FABRICATE
RETHINKING DESIGN
AND CONSTRUCTION

ACHIM MENGES 7/ BOB SHEIL / RUAIRI GLYNN / MARILENA SKAVARA

¢ University of Stuttgart

|C Institute for Computational
Design and Construction

The Ba?fﬂett
ool 0
S itecture



CONTENTS

INTRODUCTION

10

12

16

FOREWORD
ACKNOWLEDGEMENTS
INTRODUCTION

THE TRIUMPH OF THE TURNIP

Anthony Hauck, Michael Bergin,
Phil Bernstein

24

30

36

44

50

58

68

74

RETHINKING
PRODUCTION FUTURES

COOPERATIVE FABRICATION
OF SPATIAL METAL
STRUCTURES

Stefana Parascho, Augusto Gandia,
Ammar Mirjan, Fabio Gramazio
and Matthias Kohler

INFINITE VARIATIONS,
RADICAL STRATEGIES
Martin Self and
Emmanuel Vercruysse

AUTOMATED DESIGN-
TO-FABRICATION FOR
ARCHITECTURAL ENVELOPES:
A STADIUM SKIN CASE STUDY
James Warton, Heath May and
Rodovan Kovacevic

ROBOTIC WOOD TECTONICS
Philip F. Yuan and Hua Chai

RAPID ASSEMBLY WITH
BENDING-STABILISED
STRUCTURES

Joseph M. Gattas, Kim Baber,
Yousef Al-Qaryouti and
Ting-Uei Lee

A PREFABRICATED DINING
PAVILION: USING STRUCTURAL
SKELETONS, DEVELOPABLE
OFFSET MESHES, KERF-CUT
AND BENT SHEET MATERIALS
Henry Louth, David Reeves,
Benjamin Koren, Shajay Bhooshan
and Patrik Schumacher

OPEN CAGE-SHELL DESIGN
AND FABRICATION (HEALING
PAVILION)

Benjamin Ball and Gaston Nogues

MAGGIE’'S AT THE ROBERT
PARFETT BUILDING,
MANCHESTER

Richard Maddock, Xavier de
Kestelier, Roger Ridsdill Smith and
Darron Haylock

84

92

98

106

14

122

130

138

RETHINKING
MATERIALISATION

INFUNDIBULIFORMS:

KINETIC SYSTEMS, ADDITIVE
MANUFACTURING FOR CABLE
NETS AND TENSILE SURFACE
CONTROL

Wes Mcgee, Kathy Velikov,
Geoffrey Thiin and Dan Tish

ROBOTIC INTEGRAL
ATTACHMENT

Christopher Robeller, Volker
Helm, Andreas Thoma, Fabio
Gramazio, Matthias Kohler and
Yves Weinand

LACE WALL: EXTENDING
DESIGN INTUITION THROUGH
MACHINE LEARNING

Martin Tamke, Mateusz
Zwierzycki, Anders Holden
Deleuran, Yuliya Sinke
Baranovskaya, Ida Friis Tinning
and Mette Ramsgaard Thomsen

ROBOTIC FABRICATION OF
STONE ASSEMBLY DETAILS
Inés Ariza, Brandon Clifford, James
B. Durham, Wes McGee, Caitlin T.
Mueller and T. Shan Sutherland

ADAPTIVEROBOTIC
FABRICATION FOR
CONDITIONS OF MATERIAL
INCONSISTENCY: INCREASING
THE GEOMETRIC ACCURACY
OF INCREMENTALLY FORMED
METAL PANELS

Paul Nicholas, Mateusz Zwierzycki,
Esben Clausen Ngrgaard, David
Stasiuk, Christopher Hutchinson
and Mette Thomsen

