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FOREWORD

FABRICATE 2020 is the latest in a series of triennial
conferences that, over the last decade, have creatively
engaged emerging issues in architecture and design,
particularly in relation to confluences of technology and
making. This year's emphasis on ‘making resilient architecture’
is significant and timely. First, the conference theme signals the
rise of resilience as a priority across architectural education,
research and practice in response to accelerating climate
change. In an age of wildfire, rising seas, proliferating plastic,
habitat loss, forced migration, and food insecurity — to name
just a few pressingissues — architecture has a responsibility

to seek out the design innovations that make it possible for
communities to survive and thrive under growing conditions
of risk. In doing so, it is important that architecture promotes
forms of resilience that reduce social-spatial inequalities,
rather than extending them. Second, the conference theme
of ‘making resilient architecture’ can be taken as a provocation
to attend to the vitality of the discipline/profession in the face
of transforming practice. New technologies and materials,
shifting economic conditions, emerging models of
interdisciplinary (and inter-professional) collaboration, and
changing political imperatives are all posing questions about
the place and value of architecture, design and construction
in the world. FABRICATE 2020 offers a unique opportunity to
rearticulate the centrality of critical and creative making to
building a more resilient and just future.

Professor Christoph Lindner
Dean of The Bartlett Faculty of the Built Environment, UCL

Material and process are inextricably linked. Matter is getting
up to things all of the time, at varying scales of time and space,
in order to exist and generate the world of objects. The process
of crystallisation, by which a liquid metal becomes a solid,

is as important to the successful functioning of a tubular steel
framed chair as the processes of extrusion or welding are.

A spectacular view across London from the 72nd floor
viewing-platform of The Shard, is as much to do with the
subatomic structure and behaviour of silica atoms that cause
glass to be a transparent solid, as it is the result of the invention
of the float glass process and differing densities of molten
glass on liquid tin, or the modern construction techniques
employed to build extremely tall buildings.

Making, in all its gloriously broad variants, is ultimately the
relationship between materials and processes. The diversity
of practices that are involved with, part of and born from
traditions of making, be they described as engineering,
architecture, craft, cookery or ceramics, have at their heart a
shared passion for materiality, a delight in the transformative
potential of stuff and an appreciation of the potential of tools.
We, the communities of makers, are bound by our shared
endeavours to play with materials, to try things out and
subsequently see what happens. Bring it on!

Dr Zoe Laughlin
Director of the Institute of Making
Faculty of Engineering, UCL

Now in its fourth edition, FABRICATE 2020 confirms the
importance of an event that has examined and mapped

the deployment of manufacturing processes linked to

the expansion of digital technologies and applications;

a development that has now become an authentic industrial
domain known as Design for Manufacture and Assembly.

In less than 25 years, computational design platforms — first
designed as representation instruments, then as integrated
solid modelling tools — have opened manufacturing capability
to the designer, establishing new digital production chains
through the notion of ‘file to factory’.

Such new methods of computationally-assisted design have
followed the transfer of proven technologies from automotive
and aviation fields, as pioneered by Gehry Partners, LLP and
Gehry Technologies on experimental projects using Catia
(Dassault Systems). Now the trajectory is mainstream and
occupied by large international agencies, first in the form

of prototype elements, and finally opened up to off-site
prefabrication of large-scale elements. At the same time,
the generalisation of Building Information Modelling has
definitively transcribed all of the disciplines of architectural
design in the digital field, multiplying the interrelationships
between design, structural engineering, materials science,
control systems and robotics.

Today, technologies such as 3D printing and robotics are the
subject of heavy investment by large construction companies,
confirming the mainstream adoption of digital design and
manufacturing tools in public works. Experiments developed
by universities or laboratories have opened the way to new
forms of industrialisation of architecture, combining off-site
and on-site robotisation and automation techniques,
prefabrication systems, and serial automated production.

By asserting itself as an observatory of digital manufacturing
and the technologies associated with it, FABRICATE set out to
report on the advent of new prototypes imposing innovative
forms of industrialisation of architecture, but also reported on
alternative and critical forms of construction.

The implementation of 3D printing using local materials, assisted
by virtual and augmented reality, offers new construction
ecologies that can reduce cost and waste, as well as rationalise
transport logistics. Augmented Digital Fabrication has become
a vital alternative to economies of architectural production on
a global scale. The selected themes proposed by FABRICATE
2020 bring together a wide diversity of challenging research
projects from academia and industry and introduce us to a
variety of new possibilities when using multiple materials and
bio-technologies, through unprecedented experiments on
complex and composite structures, and applications in a wide
variety of contexts.

Professor Frédéric Migayrou
Bartlett Professor of Architecture
Chair, The Bartlett School of Architecture, UCL
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INTRODUCTION

FABRICATE 2020: MAKING RESILIENT ARCHITECTURE

PROFESSOR JANE BURRY

DEAN OF THE SCHOOL OF DESIGN, FACULTY OF HEALTH ARTS AND DESIGN, SWINBURNE UNIVERSITY OF TECHNOLOGY

ASSOCIATE PROFESSOR JENNY E. SABIN

ASSOCIATE DEAN FOR DESIGN, DEPARTMENT OF ARCHITECTURE / AAP, CORNELL UNIVERSITY

Welcome to FABRICATE 2020! Almost a decade since the
inaugural event ‘Making Digital Architecture’, chaired by Ruairi
Glynn and Bob Sheil at The Bartlett School of Architecture, UCL,
London, the event has returned ‘home’; but how home has
transformed in the interim. In 2020, the FABRICATE community
meets at the new UCL Campus at Here East in the emerging
creative heart of London in Stratford where the space and
facilities have been developed to think big, think collectively,
and act in a multitude of spheres. Digital fabrication and
making have been placed at the core, the metaphorical hearth
around which the academic disciplines of architecture, design,
engineering, materials science and biology are gathering, with
practice and industry partners, to uncover and explore
creative solutions to the biggest and most pressing questions
of our day. Congratulations to The Bartlett on the vision and
realisation of the new campus. It is emblematic of the core
value of making in research and education in contemporary
architecture, design and construction.

Since the first event in 2011, FABRICATE has travelled to other
fabrication hotspots. In 2014, it was Chaired by Fabio Gramazio
and Matthias Kohler at ETH Zurich, hub to science and
technology, and coincided with their launch of the National
Centre of Competence in Research for Digital Fabrication
(NCCR DFAB). The editorial team of Gramazio, Kohler and
Langenberg wrote in their introduction that their focus in
2014 was to bring the new technological developments,

still concentrated in research institutes and young specialist
start-ups, into early design within mainstream practice;

a social and cultural shift. For them, FABRICATE was
‘Negotiating Design and Making'.

FABRICATE 2017, chaired by Achim Menges and Bob Sheil,
brought the FABRICATE community into the industrial
heartland of Germany, to the Institute for Computational

Design and Construction, University of Stuttgart; world leader
in linking manufacturing industry to design for construction,
and now home to the German Excellence Cluster: Integrative
Computational Design for Architecture and Construction.
Already there was a noted shift in the scale and level of
realisation of projects submitted for review and selected for
presentation and publication. There was greater collaboration
with industry, and participation from practice and industry —
the field of players had expanded. Digital fabrication was

on the move out of the lab and into the world, increasingly
impacting construction at real scale. In 2017, FABRICATE was
‘Rethinking Design and Construction..

Each event has hosted academia, practice and industry and
taken on particular characteristics and concerns of the host
institution and chairs, whilst building on both the unfolding
questions and the developing state of knowledge across the
domain over the three intervening years. Each has called for
an abstract on works in progress close to a year out from the
conference, reaching out to practice and industry as well as
academia. After blind review, selected project authors are
then invited to submit a full paper, understanding that the
work is still in development. A further selection of half of
the projects for publication are invited to present at the
conference. In 2020, of 250 initial submissions, 32 were
selected for publication in this book, with 20 conference
presentations, representing 20 projects.

Every FABRICATE conference has spawned a highly regarded
and cited book with over 100,000 collective downloads

in more than 120 nations, a record of the highest level of
investigative making, thinking and writing in digital fabrication
of the time. 2020 is no exception. Yet Bob Sheil has called
FABRICATE ‘a work in progress about works in progress’. The
aim remains to both capture and generate investigative making,

1. A corner of Protolab,
School of Design, Swinburne
University, completed and
opened in 2019 in response
to the addition of new
under- and post-graduate
architecture programs
within Design in 2018/19.
Photo by Doris Dai.

thinking, and dialogue live, in vivo, to feed an active culture of
research of, and through, new ways of designing and building.
This book itself should be regarded as a living, resilient and
interactive testament to active endeavour and discourse.

In the nine years since the first event, we have received over
830 submissions from institutions and practices across more
than 45 countries. From this pool, we have selected 128 papers
for publication and 68 for presentation, alongside 16 highly
distinguished keynote lectures. A team of 7 conference chairs,
9 editors, 16 panel chairs and over 70 peer reviewers have
been intimately involved throughout. FABRICATE is now
widely regarded as the leading international forum on the
topic in which centres of excellence in architecture, design,
engineering and manufacturing can engage, collaborate and
create. It has become a unique public platform for open
debate on how these disciplines exchange and evolve their
design and making expertise.

In FABRICATE 2020, the conference chairs come from three
continents and three schools: The College of Architecture,
Art, and Planning at Cornell University; Swinburne University
of Technology; and The Bartlett School of Architecture, UCL.
We are joined by academic partners: The Faculty of
Engineering at UCL, including its departments of Civil,

Environmental and Geomatic Engineering (CEGE), and
Computer Science; the Institute of Making; The Bartlett
Faculty, including the Institute for Environmental Design and
Engineering (IEDE); and neighbouring institutions at Here East,
Loughborough University, and the Building Crafts College.
Always a global event by virtue of its participating community,
the submissions and published works in this iteration

volubly address challenges that are also of a global nature.

A beleaguered planet in climate emergency is now central

to current research. Construction waste; big data; migration;
metal smelting and processing; The Great Pacific Garbage
Patch; new forms of communication; augmented reality and
artificial intelligence; extreme environments; urban air quality;
catastrophic natural disasters; climate change; all of these
topics and more demand that we embrace change and
cultivate new research models to comprehend key social,
material, environmental, pedagogical and technological issues
in the context of ‘making resilient architecture’.

More specifically, challenges of diminishing resource, the
carbon footprint of the construction industry and of key
construction materials are either explicit or implicit in most,
if not all, of the FABRICATE 2020 work. Questions of how to
build lighter and cheaper, and optimise the structural and
environmental performance of architecture have been there
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from the start. As the urgency ramps up, the approaches to
addressing these challenges become even richer and more
diverse, tapping into the biological and transient, mineralogical
and enduring, and opening up new seams of questioning,
making and evaluating. The cultural, aesthetic, human and
experiential goals entwine with the search for new and
responsible paradigms. This heightening awareness, and action
through making, is not wasted on us as invited FABRICATE 2020
conference co-chairs, operating as we do in two of the
countries that have not responded to climate change at the
necessary speed, where land is already burning in predicted
but unprecedented ways in response to the changes.

At Swinburne, we have had the opportunity to create and
curate a completely new suite of architecture courses within
an established design school (first intake 2018). It is no
coincidence that the single greatest capital investment has
been into Protolab, a vastly expanded and enhanced digital
fabrication workshop that not only hosts very real-world
research with industry partners, but can accommodate up
t0 100 students simultaneously. In architecture, making is no
longer an elective option for the enthusiasts, or occasional
recourse, the workshop is now the kitchen in the house. The
boundaries between the computational, virtual, augmented,
machined and grown are still not seamless but much less

discussed than the high-level creative objectives. Fabrication
is key to education and an essential way to plumb the depths
of the questions of materiality and assembly, performance
and real cost and lifecycle. It is a vital component of exploring
not only the art of design but new systems for translation into
industry. Digital Fabrication is one of three high level streams
of enquiry in Swinburne Design, the others, deeply impacted
and implicated in it, are Human Health and Wellbeing and
Urban Ecology.

At Cornell University in the Department of Architecture at the
College of Architecture, Art, and Planning, we launched a new
advanced research degree in the winter of 2017, the Master of
Science in Matter Design Computation. A kick-off event of the
same name brought together key pioneers in digital fabrication
from around the globe, many of whom are featured in this
publication or have chaired FABRICATE in the past. The new
programme affords students of architecture and alternate
disciplines to expand their creative design potential by
increasing their critical knowledge and understanding of
material and computational design, digital fabrication, and
emerging materials and technologies at the nexus of biology,
materials science, ecology and architecture. Last year, we
welcomed our new Dean, J. Meejin Yoon, who has brought her
expertise and vision at the intersections between architecture,

2.Sabin Design Lab

at Cornell College of
Architecture, Art, and
Planning, Cornell University.
Research Associate Kevin
Guo working on a clay
extruder and end effector.
Photo by William Staffeld
for Cornell AAP.

technology and the public realm to a multitude of exciting and
ground-breaking initiatives across our college and the university.
We recently formed new teaching partnerships and research
collaborations with Cornell Tech, our technology innovation
hub in New York City, to work on some of the most pressing
challenges in areas of urban and health tech, transportation,
sustainable architecture, big data, K-12 technology education
and beyond. Our recent faculty hires hail from many of the
incredible institutions represented in this book to implement
cutting-edge research and teaching agendas in areas of
bio-informed adaptive materials, robotic construction,

the reuse and reconfiguration of building materials, energy
modelling and passive climate control, performance-driven
design workflows, and urbanisation and mass-customised
robotic construction methods. At Cornell Architecture, and
through the leadership of chair, Andrea Simitch, making has
always been central to our teaching and research; where
informed form and the role of context are central to our
critical thinking, and increasingly expanded awareness of

our role and responsibility to address climate change and
implement action in multivalent ways in our labs, studios,
practices and through our collaborations.

The theme and subtitle of FABRICATE 2020 is ‘Making Resilient
Architecture’. It is a message that has emerged from both the
submitted work and from the lively dialogues between the
co-chairs and past and present keynote presenters. The
contributed work within the book falls naturally into four
sections. The first of these, ‘Bio-Materiality’, engages a breadth
of material systems consciously and creatively embraced for
their contribution to a biologically-led, zero-net carbon future
of design and construction, and tested to various levels of
demonstrator including finely crafted buildings. All these works
are generalisable, applied to appropriate scales and design
contexts. The second section, ‘Synthesising Design and

Production’, explores a different level of translation of ideas
into contemporary construction practice and collaboration
with industry, at greater scale ranging up to the majestic. All
reflect the thoughtful development of systems of structure
and construction that embrace powerful and novel ideas,
new approaches to light-weighting to low waste production of
componentry. The third section, ‘Optimisation for a Changing
World', explores the latest developments in shape, structural
and material optimisation: eloquent results from economy of
means working with a panoply of organic and non-organic
materials. The fourth and final section, ‘Polemical Performative
Practice, groups projects that exemplify singular practices in
which the living and generative process of making overtakes
the made. It enters the uncanny world of artificially living
architecture, ground-breaking Al and interactivity, discrete
architecture, simulated life, floating and balancing follies.

FABRICATE 2020 refocuses the conversation around creative
exploration at the nexus of computation and making in
architecture and construction in an atmosphere of increasing
urgency. The work in this volume, to be read as a flourishing
conversation-in-progress, breathes new and inspiring life into
the familiar adage that necessity is the mother of invention. In
an era where we are witnessing one of the biggest paradigm
shifts in the conceptualisation, making and construction of
buildings, FABRICATE 2020 celebrates and debates the most
cutting-edge innovations in digital fabrication to impact
architectural pedagogy, trans-disciplinary research, and
applied professional practice in a changing world.



FROM MAKING DIGITAL ARCHITECTURE
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TO MAKING RESILIENT ARCHITECTURE

PROFESSOR BOB SHEIL

DIRECTOR OF THE BARTLETT SCHOOL OF ARCHITECTURE, UCL

This text is written in a manner that offers a series of
contexts and overviews in parallel to notes on a series of
incorporated images. Central to this approach is a belief that
both design and making are complex non-linear operations
in constant dialogue with one another on themes that
navigate shifting contexts over time. Both designers and
makers, increasingly reunited as core hybrid disciplines,
respond to a myriad of imposed or selected parameters,
some that are practical, others that are philosophical,
with skill and knowledge that are both explicit and tacit.
On this basis this text begins with the image of a now
extinct form that requires more than a glance.

Figure 1. Frozen Relic (2012). Founded and led by Matt Shaw and Will
Trossell on graduating from The Bartlett School of Architecture in
2010, ScanLAB Projects are a firm who specialise in 3D capture and
visualisation. One of their first commissions was to scan every display
in the shipping gallery at London’s Science Museum, configured in an
exhibition layout that had not changed since the 1960s. The digital twin
they generated allowed the institution to regard the highly reputable
display as preserved, thus permitting its replacement by displays of
other less familiar objects in the collection in unconventional ways.

As a new form of practice, akin to Factum Arte in Madrid and
Forensic Architecture in London, ScanLAB Projects have utilised
the agency of digital technology to rethink the status of the physical.
Their work has evolved in scale and scope to include the scanning
of buildings and cities, both ancient and new, allowing geometrical
relationships, structures and timescales to be understood in entirely
new ways. They have also explored 3D scanning as a way of
understanding the stacking of time through experiments in
choreography and dance, landscape, and vehicular motion, in particular
rethinking Ansel Adams’ work in Yosemite Valley, and the eyes of the
autonomous car in London and other cities.

On landscape, they have progressed from capturing topography
as a one-off freeze frame into the meticulous measurement of change
upon place and condition through repetition and layering. In this regard,
their work illustrated here, on board Greenpeace's ice-breaker Arctic
Sunrise, with scientists from Cambridge University, has been seminal
in translating numerical data into visualisations that communicate the
complexity of ice formation and behaviour over time, offering an
understanding and literacy that the data alone cannot. The latest work
by the research-based enterprise that emanates from a background in

architectural design is entitlied FRAMERATE. Drawing on a year of daily
data capture of selected environments such as forests, gardens and
coastlines, it generates the world’s largest temporal pointcloud model
for scrutiny via animation and virtual reality. Some of ScanLAB Projects’
earliest models were published in FABRICATE 2011 and, in the short
decade that has passed since, their rapid trajectory into a new hybrid
discipline that is part-archaeological and part-propositional,
part-temporal and part-literal identifies a key shift in what we
understand digital architecture to be, and what it can become.

All Change Please

In the half-century preceding 2016 approximately nine
trillion tonnes of ice melted from the earth’s glaciers
(Zempet al,, 2019). Current estimates suggest that half

a trillion tonnes of ice are now melting annually, and the
surface areas of both the Arctic and Antarctic ice caps
are at the lowest on record since accurate surface and
subsurface monitoring began. Global weather patterns
and air quality are changing; biodiversity is both
diminishing and altering its profile; agricultural
production is proliferating in scale and reducing in
diversity; ancient species and habitats, and non-renewable
resources, are expiring; and world human population is
increasing by over 20,000 per day (United Nations, 2019).

Ecological change has happened on this and greater
scales before, but not under similar conditions to our
present where the consequences are so stark and where
the potential to repair is so slim. Our rising aspirations on
the quantity, quality and origin of the things we produce,
consume, digest, accumulate, need and utilise, including
those curious things we seek firmness, commodity and
delight from, are behind many of these unprecedented
transformations. These and the many further startling
observations that are defining the pretext of a post-human
age challenge all disciplines, cultures, and domains of
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knowledge to act in synchronicity, simultaneously and
collaboratively, to prepare to cope for such an occurrence,
let alone slow it down, halt it, or reverse it.

Architectural and engineering research and practice,
together occupy vital roles in preparing for a changed
world by rethinking how the built environment is
designed, made, used and operates, including its location
on this and other planets (Sheil et al., 2020). They are but
only two forces in a constellation that spans a disparate
industry charged with addressing grand challenges.

They operate within vast logistical equations: from the
supply and processing of materials, to the organisation

of necessary infrastructures; the functionality of software
and its integration with manufacture and assembly,

to deployed energy systems used in the production of
construction; from the pace and integrity that project

and legal management set for procurement, to monitoring
stock and the data it captures, to how and from where built
environment projects are financed; and where, in all this,
ethical principles are agreed upon and followed through.

The role of design research is to forward plan, to read
the turbulence and potential that surrounds perpetual
progression and regression across humanities and
sciences, with both insight and foresight, offering a
pathway for better things ahead. Its core agency is its
capacity to cut through barriers, including disciplinary
boundaries, many of which are still constrained by
professional and cultural definitions that were formed
almost two centuries ago. The Royal Institute of British
Architects (RIBA) for instance, was established by around
a dozen privileged males in 1834 when world population
was 12% (US Census Bureau) of what it is today and only
three cities had populations greater than 1 million:
London, Beijing, and Paris. Today it is estimated that
over 50% of the world’s population live in cities, 50%

of the world’s population also live in poverty, and 7%

of the world’s population holds a degree.

On chronic housing needs, not exclusive to only those
living in poverty, current rates of world population growth
alone require that we build double the quantity of living
space over the next 30 years that currently exists
(Knippers et al.,, 2020). The expertise for this task resides
with possibly less than 0.5% of the world’s population. This
focus must further mobilise the understanding that design
research is far more than what is defined by the talents of
the individual designer alone, and thus is not a form of
practice operating in isolation. Here it is argued that
design research is an ecology of both forms and systems
of practice, where industry and academia oscillate with
one another on a mission of advancing prosperity,

eliminating inequality, and improving the lives and
experiences of citizens. For some, the goal is an existence
that is biophilic for current and future generations,
underpinned by stock that is fit for purpose in conditions
that are uncertain, unknown, and unstable.

Figure 2. The Eco-Visionaries (2015). Established at the Architectural
Association London in 2010 by Kate Davies (The Bartlett School of
Architecture, 2007) and Liam Young (University of Queensland, 2002),
Unknown Fields soon evolved into a forum for artists, writers and scientists,
including architects, filmmakers, bloggers, performers and activists. Their
work involves the organisation, choreography, execution and documentation
of group field studies in areas of particular vulnerability and popular narrative
such as Chernobyl, the Galapagos Islands, Southeast Asian seas, and the
Australian outback. As well as drawing mass attention to the visible, albeit
largely in remote, difficult to access and cordoned off areas, Unknown Fields
also draw attention to unseen matters such as air quality, logistics, human
infrastructure, and both the distribution and ultimately the wastage of
irreplaceable resources. In this regard, their recent monitoring of lithium
mines in Bolivia draws attention to the vast acquisition of land and minerals
that are harvested to generate batteries for billions of portable devices, as
well as future millions of electric-powered vehicles.

