other terms
used. These terms are regularly used interchangeably, have ambiguous definitions
and are loaded with associations. For example Gibb cites Whites' definition of
prefabrication as “a useful but imprecise word to signify a trend in building
technology” that “could be stretched so wide asto lose all meaning” (Gibb,
1999a) p7.

The terms Prefabrication and Pre-assembly are both used within this exegesis but

their definitions are limited to the following:

‘Prefabrication is a manufacturing process, generally taking place at a
specialised facility, in which various materials are joined to form a component
part of the final installation’ (Gibb, 1999a) pl.

and
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“Pre-assembly is a process by which various materials, prefabricated components
and/or equipment are joined together at a remote location for subsequent

installation as a sub-unit. It is generally focused on a system” (Gibb, 1999a) p1.

The term *off-site fabrication’ is used within this exegesis to describe a broader
practice, as defined here again by Gibb: “ Off-site fabrication is a process which
incor porates prefabrication and preassembly. The process involves the design
and manufacture of units or modules, usually remote from the work site, and their
installation to form the permanent works at the work site.......... off-site
fabrication requires a project strategy that will change the orientation of the
project process from construction to manufacture and installation.” (Gibb,
1999a) p2

What isimportant here to note, is that the definition of the term includes three

specific items:

- Location: ‘prefabrication and preassembly’ being in a different location
from the ‘work site’ or intended object |ocation. This may however not
necessarily be a‘permanent’ location.

- Object: manufacture using * prefabrication and preassembly’ of ‘units or
modules’, to create an object

- Methodology: ‘ project strategy’ influences ‘design and manufacture’ and
the ‘ process from construction to manufacture and installation’. i.e.
Development of a specific methodology relating to development of the
object including; design, fabrication, assembly and installation.

The definitions above by Gibb are particularly clear and concise, cut through the
ambiguity associated with these terms and are not equalled by alternative
definitions identified to date.

2.5D

Thistermisused in thisthesis to refer to shapes that are a vertical extrusion of a
profile. i.e. the top profile of a2.5D geometry object is the same as the bottom

profile, an extrusion of the object.
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Topology

Topology —*“6. the anatomy of any specific bodily area, structure, or part”. This
word is used instead of topography - “3. the land forms or surface configuration of
aregion” both definitions sourced from the Collins English Dictionary —
Complete and unabridged 10th edition 2009. William Collins and Sons. Accessed
through - http://dictionary.reference.com/browse/topology March 24 2011.
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2. Resear ch M ethodology

2.1. Position

My position as aresearcher is primarily that of an architect and designer, which
can be considered quite different from either an academic or an inventor, who's
roles are at the two extreme roles of the research presented in the exegesis. The
term architect is defined to have two broad meanings; firstly “1. A person who
designs buildings and superintends their construction.”* and “ 2. a person who
originates or comprehensively plans a system, project, etc: Lord Beveridge,
architect of the Welfare Sate.”*

My intention for this project isto contribute to both roles, as creative designer of
buildings and the second the designer of a system for building. It is the second
definition that is particularly important to define the scope of this project: in
designing a system or defining a novel approach, it isimportant to have a broad
overview of theindustry and sector for which the system is being designed and a
thorough understanding of each of the subjects that will comprise the system. Itis
not however necessary to be an expert in each of the subjects or fields, for this

expertise | have and will continue to refer to others.

As aresearcher | approach the exegesis and the information analysed as a
participant rather than as a dispassionate observer. | am a practicing architect who
is seeking and devel oping a solution to a specific problem; therefore my stanceis

not dispassionate, as | have avested interest in finding or developing a solution.

2 Definition *architect’ The penguin English Dictionary. Accessed online through credo reference.
http://www.credoreference.com.ezproxy.lib.rmit.edu.au/entry/1120497/ Date accessed 25th
September 2008.

% Definition *architect’” Academic Press Dictionary of Technology and Science. Accessed online
through credo reference. http://www.credoreference.com/entry/3073135) Date accessed 1st
October 2007
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My motivation has been to identify or develop methods of design and
construction for the use of Construction 3D printing techniques, with the long
term aim to transform design and construction. Whether this transformationisat a
micro level; transforming my practice and the way my architectural projects are
designed and constructed, or at a macro level; transforming the way that the
construction industry (globally or nationally) designs and builds does not matter
in this case. In both situations | have a vested interest, wanting my practice to

change and hoping to see major industry transformation.

Impartiality, if this can in fact be achieved, is achieved by assessing how projects
were realised and the emergent possibilities that result, rather than by assessing

effectiveness.

2.2. Shiftsin approach

One of the original intentions of the PhD was to demonstrate how the
implementation of Construction 3D printing could be cheaper, more effective and
efficient than current construction methods in the western world. It has since
become clear that quantification of cost, effectiveness and efficiency are beyond
the scope of this early explorative stage of Construction 3D printing research. The
focus of this exegesis and supporting projectsisinstead on exploring the

capabilities of Construction 3D printing techniques.

At the time of writing (2007-2011) there are no finished projects that have been
constructed using Construction 3D printing techniques anywhere in the world and
therefore comparison between this technique and existing construction techniques
isimpossible. Improvement of design and construction, which is afocus of this
research, is considered to be an aspirational medium term goal, which others will

be in a better position to test.

Instead this exegesis demonstrates a testing of the hypothesisin unique
architectural projects. Through discussion and analysis of these case study
projects and the methods used to design and fabricate them, initial conclusions

can be drawn relating to the potentials and limitations of construction 3D printing
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both specifically and generally. In summary of my current approach, A combined
with B produces aresult. In some cases the result could be largely anticipated,
what could not be anticipated, in many cases, were the specific tools, methods or

techniques that would be required to achieve that result.

2.3. Research M ethods

The difficulties in answering the questions that have initiated this research and
others that subsequently emerged, were the primary reason for adopting a range of
different research methods for this course of research. For example there was a
difficulty answering the question ‘why is off-site fabrication not more prevalent
today? because very little literature, at the time, critically evaluated and answered
this question. Therefore to answer this question an alternative field research
method was adopted to attempt to understand what these reasons were. The
research methods listed below have become the dominant means for answering

guestions and devel oping projects within the research presented here:

= Literature review
= |ndustry and field research
0 Qualitative
0 Quantitative
= Embedded research
= Action research — (project-based)
= Synthesis— development of emergent original theories, systems and

methods based on synthesis of research findings and resulting inspiration.

2.3.1. Literaturereview

This method of research was used for background research for al research topics
addressed within this exegesis. Asfar as possible | have attempted to be
thoroughly conversant in all of the topics studied. For the primary topics of
Additive Fabrication and off-site fabrication, this literature review has been



exhaustive, although it has not been physically possible to exhaustively research

every topic due to the number of areas addressed.

For example the mechanisms that promote growth within coral polyps are a
subject that is the primary concern of many marine biologists, it is not possible for
me to become an expert in such atopic that is on the periphery of this research
focus®. Where such limitations existed a reasonable level of literature review has
been undertaken to understand the key concepts that need to be addressed. In
some cases experts, such as Marine Biologists, have been consulted to discuss my
research direction and thoughts to ensure that the conclusions on which | am

basing my projects are consistent with current thinking in the field.

A broad range of media has been consulted, wherever possible including scholarly
journal articles, thesis, reports, books, periodical articles, newspapers, websites
and audio visual material to establish the historical background and the current
state thinking on the subjects being reviewed. Thisliterature review has been
extremely broad, due to the number of topics that had to be studied and
synthesised to develop the hypothesis, create the projectsin detail and to remain
current as the PhD progressed.

2.3.2. Industry and Field Research

In 2004 after afirst round of exhaustive literature review, answers to questions
could still not be answered, within a number of topic areas; such as off-site
fabrication and digital CAD design. Therefore it was deemed appropriate to
undertake primary field research to develop a clearer understanding of industry
practicesin order to gain a clearer perspective of standard industry and
exceptional industry practice. Thisfirst instance of primary research, the
international research component was funded by both the Jack Greenland and
Byera Hadley Travelling Scholarships with the scholarships awarded in 2004 and
2005 respectively after completing my studiesat UTS. The field research was

% This subject is relevant to Case Study 3 (chapter 6)
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undertaken both in the year prior (2006) and just after commencement of the PhD
research (2007). Thisinternational context was regarded as vital for the research,
asit was considered, after preliminary research, that Australian industries could
not provide an adequate survey of current leading off-site fabrication practices
within the construction and parallel industries”: due to Australia’ s small size and
level of competitiveness, in the industries in question, in comparison to other

countries.

Figure 1 (a) DSME shipyard South Korea - Image (b) Skanska precast paenl factory, Stragnas, Sweden. Images James
Gardiner

Thisfirst phase of field research focussed primarily on prefabrication and digital
design practices within the construction and the parallel industries (aerospace,
shipbuilding, automotive and manufacturing). The inclusion of the parallel
industries was in recognised the fact that these industries have grappled with
many of the same issues that were of primary concern in this research (Kolarevic,
2003, Egan, 1998, Kieran and Timberlake, 2004). Furthermore in many cases

some of these industries are decades ahead in implementing solutions to issues

2" Refer to Chapter (1.5) for definition of Parallel Industries.
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currently being faced in construction®. The industries studied are in some aspects
fundamentally different to the construction industry but in other ways very
similar, as described in the research report (Gardiner, 2010) (refer images Figure
1laé& Figure?2).

Figure 2 - Boeing factory Seattle. Image source - http://www.petergreenberg.com/2010/07/19/boeing-787-dreamliner-
debuts-at-farnborough-airshow/  Image accessed 7" August 2011

Thefirst round of interviews and site visits, can only be considered in this
exegesis through reference to material that | have published due to ethics approval
issues®. Thisresearch included field and site visits and interviews with 33
companiesin 10 countries; such as NASA, Boeing, Toyota, IKEA homes, Misawa

Homes and Hyundai Heavy (Gardiner, 2010). This research focussed on

assessing current capabilities and practices with the industries, which could be

% This was confirmed based on discussions and observations from both national and international
field research.

2 Although the majority of the field visits and interviews occurred after the commencement of this
PhD | was not made aware of the RMIT requirements of ethics approval, thus none of my
interview transcriptions and data could be used as a primary resource within this research.

Retrospective ethics approval is not possible.
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transferable to the construction industry, and also included visits to two of the

three groups developing of Construction 3D printing®.

A second round of industry surveys were conducted in 2008 within Australia,
including over 44 companies, as the field res’ earch component of the ‘ Delivering
Digital Architecturein Australia’. Thisfield research examined Australian
industries, whereas the previous international field research had excluded
Australia, thusfilling agap in the previous research that | had completed. The
intention of the DDAA field research was to assess barriers and opportunities for
implementing digital design and automated fabrication in Australia. This research
concentrated predominantly on the use of digital design tools, their link to
automated fabrication techniques, the way information was shared within teams.
My research interests were overlaid onto this agenda, namely in the area
prefabrication within construction and parallel industries. The new round of field
interviews and site visits assessed the parallel industries, and the construction

industry and sub sectors in more depth than the previous study.

Figure 3 (a) Misawa Factory, Japan (b) Taalman Koch house near Joshua Tree, California. Images James Gardiner

In most cases this primary industry research focussed on leading companies
within each industry and sector. This second round of field research was

conducted across industries and sectors, with a minimum of three companies

%0 Contour Crafting, university of Southern California and Concrete Printing Additive

Manufacturing Research Group, L oughborough.
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visited within each sector in order to identify trends and comparisons between
them. In a number of critical areas, such as the off-site fabrication sector, a larger
number of companies were visited to gain a more in-depth understanding of the

sub-sector and the practices implemented.

Overdl thisindustry and field research effort encompassed visits, and in many
cases interviews™ and questionnaires, with over 77 companiesin 11 different
countries. To make full use of the interviews and questionnaires that were
conducted in 2008, two methods of analysis were used, qualitative and
quantitative analysis, discussed below. Dominik Holzer assisted with the
formulation of the interview questions and questionnaires and participated in a
sample round of interviews, which resulted in minor revisions to interview

guestions and questionnaires.
Qualitative analysis

Qualitative analysis (Dey, 1993) was used to analyse and interpret transcriptions
of my face to face and telephone interviews®, these interviews were either
recorded or thorough notes were taken during the interview. The interviews were
used to ask questions that could not be easily answered within the format of a
guestionnaire and were also useful to identify attitudes, terminology and issues
that were not anticipated. Asfar as possible, within the interviews and
guestionnaires, exactly the same questions were asked of each group or sub-sector

being interviewed to ensure that the answers could be compared.

% Dueto RMIT ethics rules interviews from the first round of interviews in 2006 could not be
used, The interviews were conducted prior to being informed of Universities ethics rules and
receiving ethics approval. Retrospective ethics approval is not granted at RMIT.

%2 The majority of interviews were face to face.
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As questions were being asked across industries, the questions needed to be broad
enough to be reasonably understood by respondents from each of the sectors,
some clarification to the meaning or am of the question had to be made to
account for differing to industry focus, respondent job role and personality types.
Questions were amended slightly after the first four interviews in response to

difficulties found with the wording of the questions.

The types of interview questions, which could not be easily answered using a

guestionnaire, were those that fell into the following categories:

Interview questions that

- May be difficult to describe or needed clarification
- Could not be answered ssimply. Such as with ayes or no or by scoring

numerically.

- Were sensitive and may get adifferent initial response than a response

received after further questioning.
Answers that

- Required elaboration
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- Could have a broad range of responses
- Could lead to further insights

The questions were divided into topic groupings that dealt with a number of
specific issues that could be compared across industries, such astools,

communication and risk.

The analysis of the interviews was conducted manually by first transcribing all of
the recorded interviews® and then collating the responses to each of the questions
into groups categorised by sector and subsector (i.e. sector — construction

subsector - precast concrete). After this categorisation occurred under each of the
guestions, analysis of these responses was made to establish trends within sectors

and subsectors, broad trends were al so analysed across topics.

There was an intention to use database analysis tools to further analyse the large
amounts of data collected, however this could not be achieved within the time
constraints of the PhD.

Quantitative analysis

As mentioned above some topics were more easily dealt with using questionnaires
than others, the topics that |eant themselves to answer within a questionnaire style
as mentioned above were questions that could be answered with ayes or no,
answering by ticking boxes that indicated degrees between one thing and another.
Another response elicited through the questionnaires was listings of items; such

equipment or software used by the respondents company.

33 Approximately 50% of the interviews were transcribed by myself, the remainder transcribed by

Melissa Rinovassi 40% and Dominik Holzer 10%
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The data collected through this form of quantitative analysis can be easily consolidating
into a database and therefore could be used to generate numerical data that could be
used to generate graphs, bar charts and other useful representational material. This
material isvery useful for representing broad similarities and differences with the
minimum requirement for explanation. As much as this data is useful for comparison
between industries and groups, without field visits and interviews the reasons for
differences could easily be lost. Holzer stated in reference to his own quantitative

analysis“

“As much as this method illustrates differences between distinct disciplines, it
does not say why these differences are in place and what actions could help to
bridge between them.” (Holzer, 2009) p124

This data presented in graphs, diagrams and other formats was largely useful for
indicating or highlighting differences between industries and groups, which could
be understood through reference to prior literature review, field visits to
production facilities and through reference to the extended interviews and

transcriptions of these.

Thefirst round of international field research assisted in the creation of a

foundation from which to understand the Australian context of the construction
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and parallel industries, in the formulation of interview questions and answering
guestions that had not been answered through background research and literature

review.

2.3.3. Action resear ch and embedded practice

This PhD research follows a similar methodology of research employed by others
at SIAL, RMIT; namely in the adoption of the methods of Action Research and
Embedded Practice (Benton, 2008, Holzer, 2009, Nicholas, 2008). Holzer writes
of the value of embedded practice:

“practice requires input from academia to advance working-methods as much as
academia depends on intervention from practice to advance discourse and critical
investigation.” (Holzer, 2009)

Embedded practice enables the qualities of both “ theoretical investigation of an
academic body of knowledge and empirical methods through observation,
interrogation and participation in practice” (Holzer, 2009) to produce new
knowledge, working methods and project based outcomes.

The way embedded research was employed in my research differs slightly from
that of Benton, Holzer and Nicholasin that | was effectively embedded within my
own architectural practice Faan Studio in Sydney Australiarather than within an
external organisation such as Arup an engineering office or Terroir an
architectural practice. The mode of embedded practice practiced by Benton,
Holzer and Nicholas, shifts only dlightly from my practice; from being observer
and participant in ateam to observer and sole participant. In explanation of this
difference, much of the time that | spent creating the two new case study projects,
VillaRoccia and (in)human habitat, | worked alone and was therefore the only

participant.

For a brief period, between July to September 2009, the role adopted by Benton,
Holzer and Nicholas was adopted by me when | was embedded with D-Shape (a
construction 3D printing company). During thistime | was a participant in asmall
team charged with prototyping the test column that | designed for the Villa Roccia

project.
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Figure 4 - (a) Embedded with D-Shape team (b) Prototype column design (c) Prototype column being printed in sections

This form of embedded research had two distinct benefits; the first was
observational, gaining an in depth understanding of the D-Shape construction 3D
printing technique through observation and use. The second benefit was through
action research; testing my hypothesis at construction scale through fabrication of
an object that had not been fabricated using Construction 3D printing techniques
before.

Action research, which is at the core of this embedded practice, was used within
this research context to build knowledge (through projects) where the information
could not be obtained through literature review or industry field research. Action
research, as discussed by Pasmore, has largely been used within this research as
an exploratory technique to create new knowledge through *testing hypothesesin
action’ (Pasmore, 2001). Pasmore citing (Dewey, 1933) stated

“A solution to a problem could only be regarded as viable when it was

demonstrated to produce desired outcomes in practice.” (Pasmore, 2001) p38

Prof. Peter Downton describes design research (which isaform of action

research) in reference to traditional methods of academic research

“Research as understood in sciences is not the only source of reliable knowledge.
Design processes both use knowledge and also produce personal knowing and
collective knowledge. Such knowledge is different, not inferior. It has

characteristics in common with other knowledges and the distinct character of



being embodied in the process of designing itself. Thisrendersit hard to examine
other than via the self-interrogation of designers. The knowledge produced in
design is stored, transmitted and learnt through works in this manner such that
design knowledge leads creatively to more design knowledge.” (Downton, 2003)
pl24

The case study projects themselves have been used to test the hypothesisin action
and have been used to demonstrate desired outcomes through embedded practice
and action research. The analysis of these case studies has created new design
knowledge through self-interrogation of the designs and reflection against
background research and field study. Such analysisisinherently aform of
ongoing and cyclic self critical evaluation that is evolved and built on during the
testing of ideas, both physically and digitally, in the formation of the project. Not
only is knowledge produced in design stored, transmitted and learnt through the
works produced; the projects are also critically evaluated in the case studies here

to assess their contribution to knowledge.

2.3.4. Conception

Conception, the last research method, can be considered the result of periods
using combinations of the research methods discussed above. This method can be
considered to be a creative consequence emerging from: literature review,
industry field research, qualitative and quantitative research, action research and
embedded practice. Without these other methods novel solutions and revelations
would have been unlikely to have arisen. Conception isinextricably linked to
these other research methods, though differs significantly by being an inherently

creative and generative process.
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Figure 5 (a) Freefab factory production line (b) Villa Roccia column concept (c) (in)human habitat reef deep scaffold,

Images by James Gardiner

For example the Freefab case study project (chapter 4.1) and construction method
emerged from the study of current world off-site fabrication methods, precast
concrete construction, the contour crafting Construction 3D printing technique,
direct experience with 3D computer aided design, combined with the core
guestion: “how can design and construction improve? . By reflecting on the
research, observations and direct experience framed by this question, an emergent
hypothesis arose which was later demonstrated through project work. This cycle
of literature review, industry field research, action research combined with new
methods such as embedded practice, qualitative and qualitative analysis has been
repeated on the case study projects 2 (chapter 5) & 3 (chapter 6), resulting in the

conception of novel designs and methods.

2.4. Methodology Summary

The questions that this exegesis set out to explore could not be addressed by the
application of one or even afew methods, therefore a broad range of research
methods were employed to address specific questions. Literature in some fields,
such as off-site fabrication, was either inadequate or did not address the issues
researched in enough depth to be used as a primary resource, therefore methods
such as industry field research (including interviews and questionnaires) were

required to gain the data and insight required to address such questions.
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In other fields such as Construction 3D printing, paper* projects were inadequate
to understand the implications of the construction 3D printing techniques and built
projects did not yet exist for analysis. Therefore a series of projects were
generated that could be used to test the hypothesis, for such projects the research

methods of action research and embedded practice was used.

The Conception method was integral to the formation of the hypothesis that
resulted from the literature review and industry research, this method also was
also integral to the process of project development. Each of the methods discussed
above were indispensible in contributing to the formation of the hypothesis and

case study projects.

The hypothesis and case study projects emerged from a clear and concise
motivation and central question; *how can design and construction improve?
From this central question new questions emerged as the research developed
through literature review and field research. A hypothesis was developed from
this background research, from which anew set of refined questions arose. These
guestions are used to define the scope of attention for the case study projects and
to assess them. In essence the core question that underpins this research has not
changed ‘how can construction improve’, the scope of the research has however
been refined to a manageable level within the physical, resource and time

constraints of aPhD.

As stated, my position within the project is both; designer of buildings and as an
originator or developer of systems. This project isfocused on exploring the
territory of design and construction with construction 3D printing techniques and
generating projects that can be used to tease out potentials and limitations of this

emerging field of construction techniques.

34 “Paper’ project — An architectural term referring to unbuilt or theoretical projects that exist only

on paper.
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3. Background; Techniques, Methods, Design and
Tools.

This section introduces the four major background subject elements, which
together have been synthesised to define much of the thinking behind the work
presented in this exegesis. The classifications are not perfect as all of these areas
overlap and are not mutually exclusive. The classification does however help to
distinguish the elements discussed, which assists description of the macro issues

that are at play.
The subjects that constitute the background research include the following
- Architectural design
- Construction Sustainability
- Digita design tools
- Off-site fabrication methods
- Additive Fabrication techniques
Each of these categoriesis discussed to cover the following topics:

= Definition — beyond definition of terms covered in (chapter 1.5)
= Background
= Current state

The focus of this chapter isto not only analyse and discuss the topics above in the
format described but also to identify potential, which can be explored and tested
through the case study projects that follow.

Potential in the following main areas will be identified and described:

- Architectural design
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- Digita definition (using 3D digital design tools)
- Off-sitefabrication
- Construction sustainability

As noted above (sub-chapter 2.3.2) the construction and parallel industries have
been studied globally through a series of site visits, interview and questionnaires.
Within this chapter, where possible, comparative analysis is made between
current trends within the construction industry and the parallel industries, based
on literature review, field research and professiona experience. The parallel
industries have steadily improved the quality and efficiency of their design and
manufacturing processes during recent decades, with dramatic improvements
achieved in the quality of products produced, added value and efficiency. The
construction industry has failed to keep pace with the significant improvements
realised by these industries (Egan, 1998). Therefore potential for improvement in
construction can lie in the practices of these parallel industries, where possible

these practices are identified within this section.

Practices within industries and sub-sectors are often unique to geographic
locations as well as specific industries and sectors, where possible reasons for
geographic or idiosyncratically unique practices have been identified in order to
understand reasons for their existence and possible barriers to their
implementation elsewhere. Findings from this research as well as extensive
literature review will be discussed within this chapter to illustrate and compare
current practices within these industries and to discuss opportunities for design

and construction using Construction 3D printing techniques.
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3.1. Techniques

This section focuses on the historical context of both additive fabrication
techniques and emerging construction 3D printing techniques. A description of
the range of techniquesis given and a categorisation of them is made. The
potentials and limitations of particular techniques are identified, as well as current

trends and applicationsin reference to the focus topics discussed above.

3.1.1. Introduction Additive Fabrication

Additive Fabrication techniques were first developed in the late 1980’ s in Japan
and the USA. Their primary function during the first decade after development
was to produce prototyped objects quickly, hence their original name ‘ Rapid

Prototyping’.

“In 1988, 3D Systems and CMET, a Japanese company, sold a total of 34
Sereolithography systems. These machines were among thefirst in a new class of
technology that produced physical objects by joining thin layers of material, one
on top of the next. The shipment and use of these machines marked the beginning
of a new industry.” (Wohlers, 2007)

These machines were at first, like most new products, very expensive ranging in
cost between $75,000 to $750,000 (Aubin, 1994), today a student can afford to
purchase a fully assembled open source kit machine for $1299 (Makerbot, 2011).
This shift in cost indicates the growing maturity of the industry, with machines at
first accessible only to a select few within large corporations, today schools and
university students have access to these machines around the world and the

hobbyist can build one at home based on open source 3D printer projects.

3.1.2. Rapid Prototyping to Additive Fabrication

Asthe quality of the output of the Rapid Prototyping machines increased, groups around
the world started to use the output of these machines for end use products, hence the

adaptation of the term from rapid prototyping to ‘rapid manufacturing’ . Organizations
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such as NASA, Boeing and the FBI began using rapid prototyping devicesin the 1990's
for unique or small orders of parts (Hopkinson and Dickens, 2001, Ayers, 2009), this
occurred for a number of reasons; strength of materials and dimensional
accuracy/stability increased as rapid prototyping techniques were refined and rapid
prototyping of end use products became cost/time competitive with fabrication by other

means.

Additional benefits have been realized since the early adaptation of ‘ Rapid Prototyping’
techniques that can be considered as value adding significant value for manufacturing.
These benefits can be summarized as the following (Wooten, 2006, Hopkinson et al.,
2006b):

- Small fabrication runs - fabrication runs of one with no penalty, allowing for

customization and individualization of products (such asindividual form fitting).

- Highly complex geometries - including interlocking but physically

disconnected assemblies (e.g. textiles)

- Reduction of fabrication constraints - reduction in design for fabrication

items such as draft angles.
- Part consolidation — through reduction in fabrication constraints

- Fabrication for assembly (prefabrication) — increased ability to
incorporate joints for interlocking assemblies (especially where fabrication

Size constraints exist)

- Potential for customisation of material properties through functionally
graded materials

Asdiscussed in (chapter 1.5) the terms used since these early days of development have
varied significantly between groups and authors. The term rapid manufacturing replaced
the term rapid prototyping, this term itself has since been replaced by additive

fabrication although thereis still little consensus on terminology as the sector continues

to develop.
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Additive Fabrication techniques build up objectsin sequential layers based on a
digital three-dimensional model. There are alarge variety of techniques used by
the different additive fabrication machines; although these techniques can be
broadly classified into two groups. Others have made classifications of additive
fabrication techniques such as (Bourell and Beaman, 2004) and (Hopkinson and
Dickens, 2006). The categorization by Hopkinson et al. defines categories for
emerging additive fabrication systems as: solid, liquid and powder. This
categorization is not particularly useful, for discussion within this exegesis,
because it focuses on the starting state of the materials rather than active process
that create the final objects. As a consequence a new categorization has been
made. This classification is made based on listings and descriptions of additive
fabrication techniques and description from the State of the industry report by
(Wohlers, 2010). The categories and subcategories of techniques are listed in bold
type, followed by a brief description as required. Representative companies who

produce systems in these categories are listed in brackets.
Deposition of material to build up an object
0 Pastedeposition of premixed materials — (Fabber)

0 Meéelted Deposition - Fused Deposition Modelling (Polymer —
Stratasys, HP & Makerbot)

0 Inkjet deposition — Inkjet deposition of photopolymer and light
curing (objet)

Selective state change of materialsin a chamber or on a platform (in some cases
using catalysis), state change may be temporary (e.g. temporary melting to liquid)

or permanent (e.g. solidification).

0 Meélting - Selective sintering using laser, electron beam etc (Metal
—MTT, ARCAM & EOS, Stratasys, EOS)

0 Light Curing — Stereolithography (CMET, 3D systems, & DWYS)
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0 Bonding - Selectively adding a bonding material to a powdered
material - Inkjet - jets binder onto powder (Z-corp & Ex One)

0 Chemical reaction — Selectively adding a material to another to

create achemical transformation - D-Shape

This categorisation/classification is useful for the purposes of thisthesisasit
differentiates two primary methods of creating objects. This categorisation works
for amost al of the processes listed in the Wohlers report Appendix C & D
(Wohlers, 2010). This classification excludes Lamination as this technique relies
on subtracting large amount of material relative to the object built, hence it can be
considered a subtractive fabrication technique with additive processes. Extensive
testing of this categorisation has yet to be undertaken to assess the
usefulness/accuracy of the categorisation. Additional classifications will likely
need to distinguish techniques that utilise multiple operations such as additive and

subtractive finishing processes.

3.1.3. Thedesktop 3D printer

The Additive Fabrication industry is now maturing, an excellent signal of thisis
that Additive Fabrication devices are now becoming available as desktop devices,
and at a price point that enfranchises small companies and even students®. Self-
assembly Additive Fabrication ‘3D printer’ kits have been developed by a number
of organisations and companies including: the ‘ Fabber’* by fabathome®, the
‘Darwin’ and ‘Mendel’ machines by Reprap®.

% | was able to purchase Reprap kits for both a UTS architecture studio and for myself (a student).
% The ‘fabber’ has now been uninspiringly renamed to Model 1 & 2.

37 Fabber machine devel oped since 2007 - http://fabathome.org/ - Accessed 10" February 2011

% Reprap 1: Darwin machine devel oped since 2005 - http://reprap.org - Accessed 10" February
2011
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Figure 6 - Fabber Machine developed by Cornell University - Image source
http://www.fabathome.org/wiki/index.php/Fab%40Home: Choose Y our_Fabber - Accessed 5" July 2010

These organisations have open source as a key operating principle (Bowyer,

2011) (Fab@home.org, 2011) which is enables 3 party companiesto sell kits and
machines based on these open source developments. The cupcake CNC machine
by Makerbot industries® is based on the Reprap Darwin and the Botmill Glider 3
isafully assembled version of the Reprap Mendel“. There are also a plethora of

companies selling standard or speciaised kits and parts.