DIGITAL FABRICATION OF
NON-STANDARD SOUND-
DIFFUSING PANELS IN
THE LARGE HALL OF

THE ELBPHILHARMONIE
Benjamin S. Koren and
Tobias Miiller

QUALIFYING FRP COMPOSITES
FOR HIGH-RISE BUILDING
FACADES

William Kreysler

THE 2016 SERPENTINE PAVILION:
A CASE STUDY IN LARGE-
SCALE GFRP STRUCTURAL
DESIGN AND ASSEMBLY

James Kingman, Jeg Dudley

and Ricardo Baptista

Q&A

148

150

158

166

174

Q&A: BIOGRAPHIES

Q&A1
JENNY SABIN AND
MARIO CARPO

Q&A2

MONICA PONCE DE LEON,
VIRGINIA SAN FRATELLO AND
RONALD RAEL

Q&A3
CARL BASS, BOB SHEIL AND
ACHIM MENGES

Q&A4
ANTOINE PICON AND
BOB SHEIL

178

184

190

196

202

210

218

224

RETHINKING
ADDITIVE STRATEGIES

DISCRETE COMPUTATION FOR
ADDITIVE MANUFACTURING
Gilles Retsin, Manuel Jiménez
Garcia and Vicente Soler

CILLLIA:METHOD OF 3D
PRINTING MICRO-PILLAR
STRUCTURES ON SURFACES
Jifei Ou, Gershon Dublon, Chin-Yi
Cheng, Karl Willis and Hiroshi Ishii

FUSED FILAMENT
FABRICATION FOR MULTI-
KINEMATIC-STATE CLIMATE-
RESPONSIVE APERTURE

David Correa and Achim Menges

3D METAL PRINTING

AS STRUCTURE FOR
ARCHITECTURAL AND
SCULPTURAL PROJECTS

Paul Kassabian, Graham Cranston,
Juhun Lee, Ralph Helmick,

Sarah Rodrigo

MOBILE ROBOTIC
FABRICATION SYSTEM FOR
FILAMENT STRUCTURES
Maria Yablonina, Marshall Prado,
Ehsan Baharlou, Tobias Schwinn
and Achim Menges

THE SMART TAKES FROM
THE STRONG: 3D PRINTING
STAY-IN-PLACE FORMWORK
FOR CONCRETE SLAB
CONSTRUCTION

Mania Aghaei Meibodi, Mathias
Bernhard, Andrei Jipa and
Benjamin Dillenburger

PROCESS CHAIN FOR THE
ROBOTIC CONTROLLED
PRODUCTION OF NON-
STANDARD, DOUBLE-
CURVED, FIBRE-REINFORCED
CONCRETE PANELS WITH
AN ADAPTIVE MOULD
Hendrik Lindemann, Jorg Petri,
Stefan Neudecker and

Harald Kloft

ELYTRA FILAMENT PAVILION:
ROBOTIC FILAMENT WINDING

FORSTRUCTURAL COMPOSITE

BUILDING SYSTEMS

Marshall Prado, Moritz
Dérstelmann, James Solly,
Achim Menges and Jan Knippers

234

242

250

258

264

272

280

286

RETHINKING
CONSTRUCTIONAL
LOGICS

SENSORIAL PLAYSCAPE:
ADVANCED STRUCTURAL,
MATERIAL AND RESPONSIVE
CAPACITIES OF TEXTILE
HYBRID ARCHITECTURES AS
THERAPEUTIC ENVIRONMENTS
FOR SOCIAL PLAY

Sean Ahlquist

BENDING-ACTIVE

PLATES: PLANNING AND
CONSTRUCTION

Simon Schleicher, Riccardo La
Magna and Jan Knippers

PRECAST CONCRETE SHELLS:
A STRUCTURAL CHALLENGE
Stefan Peters, Andreas Trummer,
Gernot Parmann and Felix
Amtsberg

FROM LAMINATION TO
ASSEMBLY: MODELLING

THE SEINE MUSICALE

Hanno Stehling, Fabian Scheurer,
Jean Roulier, Hélori Geglo and
Mathias Hofmann

SCALING ARCHITECTURAL
ROBOTICS: CONSTRUCTION
OF THE KIRK KAPITAL
HEADQUARTERS

Asbjorn Sendergaard and Jelle
Feringa

MPAVILION 2015
AL_A

MULTI-PERFORMATIVE SKINS
Edoardo Tibuzzi and Deyan
Marzev

THE ARMADILLO VAULT:
BALANCING COMPUTATION
AND TRADITIONAL CRAFT
Philippe Block, Tom Van Mele,
Matthias Rippmann and David
Escobedo