Figure 3. Black Oak (3000BC and 2019). A recently found length of bog oak,
estimated to have been preserved for 5000 years, is prepared for conversion
into a ceremonial table for Ely Cathedral by staff and students at The Building
Crafts College London (BCC). Over 13m in length, the exceptionally large
trunk was found in 2012 as a farmer ploughed his fields in the Fenland District,
on the Isle of Ely, Cambridgeshire. No more than 10m above sea level, the fens
are steeped in geological, environmental and cultural history, and at the time
of writing are underwater following Storms Ciara and Dennis. Ten boards
were produced from the trunk, each weighing around 300kg; it took 18 people
to lift each one into a 14m kiln especially built for the purpose where they
stayed for 10 months during which moisture content was reduced to 18%
with 2000 litres of water extracted.

The BCC was founded in 1893 by the Worshipful Company of
Carpenters, a City livery company, to educate in a range of construction
crafts. The first Chairman of the College was Professor Sir Banister ‘Flight’
Fletcher of University College London, co-author with his father Banister
Fletcher of A History of Architecture on the Comparative Method, first
published in 1896 (Fraser (ed.), 2019).! Founded at almost exactly the same
time (1894) by the arts and crafts designer, architect, and social reformer,
Charles Robert Ashbee, The Survey of London (Sol) seeks to capture in
meticulous detail London’s built environment fabric borough by borough,
brick by brick. In 2013, and for the first time in its history, SoL was subsumed
into an academic institution, The Bartlett School of Architecture, UCL, where
technologies such as 3D scanning have extended their established methods,
which are now components of a new Master's programme, Architecture and
Historic Urban Environments. Likewise, BCC is but a walk away from the
school’s new facilities at Here East, where the availability of advanced design
and manufacture technologies offer rich scope for exchange, set against the
rigorous demands of traditional working methods in stone and wood, where
varying quality of the latter in particular presents challenges for developing
craft skill at its highest level.

1. Frozen Relic: Arctic Works
- Snow covered seaice in
the Fram Strait 2012.

© ScanLAB Projects.
Evolving Forms of Design Practice

2. The Eco-Visionaries: ‘We
Power our Future with the
Breastmilk of Volcanoes'.
Unknown Fields (2015)

at ‘Eco-Visionaries’ Royal
Academy of Arts, London.

Unlike their pre-industrial ancestors, generations

of architects and engineers have not actually made
buildings, rather they have made information that is
used in the making of buildings. Information that is
subsequently cloned or amended, adopted or erased,
extended or misread, stored or discarded. Intentions

and concepts are frequently lost, entirely misunderstood,
or deliberately removed. These transgressions can occur

3. Preparing to make the
Fenland Black Oak Table
at Building Crafts College
London. © Christopher
Leung (2019).
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at any time from sudden amputations to imperceptibly
slow transformations over a lifetime. While Liam Young
asserts that an ‘architect's skills are completely wasted on
making buildings’, the polemic relates to the wastage of
their skill in knowing how buildings were, are, and could
be made, both by others who don’t recognise by whom
such knowledge is owned, and by those who don’t
maintain it (Young, 2014). Such core knowledge underpins
many forms of architectural practice that are contingent
on the knowledge of how buildings are made, engineered,
and spatially organised, such as the historical work of
The Survey of London, and the investigatory work of
Forensic Architecture.

Central to progressing knowledge in the making of
buildings is the maintenance of an extended talent
pipeline. The first leg of which is to rechannel the role
that design research plays in the architectural and
engineering professions, including its partnership

and overlap with academia, and the second is to extend
that channel towards academic research and education.
On the former, certainly in the UK at least, long-term
substantial underfunding for design must be corrected
where authorities (central and local governments, research
councils, banks and industry partners) must invest in
ambitious interdisciplinary innovation for the built
environment at its earliest stages where design, as an
embedded component ensuring holistic and contextual
thinking, is routinely adopted.

In this regard, the outlook for making resilient
architecture must merge from the strengths of all
quarters in associated design research, in particular
that of innovative technology and computation. This is
reflected in all four volumes of FABRICATE, the first of

which was published almost a decade ago as technologies
of automated production were entering the mainstream
and being awakened by pioneering design researchers for
their potential to address variation, specificity, assembly,
craft, structural performance and architectural language.
In 2011, ‘Making Digital Architecture’ forecast that such
processes would have powerful significance in design

and making operations, and they have. In 2020 ‘Making
Resilient Architecture’ declares these processes to be
central in our response to the climate and ecological
emergency. Running core to this mission is the capability to
harness vast potential for precision measurement, complex
modelling, and synthesised manufacturing, including
machine learning and artificial intelligence, using
renewable materials, optimised and autonomous methods,
with ethically-minded and generous design creativity.

Figure 4. Advancing Metrology. Professor Stuart Robson is Co-Investigator on
‘Robotic Teleoperation for Multiple Scales: Enabling Exploration, Manipulation
and Assembly Tasks in New Worlds Beyond Human Capabilities’, supported
by a £2.4m EPSRC award. Recent industrial-focused work includes:

aircraft wing structural testing (Airbus); wind tunnel and space structure
photogrammetry (NASA); optimising metrology for jet engine manufacture
(Rolls Royce); optical inspection of beryllium tile surfaces for the nuclear
industry (UKAEA); optimising deformation monitoring for the railway industry
(Network Rail); and the creation of standards artefacts and metrology best
practice (NPL).

With established collaborations with NASA, NPL, Airbus, Philips,
Network Rail, Leica Geosystems, EFTA JET, Faro, Nikon, Arius3D and with
KTP-supported technology transfer with SMEs, 3DImpact research is also
embodied in 3D imaging and digital recording for heritage, medical, earth
science, fisheries and the creative industries including The Bartlett School of
Architecture. Adjacency of 3DImpact research to speculative architectural
design research not only offers a platform for mutual collaboration, but
provokes challenging reflections at the scale each partner views the world.
11to an architect does not generate the same perspective as 11fora
metrologist. One might see the wing as a complex and mass produced
lightweight structure, the other as a complex assembly of parts in search
of the smoothest datum array. The common research trajectory here is the
impact of measurement in design, between the drawn and the made.

4. Advancing Metrology.
The unique 2.5m snake arm
robot developed by OC
Robotics for 3DImpact
Research Group at UCL
Here East, led by Professor
Stuart Robson. Image:
©Bob Sheil 2018.

5. Spot® robot. © Image
provided courtesy of
Boston Dynamics, Inc.

6.IncreMENTAL.

A collaboration between
ARUP and B-made (The
Bartlett Manufacturing
and Design Exchange).
Arup team: Fernando Ruiz,

Vincenzo Reale, Chris Clark,

Henry Unterrenier, Danny
Steadman and Cristina
Garza. B-made: Peter Scully
and Vincent Huyghe.
Image provided courtesy
of ARUP.

7.Hybrid manufacture

of an optimised 2m steel
cantilever beam using
wire-and-arc additive
manufacturing (WAAM,
i.e. 3D metal printing) and

CNC-subtractive machining.

©Image provided courtesy
of Foster + Partners.

8. Design and Production
in Augmented Reality.

© |mage provided courtesy
of Fologram.

Figure 5. Spot® (2019). Boston Dynamics were established in 1992 as a
spin-out from MIT. In 2019, Spot mini became commercially available,
following the evolution of its predecessors: Big Dog (2004), Little Dog
(2009), Alpha Dog (2011), LS3 (2012), Cheetah (2012), Petman (2013), Atlas (2013)
and Spot (2015). What this form of robotics, and other parallel approaches,
represents for design research is the transformation of construction through
autonomy: from the safe and synchronised distribution of materials across
building sites; to the assembly, installation and maintenance of components;
to the monitoring of building performance through time and use; and the
inhabitation of non-human occupied architectures. Here the research
trajectory is between machine learning and artificial intelligence. The
existence of such acompany of robust shepherds and regulators not

only alters the designer’s strategy, it will become a design informer.

Figure 6. IncreMENTAL (2019). Prompted by emerging research from

The Bartlett’s Design for Manufacture MArch programme, this work
develops propositions for low cost production of bespoke durable building
components, utilising robotically-controlled incremental sheet forming
techniques. While generically formed sheet metal occupies a significant
volume of market provision, it is in how such generic components deal

with unique and complex geometries — often dictated by site conditions,
performance standards, and integration with opposing components,
openings and junctions — that challenge its versatility.

Figure 7. Large Additive Subtractive Integrated Modular Machine (2019).
Built as a technology demonstrator for a Horizon 2020 research project
developed collaboratively between Foster + Partners (Design), Autodesk,
Cranfield University, Vestas, BAE Systems, Global Robots, Loxin, Helmholtz-
Zentrum Geesthacht (HZG), Instituto Superior Tecnico (IST), and the
European Federation for Welding, Joining and Cutting (EWF). Central to this
international and multidisciplinary research project is to establish combined
manufacturing methods within singular machining configurations. LASIMM
achieved three core aims: to develop a large modular self-contained
platform with Technology Readiness Level (TRL) 6; a multi-phase software
package for design and production that enables parallel manufacturing;

to fabricate demonstrator parts to show the machine’s capabilities and
opportunities for the aerospace, energy and construction sectors.

Figure 8. Design and Production in Augmented Reality (2019). Layered upon
the idea that design and making come into being through dialogue as well as
instruction and documentation, so too is the matter of where things are
designed and where things are made. Cutting across the agendas and
outcomes of the works discussed here is the contribution that the
environment in which design and making take place has upon the work.

An example of this is how furniture makers were encouraged to take
prototypes out of their workshops to be ‘fitted’ in their destined location,

in order to judge scale. Through the work of organisations like fologram
(an example of their assisted reality bricklaying illustrated here), we are
witnessing an evolution of this principle where the place of design,
production and installation have become interchangeable and cross-
referred. The remote abstraction of the digital has been harnessed by
the physical as a means to verify, guide and prompt.

Evolving Forms of Design Research

Central to the need to re-approach the knowledge and
talent pipeline by rethinking the relationships between
education, academic research and practice-based research
is the necessity to redefine our disciplines around greater
flexibility and exchange. This is a matter beyond the point
of urgency, and with growing impatience with regulatory
protocol, new breeds of interdisciplinary study and practice
are emerging with fervent student support demanding
more. Posted in 2019, an open letter from Architecture
Education Declares stated that ‘We are concerned that at
present our education does not give sufficient weight to the
inherently ecological and political basis of architecture,
nor to our responsibility to meet our uncertain future with
socially and environmentally informed practice’?

Echoed by many practitioners and academics around

the world, these concerns also challenge too narrow an
emphasis on the protection and regulation of professional
boundaries and definitions that became outdated long
ago and fail to offer the flexibility and hybridity that is

so urgently required today. Drawing to a conclusion,

this essay turns to the work of a new breed of design
researcher, one that is fascinated by the intellectual,
ethical and entrepreneurial opportunities afforded by new
forms of education. Design for Manufacture MArch was
launched in UCL’s new experimental facility for design
and engineering in 2017-18, alongside new programmes
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in Design for Performance and Interaction, Bio-Integrated
Design, Situated Practice, and Engineering and
Architectural Design. Offering state-of-the-art resources
to acquire new skills and knowledge, the impetus of these
courses to address core challenges on both how and why
architecture is made is raw and unhindered. Driving many
of the projects on these fledgling programmes is a critical
thread seeking connection with material processes and
selections that offer constructive responses to the decay
of environment conditions, where making things digital
is seen as a core route to making things resilient.

Figure 9. Viscous Catenary (2019). This investigation explores the challenges
and opportunities in fabricating a free-form architectural glass assembly.
Atonce resilient and fragile, transparent and substantial, thin membrane and
amorphous matter, the essence of glass as a material remains elusive to most
designers, despite its major presence in the built environment. By analysing
traditional techniques of craftsmanship along with contemporary industrial
manufacturing standards, new approaches are demonstrated through a series
of prototypes that explore geometry, assembly, alignment, adhesives and
lamination in glass structures.

Figure 10. Point to Point (2018). A triangulated structure is developed as a site
to evolve an uninterrupted workflow for the design and production of timber
elements. Robotic control strategies (through tooling and manipulation)
become a fundamental part of the synthesis as they influence the shapes of
the connections from the beginning of the design process. A single software
platform, containing all geometric, structural and fabrication properties and
constraints, choreographs the complete design to production process where
an additional tracking system is tested to minimise the time of production and
maximise precision by updating data with regard to material deviations.

Figure 11. Sloppy Topologies - Precise Datums (2018). This project involving
hydroforming, 3D scanning and robotic plasma cutting, explores the
relationship between a manufacturing process that produces a formed
surface with a significant degree of uncertainty and non-repeatability,

and how it joins and coordinates with precise components, as well as
building planning and structural grids. The resulting ‘sloppy topology’ is
laser scanned at high resolution to allow bespoke brackets and junctions

to be precisely modelled and 3D printed, to compensate for the underlying
geometric uncertainty.

Figure 12. Spatial Felted Structure (2018). By exploring advanced felting
strategies, this project develops a process that allows wool fibres to be
embedded into sheet materials using water pressure. The technique enables
bonding between materials and produces a novel composite with numerous
qualities. The working area of the waterjet machine defines the component
width and depth, but not its length. Utilising water pressure as a means to
bind different materials as well as to repurpose discarded materials could

be further explored.

Figure 13. Reflective Geometries (2019). This project focuses on the
exploration of subtractive manufacturing technologies and their effects on
material behaviour. It aims to predict and design visual light transmission of
machined surfaces using virtual simulation, enabling new material responses
and qualities to be programmed into conventional materials such as
aluminium. Material performance is largely dependent on physical properties
where manufacturing processes are guided by imposed formal geometry.

In contrast, these prototypes intend to define the optical performance of
aluminium through carefully selected fabrication parameters that uncover
inherent metaproperties. By integrating feedback data loops between the
multiple stages of digital fabrication, novel ways of making become possible.

Towards Resilient Architecture

“Historically, architecture and engineering skills were
indivisible - entirely symbiotic”. Norman Foster (2018)

Educational, academic, practice, and industry-based
design research across the field of computation and
manufacture has a fundamental role to play in addressing
the ongoing ecological emergency. Beginning with the
tools we choose to use, and within a single generation,
architects and engineers have been served with
unprecedented and abundant capability. Yet there
remains a critical skills shortage in how these tools are
fully deployed, which includes critique of their appropriate
use. From forecasting scenarios, to simulating methods, to
optimising and creating materials, to tracking and tracing
resources (see the work of Certain Measures), the bind
between making digital architecture and making resilient
architecture must be secured. In this regard, devising new
hybrid disciplines and operations between design and
science that advance the prospect of establishing future
biophilic environments, synthesising design and
production methods, optimising the capability of
intelligence in systems, and remaining speculative about
the potential for design to invent and generate beauty, is
an essential scaffold for holistic and sustainable outcomes.
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MUD FRONTIERS

VIRGINIA SAN FRATELLO
EMERGING OBJECTS / SAN JOSE STATE UNIVERSITY
RONALD RAEL

EMERGING OBJECTS / THE UNIVERSITY OF CALIFORNIA BERKELEY

During the last 35 years, additive manufacturing has
become commonplace within the realm of academic
research as a tool for creating models and full scale
working prototypes and, in very rare instances, it is used
as a method of manufacture by specialists to fabricate
custom componentry for buildings. However, additive
manufacturing is still not close to being a commonplace
method of manufacture within the construction industry
due to the expense associated with the purchase of large,
industrial 3D printers and robot arms. Additionally, many
materials such as resins, bulk filament and pellets, and
proprietary powders are expensive when used for large
format printing and in instances where these materials
must be shipped long distances. Finally, additive
manufacturing requires expertise in 3D modelling

and coding, which means additional costs and time

must be spent mastering advanced software applications.
For many end users, these obstacles have precluded the
use of additive manufacturing as a way of building. This
research aims to overcome these three obstacles through
the development of a lightweight, inexpensive, and mobile
robotic setup capable of 3D printing. The use of ubiquitous
and free materials such as local soil for 3D printing,

and the scripting of an easy to use g-code generator for
developing 3D printable files, enables a more accessible,

portable and ecological approach to additive
manufacturing at the architectural scale (Fig. 1).

Context

The construction industry is one of the largest sectors
in the world economy, representing up to 13% of global
GDP and employing 7% of the world’s population (World
Economic Forum, 2016). It is also an industry with very
low annual productivity increases, only 1% per year over
the past 20 years, where less than 1% of revenues is
invested in R&D, remarkably poor in comparison to
other sectors such as the automotive or retail supply
chain industries (Barbosa et al.,, 2017). Additionally,

only 0.2% of all robots worldwide are sold to the
construction industry compared to 55% sold to the
automotive industry (Executive Summary World
Robotics, 2018). To date, there are only a few examples
where robots are predominantly used in the construction
of entire buildings; some examples include: the Canal
House Cabin by DUS Architects; the DFAB House by
Gramazio and Kohler Research; and the Flotsam and
Jetsam Pavilion by Branch Technologies. The mobile
robot used as part of the MUD Frontiers project is
designed to extrude traditional formulations of adobe
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and cob, made from clay, sand, silt, aggregate and chopped
straw, with the capacity to print cement-based formulations
as well. Other existing examples of robotic paste extrusion
that can be found in the construction industry include: the
Gaia 3D printed earth house by WASP; the Batiprint
House, made of foam and cement; and several extruded
cement ‘showcase homes’ by WinSun, ApisCor, and ICON.
All of these buildings require specialised software
knowledge by the designer and the builder. If more
buildings are to be constructed using technologies such
as 3D printing and robotics in the future, the industry will
require either highly skilled digital talent to migrate to
that sector, or a reduction in the skills required to use the
requisite software and programming applications
necessary to drive such new technologies.

The construction industry is the largest global consumer
of raw materials, and accounts for 25 to 40% of the world’s
total carbon emissions (World Economic Forum, 2016).

A return to mud as a building material attempts to correct
the errors of a wasteful, polluting and consumptive
industry. Ecological and sustainable issues are at the
forefront of conversations surrounding the future of
construction, and soil-based construction materials are
the most ‘earth friendly’ materials that exist (Rael, 2009).
Earth is a ubiquitous material and buildings made of local
soils can be found in almost every region of the world.
However, traditional and indigenous earth building
knowledge is being lost in many parts of the world due,

in part, to a shift from agrarian to capitalist societies. For the
past 10,000 years until only recently, earth was the most
widely used building material on the planet; but it has now
been replaced by cement which is a contributor to 8% of
the world’s carbon dioxide emissions in its production
(World Business Council for Sustainable Development,
2002). Nevertheless, there has been a worldwide movement
to continue to build using unstabilised soils, in the form

of rammed earth, adobe, cob, and the numerous other
earth-based building technologies. A large number of
earthen building codes, guidelines and standards have
appeared around the world over the past two decades,
based upon a considerable amount of research and field
observations regarding the seismic, thermal and moisture
durability performance of earthen structures opening the
door for the nascent revival of building with earth.

Mobility: Portable Robotic 3D Printing

The MUD Frontier project is addressing the challenge of
creating accessible robotics for construction through the
development of a mobile and lightweight 3D printing
set-up that can be transported easily to the field or jobsite.
The scara robotic 3D printer that was developed for this
endeavour is combined with a continuous flow hopper that
can print wall sections and enclosures of up to 2200mm
diameter circle and 2500 mm tall, structures considerably
larger than the printer itself. The set up can be carried

by 1-2 people and relocated in order to continue printing.

1. The fabrication setup.

2. High alpine 3D printing
with local soils.

3. The fabrication setup.

The robotic arm was developed for approximately $16,000,
considerably less than the average price of a new industrial
robot arm that costs $50,000 to $80,000 at this time,
however it uses much of the same mechanical technology
used in industrial robots.

Ubiquity: Local Earthen Materials

The printer is able to 3D print local soils directly from

the work site in order to demonstrate the possibilities of
sustainable and ecological construction in a two-phase
project that explores traditional material craft at the scale
of both architecture and pottery. The clays harvested for
the projects are free, as they can be dug directly from the
ground or surrounding region where the walls, enclosures
and pottery are being printed. The material undergoes no
chemical transformation, nor are any stabilisers, such as
cement, added to the mixture.

Phase I of the MUD Frontier project took place along the
U.S.-Mexico border in El Paso, Texas and Ciudad Juarez,
Chihuahua, where earthen architecture and clay pottery
of the Mogollon culture (A.D. 200-1450) define the
archaeological history of the region. Excavated pit houses
and above ground adobe structures defined the historic
architecture of the region, and by A.D. 400 this region
witnessed the development of a distinctive, indigenous
coil-and-scrape pottery tradition known as Brownware.

Local, ‘wild’ clays were gathered from eight sites
throughout the region and used to 3D print 170 ceramic
vessels by local potters from both countries, reflecting
current craft skills and recalling the coil pottery through
additive manufacturing. A large 3D-printed adobe

structure was also manufactured using largely the same
material as the pots, but with the introduction of sand.

The vessels reveal the nature of the local geology and the
creativity of local ceramic artisans from the contemporary
Jornada Mogollon region. The fired earthenware exposes
arange of clay complexions: greens, browns, purples,
wheat, pink and red colours that speak to the nature of
mono, bi, and polychrome traditions that developed over
time. The structure and vessels were produced with the
intent of connecting the forefront of digital manufacturing
with the traditional coiled pottery techniques, and
subterranean and adobe architecture of the borderland
regions between Texas and New Mexico in the United
States and the state of Chihuahua in Mexico.

During Phase I, the robotic setup for printing the large
structure was installed at the Rubin Center Gallery.

The gallery was maintained at a constant temperature

of approximately 20°C. A mixture of five parts locally
sourced clay and three parts sand was mixed with
chopped straw and water and pumped through the printer.
The layer height of each mud coil is 30mm and each coil
is between 40 and 60mm wide. The overall structure is
213cm tall and 180cm wide and took seven days to print

at approximately 300mm per day.

Phase II of the MUD Frontier project took place in the
high alpine desert of the San Luis Valley which spans
southern Colorado and northern New Mexico in the
United States (Fig. 2). The second phase of the research
reflects the earthen construction of the Indo-Hispano
settlers of the valley and the local Rio-Grande pueblo
culture. The 3D-printed and fired earthenware vessels
from phase II take advantage of locally sourced, wild
micaceous clay dug directly from the nearby mountains.
The clay is used directly from the ground as both the clay
body for printing and as a slip on top of the 3D-printed
clay vessels. The vessels are fired in the 3D-printed kiln.