% Cupcake CNC machine under development since 2009 - http://wiki.makerbot.com/ - Accessed
10" February 2011
40 Botmill Glider 3 available since 2011 - www.botmill.com - Accessed 10" February 2011
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Figure 7 — Reprap Mendel made by my students and | in the Reprap studio at UTS July 2010. Image James Gardiner

The interest in the open source 3D printer has been strong, which can be
evidenced by the highly active blogs, forums, and wiki’ s focussed predominantly
on the Reprap and Makerbot machines™. Complimenting these primary sources of
information and discussion are a second tier of projects based around building the

machines or using them for student projects®.

This shift in scale and priceis very similar to the development of the personal
computer, in the 1970’s (Allan, 2001) in which personal computers were
developed and sold as kits, by individuals and small enterprisesto fill agrowing

demand. A similar scenario has evolved with rapid prototyping/manufacturing,

1 Open source related blogs and wikis for additive fabrication; http://blog.reprap.org/
http:/fforums.reprap.org/ http://blog.makerbot.com/ - All websites accessed 20" July 2010

42 A Wiki sitefor the ‘fablab’ architecture studio that | taught at UTS studio in July 2010 focussed
on students building a Reprap machine. http://reprapstudio.wikispaces.com
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where large and expensive machines were first developed for the corporate sector,
the cost of these machines has slowly reduced to enable individual small
businesses to participate in the market. The same pattern is now occurring with
the development of open source additive fabrication machines to meet this low
price point demand, as discussed under thetitle “Learning from the history of the

computer revolution” (Fab@home.org, 2011).

Figure 8 - Altair 8800 the first kit form personal computer. |mage source http://en.wikipedia.orgiwiki/Altair_8800 -
Accessed 8th August 2011

Similarly, large companies are now beginning to cater to this emerging market,
with the development of moderately priced machines for the home user such as
~$10,000 3D systems “V-Flash personal 3D printer” and the recent acquisition by
the same company of Bits from Bytes (Peels, 2010) which signalsitsinterest in
the low cost 3D printer market.

3.1.4. Additive Fabrication Applications

A number of industries have already found niche applications for the creation of
consumer and specialty products using additive fabrication techniques such as:

Dental for bridges and crowns, Orthopedics with customized bone replacements
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such as hips and knees, defense (for small run parts or highly complex parts such
as turbine blades) (Wohlers, 2010), toys (online customized toys®), jewelry*,

furniture and lighting®.

Figure 9 — (a) Gas turbine by EOS for aerospace. Image source - http://www.eos.de/en/applications/aerospace.html
Accessed 9" August 2011 (b) Laser sintered dental crowns by Concept Laser. Image source -

http://i.materialise.com/bl og/entry/3d-printing-in-medicine-what-is-happening-right-now-in-patients Accessed 9" August
2011

Current benefits of additive fabrication techniques include: alevel of design
freedom unmatched by alternative fabrication technologies*® (Hague, 2006), the
fabrication of complex structures and geometries (refer image Figure 9 a & b) that
would be difficult or impossible to fabricate using alternative methods (Williams
et a., 2010), the design of highly customised or individual products (Wohlers,
2010) that can be fabricated cost effectively (Hopkinson, 2006) and sustainably

(Diegel et al., 2010). Architects such as Neri Oxman are beginning to see the

3 Sculpteo custom figurines - http://www.scul pteo.com/en/ - Accessed 8" August 2011

4 Shapeways jewellery - http://www.shapeways.com/themes/jewelry - Accessed 8" August 2011
“ Freedom of Creation - http://www.freedomofcreation.com/collection/products - Accessed 5th
August 2011

% Such as CNC milling (subtractive) or injection moulding (formative).
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potential of functionally graded materials for fabrication at construction scale
(Bullis, 2011).

Figure 10 (&) Ultrasonic consolidation of functionally graded metals by CASM, Utah State University. Image source -
http://cse.usu.edu/casm/index.html - Accessed 9th August 2011 (b) Metal Functionally graded material using ultrasonic

consolidation, image annotated with chemistry abbreviations for metals. Image source from journal article (Kumar, 2010).

Figure 11 - Neri Oxman - Fabricology "Variable property 3D printing" MIT media Labs. Image source -
http://web.media.mit.edu/~neri/site/projects/fabricol ogy/fabricology.html - Accessed 10th August 2011

New capabilities are also emerging with the extension of additive fabrication
capabilities through fabrication with multiple materials. The majority of additive
fabrication systems today fabricate with one or two materials during asingle
build, often the second material is used as a support material. The objet™
Connex350™ 3D printer can fabricate with two materials while also having the
capability to mix these materials during the printing process, this enables the
Objet printer to create up to 48 different ‘digital’ material formulations with
properties between solid and elastic (Wohlers, 2010). Thisisin effect enables the
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creation of functionally grading of materials which can have varying propertiesin
different locations of the object to respond to the forces that are acting on the
object. Functionally graded materials (refer images Figure 10 a& b) have dso
been demonstrated in metals with the ultrasonic consolidation technique (Kumar,
2010, Kong and Soar, 2005) and have the potential to significantly improve the
performance of fabricated objects through the optimisation of metal

characteristics such as thermal conductivity and mechanical strength as required.

A further extension of the capabilities of multi-material fabrication is represented
in the work by Malone et a. who developed the inexpensive Fabber™ Additive
Fabrication machine mentioned above (Malone et a., 2009, Periard et al., 2007).
The machine utilizes syringes to extrude feedstock onto a build platform. One of
the most compelling examples of the fabber™ machines capabilitiesisthe
fabrication of azinc air battery; this battery beginsto generate a current before the

object is complete (refer image Figure 12 @). (Malone et al., 2004).

Figure 12 — () Zinc air battery printed on the Fabber Machine - image source www.fab@home.org - Accessed 10" July
2010 (b) A prototype 3D printed kidney. Image - screen shot from TED talk hosted on website
http://www.livingdesign.info/2011/04/14/3d-bioprinting-of -human-organs-whats-next/ Accessed 9" August 2011

The medical industry has now taken the lead with the additive fabrication of
human organs. Organs have in the last decades been grown from fabricated

scaffolds using a patients own cells”, there is now increased research and

“" The benefits of using a patients own cells for growing
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development in the direct additive fabrication with living cells of entire organs
such as the Kidney shown and described by Anthony Atalaon TED (TED, 2011).

When the first additive fabrication techniques emerged twenty years ago, the
possibility that they might evolve to fabricate structures with living human cells
directly from a computer was barely imaginable. Such *file-to-factory’ devices
can now be desktop-sized and available at a price that enfranchises even students.
Such additive fabrication techniques are now being scaled-up for the manufacture

of construction components and whole buildings.

3.1.5. Construction 3D printing

Deriving from the field of Additive Fabrication, Construction 3D Printing
techniques have been referred to under a number of terms such as Construction
Scale Rapid Manufacturing, Freeform Construction and Construction Additive
Fabrication (refer index of terms ‘ construction 3d printing’ chapter 1.5).

“Large scale automated layer manufacturing systems are not entirely new to the
field of construction. In fact, the term layer manufacturing was coined by Shimzu
Corporation, one of a number of Japanese companies exploring alternative ways
of constructing skyscrapersin thein the late 1980'sand 1990s.” “ Shimizu’s
SVIART systemis based on a moveable automated factory formed by robotic
systemsthat is gradually lifted up in the process of erecting a building” (Menges
and Hensel, 2008) p44

Construction 3D printing techniques have been in development since the mid
1990’ s with two separate techniques published in that decade, the first was a
novel technique based on the deposition of sand and cement with selective curing
of this material using steam (Pegna, 1995), the technique was not developed. The
second was a gantry controlled concrete deposition technigue named Contour
Crafting™ (Khoshnevis, 1996) (refer image Figure 13 a).
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Figure 13 (&) Contour Crafting - Image source http://www.contourcrafting.org/ (b) Endless polymer 3D printer - Image
source - http://www.coolhunting.com/design/dirk.php - Both websites access date 2nd August 2011

Since the turn of the millennium additional techniques have been invented,;
including a crane based concrete deposition technique (Williams et a., 2004), a
gantry based selectively activated sand bed technique by D-Shape™ (Dini et al.,
2008), the ‘ Concrete Printing’ another gantry controlled deposition technique®
(Buswell et a., 20073, De Kestelier and Buswell, 2009). A further three
techniques have since been devel oped including; one a concrete deposition
technique by the Maxit Group™ for which no published description or material is
available (it is unclear whether this techniqueis still under development), another
technique being developed by Freeform Construction® called Mineraljet™
(Freeform_Construction, 2011) which is awaiting development funding® and the

Endless machine (Figure 13 b) is a scaled up polymer deposition technique

8 «Concrete Printing’ is also referred to as ‘ Freeform Construction’ (De Kestelier 2009). An issue
arises with this alternative name as the company that has developed Mineraljet™ is called
Freeform Construction™. The L oughborough based fabrication technique will be referred to as
‘Concrete Printing’ for purposes of clarity within this exegesis.

* The name Freeform Construction appears to have been taken by Rupert Soar when he left the
leadership of the Additive Manufacturing Research Group at L oughborough University to develop
the Mineraljet™ technique.

% Based on email response from Rupert Soar 16" July 2011
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mounted on an industrial robotic arm (Klein, 2010). The Endless machineis not
strictly a construction 3D printing technique asit has only demonstrated
fabrication of furniture to date, the technique does however demonstrate how
techniques (fused deposition modelling) developed at smaller scales can be scaled
up, thisisthe first such polymer based technique to be scaled up with the potential

to fabricate construction scale objects (such as polymer window or panels).

In total eight separate construction 3D printing techniques have been conceived,
of these techniques: Concrete Printing™, Contour Crafting® and D-Shape™ have
been developed, are focussed on construction purposes and are operational today.

These techniques are described and discussed in detail below.

The Contour Crafting technique has been devel oped under the principal direction
of Dr Behrohk Khoshnevis at the University of Southern California Viterbi
School of Engineering in the USA . The technique was unveiled in 1996 and is
the oldest technique under development. To date the team have demonstrated a
number of straight and curved wall sections (CRAFT, 2010) and a scaled down
adobe type structures (Figure 15 a& b). The development team, headed by
Khoshnevis have published proposals including single dwellings, multi storey
buildings and shelters for construction on the Moon or Mars (Khoshneviset a.,
2005).

51 Additive Manufacturing Research Group, Loughborough University UK
url: http://www.buildfreeform.com/

%2 School of engineering, Viterbi, University of Southern California

url: www.contourcrafting.org

%3 D-Shape private company. url: www.d-shape.com
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Figure 14 (a) The Contour Crafting deposition head. (b) Early version of the extrusion nozzle and machine. Images

courtesy of Dr Khoshnevis, USC.

The Contour Crafting extrusion/deposition technigue is designed with the
capability of fabricating elements with two materials. There are two outer
deposition heads (refer image Figure 14 a) which deposit a modified cementitious
paste and ainternal pivoting deposition head which can be used to deposit the
same material as an internal structure, or could be used for bulk filling material
into the cavity.. This second material could be potentially used to include material
properties to assist with insulation, acoustics, waterproofing: although published
material to date indicates that the primary purpose of the secondary material isto
create internal structure. (Hwang, 2005, Khoshnevis, 2011).

The extrusion Nozzle, of which there have been at |east four separate designs
(Khoshnevis, 1996, Khoshnevis, 2009b, Khoshnevis, 2009a, Khoshnevis, 2011).
The earlier designs incorporated moving top and side trowels which enabled raked
smooth surfaces to be fabricated on one side, leaving a stepped finish on the
interior of the object, later designs have removed this feature in favour of fixed
side trowels. This shift in the design of the extrusion nozzle has occurred as the
extrusion head has become more sophisticated; shifting from a single to quadruple

extrusion heads, two to extrude the outer skin, one to extrude internal geometry
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and afourth outlet to place bulk fill into the internal voids created by the first

three extrusion heads.

Although it is claimed that the contour crafting machine has the capacity to
extrude a wide range of materials (Haymond, 2008), only two materials types
have been demonstrated using the contour crafting machine to date; ceramic
pastes during prototyping stage and concrete as the machine has been scaled up.
The concrete paste is specially formulated concrete containing Bentonite which
“dramatically decreased water seepage, increased the paste plasticity” (Hwang,
2005). Although the use of Bentonite solved issues with the extrusion of concrete,
it does not appear to have completely solved the issue of overhangs. Asthereisa
conspicuous absence of overhangs, such as those which were earlier demonstrated
using ceramic pastes at smaller scales; such capacity for creating overhangs has
since only been demonstrated on stable geometries (lunar dome) in the modified

concrete material at construction scale.

“One of the key issues is how the build material maintains its desired form once it
isdeposited whileit is curing: Contour Crafting uses thixotropic materials with

rapid curing and low shrinkage characteristics.” (Buswell et al., 2007a)

Figure 15 (&) Contour crafting - wall test (b) Contour crafting - Scaled down adobe structure test - Both images courtesy of
Dr Khoshnevis, USC)

The Contour Crafting team had by 2001 demonstrated the contour crafting
techniques’ ability to fabricate (at reduced scale) limited 2.5 dimensional objects
(Haymond, 2008), such structures are only now beginning to be demonstrated



with the construction scale Contour Crafting machine. The walls demonstrated to
date at full scale have all been vertical (2.5D* geometries), without variation
between the top and bottom profiles. The scaled down dome structure (Figure 15
b) demonstrates a three-dimensional object, although the surfaces are not double
curved; the object rakes in steps from the initial base geometry toward the centre.
The absence of demonstration of three-dimensional freeform elements at
construction scale, after demonstration of limited three dimensional objects at
smaller scales and clear research effort in this subject area (Y eh and Khoshnevis,
2009), indicates that the contour crafting technique is currently limited in its
ability to create objects with unsupported overhangs and hence true three

dimensiona forms.

Although this may appear to be a significant limitation of the Contour Crafting
technique, it should be considered that the vast majority of buildings today are
rectilinear or are largely 2.5D-extruded forms; hence there is potentially a huge

market for such atechnique.

Integration of reinforcement and the automated integration of electrical and
plumbing fixtures have also been proposed by the contour crafting team. From an
Architectural perspective these proposals, which have not been demonstrated to
date, would in my opinion, require significantly more development to be
considered as a viable proposition for service or structural requirements of

modern buildings.

The *Concrete Printing’ technique has been under development at the Additive
Manufacturing Research Group at Loughborough University in the United
Kingdom since 2004 within the Wolfen School of Mechanical and Manufacturing
Engineering; the project was first conceived under the name ‘ Freeform
Construction’” machine with the assembly of the first machine commencing in

2006. Dr Rupert Soar originally led the project with Dr Richard Buswell assuming

54 Refer to 2.5D definition in the index of terms (chapter 1.5)

85



the project leadership soon after the project received funding™. Freeform
Construction is defined by Buswell as a“Processes for (the fabrication of)
integrated building components which demonstrate added value, functionality and
capabilities over and above traditional methods of construction.” (Buswell et al.,
2005). Although this quote says little specifically about the technique, it does
however give an indication of the aspirational capabilities of Concrete Printing

technique.

Figure 16 - Concrete Printing Machine. Image courtesy of Dr Richard Buswell

Fabrication with the Concrete Printing machine (refer image Figure 16) works on
the basis of selective deposition of a paste material through an extrusion nozzle, in
asimilar way to that of Contour Crafting discussed above. The mgjor difference
between Contour Crafting™ and Concrete Printing is due to nozzle design. The
Concrete Printing nozzle (refer image Figure 17) is designed to have the capacity
to vary itsresolution to allow the deposition of both bulk materials and fine detail

within the same process (Buswell et a., 2007a).

%5 As per email correspondence with Dr Richard Buswell, dated 2™ March 2011
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Figure 17 - Concrete Printing nozzle. Image source - http://www.rational optimist.com/blog/print-your-own-organs -
Accessed on the 9th August 2011

The materials used to date by the Concrete Printing team have included cement-
based mortars and gypsum materials*® with the use of commercially available
binders for transforming the paste to solid, these materials are deposited in layers
of between 6-9mm in thickness™. The team isworking toward the integration of
support material that would allow for the creation of overhangs and true 3D
freeform geometry®. With a build volume of 2m x 2.5m x 5m* the Concrete
Printing machine is designed for the fabrication of panels and large building
components rather than whole buildings, with added value, functionality and

capabilities over traditional construction techniques (as quoted above).

% As per email correspondence with Dr Richard Buswell, dated 1% March 2011
57 As per email correspondence with Dr Richard Buswell, dated 1% March 2011
%8 Based on telephone discussion 24" April 2009

* http://buil dfreeform.com/index.php accessed 20th February 2011
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Figure 18 - Example of Concrete Printing test print resolution. Image source
http://smarchitecture.blogspot.com/2009/04/freeform-construction-update.html - Image accessed 9th march 2011

The opportunities for re-design of complex assemblies into integrated panelsis
one area in which the research team has focussed; with the development of the
‘homeostatic wall’ (Modeen et al., 2005) and later the * Wonderwall

concept’ (Buswell et a., 20074). These concept designs focus on adding
performance and functionality to walls, while reducing the number of materials
and construction trades required. Additional value added functions include
optimisation of structural, acoustic, thermal and ventilation properties. Although
construction performance based design research has continued for many years
(Pasguire et al., 2006, Godbold et al., 2007, Buswell et a., 2007b, Pendlebury et
a., 2006, Modeen et al., 2005, Soar, 2006b) within the AMRG such design
strategies were not tested as part of the recent ‘ Freeform wall’ prototype (Figure
19) (De Kestelier and Buswell, 2009).
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Figure 19 - Concrete Printing Freeform wall test - image source http://www.buildfreeform.com/index.php - Accessed 5th
July 2011

The majority of test piece examples demonstrated using the Concrete Printing and
Contour Crafting technigques have been to date 2.5D geometries, rather than true
3D freeform elements, which are usually associated with the use of Additive

Fabrication techniques. (Refer images Figure 15 b & Figure 19)

The third of the techniques discussed here, D-Shape™ (refer image Figure 20) is
significantly different from both Contour Crafting™ and Concrete Printing.
Enrico Dini, the inventor of the D-Shape™ technique and founder of the private
company D-Shape lodged hisfirst construction 3D printing technique patent in
2006 (Dini et al., 2008). The initial technique described in the patent relied on
synthetic resins to selectively bond sand within a build platform. The machine
built up elements in alayered sequence; unbonded sand was then removed
revealing the solidified object®. The problem with the process Dini stated was
“Epoxy resin sticks to anything — including the machine that is applying it. This
led to high maintenance costs for the machines as well as inefficiencies when they
were used.” (Abrahams, 2010) Issues such as flammability, toxicity and cost were

also issues facing Dini with hisfirst choice of binder material. (Corke, 2010)

% The process works in a similar way to Z-Corp additive fabrication process.
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Figure 20 - The second-generation D-Shape machine - Image courtesy of Enrico Dini

A second patent (Dini, 2009) revealed a shift in focus away from polymer binders
to inorganic binders, which operate through chemical reaction, to bind sand into a
synthetic stone material. This was a significant shift for the potential of the
process, moving away from a potentialy high cost, problematic and toxic process
toward one that is environmentally benign and has relatively inexpensive
feedstock materials: predominantly sand and oxides and chlorides derived from

sea water.

&1 Based on first hand observation and experience working with the D-Shape™ materials and

processes in Italy between July — September 2009.

90



Figure 21 - Radiolaria designed by Andrea Morgante fabricated by D-Shape™. Photo by James Gardiner

Unlike the Contour Crafting™ and Concrete Printing, the D-Shape technique by
selectively printing ainorganic liquid material onto a bed of sand mix material,
the liquid creates a chemical reaction with the catalyst within the sand mix and the
printed sand transforms into a sandstone like material (Dini, 2009). During this
transformation process from granular sand to sandstone, which takes
approximately one hour, subsequent layers of sand are deposited over the last
layer on build platform and the next layer is printed. There is no requirement for a
rapid transformation of the catalysed material to reach asolid state, as the
materials undergoing transformation are supported within the build platform.
Subsequent layers can proceed rapidly, while the catalytic reaction is continuing
in the layers below. This fabrication method provides support for overhanging
geometry, as sand is selectively transformed to stone within a bed of untouched

sand, allowing freeform 3D geometries (refer image Figure 21) to be fabricated.
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The D-Shape technique has been able to demonstrate its ability to fabricate
freeform objects such as the Radiolaria and the Chaise Lounge (refer Figure 21 &
Figure 22) quickly; relative to the number of years the technique has been under

development in comparison to Contour Crafting™ and Concrete Printing.

Figure 22 — Root Chair designed by Kol/Mac fabricated by D-Shape for Materialise (Image courtesy of Enrico Dini)

The Root Chair (Figure 22) demonstrates the capabilities of the D-Shape
technique for creating virtually unrestricted three-dimensional objects; limited at
present only by the strength of the materials and printing resolution approximately
5dpi (with minimum detail limited to approximately 20mm inthe X and Y axis

and 5mm in the Z axis).
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Figure 23 - Full scale Radiolaria under construction (image courtesy of Enrico Dini)

The Radiolaria sculpture (refer Figure 21 & Figure 23) isasignificant scaling up
of the demonstrated capabilities of Construction 3D printing techniques to date.
The sculpture is now planned to reach a height of 8.5 meters (Corke, 2010) and
will beinstalled in a Roundabout in Pontederain Tuscany, Italy.

The types of projects that D-Shapeisinvolved in at present include; large scale
scul ptures®, furniture®, testing for Luna construction® and a house in Sardini&®.
This range of projects indicates the broad application for this technique within a

number of industries.

%2 6m high Radiolaria sculpture for a roundabout in Pontaderra, Tuscany ltaly, designed by Andrea
Morgante.

8 D-Shape has fabricated a number of furniture prototypes for materialise including a Chaise
Lounge and coffee tables.

% First stage feasibility study for the European Space Agency. Prime contractor Alta space, Pisain
association with Monolite UK Ltd (D-Shape), Foster + Partners and Scuola Sant'anna.

% Villa Roccia. Project discussed as case study in (chapter 5).
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Two principal methodologies are implemented by the three techniques. The first
two: Contour Crafting and Concrete Printing are deposition techniques,
selectively depositing mixed materials to build objectsin layers. The second
method implemented by D-Shape, selective state change®™, deposits layers of raw
material onto a build area with selective printing to create a state change of the
base material to form the object within the bed of un-catalysed material. These
two different methodol ogies are also used in additive fabrication techniques, such
as paste deposition (Fabber technique) and powder bonding (Z-Corp) although

using different materials and dlightly different processes.

Thiscrucia difference between the first two techniques; Contour Crafting,
Concrete Printing (selective deposition) and the third D-Shape (selective state
change) is useful to understand the reasons behind, both the relatively slow
development of the first two techniques and their current capabilities/limitations
for creation of true freeform geometries. Selective deposition relies heavily on
rapid transformation of liquid (paste) to solid, or the use of a second additional
support material. The time interval between deposition of material and
transformation of the material to solid, limits the ability of Contour Crafting™
and Concrete Printing techniques to create significant overhangs (transformation
of geometry between layers). Neither Contour Crafting™ nor Concrete Printing
has demonstrated the use of additional support material, although thisisan
important aspect of similar additive fabrication techniques. At present the inability
to solve the issue of supporting overhanging geometry, either through fast
material transformation or through use of support material appears to be limiting
the types of geometries that are achievable with these processes (without
significant geometric distortion during fabrication). The D-Shape™ technique
does not rely on rapid transformation or curing of materials during fabrication as
unprinted material on the build platform acts as support material for the printed
material.

% Refer to chapter 3.1.2 for categorization of additive fabrication techniques.
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3.1.6. Conclusion techniques: Additive Fabrication and
construction 3D printing

Developing Construction 3D printing techniques it not merely a matter of scaling
up existing rapid prototyping techniques

“A key point isthat as you increase the build scale, the volume flow of material
will force the design of a new process: it cannot simply be scaled up” (Buswell et
a., 20074) pb6.

This statement appears to be true of all three construction 3D printing techniques
discussed above, for example for Contour Crafting nozzles demonstrated at small
scale were significantly modified for full scale production. Support material, as
implemented in smaller scale deposition machines (such as Stratasys fused
deposition modelling) has not yet been integrated within Concrete Printing to
support overhangs despite an intent to integrate support material within the
technique (De Kestelier and Buswell, 2009), the D-Shape technique has shifted
away from the use of polymer binders (as used by additive fabrication technique

such as Z-Corp) due to machine maintenance and safety issues (Dini, 2009).

The focus of the three devel opment teams has been markedly different, this
divergence in attention and specialisation relate to differences in each of the three
construction 3D printing technique teams market/product focus and the strengths
and limitations of their techniques. the Contour Crafting team has directed its
energies primarily on replacing standard construction methods within existing US
housing typologies (Khoshnevis, 2004). The Additive Manufacturing Research
Group that is responsible for Concrete Printing has focussed instead on creation of
building elements and panels (Pasquire et a., 2006, Soar and Gibb, 2007,
Rapid_Today, 2009) rather than entire structures; predominantly wall panels (to
replace or enhance existing systems). D-Shape has focussed on the fabrication
freeform elements, such as large sculptures, furniture and houses (Rapid_Today,
2009, Abrahams, 2010).
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3.2. Design

This sub-chapter considers three aspects of design that are of concernin this
research; design for Additive Fabrication, architectural design and design for
construction 3D printing techniques. The three of these aspects become connected
with the design for construction 3D printing. As design for construction 3D
printing is an emerging field, for which few examples exist and even fewer have
been constructed, information needs to be gleaned from related fields in order to
identify the starting potentials and limitations. It is not within the scope of this
research to analyse and comment on the full spectrum of contemporary industrial
and architectural design; precedents have been selected from avery large pool of
talent.

The criteriafor the selection of design examplesis based on the following:
1. Origina and novel contributionsto the field of design and architecture

2. Designsthat focus on exploiting the capabilities of specific fabrication

techniques

3. Performance oriented design: based on “the integral relationship between
form generation, material behaviour and capacity, manufacturing and
assembly” and in the case of architecture includes * environmental
modulation and atype of spatial conditioning that is set to deliver arichly
heterogeneous space.” (Menges and Hensel, 2008)¢" p44

4. Designsthat explore natural forms and biological organisms for

inspiration

This set of criteriaboth aligns with my own sensibilities as an architect and serves

the purposes of providing arich and relevant set of precedents from which to

" This definition is from Michael Hensel and Achim Menges definition of * Morpho-Ecological’
approach to design.
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establish the relevance and contribution of the case studies presented later in this
exegesis. The precedents discussed will likely relate to only one or more of the
criterialisted above rather than all of them.

Each of the subjects. additive fabrication, construction and construction 3D
printing will be considered in isolation first to understand current practices and
then these practices will be considered against opportunities and constraints of
construction 3D printing techniques. In some cases related fields or industries
have been studied, as discussed in the methodology chapter, in order to
understand how others have adapted their practices for digital design, off-site
fabrication and automated fabrication.

3.2.1. Design for Additive Fabrication

Emerging applications using Additive Fabrication techniques range from the
minute; experimental additive fabrication of tissue and organs built cell by cell
(Song et al., 2010) to the automated Additive Fabrication of entire buildings and
assemblies (Gardiner, 2004b), both of these potentials are possible today although
they are still at a prototyping stage in their development (TED, 2011, Gardiner,
2009). These new opportunities are changing the way we think about the things
we create. Not only can we customise to the highly specific needs of the user, we
can optimise our use of materials, as does nature, and respond with high

specificity to the environment and the forces acting upon the object.

Commercial applications for additive fabrication are maturing with agrowing line
of distinctive ‘designer’ products that focus on setting themselves apart from other
goods by taking advantage of the some of the unique characteristics of additive
fabrication. As noted above, these benefits and potentials of additive fabrication
include; small fabrication runs, highly complex geometries, reduction of
fabrication constraints, part consolidation, fabrication for assembly and
customisation of material properties (as listed in more detail in chapter 3.1.2). A
blossoming of design in the last decade has resulting in a plethora of designs

leveraging the qualities of additive fabrication. The following examplesillustrate
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how some of these characteristics have been leveraged to create unique and

desirable products.

Figure 24 - (a) Front view of the additively fabricated Osteon chair by Assa Ashauch 2006. (b) (c) Digital wireframe view
showing internal structure Osteon Chair (c) Fabricated cut-away of the Osteon Chair. Images source
http://www .assaashuach.com/osteonchair.php Accessed 11" August 2011
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The Osteon chair was designed by Assa Ashuach in 2006 for Materialise MGX

design product range. The chair islaser sintered from a bed of polymer powder

using an EOS machine. The design is described by Ashauch as being modelled on

biological structures such as bone by minimising through *artificial intelligence’

material volume through a process of finite element analysis and optimisation
(Ashauch, 2011).

The chair design takes advantage of a number of the identified potentials of
additive fabrication; the chair is made up of an outer skin and an internal
optimised lattice structure leveraging the capabilities of additive fabrication to
create highly complex geometries, the reduction of fabrication constraints of
additive fabrication makes possible the opportunity to create geometries which
would be impossible to create using alternative fabrication techniques, the chair

al so takes advantage of fabrication for assembly (refer image Figure 25).

Figure 25 (a) Osteon chair by Assa Ashauch 2006, note that the top section of the chair assembly has been lifted off and
rests on the seat. fabricated cut-away version of the Osteon Chair. Images source
http://www.assaashuach.com/osteonchair.php Accessed 11" August 2011
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Another design by Ashauch isthe Al light, first exhibited in London in 2007
(refer image Figure 26). The design was sponsored by EOS, a German company
focused on design and development of additive fabrication machines®. Al lightis
spooky to say the least, | was captivated by it the first time | found avideo of it on
the internet (Siaboo, 2008), the light has sensors that “track changesin its
environment and slowly it develops a set of behaviours that indicate a new
character to each light” (Ashauch, 2011), these sensors mechanically actuate the

lamp changing its form like a strange sea creature.