END

295 EDITORS: BIOGRAPHIES

294 CONTRIBUTORS: BIOGRAPHIES

304 SPONSORS/COLOPHON



286 /287

THE ARMADILLO
VAULT

BALANCING
COMPUTATION AND
TRADITIONAL CRAFT

PHILIPPE BLOCK / MATTHIAS RIPPMANN / TOM VAN MELE
ETH Zurich - Block Research Group

DAVID ESCOBEDO

The Escobedo Group

This paper describes the development and fabrication of
the Armadillo Vault, an unreinforced, freeform, cut-stone
vault, which embodies the beauty of compression made
possible through geometry. Specifically, the paper
provides insights on how a highly interdisciplinary

team managed to bridge the difficult gap between
digital modelling and realisation by learning from
historic precedent and by extending traditional craft
with computation.

The vault is the centrepiece of Beyond Bending, a
contribution to the 15th International Architecture
Exhibition - La Biennale di Venezia 2016, curated by
Alejandro Aravena (Fig. 2). Wrapping around the
columns of the Corderie dell’Arsenale, the shell’s shape
comes from the same structural and constructional
principles as stone cathedrals of the past, but is enhanced
by computation and digital fabrication. Comprising 399
individually cut limestone voussoirs with a total weight
of approximately 24 tonnes, the vault stands in pure
compression, unreinforced and without mortar between
the blocks. It spans more than 15m in multiple directions,
covers an area of 75m? and has a minimum thickness of 1




only 5em (Fig. 1). Each stone is informed by structural
logic, by the need for precise fabrication and assembly,

by the hard constraints of a historically protected setting
and by tight limitations on time, budget and construction.
On the one hand, digital tools were developed for the
form-finding process of the shell’s funicular geometry,

the discretisation of the thrust surface, the computational
modelling and optimisation of the block geometry and the
CNC machining process. On the other hand, together with
master stonemasons, traditional strategies of stereotomy
were investigated, analysed and revisited to develop
appropriate and efficient stone-cutting and processing
techniques and approaches to sequencing and assembly.

The lessons learned from historical precedent, combined
with traditional craft enhanced by digital computation,
allowed a collaborative team of engineers, designers and
skilled masons to deal with the hard constraints of the
project. Although such an interdisciplinary strategy
reflects the holistic approach to design and construction
of master builders in Gothic times that contrasts with
today’s more linear building processes, the presented
work is not a romantic attempt to revive the Gothic.
Rather, it is a direct critique of the current practice of
planning and constructing freeform architecture. It is
also a demonstration of how material and fabrication
constraints are not equivalent to limited design
possibilities, but can be the starting point for expressive
and efficient structures.

The challenges of working in a historic setting

The Corderie dell’Arsenale is a historically protected
building. Therefore nothing could be attached or
anchored to the walls, columns or floor. Additionally,

the average stress on the floor could not exceed
600kg/m?, which corresponds to that caused by a tightly
packed crowd of people. This also meant that no heavy
equipment, such as a mobile crane, could be used for

the assembly. Thus alternative methods for the manual
setting of stones had to be developed. Furthermore,

only five months were available for the entire project.
This includes time needed for the design, engineering,
fabrication and construction of the vault. The challenge
was effectively to convert a ‘perfect world’ digital design
into a ‘real world’ fabrication and construction process in
an extremely short period of time for a constructional/
material system without obvious mechanisms to
compensate for tolerances.

Digital process

For this project, a smooth digital pipeline/workflow
was developed to realise a structurally optimised
and fabrication-driven generation of geometry.

Structural design and analysis
The vault’s funicular geometry, which allows it to
stand like an intricate, three-dimensional puzzle

1. The Armadillo Vault spans
more than15m with a
maximum height of 4.3m and
aminimum thickness of only
5cm. A system of tension
ties balances the thrusts

of the compression shell.
Image: Iwan Baan.