During phase II, the robotic setup was installed outside in
the alpine desert of the San Luis Valley, Colorado (Fig. 3).
The temperature of the valley floor fluctuated from a high
of 30°C during the day to 6°C at night. The desert
environment was sunny, windy with some rain over the
sixty days of printing. It was observed that printing was
most successful when the weather conditions were dry,
sunny and most importantly, windy. The mud mixture
used was wild, dug directly from the ground, sieved to a
particle size of less than 6mm, and mixed with chopped
straw and water. The clay/sand/loam mixture in this
region has historically been used to make mud bricks
and mud plaster for local buildings and there is a tacit
understanding among the community about where to dig
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for the mud and how moist it should be. The mixture
proved to be very well suited for 3D printing coiled mud
structures. The layer height of each mud coil is on average
30omm and each coil is between 40 and 60mm wide. Four
structures were printed of varying dimensions, however
it was observed that under ideal weather conditions an
average of 400mm in height could be printed every
24-hour period.

The research during phase II was conceptualised under
four themes: The Hearth, Beacon, Lookout, and Kiln.
The Hearth explores the decorative aspects of structure
(Fig. 4). The structural reinforcement of double-layer
earthen walls creates a simple interior environment and
an exterior that has structural expressiveness. The thin
mud wall construction is reinforced using local, rot-
resistant juniper wood to hold the interior and exterior
coiled walls together. The wood sticks extend beyond
the walls of the structure on the outside, and are flush on
the inside, referencing the cultural differences between
the architectural traditions of Pueblo and Indo-Hispano
buildings. It also recalls traditional African architecture
such as the Mosque in Djenne, where the wood sticks
protruding from the building are not only decorative but
also used as scaffolding. The interior holds a 3D-printed
tarima, or mud bench, surrounding a fireplace that burns
the aromatic juniper (Fig. 5).

The Beacon is a study in lightness, both illumination and
weight. It explores how texture and the undulation of the
3D-printed coil of mud can produce the thinnest possible
structural solution for enclosure. These coils are then
illuminated at night, contrasting the difference between
the concave and convex curves that create the mud walls.

The Lookout is an exploration in structure; the 3D-printed
staircase and mezzanine are made entirely of mud.

A dense network of undulating mud coils is laid out

to create a structure that can be walked on. This also
demonstrates how wide yet airy walls can create interior
enclosures that represent possibilities for insulation,
especially in the harsh climate of the San Luis Valley
which can drop below -29°C in winter (Figs 6, 7).

The Kiln explores several of the techniques discussed,
including undulating/interlocking mud deposition to
create structural and insulative walls. The Kiln is also
used to enclose an area that draws in oxygen and keeps
in heat to fire locally sourced clay with a juniper wood fire,
which burns hot (Fig. 8).

Democracy: Software

Custom software, called Potterware, was created to

be the underlying control for the 3D printer. In its most
accessible form, it is used to design the ceramic vessels.

A more robust version is employed to design the walls and
enclosures created by the robotic 3D printer. The software
is an intuitive design application for 3D printing, that runs
in the cloud from a typical web browser, such as Google
Chrome; it features easy-to-use sliders and automatically
generates printable g-code files, alleviating the need to
learn 3D modelling software, meaning instead that a
novice user can quickly begin to create complex g-code

to 3D print functional pottery or earthen environments.
Objects, walls and enclosures, at the scale of rooms,

can be designed and ready for printing within minutes.

4. The Hearth exterior
viewed from the east.

5. The Hearth interior.

6. 3D printing The Lookout
substructure.

7.The Lookout stair during
construction.

8. The 3D printed kiln.

Conclusion

The MUD Frontiers project re-examines and conceptually
unearths traditional indigenous building traditions and
materials using 21st century technology and craft coupled
with local labour to explore new possibilities for ecological
and local construction techniques. Based on the research
so far, the robotic printing of local soils shows promise for
the rapid creation of robotically-crafted, geometrically
complex, buildings that are durable and structural, using
wild clays that have historically proven successful in
building construction. Further research is needed to
understand how the surface of the 3D-printed mud will
weather over time, but by studying traditional earthen
buildings in the region, these structures’ longevity will
require only a roof and occasional maintenance to be
viable as long-term enclosures. The current size limitation
of the printer is a drawback and the creation of a new
printer, with a longer arm, that can print larger ‘rooms’

is desirable. Next steps include creating 3D-printed mud
buildings that can be fully sealed which means addressing
how elements such as roofs and doors can be factored into
the printing process. Upon their 40th anniversary, the
Smithsonian Magazine announced the 40 most important
things they believed one should know about the next 40
years. Number one on their list was that ‘Sophisticated
Buildings will be made of mud’. MUD Frontiers aims to
see this prediction become a reality.
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Aspirations for an Iconic Park

This paper focuses on the design, engineering and
fabrication of an innovative tilt-up concrete structure
using fibreglass composite moulds. The design was
produced through a small but multidisciplinary team
that valued the integration of form, fabrication and
performance through the application of biomimetic
principles, computational design/fabrication, and
original construction logics.

The BHP Pavilion is located in San Antonio, Texas and

is the central outdoor classroom and community hub of
Confluence Park (Fig. 1). There were three primary project
objectives that the pavilion needed to satisfy that were
driven by the needs of the client, a local non-profit
foundation that leads educational and artistic projects
along the San Antonio River. The first objective was to
create an educational venue that would integrate the
architecture of the pavilion into the mission of the park
which was to educate the community on the critical role
of water in the regional ecosystems. The second objective
was to create a unique and inspiring iconic pavilion that
helped catalyse a new identity to this historically
under-appreciated part of the city. Due to the relatively

limited budget of the project, the final objective was to
use innovative fabrication technologies and methods to
lower the overall project costs while meeting the client’s
ambitious educational and aesthetic vision.

Tactics for Integrated Design

When the final design team first met, the client had
already spent several years working on the project

and was eager for it to be completed as soon as possible.
With time already invested, the client was committed

to creating a unique educational and community venue
but was also cognisant of their limited budget and
compressed construction schedule. Faced with these
challenges, the design team focused on pre-rationalising
the geometry of the pavilion. That is, rather than initially
proposing a form that would need to be rationalised

in order to be produced, the team focused on several
geometric forms and fabrication strategies that already
had an inherently rational basis.

During the first week of the design, the team had
developed an initial proposal that used a toroidal surface
patch to generate a series of timber beams of varying
lengths but with identical curvatures. These beams could
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all be developed from the same glulam mould and then
CNC milled to different lengths. This strategy was
inspired by a number of projects developed at Foster +
Partners that used toroidal patches to rationalise
seemingly free-form surfaces (Peters, 2008). Although

the design quickly moved away from using this specific
technique, the project team continued to think through the
material and construction implications early in the design
process in order to better integrate the form, material and
fabrication logics, and hopefully reduce construction time
and budget.

At this point in the schematic design, several tensions
became apparent to the team. The first was the great need
in the project for the central pavilion to reflect the primary
mission of the client, but the initial design of a large
timber shell structure did not clearly communicate this
mission since the primary stance most architecture has to
water is repulsion. Typically, structures are made to push

water away from architecture as quickly as possible in
order to keep the structures (and the inhabitants and
materials within) dry. However, in the context of San
Antonio’s climate (long dry spells periodically punctuated
by heavy rain storms) and the specific context of a park
devoted to the educational mission of reconnecting the
community with the vital importance of water, it seemed
that accepting water into the structure was a more
productive strategy. After all, the park was being designed
to collect and recycle all groundwater for use in the toilets
and irrigation system so the pavilion could be used to
highlight this process. The decision was made to use the
pavilion to celebrate the collection of rainwater and to
make the form of the pavilion a pedagogical device for the
park’s employees and visiting teachers.

The form that emerged from this process was based on the
doubly curved fronds of many local plant species that
cantilever out to collect and redirect dew and rainwater

1. Aerial view of Confluence
Park showing the smooth
fibreglass finish and
broom-finished concrete
surfaces. The namesake of
the park, the confluence of
the San Antonio River and
San Pedro Creek, is shown
in the background. Credit:
Rialto Studio.

2.The BHP Pavilion at
Confluence park is a 550m?
outdoor classroom and
community hub at the
centre of the park
overlooking the San Antonio
River. Credit: Casey Dunn.

back to their root stem. The double curvature not only
gives these cantilevers more strength, but the curvature
also creates a channel on the top surface for the efficient
flow of water. Within days, the project had moved from a
singular large shell pushing water towards the structure’s
fringes to several funnel-like doubly-curved forms that
directed the water to an underground cistern for storage
and eventual reuse throughout the site (Fig. 2).

From Funnels to Petals

The second tension that emerged at this point was the
client’s desire for an ‘iconic’ and unique pavilion in
relation to the budgetary need for simplicity and
modularity. Although the new doubly-curved funnels
aligned with the pedagogical mission of the client, the
complexity of making these forms initially resisted easy
construction strategies. Early designs for the funnels
involved complex steel and cable-net structures which,
even if each was identical, were beyond the modest
budget. At this point, inspired by the work of Felix
Candela, Heinz Isler, Robert Maillart and many others
who had investigated the use of concrete to create
complex forms that aligned with structural forces, the
team quickly moved to concrete as the primary material
(Nordenson, 2008).

As the team shifted to concrete, it became necessary to
begin to divide the funnel shapes into discrete parts in
order to break the forms into manageable parts while also
allowing views into the interior of the funnel. A rationalised
solution emerged which paired each discrete funnel

part with a symmetric element to create a complete

arch. This represented a major conceptual shift in the
structural organisation of the project. Rather than several
structurally independent funnel-like forms, each discrete
section of the funnel was paired with another section from
an adjacent funnel to create a structural arch.

The resulting arch is the simplest of structures: the
statically determinate three-hinged arch. An arched
structure plays to concrete’s significant compressive
strength while minimising its limited tensile strength.
Referring back to the biomimetic inspiration for the
funnels, each half-arch was nicknamed a ‘petal’. By
separating the petals with pinned connections at the
top of each arch, the team greatly simplified the scope
by producing matching petal shapes with the expressed
pins transferring the horizontal stabilising force between
adjoining petals.

An additional benefit to this new organisation of petals
or half-arches was the idea of using a modified tilt-up

concrete fabrication technique. Tilt-up concrete
construction is defined by concrete panels being cast flat
on the ground on site and then lifted (or tilted) into place
and connected to the foundation and adjacent panels. It is
a common fabrication technique in the region as it has a
very low cost due to the lack of significant formwork. The
technique was invented in the U.S. in the early 20th
century by Robert Aiken and popularised by Thomas
Edison who, in 1908, stated, ‘tilt-up construction
eliminates the costly, cumbersome practice of erecting
two wooden walls to get one concrete wall’ (Kayler, 2006).
By the late 20th century, some tilt-up concrete fabricators
had begun producing curved concrete panels by casting
against curved forms dug from the ground or wooden
forms built up through multiple layers of plywood (Hurd,
2005). In the context of Confluence Park, tilt-up had a
distinct advantage over cast-in-place concrete as it
allowed reusable moulds to be utilised which could be
erected in one place on-site throughout construction.

Irregular Tiling

Now that the team had settled on the half-arch or ‘petal’
concept and an initial material and fabrication strategy,
the next task was to determine the exact shape, position
and number of petals. Returning to the objective of
creating a unique and iconic pavilion for the park, the
team wanted to make sure that the need for modularity
due to the budget constraints did not create a system that
was too geometrically rigid or monotonous. Several
organising grids were developed that explored the
implications of overall petal quantity, petal module
quantity, and how repetitive the deployment of these
petals within the grid appeared. The goal was to
simultaneously use as few modules as possible in order to
reduce the number of petal moulds and increase the casts
from each mould while also obscuring the modularity of
the entire project. This tension between a strict modularity
of parts and the overall desire for an informal organisation
of the whole led to the use of an irregular tiling grid.

After exploring uniform triangular, rectangular, and
hexagonal grids, an irregular pentagonal tiling grid was
developed. While regular pentagons do not tile the plane
(and these gaps would create large unshaded areas for the
pavilion), there are fifteen types of irregular pentagons
that tile the plane (Pottmann, 2007). One of those, ‘type 4’
(also known as the Cairo Tile after several streets in Cairo,
Egypt paved with this shape), has four long edges of the
same length and one short side and vertex angles of 120°,
90° 120° 90° and 120°. When this pentagon is subdivided
into five triangles by connecting the pentagon’s centre
with each vertex, it results in only 3 unique triangles: A(2),
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1. Base pentagonal grid 2.Four pentagons form

hexagonal grid
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3. Dual of the pentagonal grid
is formed with a combination of
equilateral triangles and squares

4. Each pentagon is subdiveded
into smaller triangles

6. This new triangular grid is
composed of only three
types of triangles.

5. Anirregular selection of
triangles is made to create
the outside roofline

3

B(2), and C(1). Triangles A and B are mirrors of each other
and each have internal angles of 75° 60°, 45° while triangle
C is equilateral (all angles are 60°) (Fig. 3).

The centre of each pentagon represented a funnel drain
and the edges of the pentagon represented the apex of
each arch. Each A triangle is paired with a B triangle from
an adjacent pentagon to produce a full arch. Similarly,
each C triangle is paired with a C triangle from an
adjacent pentagon to create a full arch. In order to produce
the final pavilion plan, various selections of A-B and C-C
arches were explored and analysed for the amount of
shade produced as well as the informality of the arches
when seen in perspective. That is, the design team tried
multiple options of arch arrangements to produce a
pattern that, although completely modular, appeared not
to line up and only one full pentagon (funnel) was formed

(Fig. 4).
Flowing Form

There were three primary objectives in developing the
sections and curvature of the petals. First, for both
structural reasons and water flow capture, the petals had
to retain a double curvature. Second, the thickness of each

8. The grid is orientated to create
alarge space directed towards
the confluence of the river and creek

7. Triangles are paired
into arches made of either an
A-B or C-C combination

petal needed to change from bottom to top in accordance
to its structural demand, building codes and rebar
placement. Third, the surface curvature should be
continuous from petal to petal.

In order to test how water would flow on the top surface of
the petals, a rainwater simulation script was developed
that sampled points on the surface and then iteratively
found the steepest downhill direction. If the paths of the
rainwater flowing on the surface ran into the gaps between
petals instead of into the valley of each petal, the petal
parameters were modified until the rainwater flows all
ended at the central drains (Fig. 5).

The panel thicknesses were largely driven by building
code requirements for concrete clear cover over
reinforcement. The concept for reinforcement was to place
the rebar in a fan-like pattern from the column base
emerging into the outer thinning field with reinforcement
on inside and outside faces. This placement of the
reinforcement resisted tension wherever it might occur
within a shell. Within the column section, the full
structural demand of gravity, wind and live loading was
concentrated and reinforced appropriately. In the field
beyond the column, stresses were lower and the panel

3. Plan diagrams showing
the geometric logic of the
organisational grid made
of irregular pentagons
subdivided into 3 unique
triangles. Credit: Andrew
Kudless/Matsys.

4. Diagram showing

all concrete petal
configurations to form
structurally independent
three-hinged arches. Petals
MC were cast using the

C forms with an insert to
shorten the column by

3m for the smaller satellite
pavilions. Credit: Andrew
Kudless/Matsys.

5.In order to validate the
flow of rainwater on the roof
surface, a particle simulation
was used where particles
sought the steepest
downhill direction on the
surface. Credit: Andrew
Kudless/Matsys.

6. The positives for the
fibreglass mould were
milled using a combination
of 5-axis and 7-axis robotic
machines. Credit: Cade
Bradshaw and Stuart Allen.

correspondingly became thinner as the demand lessened.
Ultimately the top edges were resolved within a 100mm
edge, the code minimum for adequate coverage of
reinforcement.

A Turning Point

Once the design team had moved towards the use of
concrete, it was assumed that the formwork would need to
be digitally fabricated to be able to achieve the necessary
construction tolerances. In addition, it was assumed that
fibreglass composites would be the ideal material for the
formwork as it was not only strong but very durable and
could withstand multiple castings.

However, due to the contractual relationships between
contractors and architects in the United States where the
contractor is responsible for determining the ways and
means of a project, the project’s contractor, unfamiliar
with digital fabrication or fibreglass composites, wanted to
first get bids for traditional wooden formwork made from
layered up plywood. The only bid received from a
traditional formwork fabricator was far more than the
budget allowed so the general contractor agreed to contact
the suggested fibreglass composite fabricator and their bid
was well within the budget.

This is an interesting example of a turning point within
the industry. Historically, digital fabrication has been used
in some of the largest and most expensive projects while
less expensive projects used traditional techniques.
However, in this case, the traditional technique was far
more expensive than the digitally-fabricated fibreglass
mould. In addition, the fibreglass mould was not only less
expensive, but it was stronger, more durable and more
accurate.

The three formwork modules (&, B, and C) were fabricated
from five- and seven-axis CNC milled EPS foam forms
(Fig. 6). After milling the forms, a 50mm thick composite
structure composed of inner and outer layers of fibreglass
composite with a central core of balsa wood was applied
(Fig. 7). One of the biggest advantages of using this
method was that the milled surface of the foam positive
was highly accurate and that all accumulation errors
inherent to fabrication were offset from this surface
instead of working towards it as would have been the case
if a traditional plywood formwork system had been used.

Due to the size of each full petal formwork (roughly 9m
wide x 8m tall), each of the modules had to be subdivided
into three primary sub-sections in addition to several side
forms that could be transported to Texas by lorry (Fig. 8).

6




Although the joints between these sections were nearly
seamless due to excellent casting of the fibreglass,
sanding, and a small amount of caulk that was applied
between pours, the seams were still designed to
accentuate the undulating curvature of the concrete
petals. If one looks closely at the underside of each petal,
two thin seams can be seen swooping up and down from
side to side on the surface.

The fact that the bottom surface of each petal was cast
against the smooth fibreglass while the top surface was
cast open to the air allowed the two sides of the petal to
have radically different finishes (Figs 9, 10). In order to
have the petals resonate with the flow of water, even when
it was not raining, the open top side of each petal was
broom-finished with the direction of the broom strokes
aligning with the flow direction of the water. In effect, the
top surface of each petal is one giant valley covered with
a network of small valleys produced by the bristles of the
broom. Over time, this textured surface of the broom-
finished concrete will reveal the flow of water as various
airborne matter such as pollen, dust and bird droppings
collect in the broom finish and stain the concrete as water
runs across the texture.

Conclusion

Having completed the project nearly two years ago, there
are various things the team has learned in the process and
have begun to speculate about how they might do similar
projects in the future differently. In terms of material,
higher strength concrete with improved tensile capacity
and uniform disbursement of reinforcement might be
considered. Building codes limitations could be
challenged to allow thinner shells. However, the interest
in this project from the public and AEC community
demonstrates a longing for the beauty of simple forms,
well executed. When a diverse team focuses on the smart
application of new technologies and concentrates on the
integration of form, fabrication and performance
throughout the design process, innovative projects that
meet the client’s missions are possible even within modest
project budgets.
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7.0ne of the three fibreglass
composite moulds in the
workshop. Credit: Cade
Bradshaw and Stuart Allen.

8. Exploded axonometric
diagram showing the various
parts of one of the petal
mould. Each mould needed
to be divided up for
transportation limitations,
assembly/disassembly
logics, and efficient use of
materials. Credit: Kreysler
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9 &10. Views of the
formwork before rebar
placement, after rebar
placement, and after
casting. Credit: Andrew
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Aims and Objectives The specific material used for this work is manufactured
by research partner Amorim in Portugal using granulated

The aim of this research was to develop a viable robotic cork, the by-product from forestry and other cork

cork milling method that could contribute to the industries, which is cooked with pressurised steam

development of the Cork Construction Kit, a radically in autoclaves at around 350°C using heat from waste

simple new form of cork and timber construction developed  biomass (Fig. 2). The result is a 100% plant-based cork
under a broader research project and subsequently refined  billet with a very particular combination of properties,

further and used in Cork House, the first of its type. bonded with the suberin resin naturally present in the
cork. It is thermally insulative (its principle use is as an
Research Context insulation board), vapour permeable, aromatic, and has
some load bearing capacity, as indicated by some of its
Cork is the outer bark of Quercus suber, the cork oak tree, historical uses, for example self-supporting partitions
harvested around once a decade using traditional methods ~ (Thomas, 1928). It is also carbon-negative owing to the
in a process that does not harm the tree. It has been used absorption of atmospheric carbon during the growth of
in construction for several millennia, including the tree bark (refer to Environmental Product Declaration
documented use as a roofing material in Roman times number DAP 002:2016 for specific figures).
(Pereira, 2007). The material used in this research is pure
expanded cork agglomerate (expanded cork), accidently Due to its particular combination of properties, expanded
invented by John Smith in New York and patented in 1891 cork was identified as a suitable material for use in the
(Thomas, 1928; Smith, 1891). Expanded cork was widely development of a radically simple new form of construction,
used in construction in the 20th century, mostly as the Cork Construction Kit. This combines large format
thermal insulation board, and has been resurgent in monolithic cork blocks with engineered timber and
recent years, in part due to its strong environmental aims to fulfil all of the performance requirements of the
sustainability profile and also its rich experiential contemporary building envelope and deliver exceptional

character when used as an internal or external finish. whole life performance. The aim was that the interlocking
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cork block assemblies, dry jointed with no glue or mortar,
would provide structural enclosure, thermal and acoustic
insulation, and rain and air tightness. This work was
undertaken in three interrelated and overlapping stages,
with initial hypothesising and prototyping being
undertaken from 2014 to 2015, the major research project
being undertaken from 2015 to 2018 and Cork House
being constructed from 2017 to the start of 2019.

Initial prototyping work undertaken at The Bartlett
utilised traditional woodworking machine tools to shape
the cork billets into blocks of relatively simple geometry,
which slotted and locked together when combined with
timber profiles. Expanded cork is relatively straight-
forward to machine using these tools. This initial system
utilised lime mortar to bond each course of cork blocks
together to form walls and a corbelled roof in a construction
method that had some similarities with traditional
masonry and was used to make a very small first
prototype building in late 2014, the Cork Casket.