Figure 26 - Al Light by Assa Ashauch first exhibited in 2007. Image source - http://www.assaashuach.com.php Access
date 11" August 2011

% Refer to EOS website - http://www.eos.info/en/about-eos.html
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Details regarding the fabrication and or assembly of the Al lamp are not available
and it is not clear whether the lamp is fabricated in two or three pieces or in many.
What can be said about the lamp is that design for assembly and mechanical
fixing has been considered, as there are clearly three distinct parts not including

the cables, light source and electrical wiring (refer image Figure 26).

If thislamp were to be fabricated using aternative fabrication techniques, for
example laser cutting, the design would be sliced into a series of ribs (which are
present in this design, for cutting from sheets of acrylic or other sheet polymer.
This approach would require a reasonable amount of assembly and requirements
for hundreds of fixingsto join the flat pieces together to form the three
dimensional object. In this case, although | am speculating for want of more
information, the wings (the two lower branches) could be fabricated as single
entities either with small joins between each of the ribs or with interlocking
geometriesto allow each rib to be effectively free in space from the next. The
ability allowsfor highly flexible objects to be fabricated without the need to
separately fabricate and assemble separate parts.

The lamp takes advantage of additive fabrication to create arelatively complex
assembly, while minimising assembly, parts which would have had to be
fabricated separately using alternative methods (ribs) have likely been

consolidated into asingle ‘print’ requiring minimised assembly.

Janne Kyttanen founder of Freedom of Creation™(FOC) has designed a series of
similar lamps including the Palm, Lilly and L otus since 2000
(Freedom_of_Creation, 2011), some of which are available through FOC and
others available through companies such as materialise as part of their MGX
range of products. The Lilly lamp (Figure 27 a) has received numerous awards
since 2003 for pioneering design for additive fabrication and its elegant design
(Ginema, 2006, Freedom _of Creation, 2011).

The lamp is fabricated using Selective Laser Sintering (SLS) as a single element
into which the stainless steel base is fixed which holds the lamp. The lamp ‘shade’

itself is quite small measuring only 18cm in height (Saskia, 2008).
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Figure 27 (&) — Lilly lamp by Janne Kyttanen Image source - http://www.archiexpo.com/prod/mgx-by-materialise/design-
floor-lamps-4344-17754.html Access date 12" August 2011

(b) Quin Lamp designed by Bathsheba Grossman. |mage source - http://www.bathsheba.com/gallery/mgx/ Access date
11" August 2011

Although the lamp geometry is not as complex as the lamp by Bathsheba (Figure
27 b) the geometry would have been difficult to fabricate as single element using
aternative fabrication methods. The main contribution of thislamp isasa‘trail
blazer’ after which other designs for additive fabrication have followed. The lamp
can be said to consolidate parts into a single element for fabrication and take
advantage of the illumination characteristics of the Polyamide material from
which it is fabricated.

The Quin lamp designed by Bathshebais an excellent example of the beauty and
applicability of mathematically generated design for additive fabrication.
Bathsheba studied scul pture with mathematical scul ptors Erwin Hauer and Robert
Engman (Materialise, 2011). This lamp would be impossible to fabricate by
alternative means with such precision and repeatability. There are two distinct
levels of detail within the lamp, both a course level that defines the
mathematically derived shape of the shade as well as amedium level of detail,
which is present in hexagonal filigree infill panels. This hexagonal pattern appears
to be randomly generated while following arule set that can be discerned from the
regularity of the size and disposition of the pentagonal mediating geometry

between ribs of the course profile geometry and the infill panels.
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Figure 28 - Fugu vase by Hani Rashid. Image source http://no-retro.com/home/2009/05/26/mgxs-e-vol ution-collection-
shows-three-categories-of -expl oration-of -design-for-rapid-manufacture/ - Access date 11" August 2011

The Fugu Vase (refer image Figure 28) by Architect Hani Rashid of the practice
Asymptote was one of a number of sculptures and installations exhibited under
the title Atmospherics at the Philips de Pury & Company gallery, New York in
June 2008. The practice Asymptote oscillates around a central concept ‘ m-scapes
(motionscapes) and the firms work is derived from an *ongoing exploration of
objects subjected to speed and movement” (Moss, 2011). The vases, a product of
this theme are described as “ appearing as tornadoes and whirlpools in constant
motion” (Moss, 2011). These vases are fabricated through Materialise™ using
Stereolithography for the outer shell and Selective Laser sintering (SLS) for the
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central core. This product is also sold and branded through the MGX™

Materialise™ brand, as are most of designs featured in this section.

The fugu vase is most notable here for manifestion as a highly complex geometry
and taking advantage of alack of fabrication constraints, the design again would
be virtually impossible to fabricate by conventional fabrication techniques: such
as CNC milling due to the thin shell structure which is as expressive in shape

internally asit isinternally, making tool accessimpossible.

The design also purportedly expresses natural forces ‘tornados and ‘whirlpools
although this has none other than aesthetic function here, it hints at the possibility
for expressive responsiveness to forces such as wind and water. The fugu is none
other than an exceptional product, beautiful and seductive, while also suggesting

future directions for design.

The Guadi chair by Bram Greenen (refer image Figure 29) is afurther expression

of function (seating) and efficient force distribution using catanery curves.

The chair was “ Designed using the same methods as Antoni Gaudi, who made
models of hanging chains, that upside-down showed him the strongest shapes for
his churches. In the chair, the chain-models are combined with a software script
to generate the structure of the ribs. This is necessary because of the complexity
of the forcesin a chairs backrest.” (Worldhouse, 2010)

The chair isuniquein its construction; thisisthefirst of the designsto combine
3D printed (selective laser sintered glass filled nylon) structure with another, to
take advantage of the properties of both. The Gaudi chair, which weighs only 1kg,
uses the additively fabricated object to create a structural depth for the stiffening
of acarbon fibre shell (Greenen, 2011) (refer image Figure 30). This chair uses
the expression of the forces active in the chair as an integral part of the chairs
aesthetic. The additively fabricated structure has two levels of structure, the first
isthe catanery structure and the second is a fine tessellated mesh, which interfaces
with the carbon fibre shell. The chair can be considered to take advantage of the

fabrication of complex geometries and consolidation of parts; taking aform which
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would traditionally be fabricated by joining ribs together® to fabricating a

monocoque structure of asimilar form.

Figure 29 — Gaudi chair by Bram Greenen. Image source http://worldhousedesign.com/furniture/Gaudi-chair-by-bram-
geenen-lightweight-chair-with-high-end-materials-and-techniques/ - Access date 12" August 2011

Figure 30 — Detail of Gaudi chair by Bram Greenen. Image source http://worldhousedesign.com/furniture/Gaudi-chair-by-
bram-geenen-lightweight-chair-with-high-end-material s-and-techniques/ - Access date 12" August 2011

% This type of construction is common for fuselage construction of monocogque airframes used in
shipbuilding and aerospace industries. More recently this has been utilized by architects such as

Future Systems (K olarevic 2003)
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Figure 31 - Root Chair by KOL/MAC. Image source - http://i.materialise.com/blog/entry/5-amazing-full-si zed-furniture-
pieces-made-with-3d-printing  Access date 5th February 2011

The Root Chair (refer image Figure 31) by Sulan Kolatan and William
MacDonad of KOL/MAC designed in collaboration with materialize “is the
largest 3D printed (built on a Materialise Mammoth stereolithography machine)
item of furniture made in one single piece’ (Franky, 2010). The chair is said to be
inspired by Asian tree root furniture, where individual pieces are modelled from

tree roots to produce individual pieces of furniture (Materialise, 2009).

Continuing with this tradition of individuality each chair is generated digitally and
isunique, similar in the way that a tree grows in interpretation of its DNA
parameters in response to environmental variables. “the root chair project
represents a large family of related chair forms rather than a single design. Each
chair isdigitally “ grown” with variable parameters that adapt to each customer’s
desires and conditions.” (Materialise, 2009).

The chair pushes the limitations of additive fabrication by making use of one of
the largest additive fabrication machines available, thisis however one of the few

designs that could be fabricated relatively efficiently using an alternative
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fabrication technique, 5 axis CNC milling. The chair shape could be fabricated by
cutting the geometry from alarge piece of Styrofoam, with a composite structural
shell of fibreglass/gel coat applied to create the surface finish. This approach
would probably be more labour intensive than using Stereolithography, although a
finish coat has clearly been applied to the 3D printed chair to finish and polish it
up toitsfinal form (refer image Figure 31. What is unique about this design isthe

use of ‘variable parameters' to create serialy unique products.

Figure 32 (a) New version of the Endless Chair by Dirk Van Der Kooij. (b) Detail of endless chair. Image source -
http://www.designboom.com/webl og/cat/8/view/12595/dirk-vander-kooij-new-version-of -endless-chair.html  Accessed
11th August 2011

The second Endless chair designed and fabricated 2010 by Dirk Van Der Kooij
continues the embrace and enhance the figuring of fabrication process as part of
the aesthetic of the object (refer image Figure 32 a& b).

“by combining different techniques, | was able to design an automated but very
flexible process. | taught a robot his new craft, drawing furniture out of one
endlessly long plastic string. this opened the possibility for me to design in the
good old-fashioned way, making a chair, evaluating, refining, making a chair,
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evaluating, refining and making a chair. or developing an infinitely large

collection of variations. endlessly.” (Designboom, 2010)

Although the Endless chair seemslike anovel concept it is essentially the way
objects are made with Fused Deposition Modeling (FDM), the novelty hereisin
the scaling up of the technique (afeat in itself) and embracing the method of
fabrication as being akey defining attribute in the products design.

The DLA vessdl designed by David Sutton in 2006 is generated through adigital
fractal growth algorithm called Diffused Limited Aggregation, thisis simulation
method which can closely mirror the form of natural a phenomena such asriver
networks, plant branching, lightning and coral growth (Bourke, 2004a). The
design of the object, in this case a bowl, isthe easy part; this bowl creates a
containment boundary from within which the growth algorithm can be seeded and
grow. (Detnk, 2011) The design uses software developed by Paul Bourke in 2004
(Bourke, 2004a) based on his research on Diffused Limited Aggregation (Bourke,
2004b, Bourke, 2006).

Figure 33 —DLA Vessel by David Sutton Image source - http://www.detnk.com/node/167 Access date 11th August 2011
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The design by David Sutton (refer image Figure 33) is an example of one of the
high complexity that could not be achieved using alternative fabrication
techniques. The issue of fabrication constraints isinteresting here because, in my
opinion, only afew additive fabrication techniques could fabricate such an object
(stereolithography and selective laser sintering — both state change). Therefore

this design is pushing the boundaries of even additive fabrication techniques.

All of the designs discussed in this section can and most likely take advantage of
small fabrication runs, due to the limited size of additive fabrication machines

today.

Figure 34 - i.materialise prototyping for Citroen. image source - http://www.solidsmack.com/fabrication/3d-printing-

concept-cars-i-materialise-is-the-secret-this-is-the-process/  Access date 12th August 2011

3.2.2. Architectural Design

This sub-chapter on Architectural design is a highly selective discussion that
focuses predominantly on contemporary architectural theories and working
practices that have been identified through literature review to be relevant to the
design for construction 3D printing. Identification of theoretical relevance (or
irrelevance) is based applicability of the theory to construction 3D printing
scenarios and also to revealing how the digital and other tools can be utilised

and/or understood within the current human paradigm in the 21% century.
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My intention in developing a detailed understanding of construction 3D printing
has been to take a very different approach from the usual ‘design it and let
someone else sort out how to detail and build it’. This approach of leaving the
very difficult documentation and design for construction process to othersis
common with ground breaking architectural projects and their architects' (such as
the Opera House by Jorn Utson, The Water Cube by Chris Bosse and the
Radiolaria by Andrea Morgante).

The principal of my approach, which is described in the following case study
chapters, has been to learn about the capabilities of construction 3D printing (its
limitations and potentials) through engaging with it through detailed digital design
and physical prototyping. This approach of critical action based engagement with
construction 3D printing has been from both a design and construction
perspective. | believe in many cases more about a new material or process can be
learned from physically testing its performance and properties, aslong asyou are
engaging from a creative and experimental place. This approach of detailed
engagement with the materiality, buildability and tectonics is not however new
and this sub-chapter will, among a broader discussion of architectural theory
describe other action based precedents and motivating theoretical frameworks that

resonate with the way that | approach my work and which inspire me.

The relevance of architectural theory and working practicesis again judged on
applicability to construction 3D printing (the central topic of this PhD) and how
such practices might be adapted to design for construction 3D printing. Selected
theories will be discussed and evaluated in reference to how such principles can or

may be useful to informing working practices and project thinking.

Eisenman’s 1976 paper Opposition 6, is here reinterpreted within the current
architectural context. Eisenman explains the shift from the humanist theoretical
framework, of the “opposition of form and function” (Jencks and Kropf, 2006)
p267, to modernism as “displacement of man away from the centre of the world”
(Jencks and Kropf, 2006) p266, which enables a“dialectical relationship within
the evolution of formitself” (Jencks and Kropf, 2006) p267. This enables the ‘ co-
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existence' of “non-corroborating and non-sequential tendencies’ (Jencks and
Kropf, 2006) p267. This ‘new modern dialectic’, Eisenman suggests, can allow
for theoretical aternatives to functionalism which “might serve as aframework

for the deployment of alarger theoretical structure”.

Although Eisenman’s (post)modernist architecture manifested *‘dislocation,
destabilization, and rupture among other things within a*“psychological void
which provokes individual and social anxiety” (Blank, 1998), the pluralistic
theoretic framework that he discussed in Opposition 6 can be interpreted quite
differently from the complete disassociation of function of Gehry and Eisenman
(Hensel, 2010). Thisreinterpretation can rather focus on what one chooses to
include and/or consider in the design of architecture. Such alternative issues,
generators and inputs have since been explored in contemporary architecturein
amost every conceivable form: in movements such as deconstruction (Frampton,
1997), through the use of and consideration of a broad range of issues through the
use of mapping and diagramming (Stoppani, 2004) and through learning from or
mimicking biological processes digitally (Leach, 2009).

Greg Lynn architect and theorist in 1999 described in his manifesto ‘ Animate
form’ the emerging design territory for architects working within the digital

environment.

“Issues of force, motion, and time, which have perennially eluded architectural
description due to their “ vague essence’ , can now be experimented with by
supplanting the traditional tools of exactitude and stasis with tools of gradients,

flexible envel opes, temporal flows and forces’ (Jencks and Kropf, 2006) p329

This changed the, perceived, potential of architecture to reflect and respond to its

environment and the forces acting on the building or structure:

“The context for design becomes an active abstract space that directs formwithin
a current of forces that can be stored as information in the shape of form. Rather
than as a frame through which time and space pass, architecture can be modelled

as a participant immersed in dynamic flows.” (Jencks and Kropf, 2006) p328
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Lynn in describing the idea of the ‘fitness landscape’ as a model for design, which
can be interpreted as either a surface or a solid entity of a building, ‘within which

organisms can evolve' (including humans) states

“A landscape is a ground that has been inflected by the historical flows of energy
and movement across its surface. These historical forces manifest a geological
form of development that is inflected and shaped by the flows that have moved
across it. These slow transformational processes result in formswhich are
oriented with motion, both the virtual motion of their history and the actual
motion they initiate through their slopes and valleys. This animation of slow form
with the historical processes of gradual geological becoming is a paradigm of
motion and time that renders substance virtually animated and actually stable.

" (Jencks and Kropf, 2006) p330

Figure 35 - Experiment by Frei Otto and team for the new high-speed Stuttgart train station - Image source -
http://architecturehabitat.bl ogspot.com/2010/10/final -submission.html  Access date 26th August 2011

These theories which signalled the opportunity to create a responsive architecture
through the use of digital tools, by thistime, had already been demonstrated in

physical form by architects using anal ogue techniques such as Frei Otto and
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Antoni Gaudi. In the case of Frel Otto through the study of biological systems,
natural formations and experiments that have resulted in a variety of structures.
The most notable of these are Otto’s minimal surface structures which have been
developed using a number of anal ogue techniques such hanging chain models,
draped cloth and the use of soap films (these have aso been complimented with
the use of digital tools as discussed later). Such techniques have been used to
develop assemblies and surfaces that effectively respond to forces that are acting
on the structure (Otto and Rasch, 2006).

Parametricism, as stated by Schumacher, is claimed to be the “ new long wave of
research and innovation” (Schumacher, 2008) pl after the ‘transitional episodes
of deconstructivism and postmodernism. This seemsto be agrand claim, to be
making for atool, although we have had the age of the automobile and the
persona computer. The movement is said to be based on the “ creative
exploitation of parametric design systemsin view of articulating increasingly
complex social processes and institutions” (Schumacher, 2008) p3. Parametric
tools are capable of responding to awide variety of parameters and inputs, which
can beincreasingly be drawn from a broad range of inputs from material
capabilities, space relational requirements to time based user feedback. The
guestion then becomes how can the scope and capability of parametric tools be
framed, to allow some conceptual framework to emerge that can guide the why,

beyond the how.

“Schumacher calls for a conceptual reconstruction, meaning that we must
disregard (the definition of) style as a matter of appearance, and move to
understand style as “ a design research program conceived in the way that
paradigms frame scientific research programs.” (Cliento, 2010). This could
perhaps be described as being similar to the development of applications and
methods of using off-form concrete in the 20" century by architects such as Frank
Lloyd Wright (Falling Water), Le Corbusier (Maison Dom-Ino and the Unite
d’Habitation), Pier Luigi Nervi (Air craft hanger), Aero Saarinen’s (TWA
terminal), Carlo Scarpa (Brion Cemetery) through the development of

applications and methods for the use of a software tool to produce an outcome,
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rather than in the case of the examples listed above for the application of a

material and process to produce applications and new built forms and typologies.

Although Schumacher states “ styles are design research programmes’, in his
manifesto for Parametricism (Schumacher, 2008). If the design research he speaks
of is based on his manifesto, the results are likely to be heavily oriented visually
or aesthetically. His five points for future development of Parametricism can be
summarised by his own stylistic words and phrases, listed from his manifesto
(Schumacher, 2008) below:

=

‘Inter-articulation’ - to produce ‘differentiation’ between sub-systems.
2. ‘Parametric Accentuation’ - ‘overall sense of organic integration’
3. ‘Parametric Figuration’ - ‘latent with multiple readings

4. ‘Parametric responsiveness - to result in ‘ semi-permanent morphological

transformations’

5. ‘Parametric urbanism’ - modulation of the buildings morphologies to produce

‘powerful urban effects’ and to facilitate ‘field orientation’

Point 4 and to alesser extent point 5, of the 5 point manifesto, are the only items that
appear to have any reference to creating a response, result or outcome to architectural
inputs with the intention to create any more depth than can be perceived visually. Unlike
many other manifestos there is no why (something should be done) but instead just how
(“interarticulate, hyberdize, morph, deterritorialisze, deform™) or what (creating ‘ semi-

permanent morphological transformations’) (Schumacher, 2008).

The parametricist manifesto, as a conceptual framework on which to base design is
devoid of reason or logic. Aswith the post rationalised explanation of the sources of
inspiration for Hadid’ s inspiring architecture: based on * explosions, compressions,
swarms, aggregations, pixelations, carved spaces and excavations' (Jencks and Kropf,
2006): thereislittle stated reasoning behind the why certain patterns and forms are used,
thus providing little more than a stylistic roadmap rather than a framework with which

to interpret a project and its challenges. It would appear that if Schumacher’s
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Parametricism manifesto were taken serioudly, a student could be given a piece of
parametric software, with 5 or more functions described by Schumacher; inter-
articulation, accentuation, figuration, responsiveness and urbanism: if they used this
software in any way it would manifest Parametricism, as there is no logic behind the use

of these tools on which to measure success or failure.

Frel Otto states of the recent emergence of research in architecture “Normally the
aim of the architect isto produce architecture. They have forgotten how to
research. And yet latterly architects have committed themselves to research as
never before. Instead of planning buildings or cities they want to pursue the
processes of change and self-origin in man made objects’ (Otto and Rasch, 2006)
pl7. Otto is one of the most active and committed researchersin the field of
architecture, engineering and biology as evidenced by hislong and fruitful career
since the 1950’ s and his |lead research role through the institute for lightweight
structures (Otto and Rasch, 2006). It would appear to me from the statement
above that he sees the emergence of the new ‘research agenda within architecture
as often being removed from the act of designing buildings due to the act of doing

research as an end in itself and the lack of robust research methodology.

Otto further describes the potential issues of using digital tools: “We have used the
computer since (the 1970's), but | continue to use models as well. Our models, in
combination with iterative calculations, have really helped us make better and
more beautiful buildings. | am not against digital processes at all, but emphasise
the importance of under standing what you are doing. Solving problems with
software programs that are not specially written for the particular problemoneis
dealing with may lead to a lack of understanding of what is shown on the screen.
Something may look perfect on the monitor, but that does not mean that you
understand it or that it isfunctioning in real size” (Hensel et al., 2004)

Otto’ s criticality of digital toolsis based on hislong experience using these tools
and most probably afair amount of trial and error, the value comes from making
sense of the result rather than merely accepting this on face value. As also
discussed above Otto relies on a feedback |oop between digital tools, physical
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testing and consultation or engagement with experts within the field being studied
(Otto and Rasch, 2006). Such testing and use of responsive digital modelling tools
is stated as best achieved “through objective, level headed research with a clear
aim” (Otto and Rasch, 2006) p22

Figure 36 - (a) Colonia Guell interior, Barcelona 2009. Photo by James Gardiner (b) Frei Otto Munich Olympic Stadium
1972 Image source - http://www.worldof stock.com/stock_photos/AAB2116.php Access date 22™ August 2011.

Otto’ s stated aim, his disguised manifesto perhaps, is “Tomorrow’s architecture
will again be minimal architecture, an architecture of the self forming and self
optimization processes....this must be seen as part of the new devel oping
ecological system” (Otto and Rasch, 2006) p14. The aim of this approachis
intended to form a new ecological system, on earth, that brings man back into
harmony with the natural world and break down the barriers between man,
technology and nature (Otto and Rasch, 2006). This minimal architectureisa
response to what Otto has discovered and observed from the study of organic and
inorganic systems and in ‘ primitive architecture, where no material is used to

excess and where decoration makes sense if essential’ (Otto and Rasch, 2006).

The understanding of the minimal is not necessarily to the exclusion of redundancy, the
minimal amount of material possible or least complex solution. In taking into account
the multiplicity of forces and factors of the *ecological system’ that need to be
accommodated within awork of architecture, compromise solutions need to be adopted,

asthey arein nature.

“1f only one structural parameter needs to be considered, for examplein Gaudi’s

hanging models, the performance of the model can be optimised to a specific force case.
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With multi-parameter set-ups each result is a negotiation towards a best-possible
overall performance, with a great deal of overall redundancy (future potential) built into
the material arrangement” (Hensel et al., 2004) p29

Michael Hensel and Achim Menges continue the practice of focused design research,
pioneered by Otto, with the “long term investment in design research that draws on the
knowledge of a broad range of experts’ (Menges and Hensel, 2008) p5, through their
involvement with the architectural practice OCEAN North and teaching at the
Architectural Association in London. Their collaborative research, practice and teaching
focuses on the study of natural phenomena (such as aggregation of timber modules and
granules) and biological systems (the geometry of pine cones and the performative
characteristics of timber) (Menges and Hensel, 2008, Hensel et al., 2004)

Figure 37 - Performance oriented architecture diagram by Michael Hensel shows a pluralist multi-criteria/feedback loop
approach to architectural design. Image extracted from (Hensel, 2011).

In grappling with the ongoing form function debate and approaching a more
robust theoretical framework for their architecture and future research, Hensel
states
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“architecture, environment and inhabitant all ‘ perform’, that all can be seen to
possesin an interrelated way ‘ active agency’, and that all interact with one
another yielding perpetually complex behaviour. This makesit clear that a
synergetic under standing and approach is required to unlock these complex
interactions for the purpose of an instrumental approach to architectural design”
(Hensel, 2010) p54.

This statement can be interpreted to mean that the consideration of function and
performance need not be limited to environment, structure and spatial
arrangement: as they almost always are in contemporary architecture: but can be
extended to include other criteria such as material, program, action and
interpretation (Hensel, 2010). These performative aspects should be considered
together in order to find or develop the design. Finally “form and function are not
separately treated, and neither follows the other: instead, both are interrelated
and interdependent” (Hensel, 2011) p3.

Form isthus intended “not as a shape of a material object alone, but as the multitude of
effects, the milieu of conditions, modulations and microclimates that emanate from the
exchange of an object with its specific environment — a dynamic relationship that is both

perceived and interacted with by a subject” (Menges and Hensel, 2008) p7

Thus the ‘ performance orientated architecture’, often also referred to as ‘ Morpho-
ecological design’ (Menges and Hensel, 2008): which grew out of emergence manifesto
developed with Michael Weinstock (Jencks and Kropf, 2006, Hensel et al., 2004): isa
pluralistic ‘instrumental approach’ to architecture, that aimsto not only form a synergy
between form and function but to also create synergy between man, nature and

technology through ‘interrelation’ and ‘interdependence’ (Hensel, 2011).

Hensel states of Architecture “In order to develop instrumental approachesto
architectural design, architectsinvariably operate on a set of categorical items
that allows them to break complex and often dynamic relations into smaller
subsets, so asto be able to make themintelligible and instrumental. In itself this

constitutes no problem as long as categorisation as an intellectual tool is not
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mistaken as anything other than artificial dichotomy for the sake of intelligibility -
an entirely known and yet often uncared for fact” (Hensel, 2010) p42.

Thisissue: of the self serving use of abstraction, simplification and categorisation
as generators for architectural design has appeared, until recently, to be amost all
pervasive in ‘digital architecture’ and prior to thisin ‘ post-modern’ movements of
architecture. This can be described as the development of design methodologies,
based on the use of digital (parametric, script based) or analogue tools (mapping,
diagramming) based on limited or abstract input data. Such tools have proved
very useful in the right hands (such as Foreign Office Architects), have in others
become a self serving justification for the planning and design of projects, such as
the 2™ gear housing project (Spuybroek, 2004) p120.

A number of theories and manifestoes have been discussed here, in an
exploration to tease out arelevant and appropriate framework for design for
construction 3D printing. The choice of subject matter has been self directed and

thus reveals to an extent my own leanings as an architect.

In the limited discussion of post-functionalism we found that the fundamental
shift in thinking that occurred between the 19" and 20" centuries brought with it a
shift from human centric thinking to modernist thinking, that ignited the form
function debate. This shift brought about with post-modern theories for
architecture brought with it a broadening in the issues under consideration by
architects, although the focus of architects often narrowed within functional

aspects ignored altogether.

Lynn can be understood to have clearly marked the opportunity for architecture to
respond to force, motion and time through the use of digital tools, which are said
to extend the capability of architectsto deal with complexity and make possible a

new form of responsive architecture.

The parametricist manifesto by Schumacher sprukes the capabilities of parametric
and other digital tools has been said by Schumacher to be the ‘ new long wave’

style, replacing modernism after transitional ‘episodes’ of post-modernist
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movements. The parametricist manifesto redefines ‘ style’ to relate to ‘design
research’ but fails to define the aims (or the why) of the proposed research beyond
visual or topologica outcomes, leaving manifesto devoid of logic or guiding

principles.

Hensel and Menges define ‘ Performance Oriented Architecture’ continues the
rigorous approach to architectural research, this theoretical approach has recently
taken form based on previous theories of ‘emergence’ developed in collaboration
with Michael Weinstock. The development of this theoretical framework is said to
be in response to the need to clearly define the aims of both the ongoing research
and the outcome in built form. The definition of performanceis cast quite broadly
to include program, action and interpretation as well as the more obvious elements
considered within architecture, such as material and energetic performative
aspects. The am of Performance Oriented Architectureisto, similar to Otto isto
create synergy between man, nature and technology through an ‘instrumental
approach’ to creating architecture, while expressing the synergy between form
and function. This theoretical framework, unlike Parametricism perhaps castsits
scope alittle wide, being amost all encompassing. | would expect with time that
the ‘ performance oriented architecture’ framework will be tightened and focused,

just as the experimental approach isin continual redefinition.

Figure 38 - Guggenheim Bilbao designed by Frank Gehry. Image source
http://loguestudi odesi gn.blogspot.com/2008/09/part-4-of -5-convergence-of -disciplines.html Access date 23rd August 2011
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While the challenge of fabricating and constructing buildings of high levels of
complexity isnot new (Burry, 2007), the tools (such as Digital Project, Generative
Components™, Rhino™ etc) that have recently become available have made
fabricating such levels of complexity more accessible. To a point where
architecture students can now design and fabricate (prototype or full scale)
complex projects within their own limited resources (Downton et al., 2008,

Hardy, 2008).

Design for digital fabrication of such geometrically complex building in most
cases relies on subtractive fabrication techniques, such as. laser/plasma cutting of
sheet materials and sections, milling or cutting materials such as blocks or slabs.
In some cases formative techniques are used such as casting. There are relatively
few projects that are purely additive fabrication, such as the Robotic bricklayer
developed at ETH Zurich (Wertz, 2009). Although it can be said that in most
cases once the pieces are digitally fabricated, they are then built additively by
hand (with the assistance of tools, cranes etc). This hasresulted in digital design
software that is tailored toward the predominant means of fabrication. This has
resulted in software that has strengths and weaknesses, the limitations can be
found to lie generally in areas that are deemed less important to users (these issues

will be discussed further in the case study projects).