2.The Armadillo Vaultin
the Corderie dell’Arsenale
at the 15th International
Architecture Exhibition —

La Biennale di Venezia, 2016.
Image: Anna Maragkoudaki/
Block Research Group,

ETH Zurich.

3. The local shell thickness
ranges from just 5cm at

the midspan to 12cm at

the internal touch-down
and point springing.

Image: Anna Maragkoudaki/
Block Research Group,

ETH Zurich.

4.The overall tessellation
design is defined by
stone courses aligned
perpendicular to the
local force flow.

Image: Aman Johnson.

in pure compression, results from a form-finding and
optimisation process based on thrust network analysis
(Block & Ochsendorf, 2007, Van Mele et al,, 2014). These
novel computational methods offer a more controlled,
force-driven exploration of (inverted) hanging models.

The dominant self-weight of the vault was taken as a
design load to define the middle surface of the structure,
which was then offset according to assigned local
thicknesses based on experience and weight constraints
(Van Mele et al,, 2016). The resulting intrados and extrados
define a local shell thickness ranging from 5cm at the
midspan and only 8cm along the line supports to 12cm

at the internal touch-down and point springing (Fig. 3).

Based on the designed force flow, the stone envelope was
discretised into courses and the courses into voussoirs.
Staggering of the voussoirs, and alignment of the courses
to the force flow and the boundary, guaranteed proper
interlocking of all stones in the surface of the discrete shell
(Fig. 4). To speed up the fabrication process, the voussoirs
were made as large as possible with an approximate range
of 45 to 135kg, so that they could still be handled by hand
or with a lightweight jib crane. The stability of the
unreinforced, dry-set assembly under various load
conditions, including concentrated loads, settlements

of the supports and earthquake loads, was confirmed
using discrete element analysis (Van Mele et al., 2016).

Architectural geometry and fabrication

Due to the limited timeframe and large number of
voussoirs, the main goal for the fabrication process

was to reduce the average cutting time for each stone.
Additionally, since there is no mortar between the
voussoirs, which could have compensated for tolerances,
the interfaces between stones had to be flush and
therefore precisely cut and set.

To optimise the fabrication process, the voussoirs were
designed to have a convex cutting geometry along the
interfaces, such that they could be cut efficiently with a
circular saw (Rippmann et al., 2016). However, the vault
has several areas with negative Gaussian curvature.
Since it is geometrically impossible to discretise such a
surface with a convex, planar mesh (Li, Liu & Wang, 2015),
the faces of the extrados were allowed to disconnect and
create a stepped, scale-like exterior. This visually
emphasised the discrete nature of the shell and allowed
the flat extrados faces of the voussoirs to be used as a
base for the machining process. As a result, the cubic
blanks no longer needed to be flipped and re-referenced,
reducing fabrication time of the voussoirs significantly.
The curved intrados faces were formed by side-by-side
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cuts with a circular blade, spaced such that thin stone fins
remained. Rather than milling these away, the fins were
hammered off manually to create a rough but precisely
curved surface. The side surfaces perpendicular to the
force flow were processed with custom profiling tools
that create ruled surfaces with male/female registration
grooves. These grooves are primarily used as reference
geometry to assist assembly, but also prevent local
sliding failure. The other side surfaces of each voussoir
were created with simple planar cuts.

From digital to realisation

The vault was test-assembled offsite to allow a team

of expert stonemasons to become familiar with the
process. During the test assembly (and also during
onsite assembly), each voussoir was fully supported

by a falsework consisting of a standard scaffolding
system with a custom-made wooden grid on top (Fig. 5).
The voussoirs were placed manually, starting from the
courses at the supports and converging towards the
‘keystone’ courses at the top. To gradually decentre

the vault as evenly as possible, a specific sequence for
lowering the falsework was determined, cycling through
the independent scaffolding towers in several rounds.