Work was undertaken in 2015 with research partners to
develop a custom grade of expanded cork for use in the
project. A range of sample blocks of differing densities
was produced by Amorim. Alongside existing production
grade samples, these were all characterised using lab tests
at the University of Bath and were then reviewed by Arup.
The outcome was that an existing grade of cork, MD
Facade, was selected due to its suitable characteristics
and because of the broader applicability benefits for the
system of using a readily available product that did not
require a special production run to manufacture. MD
Facade has a density of around 150kg/m?, with cork
granules selected with care in order to give a good
quality surface finish.

The Reasons for Selecting Robotic
Milling and the Questions Arising

Evaluation of the system used in the Cork Casket
determined that the timber profiles and lime mortar used
to connect the cork blocks were building in unnecessary
technical challenges and significant whole life complexity
to the structure. A decision was made to pursue the
development of a simpler form of wall and roof assembly
using only expanded cork blocks, without any additional
elements. Tongue and grooved block geometries were
developed that interlocked in plan and section with

an interference fit, a bit like a giant plant-based toy
construction kit. The development of a dry-jointed
assembly method was of particular interest in relation

to ease of assembly, and ease of disassembly enabling
ready recovery of the blocks at the end of a building’s life.
Initial block prototypes cut using a table saw and spindle
moulder showed promise (Fig. 3).

1. View of Cork House
from the garden, 2019.
Image: David Grandorge.

2. Freshly cooked expanded
cork billets emerging from
the autoclave at Amorim,
Portugal, 2015. Image:
Matthew Barnett Howland
and Oliver Wilton.

3. Interlocking tongue

and groove roof blocks
fabricated with a spindle
moulder and table saw,
The Bartlett, 2015. Image:
Matthew Barnett Howland
and Oliver Wilton.

4. Left, model of early Cork
Cabin design in SolidWorks.
Right, roof block toolpath
development in PowerMill
Robot. 2015. Images:
Matthew Barnett Howland
and Oliver Wilton.

5. Cork Cabin blocks
beingtransported

from The Bartlett to

the site in Eton, UK, 2016.
Image: Magnus Dennis.

Using traditional machine tools has the advantage of
maximising broader applicability, with the potential for
the cork block system to be readily machined by any
joinery workshop. However, while there is a simplicity
in asking one material to perform all of the functions

of a building envelope, as design hypotheses developed
so the resultant block geometries became more complex
due to the multiple roles required from the blocks, and
this in turn was time consuming to manually machine.
Also, in order to give a positive connection and to meet
the hypotheses for a dry-jointed system with air and
rain-tightness, relatively low tolerance machining was
needed in the region of +/-0.5mm to give a satisfactory
interference fit between blocks. Accounting for these
matters, proceeding with the current tools was deemed
unviable as it was too time consuming - potentially over
an hour to machine each full-size block even when using
a range of jigs - and with too high a risk of unacceptable
resultant block tolerances.

With these challenges in mind, the robotic cell was
identified as being well placed to play host for design
development, as an unfinished machine awaiting
purpose. Whilst the research and design of the Cork
Construction Kit was in its plastic phase, the specifics

of the manufacturing process evolved concurrently with
the component design. This enabled a gradual reduction
in uncertainty for local and global design decision-making
relating to fabrication. It presented procedural constraints
and opportunities that could have only occurred in a
manufacturing process whose particular attributes were
open to change, allowing design and fabrication processes
to co-evolve. This activity was made possible by access to
The Bartlett’s robotics facilities, and the work proceeded
to address the following questions:

- What robotic milling set-up is suitable for milling
large format 1000 x 500 x 220mm expanded cork
billets into tongue and grooved blocks of the required
geometries?

+ What design and fabrication workflow will be effective
for this?

- Isitpossible to cut all blocks with a single cutter in
order to minimise cutting time (using an industrial
robot with no automatic cutter changer)?

. If so, then how will this constrain and inform block
geometry, and what will the resultant milling time per

block be?

The Robotic Milling Method and
Its Influence on Design Development

A tailored robotic milling method was developed to cut the
expanded cork billets into the blocks for the construction
kit, with a target cutting time of 10 minutes per block. The
method utilised a six-axis Kuka KR60 HA industrial robot
with a high-volume cutter held by a bespoke spindle in a
milling end effector. Cork billets were held in place by a
bespoke vacuum bed fitted to a two-axis positioner. The
vacuum bed was designed to hold both full size 1000 x
500 x 220mm billets and also those of shorter lengths
from which shorter modules of the wall and roof blocks
were milled. The cork proved to be relatively simple to
mill, with cutter speed and rpm adjusted to higher speeds
when removing bulk cork to form the block and to lower
speeds for finer cutting of the finished block surfaces.

The design and fabrication workflow utilised SolidWorks
modelling of blocks and assemblies as part of the design
development process, in combination with hand sketching
and scaled physical prototyping including creating a 1:5
constructional model of the second prototype building,
Cork Cabin. Individual block geometries were then
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exported from SolidWorks to PowerMill Robot to generate
cutting paths (Fig. 4). Some challenges were encountered
in controlling transitions between cuts with this set up,
and the use of Rhino with Grasshopper using a script
developed in-house to generate the g-code was also
trialled. Another challenge that emerged was some
initial off-tolerance block cutting and this was eventually
identified as being caused by insufficient calibration

of the robot, with this particular application requiring

a high calibration accuracy due to the tolerances needed
to give a satisfactory block-to-block interference fit.

All blocks were cut with a single, high-volume, 125mm
diameter by 14mm thick cutter in order to keep fabrication
as quick and simple as possible, using the available robot
that did not have a tool autochanger. The use of this
configuration with the single cutter was enabled by
developing the design of the cork blocks to fit within

this particular set of geometric parameters, allowing the
cutter geometry to play a role in determining the final
block geometries for the construction kit. This was a
negotiated outcome between what was desirable and
what was possible under the chosen constraints, with the
possible range of cutting geometries sitting alongside
other constraints, considerations and strategies when
designing the blocks. Other considerations for each block
and its contribution to the construction kit, and buildings
made with it, included the need for sufficient airtightness
and rain tightness, a suitable structural block-to-block

interlock, and block geometries that allowed them to be
combined into assemblies in all cases.

The resultant milling process enabled the cork blocks to
be formed in around 10 to 15 minutes cutting time for a
wall block and 15 to 20 minutes for a roof block. During
milling, up to around 20% of the cork billet is cut away
while forming a roof block, less for a wall block. So, the
milling process generated large quantities of cork
granules as by-product, requiring a suitable enclosure
for the robot and regular clean ups between milling
blocks. As part of the broader work, an investigation

was undertaken by research partner Ty Mawr into using
these granules for a range of purposes. This included use
as an additive to lime mortar to give texture and improve
insulation level (something they already use cork granules
for), for more novel cork granule and lime formulations
including a form of Terrazzo, and to form cork fuel

briquettes for use in their on-site biomass boiler. 6. Cork Cabin being
assembled onsite in
Contribution to the Broader Research Eton, UK, 2017. Image:

Matthew Barnett Howland
and Oliver Wilton.

The robotic milling process was used to fabricate all 202

cork blocks for the prototype Cork Cabin, including 10 7.The last 'C‘;otf b'bOCk ina 4

. . . course rea O e presse
different types, some with multiple lengths. It was also into place OZ Cork l—’?ouse,
used to fabricate all blocks for subsequent lab tests, demonstrating the

including wall and roof assemblies subjected to structural, ~ interference it usingno glue

e . . or mortar, Eton, UK, 2018.
fire and rain tightness testing. The cabin walls and roof Image: Matthew Baret

were assembled at The Bartlett after fabrication, to ensure  Howland and Oliver Wilton.

the assembly was correct, before being disassembled and
shipped to site in Berkshire for re-assembly. This also
served to test and demonstrate the readiness of the system
for disassembly, a key part of the design allowing the cork
blocks to be readily recovered for re-use at the end of the
building’s life.

The cabin was assembled on site by hand, with no glue

or mortar (Fig. 6). The CLT floor plate was laid within the
bolted oak ring beam and raised off the ground on wheels.
Cork block walls were laid on the floor platform, acting in
structural compression and capped by oak eave-beams
that take lateral loading. The corbelled cork block roof was
built off this, also acting in compression. The completed
structure is capped by a rooflight, mounted on a timber
ring beam, which lets in daylight and also adds some
weight to the top of the structure, acting a bit like a giant
paperweight. The completed cabin was then subjected

to air tightness testing and temperature and humidity
monitoring over several months, which informed further
design development of the construction kit.

At this point in 2017, the Cork Construction Kit was
sufficiently developed and de-risked to apply an evolved
version to its first live architecture project - Cork House.
Options were appraised for fabricating the cork blocks
required for the house design. These included robot-
assisted self-build, where an industrial robot similar to
that used to fabricate the cabin would be installed on site

for the duration of the project, with cork billets shipped
from Amorim in Portugal direct to site for fabrication in
the correct sequence and then assembly. There are a
number of interesting aspects to this, including the
potential to evolve self-build and also to broaden the
applicability of the construction kit by reducing cost.
Robot-assisted self-build was ultimately not selected in
this instance for reasons including the prohibitive cost of
installing 3-phase power on this particular site, necessary
for the specific robot that was available.

The 1268 cork blocks used in Cork House were milled on
a large format five-axis CNC machine with automatic tool
changer by Wup Doodle. The blocks were then transported
to site for assembly by hand with no glue or mortar. This
was a relatively clean and simple exercise, with each block
weighing around 12 to 13kg and being easy to manipulate.
The house was completed in early 2019 (Fig. 7) and
post-occupancy evaluation is now commencing.

Conclusion

Robotic milling has played a key role in enabling this
research to directly address its key aims. It has lowered
the barriers to developing this uncommonly simple
plant-based form of construction, developed to fully
meet contemporary building performance standards,
while delivering outstanding whole life performance.
This is an example of work combining historical and
emerging methods to form a tailored research, design
and making methodology that uses digital tools to serve
broader architectural, habitation and environmental
sustainability aims, with their use enabling and also
subtly informing the resultant architectural language.
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PULP FACTION

3D PRINTED MATERIAL ASSEMBLIES THROUGH
MICROBIAL BIOTRANSFORMATION

ANA GOIDEA / DIMITRIOS FLOUDAS / DAVID ANDREEN
LUND UNIVERSITY

The world is currently facing an ecological crisis of
unprecedented scale and urgency and, as the building
sector is a significant contributor to the current state, it
must look towards radical change to achieve a sustainable
practice. The most destructive environmental impact is
found in material extraction, processing and discharge.
This paper presents an alternative to industrially mined
and synthesised materials by utilising biological growth
processes as passive engines for the transformation of
renewable materials. This is achieved through fungal-
lignocellulosic composites which have been developed
along with the design and fabrication processes that are
necessary for their application in the construction
industry.

Plant-derived materials are abundantly and sustainably
available on both local and global scales, particularly in
the form of by-products and recycled waste. Additive
fabrication provides an opportunity to create high value
products from this material, but comes with its own
challenges. In particular, most of the strength of the wood
is lost as fibres are ground down so that the material can
pass through the extrusion nozzle. Rather than relying on
thermosetting plastics or synthetic binders, this project
explores the controlled growth of fungal mycelium within

the printed material post-extrusion as a binder of
lignocellulosic biomass.

Fungal-lignocellulosic materials inherit properties from
both wood and mycelium, resulting in lightweight and
strong bio-composites. Generally, they exhibit good
insulative performance for both heat and sound, are
hydrophobic, and have good tension and compression
resistance (Yang et al., 2017; Elsacker, 2019). In addition,
the raw materials for such composites are low in cost,
locally sourced, renewable, and able to capture and store
carbon dioxide.

Mycelium Bio-Composites

The main components of mycelium composites are the
biopolymers cellulose and chitin, followed by lignin and
hemicellulose. Mycelium is the vegetative part of a
fungus, made up from a dense network of long, branching
filamentous structures termed hyphae. The cell wall of the
hyphae is made of chitin - a tough, resilient, inert and
non-water-soluble modified polysaccharide that has
promising potential in biotechnology (Latgé and
Calderon, 2006). When the fungus colonises a substrate,
it first grows on the surface and gradually, depending on
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the properties of the material, it spreads its mycelium
throughout it in a complex three-dimensional binding
matrix (Boyce and Andrianopoulos, 2006) (Fig. 4).
During growth, the fungus secretes extracellular
polymeric substances (EPS), which are mainly composed
of polysaccharides and proteins (Gazzé et al,, 2013).
Their role is to facilitate growth and allow the anchoring
of the cells on the substrate, acting as a glue between the
hyphae and the substrate. Moreover, EPS allow for the
conglomeration of particles around the hyphae, resulting
in an irreversible fusing of the material (Fig. 2).

3D Bio-Printing

Most precedents using lignocellulosic substrate and
mycelial growth for creating bio-composites use casting
as the means of production, for example: The Living’s
Hy-Fi Tower (Nagy et al., 2015); Block Research Group’s
MycoTree (Heisel et al., 2018); Mogu panels (Appels et al.,
2019). Such methods are relatively straightforward and
therefore well-suited for industrial mass-production.
However, the casting process limits the customisation

of the products as well as geometrical complexity that
can be employed for functional performance. In addition,
the strength of the material is markedly determined by
the extent of the mycelium coverage (Yang et al,, 2017).
As this is dependent on oxygen, growth is limited to the
material surface. When cast in solid volume, the mycelium

covers a smaller percentage of the total volume, limiting
the potential strength of the composite.

These limitations can be overcome through the use of
digital additive fabrication which allows for a complex
meso-scale structure, radically increasing the surface
area within a given volume and thus ensuring maximum
distribution of hyphae within the composite.

The strategy of additively fabricating mycelium
composites is not unprecedented in nature. Mound-
building macrotermites have evolved to a symbiotic
existence together with fungus of the genus Termitomyces.
The termites harvest plant-based material and carry it
back to the mound where the regulated internal climate is
suitable for fungi. The fungus processes the plant matter,
turning it into nutrients that both the termites and fungus
live on (Turner, 2005). The fungal combs (Fig. 3) have a
particular geometry which, on the one hand provides
access to the termites for managing the comb, and on the
other enable a convective flow of air and respiratory gases
near the comb surfaces. This flow is facilitated by vertical
channels and assisted by the thermal buoyancy generated
by the metabolic heat of the fungus. The combs are
constructed as an intricately folded and interconnected
sheet with an even thickness of approximately 4mm, likely
corresponding to the depth at which the mycelium can
effectively grow while maintaining access to oxygen. The

1. Section of a column
showing an assembly of

the fungal-lignocellulosic
components. Bonding
between the segments is
proposed to be achieved
by extrusion of a connective
tissue consistingof a
modified version of the

live pulp.

2. Substrate under
microscope. The different
magnifications showing:

(1) The print layers

covered in mycelium.

(2) The fusion of mycelium
and substrate. (3) The partial
decomposition of the
cellulose and lignin fibres
by the fungus.

3. Termitomyces fungus
comb. This symbiotic
structure is additively
assembled by macrotermites
from dead plant matter
inoculated with fungal
spores. The fungus slowly
digests the plant matter

into components which the
termites can ingest as food,
while it simultaneously acts
to regulate the humidity of
the mound'’s internal climate.

4. Living printed composite
after two weeks of
incubation.

4

fungus comb provided an initial set of assumptions for a
design that could provide a suitable balance of parameters
in the project.

Integrated Research Protocols

The research presented in this article concerns the finding
of a set of processes for additive fabrication of fungal-
lignocellulosic materials and the evaluation of their
suitability for architectural fabrication. The primary

intent was to address the questions that arise from the
interdependencies between these processes through a
transdisciplinary approach. Focus has been on testing
feasibility, building a protocol, and establishing a
foundation for informed speculation.

The research was guided by the following questions:
How can a process of bio-fabrication best be structured to
achieve desirable artefacts? How does the introduction of
fungal mycelium affect the material properties? And how
could the developed processes be utilised for fabrication
at architectural scales?

To answer these questions, the presented work explored
the interconnections between (1) the living system,

(2) the digital fabrication, and (3) the computational
design strategy. Subsequently, a number of material
performance tests were carried out on the resulting
samples. The protocol presented here led to the most
successful outcomes with regards to rate of growth,
extrudability, stability and resulting material properties.

Live Pulp

The pulp consists of a substrate that has been inoculated
with fungus. The substrate was developed to comply with
two primary criteria: its ability to support the growth and
development of the fungus, and its suitability for
fabrication which includes both extrudability and the
stability of the material in the print and growth phases.
The main components of the substrate are fine woodchips,
paper pulp, and kaolin clay, which are mixed with water.
Wood and paper pulp compose the bulk of the material
and provide the nutrients for the fungus; during
incubation, these are partially transformed into fungal
biomass. As the substrate doesn’t have an immediate
bonding agent, it remains unstable during printing.
Therefore, clay was added to the mixture to provide
stability during the fabrication and incubation phases.
The substrate also contains a thickening agent which
allows the solid and liquid components to form a coherent
aggregate (Fig. 10).

Two fungal strains were used in the experiments, a strain
of Byssomerulius corium and a strain of Gloeophyllum sp.
They are both wood decomposers, but follow different
strategies of wood decomposition termed white rot and
brown rot, respectively. Both fungal strains were
propagated on a malt-yeast medium. When the mycelial
growth was sufficient, the fungus was introduced into the
autoclaved substrate. The inoculated substrate was left for
an incubation period of one week, in which the mycelium
propagated through the substrate and adapted to the new
environment, enabling it to resist contaminants introduced
when sterile conditions were no longer maintained.
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Following the initial incubation, the pulp was 3D printed,
after which it went through a second and longer
incubation period. This allowed the mycelium to grow
through the printed artefacts and transform the substrate
into the desired bio-composite. Once the growth had
reached the target state, the printed component was
desiccated to reach its final and stable form, stopping

the decomposition process.

Fabrication Strategy

The live pulp was 3D printed using Vormvrij Lutum v4,
which relies on a combination of pressurised air and a
rotating auger to extrude material. A nozzle diameter of
3.5mm was used in combination with a layer height of
1.5mm, which provided a working balance of resolution,
stability, and print speed.

Several factors influence the stability of the print, and the
ability to produce artefacts with the desired geometric
variation. A larger nozzle and consequently greater wall
thickness make for more stable prints, but have the
drawback of lower resolution and decrease in surface to
volume ratio, which reduces the amount of mycelial growth
on the material. Straight vertical walls are prone to both
deformation and collapse. To reduce this, the curvatures
have been maximised and additional interconnections
between walls were introduced.

During desiccation, the material contracts in volume by
approximately 30%. In order to minimise the resulting
distortion, a set of aluminium meshes with vertical
channels were used as print base and cover. These
secure the position of the first and last layers, thereby
constraining the contraction to the Z-axis. Mesh-print
adhesion was improved by the explorative growth of the
mycelium. The meshes allow vertical airflows through the
print, supporting biological growth by ensuring even
moisture levels and the circulation of respiratory gases,
and eventually facilitate rapid and even desiccation.

Design Strategy

In addition to the architectural scale constraints, the
design of the components had to accommodate both the
biological requirements of the fungus and the mechanical
constraints of the printing process. A reaction-diffusion
simulation based on the the Gray-Scott model generated

the basis for the form-finding of the fabricated geometries.

The scale of the pattern was derived from the fungus
comb reference. This generative model has been developed
by increasing the feed rate along the vertical axis. The
boundaries of the geometry have been created at the
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A. Reaction diffusion simulation

B. Toclpath

C. Printed components
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5. Column assemblage:
design to fabrication.

6. Dessicated printed
sample comparison.
From left: S1, S0, S2.

7. Detail of the 3D scanned
prototype. Analysis of
deviation from the

toolpath sent for fabrication,
after printing, growth and
desiccation. Although there
is considerable distortion,
itis locally distributed
throughout the height of
each module and therefore
not global, the tolerances
not penalising the current
design application.

8. Mechanical performance:
bending test.

Load / kN

transition points between the two simulated substances.
Subsequently, the resulting geometry consists of two
(internal and external) interwoven volumes that never
converge, lending itself to functional use in the
architectural outcome. Similar to the structure found in
fungus combs, the model ensures significant vertical
continuity that is beneficial to flows of both air and
structural forces. (Fig. 5)

The curves that constitute the print layers are taken
through a secondary algorithmic transformation which

connects all curves into a single curve on a per-layer basis.

This transformation allows for a continuous extrusion rate
along an uninterrupted toolpath which improves speed,
stability and precision in the print process. This also
ensures that the entire printed component is cohesive and
that additional stabilising cross-bracings are created
without disturbing the continuity and separation of the two
sets of volumes. In order to maintain thin extrusions while
increasing the print height, the design strategy combined
vertical continuity with recurring interconnections, while
strengthening through double curvature.

Results

Three different material samples (designated So, S1, and
S2) were tested for the resulting material properties and
their suitability for architectural application. So was printed
substrate with no fungal inoculation, S1 was pulp with the
fungal species Byssomerulius corium, and S2 was pulp
with a Gloeophyllum sp. (Fig. 6). Three tests were carried
out: a bending test to evaluate stiffness, a test for dispersion
in water, and a test for water absorption properties. Since
the results from these tests indicated that the Gloeophyllum
pulp composite has the most desirable properties,
additional samples were produced and further scanned to

Deformation / mm

characterise the distortion of the material during drying
(Fig. 7). This is notable since most other mycelium-based
materials use white rot fungus, while here is was found that
the brown rot fungus, Gloeophyllum, gave the better result.

Mechanical Performance

The bending test showed that the samples with more
extensive hyphae distribution exhibited significantly
higher stiffness than the mycelium-free sample and
afforded a slightly higher force before failure (Fig. 8).
The deformation before failure was twice as high for

So as S2, with S1falling in between. The hardness of

the material as perceived when cutting the samples with
a sharp knife was significantly higher with increased
hyphae coverage (S2 > S1 > So).

Dispersion in Water

The resilience of the material bond when wet was tested
by submerging the samples in water for a period of 10
hours. After this period, the water and samples were
stirred (Fig. 9). The sample without mycelium (So) quickly
swelled and completely disintegrated upon agitation.

S1 and S2 remained intact during stirring.