Specific construction projects, such as the Sagrada Familiain Barcelona (Burry,
2002), the Barcelona Fish by Gehry Partners (Lindsey, 2001) and others discussed
by (Kolarevic, 2003) have been implementing high level three-dimensional CAD
design and documentation on geometrically difficult projects. These architectural
practices adapted and customised techniques originally developed for other

industries; specifically parametric design from the aerospace industry.
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Figure 39 (a) Work site in the Sagrada Familia 2009. (b) Mercedes-benz museum in Stuttgart, designed by Ben Van
Berkel. Photos by James Gardiner

The digital design and documentation methodol ogies (often one and the same but
in many cases not) applied on the Sagrada Familia (refer image Figure 39 a) and
other projects can be used as a precedent for design and fabrication using
Construction 3D printing techniques. Although there are significant parallelsin
terms of CAD design, the production means applied on the projects mentioned
above are largely subtractive and formative rather than additive, asisthe case

with Construction 3D printing techniques (Pasquire et al., 2006).

At present the three techniques Contour Crafting, Concrete Printing and D-Shape
are limited to fabricating with one or two materials, thisisin stark contrast to
standard construction practice, which uses a plethora of materials. For example a
double brick wall is not just made up of bricks, but includes mortar, insulation,
brick ties, conduits, vents, damp proofing etc. This presents a limitation with
Construction 3D printing techniques and also an opportunity: which will be

discussed in the case study chapters 1 & 2.
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3.2.3. Design for Construction 3D printing

Design for each of the three techniques discussed above, Contour Crafting,
Concrete Printing and D-Shape, needs to take into account the strengths and
limitations of the machine from which the design will be fabricated. Asan
example afreeform design such as the Radiolaria by Andrea Morgante (refer
image Figure 21) cannot be fabricated by either Contour Crafting™ or Concrete
Printing techniques, at their current stage of development, due to the limitation in

fabricating unsupported overhangs.

Resolution is an important factor to consider in design for construction 3D
printing: unlike additive fabrication techniques today the resolution of
construction 3D printing techniques is quite course, due to the challenge of
scaling up additive fabrication techniques and the large size of the objects being
fabricated.

Subtle differences in the software used by the different techniques can also have
an effect on whether a design can be fabricated, even on additive fabrication
machines today. For example when preparing for an exhibition in October 2010, |
approached the Industrial Design Workshop at UTS to fabricate a complex
prototype artificial reef model (Case study 3 refer chapter 6) with their
Stratasys™ fused deposition modelling additive fabrication machine. Due to the
size and complexity of the files to be fabricated and more importantly to minor
errors within the digital definition files the model could not be fabricated by
them™. The Stratasys software that produces the G-code could not resolve or
ignore these minor errors and therefore if the *print’ could be commenced the
machine would crash when it encountered the error is the G-code. The error was
related to very small areas with negative volumes, flipped faces etc, which were
caused by the boolean operations necessary to complete the project. These issues

will be discussed in more detail in case studies 2 & 3. The same file was instead

™ The files had been fixed using both Netfabb™ and Magix™ prior to attempting to process the

files.
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fabricated at RMIT with aZ-Corp™ machine without any major issues. The
difference, | was told by workshop staff, largely came down to differencesin the
software used by Stratasys and Z-Corp™: Z-Corp™ software is more forgiving of

minor problems than the Stratasys™ software.

The Additive Manufacturing Research Group has been prolific in its exploration
and quantification of the design and construction implications of Construction 3D
printing (referred to by the group as Freeform Construction). This research has
broadly covered the implications for design, construction, CAD/CAM interface,

optimisation, sustainability and the maintenance and refit of old building stock.

3.2.4. Design project precedents - Construction 3D printing

Few published precedents exist of design for Construction 3D printing techniques,
in 2011 there are, still only avery small number of construction projects that have
been designed specifically for fabrication using these techniques. The designers of
these projectsinclude R& sie — I’ ve Heard About, Andrea Morgante — Radiolaria,
Foster and Partners - 3D Printing of Building Blocks using lunar soil, James
Gardiner —Freefab Tower, Villa Roccia and (in)human habitat (discussed in this
exegesis as Case Studies 1, 2 & 3).

Following on from my own projects, | have also run a series of Architecture
design studios, which fore-grounded construction 3D printing (and other)
techniques. These studios included Freefab Tower Masters Design studio (UTS
Spring 2008) & Freefab Tower Masters Design studio (RMIT Autumn 2009) and
Freefab (in)human habitat Masters Design studio (Spring UTS 2010)™.

It seems strange that there has been so little focused attention to date by designers,

culminating in design projects. > This has seemed odd to me, as | would have

" The work from these three studios has not yet been published.
2| can only comment on projects that | have been able to find, through internet searching and

constant contact with leaders in construction 3D printing.
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thought that construction 3D printing would capture every architect’ s imagination.
| can postulate two reasons for why there have been so few projects published.
Firstly the technigques have not been around for long; Contour Crafting™ was
developed in 1996 by Dr Khoshnevis (information about the Contour Crafting™
technique was very difficult to locate until after 2005%) and D-Shape and
Concrete Printing have both been developed since 2005. This short history, of
available information, leaves awindow of approximately 6 years for the

development of architectural projects.

The second reason may be due to the difficulty of designing something for a
technique with so few (published™) construction constraints. At face value this
reluctance to design for a technique with so few construction constraints seems
ridiculous, as digital architecture projects often appear to have been designed,
either intentionally or unintentionally, in ignorance of methods of construction
and their limitations. | did however observe that the mgjority of my students from
the Freefab studios™ at UTS and RMIT found it initially quite challenging to
design for a construction technique that seemed to have so few geometric

constraints and fabrication limitations.™

3 Based on first hand experience in search for the Contour Crafting technique in 2004.

" None of the three construction 3D printing development groups detail the constraints of their
construction 3D printing techniques, based on a survey of the Contour Crafting, Concrete Printing
and D-Shape websites.

S The Freefab masters level studios, which reflect my own research interests in Construction 3D
printing, were run by me at RMIT and UTS between 2008 and 2010.

6 One of the principal themes the students were encouraged to use to get them over thisissue of
lack of geometric constraints was to focus on material constraints, material efficiency and building

performance.
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Figure 40 - I've heard about project by R& sie. Image source - http://www.new-territories.com/I'veheardabout.htm 10 June
2007

In the following section | will discuss the projects completed to date with an
emphasis on the designers intent (where this can be ascertained), consideration of
the construction 3D printing technique to be used and the level of detail resolution
that the project was considered to. | have defined the level of detail in three
increments of resolution; course (formal design or shape), medium (resolution of
large features, such as doors, windows, structure, modules) and fine (the
resolution of joints, services, finishes)”. This definition will be used throughout
this exegesis to discuss focus and issues relating to design for construction 3D

printing.

The most widely published project that considers fabrication utilizing a
construction 3D printing technique is by R& sie (Francois Roche, Stephanie
Lavaux, Jean Navarro) and Benoit Burandin. The project istitled ‘| heard about’
(perhaps they also had trouble tracking down information on the Contour Crafting
after hearing rumours of it as| did), was exhibited in Paris at the Musee d’ Art
Moderne de la Ville between July and October 2005 (refer images Figure 40).

“The urban structure ‘I’ ve heard about’ is a habitable organism. It develops by means
of adaptive, transitory scenarios in which the operational mode is uncertainty. It is
written based on growth scripts, open algorithms’ (Roche et al., 2005) p93

" The consideration of increments of resolution is used to assist with describing, categorising and

comparing the projects.
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The project was highly adventurous, applying bio-mimetic generative growth
scripts and algorithmsto create designs for a city of towers (Roche et al., 2005)
(seeimages Figure 40). The project is essentially a grand scheme and manifesto
for the future of building and architecture, which may only possible in 100 years
or so when construction science catches up. The project focuses on the use of
scripts and algorithms to generate an architectural DNA which can bein a
constant of flux and metamorphosis. This re-envisioning of construction isloosely
based around the combination of the contour crafting technique combined with
the‘Viab' as described below (Figure 41 b).

“ “I’ve heard about’ takes homebrewing your own life as a basic principle and makes
transfer a general rule - transfers from machine to machine, from machines to nature
and from nature to machines. When the Viab, a self- construction robot and
computational radicalization of a machine developed by Behrokh Khoshnevis(modelled
on machines that produce prototypes quickly by building up layers with a wax jet)
establishes a new construction paradigm, it implicitly establishes the use of biological
models for the creation of machines (biomimetism) and explicitly re-establishes, through
the intermediary of its own technological creations, the close link between each
individual and their architec-tural environment.” (Roche et al., 2005) p16

Figure 41 - I've heard about project by R& sie. () Hypnosis chamber. (b) Viab material deposition head diagram. Image

source - http://www.new-territories.com/I'veheardabout.htm 10 June 2007

The *1’ve heard about Hypnosis Chamber’, also designed by R& Sie(n) and Benoit

Durandin, was first exhibited the Modern Art Museum, Parisin 2005, was
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exhibited again in Singapore and Germany in 2006 and was re-fabricated for
exhibition in Towada Japan in 2010. Although on face value the assemblage
appearsto be afull-scale demonstration of the contour crafting technique or
combination of contour crafting with Viab, it isinstead fabricated using CNC
milling from large polystyrene blocks (Figure 42 b & Figure 43) which appearsto
be finished with a plaster or ssimilar coating to make it look the part.

Figure 42 — (a) Large scale parts of the Hypnosis Chamber (b) Fabrication of the hypnosis Chamber sections using what

appears to be CNC milling of polystyrene. Image source - http://www.new-territories.com/hypnosi sroom.htm. 29 July 2011

Figure 43 - Hypnosis chamber detail. Plaster or similar textured finish. |'ve heard about project by R& sie. Image source -

http://www.new-territories.com/hypnosisroom.htm. 29 July 2011
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Despite my initial disappointment on discovering that the hypnosis chamber was a
1:1 mock-up” instead of the ‘real deal’ fabricated using contour crafting; the
designs and models generated for the ‘I’ ve heard about project’ and the hypnosis
chamber are impressive. The use of generative algorithms and scripts (Roche et
a., 2005) to generate the towers demonstrate a high level of capability in this area
and exhibit how such tools can be used to generate highly complex geometries.
The level of control that can be exercised over these scripts and algorithmsis
unclear, indeed control is probably antithetical to the stated aims of this project
(Roche et ., 2005).

Figure 44 - Interior of the Hypnosis Chamber showing seating. Image source - http://www.new-

territories.com/hypnosi sroom.htm. 29 July 2011

It is unclear whether the same generative algorithms have been used to create the
design of the Hypnosis™ chamber, although the aesthetic language is very similar.

The level of resolution for the design is through the scales of course to medium,

8 The contour crafting technigque has not to date (August 2011) demonstrated the capability to
fabricate 3D curved geometry.
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meaning that the overall bone like trabecul ae type structure has been generated
and refined (course) and the design has been articulated with doorways (see image

Figure 41 a) and internal seating (medium) (see image Figure 44).

Figure 45 — Internal rendering Image source - http://www.new-territories.com/|'veheardabout.htm 10 June 2007

The level of resolution within the ‘I’ ve heard about project’ is similarly mainly
concerned with the course level or detail, with some examples of medium detail
such asinternal staircases without handrails (refer image Figure 45). The Fine
level of detail is demonstrated only within the ‘I’ ve heard about project’ in the
design of the *Viab' ‘self- construction robot’ (refer image Figure 41 b).

Thisfinelevel of resolution is required within functional architecture, such as
housing and offices, to accommodate for human needs. Air sealsto help control
temperature, waterproofing between joints to keep people and possessions dry and
integration of structural strategy and reinforcement, to ensure that the structure
will remain as intended under live, dead and environmental loads (Salvadori et al.,
1990). Thefact that afine level of detail was not demonstrated within the tower

designs or the hypnosis chamber projectsis consistent with the fact that the
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designs were not intended for construction and were speculative in nature,
meaning that this level of detail expected in a completed project was not needed
to demonstrate the concepts such as morphogenetic creation and transformation of

urban environments (Roche et al., 2005).

Figure 46 - Freefab project by James Gardiner (a) Module assembly on-site. (b) Production line fabrication

An earlier far less conspicuous project ‘ Freefab Tower’ designed for my
graduating project (Gardiner, 2004b) and published in future architecture (Spiller,
2008) was a'so designed in response to the emerging potential of construction 3D
printing and specifically for a modified Contour Crafting™ technique (Figure 46
a& b). Thisproject is presented as a case study in (chapter 4.1) and therefore will

not be discussed here as a precedent.

In 2008 D-Shape™ commissioned the * Radiolaria Scul pture by Andrea
Morgante (Figure 47 a & b), described as “a proof of principle pavilion for a
roundabout in the nearby town of Pontedera; a biomorphic eggshell named and
designed after radiolarians, marine protozoa that produce intricate mineral

skeletons” (Abrahams, 2010).
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Figure 47 - (a) Radiolaria 3D model — image source http://www.solidsmack.com/fabrication/enrico-dino-3d-printed-
structures-houses-Gaudi/ (b) Scale prototype of the Radiolaria— approx 1.8m tall. Image source James Gardiner
Blueprint Magazine quotes Morgante on his motivations for the design of the

project

“[Enrico] wanted something challenging that showed what the technology could
do. | developed this model which | knew that in other construction techniques or

methods would be either quite difficult or very expensive” (Abrahams, 2010).

The design certainly achieved this aim and helped set the capabilities of D-
Shape™ apart from those of Concrete printing™ and Contour Crafting™, being
the first to demonstrate the fabrication of true 3D geometry with the D-Shape™
technique (as discussed in chapter 3.1.5).

The scul pture by Morgante demonstrates only the course level of detail in formal
shape of the Radiolaria. The design of the Radiolaria was supplied by Morgante to
Enrico Dini asasingle shell object as per theimage (refer Figure 47 @)%. For the
scaled prototype fabricated in 2008 (Figure 47 b) D-Shape™, for the prototype,
did not need to allow for object wall (shell) thickness, as the object was small

8 This was conveyed to me in discussions with Enrico Dini during my extended visit in August

2009, while considering strategies for assembly and reinforcement of the full scale Radiolaria.
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enough to be fabricated as a solid. Prior to fabrication D-Shape added an external
walled structure (refer image Figure 48 @) to the design file to assist with
fabrication.

Figure 48 (a) Radiolaria scaled prototype after fabrication, note the external structure around the Radiolaria used to hold
unconsolidated sand in place. Image source — D_Shape (b) Testing reinforcement and assembly strategy of D-Shape
printed Radiolaria sections at D-Shape factory August 2009. Image source — James Gardiner

Moving on to full-scale fabrication of the Radiolaria after the prototype, the
origina file required further refinement, to reduce materials and weight and to
alow for the fabrication of the structure efficiently. D-Shape™ was principally
responsible for modification of the design file for 1:1 fabrication. The digital file
was shelled (given a skin thickness of approximately 40mm) and broken down

into slices (approximately at 500mm vertical intervals) for fabrication (refer to
images Figure 48 b).

Thefirst six pieces of the Radiolaria had been fabricated prior to my arrival in
July 2009. After helping Enrico and Ricardo Dini to remove the pieces from the
print bed (to ready the machine for printing my prototype column - refer chapter
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5.2), we began to discuss strategies for how to create structural continuity

between the pieces for the large Radiolaria assembl y®.

Figure 49 - Full scale Radiolaria assembly at D-Shape factory, Italy. Image source - Enrico Dini

The ad-hoc solution that we tested (refer image Figure 48 b) was to span the joints

between the hollow Radiolaria pieces with lengths of rebar®, then fill the pieces

81 At the time of these discussions in July 2009 there was no clear strategy for how to reinforce the
full scale radialaria.
82 Rebar- Steel reinforcing bar
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with D-Shape mix® so that each of the joints were overlapped by approximately
200mm. The exposed ends of the rebar would then be tied to the next lengths and
the filling would continue. This strategy although workable at the small scale did
not rely on calculation of loads to size the rebar nor take into account individual
load cases of individual joints, as would normally be the case for projects of this

size.

3.3. Digital design tools

This chapter isintended to focus on the application and potential of digital design
tools rather than being about these tools: descriptions, definitions and some
background information will be given to aid this discussion. The discussion here
on digital design toolswill be intentionally quite narrow. A broad description of
the origins, types of digital design tools, the way they are used, applications and
issues surrounding these tools will not be presented here. Contemporary use of
advanced 3D digital design and analysis tools within and by architectural and
engineering practices has been subject of recent discussion and description by
othersin recent times (Benton, 2008, Holzer, 2009, Shelden, 2002, Kolarevic,
2003).

Thisresearch isfocused on the use of 3D digital design tools (instead of 2D tools)
and largely focused on those tools that | have identified to have value, which may
be transferable to design for construction 3D printing. Thisidentification process

has been carried out through literature review, professional exposure and personal

testing of software.

8 The D-Shape mix is the proprietary D-Shape material hand mixed. There were a number of

mixes that we used at the time including cement and Styrofoam beads.
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Figure 50 - Collated list of digital design tools used by 5 companies. Chart by James Gardiner

| will briefly describe two broad kinds of digital design toolsthat | believe are
pertinent to this research and why they are considered to be useful in the design
for construction 3D printing. | will not describe some tools, such as Maya™ and
Rhino™, as their application and usefulness is described within the case studies
and further in the conclusion. As noted in (chapter Error! Refer ence sour ce not
found.) | am an architect and have had considerable exposure to 2D and 3D
digital design tools during the course of my tertiary education and in my

professional career.

The recent study of Parallel industry through the Delivering Digital Architecture
in Australia research surveyed the types of software that each of the companies
used at the time. Aboveisalisting (Figure 50) of some of those companies and
the types of software they use. Note that there are three main types; 3D modelling
tools, analysis and optimisation tools and tools used for automation of tasks.

Some of the automation and modelling tools automate output for fabrication.
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3.3.1. Adopting thedigital definition asthe primary work method

To understand the challenges and opportunities that present themselves when
designing for Construction 3D printing techniques, one must first consider the
current construction context and differences between the broad construction
industry practices and the additive technique being introduced. The first and most
obvious difference between current construction practice and construction using
Construction 3D printing is the type of information required to fabricate building
elements, Construction 3D printing requires principally three-dimensional CAD
datain .STL format for translation to G-code® rather than 2D documentation.

Figure 51 - Thiess John Holland Facility in Victoria, DDAA research. Photo by James Gardiner

Within the Australian construction industry in 2009, only atiny fraction of
buildings or building elements are designed completely in three-dimensions or
fabricated directly from three-dimensional data. In athe recent Delivering Digital
Architecture in Australia comparative survey of construction and parallel®
industries, it was found that leading representatives from the construction industry

that use three-dimensional data, directly for fabrication, are clustered primarily in

8 G-code or proprietary machine code, which is a layered translation of the three dimensional
geometry, that takes into account machine movement, federates, material deposition, curing time
etc.

8 Parallel industries; Shipbuilding, Aerospace, Manufacturing and Automotive industries.
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the metal fabrication sector (refer Figure 52). This trend was also confirmed in the
international context, in an earlier international survey of construction and parallel
industries®.

Figure 52 - Comparison between implementation in the use of 2D or 3D CAD within AEC, construction and parallel

industries.

Figure 53 - Comparison within the construction industry in the use of 2D or 3D CAD. Note these three sectors were the
only three sectors identified to use CAD data directly for fabrication, rather than relying on 2D drawings.

Figure 54 - Comparison within the AEC industry in the use of 2D or 3D digital design tools.

% Byera Hadley and Jack Greenland international survey of construction and parallel industries
2006-2007.
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Such direct fabrication using three-dimensional datais not however isolated to
this sub-sector. 3D digital design datais being used increasingly by precast
concrete companies, timber housing fabricators and others. Companies, including
metal fabricators, create highly accurate 3D digital definitions primarily for their
specific trade, with some modelling of interfaces between important secondary

elements”.

For example in the case of a steel fabricator, the complete steel skeleton of the
building will be modelled in three-dimensions, complete with mitres, welds, bolt
holes and element numbering. Interfaces between important elements such as
connections with precast concrete elements or cladding systems will in some
cases be modelled to ensure an accurate interface. The rest of the building will not

usually receive the same treatment and instead be documented in 2D.

The reason for the uptake of 3D digital design software and implementation of it
by steel fabricators is due to the competition within the industry and efficiencies
gained (through the use of automated fabrication and its interface with 3D digital
design tools). For example a beam line machine (automated cutting, drilling and
welding machine) requires 3D digital input, software such as Tekla™ structuresis
designed to directly interface with beam line production, allowing a high level of

automation directly from the 3D model.

Beyond this trade-specific 3D digital definition, the rest of the project will remain
only partially documented, with standard and important junctions and details
documented in two-dimensions®. This practice as described above, of partial
documentation with some areas of full 3D digital design presents a problem for
the construction industry, as the uptake of construction 3D printing will requirein

most cases complete 3D documentation. This shift in practice from partial 2D

87 Based on discussions with Australian precast and steel fabricators as part of Delivering Digital
Architecturein Australiafield interviews.
8 Based on professional experience on awide variety of residential, commercial and public

projects.
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documentation to full 3D documentation and creation of adigital definition model
is beginning to occur within the construction industry and has already been

replaced in aerospace and automotive sectors®.

Figure 55. Design to fabrication loop. Top - Predominant use of 3D datain construction. Mid. - Leading companiesin

construction. Bottom — Current aerospace industry and the future of construction with Construction 3D printing.

8 Based on Delivering Digital Architecture in Australia surveys and discussions.
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Within the parallel industries, which differ significantly from the construction
industry in product type and organisational structures, there is a much greater
uptake of the practice of using three-dimensional data directly in fabrication
processes. A number of aerospace companies interviewed now rely almost
entirely on three-dimensional data throughout their company activities: tendering,
design, engineering, analysis, production and maintenance®. The methodologies
used currently within aerospace are applicable to Construction 3D printing,
although this requires a significant shift in project team collaboration and

organisational procedures from those currently used in the construction industry.

Greg Lynn stated in regard to the shift in focusto digital design tools “issues of
force, motion and time, which have been perennially eluded architectural
description due to their “ vague essence,” can now be experimented with by
supplanting the traditional tools of exactitude and stasis with tools of gradients,

flexible envel opes, temporal flows and forces’

and Lynn goes further to describe how these elements of force, motion and time

are described within software

“there are three fundamental properties of organisation in a computer that are
very different from the characteristics of inert mediums such as paper and pencil:
topology, time, and parameters’ (Jencks and Kropf, 2006) p329. These three
issues of force, motion and time are to varying degrees explored within the case
studies projects to follow organisational mediums have been used to varying

degrees within the projects described later in the

3.3.2. Parametric tools

| have selected parametric tools for discussion here due to their demonstrated
capability (Burry and Burry, 2006, Shelden, 2002) to deal with high levels of both

© DDAA op. cit.
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geometric and organisational complexity, while allowing for manipulation and

change with relative ease.

Holzer states * Designing with the use of parametric values defines a way of
structuring geometrical entities through associative variables, relations and
dependencies (Holzer et al., 2007).

Through the definition of such ‘variables, relations and dependencies’ within a
parametric model, the digital definition can respond to alarge number of
parameters and inputs to produce an outcome that may not, in some cases be,
predictable. Unlike ‘variational’ models’, which BIM software predominantly
generates, parametric models can define a flexible sequence of operations, this
flexibility in the sequence of operations can play adramatic role in defining the

geometric outcome (Shah and Mantyla, 1995).

There are anumber of benefitsto this approach, which can be listed as the

following:

Flexibility - Geometry generated using this parametric software has a degree of
flexibility; i.e. if the number, size and height of the columns change, the model
will be updated reflecting these changes with very little or no re-work, which
promotes a greater degree of variation and testing. However if anew parameter is
needed to be added, that changes the way the model works, the whole or part of
the model may need to be redefined from the beginning.

Responsiveness - can be integrated into the digital model and this responsiveness
can be used to flexibly respond to a range of inputs, which may vary as the project
develops. Burry states ‘one of the principal aims of parametric modelling isto
defer design decision making to be able to progress many impacting aspects of the

designin paralée’ (Burry and Burry, 2006).

Complexity — Complexity (not necessarily geometric complexity) can be
accommodated relatively easily within parametric software packages such as

Digital Project™ and Generative Components™. This accommodation of
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complexity within parametric tools can allow for a large number of variablesto be
included within the model, while each of these variables can easily be change or
respond. The first two stated benefits can be considered efficient and beneficial
for design and documentation, however when combined with the third benefit of
complexity, they become exponentially more important as complexity increases

and the time to rework a model made by other means increases.

| consider that one of the key methods to exploit the capabilities of construction
3D printing techniques is through taking advantage of the capabilities of digital
design tools such as parametric software. Construction 3D printing techniques
rely completely on the 3D digital definition (unless you create the G-code
manually) to define the object to be fabricated. Therefore the capability of the
digital design tools used are paramount to: the efficiency with which the object is
created, the flexibility of the digital definition, the type of geometry and
complexity of the model and the level of definition within the file (e.g. accuracy

and surface texture/finish).

3.3.3. Optimisation tools

The use of optimisation software tools is wide spread within a number of
industries such as I T, aerospace, manufacturing and is now beginning to take hold
within the construction industry. The applications for software optimisation are
also extremely broad with applications within the construction industry such as
construction sequencing, passenger lift control and reinforcement bar
sizing/location within precast panels. As architecture, engineering and
construction continue to increase their reliance on digital tools the opportunity to
overlay and integrate software optimisation tools into design and fabrication also
steadily increases. The identification of the opportunities and benefits of using
these tools within the construction industry is only just beginning in comparison

to other industries such as aerospace.

Manual methods of structural optimisation have been in existence for many

centuries, one example of thisisthe use of the hanging chain to predict catanery
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curves used to create stable compression structures. This method of manually
predicting optimal structures was first used by Hooke in 1675, then adopted for
highly complex structures by Gaudi and then further developed by Otto (Larena,
2009). Software has been devel oped since the 1960 is a number of fieldsto find
optimal solutions to complex problems. Specific software has been developed for
anumber of fields, especialy the aerospace and automotive industries

(Herskovitz, 1995), which can optimise designs for specific forces or load cases.

| will use the term optimisation here in ageneral sense to encompass a group of
software programs that; analyse, generate, kill, evolve and respond to input data to
create or change 3D digital spatial objects. There are alarge number of different
tools available that perform different functionsin different ways, overlaid onto
this are many different terms, which creates confusion for a non-technical user
like myself (refer image Figure 56). The issue at hand is to find ways to use

digital tools effectively to analyse data and create solutions, to one or a set of
problems, that would be difficult for designers to effectively negotiate on their
own.

“ AEC practice today typically generates and analyzes a very small number of
design options before choosing a final design. Design theory argues this leads to
under performing designs. The aerospace industry has overcome similar
limitations using PIDO (Process Integration and Design Optimisation), resulting
in improved processes and product performance. For the AEC case study
presented, we found that PIDO enabled orders of magnitude improvementsin the
number of design iterations compared to conventional methods.” (Flager et al.,
2009)

Parametric and other digital design tools can be used to respond and optimise
certain aspects of a design, through the use of routines, scripts, plugins, data
mining, algorithms etc. Herskovitz describes the purpose and some of the methods
used for software based optimisation.

“Modern design techniques seek the best design to perform desired tasks.

Structural Optimization deals with the optimal design of structural elements and
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systems....These tools integrate CAD tools for geometric modelling, general
analysis methods, like finite element method and methods of design sensitivity

analysis with mathematical programming or optimality criteria methods’

Arup have developed and used custom optimisation tools paired with parametric

software in thisway:

“on the Aguatics Centre project for the 2008 Beijing Olympics, without a new
automated approach to selecting section sizes and checking them to design codes
for all 25 000 steel sections, it would not have been possible for the teamto find a
wor king solution, and one that was near the targeted roof weight.” (Luebkeman
and Shea, 2005).

Although there are a plethora of different software types, methods used and forces
accommodated, | will limit discussion to topology optimisation tools; although the
use of responsive, evolutionary, generative and other such tools are also
considered to have great potential. Discussion here focuses on standalone
software, although the opportunities and benefits that | discuss here can be
achieved through arange of methods. It is the result of the optimisation that is

important to this discussion, not the means by which it is achieved.

Figure 56 — Topostruct™ test on a shell structure. Image by James Gardiner

“CDO (computational design optimisation) builds on and incor porates other
emer ging design computing technologies, including algorithmic design, 3-D
parametric and associative geometry, performance-based design, integrated

design tools, and design automation.” (Luebkeman and Shea, 2005)
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Optimisation software has been used since the 1960s with Kurokawa and
experimenting with the application of tools for architectural applications.
Kurokawa experimented with the use of computers for multi-criteria optimisation
for the configuration of spatial units within the ToshibalHI pavilion designed
between 1967 and 1968:

“A computer was used to select from five different types of ‘tetra units' to meet
various different functional requirements, and these were combined to create a 3
dimensional space frame” (Kurokawa, 1992) p11

Thiswork islikely to have influenced John Frazer’s evolutionary and generative
experiments in his award winning work at the Architectural Association (AA) in
1969 (Rattenbury and Lawrence, 2010). These experiments and the work of many
others have seeded the creation of alarge number of tools with highly variable
working methods, objectives and outcomes.

Frazer in introducing the field of generative and evolutionary tools (which
includes optimisation) stated:

“ These techniques had previously been limited to easily quantified engineering
problems. Only now is it becoming feasible to apply them to the complex
problems associated with our built environment. To achieve thisit is necessary to
consider how structural form can be coded for the utilisation of genetic
algorithms, how ill-defined and conflicting criteria can be described, how these
criteria operate for selection, and how the morphological and metabolic
processes are adapted for the interaction of built form and its environment.”
(Frazer et a., 2002)

Reading into this statement it would appear that parametric software isreally just
asubset, be it one that requires explicit interaction, of generative and evolutionary

tools.
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Figure 57 - ESO™ two-dimensional optimisation of an asymmetrically loaded column using software courtesy of the

Innovative structures group. Image by James Gardiner 2008

A subset of these optimisation tools is structural topology optimisation
techniques. These tools have been devel oped by a number of universities and
individuals around the world, such as the Department of Mechanical Engineering,
Technical University of Denmark (Bendsoe and Sigmund, 2003), Innovative
Structures Group, RMIT University Melbourne (Huang et al., 2006), Sawapan in
Japan (Michalatos and Kaijima, 2009).