Using imprecise formwork

In traditional cut-stone or stereotomic stone vaulting,
voussoirs are never placed directly on falsework. Instead
they are positioned using shims. This insight was used
as a pragmatic formwork strategy that provided a way

to deal with the rough interior surfaces of the stones.
The wooden falsework was offset inward/downward by
3cm. As a result, large wooden shims could be placed in
between the rough, knocked-off fins to support the stones
on the falsework and precisely control their position.
Additionally, this meant that precise positioning of the
falsework sections was less critical. This resulted in

significant time-saving and reduced logistical challenges.

As an added bonus, the shims served as visual guides
during decentring. Once they started falling on the
ground, the shell was standing by itself.

Not building the designed geometry

Due to unavoidable machining tolerances, each of the
voussoirs could only be within +/-0.4mm of the designed
digital geometry. Since the vault was designed to have a
high degree of structural redundancy and indeterminacy
by introducing locally high degrees of double curvature,
these small imprecisions had little or no effect on the
structural integrity and behaviour of the overall

5. The falsework consists of
a plywood waffle structure
on top of standard
scaffolding towers.

Image: Anna Maragkoudaki/
Block Research Group,

ETH Zurich.

6. The stone courses were
built up starting from the
supports. Voussoirs of
the edge arches were
positioned before closing
the subsequent course to
better control the global
positioning of the stones.
Image: Anna Maragkoudaki/
Block Research Group,
ETH Zurich.

7. The different articulation
of the intrados and extrados
of the stone shell results
from a combination of
fabrication constraints,
machining efficiency and
aesthetic considerations.

Image: Iwan Baan.
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8. The finished cut-stone
vault wraps around an
existing column in the
Corderie dellArsenale.
Image: lwan Baan.

9. The pattern on the
intrados is carefully
controlled to globally

align with the flow of forces
within the stone structure.
Image: Anna Maragkoudaki/
Block Research Group,

ETH Zurich.

10. The intrados pattern
makes the structure’s
geometry more legible.
Image: Philippe Block/Block

Research Group, ETH Zurich.

structure. However, over 14 courses of stones, these
tolerances can quickly add up to large geometric
discrepancies in the ‘keystone’ rows. Therefore the
voussoirs in these rows were cut last, after construction
had already begun, based on measurements of the
partially assembled structure. Before decentring the
test assembly, the ‘as-built’ geometry of the structure
was recorded and the position of each stone relative

to its neighbours was marked on the interfaces.

Since slight deviations of a fraction of a degree in
placement angle at the base (or in fact anywhere along
any row) cause significant deviations higher up, several
strategies had to be developed. The masons would build
a few rows, finish some of the edge arches and check that
everything closed. If not, they would take down the rows,
adjust, reposition and realign, repeating the entire
process as needed (Fig. 6).

For structural reasons, it was much more important to
have contacts that were as tight as possible between
stones so that, after decentring, no uncontrollable and
unpredictable settling of the assembly would occur.
Using the above-mentioned shimming, the masons
‘Giggled’ every stone until all interfaces were tight.
Where necessary, the interfaces were sanded off to
improve the fit. The level of precision reached through
manually trimming a stone depends on its initial
geometry. Flat surfaces can easily be processed with
simple templates and tools. Therefore the geometry
of all interfaces was constrained to planar and ruled
surfaces depending on their local alignment to the
courses being perpendicular or parallel respectively.

A successful marriage of precision
engineering and craft experience

The Armadillo Vault represents the close collaboration
of engineers, designers and skilled stonemasons and
builders. It is the culmination of over 10 years of joint
research in stone construction, demonstrating that, with
advanced, non-standard engineering approaches and
novel equilibrium design methods, expressive geometries
can be safely developed and - through combining
optimised digital fabrication processes and experienced
craft - successfully constructed. Proportionally only
half as thick as an eggshell and standing without steel
reinforcement, the expressively flowing stone surface
challenges the conception that complex geometry need
go hand-in-hand with inefficient use of material (Figs.
7-10). While the vault’s architectural geometry was
optimised in order to achieve all structural and
fabrication constraints, and although a smooth digital

pipeline with advanced data structures was developed to
eliminate any possibility of human error in the handling
and logistics, in the end it was the experienced human
hand that locally controlled precision.
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