Hydrophobicity

A droplet of water was placed on each of the surfaces of
the three samples, and the subsequent absorption was
observed. The droplets on So and S1 were quickly
absorbed, while the droplet placed on S2 did not absorb
but maintained its shape, indicating strong hydrophobicity
on the material surface (Fig. 11). The samples’ capacity for
buffering water in vapour form was also measured, and
remained equally high in all three samples.
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Bio-Integrated Design:
Architecture as Multi-Scalar Interfaces

The printed prototypes and tests conducted on the
resulting bio-composite demonstrate some of the
advantages of the proposed approach. The resulting
components were highly hydrophobic with a retained
capacity of moisture buffering, and remained stable even
when exposed to prolonged submersion in water. The
transformation of the material by the fungus resulted in
improved stiffness and hardness, and eliminated the
tendency of the samples to delaminate between printed
layers. The surface hardness of the resulting material was
markedly different from many other reported mycelium-
based materials. This may be due to the use of a brown rot
fungus instead of white rot, and this strain’s interaction
with the substrate. However, further studies are required
to investigate these relationships.

The ability to fabricate larger scale elements relies on
navigating the requirements in the design space, and
the stability and predictability of the printed components
in the growth and desiccation phases. The robustness
of the process was improved by the inclusion of clay to
the substrate as well as the use of stabilising meshes.
Equally, the component design is of critical significance,
both in terms of enabling the growth of the mycelium
and stabilising the material during and after fabrication.
This resulted in a requirement for a high surface area,
high curvature form.

When engaging with the agency of microorganisms
as well as with highly responsive and interdependent
materials, significant constraints are placed on the
design. These constraints require integration between
the multiple scales of the project, from the microscopic
scale of microbial behaviour, through the material
arrangement at the centimetre scale, all the way to

the component and assembly, and eventually human
scales. Rather than considering these constraints as
limitations, they present an opportunity for responsive
and functional architectures.

The demonstrated components (Fig. 1) assemble into a
column that retains several of the properties that allow
the fungus to thrive: it has a high surface area ratio, the
vertical interstitial spaces allow for convective flow, and
the material exhibits an active interaction with air and
water vapour. These properties remain after the element
is constructed, and can be utilised to affect and modulate
the environment in direct proximity to the column. Rather
than a passive load-carrying element, such a structure
should be considered a part of a building’s vascular

t=0

1=10 min

t=10 hr

10

n

9. Dispersion in water.

The fungus-free sample
disintegrates completely,
while the two fungal
composites exhibit minimal
swelling and remain intact
after stirring.

10. Substrate development
prototype, here without
fungus. The substrate was
tested for extrudability,

as well as for the design -
material compatibility.

11. Hydrophobicity.
From left: SO, 1, S2.

system, mediating and enabling flows that drive an
active modulation of the micro-climates which the
occupants inhabit.

Conclusion

The project demonstrates both the challenges and the
potential of additive fabrication of mycelium composites.
The introduction of fungus improves the properties of the
resulting material in multiple ways, resolving difficulties
associated with wood printing through improved water
resistance and increased stiffness and hardness.
Compared to previous fungus composites which are
typically fabricated through casting, additive fabrication
can improve the conditions for fungus growth, enabling
faster growth rates and more complete coverage. This can
result in better material performance and more efficient
manufacturing. The process enables complex and
customised form beyond what can be achieved through
casting, opening up new functional potential in the
resulting products.

The biologically active process adds constraints, such as
the need for sterile material processing and the prolonged
wet state. However, it was demonstrated how a
combination of material composition, design integration
and fabrication processes can be used to overcome these
challenges, potentially enabling the use of such materials
in the construction industry. If implemented at large
scales, such a shift could radically reduce the building
industry’s ecological footprint by lessening the need for
extraction of non-renewable minerals and for energy
intense chemical processing, while ensuring
environmentally safe and biodegradable properties.
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Research Aims and Objectives

Computational design and digital fabrication for
architecture focuses increasingly on advanced robotic
machine control for the shaping and assembly of
pre-engineered building materials to produce structures
with complex functional geometries. Intelligent digital
planning methods and machine material feedback

make processes of additive, subtractive and formative
manufacturing incrementally more efficient and
tuneable. However, complex shaping is still achieved by
combinations of pre-shaped formwork, application of brute
mechanical force, robotic manipulation, and subtractive
machining from larger stock. In the shaping process,
powerful innate material behaviour that influences shape
is either viewed as problematic or ignored. In the quest
for infinitely more axes, and endlessly more sophisticated
end effectors, it’s clear we have overlooked the useful
capacities found within the structures and tissues of the
materials we fabricate with.

This research presents a paradigm shift towards a
material-driven self-shaping fabrication method for full
scale timber building components. Here the 3D geometry
emerges from the designed material arrangement in flat

2D parts that are exposed to an external stimulus (Fig. 2).
By utilising the unique capacity of the material to act

as an integrated, shaping actuator and the final load-
bearing structure, elaborate external forming equipment
is eliminated. This simple yet informed material
programming replaces typically material, energy and
labour intensive shaping process. Using wood, which
exhibits strong anisotropic dimensional instability

in response to changes in moisture, we developed

a material-specific predictive model, and a physical
material programming routine that allows for a self-
shaping manufacturing process for high curvature
Cross Laminated Timber (CLT) building components.

Surface active structures benefit tremendously from
curvature in both the overall structural geometry and
individual building components. For wooden shell
structures, curvature is, however, expensive to produce
in terms of costs, material, and environmental impact.
In this research, the manufacturability of high curvature
CLT components enabled by self-shaping is paired with
the development of performative geometry and structural
analysis for folded plate cylindrical shell structures. The
concept is demonstrated with the design, engineering,
manufacture, and construction of a 14m tall thin shell
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tower structure (Fig. 1). Architecturally, the tower
serves as a shelter and landmark, showcasing the
potentials of innovative high performance and
sustainable timber construction.

Research Context

Manufacturing of structural building components can be
conducted by combinations of additive, subtractive and
forming processes. Advanced digitally-controlled robotic
manufacturing builds upon these processes through
automation and increased precision but fundamentally
still relies on machines to provide the shaping force and

logie. Self-shaping systems where shape is generated from

physical material programming to actuate based on
external stimuli have already been developed at much
smaller scales for medical applications, micro robotic
applications, and meso-scale mechanisms with a wide
range of functions (Studart and Erb, 2014; Tibbits, 2014;
Duro-Royo and Oxman, 2015; Wang et al., 2017; Kara

et al,, 2018; Kotikian et al,, 2019). In architecture, similar
principles have been applied for self-regulating facade
systems that respond continuously to changes in the
environment such as temperature and moisture (Correa
et al,, 2013; Reichert et al., 2014; Holstov et al., 2015; Sung,
2016; Correa and Menges, 2017; Vailati et al., 2017, 2018;
Poppinga et al., 2018). Most shape-morphing structures
are limited in scale due to the reduced stiffness of the
material required for actuation and high costs of the
material and processes to produce them. Wood, however,
exhibits the natural ability to change shape without
electrical input and with incredibly high forces combined
with high stiffness, making it ideal for self-shaping large
parts (Riiggeberg and Burgert, 2015; Wood et al., 2016,
2018; Grénquist et al,, 2018; Grénquist et al., 2019). It is
therefore possible to build high strength shape-changing
parts; however with increased volume comes reduced
actuation speeds (Mannes et al., 2009).

Timber is a readily available and highly sustainable
building material undergoing a renaissance in the face
of an increased focus on the environmental impact of
building construction. CLT, which is comprised of
overlapping layers of solid boards with alternating fibre
directions, is one of the fastest growing construction
markets worldwide. CLT production is efficient and
standardised for flat panels. Despite the inherent
structural and architectural advantages of curved parts,
they are exponentially more expensive to produce. Even
with advancements in digital design and fabrication, use
of curved wood components is universally limited by the
physical forming process (Robeller et al., 2014; Stecher et
al., 2016; Svilans et al,, 2017). Parts are produced by first

22% WMC

- \ 12% WMC

constructing either adaptable jigs, or solid formwork on
top of which layers of lamella are iteratively screwed or
vacuum laminated. The bending stiffness and cross
section of the wood lamella limit the possible curvature.
In contradiction, larger numbers of thinner lamella allow
higher curvature, while lower quantities of thicker lamella
would be preferred for production and material efficiency.
While extreme curvatures can be manufactured for
specialty projects, 10mm is the lower limit for standard
sawmill production of lamella with 3.5-4.0m radius the
highest known curvature for standard industrial
production curved CLT.

Research Questions

The challenge of applying self-shaping technologies for
the building industry is how to upscale basic principles
to a size that is suitable for the manufacture of building
components while ensuring that both material and
building structure are maintained. The fundamental
research question centres on how known shape-changing
properties of a building material can be used purposely
to generate shape. Programming of the shape changes
requires an advanced understanding of the underlying
mechanisms of deformation, which can only be gained
by employing simulations based on specific material
models coupled with experimental testing. Critical to
manufacturing innovation is the development of a
materially-informed digital design methodology that
could be used to predict and tune the final shape and
translate a design geometry to the material information
required for production. To be effective, the predictive
model must be accurate using material input parameters
and sorting ranges that can be collected and implemented
in an industrial context.

1. The Urbach Tower,

a high performance
timber structure utilising
self-shaping wood
manufacturing for curved
CLT. (Rolland Halbe).

2. The basic self-shaping
wood manufacturing
process in which curvature
is generated from loss of
wood moisture content in a
designed bilayer structure.
A sample 1.2m x 0.6mm x
40mm thick spruce wood
bilayer cut from the larger
production parts, shown in
the flat high moisture (22 %
WMC) production state and
curved dry (12% WMC)
actuated state (bottom).
(ICD/ITKE- University of
Stuttgart).

3. Integration and upscaling
of the self-shaping
manufacturing process to
produce high curvature CLT
components for the tower
structure. Bilayer design,
actuation, combining/
stacking, edge finishing,
and connection detailing.
(ICD/ITKE- University of
Stuttgart).

2) Spruce
T=10mm

BO =90°

FO = 0-90°

WMC = 12% +/- 2

1) Spruce
T=30mm

BO =00°

FO = 0-15°

WMC = 22% +/- 2

22% WMC

12% WMC

2.40 m radius

bilayer design

self-shaping bilayers

CLT

CLT component

Facade

In addition to the manufacturing process, the curved

CLT must be designed and assessed for load-bearing
construction. Where and in what types of structures

can increased curvature and directional build-ups of the
parts be best used? Lastly, what types of materially-driven
architecture and construction emerge from a new class of
self-shaping processes?

Research Methods

The project has been conducted as an inter-disciplinary
collaboration bridging better the raw material entering the
sawmill to the completed structure. Feasibility was tested
in the laboratory before integration and adaptation to
industry for production of components for the Urbach
Tower as part of the Remstal Gartenschau, 2019.

Material Programming and Modelling

Wood bilayers are the basic part for the self-shaping
process (Fig. 2). A bilayer is constructed from elements:
active and restrictive layers of boards oriented at 90° to
each other and glued together to create a cross ply plate
(Fig. 3). When harvested, wood exhibits a high Wood
Moisture Content (WMC). Producing bilayers with a high
WMC in the active layer and then drying them creates
curvature perpendicular to the longitudinal (L-) direction
of the active layer. The curvature achieved is dependent
on inputs such as wood species, quality, type of cut (which
determines the angle of the transversal or radial (T/R)
plane known as end grain), the thickness ratio between
the layers, and the change of WMC below fibre saturation
point induced in the manufacturing. First a sensitivity
analysis was conducted using a digital simulation to
determine how the input parameters influence the
curvature (Grénquist et al., 2018). Next, a rheological
model of wood was used in combination with numerical
simulations based on the Finite Element Method (FEM),
which takes into account all possible strain mechanisms
of wood in a fully coupled time- and moisture-dependent
model. Data for expansion coefficient, density and
moisture-dependent stiffness was collected from physical
samples to supplement literature values in the numerical
simulations. A range of bilayer configurations was tested
physically in the laboratory with two commonly used
species, European beech and Norway spruce, using

0.6m x 0.6m x 10-45mm total thickness to verify the
accuracy of the model (Grénquist et al,, 2019). From

the simulation, a database of build-ups and associated
curvature and structural capacity was produced within
the range of feasible production thickness of lamellas and
drying ranges.
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In parallel, a computational design model was developed
to parametrically interface between the geometric
curvature of the component represented as a trimmed
cylindrical NURBS (Non-Uniform Rational B-Splines)
surface, the simulated bilayer database for material build
and actuation ranges, the overall structural engineering
model which includes the CLT buildup and connection
detailing, and back to the wood FEM model for tuning and
verification (Fig. 6). Simple material information for the
flat build-ups was sent to the sawmill for material selection
and production, while the geometric model could be
continuously adapted to deviations during the process.

Industry Manufacturing Integration

From the integrative design approach, a bilayer made of
Norway spruce sourced locally from Switzerland (FSC
and HSH certified) with an active layer thickness of
30mm and a restrictive layer of 10mm was chosen.

Active layer boards with starting WMC of 22% (+/-2%) and
R/T angles in a range of 0-15° were semi-automatically
selected and sorted in the sawmill using inline WMC
measurement and visual grading. Restrictive layer boards
were sourced from a standard 10mm thick wood product
with 12% WMC. Active layer boards were planed and
edge-glued to create a continuous plate on which
restrictive layer boards were press laminated with one
component (1 C) PUR adhesive, resulting in a bilayer plate
5.0m x 1.2m x 40mm thick. Bilayers were placed in racks
and kiln-dried in an adapted kiln-drying programme
lowering the WMC to 12% and shaping to the targeted
curvature of 2.4m radius (Fig. 2). To achieve form stability
under changing relative humidity, two curved bilayers
were stacked together with an elastically bent spruce
locking layer and again press laminated using the same 1
C PUR adhesive (Fig. 3). Moisture content and curvature
were documented per board at two depths in each

production step. Structural capacity of the resulting
experimental CLT was verified through testing in a
three-point bending test (rolling shear), shear block
testing (glue bond strength), and long-term outdoor
tests for form stability and delamination.

Building Demonstrator — Urbach Tower

The architectural and structural potentials for high
curvature CLT were demonstrated with the design of

a 14.2m tall thin shell wood structure that serves as a
look-out point and shelter for hikers in the Remstal in
southern Germany. The unique design is based on the
co-intersection of 12 cylindrical surfaces. Curvature in the
individual components increases the bending stiffness of
the tower surface, similar to a corrugated sheet, while the
primary fibre orientation within the CLT matches the
vertical load-bearing direction (Aldinger et al.,, 2020)
computational design, and digital fabrication, as well as a
growing awareness for sustainable construction, have led
to a renaissance of structural timber in architecture. Its
favourable elastic properties allow bending of timber for
use in free-form curved beam structures. Such complex
geometries necessitate a high degree of pre- fabrication
enabled by the machinability of timber and established
digital fabrication methods. In parallel, cross-laminated
timber (CLT).

To produce the tower, self-shaping bilayers were used

to manufacture curved rohlings from which four of the
twelve components were trimmed and detailed using

a five-axis CNC machine (Fig. 4). As a benchmark, the
remaining eight components were produced using a
conventional form-bending process requiring a negative
formwork and thinner layers. The component-to-
component connections are aligned using beech

wood blocks and joined using crossed full-thread

screws that are structurally optimised in their
arrangement and specific angle (Li and Knippers, 2015).
Components were preassembled in assembly groups of
three components each and a 10mm thick glue-laminated
larch wood fagade was added (Fig. 5). A metal oxide
coating (UVood®) for UV protection treatment was applied
to create a surface that will lighten over time (Guo et al.,
2017). On site, groups were placed and connected in eight
hours (Fig. 7). A curved steel and polycarbonate roof was
added to enclose the structure. Over the planned 10- to
15-year lifetime, the structure will be monitored
continuously with integrated WMC sensors, climate
sensors and iterative laser scanning to detect
deformations.

4.Completed curved CLT
rohling after the stacking
and combining of bilayer
panels to create 5-layer,
90mm thick CLT. Shown
mounted on a large scale
5-axis CNC machine used
for lightly machining the
edges and adding the
crossing screw connection
detailing.

5.Completed prefabrication
of assembly groups
prepared for transport
following in the connection
of three components and
addition of the Larch wood
fagade with UVood @
surface treatment. (ICD/
ITKE- University of Stuttgart).

6. FEA modelling of the
structural design aspects
for the thin shell structure.
Global deformations of

the structure due to wind
loads (left), CLT utilisation
including intra component
joints (centre) and the range
of connection angles for
fine-tuning of crossing
screen angles per building
regulations and fabrication
constraints (right). ICD/
ITKE- University of Stuttgart).

Research Evaluation

On a technical level, self-shaping enables the production
of high curvature parts (<3.0m radius). This can be
accomplished with fewer, thicker boards, which reduces
waste in processing and labour. A CLT build-up with a
radius of 2.4m was achieved with 2 bilayers of 10/30mm
and a 10mm locking layer resulting in a 5-layer, gomm
thick CLT cross section. While mechanically possible, the
equivalent form-bending to this radius is outside normal
production ranges determined through initial industry
research for using solid wood lamella; this would have
required 9 layers of 10-15mm lamella. Using the self-
shaping method provides up to a 40% reduction in the
number of layers. While curved guides and sorting are
still needed to even the curvature variation when gluing
the curved bilayers to CLT, the amount is significantly
reduced as the pre-shaping of the parts is within 10%

of the predicted curvature. Initial observations show

a reduction in spring-back after forming, substantially
reducing corrective measures and surface finishing.
From a manufacturing perspective, these design methods
combined with the reduction in custom formwork makes
the process highly adaptable, where the bilayer build-up
and input parameters can be adjusted to shape different
radii in each part. However, in the current state it requires
a more careful selection of higher grade wood than used in
standard CLT. Testing of structural behaviour of self-
shaped parts did not indicate the need for additional
safety factors.

From a design perspective, the use of multiple connected
curved CLT parts in surface-active structures allows a
new architectural language to emerge from the natural
capacity of the material. In the Urbach Tower, the concave
curvature of the exterior surfaces results in sharp lines

DEFORMATIONS CLT UTILISATION

CONMNECTION ANGLES

and crisp surfaces, while the convex interior surfaces are
invitingly soft, evoking an unexpected tactile material
experience within a load-bearing structure (Fig. 8).

The integration of structure and skin as well as the
hidden detailing of the curved parts results in an elegant
expression of form and force. This is backed quantitatively
by the relative lightweight and slender nature of the
structure (slenderness ratio of 160 to 1). In addition, the
structure can be fully disassembled and recycled at the
end of use. Combined, these aspects contribute to create
a striking landmark and a space of internal reflection that
simultaneously reframes our perception of the material
and surroundings (Fig. 9).
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Conclusion

The construction of the tower demonstrated self-shaping
manufacturing for industry level production of curved
load-bearing building components. As the same material
is both the shaping mechanism and the final structure, the
need of larger machines and formwork is greatly reduced.
The current process is directly applicable for the solid
wood production of lightweight curved roof components,
curved vertical shear walls for multi-storey timber
construction and cylindrical structures such as silos

or turbine towers. It presents an ecological option for
performative curved geometries that are often produced
with malleable yet energy intensive materials such as
concrete, plastic or metals.

A designed self-shaping process is a new approach to
digital fabrication at the scale of building components.
Rather than outputting machine codes to communicate
a position for additive or subtractive shaping, the self-
shaping process means geometry is communicated
through the specific characteristic and arrangement

of material, providing an implicit understanding of the
resulting physical transformation. As the scale of parts
increase, the self-shaping processes become inherently
more valuable as the force and coordination required to
bend the parts increase. Similarly, self-shaping enables
adaptable and parallel manufacturing within a standard
setup, which is valuable for large quantity and high
variation production.

Rethinking materials’ active role in construction leads

to new architectural opportunities as well as increased
sustainability in the production and operation of buildings.
As our understanding and control of materials become
increasingly sophisticated, their symbiotic relationship
with the digitally-controlled fabrication machines of the
future is brought into question, productively inverting and
blurring the relationship between material and machine.
Perhaps in the future the materials will do the fabricating
and the machines as we know them will rest.
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Research Aims and Objectives

Light frame wood construction is flexible, adaptable, cheap,
renewable, and requires very little skill to assemble. It is a
dominant system in North America for good reason and
has changed little in over a century. The authors believe
that the introduction of their Zippered Wood research to
the conventional stick framing approach will revolutionise
this construction method, rendering it more situationally
adaptable and resource responsible.

The research team developed a pair of experimental
prototypes that challenge conventional wall construction

through the free modification of its most basic component:

the standard 2x4. Their investigation works at the scales
of wood grain, wood member, software interface and
tool development to liberate the architect to fluidly
conceptualise formal strategies and deliver more
sophisticated wood framed buildings. The authors aim
to empower the architect by amplifying her control over
material-forming strategies, introducing adaptability
into the forming process, and finally reducing the

cost of shaping materials in time, measure and setup.
Even in the context of normative, orthogonal and flat wall
construction, Zippered Wood offers significant material

savings over standard stud wall construction without
sacrificing strength. Through increases in wood member
strength afforded by an introduced twisting geometry,
the typical stud wall maintains its original length, height,
and thickness through a smaller material investment.

Thus, the objective of the Zippered Wood project is twofold.
On one hand, it positions the standard 2x4 lumber unit as
a more flexible, adaptable and mutable building component,
capable of wildly varied geometric manipulation with little
added cost. On the other hand, it offers material efficiencies
to standard wall construction, significantly reducing

the volume of wood required to build an otherwise
conventional wall. In both cases, the research advantages
used, off-cut and discarded lumber, amplifying its
sophistication through a precise yet economical set of
cutting and reassembly procedures. The authors have
installed a wall prototype and, subsequently, a small,
temporary pavilion, to test the strategy. Most recently,
through the development of custom saws capable of cutting
members with little or no waste, the authors are further
streamlining the process of hacking the standard 2x4.
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Research Context

At times, it seems as though architects have remarkably
little agency over how the buildings they design are
fabricated and constructed. The fiscal power and market
politics of global capital conspire to diminish their
influence. The voices of academic researchers feel even
fainter when railing against the forces of asset urbanism.
In a city like Vancouver, Canada, issues of ‘materiality
and methodology’ in architecture, while present and
important, are far from the heart of public conversations
about buildings, construction and city making. Discourse
veers towards marketability, housing availability and
workflow efficiency. The challenge for 21st-century
architects is finding places to apply effective pressure

to an immaterial body of economic forces. Where can
architects make any meaningful impact in this space?
The authors decided to look for material opportunities

in the wake of global capital.

Metro Vancouver is one of the fastest growing and most
expensive real estate markets on the planet. Existing
neighbourhoods accommodate most of its growth through
the demolition of older single-family houses and other
light frame buildings. An outcome of this is, and will
continue to be, an abundance of construction waste.