Figure 58. — BESO™ optimisation tests on a cantilevered 3-storey building using software courtesy of the Innovative
structures group. Image by James Gardiner 2009

My interest in these toolsis for their 3D capabilities and ability to find new
topologies (structural envelopes), through the removal of material, in a process
that revealsload transfer between loading and support, finding form that reflects
the forces acting on the structure. Such tools can be used to optimise structures
with avariety of load cases and boundary constraints within adesign domain. A
model can include ‘ non-design elements’ which will not be modified in the

optimisation process, such asfloorsin abuilding (refer image Figure 58).
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Bi-directional structural optimisation (BESO™) was developed by the Innovative
structures group at RMIT University (Huang et a., 2006). BESO™ is paired with
Abagus™®* afinite element analysis software (FEA), with the BESO program
running like a script with Abagus™. The software program Abagqus™ analyses
material stress levels at each step of the optimisation process, the data created is
processed by BESO™ to define whether material is added or subtracted in each
iteration of the optimisation process (Huang et al., 2006) (refer image Figure 59).

Figure 59 —-BESO™ Test column. Image by James Gardiner 2008

Figure 60 - Topostruct™ optimisation test for Villa Roccia 2009

The use of structural optimisation software should result in structures that are
materially efficient, though the result is usually more complex to build with
conventional construction practices. For construction 3D printing the primary cost

factors are build time and material usage, regardless of geometrical complexity.

Topology optimisation is therefore suited for combination with Construction 3D
printing techniques, as complex non-Euclidean geometries (refer image Figure

60) can be fabricated using Construction 3D printing techniques without the cost

1 Abaqus, Dassault Systemes. http://www.simulia.com/products/abagus_fea.html
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penalties that would be incurred using conventional construction techniques; such

as forming concrete, bricklaying or using frame and cladding systems.

The additive manufacturing research group (L oughborough) has also investigated
the potential implications of Construction 3D printing on wall panels. The image
indicates a multi-material Construction 3D printing process (which is
hypothetical), although the additional materials could potentially be added as a
separate process (refer image Figure 61). The authors (Pasquire et al., 2006)
indicate that thiswall could be designed to respond to multiple criteria such as
acoustics, thermal and ventilation requirements with a single fabrication method
rather than relying on traditional procurement methods for a double skin wall

which would require multiple trades.

Figure 61 - Homeostatic Wall Panel. Image courtesy of Rupert Soar.

Topology optimisation techniques offer significant opportunitiesin the future for
the development of designs, which are highly calibrated to, calculated loads, at the
building scale and also at an elemental scale such asinternal structures of columns

or walls, which will be demonstrated in case study 2.

For example (Figure 62 left) below illustrates afairly conventional multi storey
building, which is then run through BESO optimisation, (Figure 62 mid)
illustrates an early stage within the optimisation and (Figure 62 right) illustrates
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the optimised structure, based on the rgjection ratio of 90%. Meaning 90% of the
meshed design elements had been removed prior to the oscillatory state is reached
“when a group of elements are removed and added back to the structurein
successive iterations’. (Huang et a., 2006). This raises an issue with the BESO
technique, the program is primarily useful for determining optimal topologies,
rather than determining the optimal topology and material required based on
optimal material loadings, a much more complex issue® and one which will be

extremely useful in the future.

Figure 62 - BESO™ optimisation tests on a cantilevered 3-storey building using software courtesy of the Innovative
structures group. Image by James Gardiner 2009

Optimisation tools are widely used by engineers within the construction industry
today; for example in the design of the 30 St Mary Axe project® by Foster and
Partners. The design of the project was optimised at a number of scales during the
design of the project, especialy in relation to its shape (Abel, 2004). The critical
difference to the use of optimisation tools used within this research and in 30 St
Mary Axe project is the use of topographic structural optimisation to suggest the

form for the project envelope(s) rather than for tweaking it for other purposes.

It isimportant to note here is that optimisation tools are used within the
framework of this research as atool, within a broad range of tools and processes
used to generate solutions. Optimisation outcomes are considered as a guide

rather than the solution. In considering performance in this context it is:

92 Discussion with devel oper of the BESO software, Xiaodong Huang, RMIT University

% This project has also been known as the * Swiss Re’ and commonly called the * Gherkin'.
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‘Based on multi parameter effectiveness rather than singe parameter optimisation
and efficiency, must from the start of the design process include both the logics of
how material constructions are made and the way they interact with

environmental conditions and stimuli.” (Menges and Hensel, 2008)

In this light although optimisation tools are used, there are many other factors
under consideration. The architect in many ways can be considered to do multi-
criteria optimisation; through the consideration, evaluation and development of

hierarchical decision making processes in the development of a design.

The benefit of this approach is that the type and topology of structures that result
from this process are not predictable. Simple or complex geometries defined with
loads and support cases can be calculated that result in structures that can be
highly complex without significant repetition. Fabricating such complex
structures would be uneconomical using conventional construction techniques for
anumber of reasons. such as alack of conformity within the resulting geometry to
standardised building materias, the requirement to use repetition® to minimise the
number of unique elements within a project and the labour required to fabricate
such structures. As mentioned above Construction 3D printing techniques have
the capability to fabricate such complex structures, largely free from these
constraints, therefore the pairing of optimisation tools for design for construction
3D printing increases the potential application for both construction 3D printing

and optimisation techniques.

The benefit of using such optimisation toolsisin the direct calculation of specific
local inputs on a design and the subsequent generation of optimal or near optimal
solutions that can lead to efficient, honest (in the revealing of these forces through
form) and in many cases beautiful structures. The second benefit is that
optimisation tools (of al types) opens a new area of exploration within

architecture and one when paired with construction 3D printing offers what |

% This requirement for repetition is significantly reducing with the implementation and significant

leveraging of the potential of CAM techniques.
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believe to be the largest shift in design to fabrication since the industrial

revolution.

After briefly introducing specific digital tools and the potential benefits of
combining them with Construction 3D printing techniques it is now appropriate to
consider the methods which can potentially assist with realising the potential of

Construction 3D printing techniques.

3.3.4. Inter oper ability

The term interoperable or interoperation, for the purposes of discussion here,
means the capability for digital design tools to send and receive information to
and from other digital design tools without data loss and to have access to that
datain aformat that is easily useable for the tasks that the digital design tool
needs to perform. For example interoperability would be present if amodel of an
column structure transferred from Rhino™ could read and usable within

Topostruct™ without further change.

The issue of interoperability was discussed extensively in interviews initiated
through the Delivering Digital Architecture in Australia research project and the
issue of interoperability was found, from analysis of the transcribed responses, to
be of great importance. Such interoperability issues were said to be responsible

for major design and fabrication issues on the Airbus A380.

“It is generally recognized that within the aerospace industry that the reason why the

A380 was late was due to bad data translation processes.” Aerospace engineer

Designlink™ is an excellent approach to this issue, through its modular approach
to tranglation and interoperability. Development of translators is done as discreet
modules made for specific software and digital design toolsto talk to the central
Designlink™ software, rather than between digital design tools. This means that if
atranglator is made for Rhino™ to talk to Designlink™ then when atrandator is

developed for Topostruct™ to talk to Designlink™, the two programs
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Topostruct™ and Rhino™ should be able to pass information between each other
through the central hub of Designlink™. (Holzer, 2009)

Aswill be demonstrated within the case study projects 1, 2 & 3 multiple software
tools have been required to complete the wide variety of tasks, necessary within
the projects, to achieve the desired design outcome and enabl e fabrication. For
example these tasks include modelling of the external envelope, checking of
tolerances and dimensions, creation of space filling geometries, splitting of
elements and the creation of joints, joining of elements and fixing of errors prior
to output of 3D printing. At present there is no single software tool that can
perform all of the tasks listed above, therefore alevel of interoperability is
required. The level of interoperability and ease within which transfer of data or
digital definition data can be achieved, between digital tools has factored
significantly in deciding which software tools to use in concert with others.
Software devel opers and venders have in many cases been slow to adopt
interoperability standards such as |FCs* and often these standards can limit the
capabilities of tools (Holzer, 2007). In some cases software being used new and/or
experimental and so in many cases may only be able to output one file format,
such as .dxf. Theideal situation isto choose the best digital tool for the task; this
decision is often compromised by issues of interoperability. The Designlink™

tool has demonstrated an ability to by-pass or overcome the interoperability
capabilities of specific software tools through the creation of translators as
described above, this platform for interoperability becomes increasingly important

as the task attempted moves further away from the industry modus operandi.

% |FC — Industry Foundation Classes is a software platform independent format that is widely
promoted as being the answer to interoperability. This file format achieves interoperability through
the use of a standardised method of transfer and definition of digital definition information.

153



3.4. Construction Sustainability

To understand the challenges of construction sustainability, it is useful to
understand some of the statistics for energy consumption within the construction
sector. The Construction industry consumes much of the world's resources and
produces approximately 30% of the worlds waste (Woudhuysen and Abley,
2004). It is a'so the most inefficient of the world's high capital industries(Kieran
and Timberlake, 2004). To compound the problem, the products of this industry
(buildings) are also wasteful and inefficient.

If the way we build can be fundamentally changed, huge gains could be made
toward reducing our demands on resources and the environment and help our
society move toward a sustainable future. The current rate of construction in
China provides an alarming example where “more than one-half of China's urban
residential and commercial building stock in 2015 is to be constructed after the
year 2000” (Zhu and Lin, 2004). When you consider this statistic in reference to a
population of 1.3 Billion peopleit isnot difficult to realise that thisis aglobal
problem. Not only is this building boom consuming vast quantities of materials
and energy, the houses that are built today to low sustainability standards will be

consuming high levels of energy for decades into the future.

The UN climate change mitigation report states that for energy use “ thereisa
global potential to reduce approximately 29% of the projected baseline emissions
by 2020 cost effectively in the residential and commercial sectors, the highest
among all sectors studied” (Metset a., 2007).

To define sustainability one must consider where the terminology and thinking
first emerged. The Brundlandt report, which is considered a preeminent and
original source for the definition of sustainability, broadly defined the area more
than two decades ago; ‘ Sustainable devel opment is devel opment that meets the
needs of the present without compromising the ability of future generations to
meet their own needs' (United Nations, 1987,Ch. 2.1).
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This definition however istoo broad for the purposes of this exegesis, asit

includes al kinds of development.

‘ The satisfaction of human needs and aspirationsis the major objective of
development.....(including) food, clothing, shelter, jobs (United Nations,
1987,Ch. 2.4).

This report did however lay the foundations for understanding sustainability and
from it emerged terms such *triple bottom line assessment’, based on the criteria

of social, economic and environmental considerations outlined in the report.

It is therefore apparent that a more specific definition must be used to understand
sustainability in terms of buildings, encompassing fabrication, operation,
refurbishment and decommissioning. Construction sustainability is recently
defined in the * Sustainability in building construction’ 1SO standard as the

‘state in which components of the ecosystem and their functions are maintained

for present and future generations’ (1SO, 2008).

Kibert goes into somewhat more detail by defining the principles of ‘ construction
ecology’ as“buildingsthat (1). Are readily de-constructible at the end of their
useful lives; (2) have components that are decoupled from the buildings for easy
replacement; (3) are composed of products designed for recycling; (4) are built
using recyclable, bulk structural materials; (5) have slow “ metabolisms’ dueto
their durability and adaptability; and (6) promote the health of their human
occupants.” (Kibert, 2005)

However in my opinion Kibert’s definition cannot be used as a complete
definition of construction sustainability, as it conspicuously neglects a number of
factors. These factors include: energy consumption in both processing of materials
and fabrication of buildings, energy use through occupation, collection or
recycling of valuable resources such as sunlight and water and the contribution to

ensuring stabilisation or an increase in bio-diversity.
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For the purposes of this exegesis the terminology ‘ construction sustainability’ will
adopt the definition of sustainability and be considered to apply to the following

components:

Material use—raw and processed material inputs throughout the life of the

building, sustainability of the resource, waste, recyclability.

Ener gy use — embodied energy of raw and processed materials, sustainability of
the resource, fabrication of the building, operation of the building,

decommissioning, capture of energy from the environment.

Air — pollution, recycling

Water — use, collection, waste and recycling

Bio-diversity — support and improvement of floraand fauna

Human factors—functional, thermal, acoustic, sunlight access, ventilation.

Reference to many of the itemsin the above listing will not be possiblein this
exegesis, but should serve as a guide to further consideration of the sustainability
of construction, in reference to construction 3D printing. Construction 3D printing
techniques are considered well suited to take advantage of virtual prototyping,
analysis and optimisation techniques, due to their complete dependence on

numerical datafor deposition. An additional benefit is as David Rosen states

“Snce additive technologies only deposit or process material that will comprise
the part (ignoring support structures), they are inherently efficient in their use of
materials, particularly as compared to subtractive processes.” (Beaman et al.,
2004)

Construction 3D printing techniques have an intrinsic advantage over subtractive
and formative processes in their efficient of materials, however there are other
aspects to be considered when considering the potential sustainability of
construction 3D printing. Many of the as characteristics of construction

sustainability vary depending on the particular technique. The three construction
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3D printing techniques described and analysed in (chapter 3.1.5) differ in the
processes and the materials they use. As an example, the first iteration of D-
Shapes technique used epoxy resins as a binder (Dini et a., 2008), thisisin stark
contrast to the inorganic binders used by the second iteration of the D-Shape™
technique (Dini, 2009). This difference in one aspect of the technique, the type of
binder used, has implications to construction sustainability. Using epoxy resin
instead of inorganic binders can be considered to effect: recycling of materials,
water and chemical use through the increased cleaning requirements, minor air
pollution through chemical off-gassing and embodied energy in the binder

materials.

Therefore it is not good enough to say that construction 3D printing is superior for
construction sustainability, due to the fact that it is an additive fabrication process
and therefore produces less waste. A number of other factors need to be taken into
consideration for the assessment of construction sustainability of construction 3D
printing. Therefore each technique needs to be assessed individually to establish
its own construction sustainability credentials. Consideration of the generad
construction sustainability aspects relating to fabrication, materials and process

issues will be deferred pending individual assessment of techniques.

As discussed above however, construction sustainability relates not only to the
fabrication process, the materials used in construction and the energy consumed to
fabricate the building but also to the energy used in its operation after it is
constructed. This aspect relating to the design of the building and its potential
energy use (without taking into account the occupant habits) is an area where

construction 3D printing could potentially make a significant contribution.

The implementation of ‘ Passive design’, ‘ Passive systems' or ‘ Passive strategies
in building envelope and detailed design can dramatically reduce energy

consumption and increase user comfort.

Jack Greenland in defining and describing thermal comfort of buildings:
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“one of the principle functions of any building is to modify the physical conditions
init and around it so as to make them more acceptable for the occupants in the

performance of their varioustasks’ (Greenland, 1998) p3/25

This definition can be applied more broadly to include solar comfort
(management of glare and access to sunlight), acoustic comfort (management of
noise levels from inside and outside of the building), humidity (keeping moisture
levels adequate for humans and at |evels where they do not cause issues with
building materials or cause the growth of mould etc). Greenland further describes

the means of achieving these goals as either passive or active:

“A building should provide a controlled environment, and the means of achieving
thisaretwo fold...1. Passive control is achieved by the building itself through the
appropriate disposition and treatment of its elements. 2. Active controls are
mechanical systems and installations which consume energy...” (Greenland,
1998) p3/25

The design of buildings, in terms of their operational energy requirements, isa
key factor for addressing the challenges of construction sustainability. “ The
largest savingsin energy use (75% or higher) occur for new buildings, through
designing and operating buildings as complete systems’. (Mets et al., 2007) The
method for achieving such energy savings relies on reducing the need for energy
consuming active systems (such as air conditioning) and the reliance to a greater
extent on designing a building to passively control its environment. Some
examples of passive systems include: the use of thermal mass (which helps
control the daily fluctuation of temperature within a building), the inclusion of
fixed (or operable) sun shading designed to regulate thermal gain inside the
building through the seasons, the use of insulating materials or materials that
insulate through their arrangement (air cavities and voids), the inclusion of texture

or surface articulation to dissipate sound reflection. (Greenland, 1998)

158



Figure 63 - Perspective showing potential benefits of Construction 3D printing techniques, including integration of passive
thermal, acoustic and solar control. The integration of articulated integrally waterproof joints and the integration of
services. Image by James Gardiner 2007

The adoption of ‘passive design’ principles cannot be considered standard

practice by architects.

“Only a few seemto actually consider that updating passive strategiesto a
contemporary technical context may be a very powerful opportunity for
architecture to rethink its preferred spatial paradigm” (Menges and Hensel,
2008) p49

The additive manufacturing group at Loughborough University has invested
considerable efforts investigating the theoretical potential for passive
environmental control with construction 3D printing (Pasquire et al., 2006,
Godbold et al., 2007). Construction 3D printing, when it can demonstrate the
ability to fabricate elements with alevel of control that allows for detailed

arrangement of materials (refer image Figure 63), has an inherent advantage over
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conventional construction techniques in its ability to fabricate highly responsive®
passively designed buildings and elements (Gardiner, 2009, Soar, 2006a).
Obviously the construction 3D printing technique can only fabricate, within its
capabilities, what has been defined by the digital design tool and defined in the
digital definition. The subject of passive design through design for construction
3D printing will be addressed in (case study 1). This potential capability to
fabricate responsive buildings and building elements | believe will be one of the
defining characteristics of construction 3D printing techniques and will be one of
its ‘added value’ attributes.

| personally believe architects and the construction industry have aresponsibility
to respond to the global challenges that are present today and to look to alternative
methods and procurement strategies for buildingsin the future. As highly
populous countries such as Chinarapidly develop and rebuild their habitable
structures (Zhu and Lin, 2004), there is a very tangible need to ensure that
sustainabl e building methods are adopted.

3.5. M ethods

This sub-chapter will look at methods of construction (rather than research
methods which are addressed in chapter 2.3). The method most important to this
research is off-site fabrication and how this method of fabrication varies between
industries. A brief summary of the development of off-site fabrication is
presented, along with definitions of both the term off-site fabrication, as well as
its sub-types. Differing practices are discussed from within both the construction
and the parallel industries (shipbuilding, aerospace and automotive industries) as
well as how off-site fabrication currently differs from standard construction

practice.

% Responsive meaning here - as responding to the particular environment characteristic of the

site; sunlight levels, temperature variation, noise levels, humidity etc.
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As noted above within the sub-chapter (Error! Reference source not found.) |
have discussed issues experienced first hand within the Australian construction
industry, that are reflected in international reports focussed on the state on the
construction industry (Egan, 1998, NAHB, 2001, Constucting_Excellence, 2005).
The Egan reports called for amodernisation of the construction industry, citing
the significant productivity, safety and quality gains of the parallel industriesin
recent years, and suggests off-site fabrication as one method among many to

achieve thisgoal.

3.5.1. Off-Site Fabrication

Off-site fabrication is experiencing resurgence within the construction industry
and importantly arenewed interest as an alternative to traditional construction
practice by the press (Gerrity, 2011, Kaysen, 2011), public blogs (Koerner, 2011,
Sylvester, 2006), government funded organisations (Venables et a., 2004),
Museums (Bergdoll et al., 2008) industry professionals and academia (Fussell et
a., 2007, Pan et a., 2005, Robertson and Ekholm, 2006). What is often not
understood is that off-site fabrication, prefabrication and pre-assembly already
permeates the construction and the parallel industries (automotive, manufacturing,

shipbuilding and aerospace)(Gardiner, 2010).

Off-site fabrication has been defined in the index of terms (refer to definition
chapter 1.5) abrief summary of this definition of; prefabrication, preassembly and
off-site fabrication; have been included again here for the continuity of the

chapter, asfollows:

‘Prefabrication is a manufacturing process, generally taking place at a
specialised facility, in which various materials are joined to form a component
part of the final installation’ (Gibb, 1999a) pl1

and

161



“Pre-assembly is a process by which various materials, prefabricated components
and/or equipment are joined together at a remote location for subsequent

installation as a sub-unit. It is generally focused on a system” (Gibb, 1999a) pl

The term *off-site fabrication’ is used within this exegesis to describe a broader
practice, as defined here again by Gibb: “ Off-site fabrication is a process which
incor porates prefabrication and preassembly. The process involves the design
and manufacture of units or modules, usually remote from the work site, and their
installation to form the permanent works at the work site.......... off-site
fabrication requires a project strategy that will change the orientation of the
project process from construction to manufacture and installation.” (Gibb,
1999a) p2

This section of the exegesis will focus on the historical background of off-site
fabrication, important precedents and types of off-site fabrication. This section
will not attempt to provide an exhaustive description of specific prefabricated
projects as this has been covered extensively both by myself ((Gardiner, 2004a,
Gardiner, 2010) these two documents are attached as appendices C & D) and by
others (Gann, 1996, Gibb, 1999a, Davies, 2005, Bergdoll et al., 2008). Specific
project examples will be referred to where appropriate to briefly describe
practices within this section and in relation to projects in the case study chapters
1,2and 3.

3.5.2. Development of Off-Site Fabrication

Thereislittle consensus amongst commentators on the origins of the offsite
fabrication or prefabrication (Davies, 2005, Bergdoll et al., 2008, Gibb, 1999a);
thislack of agreement appears to relate largely to the differing terms used and the
particular definitions employed by the various authors. The development of off-
site fabrication has been the gradual aggregation of the three elements (object,
location and methodology) that have together formed what is defined as * off-site
fabrication’.
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Figure 64 - Joseph Paxton's Crystal Palace. Drawing of the assembly of industrialised components. Image source -
http://ww3.barrington220.org/bhs/fine_arts folder/A Stevenson/Interrelated Arts/EngineeringArchitecture.htm Access
date 25th August 2011

Gibb cites that the ‘highly prefabricated structures can be dated to the roman era
with the production of many of the early structures used for hospitals, barracks
and defensive structures due to remoteness of outposts and conflicts and the need
for armies to move regularly taking these structures with them (Gibb, 1999a). The
British Empire and other colonial powers began shipping buildings around the
world in the 19th Century, these building were often constructed entirely of iron,
flat packed and ready for assembly in India, Australia or other colonies (Davies,
2005).

The ‘industrialization” which can be said is the most important methodology
incorporated into off-site fabrication, first occurred with the production of Sir
Joseph Paxton’s ‘ Crystal Palace’ built in 1851 (refer image Figure 64), which
employed both a systematic approach to the design of the building elements for

mass production and on-site assembly (Frampton, 1997).
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“The crystal Palace was not so much a particular formasit was a building

process made manifest as a total system” (Frampton, 1997).

Thisvisionary achievement became an important precedent for 20th century
industrialization and prefabrication within the construction and parallel industries.
The early 20" century was a time of great optimism for the benefits of
industrialisation and prefabrication. Many of the most prominent architects of the
20™ century experimented with prefabrication in one form or another including
Frank Lloyd Wright, Ray & Charles Eames, Walter Gropius, Paul Rudolph, Kisho
Kurokawa, Moshe Safdie and Richard Rogers etc., yet none have been successful
in delivering a cost effective, repeatable and scalable product to a large market.
(Davies, 2005)

Figure 65 (a) Eames Case Study House by Ray and Charles Eames (b) Nagakin Capsule Tower, Tokyo, Japan by Kisho
Kurokawa. Photos by James Gardiner

Buckminster Fuller” designed the Dymaxion house in 1928 (Figure 66) and

Dymaxion bathroom in 1936, both were visionary pre-fabricated products.

7 Buckminster Fuller was not an Architect but is one of very few contemporary non-architects to
be inducted in to the hall of fame of celebrated architectural history.
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“the space was divided like a cake into five slices — living room, two bedrooms,
kitchen and entrance hall — by fat radial partitions that contained revolving
storage devices’ (Davies, 2005)

Fullers prefabricated housing was never embraced by the mass market, as the
product was considered to have* no concern whatsoever for the idiosyncrasies of
any given context and projected his house as though it were a prototype for serial

production”. (Frampton, 1997)

Figure 66 - Dymaxion House by Buckminster Fuller Image source - http://sahstudytours.wordpress.com/2009/01/22/home-
delivery-part-i-a-story-of-scientists-inventors-and-architects’ Access date 25th August 2011

The above example illustrates the problems of trying to apply mass production
concepts, of repeated identical products, to the housing industry; which iswidely
considered to require a specific site response, not to mention an opportunity for
individual expression. Le Corbusier wrote in 1931 that “the right state of mind for
living in mass production houses’ was needed. It is now evident that society does

not want to adapt to mass production housing, asis evidenced by the regjection of
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much of the post war housing of the 60’ s and 70’s. Mass production housing and
off-site fabrication will change for us, as other industries have learned to
accommodate choice into their production systems. * Mass Production housing’

will become ‘ mass customised housing'.

The other of Fuller’s designs, the modular Dymaxion bathroom proved to be a
precursor for the future of Modular bathrooms, devel oped and popularised by
Toto (TOTO, 2011) now ubiquitous in Japan. Modular bathrooms are a'so
commonly found in cheap hotelsin Great Britain, especially London and parts of

Europe.

Figure 67 - Dymaxion bathroom designed by Buckminster Fuller image Source -
http://www.scene.org/~esal'search/dymaxionpatents/dymaxion_patents.htm (b) Unit bathroom Japan Image source -
http://www.dannychoo.com/post/en/817/Unit+Bathroom/ Access dates 25th August 2011

3.5.3. Types of Off-Site Fabrication

There are awide variety of terms used to define the sub-categories or types of off-
site fabrication, which are often defined by how they are used, transported, made
of and even the codes under which they are governed. Such terms as rel ocatabl e,
manufactured, system built, double-wide (transportation), HUD (US national
HUD code, often also called a‘trailor’), volumetric, sectional, pre-cut and
Modular building. To aid clarity sub-groups are defined here based on the product
or assembly delivered to site, the terms defined here; stick & panel, panelised and
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modular, are in common use in the USA, and have been chosen because they are

easily understandable and largely self-explanatory.

Other authors define types of prefabrication differently; such as (Gibb, 1999a)
who also defines three groupings; Non-volumetric off-site fabrication, Volumetric
off-site fabrication and Modular building. This definition however is not
particularly clear or self explanatory; with the last two groups both defined as
‘enclosing space’ with the difference between the two resting on whether the

objects are load bearing or not.

Figure 68 - Diagram three types of prefabrication: (a) stick & panel, (b) panelised and (c) modular. Image by James

Gardiner

Stick and Pan€l

The use of industrially produced standardised productsin buildings today is
universally embraced by the construction industry and no longer considered
prefabrication® but instead stick and panel (refer image Figure 68 a) has become
standard construction practice. The group is defined by the use of standardised
components that are often regulated by international or national standards
(governing the standardisation of sizes, performance, tolerances, finish,
composition, and in some cases materia origin). Such elements include items

such as; plywood, bricks, concrete, glass, steel and pre-cut timber.

% Note that the Crystal Palace mentioned earlier is considered the canon for the introduction of
prefabrication and industrialised building methods. The Crystal Palace both used industrialised

products and is still considered an example for modern prefabrication.
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This definition of Stick & panel here refersto; the pre-processing of industrial
elements to reduce on site labour. For example the use of; structural steel sections
cut to size with welded connections, window assemblies, timber panels cut to size
ready for installation.

Panelised

There are two main variants to this definition that can be labelled Precast and
Composite. Precast (Figure 69 a) is the term used for panels that have been
formed or cast, usually in concrete, off-site for rapid assembly on site. Precast
panels will often include conduits and other services installations, that usually
also require additional work on site, such wiring and finishing®. The composite
panel (Figure 69 b) includes, in its most basic form, at its core either a structural
internal frame, usually of timber or Steel or a substrate such as afoam panel.
Sheeting material is then fixed to the surface of the frame or sheet. Such
composite panels will usually include insulation as an additional layer or in the

case of SIPS panels'® the foam constitutes thisinsulation layer.

Figure 69 - Skanska Precast concrete panel factory in Stragnas, Sweden. Composite panels of timber and plasterboard
being lifted into place on site in Stockholm, Sweden. Photos by James Gardiner

% Based on direct personal experience; including observation of works at precast factoriesin
Australiaand in Sweden and in the design of panels for projectsin Australia.

100 51 PS js an acronym for “structural insulated panel’.
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Asisevidenced in this definition given by English partnerships of Panel Building
Systems, there is a broad scope in the level of off-site labour with the use of panelised

construction practices

“ These comprise of walls, floors and roofs in the form of flat pre-engineered panels that
are erected on site to form the box like elements of the structure that then require
various levels of finishing. The most common approach is to use open panels or frames
which consist of skeletal structure only with services, insulation, external cladding and
internal finishing occurring on-site. Another system that is used frequently involves
closed panels. These are more complex, involve more factory fabrication and may

include lining materials and insulation.” (Burwood and Paul, 2005)

The definition of panelisation can then be interpreted to be: The creation of panels
that are cut size/profile, including openings such as doors or windows, which
when assembled form buildings or building elements, these panels may include
finishes, insulation, external cladding, services and sub-assemblies such as

windows and finishes.
M odular

Again definitions and terms vary widely “ A method of construction that utilizes
pre-engineered, factory-fabricated structuresin three dimensional sections that
are transported to be tied together on a....site.® Gibb defines Modular Building
as; “unit that form a complete building or part of a building including structure
and envelope. Most units are again substantially complete in themsel ves, leaving
only a small amount of work to be completed on-site. However some systens,
especially for multi-storey construction, provide only the structure and sometimes
cladding, and are then finished on-site”. Neither of these definitions are
particularly clear about what the include and in some cases are too specific and
would hence exclude awide variety of slight variations through the explicit

reference to level of completion off-site or exclusion of both cladding or structure.

102 Modular Building Institute — Construction Definitions
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Modular construction (Figure 70 a & b) issimply defined here as; the
prefabrication and pre-assembly of materials and components off-site to form
volume-enclosing elements for assembly on-site. Modular buildings can be
freestanding single modules, agglomerations of two or three modulesto form a
building or multi-storey assemblies that are self-supporting or have a separate
structure. Modules can also be configured in awide variety of ways and joined

together using a variety of methods.

Figure 70 (a) Misawa modular production line near Nagoya, Japan. Photo by James Gardiner (b) Modules being lifted into
place for project by Cartwright Pickard Image source - http://www.cartwrightpickard.com/project/live/murray-grove
Access date 25th August 2011.

These three terms for types of off-site fabrication: stick and panel, panelised and
modular, with some slight variation in exact words used, were generally
recognised in interviews with Architects and Fabricatorsin USA, Japan, UK,
Germany and Sweden. Hybridised forms are also widely used in practice, that
include amix of the above-defined practices; Stick and Panel, Panelised and
Modular as well as the combination with standard construction practice (Gardiner,
2010).

With any building constructed through off-site fabrication, transportation is an
important factor to be considered, preferably from the outset (Gibb, 1999c). This
islargely aplanning issue (transportation efficiency and design for transportation)

rather than an issue of increased transport costs as often assumed (Gibb, 1999b).
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The type of off-site fabrication to be used is an important factor to consider in
relation to transportation and the costs that will be associated with this. As noted
above the use of modular construction allows a greater proportion of the fit-out
and finishing work to be done off-site, but modular construction also can have the
disadvantage of being aless efficient method of transport due to ‘ shipping air’ 2
in comparison to flat pack panels. Within the design of a project for off-site
fabrication, detailed consideration should also be given to the logistics of moving
panels and modules at different pointsin the workflow i.e. within the factory, onto
the mode of transportation (usually atruck), onto the site for temporary storage (if
required) and into final position within the building or site (Gibb, 1999d).

Another importation issue to be taken into account is the size of transportable
elements, with reference to a number of factors related to transportation. The first
islocal transportation codes (RTA, 2008, Gibb, 1999c¢), which vary considerably
between states in Australia®. These codes regulate the maximum transportable
dimensions with and without an escort. Another issue is relates to the cost
efficiency with which prefabricated and pre-assembled building elements can be
transported; this generally relates to transportation codes, packing efficiency and
in some cases shipping container dimensions (Levinson, 2008, Tomlinson, 2010,
World_Shipping_Council, 2011).

3.6. Synthesising techniques, tools and methods

Adopting one or all of the techniques, tools and methods discussed above does not
guarantee success. The parallel industries have demonstrated in recent years that a
key feature to success is the development of robust systems, procedures and work
practices. The report UK Construction 2010 (Constucting_Excellence, 2005)

identifies modern methods of construction (MMC) and off-site fabrication as

102 A term used by one of the prefabricated housing interview participants from the DDAA
research.

103 Dijscussion regarding differing transportation with Modscape
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being integral to the modernisation of the construction industry in line with
proposals by Egan (Egan, 1998); resulting in “savings worth hundreds of millions
of pounds.......delivered throughout the supply chain” (Constucting_Excellence,
2005).

Both reports however note that other changes in focus are also critical; such as
training and retention of employees, logistics, focus on the customer and quality,
building project team collaboration and forging ongoing relationships within the
supply chain. All of these changes have been widely implemented within the
parallel industries, with significant gains recorded in productivity, quality and
profitability (Egan, 1998, Constucting_Excellence, 2005, Gardiner, 2010).

Figure 71 - Comparison of relationships within the construction and parallel industries.

Figure 72 - Comparison of the relationships within the construction industry sub-sectors
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Figure 73 - Comparison of the relationships within the AEC industry.

One of the many surprising results of the Delivering Digital Architecturein
Australia survey of the construction and parallel industries (Gardiner, 2010) was
the comparative difference in relationships between the construction industry and
the parallel industry. The results from the questionnaire are graphed for three
groupings; the first (Figure 71) illustrates the results for each of the construction
and parallel industries while also including a sub group of construction labelled
AEC™, the second grouping (Figure 72) illustrates the differences between sub-
sector fabricators within the construction industry and the third grouping (Figure

73) compares the relationships of designers, engineers and developers.

Thereisastark contrast between the construction and parallel industries
companies surveyed in the nature of relationships between designers, consultants,
fabricators and clients. Asindicated in (Figure 71) there is a strong similarity
between each of the parallel industries with close ties between each of the groups
(designers, consultants and fabricators); with the client being the only party that is
not either a permanent member of the team, through formalised agreements, or

integration into the company (in-house).

These quotes by engineers, the first from an international aerospace company and the

second from an Australian shipbuilding company, interviewed on the Delivering Digital

104 The acronym AEC generally refersto Architecture, Engineering and Construction, in this case

it refers to Architects, engineers and Developers.
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Architecture in Australia research project indicates some of the motivations for

developing close collaboration between team members;

"The way that we do it works best when you are working with a known supply chain and

when you have got a known level of experience”
and working with in-house teams

“Most design and engineering is done in house, mainly to manage risk. Thisis primarily
due to the need for (-----) to warrant their product. External consultants can rarely
afford to warrant their products’ . By working with companies, teams and individuals

that are familiar with the design/fabrication/installation procedures’

The paraléel industries have devel oped sophisticated ways to work in teams, use
and work with 3D digital design tools collaboratively, increase productivity,
reduce accidents, automate fabrication, increase the quality of their product,
reduce waste and at the same time constantly improve their products (Gardiner,
2010). The systems, practices and methodologies of these industries are the most
important aspect of what they do. We, the construction industry, shouldn’t be
copying what they do, but instead learning from how they do it.

“We have repeatedly heard the claim that construction is different from
manufacturing because every product is unique. We do not agree. Not only are
many buildings such as houses, essentially repeat products which can be
continually improved but, more importantly, the process of construction isitself
repeated in its essential s from project to project...research suggests that up to
80% of inputsinto buildings are repeated...The parallel is not with building cars
on the production line: it is designing and planning the production of a new car
model.” (Egan, 1998)
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4. Project Case Studiesintroduction — Exploring the
Design Territory of Construction 3D printing

This chapter presents three case studies, which vary dramatically through scales
from a 24-storey tower, to an individual villaand an artificial reef. The projects
also differ significantly between project types, which include speculative design
investigations to client specific detailed design and prototyping. These projects
are among the first architectural explorations of design for Construction 3D
printing, and are intended to fill an identified gap in construction 3D printing
applications research. The case study projects have been used here to both tease
out potentials and limitations of specific construction 3D printing and begin to

map out the emerging territory of design for construction 3D printing.

Thefirst of the projects presented here, Freefab, emerged from my fina year
architectural studio project in 2004. The second, Villa Roccia, from a commission
from D-Shape for a house in Sardinia and the third, (in)human habitat, from seed
funding for design research. Each of the projects has grappled with quite different
problems at varying scales: from the design of a multistorey construction system,
to developing prefabricated panel detailing strategies and creation of
topographically diverse artificial reefs. From humble beginnings as a student
project this research has transformed to become the key focus of my architecture
studio.

As presented in chapter (3.2.3) there are few precedents within the emerging field
of construction 3D printing and even fewer examples of architectural detail at
medium and fine levels for construction 3D printing. Exploration in the form of
application research and/or architectural practice of these course and fine levels of
detall isan essential step to create example for analysis. Critical understanding of
the potentials and limitations of construction 3D printing (also discussed in
chapter 3.2.3) has been possible through analysis of the case studies created as

part of this ongoing research.
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Slightly different methods, comprising of a combination of digital tools, off-site
fabrication methods, design strategies and construction 3D printing techniques,
have been conceived and applied for each of the case study projects. Novel
methods based on theories and design strategies have been developed through the
method of conception, which is an outcome of other methods used within this
program of study including; extensive background literature review, field research
involving qualitative and quantitative analysis, ongoing embedded practice and
action research. Analysisis presented within this chapter of both the case study
projects as well as the methods used to create them, from this analysis potentials
and limitations have been identified, which will further our understanding of the

emerging field of construction 3D printing.

4.1. Freefab Tower — Project Case Study 1

4.1.1. Freefab Project Introduction

This project was developed prior to the commencement of my PhD, for the final
design studio of my bachelor of architecture degree at UTS. It isimportant to
discuss this project as a case study because it is the earliest architectural project
conceived for construction 3D printing, as well as being the first of a series of my
projects focussed on the possible design and construction implications of

Construction 3D printing.

This research project was conceived from two distinct projects. The first was the
writing of a dissertation (on a selected topic of investigation) and the devel opment
of an architecture design brief. Thisfirst project was completed during the first
semester of 2004 and supervised by the head of Architecture Xing Ruan. The
second project was the design of a project, based on the dissertation research and
architecture design brief. This project was completed in the second semester of

the same year and supervised by Sydney architect Philip Thallis.

Within the UTS design studios, we were as individual s free to develop our own
brief for acomplex building and select a suitable site for the project. The brief
that | developed for the project was for amulti unit high-rise residential building
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to redevelop an industrial site on Sydney harbour adjacent to the ANZAC bridge.
The aim of my project was to attempt to unlock the potential of off-site
fabrication by developing a construction methodology for the fabrication
technique Contour Crafting™; the first of the Construction 3D printing techniques
developed (discussed in chapter 3.1.5).

The project, in my case, was used to develop and demonstrate this methodol ogy
for building with the contour crafting technique, within adesign brief for a
complex apartment building on afairly tight site in Sydney. Thiswas an unusua
project trajectory compared with the other projects undertaken by studentsin my
year. All of the other projects of my peers focused on researching a building
typology and then designing a building of that typology on agiven site. The
outcome of the project was the development of novel construction system; the
apartment building was used to demonstrate this system and was exhibited at the
2004 UTS Architecture graduate exhibition EXIT (refer to Appendix A -

exhibition catalogue extract).

The project described below represents aworld first architectural effort to design
abuilding for Construction 3D printing techniques'®. The project is also the first
endeavour to develop a methodology for the combination of Construction 3D
printing with off-site fabrication. The work discussed here represents the first of a
string of projects that aim to develop the basis for future application of

Construction 3D printing within the construction industry.

Five major aspects of the project are discussed below, based on literature review
that was conducted prior to the commencement of this PhD. These aspects include
off-site fabrication, fabrication with construction 3D printing, design and digital
design tools. Although the current research has been conducted in amore

scholarly manner (i.e. focusing to a greater extent on works such as journal

105 Djagrammatic axonometric images and animations illustrating the contour crafting construction
technique for a generic two storey building were available on the contour crafting website in 2004,

these images were neither architectural in conception, scope or detail (refer image Figure 13 a).
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articles, conference papers and edited books), the basis of the preceding research
on which this project was based has been found through this PhD research,

focused on the same topics, to be largely sound.

The order in which the headings for this case study project are discussed hereis
the opposite to the way many projects are usually discussed, this follows the order
in which the building was largely conceived (although there is always
considerable concurrent consideration of factorsin my architectural design
process). Thus this order works well to discuss the project, because it reflects the

trgectory of development of thinking behind the project.

4.1.2. Off-Site Fabrication and Metabolist Theory

Off-site fabrication was taken as a starting point for the Freefab project as the
project was underpinned by the fundamental question “how can design and
construction improve” (as discussed in the methodology chapter) and the focus on
off-site fabrication as one of the practices that were identified as key to realising

these improvements.

When considering my approach for the off-site fabrication for this project |
looked to precedents and the theories of ‘ metabolism’ for inspiration, due to the
Metabolist movements' relevance to the issues that | was considering: off-site
fabrication, construction sustainability and design to accommodate change. | had
been first exposed to the work of the influential Japanese architects Kenzo Tange
and Kisho Kurokawa, who had produced for me the most inspiring Metabolist
works, during research for previous projects. Although | was drawn to the
Metabolist work and theories by the apparent similarities to the work and theories
of Archigram and the work of Foster and Rogers, no formal influence has been
identified (Frampton, 1997, Lin, 2010).

| was seeking to create more than just a building, | was looking to create a system
for building, to try to unlock potential in off-site fabrication and perhaps create a
new building typology. Therefore | wanted to develop this project from firm
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foundations. One of the main theories espoused by Kurokawa that appealed to me

is contained in these words;

“A work of architecture should not be frozen once it is completed but should be
apprehended instead as a thing — or a process — that evolves from the past to the

present and from present to future” (Kurokawa, 1992) p10.

The metabolist movement sought to create ‘symbiosis' between ‘man’ and
‘technology’, which is said to be in contrast with western philosophy which
instead sees humanity and technology as opposing forces a‘dualism’ (Kurokawa,
1992). By harnessing technology to create an organic entity the effect of this
edifice on its environment and man would also change, enabling change through
the design of adynamic building system, enabling the dynamism of responsive
change within man and reducing the buildings effect on the environment through

constant change and recycling.

Figure 74 — Nagakin Capsule Tower in Ginza by Kisho Kurokawa 1970. Y amanshi Press building 1967 in Kofu by Kenzo
Tange. Photos James Gardiner 2006

The Metabolists had been keen to adopt off-site construction methods (Figure 74),
seeing this method as aligned with the theory that they were implementing:

“during the 1960s and early 1970s ar chitects of the metabolist movement
embraced prefabrication through their espousal of manufactured elements that
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could be organically inserted and replaced within various supertructures’
(Bergdoll et al., 2008) p34.

The approach to architecture and the way buildings should be designed for off-site

construction is described by Kurokawa

“Architecture is a conglomeration of units which can be freely rearranged to
change the expressive quality of the work. Two principles are at work here: that
architecture has the capability of changing and regenerating in response to the
future, and that architectural forms can be modified depending upon the way
gpaceisused.” (Kurokawa, 1992) p1l

Figure 75 - Kisho Kurokawa Box-type mass-produced apartments project 1962. Image source — Kurokawa, 1992
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Figure 76 - Diagram of basic strategies for locating free modules within a superstructure. James Gardiner 2004

Based on this background review of Metabolist theories the following concepts
were relevant for the Freefab project including ‘ Symbiosis’ between ‘man’ and
‘technology’ (by harnessing the benefits of digital design tools, industrialised off-
site methods while accommodating change in society and by man), integration of
sustainability (through recyclability and transformative adaptation and reuse) and
inspiration from novel design strategies of the metabolist projects such as the
Nagakin Capsule Tower (refer image Figure 74 @), the Box-type mass produced
apartments, (Y atsuka and Y oshimatsu, 1999) (refer image Figure 75) that
demonstrated methods for implementation of the theory (Kurokawa, 1992).

Although the adoption of strategies such as: off-site construction, adaptive reuse
of buildings, design for disassembly and recycling strategies are not on face value
particularly different to the way that buildings are conceived and changed in the
west: considering a project with these theories as the primary drivers of the

project and design does shift the architectural design value hierarchy significantly.

The Freefab project was designed as an open system to allow for large-scale
change within the building, while also being highly recyclable. These strategies
were to be achieved by designing the building with a clear division between
superstructure and the apartment modules, which would enable the removal or
rearrangement of whole or part of the apartments within the structure. The Box-

type mass produced apartments project from 1962 (Y atsuka and Y oshimatsu,
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1999) were used as a precedent for the method of separation of structure from

module.

To create a highly modifiable and recyclable building, which could respond to
change easily, the project both used modules and created these modules, as much
as possible, with one material: a hybrid concrete. This method of construction was
considered possible through the use of a hypothetical modified Contour Crafting
technique™™ (refer image Figure 14 & Figure 77a). Although the Contour Crafting
technique is yet to demonstrate such capabilities, it was hypothesised that with
refinement of the deposition nozzle and material deposition capabilities, most of
the materials associated with construction of atypical apartment could be replaced
by asingle material, deposited precisely using Construction 3D printing

techniques.

Figure 77 — (a) Sketch perspective of modified Contour Crafting technique adapted to jointed arm industrial robot and
production line. (b) Detail of same image. Showing integral wall cavities, articulated windows and shading, conduits for

wiring and structure. Image James Gardiner 2004

Thistheory of using asingle material to replace the plethora of materials used in

conventional construction has since also been posited by researchers at

1% The hypothetical modified contour crafting technique, utilized ajointed arm industrial robot
within afactory based production line, instead of an on-site gantry system for controlling

deposition
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L oughborough University first in theory (Buswell et al., 2005, Soar, 2006b) and

more recently in scale prototypes (Corke, 2010).

The design postulated that it would be possible to create the following attributes
in the modules using the Contour Crafting™ and a single material: the creation of
window reveals, sun shading, acoustic treatments, wall textures, air vents,
insulation properties, structural dowel rebates, post-tensioned reinforcement
conduits (refer image Figure 77 b). Thisreduction in materias, through the
incorporation of al of the above-listed characteristics, significantly ssmplifies the
fabrication and construction process, as well as the possibility of recycling
components. Within contemporary construction methods the build-up of asimple
wall uses alarge number of different materials (Buswell et al., 2005), whichin
many cases are fixed with adhesives. These adhesives are difficult to remove and
make separation of materials difficult (Dolan et al., 1999). Reducing the number
of materials used reduces the need for sorting of materials and reducing the
number of adhesives required for fixing materials together reduces contamination

of materialsin the case of any future recycling process.

Once the approach of separating the structure and the apartments had been
adopted, focus could turn to developing a strategy for prefabrication of the
apartments. One important prerequisite in the selection of the prefabrication
method was that the apartments should be both freestanding (i.e. they do not rely
on the superstructure for their structural stability, as they should be
reconfigurable) and take advantage as much as possible of off-site fabrication and
fit-out. To fulfil these requirements modular construction was required, although
it was realised that structural stability could be achieved through a combination of
structurally stable modules and panels that span between these modules. This
method had the benefit of increasing transportation efficiency (refer chapter
3.5.3), while also enabling the structural stability and re-configurability required.

As noted above, a combination of modules and panels were used in this project,

this strategy was based on the following considerations:
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Modules allow for a maximum fit-out of complex spaces (such as service
spaces, bathrooms, kitchens, laundries, staircases) to occur off-site within
modules. This off-site production enables improved workflow between
trades, working on multiple modules simultaneously within afactory
environment, by specialised fit-out teams working on multiple modules
simultaneously within a factory environment, and improved quality
control supervision. Finished modules can be transported to site, reducing
the on-site fit-out duration.

Modules are useful for creating structure for the freestanding apartments
Conversely modules are not particularly efficient for transportation
purposes (often referred to as ‘ shipping air’) due to the fact that thereisair
space within the modules that is difficult to fill if the whole project is
modular.

Panels can span between modules (referred to in this project as shells) to
create ssimpler spaces, such as bedrooms, living spaces and to assist in the
creation of double height spaces.

False floor panels can aso used to allow for easy access and re-
configurability of electrical and other services

Panels can be used to increase shipping efficiency.

The reasons stated above for the use of a combination of modules and panels align
with distinctions made by Gibb (Gibb, 1999d) regarding the benefits and

limitations of panels and modules, athough this conclusions were drawn from

project literature review (Gardiner, 2004a).
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Figure 78 - Richard Rogers - Zip-up Enclosure. Image source -

http://www.arcspace.com/books/Richard_Rogers/rodgers_book.html Access date 14" August 2011.

The division of modules into monocoque shells (and panels) was influenced by
the architect Richard Rogers ‘ Zip-Up Enclosure’ competition entries from 1968-
71 (Powell, 1999) refer image (Figure 78). This project stood out, from other
prefabricated building precedents, for its systematic ability to create continuous
internal spaces and the implementation of a single skin, which formed both
structure and enclosure. The ‘ Zip-Up’ building concept is described as influenced
by ‘monocoque’ construction in the aerospace industry, as the building was
fabricated as separate stressed skin floor, wall and roof panels which were
“attached on site to create a structural ring 3 feet wide and 30 feet in length”
(Bergdoll et al., 2008) p148. Both the concepts of monocogue and slicing of
spaces have become key components in the Freefab Shell system, despite being
quite differently applied in terms of materials and method, to the * Zip-Up’ project.

Many modular prefabricated buildings typically have constrained rooms sizes
based on either shipping container dimensions or maximum transportable sizes,
set by shipping container dimensions and local transportation regulators
(Gardiner, 2010). In asmall proportion of cases, off-site construction companies
opt instead to split rooms into two or more sections (Gardiner, 2010)*" to

minimise the effects of these transportation constraints. The Freefab project

Y97 The term * double wide' is used in the USA to refer to modules that split roomsin two for

transportation purposes.
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instead adopts the strategy employed on the * Zip-up Enclosure’, but takes this
technique further by splitting spaces up into multiple slices, like aloaf or bread,
(refer image Figure 79), which will be referred to as ‘shells' in this chapter.

Figure 79 — (a) Concept sketch of sliced prefabricated modular shells. (b) Fine clay models of modules, which were used to
demonstrate how different module types could be configured together to create a range of dynamic spaces. Images James
Gardiner 2004

The primary dimensions considered for the module shells were those of the
standardised | SO “high cube” shipping container (World_Shipping_Council,
2011). A secondary set of legal transportation dimensions were considered for
larger elements that could not be divided into smaller modules (RTA, 2008).

Figure 80 - CAD model of double height assembly, early test model created in Revit™. Image James Gardiner 2004
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The image (Figure 80) shows how a combination of shell monocoque slices and
panels combine to create a structurally robust double height room. The light grey

lines generally refer to joints between shells and panels.

The construction process proceeds as follows. once the apartment shells have
been transported to site by truck, the apartments or large subassemblies of the
apartments are assembled at ground level and lifted into place onto the structural
frame by crane. This assembly process is depicted in image (Figure 81), assembly
is assisted through the use of large level platforms with embedded rollersto allow
the shell modules to be manoeuvred into position by hand, reducing the need for
crane assistance at this stage. The shells are designed to be mechanically fixed
together with dowels and post-tensioned reinforcement. Services running between

shell modules and panels through the false floors are connected at this stage.

Figure 81 - Freefab — Assembly of shellsinto apartments James Gardiner UTS 2004
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This methodology allows for as much of the labour to be completed off-site as

possible, with the assembly stage consisting of four main activities (refer image
Figure 82):

Unloading and temporary storage of shell modules and panels
Assembly of apartments or sections of apartments at ground level
Lifting of the apartments into place onto the superstructure
Commissioning, connection of services into the superstructure, defects

inspection and rectification.

Figure 82 - Freefab Apartment Building under construction. James Gardiner 2004
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This methodology keeps labour firstly focussed into specific work areas and
secondly focused predominantly at ground level through the majority of the
fabrication and assembly phases. This focusing of labour activities within safe
environments is used widely already within the precast and off-site fabrication
industry worldwide and is considered within the construction industry to increase
labour efficiency and worker safety. (Gibb and Isack, 2003, Blismas and
Wakefield, 2009).

4.1.3. Fabrication

The Freefab construction system is designed around a core Construction 3D
Printing fabrication capability, utilizing a modified Contour Crafting technique
(refer image Figure 83). The hypothetical modification of the Contour crafting
technique was largely to allow for standard (Kuka™ type) Jointed Arm Industria
Robots to be used instead of the proposed gantry system and to locate these robots

within afactory environment on a production line.

Figure 83 — Freefab shell production using a modified Contour Crafting system on a production line. James Gardiner UTS
2004
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The Jointed Arm Robot has a proven capability to undertake awide variety of
tasks, the accurate deposition of cementitious material (as per Contour Crafting™
technique) was considered, by me based on its capability to perform other tasks
such as milling and polishing to be, well within the capability of the large heavy-
duty jointed arm robots. The main constraint within this context of these robotsis
reach, which could on further reflection be extended if the robot were to be hung
above the work area rather than being placed to one side. Recent adaptation of a
jointed arm industrial robot by Dirk Van Der Kooij in 2009 to fabricate furniture
through the deposition of plastic filament (refer to image Figure 32 a) has
confirmed this capability.

At the time of the development of this project in 2004, the contour crafting
deposition process was considered be but one of a number of operations required
to complete a Freefab modular shell or panel. It was therefore proposed that these
robots could be arranged in stations on a production line within a factory
environment, backup robots could kept in reserve and be swapped if one required
unscheduled maintenance or broke down. The benefit of using such robotsis that
they can be fitted with any number of tools and programmed to perform awide
variety of tasks. Stations and operations that were considered potentially
necessary to complete the panels and modules were the following: material
deposition™®, curing, CNC milling and finishing, spray-painting or sealing'®,
wiring and services, fit-out and lifting. The following tasks, material deposition,
CNC milling and finishing, spray-painting or sealing; could be completed by the

jointed arm robots.

The location of the modified contour crafting technique™ within afactory

environment was considered important for anumber of reasons. Off-site

198 | h this case Contour Crafting

109 Refer image (Figure 83) the second robot on the line is illustrated as fitted for spray painting.
10 Francois Roche published the project ‘I’ ve heard about’ in 2006 postul ating a technique
apparently loosely based on the contour crafting technique that used enormous serpentine robotic

armsto organi c towers.
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fabrication was the preferred construction method for this project. The level of
control of the atmospheric conditions during deposition and curing is considered
by me to be of vital importance to the control of the deposition and curing
processes. None of the three construction 3D printing machines have to date
demonstrated a capability for fabrication in outdoor environments™, it may take
years of research and scientific observation to fully understand all of the variables
related to particular construction 3D printing fabrication and curing. Before such
research is completed, in the interim, control of such variables will be more easily
achieved within afactory environment. Material certification and quality control
will likely become an important factor as construction 3D printing develops, these

requirements can be easily fulfilled within afactory environment.

Deposition of material using the modified contour crafting technique would rely

on four main factors;

- Highly accurate deposition of material, which would bond together
horizontally and vertically (to the layer beneath).

- Theability to stop and start deposition (to form openings, rebates and
conduits) with control of the finished surface of the stopped and started
surfaces.

- The capability to vary the geometry three dimensionally as the shell or
panel is developed. Rather than just extruding the base profile to create
2.5D geometry.

- For the materia to remain dimensionally accurate and be self supporting

from deposition to cured state.

4.1.4. Designing the Freefab Tower project

The cut away section perspective (Figure 84) illustrates the potential of

Construction 3D printing techniques in enhancing the function and design

M Based on literature review of both Contour Crafting and Freeform Construction techniques and

first hand experience with the D-Shape technique.
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potential of buildings elements. ™2 One of the potential benefits with Construction
3D printing of panels or modulesis the potential ability to fabricate weather proof
joints between rectilinear or freeform panels, this robustness of the jointsto
weather reduces reliance on adhesives, which need to be regularly checked for
degradation. Such weatherproof joint profiles are already used within the precast
concrete industry for flat panels. However, from direct experience, such joints
profiles add complexity and cost and are usually forgone with areliance instead
placed on adhesives to perform a weatherproofing function'*. Weatherproof joints
within the precast industry instead rely on gaskets and air seals (C.I.A, 1983),
which are sotted into place during assembly and are usually not exposed to
sunlight prolonging longevity; the Freefab technique also implements the use of
gaskets and air seals.

Within the sketch (Figure 81 & Figure 83) dowels are illustrated as a method of
mechanical attachment between modules and panels, the means of reinforcement
is possible due to the potential capability of Construction 3D printing to fabricate
voids within the fabrication of shells and panels.

12 This image was drawn in 2007 to more clearly illustrate ideas originally developed in the
Freefab design in 2004.

3 This is based on five visits to precast concrete fabrication yards: Girotto 2004, Thiess John
Holland 2006, Skanska 2007 (Sweden), Hansen 2008, Sasso 2008,
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Figure 84 - Perspective showing potential benefits of Construction 3D printing techniques, including integration of passive
thermal, acoustic and solar control. The integration of articulated integrally waterproof joints and the integration of

services. Image by James Gardiner 2007

As stated by Hague in reference to Additive Fabrication; freeform elements would

not necessarily attract an additional cost over rectilinear elements (such aswalls):

“ One of the major benefits of the Additive Manufacturing processesisthat itis
possible to make any complexity of geometry at no extra cost — thisis virtually
unheard (of), asin every conventional manufacturing technique thereis a direct
link to the cost of a component to the complexity of its design. Therefore, for a
given volume of component, it is effectively possible to get the geometry (or
complexity) for “ free” , as the costsincurred for any given Additive
Manufacturing technique are usually determined by the time to build a certain
volume of part that in turn is determined by the orientation that the component is
builtin. “ (Hague et a., 2003)
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Thistheory of ‘geometry for free’ of additive fabrication is applicable for
construction 3D printing of building elements. This enhanced geometrical and
form vocabulary in production, essentially creates a value added scenario, which
allows for awall with complex internal structures, conduits, joints, freeform shape
and external texture to be fabricated for approximately the same cost as a standard
rectilinear wall of similar dimensions and material volume. This extra capacity in
relation to costs enables the possibility to both respond to the seemingly mundane
requirements of abuilding while aso integrating increased expression on the

building fagade and interior.

In the design of the Freefab Tower these opportunities were explored in relation to
purely functional aspects of the design (such as provision of conduit voids refer to
image Figure 81) as well asto functionally expressive elements (such as sun
shading and screening refer to image Figure 81 and Figure 85), in the freeform
superstructure of the tower (refer image Figure 82) and to purely aesthetically
expressive elements such as random raking lines (Figure 83). This cross-braced
freeform superstructure was designed manually. No method of digitally
‘generating’ this structure was used and testing of the viability of the structure
designed was not undertaken project due to alack of knowledge of and accessto
generative software and the availability of resourcesto analyse the structure. The
structure (refer Figure 85) can be considered purely speculative; the use of

generative tools has been pursued much more vigorously in case studies to follow.
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Figure 85 - Freefab Tower east elevation illustrating the freeform superstructure

A realization made during the design of the shell system had significant
implications for the design of the tower. When considering the stacking of the
non-load bearing modules, within the superstructure, it became apparent that
placing modules together was essentially doubling up on materials. Each module

had its own requirement for adequate structure for transportation purposes and it
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was al so intended that each module should be self sufficient for thermal
insulation; given the scenario that the building was designed for change and
reconfiguration. It became apparent that if one placed half of the total number of
modules in a checkerboard pattern, almost an equal quantity of space would be
realized asif all of the modules were placed. When only half of the modules are
placed athough almost as much spaceisrealized, half of this space is unenclosed
(refer image Figure 86).