In 2015 alone, the construction industry in metro
Vancouver produced approximately 218,000 tons of

waste wood, including 29% untreated dimensional lumber
(Fulton, 2016). Throughout North America, it is estimated
that roughly 20% of all materials that enter landfill come
from construction and demolition waste. Put more bluntly,
in Vancouver and across North America, the effects of a
series of abstractions (soaring land values, lax oversight
on real estate speculation, and construction undertaken to
shelter and launder money) contribute to the destruction
and disposal of nearly 1000 single-family homes annually
(City of Vancouver, 2018). These older buildings contain
wood that is serviceable and in many cases superior in
quality to new timber members. Salvaged dimensional
lumber is often from older growth trees, is dry and
dimensionally stable, and may be longer and more robust
than today’s standard eight-foot stock. Much of this waste
material is still viable for light wood frame construction.

Research Questions

Considering the massive volumes of waste wood
produced by the construction industry through both
leftover, surplus materials during building assembly,
and discarded materials during demolition of existing
buildings, the authors developed two primary research
questions which yielded a number of secondary and

tertiary research questions. The first driving research
question was: can strategically-modified used and
discarded 2x4s, with specific geometries (joints in the
form of teeth), be mated to generate predictable, specific
bent forms, inexpensively and with little waste? This, of
course, opened other questions like: can the assembly of
these members form predictable bends and twists without
the use of formwork? Can custom, computer numerically-
controlled tools cut members to minimise or even
eliminate waste?

The second driving research question was: can
manipulations to used and discarded 2x4s provide
performance benefits and an economic use of material?
For example, can the complex bends and twists in the
wood members offer not just formal novelty, but also
geometrically-derived strength advantages? If it is true
that the bent and twisted lumber is stronger, can one
construct a standard wall, floor, or roof structure using
less material than is typically expended through
conventional stick frame construction?

To help answer these questions, the authors first
examined three primary precedents. First, they

looked at boat building, which is common in the
Pacific Northwest. They investigated the work of

John Lockwood, the founder of Pygmy Sea Kayaks

in Port Townsend, Washington. His technique for boat
building uses no formwork. He developed proprietary
software to digitally mill wood sheets, then he sews the
sheets together, forcing the wood into shape. Once sewn,
glue fixes the assembly, and upon removal of the stitching,
the boat is finished (Lockwood, 2018).

Lockwood’s edge-formed compound geometries are useful
examples of leveraging material behaviour and geometry

1.One Bay Prototype -

A single bay of a larger
proposed performance/
teaching space was
executed as a proof of
concept. The structure
performed well and has
led to a larger proposition.
The recognisable building
formis intended to remind
occupants of conventional
construction as it subverts
the logic of the stud-wall.
The zippered members
translate betweena
planer logic (roof) and
acolumnar logic.

2. Tooth and Twist.

Through trial, error and,
finally, strategic modelling
and milling, the research
team generated a strategy
for predictably bending and
twisting 2x4s using only
geometry.

3.Manually Cut Teeth -
Researchers worked on
two tasks concurrently. One
team was assigned physical
prototypes and the other
virtual models. The two
teams worked in parallel
and communicated often.
The firstattempt at a
physical zippered wood
prototype was generated
using a cross-cut saw and

a pencil. This version was
measured and fed back
into the computer.

to make form. However, the Pygmy example is not a
template for transforming 2x4s. For clues on how to
transform solid block, the team looked to a method
called ‘ZipShape’ developed in Germany by Christoph
Schindler. Schindler’s digital kerfing strategy uses
3D-modelling software and six-axis robots to generate
meshing panels that, when locked together, form
undulating surfaces. Schindler applies his technique to
furniture, cutting his kerfs out of a soft core faced with
wood laminate. While his techniques were deployed
primarily to generate planar curves along a single axis,
an example of a developed surface twist was also present
in an earlier paper (Shindler, 2011). Kennedy and Violich
Architecture advance this technique with ‘Smart Rockers’,
a clever public furniture project that uses small Kuka
robots to mill MDF cores (Kennedy and Violich, 2011).
When assembled, the sheets of laminated MDF achieve
sweeping axial bends.

All three precedents offer valuable insights into the
generation of form using material behaviour and smart
geometry, but work was still necessary to create more
ambitious deformation and to answer the initial research
questions outlined above.

Research Methods

A ‘kerf’ is a groove made by removing material with a
cutting tool (saw, torch, bit, etc.). Kerfing is the act of
making repeated parallel cuts most of the way through

a solid block, allowing it to bend. Kerfing can make a
standard 2x4 remarkably flexible, but the bending is
unpredictable and the resulting board is structurally
weak. These complications prompted a decision to change
direction and focus on controlling the cut. The kerf cuts in
the research transitioned from parallel to eccentric. They
then morphed into modified finger joints and eventually
evolved into continuous topographies, capable of
predictably deforming material (Fig. 2).

A deliberate division of labour informed this evolution.
One research team focused on physical prototyping and
the other on developing virtual models. The material team
started with hand-measured and milled 2x4 prototypes,
cut with a compound mitre saw to produce examples with
polyhedral teeth (Fig. 3). When trained together, the
resulting compound formed bends and twists. The other
team’s task, bending 2x4s virtually using Rhino and
Grasshopper, was more straightforward. The gap in the
process resided in the translation from physical to virtual.
To bridge it, the authors developed Grasshopper scripts to
analyse simulated shapes and generate toolpaths required
by a CNC mill to produce viable tooth patterns (Fig. 4).

Outputting the digital model revealed new challenges.
First, the depth of the cuts affected the wood’s ability to
bend. Too much wood left at the thinnest point of a given
‘valley’ cracked due to material stiffness. Too little wood
failed due to weakness. To find an optimal thickness,

the research team iteratively cut a series of physical
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4. From Virtual to Physical -
This illustration shows a
virtual mobius strip. (1) Rule
lines generated through
analysis create a tooth
pattern that manifests the
desired curve. (2) The virtual
tool pattern is unrolled to
allow a CNC mill or robot to
cut the pattern into a 2x4.

(3) That pattern is mated to a
second milled board to form
the designed curvature in
the 2x4.

5. One Hundred Thirty-five
Degrees — Team members
demonstrate the bending
of atwo-by-four prepared
for use in the pavilion
prototype. No steaming

or soaking was required

to bend the member.
Members are glued

and vacuum-bagged.

6.Scan Test — The research
team scanned multiple
test members to verify
tolerances. The
composite image

shows one progression.
The purple ‘board’ was

in the correct position.

prototypes using a consistent tooth pattern. They started
with a 6mm maximum depth and decreased through
subsequent millruns. The most successful test prototypes
left a minimum of 3mm of wood along the flat face of the
milled board. When tested, this piece was both flexible
enough to bend yet proved very stiff once glued. The
assembled member was able to resist twisting and
bending forces. The second challenge was the gluing
surface itself. The faceted cuts exposed too much end
grain, which is poor for gluing, and the interior corners

of the faceted teeth were prone to cracking under loading.

The solution to this problem was to smooth the tooth profile.
The authors developed an undulating sinusoidal pattern
that generated a continuous gluing surface. The glued bond
was much better than anything the team had achieved
with faceted cuts. The sinusoidal strategy showed that

the geometry embedded in the angle of the teeth was

the defining factor in predictably bending wood (not the
shape of the tooth). The authors have been progressing a
modified planar strategy to replace the sinusoidal work.
The planar approach dramatically reduces milling time
and breakage in early prototypes has been eliminated.
Finally, the team applied more traditional dovetail joints to
end join already formed boards (Fig. 5). The combination
of these techniques meant they could take breakage and
off-cuts and theoretically generate articulated boards

at any length, be they straight, twisted, curved, or bent.
This could be done with relative accuracy (Figs 6, 7).

Research Evaluation

To date, the team has developed two full-scale, physical
prototypes, and a third virtual analysis, to evaluate the
Zippered Wood research. The first full-scale prototype,
called Stick Formed Wall is a variation on a traditional
stud wall (Fig. 8). By curving the 2x4 bottom plate of a
traditionally framed wall, the team transformed a portion
of a normally planar wall into a volumetric hyperbolic
paraboloid. Another design ‘delaminates’ to create a
modest covered space for the display of didactic boards
explaining the Zippered Wood project. The goal of this
proposal was to demonstrate that while Zippered Wood
can be used in all members of a structural system
(yielding highly complex forms), the system’s lasting
value might be found in its compatibility with existing
light wood framing techniques. Our virtual analysis,
explained below, expands on the capacity of the research
to integrate with existing wood frame construction
processes and in-place trade skills.

The second Zippered Wood prototype is more ambitious.
It explores the formal capacity of the research through the
production of a modified bay of a larger outdoor pavilion
designed to house student performances and impromptu
teaching (Fig. 1). The team fabricated the structure using
repurposed timber. It sits on four temporary footings

and features bundled columns built from salvaged 2x4s.
Each bundle springs from a footing, bending and fanning
inward using four unique profiles that meet to create
cover. The zippered members translate between the
columnar supports and an overhead truss strategy that
meets at a ridge beam. The pavilion serves as a test of
the repeatability of the zippered geometry and whether
the Zippered Wood members embody the structural
capacity required for the larger version of the pavilion.

It successfully demonstrates that customisation in stick
framing can be achieved without significantly greater
fabrication time or material cost.

The third prototype, a virtual analysis of the research,
explores the capacity of the Zippered Wood system to

fit seamlessly into existing wood frame construction
standards, drastically increasing the material efficiency
of the typical stud wall. The team virtually tested over
150 Zippered Wood stud wall variants. The findings

were encouraging. Because a typical Zippered Wood
stud is significantly stronger than a standard 2x4 stud

(a conclusion the team has drawn from anecdotal physical
testing, but one that the team is in the process of testing
through finite analysis software), less material produces
the same length and height of wall. Stud spacing and wall
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thickness can grow without sacrificing strength or adding
more material. Further, a Zippered Wood stud wall with

a thickness of 15cm or more can accommodate runs of
electrical, plumbing, and mechanical conduit without
on-site cutting of studs (Fig. 9).

The team sees these prototypes as incremental research
steps and provocations. The intent of the work is to
demonstrate the potential of Zippered Wood and to

find optimal locations for its application.

Conclusion

It is impossible to know how architecture will weather

the coming decades. The world is facing massive change,
including increasingly turbulent market forces,
diminishing resource availability, a transition from
computerisation to computational work, and inevitable
automation. Perhaps automation will save us, freeing the
architect to refocus on inherited roles as auteurs of form
and meaning. Maybe we are already lost, the proverbial
‘frogs in the pot’, unaware we are doomed as we yield

to algorithms and robots. Most likely, architecture will
evolve, our techniques merging with technology, blurring
the boundaries between design and building, policy

and culture, material and programming. Whatever the
scenario, it is clear that we can no longer be content to
simply refine our methods. We must enter the black box
and program it, disrupt it, and redirect its output. The
Zippered Wood process is offered as an example of how.
This research offers a novel approach to wood joinery
and material deformation, deployed to convert standard
2x4s into formally sophisticated building components.
The approach generates form using material behaviour
and geometry, advancing techniques from analogue
production to digital (and back), and from precision fitting
to precision displacement. It also recognises that this
process results in the loss of material in modified pieces.
Despite this loss, Zippered Wood promotes the use of
reclaimed material and off-cuts, thus extending the life of
otherwise compromised wood members destined for
landfill and giving life to those parts previously deemed
inadequate for use in conventional construction methods.
Zippered Wood could generate a new vocabulary of built
form using readily accessible stock material (the 2x4) and
waste material (salvaged lumber). This process emerged
out of the constraints of existing dimensional lumber,
specifically the 2x4’s parallel edges, standard dimensions,
and orthogonality. These same attributes are what make
the Zippered Wood process possible. Parallel longitudinal
edges make the surface rulings much easier to locate.
Near continuous face grain allows for bending to occur.
The system re-imagines reclaimed lumber as an

opportunity for sustainable construction that is not bound
to the orthogonal status quo, but also renders that status
quo, the existing conventional wood frame systems that

are in place, as lighter and more efficient. The authors
hope that by challenging the limits of recycling, and
engaging that territory with new digital and computational
tools, architects might create a new urgency for reuse in
the building industry.

Specifically, the research demonstrates that the millions
of tons of discarded wood stud framing, from both new
construction and demolished existing buildings, can be
the exclusive source for new construction that is formally
dynamic and adaptable, more efficient, and yet still rooted
in existing labour skillsets. Through the development of
increasingly faster cutting approaches and streamlined
algorithms for determining tooth geometry, the process of
moving from conceptual design to fabrication is economic
and seamless. The concept of scarcity and abundance is
essential to positioning the research in relation to current
discourse around resilience and building construction.
Where there is an increasing scarcity of first-source
materials for building construction (materials that are
mined, extracted or harvested aggressively through
invasive processes), there is an abundance of existing
and, most commonly, discarded materials. There is also
emerging an abundance of accessible, sophisticated and
intelligent technologies to strategically adapt those
abundant existing materials for new and more
sophisticated uses.

7.Cylinder Test - It took
time for the team to
generate consistent
outcomes. This test mated
multiple zipped 2x4s
together around an implied
cylinder. The success of this
piece gave the team enough
confidence to attempt a
small structure.

8. Hyperbolic Paraboloid
Stud Wall - The team
radically deformed a
conventional wall by
replacing the base-plate
with a single Zippered
Wood element. A hyperbolic
paraboloid wall is generated
using traditional framing
labour and technique.

9. Increased efficiency
through Zippering - This
series of diagrams illustrate
the potential material
savings possible if zippered
wood is applied to standard
structural assemblies.

Woob VoLUME COMPARISONS

TYPICAL STUD WALL VERSUS
ZIPPERED WOOD WALL

B
\‘\

y/

Y/

201 x 8H Stud Wall
2ci Studs
2¢4 Sole & Top Plates

Tolal Stud Volume: 3,096/t
Stud Eficancy: 100.00%

2001 x 8H Stud Wal
26 Studs.
2x6 Sole & Top Plates

Total Stud Volume: 4,865R
Stud Effcancy. 100.00%

200 x §H Stud Wall
2¢8 Studs
2¢B Sole & Top Plates

Total Stud Volume: 6.412ft
Stud Efficancy. 100.00%

20'Lx 8'H Swd Wall
2x10 Studs
2x10 Sole & Top Plates.

Total Stud Volume: 8,172t
Stud Efficancy. 100.00%

20 x 8'H Stud Wall
2x12 Studs
2x12 Sole & Top Plates

Total Stud Volume: 9,951
Stud Efficancy. 100.00%

P 20'Lx B'H Stud Wall

244 Zippered Studs
24 Sole & Top Plates

Total Stud Volume: 3,024t

Stud Efficancy: 102.38%
1o.2ed st wal)

201 % BH Stud Wall
244 Zippered Studs
216 Sole & Top Plates

Total Stud Volue: 3,025
Stud Eficancy: 160.82%
{oompared 0 266 stad el

20'L x B'H Stud Wall
244 Zippered Studs
248 Sole & Top Plates

Total Stud Volume: 3.020ft%
Stud Efficancy: 211,68%
{compared to 2x8 shad wall}

20'L x 8'H Stud Wall
24 Zippered Studs
2«10 Sole & Top Plates

Total Stud Volume: 3.038ft%
Stud Efficancy: 268,99%

{oompared to 2x10) st wall

#  20Lx B'H Stud Wall

244 Zippered Studs
212 Sole & Top Plates

Total Stud Volume: 3.051ft
Stud Efficancy: 326,15%

{oompared 1o 2x12 s wall

Zippered Wood is a designed contagion that is productively
disruptive precisely because it simultaneously takes
responsibility for the black box logics of material
production and programming as it seamlessly adapts

to standard construction practices. The project could

be part of a larger strategy that radically changes the
building industry’s relationship with wood products

and sustainable wood use. The goal of Zippered Wood

is nothing short of affecting wooden architecture as
profoundly as the straight 2x4 did over a century ago.
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Introduction

The paper aims to demonstrate through two research
pavilions sustainable alternatives to traditional building
materials and methods. Natural materials were used,
especially natural fibre reinforced polymer composites
(NFRP) which are also referred to as Biocomposites
(Dahy, 2019¢) as a structural material in a non-linear
design process in which the material defines the final
design following the design philosophy: ‘Materials as a
design tool’ (Dahy, 2019b).

The building industry consumes more than 40% of global
resources, around 50% of non-recyclable waste, and more
than 35% of energy. Until now, aggregate materials and
concrete are the predominant materials used in building
in the EU (UN Environment and International Energy
Agency, 2017). These serious facts of the building industry
highlight the crucial need to change to more sustainable
methods of building in the near future.

In this paper, the potential to replace traditional materials
comes from the field of fibre-reinforced polymer composites
(FRP), composed of fibres and binders. In the last decade,
fibre composites sparked interest mostly in aerospace,

automotive or sports industries which later started to
influence architecture in lightweight structures. Although
fibre composites significantly reduce weight, they offer
high structural performance. The fibres are mostly made
of non-renewable fossil-based materials such as carbon

or glass. In this paper, annually-renewable natural fibres
applied as biocomposite are proposed in lightweight
structural applications.

Biocomposites are materials where at least one component
is biomass-based. The first applications in the building
industry date back to the 1990s, mostly through Wood
Polymer Composites (WPC) from wood and agricultural
residues bonded by thermoplastics. By contrast, bio-
composites with lignocellulose fibres were being used

in the automotive industry by Henry Ford in the 1940s.
Very few examples of using biocomposites as a structural
component in the building industry have been developed.
One example is a pedestrian bridge made by the
Eindhoven University of Technology where the girder

is a biocomposite of hemp and flax fibres attached to a
Polylactic Acid (PLA)-based foam core (Blok et al., 2019).

In this paper, two approaches are presented through two
different research 1:1 demonstrators: BioMat Pavilion 2018;
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and Tailored Biocomposite Mock-up 2019. BioMat Pavilion
2018 is based on the use of sandwich elements where

a flexible semi-elastic lignocellulosic fibre core from
agricultural residues is sandwiched between semi-elastic
lignocellulosic biocomposite fibreboards on both sides,
reinforced by veneer. In the second example, The Tailored
Biocomposite Mock-up 2019, continuous flax fibres were
tailored using additive manufacturing techniques into

the desired geometries before being impregnated by the
resin binder.

Case Study 1: BioMat Pavilion 2018,
Segmented Shell of Biocomposites and Wood

The task was to design the pavilion in semi-elastic
lignocellulosic oriented fibreboards (Dahy, 2017; 2019a;
2019b). Architecture students within an academic design
studio conceptualised their designs depending on three
factors: geometrical variations; fabrication limitations;
and mechanical properties of the newly developed
biocomposite material.

Design Optimisation

The selected design was based on a complex 3D textile-
like structure, chosen to represent new innovative design
but mainly for structural reasons. The structure was
composed of two interconnected layers that provide the
spatial rigidity which was found necessary for the used
material.

For such a complex structure, a parametric model was
necessary. The structure of the pavilion consisted of 360
segments. The global design was designed according to
size limits of flexible boards, mechanical properties and
building site limitations. The model was also used for

smart numbering, structural optimisation and fabrication
control. Through optimisation, only four moulds for
vacuum-assisted fabrication described in figure 2 were
used to produce the 360 different segments. The design
was constantly updated by feedback from material tests
and structural calculations provided through international
cooperation with colleagues from the Technical University
Eindhoven and KE institute of the University of Stuttgart.

Biocomposite Material Development

A semi-elastic lignocellulosic biocomposite, which was
developed in a parallel research project lead by the first
author, was used. It is a high-density fibreboard consisting
of up to 90% annually renewable natural agricultural fibres
like wheat straw. In parallel, a second lignocellulose
biocomposite sandwich panel has been developed and
applied. These fibreboards enabled the possibility of being
freely adjusted into the desired double-curved geometry
once both sides have been reinforced with a special
wood-veneer type, namely 3D veneer, in a closed vacuum
moulding process.

Fabrication

Off-site fabrication of large free-form biocomposite
segments were mass-produced by the architectural
students through a digital fabrication setup of CNC
(Computer Numeric Control) - milling and closed-
moulding using a vacuum appliance - of around 360
segments. Later, these items were assembled to form 120
larger individual elements, each composed of 3 segments.
On-site assembly started by erecting three supporting
laminated arches positioned precisely according to the
3D scan model of the site made in cooperation with a
geodesic team from IIGS Institute at the University of
Stuttgart. Successive 3D scanning of the site before,

1. Biomat Research Pavilion
2018.

2. Closed-moulding
vacuuming process of
c.360 segments.

3. (1) Off-site fabrication

of individual segments.

(2) On-site connection of
elements into 4 groups.

(3) Lifting of interconnected
groups on arches.

4.(1) Parametric model.
(2) 3D scanned building site.
(3) Comparison between 3D
scanned completed pavilion
and parametric model.

5. Biomat Research Pavilion
2018.

All photos: © BioMat at
ITKE/ University of Stuttgart
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throughout and after erection enabled guaranteed high
precision of the arches to reach the accuracy for assembling
the 120 biocomposite elements. The elements were first
interconnected through plywood plates and bolts into
four triangular groups on the ground, then lifted on

to the beams and fixed in position as shown in iigure 3.
After completion, repetitive 3D scanning took place

and was compared with the parametric model (Fig. 4).

The differences between the digital model and after-
erection were in the allowed tolerance range.

Results and Reflection

The selected global design and the applied connection
system allowed the possibility of reusing the individual
elements for other applications, for example facade
elements and shading structures. This was set as the
main criterion at the beginning of the designing process
to reach a closed-material cycle. After the completion

of the pavilion (Figs 5, 6), it stayed under real weather
conditions for six months which proved the applicability
of the concept. The biocomposite was able to meet the
structural requirements in terms of stiffness and
weathering. However, the high quality of {abrication,
especially coating of individual components, was crucial.
Future research will investigate the long-term behaviour
(degradation, moisture, etc.) and further automatisation of
the fabrication and assembly. A high focus of the design in
a similar lifetime application will be on how to design the
connections to enable quicker re-assembly and stable
weathering resistance.

Case Study 2: Tailored Biocomposite
Mock-up of BioMat 2019

Like BioMat Pavilion 2018, this pavilion was integrated
into a Design Studio course where 10 bachelor architecture
students worked together for four months on design,
testing, fabrication and erection of a small mock-up of
BioMat 2019. From the start, the selected fabrication
system was TFP (Tailored Fibre Placement) (Boehler

et al,, 2015) of annual industrial natural fibres like hemp
or flax fibres.

Design Optimisation

The Mock-up is a single-curved canopy, generatively
designed as a lightweight structure of 225cm high and
125cm width (Fig. 7). The initial geometry was form-found
by Rhinoceros plugins Grasshopper + Galapagos +
Millipede where the geometry performing the smallest
deformation was chosen. The selected design was later
topologically optimised to reduce the amount of
unnecessary material to achieve optimum lightness.
Parameters from the topology optimisations that took
place using Matlab were later used as constraints for an
agent-based system (code in processing using Plethora
plugin) to simulate the optimum smooth direction of the
continuous flax fibres. The different tracks coming from
individual agents were post-processed into the mesh
geometry and the most feasible design was selected
accordingly. The whole design process is described in
figure 8.

Biocomposite Material Development

The focus, in this case, was to develop and apply continuous
natural fibres as a reinforcement agent for the developed
biocomposite, instead of the short fibres used in the first
case study. The selected fabrication method was Tailored
Fibre Placement (TFP) of 1cm wide flax fibres and tape
placement of 40cm wide flax tapes, where both fibre types
were later impregnated with epoxy resin matrix in a closed
vacuum resin process.

In this case, non-wood lignocellulose bast fibres were also
used. Because of their annual renewability (each 90-100
days), comparable properties to glass fibres (GF), and
minimum waste, they are considered a sustainable
alternative to synthetic fibres. (Pecas et al.,, 2018). The
greatest advantage, however, is their significant low
density and damping as well as vibration absorption
properties in comparison to synthetic fibres such

as carbon and glass fibres (CF) and (GF). For our
development, flax fibres were selected due to their high
tensile strength and availability in central Europe.

6. Detail of connection.

7. Tailored Biocomposite
Mock-up.

All photos: © BioMat at
ITKE/University of Stuttgart

In fibre composites, especially upon application of
continuous fibres, the orientation and position of the
fibres in the composite are crucial. Therefore the TFP
method was specially selected. TFP is a digitally-
controlled embroidery technology that enables the
fabrication of complex textile preforms. Individual
continuous fibres were stitched to a matrix according
to a predefined vector pattern that followed an unrolled
surface of the desired geometry. This allowed the
fabrication of precise 2D and 3D fibre structures

with an accuracy of fibres up to t0.3mm.

Fabrication and Erection

Fabrication was divided into three stages as shown in
figure 9: TFP fabrication, mould preparation, and
placement on the mould with vacuum assistance.

For most of the fibre composites using placement methods,
the mould is needed. For the mock-up, a reusable mould
was developed. The mould components were CNC cut and
later assembled to a waffle structure, which saved material
consumption in comparison with the most common
mould types.

The mock-up structure consisted of four layers of TFP
preforms. The initial geometry had to be divided into
pieces of no more than 1.0 x 1.4m, due to the limitations of
the TFP machine. The layers were designed to overlap to
avoid any cracks on the edges between the preforms. For
every single preform, a Computer-Aided Design (CAD)
model was generated for the tailoring path, as shown in
the last two pictures of figure 8, in cooperation with the
Institute of Aircraft Design (IFB) at the University of
Stuttgart. The ready-made preforms were afterwards
impregnated with epoxy resin then moulded in a closed
vacuum-assisted moulding process. After the structure was
removed, additional reinforcement from two layers of TFP
preforms was applied. After the curing time, final
post-processing took place including sanding and coating.

Results
The mock-up showcases automatised fabrication of a
canopy structure from continuous natural fibres using the

TFP technique. This was investigated as a single canopy
with no connections. The fabrication method seems very
feasible for the production of precise shell or panel
structures with controlled fibre-orientation according to
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predominant tension forces. In future research, the mould
will be optimised to minimise the amount of resin used
and to eliminate manual moulding processes.

Outcome and Discussion

Both demonstrators express new aesthetic architectural
features of bio-based materials using digital manufacturing
technologies and generative design methods. The
research showcases alternative sustainable material
selections when even wood can be partially replaced.
Contrary to wood, biocomposite can achieve very complex
structures with minimum waste from fabrication.

Both pavilions showed different design and fabrication
methods that followed the philosophy ‘Materials as

a design tool’. A different scale of the pavilion is not
considered in the comparison. The goal of the Biomat
pavilion 2018 was to fabricate and erect a reusable
segmented shell. The design was influenced by the

size of lignocellulosic composite fibreboards which could
be fabricated under limited dimensions during their
production. Compared to the use of continuous natural
fibres, the fibreboards are not feasible to use over the
whole structure without any segmentation. Segmentation
needs connections, holes for bolts have to be optimised
so that they do not compromise the integrity of the
composite in ways that can have a negative influence on,
for example, its humidity protection. The advantages in
comparison to the mock-up are the elimination of big
moulds and a relatively simple fabrication set-up which
doesn’t depend on non-standard fabrication techniques
like TFP. The Tailored Biocomposite Mock-up 2019
focuses more on the digital fabrication of the canopy

8. Design process:

(1) Basic shell optimisation.
(2) Topology optimisation
of a single-curved canopy.
(3) Generated structure by
agents attracted by results
from topology optimisation.
(4) Selection of the final
design from generated
variants. (5) CAD paths

of individual preforms.

(6) Detail of path for tailoring.

9. Fabrication: (1) TFP
preforms. (2) Mould
preparation. (3) Vacuum-
assisted moulding process.

All photos: © BioMat at

ITKE/University of Stuttgart.

without any segmentation. The used TFP technique
allows precise control of the direction and position of

the fibres which positively influence load distribution,
material efficiency and weight. TFP minimises the amount
of redundancy which, in comparison to CNC cutting of
fibreboards, is significantly smaller. TFP preforms allow
highly flexible bending in both directions which allows

a greater range of possible geometries compared to
fibreboards reinforced by 3D veneer which can be shaped
only in one direction. The mock-up uses more digital
fabrication which significantly reduces the manufacture
effort and time. Generally, it is not possible to state which
fabrication method is better, it depends on the application,
scale, and available tools.

The integration of sustainable approaches, which are
already in architectural education, is important for the
next generation of architects who will have to deal with
alternative materials, digitally-driven fabrication and
effective life cycles of future buildings. The selected
methodology, ‘Materials as a design tool’, can help
students experience the whole architectural process
from design to completion within a very short time,
which is different from classical architectural educational
models. In both case-studies, architecture students
practiced a different philosophy for the design process,
physically experimenting up to erection within the same
semester and using newly developed alternative
biocomposite materials.
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Overview

The aim of this research work is to create a general-
purpose manufacturing technology considering foremost
its sustainability characteristics. Our approach is
bio-inspired in that we attempt to replicate some of the
principles of natural synthesis, characterised by exclusive
use of locally available resources, utilising material
ingredients which are often insignificant by themselves,
performing assembly of complex hierarchical structures
in low-energy environments and producing artefacts
integrally embedded within their ecological cycles.

We implement those principles with the development of a
new family of biocomposites combining cellulose and chitin,
the first and second most abundant biopolymers on earth,
and assembling spatial artefacts by selective deposition

of materials through additive manufacturing at room
temperature. The technology developed can produce
large-scale objects at low-cost that are fully bio-sourced and
biodegradable. Applications investigated within the building
industry range from: interiors such as furniture and fittings;
to construction such as insulated panels, pre-finished
building members and recyclable moulds; even to restoration
of timber elements and ornamentations in heritage buildings.

Objectives

Biological polymers produced by plants and animals are
in the realm of billions of tonnes annually. A key feature
of biological materials is in their innate embedding within
ecological cycles. This offers an untapped opportunity for
a fundamentally sustainable approach to manufacturing,
if we manage to control their synthesis and assembly.

The constraints guiding the design of our bio-material
process include: (8) use of ingredients ubiquitous in every
natural ecosystem aiming to promote regional as opposed
to transcontinental production and transport; (b) ensuring
available material component sourcing at low-cost from
renewable resources and even industrial by-products or
waste recovery, aiming to enable scalability for general
manufacturing that competes with commodity plastics
and potentially supports circular models of production
and consumption; (¢) low-energy fabrication process at
room temperature without thermoforming or high-pressure
processes to achieve a small environmental footprint in
production; and (d) ecologically embedded material
synthesis avoiding material transformation by chemical
modification, as for each intervention an additional reversing
step is required and one away from natural recovery.
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Materials

Cellulose is the most abundant biological material on
earth (Reiterer, 1999). It is the main component of timber
and plant matter in general. Chitin is also a highly
abundant bio-material encountered mainly in the

animal kingdom, in the exoskeleton of arthropods

such as shrimps, crabs and lobsters as well as in insects
including bees, grasshoppers and maggots. Despite their
molecular similarity and being some of the most common
bio-polymers on earth, cellulose and chitin rarely appear
in the same organism.

Composition of these two ingredients gives rise to a
family of lightweight biocomposites named fungal-like
adhesive materials (FLAM), after oomycotes or egg-
shaped fungi, a species of eukaryotic organisms,
historically misclassified as fungi, whose cell walls
contain cellulose and chitin. Experiments with different
ratios of the two components were performed to determine
the best mechanical but also rheologic parameters
suitable for manufacture. One may consider cellulose as
the fibrous reinforcement within a chitinous matrix in a
conventional composite materials sense. Therefore, too
high cellulose to chitin ratio produces viscuous materials
which are difficult to extrude and dry to become brittle,
while too high chitin produces materials that slump too
much and shrink uncontrollably. Surprisingly, the same
ratio as in the cell-walls of comycota (1:8) produced both
strong, extrudable and controllable composites. A unique
aspect of FLAM is their ability to adhere to themselves
even after drying which allows for infinitely restorable
objects. Before drying, they can also be rehydrated and
reused. To protect them from water after curing, they
require coating like natural timbers.

FLAMSs can be produced from either industrial grade,
pure cellulose, used as fillers or wood fibre waste from
timber manufacturing. The properties of FLAM (370 kg/
m3 density | 0.26GPa Young’s modulus) are in the range
of high-density synthetic foams, such as machinable
polyurethanes, and low-density natural timbers such

as balsa and cedar. Using pure cellulose, the material
appears as compressed paper while using wood fibre,

its appearance is similar to particle boards. However,
unlike common cellulosic materials and composites such
as cellophane, plywood, particle boards and wood-plastics,
FLAMs involve no petrochemical adhesives or toxic
chemical substances such as strong solvents. In addition,
unlike conventional 3D printing materials such as wood
particulate plastics and bio-plastics such as PLA, it is 100%
biodegradable without requiring specialised composting
or recovery processes. In the eyes of nature, FLAMs are

no different from mushrooms or timbers. Additional
information pertaining the materials science of FLAMs,
including extensive study of material characterisations,
was first presented by Sanandiya et al. (2018), and precursor
research on chitinous biocomposites - on which this
project builds - by Fernandez (2009) and Fernandez and
Ingber (2014).

Manufacturing

Fabricating with organic composites is vastly different
from working with inorganic or inert materials such as
plastics or concrete. Foremost it requires understanding
and addressing issues which spring from the innate
variability of its constituent components. Just as no two
pieces of wood are ever the same, inevitable variation of
its cellulosic content produces material property changes,
such as viscosity for instance, which affect both assembly
as well as curing. Moreover, the composite in its wet state
is an adhesive which makes it very difficult to handle as it
is highly tacky and shear thinning. Therefore, co-evolution
of the material formulation alongside its manufacturing
method was integral.

The digital fabrication system is comprised of an industrial
robot equipped with a volumetric auger dispenser for
sealants and adhesives, a bulk material supply (15 litre
batches) and a programmable control logic controller for
flow rate modulation. Details on the setup are presented
by Dritsas et al. (2018). Early implementations follow the
canonical material extrusion AM principles, where objects
are built by filament layers arranged vertically, not unlike
Fused Deposition Modelling of rapid prototyping or Direct
Ink Writing of tissue engineering. The material is dispensed
as a viscous paste and fuses with consecutive layers.

3D printing FLAM is a low-energy process compared
with FDM and SLS as it does not require thermal input.
Filaments are directly printed at room temperature and
by evaporation at ambient conditions water is removed
from the colloid as objects transform to rigid solids.
Working with a broad range of nozzle diameters (1 to
7mm) motivated departing from conventional three-
axis printing to leverage production time and resolution.
We investigated fusion of fabrication paradigms, namely 1. Natural composite pillar
five-axis dispensing to coat over scaffolds, subtractive overall photography and
techniques to introduce features below the nozzle
diameter, and forming operations displacing material
while in a wet-state with net-zero material change.

2. Fungus-like adhesive
material with cellulosic
waste from timber
manufacturing at wet-state.

Space-filling algorithms were developed to maximise ) )

. . . 3. Detail of large-diameter
surface to volume ratios for accelerating evaporative nozzle extrusion in
hardening. Production of large objects in a single printing  canonical 3-axis mode.

details. Photo: Frank Pinckers.

session gave its place to understanding how to segment
for improved throughput: as the process is not bottlenecked
by thermo-dispensing such as in large diameter FDM,
printing can be much faster, for example 5o0mm/sec

at 7mm diameter, while curing takes place separately.

It became evident that it was thus more meaningful to
consider scaling in terms of time, within a heterogenous
sequence of production steps, instead of targeting
physical scale using additive manufacturing exclusively.

Challenges

FLAMs are suspensions of fibres (chitin to cellulose 1:8)
in an organic matrix comprised of chitosan and water (3%).
The uncured composite’s properties are in the class of
non-Newtonian viscoelastic materials. The material
behaviour, both during extrusion and while curing,

is highly non-linear as properties including density,
viscosity and elasticity depend on both the shear force
applied during extrusion as well as time. Challenges
pertaining to fabrication with shrinkage anisotropy being
the highest (5% along the extrusion direction, 12% in the
transverse and 32% vertically), are presented in detail by
Dritsas et al. (2019).

To overcome these issues, instead of a mechanistic, such
as transient multi-physics computational fluid dynamics,
we employed experimental modelling methods leveraging
the ease of 3D printing to collect data via optical metrology
and 3D scanning, for statistical analysis. This approach
allowed us to absorb the variability of controllable but also
the uncontrollable design parameters related to material
and environmental conditions and to bypass the highly
involved development of an analytical CFD model which
would incorporate material state transition, moisture
convection-diffusion, and transient forces affecting the

3D printed geometry.

Control of the extrusion process parameters such as

the robot’s feed rate, material flow rate and layer height,
presented by Vijay et al. (2019), were modelled through
a face-centred Central Composite Design of Experiment
(Montgomery, 2009) to associate the resulting filament
dimensions and their mechanical properties. The model
is expressed as a set of multiple quadratic equations that
capture not only the main parameters but also all the
possible combinations of their interactions. To derive
desirable operating points from the response surface
models, we employed multi-response optimisation
methodology (Derringer and Suich, 1980).

Interestingly, the study shows that we can retain constant
filament dimensions whilst controlling their tensile
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strength dynamically via motion-flow rate modulation.
This implies that the material process has innate
functionally-graded characteristic potential, beyond
conventional geometric density modulation by 3D
printing, such as variably-sized spatial lattices. Non-linear
regression models using machine-learning techniques
were employed to relate notional-to-resultant geometries
and enable prediction-correction of object deformation
during curing. We call the process pre-set modelling
which is equivalent to elongating structural members

in building design in anticipation of progressive
compression deformation during construction.

Evaluation

The necessity for statistical data to develop predictive
models resulted in numerous early prototypes of simple
measurable geometries. Single filaments were printed to
assess filament profile uniformity against feed and flow
rates; pairs of adjacent filaments determined the requisite
overlapping fraction sufficient for adhesion; straight
walls measured vertical compaction rate and intralayer
fusion; square profiles determined shrinkage anisotropy;
and surfaces were printed to collect curvature and
deflection features.

The first large-scale prototype was an airfoil (NACA 0015)
printed in two halves (50% infill, 1 hour printing time
each), fused and coated with the same material and hand
polished (1.2m length, skg weight). Its objective was to
demonstrate the versatility of the material used for 3D
printing, its self-adhesive properties past curing, and
compatibility with conventional casting and wood-
working techniques. While the material’s surface
characteristics are not suitable for airfoil applications,

it may be an alternative to current core designs using
natural materials such as balsa.

To demonstrate the free-form fabrication capability,
material strength, assess the reliability of the extrusion
system and understand the workflow, we developed an
architectural-scale prototype pillar of 0.6-1.0m diameter
and 5m height. The form was split into 50 vertical
segments of 250mm height, taking 30-120min each to
print. Segments are comprised of two adjacent filaments
with wall thickness of 25mm. Alternative wall structures
were tested such as incorporating buttress fins or an
internal web pattern for increased stiffness but the double
filament wall design was the most time efficient. The
amount of time required for printing was 60 hours with
total wet material weight c. 480kg and cured weight 105kg.
The cost of materials was c. £220 | £2.1/kg.

4. Prediction correction
non-linear regression
modeling for shrinkage
compensation.

5. Prediction correction
non-linear regression
modelling for shrinkage
compensation.

6. Printing half of the airfoil
prototype required
approximately one hour.

7. Two halves bonded with
FLAM, coated and sanded
using woodworking
methods.

Apart from human-related operating errors that required
recycling the material and reprinting two segments, the
process was highly robust. The predictive-corrective
models used to adjust notional geometry to account for
shrinkage gave overall good results, but additional work
is required to reduce error over the diameter of segments
to be under 1% or 5mm. Nevertheless, if segments are
assembled within the first 48 hours after 3D printing while
the material is still moist, parts can be fused seamlessly.
The artefact suggests direct applications for non-load
bearing interior fittings as well as an approach for free-form
structural element mould-making, perhaps even pre-
finished as it can be easily sanded and/or coated.

Conclusions
Additive manufacturing became the dominant paradigm

during the past few decades representing the future of
industrial production (Thompson et al., 2016) and even

R e e b A L A LN
-
P TN
%--\\\'~\‘
e b A A X AR XL
—a eI

-
>
v
-
F
v
)
«

vl

B b 5 A AL
‘-AII\l\\‘\
‘A--\\\!\ Y
= AR

building construction. Despite unmatched benefits such
as rapid design-to-production, capability for free-form
geometry, design customisation and efficient material
use (Tofail et al,, 2018), challenges in materiality,
scalability, sustainability, affordability and reliability
still persist (Royal Academy of Engineers, 2013).
Sustainability in additive manufacturing (Baumers

et al,, 2011) is a domain that only recently came to the
foreground (Gebler et al,, 2014).

We presented a new technology addressing several

of those challenges. Its significance is in an approach
which departs from optimising resource uptake within
current production workflows or developing eco-friendly
materials that suit existing modes of production, such as
injection moulding and 3D printing PLA, currently the
most popular bioplastic sourced from agricultural food
sources which nevertheless requires specialised
composting recovery.
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Instead, the work is informed by biology and the
life-sciences where materials are understood as being
embedded within their production and consumption
cycles. FLAMs are produced by widely available natural
bio-materials: both cellulose and chitin are sourced from
waste of the timber and fishing industries and most
importantly they remain unmodified, meaning they are
natural. Nevertheless, precisely because they were not
designed with priority on ease of manufacture, they
require development of a specialised approach for their
fabrication and control.

Digital methods of modelling and fabrication offer a
level of precision that was impossible to achieve in the
past. Additional research work is currently underway
in both material characterisation including thermal,
acoustical and fire properties, as well as process-control
simulation and optimisation to enable adoption and
use in construction and general-manufacturing.

We believe the use of ubiquitous natural materials
and digital fabrication may offer an environmentally-
benign manufacturing and design paradigm towards
a circular and sustainable society.

8. The design of the natural
composite pillar is
comprised of seven arcs
fused using implicit surface
distance field methodology
producing a geometrically-
and topologically-complex
surface model.

9. Prototype of natural
composite pillar reinforced
with convetional rebar cage
and cast with concrete.

10. Natural composite pillar.
Photo: Frank Pinckers.
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Reinforced concrete shells are an excellent tool to realise
fascinating wide-span structures with a complex geometry.
Activating their membrane behaviour through the
definition of a shape that harmonises in the best possible

present paper, the extensive use of prefabrication and
design-to-fabrication processes made it possible to build
geometrically complex reinforced concrete shells without
complex formwork or expensive scaffolding systems.

manner with the acting forces allows for large open spaces  The authors of the present paper were in charge of o , ’ e v e % g
with a minimum use of material. In the past engineers like  engineering the roof structures and facades after the 1 - .5

Nervi, Torroja, Candela and Isler successfully explored the
structural and creative potential of shells. However, given

tender phase (Munro et al,, 2018). Their scope of work
included structural calculation, design development
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and detailing of all roof structures and facades as well
as the preparation and coordination of the BIM models
(up to LOD 400). In addition to that, for some special
components (such as the shell structure or the complex
steel embeds) the authors also developed the digital
models used for production.

The present paper describes the process and the
challenges linked to this project, outlining among

other things the difficulties encountered in addressing
different aspects (geometry, calculation, production, etc.)
and in developing specific engineering methods, and
interfaces between various software platforms, as well

as the integration of cutting edge fabrication technologies
(i.e. adaptive moulding) within the constraints of such

a megastructure.

General Description and Adopted Methodology

The terminal has a trefoil plan comprising three
symmetrical wings each with a length of 1.2km; the height
varies between 25 and 50m. The structure spans up to
120m and cantilevers up to 50m, thus allowing for a

naturally shaded entrance area and a spectacular,

flexible interior space. An hierarchical organisation of
each part of the building, using a project-specific naming
convention and element numbering was adopted for all
documents, digital models and drawings. This was the
first measure to generate an automatised and organised
workflow and to allow for a correct data control. The macro
system subdivision of the structures and facades are: the
main roof structure (group 100), the composite shell
structure (steel structure: group 200, reinforced concrete
panels: group 800), the trusses (groups 400, 500 and 600),
the secondary roof structure (group 700), and the facades
(glass fagade: group 300, roof envelope: group 900). The
first two of these groups make up the principal roof
structure. They were the most challenging ones; therefore,
they are the main point of interest of this paper.