Figure 86 - 3D Autocad™ model showing checkerboard pattern of apartments.

This checkerboard apartment configuration could be used to advantage. Le
Corbusier had illustrated such ‘ maisonette’ *** apartment configurations in his book

Toward aNew Architecture (Corbusier, 1931), the illustrations show significant

14 My first contact with the term ‘ Maisonnette’ was in 1998 while working on the Sydney
Olympic Village, where two storey maisonnettes were designed into the top floors of the majority

of apartment buildings.
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two storey double height spaces. The meaning of the term * maisonette’ is not lost
here, meaning “ Small House”***. Such large outdoor spaces within apartment
buildings (refer image Figure 87) could transform apartment living, especialy in
Australia where the temperate climate allows significant use of outdoor spaces for
much of the year. In turn thisimproved liveability and amenity in apartment
performance could allow greater densities to be achieved in Australian (and

world) citieswhereit istoday awidely held preferenceto live in a house.

Figure 87 - Freefab Tower double height outdoor space resulting from the apartment checkerboard configuration.

4.1.5. Digital Design tools

The choice of which CAD program to use to document the Freefab Tower was

largely governed at the time by the capability of the CAD program to export the

15 Maisonnette - Google translate: http://transl ate.google.com/#fr|en|maisonnette Access date 17"
February 2011
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completed 3D fileto .STL file format, at the time 2004 unlike in 2011 this

capability was not acommon function.

Amongst the candidate programs tested (Autocad™, Revit™, Archicad™ and
Rhino™) for the project, only Autocad™ was found to export .STL files from the
native program. Third party add-ons and patches were available for a number of
the other programs, though none were found to create repeatable results.
Autocad™ was from the pick of the programs, the least desirable program to use
for this project; due to its limited functionality between producing 2D drawings
from 3D geometry in comparison to Archicad™ and Revit™; and its limitations

both in generating 3D freeform geometry and performing boolean™¢ operations.

Using Autocad™ the tower model was created using solids, created in most cases,
using the extrude or sweep features. The seep feature which used a profile to
‘sweep’ along apath or polyline. Thisfeature, athough effective in creating the
model geometry, was far from state of the art compared with features available at
the time using alternative 3D CAD programs such as Rhino™. The lack of
parametric features within the program at the time also meant that once the solid
had been created from the ‘ capped’ ‘sweep’ little further functionality was
available within the object created.

Figure 88 - Freefab split plan level 11 and 12. Drawing James Gardiner

118 Boolean in this context is the term used by CAD programs to denote additive and subtractive

operations between surfaces and solids.
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Figure 89 - 3D Autocad™ model made from solids

4.1.6. Freefab Tower Conclusion

The Freefab Tower project (refer image Figure 89), although modest in terms of
demonstrating the geometrical potential of Construction 3D printing techniques,
made substantial progress in demonstrating the potential of this emerging
fabrication technique. The project will not be known for itsinnovative use of the
available 3D Digital design tools at the time, although this may be one of the

more complex models made using such methods within Autocad™.

The Freefab project helped to identify significant design and construction
opportunities that Construction 3D printing has the potential to offer in the
coming years; including the reintroduction of the ‘maisonnette’ in asimilar form
to that Le Corbusier originally proposed in 1931, fabrication of single material

complex wall assemblies complete with the creation of window reveals, sun
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shading, acoustic treatments, wall textures, air vents, insulation properties,
structural dowel rebates and post-tensioned reinforcement conduits. The project
also explored the development of unique modules and panels that are designed to
respond to the natural elements and forces as well as the aesthetic leaning of the

designer.

The Freefab system relies heavily on the use of shellsto form the apartment
structure as well asto support infill panels. The shell as a prefabricated moduleis
designed for fit-out off-site, which enable the benefits of off-site modular
construction to be realised. The Shell is adirect response to the contour crafting
technique, which isintegrally inclined to create looped shapes, the benefit of this
loop isin the creation of a monocoque shell which is both structurally robust as
well as materially efficient. The modification of the contour crafting technique
simply consists of the replacement of the Contour Crafting gantry with Jointed
Arm Robots, which have proven efficacy as well as the ability to be swapped
between different factory stations. The preference for fabrication using
Construction 3D printing techniques within afactory environment has been

substantiated and this theme will be further explored as a theme in case study 2.

Transportation is akey consideration for any off-site fabrication system; the
Freefab building system is based directly on the ‘High Cube’ shipping container.
Architecturally proportioned spaces have been demonstrated to be achievable
through the method of slicing rooms, like aloaf of bread, into shells and using

panels to span between them.

A number of significant potentials have been identified through the devel opment

of the Freefab project and can be briefly summarised as the following;

- Development of an integrated off-site modular and panelised construction
system that could significantly increase the automated fabrication of
buildings and components within afactory environment. This could
significantly improve the capability of off-site construction through the

integration of unlimited geometric freedom without substantial increase in
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cost, increased automation of the fabrication process and delivery of

greater precision through automation based on digital design files.

The creation of new building typologies based on precedentssuch asLe
Corbusier’s Maisonette. Through critical evaluation of the inherent
potential within the construction 3D printing fabrication process and the
use of off-site construction new building forms can emerge such asthe

‘checker board’ building typology developed with the Freefab tower.

The fabrication of monocoqgue shells and panels to form building elements
that could significantly simplify the construction/fabrication process by
integrating building skin with structure while integrating a wide array of
functional requirements (such as ventilation, sun shading, structure,
acoustic dampening, fire rating, accommodation of services through the
provision of integrated conduits, thermal insulation) all using asingle
material and taking advantage the capability to achieve this with freeform
geometry.

The identification of articulated arm robots as the device used for
deposition of material. This could have the benefit of allowing for greater
flexibility in the fabrication process through the leveraging of the 4™ and
5" axis during deposition of material and allow greater flexibility to swap
out robots for maintenance or repair and the use of the same robots to

fulfil other functions such as surface milling, finishing and spray painting.

The Freefab Tower project isimportant as the first project to explore the design

and construction implications of Construction 3D printing, as well asthe

opportunities for combining construction 3D printing technique with off-site

fabrication. These themes have been explored in detail and have created a

platform for further detailed research presented in case studies 2 and 3.

The project culminated in the development of a construction system, rather than

just a hypothetical tower asits outcome. The original principles and focus areas

are still proving, with current professional projects, to be as valid as when they
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were conceived in 2004. The following case study develops the Freefab system
into a system for housing and some of the strategies developed here have been

tested as physical prototypes.
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5. Villa Roccia Project — Project Case Study 2

5.1. Villa Roccia Project

This project commenced in 2009 with the sketch design of the Villa. Theinitial
design was conceived over athree-week period, after Enrico Dini mentioned the
VillaRoccia project to the London Financial Times and they requested images for
their article on D-Shape. The design was at that point a series of ideas and
sketches that were then developed in haste to meet the newspapers deadline. The
client Alberto Farci approved the sketch design of the Villa, on its second
iteration, prior to images being forwarded to the newspaper for publication.
Unfortunately the images were not published, however the upside was that | had a
great project.

Figure 90 - Panorama of the Villa Roccia site near Porto Rotondo, Sardinia

The site for the Villa Rocciais|located near Porto Rotondo in Sardiniain an
astonishing landscape of eroded granite rock formations and sweeping views of
mountains and the Mediterranean Sea (refer image Figure 90). The brief for the
villa, athough quite vague, requested a design that responded to the natural
environment of the locality of Porto Rotondo and specifically to the rock
formations of the area. These rock formations are a significant and celebrated
feature of the local environment: which islocated on the Costa Smeralda coastline
in the North East of Sardinia, Italy.

This project borrowed heavily from the Freefab project and then moved beyond
this project as the requirements of the villa were addressed. Some of the key
concepts developed for the Freefab project, such as the use of prefabrication for

the fabrication of components, were found to be indispensible due to limitations
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of the D-Shape™ technique. While other concepts needed to be adapted and
substantially changed as critical analysis of constructability and design for
manufacture took place whilst the project progressed through into the prototyping
phase. The project type differed substantially from the Freefab project that
preceded it, a house rather than an apartment building, and hence the concepts for
the villaevolved to take a very different form while still sharing in the

accumulated knowledge of the Freefab project.

5.1.1. Design of the Villa Roccia Proj ect

The VillaRoccia project is the culmination of the Alberto Farci’s brief for arock
inspired building and my long-term interest in rock formations as a precedent for
anew architectural language. Architect Marco Cerina, who is the Brother in-law
of Enrico Dini, had brought the client to D-Shape seeking an extraordinary project
that could do this site justice and had proposed his own designs at an earlier date.
Marco Cerina has acted as the intermediary in the project especially in resolving
the network of planning approvals required in Sardinia at the local and state level.
Enrico and | first discussed this project in May 2009 at a conference in Chicago,
after | had shown him a series of photographs of rock formations and discussed
the potential of emulating such formations in buildings with the D-Shape

machine.

Figure 91 (a) House built into a boulder in the hills near Nuoro in Sardinia. Image source -
http://www.cyclel ogicpress.com/S/rocksymbiosis.html (b) Domus de Janain Sedini, Sardinia
http://www.stockphotos.it/image.php?img_id=12990168& img_type=1 Access date both images 15" August 2011
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In Sardiniathereis along tradition of building houses around and into rocks (refer
image Figure 91 a & b) and houses that mimic rock forms. While visiting the
client in his hometown in Nuoro | was taken on a sight seeing trip where we
stumbled upon this house (refer image Figure 91 a). Luckily the owner was home
and we were able to have a quick tour. The house was just one long room with a
low ceiling (of natural rock) that had been created by inserting the white wall

under the boulder across a natural cavern under the boulder.

A number of contemporary and 20" century architects that have designed rock
and landscape inspired houses in Sardiniaincluding: Giani Gamondi, Jacques
Couelle, Savin Couelle, Gerard Bethoux (Bianchi, 1999). The most interesting
design is Jacques Couell€' s own house situated located on Monte Mannu on the

Costa Smeralda (refer image Figure 92).

Figure 92 — Jacque Couelle house on Monte Mannu, Sardinia. Image source - http://portocervo.exblog.jp/13753198/ Image
accessed 14" August 2011

While not clearly resembling arock, the forms of this house are certainly a

response to the language of rock formationsin the Costa Smeralda area (refer
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image Figure 92): with similarities to the random holes (like tafoni), which are
expressed here as windows, overhangs and lips that form cave like openings and
the undulation of the forms which mimic the randomly shaped and eroded rock

formations of the area.

The “specificity of the architecture Couélle isitsrelationship to nature: its houses
fit perfectly into their natural environment because they borrow their forms.”
(Hendel, 2011)

This building from reference to the photo (refer image Figure 93 a) was fabricated
entirely by hand. Firstly a steel mesh structure was created providing a building

profile, onto which concrete or cement was applied.

Figure 93 (a) Jacque Couelle house under construction. Image source - http://labyrinthe.revues.org/index1360.html

(b) Interior view of Jacque Couelle house http://utopies.skynetbl ogs.be/archive/2009/02/12/jacques-couelle.ntml Images
accessed 14" August 2011

The architecture of Couell€’ s son ismore literal in its creation of rock houses with
the liberal use of stone while using a similar language to that of hisfather as
described above. The interiors of his houses have a more restrained and refined

language but again show his fathers influence (refer images Figure 94 a & b).
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Figure 94 — (a) House by Savin Couelle. Image source (b) Image source -
http://www.couelle.com/gallery.php?insFile=1& next=2

Thiswork has obvious visual similarities to the earlier work of Antonio Guadi in
the CasaMila 1910 (Figure 95 b) and Fredrick Kiedler’s Endless House (refer
image Figure 95 a) 1952 (Y oon, 2004) athough each of the projects by Guadi and
Kieder had quite different motivations and principles for the generation of form
(Burry, 2007, Y oon, 2004) they can all be said to represent “ Fantasticism” (Burry,
2007) p7 (Dezeuze, 2003) in architecture through their adoption and inspiration
from natural forms. This movement and approach was at odds with the ideology

of the 20" century modernist movement.

Figure 95 (&) Kiesler creating alarge-scale mockup with mesh and plaster of the Endless House. Image source -
http://www.shootyourstudio.com/?p=240 Access dates 15" August 2011 (b) The Casa Mila by Antonio Guadi 1910
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Figure 96 — Photo of the model and a dplan of the Endless house by Fredrick Kiesler. Image source -
http://archiveofaffinities.tumblr.com/post/2632459841/frederick-kiesl er-the-endl ess-house-1960

The VillaRoccia project continues the tradition of rock housesin Sardinia,
although the design is more aligned itself to the design practices of Gaudi:
through seeking to understand and respond to the forces operating on the building,
development of a system of design, designing to enable production (and keeping
aspirations intact), working with the people that are charged with fabrication of
building elements, while also attempting to synthesise a relationship between
man, technology and nature (Burry, 2007).

This VillaRoccia project discussed and analysed here is the first house
commission for a project using Construction 3D printing techniques. This case
study explores three distinct stages of building design and prototyping: first the
design of the Villa, second the design and fabrication of a prototype column and

third the design of a building assembly.

5.1.2. Aspirations

The principal aspiration for the Villa Roccia project was to create a responsive
architecture that could take advantage of the opportunities inherent in the D-Shape
Construction 3D printing technique. The goal of this approach was to create a
highly responsive digital design that could find a digitally defined best fit solution
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to arange of inputs such as structural load, thermal comfort requirements, sun-

shading, water shedding, material minimisation, acoustic treatment, erosion etc.

Efforts to devel op projects using multi-criteria optimisation and parametric design
have recently been demonstrated by Holzer et al. using avariety of software and
customised tools. Thiswas amajor focus area of his PhD research while
embedded with Arup Sydney and Melbourne. (Holzer et a., 2007, Holzer, 2009,
Holzer et a., 2011)

The aim for striving toward multi-criteria optimisation and parameter driven

flexible design iswell summarised by the following statement:

Performance oriented design aims to make “form and function less of a dualism
and more of a synergy that aspiresto integral design solutions and an alternative
model for sustainability” (Menges and Hensel, 2008) p7

Unfortunately the resources and skills were not available for the envisioned multi-
criteria‘optimisation’, during its various stages the projects were barely able to
achieve single input optimisation, despite my best efforts. Y et in spite of this
inability to demonstrate multi-criteria optimisation much has been achieved and
demonstrated, in relation to development of design strategies for construction 3D
printing, testing and development of strategies for the use a suite of digital tools,
testing and prototyping and developing a synthesis between the aspirations of man
(the client), technology (D-shape, digital tools) and nature (the natural

environment and design aspirations).

Many of theideas that | have tested in this project are further refinements of ideas
and strategies that | first developed and applied to the Freefab project (case study
1). The scope and extent of this project has provided arich testing ground for this
developing the original concept.

5.1.3. Rocks and the Development of a Design L anguage

Asdiscussed, in the introduction, this project represents a fortuitous combination

of interests, the client’ s brief seeking a harmonious combination of landscape and
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building, the site with its breathtakingly beautiful landscape and my love of rock
the particular type of rock formations found on the site and a deep interest in

finding expression of thisin architecture.

Figure 97 — Selected rock photographs from the East Coast of Australia. Photos James Gardiner

| have been actively photographing rock formations since 2002 (Figure 97) and
personally find some rock formations to be more aesthetically inspiring than many
of the renowned buildings that | have visited around the world. My sensibilities as
an architect however remain strangely aligned with certain modernist principles,
for truth and transparency in the expression of buildings, through which
‘ornament’ could often be justified. Modernist ‘ ornament’ was most often
achieved by revealing structure, means of construction, services and materials
(Moussavi and Kubo, 2006). In addition to this modernist leaning, | have a
distinct interest toward enriching this architectural expression through

engagement of ‘ performance oriented design’ (refer definition of terms 1.5).

Figure 98 — Rocks on the Villa Roccia site. Photos James Gardiner

Analysis of rock formations in the Porto Rotondo area (refer image Figure 98)
was hecessary, for me, to develop an understanding of the erosion typologies
present in the area. This understanding informed both the development of the

initial architectural language developed for the design of the Villa Rocciaand for
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the design of the rock erosion simulation for the project. The terminology used for
topographic rock features varies widely according to author and discipline,
although some commonly used geological terms for erosion features include pit,
groove, flute, sill, fin and cavern (Bridges et a., 2004, Turkington and Paradise,
2005). All of these features have been identified in the Porto Rotondo area. The
term commonly used for eroded rocksis ‘ventifact’ (Turkington and Paradise,
2005). Sub-classifications also exist: clusters of pits and or caverns are called
Tafoni. A series of diagrams refer, image (Figure 99), identifies these features and
clusters for the purpose of developing a‘Roccia *" architectural language. The
following terms that comprise my rock feature language borrow both from
architectural language and geological literature including: boulder, seam, cave,

screen, aperture, sill, flute, crease, fin, rib, bump and pit.

Figure 99 - Diagrams of local rock features. Image by James Gardiner 2009

7 Roccia — Italian meaning rock
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The sketch design perspective, refer image (Figure 100), includes most of the
elements described in the rock feature architectural language listed above.
Bouldering is used to refer to the development of the building as a series of
‘boulders’ within the landscape, which define separate spaces within the Villa
Vertical and horizontal ‘seams’ are used to define the construction sub-assemblies
that collectively create the boulders while also creating ‘ apertures’ (windows,
doors and skylights). Caves define deep recesses in the structure, such aslarge
overhangs and openings. ‘ Screens' are used to define collections of apertures,
while using ‘fins' to create shading on the exterior and structural ribs internally.
‘gslls, ‘flutes’ and ‘creases are used to define sharp changesin geometry within
the boulders. Pits, bumps and ribs are surface texture elements are will be applied
for wind attenuation externally, for acoustic purposes internally and other
undefined purposes. The feature listed above form the basis of the architectural

‘Roccia language for the Villa

Figure 100 — Sketch design perspective of the Villa Roccia. Image by James Gardiner

The predominant rock typein this areais granite which has been estimated to
have been formed 300 Million years ago (Ferraraet al., 1978). The erosion of the
granolithic rock formationsin thisregion is well advanced and responsible for the
formation of highly sculptural forms broadly called ‘ ventifacts' . The cause of the
erosion is still being debated in current literature. The most commonly attributed
cause for the creation of these rock formationsin Sardiniais through ‘ salt
weathering’ (Evelpidou et al., Huinink et a., 2004).

“Salts are widely recognized as an important cause of weathering of both rock

formations and historical objects.....\WWhen a rock dries, salts are transported with
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water to spots where water evaporates. Salts crystallize at these spots and
damage the structure of the material.” (Huinink et al., 2004) p1225

Other causes such as Aeolian Erosion may also be responsible for this effect, as
similar formations are found in areas without significant presence of salt minerals
(Bridges et a., 2004, Turkington and Paradise, 2005).

The Aeolian erosion “process invol ves the shearing and turbulent action of near
surface winds that remove regolith (loose rock particles) and poorly cohesive
sediments, forming features such as moats, wind tails and lag deposits’ (Bridges
et al., 2004) p199

There appears to be very little ssimulation of the effect of ‘salt weathering’ or
Aeolian erosion effects, except in anumber of cases where physical wind tunnel
tests have been performed (Bridges et al., 2004, Gill and Shao, 2004). Examples
of digital ssimulation of Aeolian erosion and ‘salt weathering’ have not been
located, athough digitally modelled erosion was modelled in the 1999 film ‘ The
Mummy’ by Stephen Sommers, although this Hollywood simulation is likely to

have been subject to very little scientific rigour.

Thereis clearly an opportunity to ssmulate Aeolian erosion using digital CAD
based simulation methods. Such simulation could assist in the creation of a
response to the local environment and topography, weather effects on the site such
aswind and rain, while accommodating and responding to construction methods,
creation of openings, expression of joints and volumes. Integration of such factors
could be used to create aresponsive design and aesthetically interesting design
response. Preliminary attempts to simulate Aeolian erosion are discussed in

reference to the Villa Assembly later in this chapter.

5.1.4. Bones as a Precedent for Structure

A similar ongoing field of research in my practice, which has been influential in
shaping the design of the Villaisbones. The ‘life’ of bonesisan incredibly

complex and dynamic affair. This study of the bones has revealed the how bones
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function within the body and respond to forces acting on them by constantly

destroying and rebuilding themselves.

“Bone has a varied arrangement of material structures at many length scales
which work in concert to perform diverse mechanical, biological and chemical
functions; such as structural support, protection and storage of healing cells, and
mineral ion homeostasis.” (Rho et al., 1998) p92

Interest for the purposes of this project islimited to the macro-structural ™
properties of bones, including the way that different structural configurations are
used in the interior cavities of bone to create arange of physical and mechanical
properties, the way bones combine (compressive) mineral structures and (tensile)
collagen filaments to create extraordinary strength and how these properties
(including their aesthetic manifestation) can be used within an emerging freeform
construction that is enabled by particular construction 3D printing fabrication

techniques.

The book ‘Job’s body’ (Juhan, 1987) gives a number of remarkable insightsinto

bone and its various functions

“The mineral content and architectural properties of these dried remains are
similar to those of marble. Their solid resistance to compressive forcesis very
impressive indeed, given their relatively light weight: The ends of the thigh bone
will withstand between eighteen hundred and twenty five hundred pounds of

pressure’ (Juhan, 1987)%.

18 Those structures that can be seen with the naked eye.

119 2500 pounds of pressure equals approximately 1100 Kg in Metric
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Figure 101 - Bone specimens revealing internal 'trabeculae’ structure. Photos and specimens by James Gardiner

In strength to weight ratio bones are very efficient, largely due to the combination
of cortical ‘solid structure' with trabecular *lightweight structures’ (Rho et al.,
1998). Such internal structures would be virtually impossible and hugely wasteful
to create using subtractive or formative construction techniques™ (refer images
Figure 101).

The interesting counterpoint to the argument of the inherent strength of dried bone

is eloquently described in the following statement by the same author

“but this remainder (dried bone) isreally only the skeleton of a skeleton: itisa
brittle white substance that has little in common with the remarkable properties of
bone” (Juhan, 1987).

120 Wasteful in terms of: the quantity of formwork required with formative technique or quantity of

material removed with a subtractive technique.
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Figure 102 - Bovine thighbone specimens reveal the transformation of bone structure from joint to shaft, trabeculae
following stress lines agglomerates into dense struts and then disappears into the bone walls. Photo and bone specimens by
James Gardiner

Living bone has in addition to this mineral structure the reinforcement of
connective collagen fibrils, largely arranged along the tension stress lines that the
bone is subject to. The collagen fibrils within living bone add a high level of
tensile strength to a structure that performs very well in compression (Juhan,

1987). In thisway bones can be seen as an excellent inspiration for the design and

responsive potential of Construction 3D printing techniques.

“From the engineers point of view (the dried bone) it is a diagram showing all the
compression lines, but by no means all the tension lines of the construction: it
shows all the struts but few of the ties” and goes further to say of live bone * but
in life that fabric of strutsis surrounded and interwoven with a complicated

system of ties’ (Thompson and Bonner, 1961)

The medical profession currently uses scaffolds to assist in the replacement of
sections of bone damaged on the battlefield from the Irag and Afghanistan
conflicts (Meredith, 2009). 3D printed porous ceramic scaffolds designed
specificaly to fit the patient are currently being tested (3D_Creation_Lab, 2011).
The benefit of such implantsis both in the speed in which the scaffold can be
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fabricated, based on patient 3D scan data of the effected area, but also in the
ability to create a geometrically exact replacement of the bone lost.

The D-Shape technique has a proven capability to create highly complex
geometries at construction scale (refer to image Figure 22), the possibility of
creating structures with similar strength to weight ratios to bone is also potentially

possible.

Just as within bone, it is possible to include tensile materials within construction
3D printing structures that follow stress paths acting on the building, in the form
of post-tension steel cable reinforcement. Construction 3D printing techniques,
especially D-Shape™, can fabricate the internal conduits within fabricated
structures, which can accommodate these tensile materials. It is envisaged that an
optimised building compressive structure, could follow the model of bones with
trabecul ae following and cross bracing along stress lines. Tensile cables could be

incorporated to act in asimilar way to collagen fibres within bone.
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Figure 103 - Section of a cow thighbone sculpted to represent possible construction shells for the Villa Roccia. Photo and
sculpted bone specimen by James Gardiner

In the case of the Villa Roccia construction a new factor needed to be considered.
Dueto fabrication size restrictions at D-Shape™, the monocoque shell off-site
fabrication method devel oped for the Freefab project could only be used in special
circumstances where a high degree of rigidity was required. Therefore the
magjority of the assembly had to be designed for panelisation rather than amix of
modular and panelised construction. The stiffening of joined panels therefore
becomes of increased importance, without the stiffening attributes of the
monocoque shells. Dowels could be used, as they were proposed for the Freefab
project, to bridge panel jointslocally. Additional stiffness through compression

would be achieved through the use of post-tensioned reinforcement, working in a
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similar way to the way collagen fibres span from bones into ligaments and then
the collagen from the ligament spans into the next bone, ensuring a continuous
thread of fibres holding the structure together (Juhan, 1987) (refer image Figure
104). The provision of dowel sleaves, as designed for the Freefab project, and
post tension reinforcement conduits would be integrated into the digital design of

the panels and fabricated directly using the D-Shape™ technique.

Figure 104 — Early design sketch for the breakdown of a column mortise and tenon jointed sections, with dowel and post-
tension reinforcement. Image by James Gardiner.

Although we can begin to emulate some of the responsive functions of bones, it
will be along time before we can create truly responsive buildings that can
change as loads and stresses change. Bones have the ability to continually erode

and/or build themselves in response to the stresses to which they are subject,
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through the function of Osteoclasts and Osteoblasts. Such possibilities for aliving
architecture that could respond actively to change of use and forces acting on the

building would be truly revolutionary within the built environment.

Figure 105 - Cutaway Section perspective of the Villa Roccia. Image by James Gardiner

5.1.5. Developing Strategies for Off-site fabrication

The design for the Villawas conceived under the premise that the building would
be fabricated off-site, this prerequisite from D-Shape™ followed my own
inclinations as a specialist in the field of off-site fabrication and construction 3D
printing. D-Shape™ had experienced difficulties in the past, with in-the-field

fabrication due requirements for curing and machine operational efficiency*.

The design of elements at the outset followed a similar the methodology
developed for the Freefab Tower (chapter 4.1), with the predominant use of
panels rather than ‘shells’ as discussed above. Changes began to creep in as
information about D-Shapes fabrication constraints and requirements was worked
through. The sectional perspective drawings (Figure 105 and Figure 106),
illustrate the preliminary methodol ogies developed to deal with the requirement
for modularisation and reinforcement. The response to these requirementsis based

on extensive international research of off-site fabrication within the construction

121 Bases on discussions with Enrico Dini throughout 2009.
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and parallel industries (discussed in the preceding 3.5) and with broad discussions
with Enrico Dini of D-Shape.

Figure 106 — Early Villa Roccia construction assembly cutaway section, showing monocogue shells rather than panels.
Sketch by James Gardiner

The longitudinal section drawing through the Villa (Figure 105), illustrates a
series of major sub-assemblies, the exoskeleton of the building. The sub-
assemblies are expressed as individual ‘boulder’ elements. This both allows a
clear reading of the building as a series of individual volumes, for example the
major living room space on the left is clearly a different volume to the dining
room that is next to it. This approach both satisfies my preference for clear
expression of function (as discussed earlier in this chapter), while adopting off-
site fabrication methods, building up sub-assemblies to create large volumes,

which are consolidated to create the final building.
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The sectional perspective (Figure 105) illustrates a higher level of detail for the
breakdown of a sub-assembly into a series of panels. The construction process of
aship, described to me on visit at the DSME shipyard in South Koreain 2006
was. ‘part - block - mega block - ship’. The same strategy is applied to the
construction of the VillaRoccia. This expression describes the gradual
agglomeration of partsinto larger assemblies, through discreet stages to form the
whole. There are many advantages to using the off-site approach as detailed in
(chapter 3.5.1) for this project these are: working within the current fabrication
constraints of D-Shape™, preassembly and fit-out of elements off-site to take
advantage of skilled labour and off-site quality control and taking advantage of

factory production for a remote location.

Figure 107 - Early development sketches focusing on panelisation and internal wall structure. Sketch by James Gardiner

5.1.6. Conclusion Villa Roccia design

The above description of the design of the Villa Roccia represents the first steps
toward realising a building using Construction 3D printing techniques globally.
The design of the Villa has been generated from aresponse to a study of rock
formations to generate an architectural language, as well as research into the
formation and properties of living bones, which are well known for their strength

to weight ratio and geometric responsiveness to forces acting on them. Strategies
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have been advanced beyond those developed for the Freefab project, for the off-
site fabrication, panelisation and detailing of the villa. The principals devel oped
for the VillaRoccia project are explored in detail in the next two projects that

focussed on the detailed design and construction of the villa.

The development of the language for the Villa Rocciadesign relied largely, in the
sketch design phase, on the visual interpretation of the Sardinian rock formations,
my physical study of bone structures and athe literature review of rock erosion
and bone structures. This research was synthesised into alanguage, which
incorporates requirements for the off-site fabrication of the elements using the D-
Shape Construction 3D printing technique. This language has been applied to the
design of the VillaRoccia (Figure 100) and is further applied and explored in the
Roccia Assembly to follow (chapter 5.3).

Figure 108 - Sketch development of water shedding method for the panels. Draining water away from the joints. Image by
James Gardiner
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5.2. Roccia Column Prototype

The Roccia Column prototype, for the Villa Roccia, was atest project initiated
after the sketch design of the Villa Roccia was completed. The prototype column
was used to assess the applicability of methodol ogies developed since 2004, as
well as new methodol ogies developed specifically for the Villa Roccia project,
essentially putting theory into practice to learn from the results. The column
explores the opportunities and limitations of construction 3D printing, while

adopting the use of parametric software for its design.