The main roof structure (group 100) is composed of 90
in situ columns and a complex system of prefabricated
and pre-stressed arches, with a free span of up to 120m.
The arch system is composed of 823 single prefabricated
mega-elements, which present a maximum weight of
340 tonnes each (Fig. 2). Each prefabricated element is

1. Aerial view of the central
area. © Foster + Partners.

2. Aerial view.
© Foster + Partners.

a complex assembly of its own, due to the intricate
arrangement of longitudinal rebars on multiple rows,
stirrups, local reinforcements, tendons ducts, as well as

a large amount of embedded plates. These are the main
interfaces between the reinforced concrete and all other
structural elements. For this reason they were subject to a
specific design process, including customised design tools
and parametric models.

At a macro level, the shell structure (groups 200/800) is

a static highly indeterminate composite structure devoid
of any expansion joints (Nieri et al., 2018), (Blandini et al.,
2019). At a micro level, the shell is a parametric modular
system presenting high topological modularity (almost all
the elements present the same quantity of edges, corners,
etc)) but only reduced geometrical modularity (most of the
elements are only repeated three times). Two major
prefabricated modular systems could be identified: the
37,000 shell elements named ‘cassettes’, and the 41,000
connection nodes. Each cassette is composed of four steel
side plates and a 160mm thick double-curved reinforced
concrete panel. Based on a specific parametric description,
the depth of the plates varies between 560mm in the
middle and 1,300mm at the edge zones. Depending on the
structural utilisation, the wall thickness of the side plates
was optimised by the authors within a range from 10 to a
maximum of 20mm. The corner nodes are a cruciform
element composed of 40mm thick steel plates. The
vertical and horizontal angles between fin plates depend
on the shell geometry, while the depth and length of the
fins were optimised according to the arising forces. The
connection between the corner nodes and the side plates
is made by slip-resistant bolted connections. Depending
on the structural demands, the number of bolts per
connection varies between 9 and 30.

Given the sheer scale of the project and the geometrical
variation of the different components, the authors invested
a considerable amount of time and energy in the
development of a semi-automatised process. Starting from
a parametric geometrical model, this process allowed for
structural calculations of the different components and
led to modular detailing driven by forces and geometry.
This was a particular challenge for computers and human
beings alike. Model size and complexity were pushed to
the limit of what current FE and BIM models can handle
within the building construction field. Each task needed
to be first parametrically defined, then automatised and
finally optimised. For this reason, the scope of the
engineer was not only to design and develop individual
structural elements. The task was rather the definition

of methods and rules that could be applied to large

groups of elements presenting common characteristics

(like topology, function or geometry). The result was
a dual digital model containing the information for
fabrication and for the structural analysis.

In order to better understand the challenges of this
project, it can be compared to a six-dimensional puzzle.
On top of the tri-dimensional geometrical complexity,
there is a fourth dimension defined by the highly
demanding structural requirements, which are linked
to the geometry itself. For example, the geometry of the
side plates is a function of both the shell curvature and
the structural utilisation of the element itself. The fifth
dimension is represented by the specific conditions of
fabrication and installation, and the sixth dimension is
defined by time and cost constraints.

The Engineering Workflow

The overall objective of the authors was the establishment
of an ‘Integrated Design Approach’ connecting geometry,
engineering, and digital modelling from design to
fabrication. The workflow was therefore based on a

single source of input. This was the only way to provide
the efficiency and the flexibility needed and to overcome
the lack of interdisciplinary communication between
specialised software, like for example between FEM,
BIM, and CAD/CAM software. The ‘Central Data Model’
containing all the important information (dimensions,
material, etc)) of each component (beams, cables,
connections, etc.) was based on the software McNeel
Rhinoceros. Within this platform almost all the elements
were defined by scripting (C++, C# and Grasshopper).
Using specific interfaces (some of which were developed
in-house by the authors). This unique source was employed
to share information with other software programs (FEM,
BIM, CAD, etc,) and to develop sub-models.

For example, the shell engineering workflow was as follows:
First, geometrical and structural information was imported
into the FE model. Subsequently calculations were carried
out. Arising forces and related geometrical information on
each single structural element were then exported into a
database. All necessary engineering checks and iterative
optimisation processes (minimisation of the amount of
steel and bolts used, etc.) were carried out via a project-
specific automatic design tool. Finally, the optimised
elements were exported to a model-for-production.

Such an approach was particularly challenging in the
initial part of the project. It required breaking down
the complexity and defining the relationship between
geometrical and structural parameters. This was an
essential prerequisite in order to set up the correct
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workflow. It was not always easy for the client to
understand why this process required a large amount

of time and needed to be well prepared. Thanks to this
approach, late changes - which may always happen,

for example due to difficulties with regard to logistics

or procurement, special wishes by the client, etc.) - could
be addressed with a reasonable effort. The authors thus
overcame one of the limits of traditional approaches used
in the past. Furthermore, it was possible to define a fully
coordinated package constituted of structural models
(SOFiSTik, and custom structural design tools), BIM
coordination models (Revit, Rhinoceros, Navisworks, etc),
BIM models for production (Tekla, Rhinoceros, Allplan,
etc) and CAD drawings (overview drawings, formwork
drawings, rebar drawings, etc,).

Production and Quality Control

Given the variety of materials, sizes and structural
components of the main roof structure, several
fabrication approaches were developed and implemented.
All approaches had one characteristic in common, namely
the extensive use of prefabrication and automatised
production. Except for the main columns and foundations
(which were cast in situ) all other elements were produced
through a semi-automatic process which took place in
temporary factories built next to the construction site.
This approach led not only to a high level of precision,

but also to a remarkable speed of fabrication, despite

the complexity and geometrical variety of the individual
elements. The production of each precast element used
for the arches can be divided into five phases:

1. Production of embedment plates and automatised
cut and bend of the reinforcing bars.

2. Preparation of a segmented formwork based on
hinged modular systems, which can be adapted,
hence reused, to cast geometrically different concrete
segments.

3. Manual assembly of the rebar cage and placement
of additional elements (e.g. embedment plates, tendon
ducts, etc)).

4. Pouring of the concrete.

5. Transportation and installation of the elements on site.

As in comparable reinforced concrete constructions
(Blandini et al., 2011), it was not yet possible to implement
a fully automated production process. For this reason,

a shared digital platform based on different 3D software
programs (Allplan Nemetschek, Revit and Tekla) as well
as more traditional manual work based on 2D drawings
was required. For example, embeds were produced using
CNC machines on the basis of Tekla parametric custom

components, whereas inspections and approvals of rebar
cages were still based on the control of 2D drawings.

The production of the modular shell elements presented
higher levels of automatisation and a more complex
integration of production into the digital workflow.

Very few overview 2D drawings were prepared; the
production was completely based on 3D parametric
models (Fig. 3). The production of the cassettes required
five subsequent steps:

1. Production of the steel elements and their coating.

2. Assembly of the steel plates building the edge and
the setting of the adaptive mould.

3. Geometrical and quality control.

4. Installation of rebars.

5. Pouring of the concrete. 3.3D model of precast

rebars and embeds.
© Werner Sobek AG.
The first step consisted in the production of the side
plates, the welding of the connectors for shear transfer, 4.Pre-cast element

.. .. production: assembly of
and the application of the Thermal Spray Aluminium rebars and embedment
(TSA) coating. The whole process was mostly, but not plates. © LIMAK.
fully, automated: the cutting and bevelling was done by

. .. . 5. Pre-cast element

means of CNC machines, the application of coatings by production: adaptive

multiaxial KUKA robots. Nonetheless a certain amount formwork. © LIMAK.

of human supervision and refining was still necessary.

In order to produce the 37,000 cassettes (with a total of
almost 13,000 different geometries), 85 adaptive moulds
were used (Raun et al,, 2015). The cassettes were cast on a
reconfigurable surface which could be adapted according
to the information from the CAD model. Contrary to the
common way of producing moulds for double curved
geometries (namely manufacturing them by CNC milling
foam materials (Schipper, 2015; Raun et al,, 2015), an
automatic process was developed, thus avoiding labour-
intensive operations and waste production. The surface
achieved was so smooth that no manual post-treatment
was required.

In order to achieve the given design shape and the
required structural performance, the steel structure

had to match exactly the reinforced concrete panels;
both elements were connected mechanically by means
of so-called ‘rebar edge trusses’ (Figs 4, 5). In general, the
fabrication of the shell elements required extreme
precision of the fabrication tools as well as a tightly
coordinated digital workflow (file-to-production method).
In order to ensure this, once the adaptive moulds were
shaped with the exact geometry, the corresponding side

5

plates were positioned on it based on laser projected
reference edges; then the reinforcing bars were installed,
and finally the concrete was poured. The corner nodes
also followed a semi-automated process. The fin plates
were produced on a CNC laser cutting machine and then
welded together by an automated Electroslag welding
process (ESW), thus generating the different angles that
result from the architectural geometry. 3D scans of the
areas built up so far confirmed that the deviation from the
reference geometry is minimal.

Conclusion

The methodologies, workflows and tools developed by the
authors together with the contractor show that complex
concrete megastructures can be built on a large scale even
within tight constraints with regard to time and budget.
The tools that were developed do not only allow for a high
degree of prefabrication within the tight frame defined by
budget and time, they also allow for a parametric variation
of the different bays. This is a clear step forward in
comparison with classic shell structures of the 20th
century. Moreover, the development and integration of
automatised processes and a direct chain of control from
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design to fabrication were fundamental to guarantee the
high level of precision required. It has to be admitted that
the shell structures realised at Kuwait International
Airport do not have the same slenderness ratio as the
more experimental shell structures built by Nervi, Torroja,
et al. This is due to the architects’ design intent of working
without any expansion joints, therefore thermal movement
had to be accounted for in different ways. However, the
methods developed in the context of this challenging
project can also be used for other - more slender -
applications in the future.

Despite the progress achieved, the authors believe that
there is still a long way to go before a fully integrated
digital workflow between design and fabrication can

be achieved in the building industry. The tools and
methods presented in this article show how planners can
significantly increase the quality and cost-effectiveness
of large-scale projects. It will hopefully push for further
development of the interchangeability of software
platforms in the future - the authors had to overcome
several interface issues by developing their own
customised tools and scripting. Moreover, certain
consolidated contractual processes such as approvals -
which are generally still based on 2D drawings - as well
as the overall understanding for a parametric and digital
approach in engineering should be further enhanced in
the future.

Last but not least, the extensive use of digital models
opens the way for a more holistic approach to the building
sector, thus considering the entire life cycle of the building
materials. Considering the reduced amount of resources
available, as well as still growing demand for ever more
buildings and infrastructure, it is mandatory to consider
dismantling and recycling strategies from the start of the
(digital) planning and execution process.

6. Construction site:
Main roof structure.
© Werner Sobek AG.
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Research Aim

Concrete construction - in particular the production and
calcination of cement - represented in 2015 8% of global,
anthropogenic emissions of CO, (PBL Netherlands
Environmental Assessment Agency, 2015). As such, the
global use of cement - at material volumes superseded
only by human consumption of fresh water - represents
a significant source of greenhouse gas production, four
times the emissions associated with combined global
aviation traffic (Graver, 2019). At a time when efforts to
arrest and reverse the continued increase in atmospheric
carbon dioxide is deemed critical for the mitigation of
disruptive climate change, the imperative to devise

new measures of reducing the carbon footprint of the
international concrete industry - projected to more than
triple by 2050 due to increasing global consumption -

is at an all-time high.

Among the plurality of measures proposed to achieve this
target, one lies at the heart of construction engineering:
reducing material consumption through structural
optimisation and doing more with less. In this vein,
numerous studies have identified a significant potential
for increasing the performance of current structural

designs, measuring feasible reductions of up to 70% of
the concrete volume, compared to massive equivalents
(Kulkarni et al,, 2016; Sendergaard & Dombernowsky, 2012;
Adriaenssens et al,, 2014). A primary measure in achieving
these reductions is the computational optimisation of

the structure’s size, shape or topology, to which end a
comprehensive body of methodological work has been
developed (Rozvany, 2009; HSU, 1994). In the context

of construction, however, any sophistication of shape

or morphology is faced with the following dilemma: the
material price of concrete and reinforcement comprise only
a fraction of the cumulative cost of concrete construction.
The vast majority - depending on application and national
markets - is constituted by the cost of formwork which,
particularly in the case of non-standard designs, can
represent up to 75% of the construction total (Lab, 2007;
Sarma & Adeli, 1998). In this context, wide scale
deployment of any structural optimisation strategy

is foreseeable only under the assumption of a radical
innovation in construction technology that significantly
reduces the cost of advanced formwork. Here, the
defining scalability metric is the ability to achieve cost-
neutrality between increased expenditure arising from
manufacturing complexity, and the marginal decrease

in material cost stemming from reduced consumption.
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Experiment R

In pursuit of this target, the authors of this paper initiated
- in conjunction with an innovation consortium of the
Danish construction industry - a multi-year research
effort to develop new means of high-speed construction
manufacturing of advanced concrete formwork. Instigated
at the lunchbreak of the Fabricate 2011 conference in

a dialogue between two presenters, initial academic
research focused on robotic hot-wire cutting of EPS
moulds. This method holds the prospect of significantly
increasing production speed over comparable CNC

or manual formwork production. A commercial body,
Odico Construction Robotics, was established to test

the viability of the approach at industrial scale. Having
demonstrated, as an international first, the feasibility of
the approach in large scale construction in the Fjordenhus
Kirk Kapital HQ project [10], Odico’s technology R&D
refocused on a novel mechanical concept to further this
advantage. By replacing the thermal cutting process with
an abrasive wire, rotated on flywheels through electrical
propulsion, an increase in production speed of 1500%
over comparable technologies was achieved (Fig. 2)
(Sendergaard et al., 2018). To test the feasibility of this
novel approach, research efforts were undertaken to

2

develop a topology-optimised, ultra-high performance
concrete prototype through integrated geometry
rationalisation and advanced wire-cutting of EPS
formwork. At the time of construction, the 21m prototype,
comprising 6 pre-cast components assembled on site at
the bay of Aarhus and composed through a generative
scheme of hyperbolic paraboloid sections and linear
extrusions, represented the most advanced concrete
structure erected in a national Danish context (Figs 3-5).

Factory on the Fly

From the experiences gained in Experiment R, a roadmap
to achieve cost parity for realisation of topology-optimised
concrete structures versus established designs was
developed. This map entails two measures: create an
easily deployable, robotic pop-up formwork factory to
alleviate logistical overheads in on-site manufacturing;
and devise simplified formwork design approaches.

The public listing of Odico as the first Danish robotic
company created the basis for achieving the first target,
resulting in the development of a system prototype, the
Factory on the Fly X11 (FotF). The system entails an IRB
6700 manipulator equipped with a proprietary, abrasive
wire-cutting end-effector consisting of a carbon-frame

1. The formwork pieces are
assembled to form the
casting moulds for 6 precast
elements of variable design.

2.Robotic Abbrasive Wire
Cutting Station at Odico
with an IRB 6700 manipulator
and external rotary axis.

3. The precast components
are cast using Ultra High
Performance Concrete mix
in order to acheive structural
cross-sectional dimensions
as llow as 50 x 50mm.

4. As aresult of the
topological optimisation,
the structural design
morphology exhibits high
degrees of topological
non-uniformity between
components.

5. The perforations embody
a semi-enclosure, framing
the surrounding marina at
each point of observation.

mounted flywheel and electric propulsion of an industrial
diamond wire. The entire configuration is boarded on

a containerised structural frame for plug-in on-site
deployment, hereby enabling wire-cutting of a plurality
of construction materials, including EPS, hard plastics,
natural stone, aerated autoclaved concrete and timber.

In a global first, commercial deployment of FotF units
began in 2019, ushering in a new availability of localised,
cyber-physical construction.

Stereoform Slab

The second road map target was envisioned as a series
of commercial project collaborations, exploring the
realisation of optimised concrete structures. The first
such collaboration to take place was initiated from
dialogue between Odico, American design practice
Skidmore, Owings & Merril LLP, and leading Chicago-
based contractor, James McHugh Construction.

Stereoform Slab is the result of a year-long research
effort to re-think the design of conventional high-rise
office buildings from the perspective of materialisation
and embodied carbon. The office building is one of the
most prevalent typologies among all new construction,
situated in an industry with a large embodied carbon
footprint. Of the principal structural components, the
concrete floor slab is the largest contributor to carbon
emissions - typically comprising 40-60% of total project
emissions. Hence this component typology must constitute
a principal optimisation target for efforts to curb
emissions from realisation of multi-story office designs.

Further, the lifecycle of a constructed design represents

a significant component in the analysis of its carbon
footprint. Building designs exhibiting greater flexibility
in their use and functional programming have a longer
operational life, capable of accommodating the multitude
of demands placed upon them by continuously shifting
economic and societal conditions. For example, open floor
plans with minimal constraints imposed by structural
members, such as functional cores and columns, provides
a maximum of flexibility in this regard. As such, the
design of the principal structural system additionally
impacts the carbon footprint through the implied
constraints imposed by it on the floor plan layout.

Exploring the potential of the design freedom enabled
by the availability of low-cost formwork production
through robotic wire-cutting, Stereoform Slab outlines
a future building system that replicates and abstracts
the single-storey bay found in high-construction.
Materialised through a full-scale prototype erected
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in West Loop, Chicago, as part of the 2019 Chicago
Architecture Biennial (Fig. 6), Stereoform envisions

a more sustainable mode of construction by lowering
material consumption through structural shape
optimisation. Extending the conventional concrete

span by 50% - without the use of post-tension reinforcing
- it simplifies spatial programming and adaptions of the
spaces hosted on the slab between floors.

Shape Optimisation

The shape of Stereoform follows the moment diagram of

a simply supported, pin-pin beam with backspans on both
sides. Anticipating its realisation via robotic wire-cutting,
the design is formed as compositions of single ruled
surfaces. The analysis follows the Working Stress Method
for reinforced concrete. However, instead of designing for
sections at the mid-span and end conditions, they were
completed at 30cm intervals. This increase in analytical
resolution allowed for a refinement of the global shape.
Single-Objective Optimisation was then applied to fit

a ruled surface to the resulting analytical geometry
envelope. The result is an optimal beam shape that also
reduces slab thickness from the 25cm in a conventional
flat-plate, to 15cm. As a result, when implemented at the
building scale as designed, the total concrete quantity is
approximately 39m?® per unit. Compared to a conventional
system where total concrete quantity is approximately
49mS3 per unit, a reduction of 21% is achieved. Further,

a reduction of 14% in total flexural steel reinforcing was
achieved. In the United States, most reinforcing steel is
recycled, while concrete is not. Thus, when their respective
carbon contributions are calculated within the slab
overall, the total carbon reduction is approximated at 20%.

6. The Stereoform slab
formwork being cut in two,
single EPS work objects of
11x1.2x1.5m on Odico’s
7-axis robotic hotwire
station with 24m linear
external axis.

7. Stereoform Slab exhibition
for the Chicago Architecture
Biennial.

8 & 9. Of particular
importance to the geometry
of the formwork re-use over
multi-storey construction is
the mould release and
casting surface durability
ensured though high-
durability coating, resulting
in the concrete surface
smoothness.

Fabrication

To simplify overseas shipping and on-site assembly, the
beam formwork was conceptualised as one singular EPS
body mounted on a rigid, lattice-reinforced flooring plate.
The structure was divided in two sections of 11.2m each
for transportation in standard 40-foot shipping containers.

In order to ensure high-precision continuity of the
formwork surfaces, the two halves were produced via
three continuous swiping cuts, each of 12,000-15,000mm
lengths, leveraging the unique 24 x 4 x 3m work envelope
of Odico’s long range, robotic hot-wire cutting system.
Deploying a custom end-effector, designed and
manufactured for the project for maximum reachability
relative to the designed toolpaths, the cuts were conducted
by an ABB IRB 6400 manipulator mounted on a 24m IRT
X004 external axis in a low-density, work object body of
EPS S80 measuring 12 x 2.4 x 1.2m. To achieve a durable
and walkable surface for subsequent handling and
reinforcement works, the casting surfaces were coated
with a high-strength, two-component isocyanate
compound dispensed through a Graco E-10hp reactor.

To allow for the evaluation of the constructability for
large scale implementation, the construction of the
pavilion was planned to mimic the construction process
of high rise erection as closely as possible. Conventional
falsework was set to support the robotically-crafted,

EPS formwork that was craned into place in two pieces.
Conventional formwork was then placed around the
EPS form to cast the slab. The column formwork was
also conventional, and all three elements - columns,
beam, slab - were cast in one monolithic pour (Fig. 7).

Remaining Challenges to Full Scale
Adoption in High-Rise Construction

The current digitisation of design practice has enabled
intelligent Building Information Modelling workflows
throughout the entire project detailing phase, hereby
providing parametric and fully specified, three-
dimensional CAD data on all construction details.
However, there currently is no precedence for an
equivalent commercial, digital construction practice,
capable of directly consuming this data and translating
it into machine instructions.

With the plurality of approaches for robotic manufacturing
in a construction and architectural context that has been
proposed in recent years, a future of file-to-factory
manufacturing of building components and on-site
construction is anticipated. However, to break the barrier
into large scale, commercial operations and demonstrate
self-sustained growth on market terms, significant
advances are required in the areas of deployment
methodology, system design and robotic process
innovation. On the observation that commercial
construction must constitute the final testing

ground for realistically assessing the relevance and
feasibility of experimental construction methodologies,
the developments outlined in this paper entail the
following prospect.

While a plurality of existing digital methods for structural
optimisation enable the conceptualisation of high-
performing structural concrete designs, their realisation
is generally prohibited in main stream construction by
the high-cost of non-standard formwork. In the city of
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Chicago, these economics accordingly favour reducing the complexity
of formwork to limit labour costs - resulting in a formwork system that
is as ‘flat’ as possible. Resulting layouts are typically square, 9m x 9m
bays; however, beams can be introduced at a cost premium to increase
spans. The formwork systems employed for flat slabs, and flat slabs
with beams, are composed of simple plywood panels that sit on
falsework. The robotically-crafted formwork deployed in the
Stereoform prototype is compatible within this more conventional
horizontal casting system. This makes its use comparable to current
practices, hereby reducing the learning curve for adoption by those
constructing in the field.

In this context, the deployment of large scale robotic wire-cutting
of EPS formwork is successfully demonstrated to enable the
realisation of structurally optimised designs at near cost-neutrality
when compared to conventional realisation, hereby paving the
way, at principle, for at-scale high-rise construction deployment.
The flexibility of this approach is significantly enhanced through
the availability of adaptive, on-site manufacturing of formwork,
enabled by Factory-On-t