Figure 109 - Sketch for the method of generating the column from a series of profiles. Image by James Gardiner

The primary methods explored within this project were the following;

- The generation of geometry that responded to the capabilities and
limitations of the D-Shape technique (such as minimum printable detail

and wall thicknesses)

- Testing the use of parametric software for the development of the
construction geometry, for the generation of aflexible model with detailed

element joints that could be shifted and update as the envel ope changes.

- Reduction of weight and materials required through the use of interna

structural geometries.

- Theintegration of post-tensioned structural reinforcement, which could be
installed after the column was fabricated.
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5.2.1. Design and Digital Toolsfor the Roccia Column Prototype

The project described here is afairly simple parametric column. One goal wasto
explore how repetitive elements could be generated parametrically that would
reduce the need to model each instance separately, potentially allowing more time
to be spent n the development of a smart adaptable system and less time on
repetitive modelling procedures. At the time my experience of parametric Digital
design tools was extremely limited, after some fiddling around with Generative
Components™ and Digital project™ | decided to go with Grasshopper™ aplugin
for rhino™ as this program appeared to be eminently suitable for the task and

easy to use.

Figure 110 - Grasshopper™ definition of the parametric column. Image by James Gardiner

The following is a description of the set-up of the grasshopper parametric model
(refer image Figure 110): first a point in space was generated, a second point
above the first point was then generated with its height governed with a numerical
dider, relative to the first point. A line was generated from these points, thisline
was then divided into increments, and points generated at the divisions, these
points on the vertical line were each assigned a two-dimensional polygon, with
numerical sliders governing the number of polygon sides and the radius of the

polygon. The shapes of these polygons were then relaxed viaa numerical slider to
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create an organic profile (refer Figure 110 & Figure 111). These profiles were
then lofted together to create the external envelope of the column. The internal
envelope of the column was generated by off-setting the polygons toward the
centre by 30mm, this was based on the minimum preferred thickness and element
size established with D-Shape™?*2, These profiles were then also |ofted to create
theinterna envelope of the column. The two envelopes were then individually
capped, with the internal envelope then booleaned (extracted) from the external

envelope to create a hollow column.

Figure 111 - Wireframe view of grasshopper setup geometry for the prototype Column, note the generating simple polygon

geometries and the relaxed geometries created from them.

22 |n thisinstance | encountered an inexplicable problem with offsetting the relaxed profiles by
30mm in grasshopper, the original polygons were eventually used instead as no solution to the

problem could be found at the time.
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Figure 112 - Column base with internal post-tensioning conduits and mortise and tenon joint to join to column top.

Internal conduits for post-tension cable reinforcement were then generated,
starting from a pocket 100mm above the base of the column and terminating
through the top, which would normally be the junction between column and roof
or wall panel. The conduits were given a 30mm wall thickness, as was the
minimum wall thickness recommended. As these cables* were designed to be
tensioned from the base of the column, the pocket created at the base of the
column accommodates the anchorage which would be later be concealed with a
cover plate. The image (Figure 112) shows the bottom half of the column, with
the pockets, the solid geometries of the conduit walls were first booleaned out of
the hollow column geometry and then a copy of the conduit walls was booleaned

into hollow column geometry.

128 The correct terminology is for the post-tension cable is ‘tendon’.
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The column, at the time of the modelling, was designed for fabrication in two
halves, each approximately 1.5 metersin height. Animportant test was to
generate aflexible parametric model that could be cut at variable heights with a
specific joint profile, in this case the mortise and tenon joint. When this joint was
created a number of issues arose; wall thicknesses of the column elements and the
location of the conduits needed to be closely managed™. The necessary
management strategy that was required to be described parametrically proved to
be beyond my skills and time constraints precluded me from following Alice
down the rabbit hole (so to speak). | instead decided in this case to model this
joint manually in Rhino with the * baked’ *** grasshopper geometry. Hence the
parametric column was parametric only to a specific stage, this breaking of the
parametric model to manage an issue ended up becoming aliability when | was

later asked to increase the size of the column.

Figure 113 - Internal geometries tested - random voids, random branching, regular voids and large voids. Models by James
Gardiner

The next stage of modelling was the generation of the internal geometry to fill the
column void in order to allow areduction in materials used and weight of the

overall column structure, while providing maximum strength. A number of

24 Wall thicknesses as noted above had to be a minimum of 30mm thick, with agap of 15mm
between the elements to provide tolerance for the accuracy of the D-Shape™ technique. The
conduits also needed to sit within the tenon, so that water could not enter the conduit through the
joint in the column.

125 The Term ‘baked’ is used to indicate the action between Grasshopper™ and Rhino™ where the
live parametric model geometry is output as a non parametric surface model for further

manipulation with Rhino™ editing tools.
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geometries were investigated (refer images Figure 113); with two internal
geometries eventually used, one for the base and another for the top of the
column. These geometries were generated using Rhino™ rather than
Grasshopper™ parametric modelling tools: the top internal structure was alight
branching geometry and the heavier lower internal structure afor the base of the
column was a solid ellipsoid subtracted geometry for carrying the greater load
(refer image Figure 113).

Figure 114 - cutaway view of the base of Prototype Column showing subtractive ellipsoid internal geometry

The design and modelling of the column was first completed in Melbourne, and
then emailed to D-Shape for fabrication in Italy. The fabrication of the column
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was intended to be largely complete prior to my visit to Italy; which coincided
with conference travel and the first Villa Roccia site visit in Sardiniain July 20009.
Thisvisit wasinitially intended to be a short stopover, to watch the end of the
fabrication and witness the assembly. When | arrived the column had not yet been
started and wanting to ensure the column would be fabricated | decided to stay on

and get my hands dirty.

Figure 115 - Parametric column, ghosted and exploded view reveals the mortise and tenon joint between the upper and
lower sections and the two types of internal used; random branching geometry in the upper section and geometrically

arranged ellipsoid sphere voids removed from internal solid geometry.
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Figure 116 - James Gardiner topping up the back of the sand bed after 1 ‘print’ pass. Note: the gaps left within the ‘ print’
will befilled in by the returning pass.

5.2.2. Fabrication of the Roccia Column

The strategy for the fabrication of column changed from splitting the column in
half to dicing it into 14 pieces, each approximately 250mm in height. The column
was to be then assembled into the two pieces for transportation. Slicing up the
column into smaller pieces for fabrication made sense when | realised that the D-
Shape™ Construction 3D printing technique, at the timein 2009, was far less
automated than | had once thought from afar in Melbourne. Instead of fabricating
two pieces 1500mm high or approx 700mm deep if the objects were laid on their
side (150 or 75 layers), it was much more efficient to split the column into
250mm dlices, then pack these into two print runs of atotal of 50 layers. Each
10mm layer of sand across the fabrication bed of approximately 5m x 5m required
approximately 14 buckets of sand, which had to be moved by hand and deposited
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at one end of the fabrication bed (Figure 116). This sand aso needed to be sifted

and mixed with additives prior to commencing what was called the ‘ print’ .

Figure 117 - The D-Shape machine printing the column

The first model of the D-Shape™ Construction 3D printing machine, which we
were working with, consisted of four corner posts with a suspended rectangular
frame that crawls up their legs (refer image Figure 117). This frame has a cross
bar suspended through the middle of it which acts as the guide for the printer head
arm, which holds 200 adapted industrial printing nozzles. As the fabrication
begins, the rectangular frame crawls up the posts in 5mm increments and locks
into position for the next layer. Sand was loaded by hand at the far end of the bed
and the print arm moved across the bed to spread the sand with its flat leading

face. Once the new layer of sand islevel, the print arm moves forward across the

26 The two ‘prints required approximately 12.5m3 of sand to be moved in buckets, weighing
approximately 20 tonnes. We all had very sore backs by the time we finished.
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sand bed and sprays out the inorganic binder, in rows 20mm apart (refer Figure
116), then the print arm shifts left to right 20mm and returns across the sand bed
filling in the gapsin the last print. This process was then repeated until the end of
the job was compl eted.

Figure 118 - Commencing sand removal after the 'print' has cured overnight.

Once the job was complete, the curing parts were left for approximately 24 hours
before removal of the unbonded sand commenced (refer image Figure 118). The
removal of the sand was aso to be done by hand: first with a shovel and wheel
barrow, then using trowels, brushes and eventually a vacuum cleaner to remove
hard to access sand within the objects. The sides of the objects were, in some
cases, scraped with a shovel to remove the layer of partly bonded material,
resulting in a smoother finish. The process of printing at this time was, at best,
difficult; due to the lack of automated feeding system, frequent clogging of the
print nozzles (which delayed printing and reduced the quality of the fabricated
objects), mechanical controller malfunctions due to overload and no adequate
sand removal system. The surface finish of the fabricated objects was rough, but
also quite distinctive and interesting, which conjured up parallels with the
expressive nature of off-form timber patterning in concrete. Parts of the column
such as the mortise and tenon sections were unusabl e due to print nozzle

malfunctions (refer image Figure 119). After all of our efforts these parts did not
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get reprinted and so the column was never assembled. However the upshot was
that we all learnt agreat deal and | got to know the D-Shape™ fabrication
technique thoroughly.

Figure 119 - Parametric column sections on the ‘print’ bed, revealed after removal of unbonded sand mix. Note object

bottom left is cracked, another part further up on the left was also unusable.

5.2.3. Conclusion Roccia Column

The fabrication of the prototype column, although by no means an easy feat,
tested and confirmed the use of methods that the project set out to test. This
project confirms the applicability of scaled up additive fabrication techniques and
digital tools (parametric design and solid modelling) originally developed for the
parallel industries. These tools are today being increasingly used by leading
architects and designers (Kolarevic, 2003) for projects that use predominantly
formative and subtractive methods of construction (Buswell et a., 2007b), in this
project these tools have been demonstrated to be applicable for the design of

structures using Construction 3D printing, an additive construction technigue.

Grasshopper™ was used to generate the envelope of the column and the interna

conduits for post tension reinforcement. Simple flexible geometries were
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generated and then relaxed and |ofted to develop the column profile, through the
use of Grasshopper™ parametric software, this parametric capability allowed for
a high level of manipulation of the column properties; height, girth and shape
without the need to design each section profile. Although the parametric software
worked well for the generation of the column geometry, it was found to be too
difficult to deal with the intersection between the mortise and tenon joint, post
tension conduits and the need to ensure that the minimum column structure
thickness was maintained. The parametric definition of the column stopped at this
point in the creation of the model and from this point the remainder of the column
was modelled manually. This resulted in problems later when the client wanted to
enlarge the column, as the model could no longer be modified easily, hence
defeating the purpose of parametrically defining the column at the outset. Given
more time and greater user experience with the software, it probably would have
been easy to define these requirements parametrically and to generate an

acceptable result.

Figure 120 — Photographic detail of printed column section, showing random branching internal geometry and post

tensioning conduits.
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The parametric model was frozen once the overall column geometry and detail
was complete, in order to complete tasks that were difficult to achieve
parametrically; namely the creation of the mortise and tenon joint (with its various
tolerances and boolean operations required) and the creation of the interna
geometries for the column. Grasshopper™ was found to have particular difficulty
with compound boolean operations. These tasks were completed using solid
modelling within Rhino™*", the boolean operations still proved to be very
difficult but eventually produced the results intended. The freezing of the
parametric geometry should be avoided wherever possible because unforseen
changes later in the project can result in the need to remodel significant portions

of the project.

Two different three-dimensional internal geometries were tested in the column,
one branching and another produced through subtractive means. These two
geometries allowed areduction of materials required™®, while maintaining
adequate structural strength™.

Internal parametric conduits, linked to the geometry of the column, were
integrated for post-tensioned steel cable reinforcement, alowing the column to be
fabricated in pieces and later assembled to form arigid column (refer image
Figure 121). The conduits were successfully created using the D-Shape™
technique and would be serviceable for use with post-tension reinforcement™.

Such internal conduits would be difficult and costly to create using subtractive

27 Rhino is not a true solid modelling tool, but instead works with enclosed objects, this often
results in unenclosed geometries and difficulty with boolean operations.

128 Stone columns are generally created from solid sections of stone, concrete columns are also
generally solid. Therefore by removing material from the centre of the column a reduction of
materials used has been achieved.

2% The greatest structural test for prefabricated or precast synthetic stone elementsis generally
considered to be in their handling and transport rather than when they are eventually installed in
situ.

130 Serviceability refers to the conduits being largely dimensionally accurate, free from

obstructions and smooth enough to thread post-tensioning cables through.
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techniques, the internal geometries created would have been difficult and costly to
create using both subtractive and formative techniques, due to the complexity of
creating formwork using formative techniques and issues of accessibility for

subtractive tooling.

Figure 121 - The top of the column (upside down) with the generated post tension conduits, to be booleaned from the
column ‘solid’ geometry. Image James Gardiner

Figure 122 - James Gardiner (left) and Enrico Dini (right), discussing a print layer issue with the Roccia prototype column
August 2009. Photo James Gardiner
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The fabrication of the column was not successful in respect to the column being
assembled and tested with post tension reinforcement. This was afactor of the
requirement to reprint the middle two sections of the column®* which had not
been printed properly due to nozzle malfunctions and a loss of interest from D-
Shape™ to complete this task once | had left. Fabrication of the column did
however provide good evidence of the capabilities of the D-Shape™ technique
through the creation of the freeform column with complex internal geometries
which reduced the total material required, the fabrication internal conduits for
reinforcement and demonstrated the suitability of the software tested to respond to
the limitation and capabilities of the D-Shape technique.

33! These two sections included the mortise and the tenon elements of the joint.
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5.3. Roccia Assembly

This Roccia Assembly project, which is a sub-project of the Villa Roccia project,
was commissioned by Dini Engineering®™? in January 2010. This project which
will be referred to here as the *assembly project’, the ‘ Roccia Assembly’ or
‘assembly’, forms the second prototyping phase of the Villa Roccia project. The
Roccia Assembly wasinitialy scheduled to be exhibited at the * Luxury and

Y achts' fair*® and later at the ‘Working Prototypes Exhibition®*. The fabrication
of the Roccia Assembly has since been cancelled, although the design was
delivered within the agreed time frame and to the established specification. The
assembly was intended for transport to the Villa Roccia site in Porto Rotondo
after the exhibitions: to form the first section of the house. The purpose of the
assembly was to test at full construction scale the methodologies to be applied to
the Villa Roccia project, while taking the opportunity to exhibit our project in the

interim.
Four major subject areas are explored within the project

- Design: Applying the Villa Roccia a design language through critical
engagement with the design space in concert with the use of digital and

optimisation tools.

- Digita design tools: identification, testing and creation of a‘digital
definition’ (refer index of terms 1.5) using a combination of the following
parametric tools, polygons and sub-divs, space filling structure and
optimisation and/or generative tools.

- Off-site fabrication and assembly: Breaking the design down for

fabrication using construction 3D printing.

32 The engineering arm of D-Shape
333 uxury and Y achts Fare Verona, Italy February 2010
134 Working Prototypes rapid manufacturing exhibition at DHUB in Barcelona May 2010
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- Detailing: Developing and applying an architectural detailing strategy for
construction 3D printing
- Fabrication of the assembly and critical analysis of the fabricated outcome

This commission of this sub-project for the Villa Roccia Assembly was the result
of sending the hand drawn perspective (Figure 123) to Enrico as a means to begin
the discussion about how to construct the VillaRocciathat | had designed. Enrico
was very excited by the image and later decided to fabricate this assembly to
show at the Luxury and Y achtsfair.

Figure 123 - Villa Roccia construction assembly cutaway section perspective. James Gardiner

This project isaculmination in digital form of my research since 2004, as
presented in earlier chapters. This breadth of this research includes extensive
literature review and analysis of subjectsincluding: off-site fabrication, digital
design tools, additive fabrication and design implemented by the construction and
parallel industries. Interviews and site visits by me of over 80 companies globally

to investigate the state of the art use of off-site fabrication techniques and digital

240



design tools. Additional topics have been researched and explored for the Villa
Roccia project including architectural design and building precedents within
Sardiniarelating to rock inspired buildings. An ongoing physical examination of
the structure of bones has been made (by cutting up and examining different fresh
and dry bone types). Local and Sardinian eroded rock formations have also been
studied in the field and photographically documented in order to become familiar
with their forms, this has culminated in the development on arock inspired

architectural design language.

5.3.1. Roccia Assembly Project Development

The Roccia Assembly project began with testing on arange of projects with a
broad range of digital design tools, extensive site visits to construction and
parallel industries fabrication facilitiesin 11 countries worldwide, development of
methodologies for application to Construction 3D printing and embedded
practice, testing and prototyping at the D-Shape fabrication facility in Italy.

Figure 124 - Diagram of proposed Roccia Assembly dimensions and panel breakdown — approved by D-Shape™ . Image
by James Gardiner
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Although the categorisations of aspects explored have been outlined above, each
aspect directly informed the other throughout the design of the project. It would
therefore be onerous to separate discussion of these aspects into separate topics.
The design for the assembly was directly based on the drawing described in

reference to the Villa Roccia project (Figure 124).

5.3.2. Digital Design of the Villa Roccia Assembly

The formal design of the assembly geometry focused on emulating the effects of a
range of criteriathat create natural erosion of rock formations, while responding
to additional architectural criteria: spatia requirements, such as provision of
views, solar aspect, rain shedding, structure, weatherproofing, the fabrication of
individual panels using the D-Shape technique and assembly of the panelsin sub-

assemblies and ‘blocks' on-site.

The ssimulation of rock erosion, especialy erosion that produces ventifacts and
tafoni is by no means asimple matter. As noted in (chapter 5.1), there has been
little ssimulation of salt weathering or aeolian erosion, most likely because thereis
still little consensus on the specific causes of erosion causing ventifacts or tafoni
(Huinink et a., 2004, Turkington and Paradise, 2005). Aeolian erosion was
selected for ssimulation, as this effect iswidely considered to be a cause of erosion
that can contribute to ventifacts and tafoni erosion effects. Aeolian erosion isaso
conceivably much simpler to simulate than salt weathering; using the

dynamics/particle effects engine within Maya™ software tool.

In an attempt to form aresponsive architectural design based on erosion effects, a
number of digital tools were tested to attempt try to simulate these affects rather
than merely interpret these in aformal aesthetic manner. A number of initial
experiments were made to determine whether Maya™ could simulate aeolian
erosion and also model rainwater flow. The Maya™ aeolian erosion and rain fall
water flow tests had to be eventually abandoned for the current project, due to
time constraints, with few notable results. Hopefully with more time, expertise

and funding this path of research can be reinvigorated.
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Experiments with Topostruct™, topology structural optimisation software tool,
for the optimisation of the assembly structure proved to be more successful**,
with the development of afina ‘optimised’ geometry that could be used to
indicate the forces acting on the structure as well as developing unexpected

structural geometries that could be utilised to contribute to the overall design.

The design is considered from the basis of a combination of inputs including;
computer based optimisation models, the * Roccialanguage’ and empirical design.
The design sought to respond to multiple inputs and parameters rather than to
optimise a single aspect such as structure, moving toward: a‘multi parameter
effectiveness rather than single parameter optimisation and efficiency......(and)
must from the start of the design process include both the logics of how material
constructions are made and the way they interact with environmental conditions
and stimuli.” (Menges and Hensel, 2008)

Figure 125- Topostruct™ topological structural optimisation of Roccia Assembly envelope. Image by James Gardiner

Within the Topostruct™ program a simple rectilinear envel ope was defined with
the similar proportions to the planned Roccia Assembly.. Window and doors
recesses were located within the envelope; these were defined as density regions
with 0% density (refer image Figure 125). Initially the density regions for the
openings were defined as squares and rectangles but |eft traces of these
geometriesin the optimised outcome. Spheres were later substituted as they, did

not leave such traces and were closer to the tafoni effects formed by Aeolian

35 Thisis the first structural optimisation program that has yielded workable results repeatably.
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erosion and salt weathering. Support regions= were applied to the model
geometry as well as material self-weight (based on D-Shape materia data).
Although the forces applied in the Topostruct™ program are uniform constant
loads, some creative licence was used with the application of two very low wind
loadings. These loadings were cal culated from the maximum annual wind
velocities for the site and applied to the geometry according the proposed
orientation of the Roccia Assembly when later placed on site. On completion of
the optimisation process the resulting geometry was exported from Topostruct
then imported into Rhino™. The geometry was then sliced within rhino™ into
vertical, horizontal and diagonal contours at 200mm intervals to produce sets of
polyline geometry to work from in the 3D modelling programs used (refer image
Figure 126).

Figure 126 — Geometry slice contouring from Topostruct. Image James Gardiner

136 Support regions are points where the load is transferred to, such as to footings.
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The intention from the outset of the project was to develop CAD modelling
methodologies that could later be used on the Villa Roccia project. Alina
McConnochie (a student that | had previoudly tutored at UTS) led the CAD
modelling for this project, under my direction. She conducted many of the CAD
tasks from the program functionality testing phase through to the breaking up the
geometry into highly accurate panels. This functionality testing is common
practice within the AEC industry*, prior to adopting CAD programs for specific
projects. This testing was used to ascertain an appropriate set of CAD programs to
be used for the project, by testing a number of critical functions that would need

to be carried out through the suite of software packages.

| focussed initially on tranglating the Topostruct™ optimised model into Maya™
and refining thisto create the initial Cad geometry for the assembly. This
geometry was then refined by Alina under my direction. Once the panels had been
completed by Alina, | completed the project, which included shelling of the
panels (giving them an external wall thickness, creating the internal geometry for

the panels and output to .stl format ready for construction 3D printing by D-
The following were identified as the most important aspects to test for the project

- Interoperability between programs, particularly maintaining curvature of
the geometry.

- Accurate lofting of 2D joint details along the geometry surface, this lofting
created poly-surfaces which could be converted into solids and
‘booleaned’ ** from the base geometry to create the panels with
interlocking joints.

- Quality of 3D curvature

37 A number of Architects, engineers and fabricators interviews interviewed during the DDAA
research project identified trialling of software, in a number of different ways on trial and/or live
projects, as common practice prior to adopting software into the office.

138 Boolean - removal of one solid geometry from another refer index of terms (chapter 1.5).
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- Hexibility of the model geometry, for the development of second-order*
geometry/details within the overall shape, in response to particular project

criteria (such as windows and structural ribs).

It was initially considered that the primary modelling tool should be an
architectural parametric CAD program, based on projects with equivalent
complexity** and positive experiences from using grasshopper ™ for the Roccia
column prototype, discussed above. Tests were made using Generative
Components™(GC™) a parametric Digital design tool program and significant
issues were encountered. Thiswas largely due to the master geometry not having
being developed from a parametric rule set (i.e. generated outside of Generative
Components™). In this case prior structural topological optimisation of the design
envelope had been performed using Topostruct™ prior to starting with Generative
Components™. Such topological optimisation is not available within Generative
Components™ and the results were not transferrable into a“‘rule set’ that

Generative Components™ could work with*,

Initially we had tried to take contour slices of the Topostruct™ optimised
geometry, so that these curves could be imported into GC™ The quality of
curvature resulting from lofting contour geometry, which was deemed important
to maintain continued flexibility, did not create seamless 3D curvature geometry.

Fluidity of the geometry cannot be easily achieved when lofting 2D line

139 Terms such as ‘course’, ‘medium’ and ‘fine’ refer to levels of detail within the geometry and
are used to denote the following, course level defines the macro geometry: the overall shape of the
assembly. Medium level order refers to details such as doors, windows, ribs and other details that
were added to the course detail geometry geometry. Fine denotes details such as joint profiles,
textures and other items of fine detail within buildings.

140 sagrada Familiain Barcelona detailed design is performed using parametric software Digital
Project™and can generate and function well with very complex geometries (Burry 2007).

1 structural and agent based optimisation has been used in concert with Generative
Components™, by companies such as Arup on the rectangular pitch stadium (Holzer 2009),
although thisis usually based on structural component optimisation rather than topology

optimisation of monolithic shapes.
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geometries along curves in one direction. This process of lofting tended to lose
detall in the translation from object, to contours, to lofted object. In the case of
this particular project, this fluidity was particularly important to achieve the

desired outcomes, as mentioned above.

Figure 127 - Grasshopper(tm) experiments for the parametric definition of Villa Roccia shells. Image by James Gardiner

Additional issues were aso encountered with Generative Components™ that
hampered the effectiveness of parametric software on the project, amajor issue
encountered was the implementation of 2D joint detail geometries (to be applied
both vertically and horizontally). These 2D details formed the ‘ splitting
geometries’ that separated the master geometry into individual panels and created
water shedding/proofing joints. In alarge number of cases when lofting the 2D
joint details through the tight curves of the master geometry, the resulting ‘ split’
geometry created self-intersections and other anomalies that could not be used
without substantial individual remodelling of the problematic intersections. The
development of scripts within generative components™ could have possibly been
used to overcome many of these issues, but project time constraints were not

conducive to this course of action.

In addition to the problems created by lofting the splitting geometries, other
factors also had to be taken into account for the joints, which necessitated
individualised assessment of each joint and junction to ensure minimal conflicts
and maximum build-ability of the individual panels. The design of the shape was
not based on a set of rules or formulas and therefore the use of parametric

software for the project was not deemed appropriate.
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Maya™ was instead used, focusing on the use of polygon solids for the creation
of the course detail geometry and medium detail geometry for the assembly. The
implementation of polygon solids for the generation of the geometry, allowed a
high level of flexibility within the model, by first defining a small number of
‘splits’ or subdivisions at the outset to the boundary rectangle (which defined the
maximum agreed*? assembly volume, 4m wide, 2.5m deep, 3.5m high). The
geometry was gradually built up through manipulation of the vertices and edges
of the polygon, while continuing to add subdivisionsto create the localised detall
required. The outcome of this software evaluation phase was the decision to use

Topostruct™, Maya™, Rhino™ as the suite of software packages.

Figure 128 - Maya polygon model of the Roccia Assembly. Image James Gardiner

The exported geometry generated within Topostruct™ and contoured within
Rhino™ and then imported into Maya™. This geometry was used as an initia

guide for the manipulation of the control elements of a simple divided polygon to

12 A diagram of the proposed assembly and panel breskdown was sent to D-Shape at the outset of
the project and formed the basis of negotiations for the size of the overall assembly and number of
panels to be fabricated.

143 Netfabb™ selective space structures ™package was also added to this list of programs as the
project progressed.

248



generate the course and medium detail geometry, which approximated the initial

Topostruct geometry and followed the flow of loads through the structure.

Manipulation of the geometry was then made to the editable polygon to
accentuate the aesthetically dynamic form (refer image Figure 128), create
adequate falls for rainfall drainage, define window and door openings and to work
with the proposed panelisation of the geometry. The manipulation of the geometry
to work with the panelisation was made to ensure that panel joints did not run
through window openings, to avoid the flow of water near the joints and to reduce

delicate projecting elements.

Once the overall geometry had been modelled to an acceptable level, the polygon
was converted into a dub-division surface (sub-div), which allowed for continued
manipulation of the underlying polygon geometry, while adding the fine level of
detail to further refine the geometry, by sharpening and softening edges, adding
creases etcetera. The sub-div surface feature within Maya™ digital design tool
allows for fine tweaking of the surface with tools such as ‘ crease’ and *pinch’,
allowing for agreater level of refinement beyond that which could be achieved
using the editable polygon model.

AsMaya™ wasinitialy developed as an animation software, there are inherent
limitations within the software for working in adimensionally controlled manner,
in contrast to most Architectural software including Rhino™, which allow for all
operations to be performed by specific dimensional increments and reasonable
ease of examination of geometry by measurement. There was therefore a
continuous requirement to export the geometry to Rhino™ for checking, by
contouring and cutting sections, to ensure minimum and maximum panel
thicknesses were being achieved. In some cases modified contour polylines were
exported back into Maya™ for modification of the model (refer image Figure
129). This created an import/export circular workflow, moving from one program
to another based on the tasks that could take be most effectively performed by

each software package.
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Figure 129 - The Maya model exported to Rhino to be contour sliced to check minimum dimensions. Image by James

Gardiner

5.3.3. Digital design and detailing for construction 3D printing
off-site fabrication

When the geometry reached the desired outcome, the model was ‘frozen’ from
further manipulation and ‘Nurbs' type surface were exported to Rhino™ for detail
manipulation. The second main stage of model development then began; splitting
the master geometry into separate panels. The creation of splitting surfaces within
Rhino™, were used to effectively split the master geometry into panels. Similar
issues were encountered to those experienced in Generative Components™,
although these issues were more easily managed within Rhino™ than Generative
Components™ as the surfaces could be more easily modified without the

constraints of being generated parametrically.
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Figure 130 - 2D sketch detail of vertical ‘rain screen’ panel joint used to create the ‘ splitting geometry’. Drawing by James
Gardiner

The details, refer image (Figure 130), which form the basis of the splitting
geometry for vertical and horizonta joints, are a hybridization of ‘ open drained’
joints (C.1.A, 1983), which are predominantly used for higher specification
precast concrete cladding panels within the Australian precast industry**, such as
high-rise buildings. ‘Butt’ jointing details are the predominant precast panel joint
type in Australia due to being simpler to fabricate, but rely on polymer sealants
for waterproofing. ‘Open drained’ precast concrete panels utilise integrated joint
up stands and baffle grooves formed into the panel and achieve waterproofing
through the use of baffles, flashings and air seals, rather than primarily relying on

sealants and glues.

144 K nowledge of precast concrete detailing is based on direct involvement on previous projects
with Lacoste + Stevenson, numerous visits to precast factories in Australia (DDAA research

project) and overseas (funded by the Byera Hadley and Jack Greenland Travelling scholarships).
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The preference for gasket joints for the Villa Roccia and assembly projectsis
based on t